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Abstract

South-Marutea Atoll is located at the south-eastern end of the Tuamotu Archipelago, French
Polynesia, central South Pacific. Understanding the modalities of islet building from low-
lying atolls over the mid to late Holocene, in relation to sea-level changes and cycles of
marine hazard events, is a prerequisite for better anticipate future geomorphic changes to
which the islets will likely be faced in the next decades under global climate warming. Herein
is presented the depositional history of two selected atoll islets, based on chronostratigraphic
analysis of sedimentary, coral-dominated sequences from six excavations. Identified as Motu
Aramu and Motu Vainono, these islets are located respectively in north-north-east and due

south of the atoll rim. Additional surficial sampling was conducted on modern ocean-facing
1
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shingle ridges, respectively on north-north-west (Motu Oire), west (Motu Aranui) and east
(Motu Tekava) rim areas, in order to date the latest ridge-emplacement stages. Oire and
Aranui sites, located along the leeward atoll sites, are protected from trade winds, Aramu,
Vainono and Tekava are located on the windward sides, directly exposed to northeasterly and
southeasterly storm swells respectively. A total of 88 coral clasts were collected to be U/Th
dated. The excavated sequences range between 2.50 m and 0.90 m in thickness, from the
outer islet sides lagoonwards. Five lithofacies, including two subfacies, were recognized
based on texture and biological composition: a coral boulder-cobble-dominated, a coral
pebble-dominated — pebble-supported and sand-supported subfacies — and a foraminifera-rich,
sand-dominated and an organic-rich, pebble to sand facies. These facies tend to be distributed
from ocean sides landwards according to a decreasing grain-size gradient. A model of atoll-
island accretion emerges in relation with changes in frequency and intensity of marine hazard
events. The islet foundations consist of conglomerate platforms, locally up to 1.0 m thick,
deposited from about 5,000 to 1,000 yr BP. Islets began to accrete from 5,000 yr BP. While at
Motu Vainono, islet building occurred continuously over the last 5,000 years, at Motu Aramu,
there is an apparent non-depositional episode, from 4,000 to 2,000 yr BP, interpreted as
caused by a marked decreased in ENsO-related cyclone activity. The outer shingle ridges in all
studied sites were regularly reshaped during the last millennium. During the last 5,000 years,
the major accretion-islet episodes occurred irrespective of the course of sea level, indicating
that sea-level change was not a driver of islet accretion. Periodical, marine high-energy events
clearly appear to be the key controls of islet shaping. Shifts of cyclone source areas further
south and increasing cyclone intensity, but lower frequency, due to enhanced ENSO variability
throughout the 21st century, is postulated to expose the Gambier island Group to stronger, but

fewer disturbance events when compared to the last millennia.
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1. Introduction

According to the lastest IPCC Report (Portner et al., 2022), sedimentary coastal systems will
be subjected to drastic topographic readjustments prior to the end of the current century in
response to ongoing global climate warming. In the Pacific Ocean, low-lying coastal systems
are mainly represented by atolls, i.e. shallow-water, annular to elongate, coral-reef rimmed
islands, usually overtopped discontinuously by islets, composed of coral-derived rubble
and/or skeletal sands (Woodroffe and Biribo, 2011). These islets are known as motu by
Polynesian natives. Culminating at elevations rarely exceeding +5 m above present mean sea
level (pmsl), these have been interpreted as storm-generated, depositional landforms built up
during the last millennia in relation with relative changes in sea level (Pirazzoli and
Montaggioni, 1986; Dickinson, 2009; Woodroffe et al., 1999; Kench et al., 2005; Barry et al.,

2007; Kench et al., 20144, 2014b).

Over an about twenty-year period, in the Indo-Pacific, a great deal of research was dedicated
to understanding the morphological evolution of low-lying atoll islets during the last few
decades in response to the rise in sea level (Roy and Connell, 1991; Woodroffe, 2008;
Dickinson 2009; Webb and Kench, 2010; Rankey, 2011; Ford, 2012; Yates et al., 2013; Ford
and Kench, 2015; Storlazzi et al., 2015; Purkis et al., 2016; Duvat, 2019; Duvat et al., 2017a;
Shope and Storlazzi, 2019) and to the intensification of storminess (Kench and Brander, 2006;
Hoecke et al., 2013; Canavesio, 2014; Smithers and Hoecke, 2014; Costa et al., 2017; Duvat
et al., 2020). The relevant findings were used to attempt predicting the morphodynamic

behavior of these islets in the face of global warming in the next future decades. By contrast,
3
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a limited number of investigations were carried out in order to reconstruct the morphological
reconstruction of atoll islets during the last millennia (Kench et al., 20144, b; Montaggioni et

al., 2018, 2019).

Atoll islets are usually regarded as potentially vulnerable, liable to experience submersion
and/or erosion (Yamano et al., 2007; Woodroffe, 2008; Dickinson, 2009; Ford and Kench,
2014; Canavesio, 2014, 2019; Storlazzi et al., 2015; Shope et al., 2016, 2017; Duvat et al.,
2017b; Montaggioni et al., 2021; Amores et al., 2022). As a result, the fate of islets together
with the related human settlements, remain uncertain (Shope and Storlazzi, 2019; Magnan et
al., 2018, 2022) and therefore is still actively debated. Among scientists, there are those who
believe that islets could be submerged (Yamano et al., 2007; Dickinson, 2009; Connell, 2013;
Hubbard et al., 2014; Woodruff et al., 2013; Storlazzi et al., 2015), and others who thought
that they will persist, migrating laterally across atoll-rim surfaces (Webb and Kench, 2010;
Rankey, 2011; Biribo and Woodroffe, 2013; Ford, 2012, 2013; Le Cozannet et al., 2014; Pala,
2014; Ford and Kench, 2015; McLean and Kench, 2015; Duvat and Pillet, 2017; Duvat et al.,
2017b). In any case, active cyclogenesis are known to promote both islet accretion and
erosion, generally at different sites of a same atoll (Stoddart, 1971; Stoddart and Steers, 1977;

Scoffin 1993; Canavesio, 2014; Montaggioni et al., 2018, 2019, 2021).

In French Polynesia, studies were conducted on the dynamics of atoll-islet shorelines in
response to change in sea level over the last few decades (Duvat, 2019; Duvat and Pillet,
2017; Duvat et al., 2017a, b). Correlatively, Canavesio (2014, 2019) explored the influence of
extreme marine hazards on the short-term evolution of motu morphology. In both cases, the
investigations focused on a few atoll sites and atolls only. Furthermore, as claimed by Shope
and Storlazzi (2019), such works only based on a few decades of observations may not

accurately predicate how atoll islets will react in the future when sea level will reach
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elevations as high as or higher than those reached during the mid-late Holocene islet accretion

phases and, in addition, when storminess will become stronger.

Estimating the degree of vulnerability of atoll islets to ongoing climate change requires as a
prerequisite detailed reconstructions of the mode and timing of atoll islet formation over
millennial timescales. Islet sedimentary beds are known to preserve evidence of the passage
of intense storms. In French Polynesia, studies devoted to reconstructing the internal
architecture of low-lying islets are still limited to Takapoto (Montaggioni et al., 2018, 2019)
and Rangiroa (Montaggioni et al., 2022) Atolls. The findings revealed that, at Takapoto, on
both leeward and windward sides, motu have formed over the last 2,500 years, as sea level
was falling, from depocentres initially located in the middle parts of the atoll rims, then
accreting centrifugally seawards and lagoonwards. By contrast, in northern Rangiroa, islet
development appears to have started about 6,000 years ago at the time sea level was moving
up to its present position, indicating that the main accretionary phase of the motu has occurred
during the rising sea-level episode, approximately from 6,000 to 3,000 years BP. As their
islets were demonstrated to have formed at different stages of the sea-level course over the
last 6,000 years, the question is to what extent the models from Takapoto and Rangiroa, both

located in the northern Tuamotu, are representative at the whole archipelago scale.

The present study aims to reconstruct the timing and mode of formation of two rim islets from
South-Marutea Atoll (Fig. 1), situated at the south-eastern end of the Tuamotu Archipelago, at
a distance of 1500 km and 1300 km from Takapoto and Rangiroa Islands. The selected motu
are located in the north and south areas of the atoll respectively. The main objectives are to
elucidate if there are potentially time offset in islet initiation and differences in accretional
processes between atolls situated at the opposite ends of a same reef province, and suspected

to be subjected to differential environmental conditions and storm regimes. Assuming that the
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mid to late Holocene sea-level pattern defined from the north-western Tuamotu (Pirazzoli and
Montaggioni, 1988a; Hallmann et al., 2020) is of regional value, also applicable to the south-
eastern parts of the archipelago (Pirazzoli and Montaggioni, 1987) may lead to isolate the

respective roles of sea-level change and marine natural hazard events in South-Marutea atoll-

islet formation.

2. Regional setting

2.1. Site location and atoll morphology.

Composed of 77 atolls, the Tuamotu Archipelago is located in the central South Pacific,
extending along a west-north-west to east-south-east axis, about 1700 km long. Located at
1470 km from Tahiti, South-Marutea Atoll, also known as Quiros, Lord Hood, Marutea-I-
Runga or Nuku-Nui, lies in the far south-eastern part of the archipelago, between
21°28°27.74°°-21°34°25.12”" latitude south and 135°38°42.57°—135°27°12.46>" longitude
west (Fig. 1a). This atoll has to be differentiated from North-Marutea, located at about 650 km
east of Tahiti. South-Marutea is resting on a 37.3-30.4 million years old, oceanic crust (Muller
et al., 1997). Geodynamically speaking, it belongs to the Tuamotu trail chain, presumably
generated from the Easter hotspot (Ito et al., 1995), to be distinguished from the nearby
Moruroa-Gambier-Pitcairn island chain generated by the Pitcairn hotspot (Dupuy et al., 1993).
The South-Marutea volcano, about 2700 m high, is likely to have started erupting by the lower
Miocene. Geographically and administratively speaking, rising at a distance of less than 200

km north of Mangareva Island, South-Marutea is part of the Gambier Island Group.

