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 A B S T R A C T

Studying extinct volcanic islands is critical to constrain the geological evolution of intra-plate volcanoes and 
shed light on related natural hazards. From new fieldwork, geomorphological and new K/Ar geochronological 
data, we revisited the main stages of growth and destruction of Moorea, a small and highly eroded tropical 
volcanic island in French Polynesia. We show that: (1) the southern part of the island comprises the remnants 
of a main former basaltic volcano that was active between ca 1.85 Ma and 1.70 Ma; (2) the northern flank 
of this early edifice was removed around 1.64 Ma by a main flank-collapse that produced debris-avalanche 
partly exposed on the ocean floor up to 30 km from the island shore; the sudden subsequent decompression was 
followed by (3) vigorous volcanic activity witnessed by widespread strombolian deposits including peridotite 
xenoliths; a second main volcanic edifice rapidly grew inside the collapse depression between 1.64 Ma and ca 
1.58 Ma, (4) overflowed into adjacent valleys until 1.50 Ma and (5) was followed by less-voluminous sporadic 
lava eruptions until ca 1.35 Ma; late volcanic units (3–5) were erupted from vents along the E–W direction, 
and/or small parasitic cones around the rims of the collapse scar; related lava flows covered unconformably 
the weathered slopes of the older edifice and filled existing paleo-valleys; (6) subsequent erosion enlarged 
the former landslide scar and led to significant topographic inversion. Successive construction and destruction 
episodes on small volcanic islands like Moorea led to strong geometric imbrication of geological units, which 
has important societal implications, e.g., for volcanic aquifers management or land occupation.
. Introduction

Hotspot volcanic islands typically exhibit a complex history re-
ulting from an alternation between constructive phases and destruc-
ive episodes (e.g.: Hildenbrand et al., 2004; Sibrant et al., 2015a,b). 
he latter may include large flank collapses, smaller landslides or 
ther widespread erosional events (e.g., cliff retreat, river incisions, 
. . ) which can produce the sudden release of significant amounts 
f debris (rock avalanches, lahars and concentrated flows) with po-
entially hazardous consequences (Keating and McGuire, 2000; Bret 
t al., 2003; Hildenbrand et al., 2008; Niyazi et al., 2025). Giant 
atastrophic flank collapses with individual volume exceeding 100 
m3 have been well-documented on large intra-plate volcanic islands 
orldwide, e.g., in Hawaii (Moore et al., 1989) and other islands 
n the Pacific (Clouard et al., 2001; Hildenbrand et al., 2006), in 
éunion Island in the Indian Ocean (e.g.: Duffield et al., 1982; Gillot 
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et al., 1994; Oehler et al., 2005), or in the Canary and Cape Verde 
archipelagoes in the Atlantic (e.g.: Carracedo et al., 1999; Masson 
et al., 2002, 2008; Boulesteix et al., 2013; Marques et al., 2019). 
More recently, less-voluminous events have been increasingly identified 
on smaller volcanic islands, especially those developed near major 
plate boundaries, e.g., in Stromboli (Casalbore et al., 2011), in the 
Caribbean (Le Friant et al., 2003; Dondin et al., 2012; Brunet et al., 
2016), or in the Azores (Costa et al., 2014, 2015; Sibrant et al., 2015a,b; 
Hildenbrand et al., 2012, 2018, 2024; Marques et al., 2021, 2025). 
Such flank collapses may be triggered by a number of intrinsic and/or 
extrinsic factors including regional earthquakes, drastic pore-pressure 
increase generated by dyke intrusions along ‘‘rift-zones’’, changes in 
precipitation and sea level during major paleoclimatic events (see the 
23 listed processes in Keating and McGuire, 2000; Quidelleur et al., 
2008). Flank collapses usually occur during the main eruptive history 
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Fig. 1. Map of the society archipelago in French Polynesia (southern Pacific Ocean, see inset). Three remote atolls exist few hundred of kilometers west of 
Maupiti. The current hot spot sector is outlined with a dashed circle. Islands and atolls are shown. Seamounts are displayed as gray dots; some of them are 
probably missing due to the poor bathymetric resolution in some areas. Mehetia is a small island (not visible at this scale). Moorea is in black. Dates (in Ma) 
are from Le Roy (1994), Hildenbrand et al. (2004), Clouard and Bonneville (2005) and Guillou et al. (2005). The projected coordinate system is in EPSG:3297 
(RGPF/UTM zone 6S), units are in meters.
of the volcanoes and result in the deep truncation of the feeding system. 
This triggers a sudden decompression, followed immediately by a sub-
sequent massive eruptive response (Hildenbrand et al., 2004; Boulesteix 
et al., 2012). Consequently, the large scars left by these catastrophic 
events often lead to the infilling of the resulting depressions by newly 
emitted lava (e.g.: Hildenbrand et al., 2004; Boulesteix et al., 2012). 
However, after volcanic activity ceases and hundreds of thousands to 
several million years of erosion occur under a humid tropical climate 
with heavy rainfalls, on-land evidence of such dramatic events be-
comes increasingly scarce (Quesada-Román et al., 2025). Consequently, 
kilometer-scaled landslide structures have been often overlooked on 
many volcanic islands, especially in French Polynesia, in the absence 
of complementary data (e.g., acquired offshore). For instance, early 
geological maps of Tahiti-Nui (Deneufbourg, 1962; Brousse et al., 1985) 
report a simple conical volcanic edifice with a central sub-circular 
caldera that would have been created by vertical (piston-like) collapse. 
In contrast, more recent studies (Clouard et al., 2001; Hildenbrand 
et al., 2004, 2006) identified two-first order massive lateral flank 
collapses that were massively buried by post-collapse volcanism. The 
combination of offshore bathymetric Digital Elevation Model (DEM) 
analyses with extensive lava dating of on-land volcanic units has proven 
to be a valuable and effective approach to overcome such challenges.

We here revisit the geological and structural evolution of Moorea, 
a relatively small tropical volcanic island (ca. 15 km wide) west of 
Tahiti that has been inactive for the last 1.35 Ma (Fig.  1). With a 
current emerged area of 134 km2, Moorea volcanic edifice has de-
veloped on a seafloor that descends to approximatively 3300–4300 m 
below present sea level. It exhibits a distinctive heart shape in plan 
view, and further shows an intriguing N–S topographic asymmetry. Yet, 
the island is believed to represent a unique main volcano that was 
affected in the north by either a sub-circular caldera, or a shallow listric 
fault (Le Dez, 1996; Le Dez et al., 1998; Maury et al., 2000). Over time, 
either gravitational processes and/or erosion have deeply incised the 
island, creating a highly contrasting topography characterized by steep 
cliffs and numerous canyons to wide valleys. While these deep ero-
sive structures considerably modified the former volcanic morphology 
and obscured old volcanic structures, they constitute natural sections 
2 
providing a unique opportunity to reach the various volcanic units 
and thus to reconstruct most of the island eruptive history. Here, we 
present a combination of new field structural/lithological observations 
acquired during an intensive survey (over 2 months cumulatively), 17 
new high-precision K/Ar analyses on separated groundmass acquired 
on samples from the main volcanic units, and the use of open-source to-
pographic and bathymetric datasets. These data allow us to reconstruct 
the main successive stages of growth and destruction of Moorea and to 
propose a new model of geological evolution that has significant soci-
etal implications (e.g.: water supply management, Lachassagne et al., 
2014).

2. Geological and geodynamic background

Moorea is a small hotspot intraplate island belonging to the Society 
Archipelago in the southern Pacific Ocean (Fig.  1). It lies on the Pacific 
plate on a seafloor ca. 70 Ma in age (Clouard and Bonneville, 2005) 
and is neighboring the islands of Tahiti, Tetiaroa, and Maiao.

Moorea has a croissant-shaped topography with hundreds meters 
high cliffs dominated by several peaks (Fig.  2) such as Mt Tohiea (Th; 
1207 m), Mt Mouaputa (Mpt; 830 m), Mt Tearai (Tr; 764 m), Mt 
Mouaroa (Mou; 880 m) and Mt Mouapu (Mp; 760 m). The concave 
side of the cliffs defines a main northern depression occupied by an 
isolated peak (Mt Rotui, 890 m). Gravimetric studies (Clouard et al., 
2000; Shih et al., 2015) evidenced the presence of a positive density 
anomaly (dense inner magmatic system?), first in the middle of the de-
pression (Clouard et al., 2000) or more recently shifted a few kilometers 
further east, close to the Mt Mouaputa side (Shih et al., 2015).

The geology of Moorea is dominated by volcanic deposits occur-
ring mostly as lava flows and coarse-grained (poorly sorted) tephra 
layers formed by strombolian explosive eruptions. They range in com-
position from alkali basalts to quartz-bearing trachytes or trachy-
phonolites (Deneufbourg, 1962; Le Dez, 1996; Maury et al., 2000). Ex-
isting geochemical whole-rock data exhibit a compositional gap around 
52 wt% in SiO2 and around 7 wt% in alkali content. Magma evolution is 
dominantly referred to fractionated crystallization, but magma mixing 
between contrasted end-members was also proposed (Le Dez, 1996; 



T. Bechon et al. Journal of Volcanology and Geothermal Research 472 (2026) 108555 
Maury et al., 2000). In a few places, plutonic rocks have also been re-
ported by various authors: (1) gabbro boulders in the central depression 
or in two western valleys (Deneufbourg, 1962; Bellon and Blanchard, 
1981; Le Dez, 1996; Guillou et al., 1998; Maury et al., 2000); (2) 
nodules of peridotites (dunite, wehrlite; Maury et al., 2000). Maury 
et al. (2000) observed large amounts of volcanoclastic detritic de-
posits (polygenetic breccias, lahars). They described an ‘‘unstratified, 
polygenetic breccia including more or less rounded basaltic blocks 
of variable texture [scoria to massive lava] in a brownish, clayey 
matrix, possibly cut by dykes’’, which encompasses various objects from 
different periods (syn- or post-volcanism) and of different origins (talus, 
debris flow and mud flow, see Bret et al., 2003). Other geological 
units include marine deposits comprising coral shelf, coral clasts and 
seashore conglomerate/sandstone (Deneufbourg, 1962; Maury et al., 
2000). The various geological units have suffered variable weathering. 
The floor of the central depression of some valleys is covered by 
metric to a few decametric thick ferrallitic weathering cover (Jamet, 
2000; Maury et al., 2000) resulting from the intense weathering of the 
protolith under a humid tropical climate.