First described by Seurat (1904), South-Marutea is of closed type (totally devoid of passes),
broadly trapezoid in shape, 20 km long and 8 km wide, with a circumference of 55 km (Fig. 1b).

Its main axis, oriented west-north-west to east-south-east, is consistent with that of the Tuamotu

6
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island chains. The atoll reef rim ranges between about 350 and 1100 m in width, covering about
15 km?. The lagoon is 112 km? in area, —40 m in maximum depth and exhibits a blue hole,
—72 m deep, close to its eastern border. A 10 km-long, almost continuous motu occupies the
north-eastern rim part while the other rim areas have small islets usually separated by hoa, i.e.
shallow channels allowing water exchanges between the open sea and the lagoon at high tide.

The islets are elongated or crescent-shaped.

The atoll rim is fringed oceanwards by a coral-reef flat zone, 150 to 230 m wide, less than

1 m deep, overlined by an about 0.50 m-high algal crest, at its outermost borders. The living
coral cover rate does not exceed 5 % of the total reef-flat surface. The upper forereef zone
consists of a gently-dipping spur-and-groove system, followed outwards by a sub-horizontal,
about 50 m-wide terrace, usually ending into a drop-off at depths of 10-15 m. The spur-and-
groove system and the terrace are colonized by coral communities dominated by pocilloporids
and acroporids. Observations from the north-north-west rim tip (Motu Oire), at base of the
spurs, living coral coverage averaged 45 % over the past few years (Chancerelle, Y., CRIOBE,

pers. com.)

2.2. Climate

In French Polynesia, the climate system is driven by the trade winds and by the El Nifio-
Southern Oscillation () which regulates both tropical cyclones and extra-tropical storms
(Andréfouet et al., 2012; Lecacheux et al., 2013). In the Gambier Islands, the climate is
typically maritime, tropical, humid, but relatively cooler than that from the north-western
Tuamotu region. Rainfall remains relatively stable throughout the year, averaging 140 mm in
July and 210 mm in November, thus resulting in an average annual rate of 2,000 mm. As in

the whole tropical Pacific, the wind regime at South-Marutea, is dominated by trade-winds,
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blowing mainly from the north to south-east sectors (Fig. 2). During the winter season, the
trade winds generate strong, about 2—2.50 m-high wave surges. During the summer season,
the trade winds are significantly less active and generate moderate swells, occasionally
disturbed by distant-source storms originating from the southern latitudes (Canavesio, 2019)
and cyclones. Tides are semi-diurnal and microtidal, averaging 0.70-0.80 m in amplitude at

spring tide.

French Polynesia has clearly fewer cyclones than the rest of the central South Pacific. The
cyclone season occurs generally during the austral summer. The eastward shift of warmer
waters during EI Nifio events triggers the motion of tropical storms further east to the
Tuamotu. Most cyclones come from the west through the Cook Islands, usually passing south
of the Society Islands, but more regularly passing over the Austral Islands (Larrue and
Chiron, 2010). Some cyclones generate from within the Marquesas. Increase in ENSO
variability is driven by a change in the magnitude and frequency of extreme EIl Nifio events
(Bjerknes, 1969; Kao and Yu, 2009). During active, El Nifio phases, intense cyclonic hazards
mainly affect the region bounded by the Tuamotu and Austral Islands, while, during la Nifia
phases, decreasing cyclonic activity seem to operate between the Gambier and the southern
Austral areas (Laurent and Varney, 2014). As a response to global warming, there was a
significant enhancement of ENSO variability by about 25 % over the last five decades,
compared to the preindustrial times (Grothe et al., 2019). The province is also affected by
tropical lows that form over oceanic areas with surface temperature of about 26 °C, just
poleward of the Inter-Tropical Convergence Zone (1Tcz) where the trade winds of northern
and southern hemispheres are converging. These can generate strong winds and swells across

the Tuamotu province.
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In French Polynesia, the history of extreme marine hazard events is poorly documented
(Laurent and Varney, 2014; Dupon, 1987). Between 1822 to 2014, about 24 extreme wave
events, most interpreted as related to tropical cyclones, would have passed across the region.
The last ones were interpreted as triggered by ‘Super-ENSO’ events (Hameed et al., 2018),
presumably in relation to global climate warming. These last events were anomalous since,
over periods of several centuries, the number of strong storms and cyclones in the province
was expected to probably range between 2—-3 per century (Canavesio, pers.comm.) to a
maximum of 4-10 (Dupon, 1987). Cyclone events typified by a 50-year return interval would

generate wave exceeding 12 m high (Canavesio, 2014).

Storm wave surges hitting South-Marutea are generated by tropical cyclones, depressions, and
southern, distant-source wave surges. For the 1831 to 1968 period, there were three recorded
passages of destructing cyclones in the Gambier region. Initiated close to the Marquesas
Archipelago, all these cyclones were described as having followed similarly close trajectories
as tracked south-east along the west Mangareva coasts at distances of less than 10 km
(Laurent and Varney, 2014). During the 1969-2010 interval, South-Marutea is known to have
been impacted by eight cyclones and depressions (Laurent and Varney, 2014) (Fig. 3). In the
vicinity of the Gambier Islands, most cyclones tend to become less powerful, grading into
tropical depressions, hence unable to displace the largest coral debris. The most recent
damaging effects have resulted from the passage of cyclones Nano and William. Nano passed
over South-Marutea by 27th January 1983. All atolls located along its trajectory were
impacted, especially their north- and east-facing rim sides which were totally submerged.
Descriptions from neighbouring atolls of Hao and Tureia reveal that about 15 to 18 m-high
waves have flooded over the reef rims, locally resulting in removing portions of islets over
lengths of 60 m and widths of 20 m, together with transport of coral-built mega-blocks from

the adjacent forereef slopes onto the motu (Laurent and VVarney, 2014). The eye of Cyclone
9
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William has passed close to the north of South-Marutea by 20th April 1983. At Turea, waves
of about 8 to 9 m high were observed. It is noteworthy that, at South-Marutea, while there are
several metre-thick, outer shingle ridges, mostly composed of coral boulders and cobbles,
deposited along the reef-rim, there is no mega-boulder. Large mega-casts are also missing (B.
Salvat, pers. observ.).These are striking features because numerous mega-clasts, a few to tens
of cubic metres in volume, are frequently present on reef flats in the majority of atolls in the
Tuamotu, locally in the north and central part of the archipelago, usually deposited along the
northern and southern faces (Bourrouilh and Talandier, 1985; Etienne et al., 2011; Terry and
Etienne, 2011; Lau et al., 2016). This strongly suggests that the studied atoll and most of
nearby islands have escaped catastrophic impacts generated by the close passage of cyclones,
in contrast to what is seen at Hao and Tureia. South-Marutea, located further south, close to
the end of the cyclonic tracks in the south Pacific (Larrue and Chiron, 2010; Laurent and
Varney, 2014), is likely to have been hit by cyclones with loss of strength. However, mean
tide levels during a cyclonic event can be strongly impacted by both wave setup, i.e. increase
of mean water level due to waves breaking on the reef front, and by runup, i.e. maximum
elevation reached by waves on the atoll land. For cyclonic wave heigths of 8 to 12 m, runup
effects could increase the reference ocean water level by more than 4.5-5.0 m along
coastlines (Pedreros et al., 2010). It is noteworthy that elevation reached by sea level is
sensitive mainly to wave direction. The effects of changing incident waves that deflect into a
direction different from the perpendicular to the reef front line could cause increasing risk and
disturbances in some areas, especially near passes or hoa. Similarly, atoll-islet inundation can

occur from waves surges directly generated from lagoonal waters (Damlamian et al., 2013).

Distant-source swells originate from high-latitude storms, especially in the south (austral)
hemisphere. There is little information about the real influence of distant-source storms in

atoll shaping in the Tuamotu, although their return frequency is approximatively annual,
10
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probably because these have usually limited effect on human activities. However, these are
known to have triggered a rise of up to 2.50 m in atoll lagoon level above low spring tide,
resulting in islet submergence and damage (Canavesio, 2019). Lagoon water infilling seems
to depend not only upon the magnitude of the storm wave event, but also upon the duration of

the event.

In addition, little is known about the frequency and effects of tsunamis in French Polynesia
and, especially, in the south-eastern Tuamotu end (Sladen et al., 2007). Around fifteen
tsunamis were estimated to have hit French Polynesia and the Tuamotu since the fifteenth
century (Lau et al., 2016). Earthquake-generated tsunamis from the eastern Pacific subduction
zones seem to be potentially not able to impact the Gambier areas (Heinrich et al., 1996;
Reymond et al., 2013). According to Sladen et al., (2007), the Tuamotu have been
significantly less affected by tsunamis than high volcanic islands in other French Polynesian
archipelagoes, although some atoll-rim deposits may be interpreted as resulting from
devastating tsunami impacts (Montaggioni et al., 2022). Since the 16th century, less than ten
tsunamis were expected to have struck the Tuamotu islands and generated less than 2 m-high

waves (Lau et al., 2016).

Moreover, as emphasized by Duvat et al. (2020), climate events regarded as moderate
compared to tropical cyclones can significantly contribute to atoll-islet shaping. Usually
overlooked as sediment providers, low-to medium water energy hazards, with return periods
of 2-3 years, compared to those of cyclone (several decades), regularly supply motu with
material derived from upper forereef and reef-flat zones and contiguous conglomerate

platforms.
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Rapid, high amplitude mean global sea-level rise is expected for the next centuries (Horton et
al., 2020). Highest sea-level positions should be close to those estimated for the last

interglacial MIS 5e stage (Rohling et al., 2007; Kopp et al., 2009)..

3. Material and methods

3.1. Field surveys

The studied motu sites are the following: north-east (Aramu) (Fig. 1c), due south (\Vainono)

(Fig. 1d), west (Aranui) (Fig. 1e), north-north-west (Oire) (Fig. 1f) and due east (Tekava)

(Fig. 19).

First, detailed levelling along longitudinal profiles across the atoll-reef rim was conducted
using a conventional automatic level. Each reference point along the profiles was positioned
using DGPS coordinates. Elevations were measured by reference to present-day mean sea
level (pmsl), assuming a conservative error of £0.10 m. The profiles across the motu reveal
similar protruding relief seawards. These relate to shingle ridges bordering the ocean-facing
sides of the atoll-reef rim, as observed at Motu Vainono, across its highest tip (Figs. 1d, 4a)
and at Motu Oire (Figs. 1f, 4b). The islets rest usually on conglomerate platforms, i.e.
lithified, heterometric skeletal sheets, regarded as cemented within vadose and phreatic
marine zones during the sea-level lowering over the last 4,000 years (Montaggioni et al.,
2021). Conglomerates are less than 1.00 m in apparent thickness, but are thicker locally,
particularly in the south-south-west (Motu Aranui) and the west (Motu Oire) areas of the atoll
reef-rim (Fig.5a, b, ¢). Coral pebbles were collected superficially along the shingle-ridge
profiles for radiometric dating submission. Similarly, for comparison, samples were also

taken along the ocean-facing shingle ridges on Motu Aranui (Fig. 1e), on the south-south-
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west coast (21°31°38.6”S, 135°37°48.9”W) and Motu Tekava (Fig. 1g), on the south-south-

east atoll-rim end (21°31°51.31°’S, 135°27°23.70*°W).

Additional topographic surveys were conducted in relation to excavated cross-sections
through two selected islets, respectively Motu Aramu, exposed to the north-north-east trade
winds (21°29°00.2°°S, 135°30°48°°W) and Motu Vainono, exposed to the south-east
(21°34°05.3”°S, 135°33°05.9”’W). Aramu is 230 m long, while VVainono extends over 720 m.
Islet topography are very similar at both studied sites. Along the ocean side, the transition
zone between the inner reef-flat zone and the land is occupied by steeply-dipping (up to 20°)
sandy, skeletal beaches (Fig. 6). Inland, there are unconsolidated rubble ridges, mainly
composed of block-sized (0.30 m on average), individual coral colonies, dominated by
pocilloporids and acroporids (Fig. 7). The ocean-facing ridge slopes are steep (up to 30°)
while the inner faces are gently-dipping (less than 15°). Ridge heights at the transect sites are
2.30 m at Motu Aramu (Fig. 8) and 5.10 m at Motu Vainono (Fig. 9). Behind the ridges, there
are gently-dipping (less than 10-15°) to flat-topped benches culminating at elevations of

1.60 m to 2.60 m respectively. The benches end into 10° sloping beaches, about 20 to 80 m in
width. The inner sides of shingle ridges at Motu Vainono are covered by low-growing plants
(Scaevola taccada). Conglomerate platforms and beaches from the ocean-facing Aramu areas
are colonized by spaced Pemphis acidula tufts — miki-miki in Polynesian language. The inner,
flat-topped surfaces of both islets are occupied by both low-growing plants (Scaevola
taccada, Microsorum grossum), shrubs (Pandanus tectorius) and trees (Guettarda speciosa,

Cocos nucifera).

Second, vertical excavations using backhoe were dug through Motu Aramu (Fig. 8) and Motu
Vainono (Fig. 9) from top surface to underlying conglomerate surfaces in order to determine

islet subsurface stratigraphy. On both motu, the excavations were dug at three specific
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locations: just behind the shingle ridge, in the middle part of the motu and on the lagoon-
facing margin. From the ocean side inwards, these holes are successively labelled A
(21°28°57.17’S, 135°30°45.6”W), B (21°29°00.2°S, 135°30°48.1”W) and C (21°29°02.7”’S,
135°30°50.3”W) on Motu Aramu, and D (21°34°09.0”S, 135°33°04.2”W), E (21°34°05.3”’S,
135°33°05.9”W), and F (21°33°57.54°S, 135°33°07.86”W) on Motu Vainono. Field grain-
size analysis of coarser detrital material was performed using the Udden-Wentworth
classification (Terry and Goff, 2014) as measured along the longest axis from photographed
square-metre quadrats. Coral pebbles and gravels were collected for radiometric dating at all
excavated sites. Taxonomic identification of dated coral specimens was made at the generic

level.

3.2. Uranium-thorium dating procedures

The reconstruction of atoll islet chronostratigraphy and building history is based on uranium-
series dating of the 88 coral gravels to pebbles, labelled M, collected on South-Marutea Atoll,

both at the surface of islets and, within excavations, along the walls and at the bottom.

Prior to radiometric analysis, millimetric pieces of the coral clasts were cut using a micro saw
in order to select the most clean and pristine parts. These pieces were rinsed with mQ water
and ultra-sonicated several times. After adding a triple ?2°Th 2%3Ue 2*®U spike in a Teflon
beaker, samples (from 150 to 350 mg) were dissolved with diluted HCI. The U-Th separation
and purification were performed after coprecipitation with Fe(OH)3, on 0.6 ml columns filled
with U-TEVA and prefilter resins, in nitric media — see Pons-Branchu et al. (2014) for details.
The U and Th isotopic compositions were analyzed at the Laboratoire des sciences du climat
et de [’environnement (LSCE, France), on a Multi-Collector inductively coupled plasma source
mass spectrometer (McelcPms) Thermo Scientific™ NeptuneP'™s fitted with a desolvating

introduction system (aridus I1), and a jet interface. For mass fractionation correction, we used
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an exponential mass fractionation law — normalized to natural 28U/?*°U isotopic ratio — and
standard — sample bracketing. More details on the analytical procedure — chemistry and mc-
IcPMs analysis — can be found in Pons- Branchu et al. (2014). After corrections for peak
tailing, hydrate interference and chemical blanks, 23°Th/?**U ages were calculated (Table 1)
from measured atomic ratios through iterative age estimation using the 23°Th, 2**U, and 238U
decay constants of Cheng et al. (2013) and Jaffey et al. (1971). Ages are expressed in calendar
years (cal.yr), by reference to 2022, i.e. the year of sample analysis. In order to make age
results more easily comparable to previous research, particularly that based on radiocarbon
measurements, ages are also given in conventional years BP by reference to 1950 (see Table

1, Supplementary Material).

3.3. Significance of coral-clast ages

Radiometric dating of displaced skeletal material (corals, molluscs, foraminifera) for
reconstructing depositional histories of atoll islets were discussed by Woodroffe et al. (1999,
2007), Kench et al. (2014) and Montaggioni et al. (2018, 2019, 2021, 2022). As an unknown
time interval (tens to hundreds of years) is expected to separate the time of death of a given
organism from the time of final deposition and stabilisation of its skeletal fragments, islet
chronologies have therefore to be interpreted as relative, not absolute. Coral clasts may have
experienced successive cycles of displacement, reworking and resedimentation. This is clearly
evidenced by a number of age inversions in the stratigraphic sections (Figs. 8, 9). However,
islet chronologies is assumed to be consistent, since most of the dated samples occupy a
stratigraphic position within the excavations, particularly, within those close to the outer
ridges and from the middle parts of both islets, which is in accordance with their age. Samples
tend to be younger closer to the surface and older closer to the bottom. In these sites, the

youngest ages obtained are regarded to be closer to the time of definitive stabilization of the
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relevant islet section. Clast stabilization is believed to have taken place within 200-1,000 yr-

long intervals, according to clast ages recorded at base of the excavations.

4. Results

4.1. Expected age of deposition of conglomerate platforms

Ages of coral clasts incorporated into islet-supporting conglomerates, collected from both
outcrop surfaces or at the bottom of the excavations vary widely from site to site (Fig. 10). At
Motu Aramu, ages range from 3,585 + 10 cal.yr (M1), 3,593 + 20 cal.yr (M4), and

4,108 + 10 cal.yr (M43) to 4,181 * 8 cal.yr (M52). At Motu Vainono, conglomerate clasts
yielded ages of 1,109 + 4 cal.yr (M16), 1,204 + 8 cal.yr, (M25), 3,218 £ 7 cal.yr (M118), and
3,986 + 10 cal.yr (M88). At Motu Aranui, conglomerate ages are among the oldest recorded:
3,665 * 16 cal.yr (M148) and 4,829 + 24 cal.yr (M149). By contrast, at Tekava, conglomerate
deposits are among the youngest ones: 1,011 + 32 cal.yr (M103), 1,339 + 6 cal.yr (M102),

and 1,743 £ 7 cal.yr (M101).

4.2. Expected age of deposition of ocean-facing shingle ridges and inner sheet surfaces

U/Th dating of coral clasts collected from the shingle-ridge and inner islet surfaces at the
different islet settings suggests that the ridges have been supplied in coral detritus between the
last few decades to the last millennia (Fig. 10). Clast deposition has taken place decades to
century apart depending on exposure to wave surges and local forereef slope physiography of
each considered atoll site. The youngest ages are mostly obtained from the outermost, ocean-
facing ridge surfaces or tips: Aranui (47 £ 4 cal.yr, M138), Aramu (51 + 2 cal.yr, M53),
Vainono (79 £ 2 cal.yr, M19; 185 + 3 cal.yr, M18), Oire (304 + 3 cal.yr, M162,;

308 + 5 cal.yr, M164), Tekava (343 + 4 cal.yr, M107). By contrast, samples from the inner

talus, just behind the ridge tips, provide ages significantly older: Tekava (862 £ 5 cal.yr,
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M100), Oire (1,255 + 11 cal.yr, M166; 3,565 + 13 cal.yr, M167), Vainono

(2,314 + 150 cal.yr, M21; 2,678 £ 9 cal.yr, M24; 2,695 + 8 cal.yr, M22).

Ages of samples from the inner sheet surfaces range are the following (Fig. 10):
108 + 3 cal.yr, (M44) and 1,786 * 12 cal.yr (M26) at Aramu, 2,480 + 10 cal.yr (M132),
42 + 2 cal.yr (M65) and 2,885 + 8 cal.yr (M85) at VVainono, 3,846 * 15 cal.yr (M109) at

Tekava.