The eruptive history of Moorea has been previously dated by K/Ar 
between ca 2 Ma and 1.35 Ma (Duncan and McDougall, 1976; Bellon 
and Blanchard, 1981; Diraison et al., 1991; Le Dez, 1996; Le Dez et al., 
1998; Guillou et al., 1998, 2005; Maury et al., 2000; Uto et al., 2007). 
Those K/Ar datings were either acquired on whole-rock samples or on 
separated groundmass. As noted by several authors (e.g.: Quidelleur 
et al., 1999; Kelley, 2002; Guillou et al., 2005), the whole-rock ap-
proach often gives abnormal ‘‘too old’’ ages, due to the unsuitable 
incorporation of inherited excess-argon trapped in phenocrysts. For 
this reason, whole-rock K/Ar ages have to be discarded. Instead, K/Ar 
data on separated groundmass provides true eruption ages (see dis-
cussion in Gillot et al., 2006). On Moorea, previous K/Ar data on 
separated groundmass range between 1.72 ± 0.02 Ma and 1.36 ± 0.02 
Ma (Le Dez, 1996; Le Dez et al., 1998; Guillou et al., 1998, 2005; 
Maury et al., 2000; Uto et al., 2007). Three main volcanic stages have 
been distinguished by these authors: (1) an old phase of unknown 
age (not dated by the authors), as inferred from basal laharic breccias 
comprising volcanic clasts, (2) a main shield phase between 1.72 Ma 
and 1.53 Ma; and (3) a late, post-shield phase represented by a few 
lavas and necks outcropping in the northern depression (Fig.  2) and 
two volcanic centers straddling on the eastern and western part of the 
fault. The creation of the northern depression and the singular position 
of Mt Rotui has been explained by two assumptions: (1) the vertical 
collapse of one or several calderas where the cliffs and outer slopes are 
residuals from the volcanic slopes (Deneufbourg, 1962; Guillou et al., 
1998) or (2) a northward displacement of about 1000 m of the shield 
succession along a shallow listric fault (Le Dez, 1996; Le Dez et al., 
1998; Maury et al., 2000). In both cases, the movement is believed to 
have occurred relatively late, as it affected the upper part of the main 
shield volcanic succession.

3. Methods

3.1. Geomorphological analysis and GIS

A Geographic Information System (GIS) was used before and during 
fieldwork to identify the main morphological characteristics, develop 
the sampling strategy, and report waypoints and observations. We 
merged two Digital Elevation Models (DEMs) with 5 m (full island 
cover) and 1 m (coastal cover) resolutions using QGIS software. These 
datasets are from the French governmental open source data reposi-
tory (https://www.data.gouv.fr/datasets/modeles-numeriques-de-terra
in-mnt-des-iles-de-la-polynesie-francaise/) and were produced by the 
‘‘Cadastre-Topographie’’ section of French Polynesia. The DEM (5 m 
grid, same repository) of Tahiti was also exploited for the large-scale 
analysis (same source, used for Fig.  3).
3 
For offshore bathymetry, two DEMs were used: one from the Hy-
drographic and Oceanographic Service of the (French) Navy (SHOM, 
2023; https://diffusion.shom.fr/mnt-bathymetrique-de-facade-de-tahiti
-et-moorea.html) with a 100 m grid spacing and another from the 
National Center for Environmental Information (NCEI), based on their 
Global Mosaic DEM available through the Bathymetric Data Viewer 
(https://www.ncei.noaa.gov/maps/bathymetry/, accessed in January 
2025) with a ca. 90 m grid spacing. Given the limited knowledge of 
the submarine portion of the volcano, we opted to analyze the slope 
hillshade of the bathymetric DEM rather than relying solely on the 
elevation hillshade visualization. This approach was chosen to better 
highlight major underwater morphologies, which could be relevant to 
understand island-scale structures.

3.2. New geological investigations

Extensive fieldwork was conducted in most valleys, road-cuts and 
accessible pathways (see supplementary material S1). Observations 
aimed to identify the main volcanic successions and their first-order 
geometries. Further attention was paid to the nature and texture of 
individual deposits (lava flows, tephra, breccia) and their mutual rela-
tionships. The various structures and discontinuities (faults, dykes, pa-
leosoils, unconformities, and lava tubes) were systematically mapped. 
Whenever possible, the rock type and the attitude (dip) of lava flows 
were reported. Throughout this article, the rock classification remains 
approximate, since bulk-rock compositions have not been analyzed. The 
denomination was based on color (leucocrate/melanocrate), texture 
(aphyric/porphyric) and identified minerals, either in the field or in 
thin sections, as well as K content.

Rock sampling strategy was focused on both the top and base of the 
main successions to constrain the age and duration of the main volcanic 
phases. We targeted areas that had been less studied in previous works 
— specifically the deepest parts of the southern valleys, and the NNE 
sector of the island. Additional sampling was conducted around the two 
main bays to reassess the currently proposed geological structure. Only 
lava flows were sampled for subsequent geochronological analyses. The 
inner massive (generally prismatic) parts were systematically detached 
with a chisel and hammer, and further broken with a sledge hammer to 
reach the freshest rock and remove superficial parts with obvious signs 
of weathering and/or extended zeolitization. We note, however, that 
a few lava flows showed significant penetrative weathering marked by 
an obvious reddish thick alteration profile (e.g.: MO24C). Even in those 
cases, the original structure of the lava flow was recognized, and the 
fresh massive lava core below the weathering front could be reached 
and sampled. Particular attention was paid to avoid sampling dykes 
as they may have preserved 40Ar excess during instant cooling. Lava 
flows close to dykes were also avoided as they may have experienced 
partial re-setting of the geochronometer (argon diffusion) due to in-situ
re-heating at the contact with thick intrusions.