4.3. Internal islet structure and lithostratigraphy

Examination of the excavations dug through both Motu Aramu and Motu Vainono revealed
that the relevant unconsolidated deposits are resting on firmly indurated, conglomerate
pavements. The conglomerate top surfaces range from 0.40 to 0.70 m (0.50 m on average) in
elevation above pmsl. These surfaces are locally overflooded by the ground water table at
maximum levels of 0.25 m (excavations C, D and F) (Fig. 11b, c, d). Analysis of the
excavation walls reveal that the conglomerate-overlying, loose deposits increase noticeably in
thickness and volume from Aramu to Vainono settings (Figs. 8, 9), probably in response to
exposure to higher intensity and frequency of islet-building wave surges. The ocean-facing
sequences (A and D) located just behind both the outer shingle ridges are 2.00 and 2.50 m
thick at Motu Aramu and Motu Vainono respectively. In the middle parts of the islets, the
thicknesses of the sedimentary sequences (B and E) are 0.90 and 2.00 m respectively. The

sequences from the lagoon sides (C and F) are 1.10 and 2.10 m thick respectively.

The sequences consist usually of beds ranging from 0.20 to 0.60 m thick (Figs. 8, 9).
However, locally, on Motu Vainono, single bed thickess can reach 1 to 2 m. Sediment grain-
size decreases significantly from the ocean-facing shingle ridges (Fig. 11a, ¢) lagoonwards
(Fig. 11b, d). Boulder- to cobble-dominated deposits laterally grade into pebble-dominated,
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then in sand-dominated facies. Sediment composition and texture are quite similar between
Aramu and Vainono sites. Longest axis of coral boulders ranges between 300—-350 mm to up
to 100 mm with mean values of around 200 mm. Along the islet transects, boulders particles
are progressively replaced by cobbles and pebbles. Boulders and cobbles consist
predominently of entire pocilloporid and fragmented acroporid colonies, associated to
merulinids and a few poritids (Fig. 7). Pebbly detritus are mainly composed of fragmented
pocilloporids, acroporids and merulinids, and low content of molluscan shells and coralline
algae. Sand-sized grains are composed of large foraminifera, molluscan, coral and coralline

debris. Foraminifera tests are dominated by soritids.

On the basis of textural attributes, four sedimentary facies can be recognized.

4.3.1. Boulder-cobble-dominated facies

This facies tends to be restricted to islet areas close to the ocean sides. It is prevalent at the
most exposed site (Excavation D) on Motu VVainono where it represents about 70 % of the
volume deposited (Fig. 9). By contrast, on Motu Aramu, within the ocean-facing excavation
(A), boulders and cobbles do not exceed 25 % of volume (Fig. 8). Surprisingly, there is a
layer composed of the same percentage of cobbles in Excavation C, close to the lagoon side at

Motu Aramu.

4.3.2. Pebble-dominated facies

It is subdivided into two subfacies as differentiated by its clast-supported characteristics:
pebble-supported and sand-supported. Pebble detritus (about 50 mm to 5 mm in diameter) are
dominantly composed of diverse coral debris, together with a few molluscan shells and
coralline algae. Both facies are found throughout both excavated islets (Figs. 8, 9, 11 a, ¢).

However, volumes of pebble-sized material is noticeably higher in Motu Vainono than in
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Motu Aramu. The pebble-supported subfacies is the main component in the central part of
Vainono islet (Excavation E) in which it occupies up to 60 % of the total volume while, in the
central part of Aramu islet (Excavation B), it accounts for 20-25 % only. The sand-supported
subfacies was encountered in both facing-ocean excavations (A, D) in which it represents

20 % and about 60 % of the total volumes respectively.

4.3.3. Sand-dominated facies.

Sandy material, enriched in low amounts (less than 10 %) of fine pebbles, is deposited
predominantly within the inner islet zones, from the central parts towards the lagoonal border,
on both Motu Aramu and Motu Vainono (Fig.11b, d). Higher sand amounts were found on
Motu Aramu, through Excavations B and C, in which it represents 70 % and 80 % of the total
volumes respectively. At Motu Vainono, within Excavations E and F, sand-dominated

sediments occupied 25 % and 28 % of the cavity.

4.3.4. Organic-rich facies

This facies defines the occurrence of brown- to black-coloured, root-bearing horizons at the
top part of most excavated sequences, usually at the expense of both pebble- to sand-
dominated facies (Fig.11b, d). It is present at all excavation tops, but best developed on
Vainono sites. There, its thickness ranges from 0.20 to 0.50 m. At Aramu settings, organic-

rich layers are 0.050 to 0.25 m thick.

As a summary, it appears that the thicknesses of the different facies and subfacies vary
markedly from Motu Aramu to Motu Vainono and from excavation to excavation. As
expected, coarser deposits dominate in areas facing the open ocean, while finer ones are rather
located near the lagoon sides. No apparent sediment grading was observed in any sequence

nor any bed.
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4.4. Islet accretion chronology

All ages of the dated coral samples extracted from excavations range approximately within
the last 5,000 year-interval — from 5,042 + 16 cal.yr (M61) to 42 + 2 cal.yr (M65). However,
the age distributional patterns differ between the both islets (Fig. 10). On Motu Aramu, two
major phases of clast supply occurred (Fig. 12a), the earlier from about 5,000 to 4,000 cal.yr,
and the later from 2,000 cal.yr to the modern, separated by a two millennia-long non-
depositional episode or a least by a slowdown in clast supply. By contrast, on Motu Vainono,
earlier deposition would have initiated between 5,000 and 4,000 cal.yr (Fig. 12a). There, the
main accretional episode would have lasted approximately 2,000 years, between 4,000 and

2,000 cal.yr. Accretion then progressively decreased in intensity until the modern times.

Few sequences have an age-decreasing trend from base to top, consistent with stratigraphy.
Despite some age inversions, in Excavations A and B (Aramu, outermost and mid islet sites)
and F (Vainono, lagoon-margin site), the older samples tend to be deposited in the lower beds
while the younger ones to be found close to the land surface. Within Excavation A, ages range
from 4,512 + 12 cal.yr (M63) — 5,042 £ 16 cal.yr (M61) at base to 545 + 4 cal.yr (M55) —

51 + 2 cal.yr (M53) at top. Within Excavation B, ages decrease from 4,363 + 13 cal.yr (M51)
to 1,820 £ 8 cal.yr (M47) and 108 + 3 cal.yr (M44). Within Excavation F, ages are

2,278 = 9 cal.yr (M84) at base, around 1,300-900 cal.yr in the medium beds and 42 + 2 cal.yr
(M65) at top. But, in most cases, the samples are found to have been reworked and mixed. As
a whole, ages in the sections from Motu Aramu are distributed within a wide range while
those from Motu Vainono are distributed narrowly. Excavations A: 5,042 + 16 cal.yr (M61)
to 51 + 2 cal.yr (M53); B: 4,191 + 8cal. yr (M52) to 108 £ 3 cal.yr (M47); C:

4,644 + 25 cal.yr (M30 bis) to 882 + 5 cal.yr (M38); D: 4,026 + 13 cal.yr (M89) to

2,885 + 8 cal.yr (M85); E: 3,293 * 24 cal.yr (M134); F: 2,449 + 10 cal.yr (M82). The average
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age difference between the dated clasts into each excavation can be estimated as follows
(Figs. 8, 9, 10): 5,000 years in Excavation A; 4,000 years in B; 4,200 years in C; 1,100 years
in D; 1,000 years in E; 1,500 years in F. With a volume at least twice that of Motu Aramu,
Motu Vainono is interpreted to have developed continuously and more rapidly throughout the
same time interval, from several distinct depositional episodes of 1,000 to 1,500 years in

duration.

Clasts older than 2,000 to 4,000 years are present within all the sequences, from the outermost
as well as from the innermost islet sites, but best stratigraphically organized and mostly
concentrated within the outermost excavation (A, D) deposits. This strongly suggests that the
earlier depocentres from which the islets have accreted laterally have settled close to the
ocean side, just behind the modern coastline. At Aramu, analysis of the age clast distribution
within Excavations A and B advocates for an earlier clast deposition at approximately 5,000
to 4,500 cal.yr. At VVainono, in the outermost islet sections (Excavations D and E), the
reported oldest clast ages range from about 4,000 to 3,000 years, thus supporting the
interpretation that initiation of the depocentres may have occurred about 1,000 year later,

compared to Aramu sites.

Along the lagoon sides, at Motu Aramu, in Excavation C, a number of younger clasts,
varying in age from 1,808 + 8 (M26 bis) to 882 £ 5 cal.yr (M38), are mixed with significantly
older coral detritus, dated at 4,742 + 14 (M28) to 4,037 + 15 cal.yr (M37). Such an age
mixture is regarded as resulting from a severe reworking of about 4,000 yr-old deposits
during a later accretional phase of lagoonal islet borders, from about 1,800 cal.yr and
probably during the last century. Similarly, on Motu Vainono, in Excavation F (lagoon side),
clasts aged 2,500 cal.yr, found at top, and are mixed with some dated 1,600 to 900 cal.yr

located downhole. Accordingly, a reworking and resedimentation of the lagoon margins is
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thought to have occurred presumably during the last century or earlier. Similarly, the ocean-
facing shingle ridges from which superficially deposited clasts yield ages ranging from about
70 (M19), 300 (M162, M164), 1,200 (M166), 2,500 (M21, M22, M24) to 3,500 (M167)

cal.yr, are relatively moving structures, occasionally suffering reshaping.

As a summary, Motu Aramu and Motu Vainono are believed to have started developing
between 5,000 and 4,500 (Fig. 13) and between 4,000 and 3,000 cal.yr (Fig. 14) respectively,
from depocentres settled close to the present coastline. The innermost islet areas, that have
probably emplaced about 500 to 1,000 years later, have suffered intense disturbance and
reworking, resulting in mixtures between older than 4,000 yr or than 1,500 yr clasts with

some younger than 1,800 cal.yr or aged 1,600-900 cal.yr respectively.

4.5. |Islet accretion rates

The rate of islet accretion is obviously dependent on the frequency and intensity of wave-
surge events, serving as both constructional and erosional agents, which have impacted the
atoll over time, but also on the recovery rates of coral communities in the different source
zones. For example, the acroporid- and pocilloporid-dominated coral populations along the
upper outer-reef zone, i.e. the main source of coral-clasts, are growing at rates of several tens
of centimetres per year. Accordingly, these would be able to regenerate after 20 years in high-
energy settings (Y. Chancerelle, CRIOBE, pers. com.) at rates significantly higher than the

apparent recurrence period of islet building events averaging 50 to 100 years.

The accretion rates of atoll-rim islets and adjacent shingle ridges can be estimated based on
U/Th dating. Vertical accretion rates at Aramu and Vainonono sites range at around 2—3 to

6 cm per century respectively. Lateral accretion rates from the depocentres oceanwards range
between less than 1 m per century at Aramu and 2—2.5 m per century at VVainono.
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Progradation towards the lagoon margins occurred at rates averaging 3—3.5 and 7-9 m per
century at Aramu and Vainono respectively. Shingle ridges have prograded to the ocean at
rates of 75-60 cm per century at Aramu and 200-250 cm per century at VVainono. These
values clearly take into account erosional and reworking phases, given major depositional
events are known to have occurred through instantaneous, high-intensity, low-frequency wave

surges.

5. Discussion

5.1. Islet-accretion and sea-level change

In the Tuamotu, the sea-level course during the mid to late Holocene times is relatively well
constrained based on dating of exposed coral heads, conglomerates and remnants of reef flats
(Pirazzoli and Montaggioni, 1986, 1988a, b) and elevated micro-atolls (Hallmann et al., 2018,
2020), especially, in the Gambier islands (Pirazzoli and Montaggioni, 1987) (Fig. 12b). After
a rapid postglacial rise (Bard et al., 1996), sea level reached and outpassed its present position
by approximately 6,000 cal.yr. Sea level continued to rise up irregularly to heights of about +
1m relative to pmsl, from 5,000 to 4,100 cal.yr, then remained stable over a period of about
600 years. From about 3,400 yr BP, sea level started to fall progressively (Hallmann et al.,
2020). Between 3,000 and 1,500 cal.yr, sea level dropped step by step eaching its modern
position during the last millennium (Pirazzoli and Montaggioni, 1987, 1986, 1988a, b;

Hallmann et al., 2018, 2020).

Throughout the tropics, the initiation and building of atoll-rim islets would have taken place
under different eustatic regimes: during a post-highstand sea-level fall (Woodroffe et al.,
1999; Dickinson, 2009; Kench et al., 2014a, b; Yasukochi et al., 2014), a rise in sea level
(Montaggioni et al., 2022) or stillstands higher than the present (McLean et al., 1978; Stoddart
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et al., 1978; Woodroffe and Morrison, 2001; Kench et al., 2014a, b, 2020; Yamano et al.,
2014). For example, in the north-west Tuamotu, on Takapoto Atoll, motu would have
developed during the sea-level drop phase from 2,500 yr BP to present (Montaggioni et al.,
2018, 2019). However, there is no evidence that the position of sea level during its course has

played a significant role in atoll-islet building.

5.2. Timing and mode of islet-accretion

Radiometric dating of both islet foundations, i.e. conglomerate platforms, and overlying
unconsolidated islet deposits, reveal that all these features have deposited over the last 5,000
years, from the mid to late Holocene (Figs. 10, 12a). These findings clearly indicate that the
emplacement of Motu Aramu and Motu Vainono and their conglomerate foundations has
taken place throughout the whole mid-late Holocene sea-level cycle. Atoll-rim nourishment
by coral detritus on Aramu sites would have begun from about 5,000 cal.yr as sea-level was
rising. Since the top surfaces of conglomerate platforms reach locally elevations of up to
1.00 m, it is obvious that their present-day position cannot be related to any higher sea
stillstand during the mid-late Holocene (Montaggioni et al., 2021). The timing of deposition
of rubble sheets from which conglomerates have formed is consistent with previous data
gained from a number of other French Polynesian islands. These revealed that deposition of
conglomerates has mostly taken place between 6,000 cal.yr to present, peaking between 4,000
and 1,000 cal.yr. It is instructive to recall that both deposition and consolidation of
conglomeratic material and accretion of overlying atoll-rim islets were demonstrated to have
occurred locally simultaneously. In other words, there have been interplays between
deposition of antecedent rubble sheets behind conglomerate pavements and islet building

(Montaggioni et al., 2021), as currently observed on Motu Tekava (Fig. 15).
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The mode of islet development was identical on both Aramu and Vainono sites as illustrated
by isochron distribution (Figs. 13, 14). Islet accretion has been initiated from nodal points, i.e.
depocentres, as previously observed on Takapoto Atoll, north-west Tuamotu (Montaggioni et
al., 2019). However, there is no direct evidence that all islets present around the atoll rim have
accreted similarly, from prograding and final coalescence of a series of nearby isolated
depocentres, especially, in rim areas on which rest continuous, elongated islets, spreading
over several kilometres, as observed in the north-east rim. However, based on the present-day
physiography of the south-west rim, typified by alternations of small, isolated motu separated
by a series of functioning hoa, the accretional islet model involving prograding depocentres is

thought to be realistic (Fig. 16).

Starting at around 5,000 cal.yr, the first islet accretional event ended 4,000 yr ago at Aramu
sites (Fig. 12a). At the same time, islet deposition was initiated on Vainono reef-rim while sea
level peaked at +1m above pmsl (Fig. 12b). At Aramu, the postulated non-depositional
episode between 4,000 and 1,800 cal.yr, occurred during the about 600 yr-long high stillstand
and lasted up to one millennium. The second and final accretional event took place during the
last 1,800 years as sea level dropped to its modern position. Correlatively, over the last 4,000
years, at VVainono sites, coral clasts were supplied continuously (Fig. 12a), during both the
high sea stand and the following drop (Fig. 12b). Strong discrepancies in accretional histories
between two nearby islets from a same atoll clearly support the fact that sea-level dynamics is
not the major driver of atoll islet building in French Polynesia, contrary to some previous
interpretations in other reef provinces (Perry et al., 2011; Kench et al., 2014b, 2020), even if
there is apparently a close correspondence between the course of sea level and islet
nourishment by coral detritus on Motu Vainono. In fact, atoll-islet building seems to have

been no longer dependent on sea-level dynamics. Fluctuations of some tens of centimetres
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have not been able to significantly influence the depositional islet patterns in regions
periodically subjected to storm wave surges. During the last 6,000 years, the only required
control of sea-level was the maintenance of a position close to present throughout the
complete cycle of islet accretion, thus facilitating supply of coral detritus from adjacent
forereef zones. However, it is noteworthy that initiation of islet accretion can operate even
when sea-level was several tens of metres below its present position during the postglacial
rising sea-level course, as observed on Rangiroa Atoll, northwestern Tuamotu. In such a case,
rubble deposition was interpreted as resulting from occasional tsunamis (Montaggioni et al.,

2022).

5.3. Islet accretion: the key role of marine hazard events

Natural hazards, including winter storms, cyclones, distant-source swells, tropical low waves
and tsunamis, are known to be drivers of formation and shaping of low-lying reef islands
(Woodroffe, 2008; Canavesio, 2019; Montaggioni, 2018, 2019 and references herein; Duvat
et al., 2020). Especially, most of them are able to move gravels and large boulders from
adjacent reef sources across atoll rims. Unfortunately, it is not possible to identify the
respective role of these different islet-building agents in the sedimentary record, especially
beyond the historical period due to the lack of record. Only assumptions can be made, based
on the frequency of each agent. In the Tuamotu, tropical lows and tsunamis usually produce
low intensity impacts, unlikely to be recorded in the sedimentary archives. Only the end-
products of tropical cyclones and extreme distant-source events are most likely to be
encapsulated into islet-sequences. The end-products are the result of both constructional and
erosional processes. The morphological and stratigraphical attributes of these products, i.e.

islets and associated shingle ridges and sheets, can provide valuable information on past
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regional storm dynamics, i.e. frequency and intensity of wave surges impacting islands (Nott,

2011; Montaggioni, 2018, 2019).

At reef settings and, particularly, in French Polynesia, coral clasts and finer skeletal grains
deposited onto reef rims are known to have originated dominantly from the adjacent upper
forereef zones, mostly extracted from coral communities living at depths less than 25 m
(Laboute, 1985; Harmelin-Vivien and Laboute, 1986; Harmelin-Vivien, 1994) and partly
from coral communities living in outer reef-flat and lagoonal environments (Adjas, 1988), as
shown from taxonomic analysis of coral clasts and composition of groove sand pockets and

lagoonal deposits.