3.3. K/Ar dating

Basic volcanic products of late Quaternary age can be dated using 
both K/Ar and 40Ar/39Ar techniques, but the latter can be challenging, 
as irradiation of such low-K and high-Ca samples in a nuclear reactor 
generates the unsuitable artificial production of Ar isotopes (especially 
36Ar from Ca), which needs to be corrected for, thereby increasing age 
uncertainty (e.g., Quidelleur and Famin, 2024). Furthermore, glassy 
samples such as lavas from Moorea may experience significant 37Ar and 
39Ar argon loss by ejection-re-coil during irradiation processes, which 
may further bias accurate age determination (McDougall and Harrison, 
1999; Schaen et al., 2020). In contrast, the K/Ar technique does not 
suffer such drawbacks as no irradiation of the samples is necessary. The 
peculiar unspiked K/Ar Cassignol–Gillot technique developed in GEOPS 
(University Paris-Saclay, France) has been shown especially suitable 
to measure reliable and precise eruption ages on low-K basalts and 
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Fig. 2. Modified and simplified geological map from Maury et al. (2000), inspired by Guillou et al. (2005). Ages (Ma) from Le Dez (1996) were reported as 
long as the one from Uto et al. (2007). Three rocks dated by Guillou and removed from most of their further publications (Guillou et al., 1998, 2005; Maury 
et al., 2000) were taken from Le Dez (1996) or Le Dez et al. (1998); removed samples are represented in bold letters and will be discussed latter in the text. 
Samples with * were taken in screes assuming they belong to inaccessible lavas located high in the cliffs (Maury et al., 2000). One crossed-out date (1.76 Ma) 
from Uto et al. (2007) was suspected to have inherited Ar and was cast aside by the authors. Uncertainties, specified between brackets, represent the 1𝜎 error. 
Local names are Afareaitu (Af); Atiha (At); Haapiti (Ha) ; Maatea (Ma); Maharepa (Mh); Mouaroa (Mou); Mouapu (Mp); Mouaputa (Mpt); Niumaru (Ni); Opunohu 
(Op); Paopao (Pao); Papetoai (Pp); Paveo (Pv); Rotui (Rt); Temae (Te); Tohiea (Th); Tearai (Tr); Vaianae (Va); Vaiare (Vr). The coordinate system is in EPSG:3297 
(RGPF/UTM zone 6S), units are in meters.
andesites, down to sub-historical periods (Gillot et al., 2006). It has 
been widely used to constrain successfully the Quaternary evolution 
of many volcanic islands worldwide (Gillot et al., 1994; Hildenbrand 
et al., 2004, 2012; Germa et al., 2011a,b; Costa et al., 2015; Sibrant 
et al., 2015a,b; Ricci et al., 2020; Quidelleur and Famin, 2024; Rougeau 
4 
et al., 2024). The unspiked Cassignol–Gillot technique appears the most 
suitable for the present study.

Thin sections were prepared for each sample to assess the quality of 
the groundmass and to determine the presence or absence of devitrifica-
tion or secondary minerals. The remaining rock was sliced to facilitate 
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crushing using a diamond saw and the altered crust or labeling were 
previously removed.

The selected samples were crushed using an anvil, a hammer, and a 
steel piston. The crushed material was sieved to a size fraction of either 
125–250 μm or 63–125 μm so as to eliminate major phenocrysts and 
avoid large vesicles (see online supplementary material S2 and S3 for 
sample description). After ultrasonication in a dilute nitric acid solution 
to neutralize organic matter and dissolve potential secondary minerals 
such as calcite and zeolites, the samples were thoroughly rinsed with 
de-ionized water and ethanol and dried in an oven at 60 ◦C.

Most phenocrysts (olivine, pyroxene, plagioclase) often contain ex-
cess argon (melt or fluid inclusions; Kelley, 2002), which may bias 
the determination of the eruption age. Thus, they were systemati-
cally discarded through a magnetic sorting and the systematic use 
of heavy liquids (diiodomethane and bromoform). The freshest part 
of the groundmass was selected in a narrow density interval, and 
checked under a binocular magnifier. When multiple density classes 
were deemed suitable for analysis, the densest among them was chosen 
to minimize the risk of glass devitrification.

K and Ar mass proportions were measured in the GEOPS lab on 
distinct aliquots of the same selected fresh and homogeneous sam-
ple preparation. For samples MO24J and MO24L, which contained 
some zeolites, two distinct density fractions were analyzed in order to 
test for internal consistency of the sample, and assess any secondary 
perturbation of the chronometer, e.g. due to K-loss by weathering 
processes.

The K-content was measured using flame absorption spectrophotom-
etry using an Agilent 200 Series AA following the method described 
elsewhere (e.g.: Gillot et al., 2006). Samples were first attacked with 
HF (hydrofluoric acid) on a hot plate overnight to destroy the sili-
cate network. Residues were dissolved in distilled water and HCl. To 
calibrate the spectrophotometer, standard solutions containing known 
concentration of K were prepared. BCR2 (basalt) and MDO-G (trachyte) 
international standards (Gillot et al., 1992; Raczek et al., 2001) were 
analyzed as unknown samples to ensure the consistency of the results. 
As for Ar, each K analysis was performed at least twice to ensure 
the reproducibility of the results. The 40Ar/36Ar measurements were 
performed on 0.8–2.5 g of sample, enclosed in a copper capsule and 
placed in a molybdenum crucible. We used the unspiked Cassignol–
Gillot technique described in Gillot et al. (2006) which has been shown 
especially appropriate to date precisely low-K Quaternary basalts and 
andesites. The sample was inductively heated up to over 1200 ◦C 
under vacuum conditions of 10−7 to 10−8 Torr to fully melt the rock 
sample and release all volatiles contained in the rock. After trapping 
on active charcoal with liquid nitrogen, reactive gases were purified 
on hot titanium foam (around 850 ◦C), and further purified on three 
getters. Residual gases (He, Ar, Ne, Kr) were then introduced into a 
mass spectrometer to measure 36Ar and 40Ar.

Calibration of the 40Ar signal in the mass spectrometer was achieved 
with an air pipette regularly checked from routine measurements on 
biotite standard HDB-1 with a recommended age of 24.18 Ma (Schwarz 
and Trieloff, 2007). After sample analysis, pure atmosphere with a 
similar 40Ar signal was analyzed to calculate the amount of atmospheric 
contamination and deduce the amount of radiogenic 40Ar (40Ar*). To 
ensure analytical reliability and eliminate systematic biases, all runs 
were replicated using different setup configurations (e.g., alternative 
furnaces, varied sample orders, and different measurement days).

Age uncertainty (1𝜎) is reported as the quadratic sum of all sources 
of relative uncertainties: K (1%), Ar calibration (1%), and uncertainty 
on the atmospheric contamination (see details in Gillot et al., 2006; 
Hildenbrand et al., 2018). The final age is obtained when individual 
determinations overlap within uncertainties at the 1𝜎 level. In or-
der to keep consistency with former datasets, we re-used the widely 
used constants (Garner et al., 1975; Steiger and Jäger, 1977) for age 
calculation.
5 
4. Results

4.1. Submarine and sub-aerial geomorphology

Around Moorea and Tahiti, the DEM analysis (Fig.  3) reveals a 
complex submarine topography composed of promontories, canyons, 
seamounts, ridges, hummocky terrains and smooth areas. Moorea is in 
the middle of a rectangular area, which is limited to the north and south 
by two east–west trending ridges, to the west by a seamount and to the 
east by Tahiti. The lowest topographic point between two ridges (north 
and south) is about 3700 m deep (4300 m south of the southern ridge), 
with the submarine elevation gradually increasing from it towards 
Moorea and Tahiti or more steeply towards the seamount located west 
of Moorea.

Two massive landslides originating from Tahiti, previously de-
scribed by Clouard et al. (2001) and Hildenbrand et al. (2004, 2006) 
are clearly identifiable. The related debris-avalanches (hummocky tex-
ture) are here highlighted in pink (Fig.  3). Two similar hummocky 
patterns, though much smaller, are observed to the northwest and 
southwest of Moorea. The sector north of Moorea is covered by less-
rugged (smooth zone), massive deposits, creating a pronounced bathy-
metric bulge that leans against the northern ridge down to isobath 
−3000 m. A canyon originating from Tahiti delineates the eastern part 
of the bulge.

The base of the volcano (considering the −3000 m isobath around 
Moorea) has a drop-like shape: circular in the south and pointed in the 
north. In the southwest, the shoreline is concave, whereas the −3000 m 
isobath is convex. To a lesser extent, a similar pattern is observed on the 
eastern side, but with a steeper slope. The southern tip is flat to convex 
both at the shoreline and the −3000 m isobath. The northwestern, 
northeastern and northern tips are similar to the southern tip.

The subaerial shaded DEM on Fig.  3B (Moorea) highlights a horse-
shoe shaped crest line that opens towards the north. The outer part 
of this crest line consists of valleys that are more or less radial, while 
the inner part consists of a large topographic depression in which Mt 
Rotui lies. The northeastern corner of the island, appears to be poorly 
dissected as does a small ‘‘triangular planeze’’ (Fig.  3B) connected to 
the crests in the eastern-southeastern side.

At Tetiaroa (Fig.  3A), a distinct scar affects the island’s southern 
flank, resulting from a collapse (Terry and Goff, 2013), likely late or a 
post-magmatism as nothing came to fill the gap. A topographic bulge, 
outlined by the −3000 m contour at the lower tip of the scar, indicates 
the deposition of displaced material.

4.2. New geological data

Figs.  4 to 6 summarize our main field observations, and show the 
location of the samples collected for dating purpose (age results in the 
next section). At the scale of the island, the following main volcanic 
units were recognized:

1. An old volcanic sequence exposed in the deepest valleys incising 
the southern sector. It consists of a suite of dark vesicular lava 
flows with weak layering showing an overall dominant external 
dip, i.e., roughly towards the south. Some of them are signifi-
cantly weathered, and contain a high amount of zeolites, while 
others are slightly more massive and well-preserved (Fig.  5A). 
One sample from the lowermost accessible part of the succession 
was collected in the core of the Vaianae valley (sample MO24L, 
Fig.  4). Two additional samples from the same succession were 
collected a bit further south, closer to the outlet of the Atiha 
valley (samples MO22A and MO24N, respectively). Finally, one 
additional massive lava flow was sampled at a higher strati-
graphic level in the southern wall of the central depression, 
along the pathway to the ‘‘Col des 3 Cocotiers’’ (labeled ‘‘3 
Coconuts’’ in Fig.  4) viewpoint (sample MO22N).
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Fig. 3. DEM analysis. Aerial parts represent shaded DEM while submarine shades of gray represent the slope intensity. Submarine DEM also subtly appears as 
contour lines. A — Large-scale DEM analysis. Some artifacts (lines or regularly spaced dots) are visible in some parts of the map. The black rectangle refers to the 
close-up map shown in B. Contours are shown every 200 m (light gray line) and master contours are shown every 1000 m (black line). The black zone/contour 
around the emerged islands is the outer edge of the coral reef. The coordinate system around the map is EPSG:3297 (RGPF/UTM zone 6S), units are in meters. 
White letters on a black background and red lines refer to Fig.  7 cross sections.
2. A second main volcanic sequence dominantly represented in the 
northern half of Moorea (mostly N and NE sectors). Several 
sub-units can be distinguished:
(i) a basal monogenetic breccia made of coarse-grained scoriae 
deposits with peridotite nodules. This unit is exposed along the 
coastal road in the western part of the Paopao and Opunohu bays 
6 
(Fig.  5B, C), as well as at the base of Mt Rotui southern cliff. The 
breccia seems to extend over part of the main depression south 
of Mt Rotui, but is difficult to follow due to intense weathering, 
erosion and extended vegetal cover. It consists of thick deposits 
whose visible thickness is comprised between few meters and 
several tens of meters. Decimetric lava flows of the same mafic 
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Fig. 4. A — Location and orientation of observed dykes and lava directions. For the dykes: the bigger the symbol, the thicker the dyke. Dykes with no reported 
size value are featured as a small dyke. We added 13◦E to measured magnetic strike to account for declination. Some local names are given. B — Rose diagram 
(on 180◦) for all dyke directions and for the northeast, east, south and west sectors circled in A. Thickness of the dykes is discriminated with shades of gray. See 
supplementary material S1 to picture the extension of the visited locations. NaN stands for dykes where the thickness is not reported.
composition (oceanite) may be interbedded within the breccias. 
Part of it being buried or covered by sediments and vegetation, 
its real thickness remains difficult to estimate. No specific and 
easily identifiable succession was observed. It shows an overall 
northward pronounced dip (locally > 25◦) typical of proximal 
strombolian fallout deposit. A lava flow (MO24J) intercalated in 
the breccia, and a differentiated (benmoreite) lava flow covering 
7 
the breccia further north (MO24K) were sampled for subsequent 
dating;
(ii) a thick intermediary succession of basaltic pāhoehoe or 
basaltic (oceanite or ankaramites) regularly spaced submetric 
‘a‘ā lava flows (Fig.  5D, E). Most of them are highly vesicular and 
pāhoehoe flows typically exhibit a complex geometry featuring 
lava-tubes and surficial ropes (Fig.  5D). They crop out in the 
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Fig. 5. Field observations. A — Vaianae deep floor (MO24L): Numerous prismatic dykes are highlighted in white in the image; a man shows the scale. B — 
monogenetic breccia with thin intercalated lava lenses; a standing man is included for scale. C — Peridotite enclave within a lava lens visible in B; finger for 
scale. D — Pahoehoe lava flows from Paveo (near MO24F), hammer for scale. E — Regular ‘a‘ā lavas (oceanites and ankaramites; highlighted in white) with 
intercalated scoriaceous breccias (Temae sector). A 3 to 10 m wide massive dyke is crossing the sequence. F — Thick ‘a‘ā basaltic lava (MO24G), 3–5 m high, 
with a scoriaceous base. The reddish layer at the base of the scoriaceous breccia is a paleosoil, with a hammer placed on it for scale. Beneath the paleosol lies a 
thick (meter-sized) ‘a‘ā benmoreite flow (MO24H). G — Massive channelized benmoreite with a laminated base (MO22C); a standing man is included for scale. 
H — Sampling site of MO24C at a core of a highly weathered lava flow. I — Location of the picture H in the landscape. J — Temae water tank site, featuring a 
massive polygenetic breccia with meter-sized blocks. The overlying fence is 2 m high. K — Trachytic neck dated by Maury et al. (2000) in the landscape.
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Fig. 5. (continued).
cliffs east of Mt Rotui, and in the northeastern and eastern 
sectors of the island where they show a dominant outward dip. 
Several of these lava flows were sampled: MO22N, MO24Q, 
MO24E and MO24R;
(iii) A suite of massive, plurimetric and generally prismatic, 
mafic to evolved lava flows (Fig.  5F, G). These generally con-
stitute the upper parts of the main summits in the northern 
and eastern part of Moorea, previously dated around 1.55–1.52 
Ma (Le Dez et al., 1998; Guillou et al., 2005). Similar lava flows 
9 
also crop out along the southern and western coasts (MO22C, 
MO22W, MO24G). There, they clearly show a channeled geom-
etry (Fig.  5F, G), suggesting late filling of (paleo-) valleys at the 
time of eruption.

3. Other recent volcanic units include subsidiary flows and necks 
encountered mostly in the northern depression. With rift zones 
spotted in the central depression, they generally constitute sec-
ond order hills that can be spotted on the DEM (Fig.  4). We 
especially sampled a thick columnar basaltic lava flow (sample 
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Fig. 6. A — New K/Ar ages (in Ma) on fresh separated volcanic groundmass (red color). Previous ages from Le Dez (1996), Guillou et al. (2005) and Uto et al. 
(2007) are shown in black. B — Age histogram of the dated rocks of Moorea. Individual age determinations and their uncertainties (±1𝜎) are shown with dots 
and horizontal bars, respectively. Le Dez et al. (1998) refers to the 3 dates in bold letter from Fig.  2 or in Fig.  6A.
MO22K) with a local southwestward dip that was apparently 
erupted from a strombolian cone at the foot of the main depres-
sion wall (Fig.  4). The fresh core of a highly weathered lava 
flow with an apparent northern dip (MO24C; Fig.  5H, I) was 
also collected at the base of a low-relief along the eastern side of 
the Opunohu bay. This relatively low-relief may either represent 
the distal part of a late valley-filling flow, or alternatively an 
10 
older unit exposed by recent incision at the base of the main 
cliff. Finally, the young trachytic neck of Paopao (Fig.  5K), and 
the young benmoreitic sequence of Papetoai emplaced along the 
NW side of the main depression were not sampled here, as they 
had already been extensively investigated and dated in previous 
works (Le Dez et al., 1998; Maury et al., 2000; Guillou et al., 
2005).
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Polygenetic epiclastic breccias (Fig.  5J) are widely exposed across 
the island, predominantly along valley slopes and in riverbeds. They 
generally occur as dark brownish more or less indurated layers com-
prising poorly sorted angular to sub-rounded decimetric volcaniclastic 
lava blocks cemented by a clayey matrix. Like in Tahiti where similar 
deposits were observed (Hildenbrand et al., 2008), these breccias may 
either represent indurated talus, mudflow or debris flow deposits that 
experienced late cementation and/or induration in the presence of 
water (see also Bret et al., 2003). These polygenetic breccias thus 
most likely accumulated predominantly in valleys/canyons as a result 
of erosion processes, and will be referred to as ‘‘torrential breccias’’ 
for the remainder of this paper. In Moorea, most of these deposits 
cover the various volcanic units and are thus recent. A few of them, 
however, seem intercalated with volcanic products. This is the case 
in the Afareaitu valley, where torrential breccias have been attributed 
to the oldest geological units of the island (Maury et al., 2000). In 
the deepest part of the valley (western waterfall), we sampled (1) a 
dark lava (sample MO22G) covered by torrential breccia layers, and 
(2) a massive basaltic lava flow (MO22F) from the younger volcanic 
sequence overlying them.