In the tropical Pacific, biogeochemical records and climate modelling indicated that mid
Holocene was a time of reduced ENsSO variability (Clement et al., 2000; Koutavas et al., 2006;
Zhang et al., 2014; Emile-Geay et al., 2016; Lawman et al., 2020). Decreased ENSO frequency
took place at times in the last few thousand years (Emile-Geay et al., 2015). Cyclone-related
rainfall intensity increases after 4,200 yr BP, as well as at 3,200 and 2,000 yr BP in South
America (Conroy et al., 2008; Emile-Geay et al., 2015). In the Tuamotu, occurrences of
extreme marine wave hazards prior to the mid-nineteenth century are poorly documented
(Laurent and Varney, 2014). A comprehensive survey of extreme hydrodynamic events, based
on radiometric dating of mega-boulders was published by Lau et al., (2016), focusing only on
the central Tuamotu region. Boulder age suggested that 5-9 extreme marine events occurred
between 1200 and 1900 AD, with 3-5 events over the seventeenth and nineteenth centuries.
In the absence of mega-boulders on South-Marutea, using the U/Th clast-age database
provided herein can contribute to define the number of significant wave-surge events that
have struck the south-eastern Tuamotu end over the last 5,000 years. A total of 86 are

identified during this time span (Fig. 17), taking into account possible age overlapping
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between samples as recognized from U/Th error range. The number of events recorded per
century ranges from zero to 5. It is evident that a database including a relatively limited
number of dated specimens cannot provide a comprehensive record of past hazard events.
Sedimentary sequences are well known to be truncated records of the depositional history of a
given environment (Sadler, 1999). Especially, traces of marine hydrodynamic events are
frequently poorly or incompletely preserved in atoll-rim ridge and beach stratigraphies. In
addition, defining the number of storm events recorded by any islet sequence may be biased
by sampling procedures including incomplete age determination (Nott, 2011). However,
assuming that an average of 1 to 5 cyclonic events per century with a mean recurrence time of
50 years is consistent with previous historical estimates (Dupon, 1987; Laurent and Varney,
2014; Lau et al., 2016), our data is thought to preserve a reliable picture of marine wave-surge
event history in the remote south-eastern Tuamotu at a centennial to millennial-scale
frequency over the last five millennia (Fig. 17). The historical period, i.e. the last two
centuries, includes 6 hazard events, respectively occurring in around 1817, 1914, 1949, 1971,
1975, and 1980. The last two younger samples (M138, M65) were probably projected onto
the atoll rim during the passage of cyclone Frances (February 1976) and cyclone Nano
(January 1983). Related to the year 1971 (M53), there is no direct record of a marine hazard
event within the Gambier region; the only record is that of a moderate tropical depression
(Vivienne) passed close through the Austral Archipelago, far from the Gambier. Similarly,
there is no evidence of a noticeable cyclone activity from 1914 (M44) to 1949 (M19) within
the entire Tuamotu region. As for the nineteenth century, only one sample (M18: 1817 + 3
AD) accounts for a storm event at South-Marutea, but not validated in the historical registry.
It is noteworthy, as shown by Duvat et al. (2020), projection of coral clasts from outer reef
slopes to adjacent atoll rims can occur during tropical lows, under moderate hydrodynamical
conditions, without the involvement of any extreme hazard event. Such relatively low-wave

28



662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

energy events do not get enough attention to be listed as part of significantly human-

impacting climate phenomena.

Throughout pre-European historical times, from the beginning of the Common Era to the
eighteenth century, clast dating allows a total of 35 hazard events distributed into three main
periods of active storminess to be identified (Fig. 17): from the 18th to 15th, from the 12th to
the 7th and from the 3rd to the 2nd centuries, apparently separated by two quiescent intervals
between the 12th—15th and the 7th-3rd centuries respectively. Each active interval appears to
have been separated from the next by a non-deposition interlude longer than 200 years,

although this last event may also have incorporated islet-damaging phases.

The regional pattern successively shows a continuous, higher storm activity from about the
7th to the 12th centuries, broadly encompassing the Medieval Warm Period, followed by a
brief decrease in storminess prior to the 15th century, and finally by a recovery of storm
activity over a period (15th—19th centuries) apparently coinciding with the Little Ice Age.
This pattern is regarded as consistent with reconstructed variability of past cyclone dynamics
across the central south Pacific, controlled by a large shift of the Pacific Walker circulation
(Bramante et al., 2020). Similarly, weakening of storminess over earlier, brief intervals within
the Common Era could be caused by repeated migrations of the Walker circulation, thus

mitigating the activity of ENSO events.

Throughout the three millennia-long period preceding the Common Era, 51 hazard
occurrences are recorded, with a frequency of one to five per century (Fig. 17) as numerous as
those observed during the 2,000 yr-long Common Era. However, the most striking feature is
the absence of coral clast samples aged less than 4,000 cal.yr and more than 2,000 years old,

collected at Aramu sites, while present in large numbers (17 counted samples) on Motu
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Vainono (Fig. 12a). Several alternative explanations could be put forward. The absence of the
relevant samples could be due to an artefact of collection or to suppression of the 4,000
2,000 yr time-specific coral-clast stocks due to intensive marine erosional phase. Another
explanation could be found in the location of Motu Aramu, north of the atoll rim, likely to be
less exposed to some extreme marine hazard events, such as distant-source wave surges, that
come from the deep South Pacific, when compared to Vainono sites. Interestingly, the non-
depositional episode at Aramu sites coincides with intervals of a relatively low-baseline
cyclogenesis activity (Fig. 12c, d) and more sustained south-east trade winds in connection
with an attenuation of ENso amplitude by about 20 % to up to 60 % within the 5,000- to
2,000-yr band. This decrease in ENSO activity was documented by a number of sedimentary
data collected from the central and eastern Pacific: foraminiferal records in the eastern Pacific
basinal sediments (Koutouvas et a., 2006), coral archives from Line Islands in the central
tropical Pacific (McGregor et al., 2013; Grothe et al., 2019), grain-size analysis of a
sedimentary core from Junco Crater Lake in Galapagos (Conroy et al., 2008) and sediment
laminae light-intensity in a core from Laguna Pallcacocha in Ecuador (Moy et al., 2002).
Assuming that cyclogenesis was at its lowest level during this time span, deposition of high
coral-clast volumes at north-facing Aramu sites may be caused by other marine hazards,
including trade-wind-generated winter storms. By contrast, at south-facing Vainono sites, islet
deposits emplaced during the 5,000-2,000 yr-interval may have been supplied by distant-

source, austral swells.

As a summary, the age database provided herein seems to reliably reflect the variability of
ENSO frequency events at centennial- to millennial scales through the number of recorded

wave-surge events in the south-eastern Tuamotu end.
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5.4. Conceptual model of atoll-rim islet building

A number of atoll-islet building models have been already described from some cyclone-
prone or not-prone reef settings, based on reconstruction of low-lying, reef-rim and lagoon-
islet development history, in the Indian and Pacific oceans. (Stoddart et al., 1978; Chivas et
al., 1986; Richmond, 1992; McLean and Woodroffe, 1994; Woodroffe et al., 1999; Kench et
al., 2005, 2012, 20144, b, 2020; Barry et al., 2007; Yamano et al., 2014; Montaggioni et al.,
2018, 2019; Liang et al., 2022). The initial baseline conditions required for optimal islet
building and sustainability were defined as follows: (1) hard antecedent substrates, such as
reef flats, conglomerate platforms, are usually prerequisite for islet settlement; (2) substrates
have to be close or at sea level at the time of islet initiation; (3) maintenance of growing islets
within the range of the sea-level course; (4) availability of sediment producers at close

proximity; (5) recurrence of marine, high to low-intensity hazard events.

At South-Marutea, on both Motu Aramu and Motu Vainono, islet development occurred over
the last 5,000 years while sea level followed a complete trajectory from rising to about +1 m
to falling close to its present position (Fig. 12b). Conglomerate platforms, locally as high as
+1.10 m relative to pmsl, started to form at around 5,000 cal.yr (Figs. 13, 14) during the rise
in sea level. The widespread conglomerate deposits, locally consisting of one single bed,
gives evidence of the occurrence of high-intensity, wave-surge events at a starting time of
reduced ENSO activity in the central south Pacific. This strongly suggests that non-cyclonic
events could occasionally play a dominant role in atoll-islet shaping. Contrary to Takapoto
Atoll, northern Tuamotu, on which depocentres were initiated at the middle parts of the atoll-
reef rims (Montaggioni et al., 2019), on South-Makatea, incipient depocentres settled over
conglomerate pavements close to the outer atoll reef-rim margins, just behind the modern
reef-flat zones (Fig. 16). Depocentres as originally preferential sites of clast deposition
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formed isolated, probably subcircular to elongated features as similar in shape to smaller islets
at present found along the south-western atoll rim (Fig. 1b). From 4,000 cal.yr, the
depocentres have prograded seawards and lagoonwards at rates of several metres per century.
It is noteworthy that conglomerate platforms and islets were continuously being formed until
the present. At Aramu, the islet landscape was shaped in two stages, between 5,000 and

4,000 cal.yr and 2,000 cal.yr to present. At VVainono, the major shaping phases occurred from
4,000 to 3,000 cal.yr during the higher sea stillstand. By contrast, at Motu Aramu, the earlier
development episode lasted throughout the rising sea-level phase, but development restarted
only at the time while sea level was falling. This means that the position of sea level was not a
major determinant of islet building. Islet nourishment took place at sea-level trajectory. In
particular, the present findings show that gradual sea-level drop is not a general promoter of
islet accretion, as pointed out by Dickinson (2004). The key controls of islet development, at
least in the studied sites, appear to be changes in intensity and frequency of marine hazard

events rather than sea-level fluctuations over time.

The islet accretionary model obtained from South-Marutea Atoll typically refers to the
‘regular lagooward accretion’ model described by Woodroffe et al. (1999) in which accretion
begins from depocentres located close to oceanwards shore and then incrementally extends
preferentially lagoonwards through time. This model differs markedly from that established at
Takapoto, confirming that islet shaping patterns are complex and can vary signicantly from

site to site.

5.5. Projected future climate regime and its effects in the south-eastern Tuamotu atoll region

In the last decades, warming peak during several ENSO occurrences has moved from the
eastern to central Pacific on 100° longitude, accompanied by an increasing amplitude and

decadal variability of ENSO events and strengthening of trade winds (Freund et al., 2019;
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Grothe et al., 2019). Currently, anthropogenic forcings are postulated to affect global climate,
especially in the Pacific tropics, altering the geographical distribution, frequency and intensity
of storms (Cai et al., 2021) and strengthening trade-winds (Collins et al., 2010). Storminess,
including cyclogenesis, would potentially be increased in the central Pacific, with rising sea
surface temperatures and weakening of vertical wind shear predicted for the end of the 21st
century (Bramante et al., 2020). For the late 20th century, climate observations and
reconstructions revealed a significant increase in the central Pacific ENSO activity, at a rate of
2.5 to 9 events per 20 years. Similarly, in response to increased intensity of the ENSO regime

in the next decades, cyclones are expected to become more frequent (about 20-40 %) during

El Nifio phases, but significantly less frequent during La Nifia episodes (Chand et al., 2017).