A total of 230 dykes was located in this study (Figs.  4, 5A, E). Most 
of them are prismatic, sub-vertical and less than 2m-thick. They do not 
seem equally neither radially distributed, but instead occur as swarms 
with preferential orientations. A main E–W swarm was recognized in 
the SW part of the central depression, and extends to the western 
sector (Niumaru valley). This swarm direction (ranging from N50◦E to 
N110◦E) represents a total number of 84 dykes of the island, which 
corresponds to 36.5% of the total amount of measured dykes. In the 
inner parts of the southern valleys, the oldest volcanic units are cut 
by numerous dykes trending either NNE (N15◦E) or SSE (N155◦E). 
The latter direction is also represented in the western sector within 
the headwall of the Temati valley. In the eastern sector, including 
the eastern part of the central depression and the Afareaitu valley, 
the dominant orientation shifts to the northeast (N55◦E). Finally, in 
the northeastern sector, dyke orientations are more variable, with a 
dominant N–S trend (N175◦E), accompanied by secondary directions 
towards the ENE (N75◦E) and SE (N135◦E).

4.3. New K/Ar ages

The new K/Ar ages obtained in this study range between 1.82 ± 0.03 
Ma and 1.52 ± 0.02 Ma (Table  1, Fig.  6). They are generally consistent 
with previous K/Ar determinations on separated groundmass obtained 
for samples collected on similar units where applicable (Le Dez et al., 
1998; Guillou et al., 2005; Uto et al., 2007). Furthermore, our new 
geochronological data on the three main volcanic sequences newly 
recognized here are mutually consistent and fully match the available 
stratigraphic control.

The volcanic sequence exposed in the southern sector is newly 
dated between 1.82 ± 0.03 Ma (sample MO24L) and 1.75 ± 0.03 Ma 
(MO22N), and possibly, up to 1.69 ± 0.02 Ma from the age obtained 
our sample MO22G underneath the torrential breccias in the Afareaitu 
valley. Notably, the two determinations obtained on distinct fractions 
of the separated groundmass for our oldest sample MO24L overlap at 
the 1𝜎 level, testifying that the sample has not suffered any significant 
internal disturbance, ruling out any potential effect of weathering 
and/or zeolitization. The obtained age of 1.82 ± 0.03 Ma is thus robust 
and brings an important new maximal temporal bound for Moorea 
early volcanic activity. Other ages of 1.76 ± 0.03 Ma (sample MO22A) 
and 1.80 ± 0.03 Ma (MO24N) obtained on the two distinct lava flows 
collected close to each other in the Atiha valley are mutually consistent 
and very similar to the oldest age, overall reinforcing robust volcanic 
activity around 1.80 Ma. Finally, the age of 1.75 ± 0.02 Ma obtained 
on the lava flow collected in the upper part of the succession within 
the main wall of the northern depression is logically younger, and 
comparable with the age of 1.72 ± 0.02 Ma obtained by Le Dez et al. 
11 
(1998) on a sample collected at a similar level farther east (Figs.  4 and
5). Although the discarded date from Uto et al. (2007) is consistent with 
our new ages (1.76 ± 0.04 Ma), it was disregarded by the authors for 
methodological reasons and will not be addressed further in this article.

The new ages here measured on the second main volcanic sequence 
exposed on the northern half of the island range between 1.64 ± 0.01 
Ma and 1.52 ± 0.02 Ma. The highest value is obtained on the lowermost 
lava flow intercalated in the strombolian deposits at the base of the Mt 
Rotui southern cliff (sample MO24J). Independent measurements on 
the two density fractions of this peculiar sample yield strictly similar 
age results, despite variable initial K-content. This provides a well-
resolved temporal constraint, and rules out any doubt about a potential 
age bias, e.g., due to the incorporation of inherited excess-argon, 
showing that any potential peridotite micro-xenolith were effectively 
removed during the separation process. The new ages obtained on 
samples collected farther north (evolved lava MO24K) and on the side 
of the intermediary pāhoehoe lava succession exposed east of Mt Rotui 
(samples MO24Q and MO24E) range between 1.62 ± 0.02 Ma and 
1.58 ± 0.02 Ma. The oldest of these is compatible within uncertainties 
with a previous age of 1.66 ± 0.02 Ma by Le Dez et al. (1998) (Fig.  2). 
The latter age, however, was obtained on a sample located at relatively 
high altitude, and the age was later discarded by the authors. Notably, 
our new ages on lava flow samples collected on the outer island flank 
in the eastern and northeastern sectors (samples MO22M and MO24R) 
yield ages of 1.57 ± 0.02 Ma and 1.56 ± 0.02 Ma, overall pointing to a 
robust phase of volcanic construction throughout the northern half of 
Moorea at this epoch.

Finally, the late prismatic, often valley-filling, basaltic to benmor-
eitic lava flows exposed in the various sectors of Moorea are here 
extensively dated between 1.57 ± 0.02 Ma (MO22W) and 1.52 ± 0.02 
Ma (MO22F). The youngest age is strictly similar to a previous age of 
1.52 ± 0.02 Ma obtained by Le Dez et al. (1998) on a lava flow collected 
at a similar level in the same succession (upper Afareaitu valley wall).

5. Discussion

5.1. Comparison with previous studies

This study confirms some of the conclusions from previous works, 
but also draws major differences regarding the geological knowledge 
of the island.