Cyclones, known as one of the major causes of coral decline around the world (Harmelin-
Vivien, 1994; De’ath et al., 2012), are expected to become potentially more destructive with
ocean warming (Dixon et al., 2022). Knutson et al. (2020) reviewed knowledge regarding
model predictions of global cyclone activity in response to human-induced warming. At 2 °C
warmer than the pre-industrial times, global cyclogenesis will become more intense. In the
central South Pacific, ENSO events tend to move the mean cyclone genesis loci eastwards,
potentially resulting in cyclone influence in French Polynesia (Bramante et al., 2020). South
poleward migration 1° latitude (about 100 km) per decade (Kossin et al., 2014; Studholme et
al., 2022) may increase cyclone frequency in the remote south-eastern Tuamotu region.
However, with the projected expansion of the tropical climate zone, there will have a potential

reduction of cyclone activity (Bramante et al., 2020).

Large waves generated by storms and cyclones and wave amplification are significant hazards
in the tropical Pacific. The largest extreme wave heights are active within the latitudinal 15°—

25° south band. Model predictions indicated that the doubling of extreme El Nifio frequency
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in the next decades would have drastic effects on wave climate, particularly when combined
with sea-level rise (Stephen and Ramsay, 2014). Median extreme wave heights across the
entire south Pacific range from 7 to 11 m (Stephen and Ramsay, 2014) and, more specifically,

in French Polynesia (Canavesio, 2014).

Unfortunately, there is no available region-specific model projections of the cyclone behavior
in French Polynesia for the mid to late 21st century. However, some general trends, in part
speculative, emerge, based on climate models from the south-western Pacific (Knutson et al.,
2020) that could be applied to French Polynesia. Frequency of severe category 4 and 5 and
lower category cyclone as well could decrease by about 15-20 %. Average cyclone intensity
is expected to increase 2 %, at medium-to-high confidence levels. The resilience of coral reefs
would be more severely threatened by increasing cyclone intensity. However, wave surges,
generated by cyclones or other extreme marine hazard events, are known to impact patchily
coral reefs (Done, 1992; Harmelin-Vivien, 1994; Cheal et al., 2002, 2017). This may result in
preservation of undamaged coral-colonized zones from which abundance of coral
communities can recover, usually 10-20 years after impacts (Hamelin-Vivien, 1994; Halford
et al., 2004). In a number of locations, coral populations need particularly long periods for
recovery after an extreme cyclone damage. In the Tuamotu, recovery of coral communities is

estimated to average about 70 years (Cheal et al., 2017).

Sea-level rise projections suggest that globally the rise would be around 0.50 m under
optimistic scenarios and outpass 1.30 m under pessimistic ones (Horton et al., 2020). These
predictions are in line with expectations of sea-level rise in the Tuamotu, where the rise in sea
level would be about 0.80 to 1 m higher relative to 2010 at the end of the 21st century

(Botella, 2015). Accordingly, sea-level rise will result in higher storm flooding levels, but
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probably will play a subordinate role compared to marine hazards able to generate swells as

high as 12 m (Dalmalian et al., 2014).

Other disturbances to which coral reefs are exposed will be amplified (Cheal et al., 2017):
loss of coral calcification potential (D’Olivio et al., 2019; Cornwall et al., 2021) due to
increasing ocean acidification in relation to higher atmospheric CO2 content; increasing sea
surface temperatures; especially long duration (several months) of marine heat waves
(Holbrook et al., 2019), some resulting in more coral bleaching and mortality episodes as
those recorded during 1982-1983 (Hoegh-Gulberg and Salvat 1995), 1997-1998 (Mumby et
al., 2001), and 2015-2016 in French Polynesia (Hédouin et al., 2020). Interacting effects of
various disturbances may exacerbate lethal impacts and will increase the vulnerability of coral
reefs to long-term degradation. All these will alter the capacity of coral communities to grow

and thus diminish coral cover.

As a summary, in the south-eastern Tuamotu end, potential future change in extreme ENSO
events may have profound impacts on atoll islet maintenance. Projected global increases in
ENSO strength, cyclone intensity, sea level, combined with pH drop and decrease in coral
recovery rate, will act to further enhance the impacts of future storm wave surge risk. Based
on the review by Knutson et al. (2020), it appears obvious that the combined effects of rapid
sea-level rise and increased cyclone activity will result in higher average storm inundation
levels, assuming all other factors equal. Cyclone-generated inundation events would be less
frequent, about a maximum of 1-2 per century, maybe less, but more destructive. Regarding
the other marine hazard events, there is no specific available information about their
behaviour over the next decades. Global warming will lead to strengthening of trade winds in
the Pacific (Li et al., 2019) and of austral, distant-source swells. Under pessimistic sea-level

rise scenarios, the inundated areas by distant swell surges would increase by up to 90 % by
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2100, as modelled in Fiji (Wandress et al., 2020). Given different locations will likely respond
differentially, according to exposure to the arrival direction of marine hazards (Damlamian et
al., 2013), there is a need for assessment of site-specific impacts. On South-Marutea Atoll, the
present findings show that the north-eastern and south-eastern reef-rim sectors may be most
susceptible to be impacted and to suffer damage than the other areas. However, it is difficult
to assess the carbonate budget of atoll islets, increase or decrease, in response to climate

change.

5.6. Lessons from the past.

How may reconstructing the accretional mode of atoll-islets aid to illuminate their future
behaviour in the face of changing climate? First, the atoll-islet development at South-Marutea
occurred over the past 5,000 years, irrespective of sea-level position, as sea level rose about 1
m from 5,000 to 3,500 cal.yr then dropped close to its present position from 3,500 cal.yr to
the last centuries. This suggests that sea level was neutral, did not and will not play a
significant role in restricting or promoting islet accretion. If correct, if sea level will rise to up
to 1 m at the end of the 21st century, the position of sea level will not contribute to the
maintenance or destruction of atoll islets in the region considered. Second, according to
observations over the past millennia and historical records, future ENso variability will
promote increasing cyclone activity, with stronger category cyclones, but their frequency will
be similar to the recent past, not exceeding 1 to 5 per century. Similarly, as emphasized by
Lau et al. (2016), if sea surface temperatures will increase through the current century as
projected by IPCC, higher temperatures will be favourable to increasing cyclogenesis and
storminess in the central South Pacific. However, the way in which atoll islets will respond in
the future is difficult to be clearly appreciated to uncertainties in the effects of cyclone impact.

A same cyclone is known to both contribute to building and destruction of low-lying reef
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islets from a same atoll according to changing trajectories (Scoffin, 1993; Etienne, 2012).
Probably, such as during the last millennia, the final budget will be accretional even if
flooding episodes will be more frequent in response to increasing cyclone activity. The actual
unknown comes from how reefal coral communities as sources of coral clasts will react to

increases in water temperatures and ocean acidification. Any drop in coral cover and any shift
to non-constructional communities will disturb or preclude coral-clast inputs to islets. As

previously suggested (Montaggioni et al., 2021), it is noteworthy that conglomerate platforms,
particularly in areas where these exceed 1 m in elevation, may contribute to the persistence of

low-lying islets.

6. Conclusions

Several points arise from the chronostratigraphical analysis of rim islets from South-Marutea

Atoll.

Islet lithostratigraphy is characterized by alternations of unorganized, mixed coral boulder to
pebble and skeletal sand beds. Coarser-grained deposits consist dominantly of individual
acroporid and pocilloporid colonies, together with subordinate merulinid and poritid detritus
as known to house the adjacent forereef zones. Sand-grained sediments are mixtures of
various reef-dwelling carbonate producers, especially, larger soritid foraminifera. As
supported by substantial clast age inversion and local interbedding of cobbles and pebbles,
substantial sediment reworking and redeposition took place at lagoonside settings, hence

expressing occasional intense wave agitation of lagoonal waters.

Contrary to Takapoto atoll islets in the north-western Tuamotu, emplaced during the last
2,500 years as sea level was falling (Montaggioni et al., 2019), islet initiation at South-

Makatea sites occurred from about 5,000 cal.yr. Islet development apparently occurred
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independently of the mid to late Holocene sea-level course. In northern sectors, islet accretion
slowed down significantly from 4,000 to 2,000 cal.yr, likely in response to weakening El
Nifo activity. By contrast, in reef-rim areas oriented to due south, islet building acted
continuously and even peaked in the 4,000-2,000 cal.yr interval, may be in response to
increasing storminess from the deep south regions. Between 5,000 and 3,000 cal.yr, islet
accretion responded contrastingly at the local scales, very active on the southern atoll-rim and
ineffective in the northern areas. Availability rate of coral-dominated sediment stocks and
frequency and intensity of marine hazard events are regarded as the key factors for islet

building.

The clast-age distributional pattern suggests that, over the last 5,000 years, high-energy wave
events occurred at frequency of one to five per century, in accordance with the historical
records in French Polynesia, occasionally interrupted by 200 to 300 yr-long quiescence times.
The outer shingle ridges may have been reshaped during the last millennium, at least ten

times, based on clast dating.

The evolution of atoll-rim islets on South-Marutea in the future is difficult to predict, mainly,
because model climate projections are missing in the considered region. In the next few
decades, based on non-deposition of mega-boulders on the atoll over the last centuries, it is
unlikely that extreme marine hazard events will impact the atoll. Later, as the zone of cyclone
influence is moving polewards and cyclone intensity is increasing, but frequency decreasing,
South-Marutea and the nearby Gambier Island Group could possibly be impacted by stronger,
but fewer cyclones prior to the end of the 21st century Of course, actual damaging effects on
islets would depend upon the arrival direction and heights of generated wave surges and, as
recently, the southern rim sectors would risk to be most disturbed than other. A future sea

level at about +1m relative to present would not increase the disturbing effects of storms
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predicted to generate waves of up to 10 m high. Assuming a return time of 50 to 100 years for
stronger storm events and a predicted coral recovery time averaging 70 years, the potential
detritus stocks used to rebuild islets may be reduced drastically over a few centuries. Up to 1
m high, conglomerate platforms could serve as natural flood defense and thus contribute to

islet durability.
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Figure captions

Fig. 1. (a) Location map of South-Marutea Atoll in the Gambier Island Group, south-eastern
Tuamotu Archipelago, French Polynesia, central south Pacific; (b) Google Earth map of
South-Marutea Atoll showing the location of the studied site areas (boxes): Motu Aramu (see
Fig. 1c), with location of excavations (star symbols); Motu Vainono (see Fig. 1d), with
location of excavations (star symbols), and ocean-facing shingle-ridge profile (Fig. 4a); Motu
Aranui (see Fig. 1e) with location of dated coral-clast samples (open circle symbols); Motu
Oire (see Fig. 1f) with location of outer shingle-ridge profile (Fig. 4b); Motu Tekava (see Fig.

1g) with location of dated coral-clast samples (open-circle symbols).

Fig. 2. Wind rose for Mangareva site — altitude: +91 m; 23°07°48” S, 134°57°55”W —,
Gambier island, south-eastern Tuamotu, showing the dominant wind directions from the north
and north-east sectors. Based on records from Météo-France and reprinted with the
permission of Météo-France. Data duplication and redistribution are prohibited except with

the prior agreement of Météo-France.

Fig. 3. Tracks of some tropical cyclones within the south-eastern Tuamotu region since the

beginning of the twentieth century. Modified from Laurent and Varney (2014).

Fig. 4. Transverse topographic profiles across outer shingle ridges of the reef- rim and islet,

South-Marutea Atoll, showing the different geomorphic components. (a) south-east of Motu
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Vainono — see fig. 1 d for location —; (b) west of Motu Oire — see fig. 1f for location. The
location of the dated coral-clast samples is indicated. Ages are given in years before present

(before 2022). See Table 1 for dating parameters.

Fig. 5. Conglomerate platforms from the reef rim, South-Marutea Atoll; (a) overview of the
two-layer, 1.10 m thick conglomerate pavement, hoa side, south of Motu Oire; (b) close-up
picture of the 1.20 m thick conglomerate bed, reef-flat side, west of Motu Oire — see fig. 1f
for location —; (c) close-up picture of the two-layer, 1.20 m thick conglomerate pavement,
west of Motu Aranui — see fig. 1b and 1e for location. The location of the dated coral-clast
samples is indicated. Ages are given in years before 2022. See Table 1 for details on dating

parameters.

Fig. 6. Aerial view of the south-south-east side of Motu Vainono, southern reef-rim area of
South-Marutea Atoll, showing, from the ocean landwards, the reef-flat zone, about 200 m
wide, the conglomerate-platform front line (brown colour), the outer beach (white colour), the
successive shingle ridges (grey colour) and the vegetation-covered islet bench. See fig. 1d for

location and fig. 4a for geomorphic profile.

Fig. 7. Close-up picture of the upper part of the ocean-facing shingle ridge, composed of
blocky, pocilloporid and acroporid coral clasts, south-east of Motu Vainono, southern reef-

rim area, South-Marutea Atoll.

Fig. 8. Transverse topographic profile across Motu Aramu, north-north-eastern reef-rim area,
South-Marutea Atoll, showing the location and lithostratigraphy of excavations A, B and C,
with location and radiometric ages of the dated coral-clast samples. See figure 1b, ¢ for

location of excavations and Table 1 for dating parameters. Ages are given in calendar years
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— relative to 2022, the year of analysis. See Table 1 (Supplementary material) for details on

dating parameters. WL: water-table level.

Fig. 9. Transverse topographic profile across Motu Vainono, south-south-western rim area,
South-Marutea Atoll, showing the location and lithostratigraphy of excavations D, E and F,
with location and radiometric ages of the dated coral-clast samples. See fig. 1b, d for location
of excavations and Table 1 for dating parameters. Ages are given in calendar years (relative to
2022. the year of analysis). See Table 1 (Supplementary material) for details on dating

parameters. WL: water-table level.

Fig. 10. Plot of the U/Th dated coral-clast samples versus their respective topographic or
stratigraphic location across or within the studied motu sites — see figs. 1b to 1g, 44, 4b, 8 and
9 for location. Ages are given in calendar years (relative to 2022, the year of analysis).
Vainono excavations: note the decreasing age trend from the ocean-facing islet side
lagoonwards. Aramu excavations: note a similar, but less continuous age decreasing trend,
due to both younger clast deposits at the ocean-facing islet site and hiatus in clast supply

between 4,000 and 2,000 calendar yr.

Fig. 11. Views of the internal structure and lithostratigraphy of the sedimentary piles, from
excavations through Motu Aramu and Motu Vainono, respectively; (a) Excavation A, ocean-
facing islet margin, showing the upper 1 m section, composed of pebble-dominated, sand
supported material; (b) Excavation C, lagoon-facing islet margin, showing the whole section,
composed of sand-dominated, pebble-rich sediments, overtopped by a dark, organic bed. The
level of the water table is about 0.20 m above the excavation bottom; (c) excavation D, ocean-
facing islet margin, showing the lower section composed of cobble-to pebble-dominated, sand

to pebble-supported detritus. The level of the water table is about 0.10 m above the

52



1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

excavation bottom; (d) excavation F, lagoon-facing margin, showing the whole section,
composed of sand-dominated, pebble-rich material. The top section exhibits an about 0.50 m
thick organic deposit. The level of the water table is about 0.25 m above the excavation

bottom.

Fig. 12. Relationships between the main islet accretional phases on South-Marutea Atoll,
regional changes in sea level and in ENso-controlled cyclogenesis over the past 5,000 years;
(a) accretional phases at Aramu and Vainono sites, based on the number of dated coral-clast
samples; (b) regional sea level curve, modified from Pirazzoli and Montaggioni (1987), and
Hallmann et al. (2020); (c) record of ENSO activity based on measurement of sand percentage
in Juna Crater Lake, Galapagos, modified from Conroy et al., 2008; (d) record of ENSO
activity based on sediment laminae light-intensity from a core extracted from Laguna

Pallcacocha, Ecuador, modified from Moy et al., 2002.

Fig. 13. Cross-section through Motu Aramu, north-eastern rim area, South-Marutea Atoll,
showing the successive phases of islet accretion. The dashed lines refer to accretion
isochrons, given in years before present and are defined from time intervals between the dated
coral-clast samples. Are indicated the location of the excavation and of the dated coral

samples extracted from conglomerates.

Fig. 14. Cross-section through Motu Vainono, southern rim area, South-Marutea Atoll,
showing the successive phases of islet accretion. The dashed lines refer to accretion
isochrons, given in years before present and are defined from time intervals between the dated
coral-clast samples. The location of the excavation and of the dated coral samples extracted

from conglomerates are indicated.
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Fig. 15. View of the south-east-facing, outer shingle ridge, Motu Tekava, east-south-eastern
rim area, South-Marutea Atoll, clearly showing that coral-clast deposits are in process of

rapid cementation, probably under the control of percolating vadose fresh waters.

Fig. 16. Planimetric reconstruction of Motu Aramu (north-eastern rim area) and Motu
Vainono (southern rim area), South-Marutea Atoll, showing the expected successive phases
of islet accretion over the last 5,000 years. Isochrons delineate the expected surface areas of
initial depocentres and incipient islets through time. Interrogation points relate to the younger
accretional sections from which there are insufficient age records. From 5,000 to about 3,000
calendar yr at Aramu and from 5,000 to about 1,500 calendar yr at VVainono, spaces between
adjacent depocentres and incipient islets are interpreted to have acted as hoa prior to have

been sealed.

Fig. 17. Age distribution of identified wave-surge events over the last 5,000 years, based on
U/Th dating of coral-clast samples extracted from conglomerate platforms, islet excavations
and surficial deposits. The last 2,000 years, i.e. the Common Era, is also expressed in a
centurial scale to facilitate comparison between the historical record of marine hazard events

and the wave-surge events recorded in the present study.

Table 1 (Supplementary material)

Uranium-Thorium data of coral samples from South-Marutea Atoll. Are given successively
laboratory sample codes, field sample (SAT) numbers, uranium and thorium contents,
isotopic composition with statistical errors — two standard deviations of the mean — and ages.
Uranium and thorium contents and isotopic ratios. 83*Um = {[(Z*U/2%U)sample/ (*3*U/%8U)eq] -
13} x 1000, where (Z*U/%8U)sample is the measured atomic ratio and (23*U/28U)eq is the atomic

ratio at secular equilibrium. 52*U(r) is the initial value and is calculated by the equation:
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52U 0) = 8% Umeas exp®234), where t is the age in years and L34 is the decay constant for
234U, Ages were corrected for authigenic 2°Th using 2°Th/232Th) of the detrital fraction = 10
+ 5. Note that, for Samples M103, M123 and M129, uranium content is significantly lower
than classical values for uranium content within aragonitic corals. M103 is a conglomerate
and not massive coral. Calcite primary deposition could explain the low U content value for
this sample. For Samples M123 and M129, the very low U content could be a clue of
diagenetic alteration (with U loss during the well-known aragonite to calcite transformation).
These two ages could be considered with caution, because a hypothetical U loss could have
biased the relevant age (with an apparent age being too old). Ages are expressed in both
calendar years, relative to the year of sample analysis (2022) corrected for detrital content
using a 2°Th/?%2Th isotopic ratio = 7 = 50 % and conventional ages BP (Before Present,

relative to 1950).
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Ages (x 1000 calendar years)
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HIGHLIGHTS
— North of Rangiroa Atoll, due to a former uplift, the top of the Miocene carbonate basement

peaks at depths of less than 10 m beneath the modern reef-rim surface.
— Unusual, extreme marine hazard events were essential drivers of early atoll rim-island

accretion.
— Island accretion started by about 6,000 calendar years, 3,500 years before it did in nearby

subsiding atolls.
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