Our new data show that the geological map (Fig.  2, Maury et al., 
2000) requires significant update and revision: (1) the oldest units 
reported on the geological map consist of laharic breccia layers such 
as the ones observed in the Afareaitu valley; instead, we here show 
that these breccia are younger than 1.69 ± 0.01 Ma, and thus do not 
constitute the oldest formations at the surface of the island; considering 
the new ages here obtained, these breccias most likely accumulated 
in a small paleo-valley after a late volcanic episode ending the first 
shield building-phase; (2) similar ‘‘old’’ breccia units mapped in the 
other valleys may in fact represent recent torrential breccias, as they 
cover most volcanic units, including recent volcanic units; this is the 
case in the north, where ‘old breccias’ on the map are covering the 
recent volcanic sequence of Mt Rotui; (3) volcanic successions in the 
northern and southern sides of the island were mapped as the products 
of one single main shield edifice. We here show that the deepest valleys 
in the southern part of the island incise the preserved flank of an old 
volcanic edifice here dated between ca 1.85 and ca 1.70 Ma, while all 
the geological units exposed in northern Moorea, even the most basal 
one, are younger than 1.66 Ma. It has important implications regard-
ing the architecture and the evolution of the island, as the northern 
depression cannot result from a recent collapse process that affected 
a symmetrical volcanic edifice; instead, it underlines a major contact 
between two nested successive volcanoes of different ages; (4) the use 
of recent open-source bathymetric data improves the understanding 
of the submarine volcanic structure, revealing a distinct bulge north 
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Table 1
New K/Ar results on fresh separated groundmass. The mean age is obtained by weighting the amount of radiogenic argon (40Ar*), 
except in the case of samples MO22C and MO22K, for which more than 2 independent argon analyses have been achieved; for 
the latter, the mean age is calculated by weighting by the inverse of variance. Measured ages in normal font, and mean ages in 
bold font. Uncertainties quoted at the 1𝜎 level.
 Sample Long Lat K (%) 40Ar* (%) 40Ar* (1012 at/g) Age (Ma) 1𝜎  
 MO22A −149.83211 −17.58374 1.348 47.55 2.492 1.770 0.025 
 51.14 2.477 1.759 0.025 
 Mean : 1.764 0.025 
 MO22C −149.80061 −17.57965 4.305 63.77 7.015 1.559 0.022 
 75.46 6.992 1.554 0.022 
 74.38 6.975 1.550 0.022 
 Mean : 1.555 0.013 
 MO22F −149.80697 −17.54313 0.480 14.33 0.767 1.530 0.024 
 19.32 0.757 1.510 0.023 
 Mean : 1.519 0.023 
 MO22G −149.81299 −17.54473 2.334 50.71 4.147 1.700 0.024 
 42.61 4.116 1.688 0.024 
 Mean : 1.695 0.024 
 MO22K −149.80809 −17.52572 1.315 21.99 2.103 1.530 0.023 
 21.01 2.156 1.568 0.023 
 23.02 2.105 1.532 0.023 
 Mean : 1.543 0.013 
 MO22M −149.80106 −17.51988 1.452 26.55 2.366 1.559 0.023 
 26.42 2.393 1.577 0.023 
 Mean : 1.568 0.023 
 MO22N −149.84437 −17.54633 1.230 31.27 2.245 1.747 0.025 
 22.33 2.259 1.758 0.026 
 Mean : 1.752 0.026 
 MO22W −149.83896 −17.59064 1.312 34.26 2.148 1.567 0.023 
 34.29 2.152 1.570 0.023 
 Mean : 1.568 0.023 
 MO24C −149.81497 −17.49829 1.960 16.94 3.135 1.531 0.023 
 16.44 3.168 1.547 0.024 
 Mean : 1.539 0.024 
 MO24E −149.79478 −17.50032 1.426 36.14 2.342 1.572 0.023 
 MO24Ebis 1.381 37.17 2.284 1.583 0.023 
 Mean : 1.577 0.023 
 MO24G −149.89673 −17.53923 1.669 26.25 2.695 1.545 0.023 
 43.12 2.698 1.548 0.022 
 Mean : 1.547 0.022 
 MO24J −149.82745 −17.51391 1.225 42.06 2.084 1.628 0.023 
 42.74 2.123 1.659 0.024 
 MO24Jbis 1.298 37.76 2.234 1.647 0.024 
 38.88 2.216 1.634 0.023 
 Mean : 1.642 0.012 
 MO24K −149.82652 −17.49481 4.314 53.52 7.097 1.574 0.022 
 57.71 7.107 1.577 0.022 
 Mean : 1.576 0.022 
 MO24L −149.84587 −17.55363 0.965 38.23 1.811 1.797 0.026 
 MO24Lbis 1.016 35.28 1.959 1.845 0.027 
 Mean : 1.820 0.026 
 MO24N −149.83192 −17.58385 1.245 40.05 2.333 1.794 0.026 
 36.90 2.337 1.797 0.026 
 Mean : 1.795 0.026 
 MO24Q −149.80530 −17.50572 1.461 23.90 2.453 1.607 0.024 
 16.69 2.496 1.635 0.025 
 Mean : 1.618 0.024 
 MO24R −149.77347 −17.48780 1.402 27.79 2.284 1.559 0.023 
 47.01 2.281 1.557 0.022 
 Mean : 1.558 0.022 
of the island, which brings important new information to explain the 
topographic and geological strong asymmetry of the island (Fig.  3). 
A more robust model for the building stages of Moorea has yet to be 
proposed.

5.2. Proposal of a new model of evolution

The first-order geometric relationships between the main geological 
units here recognized and dated have been first reported on two cross-
sections at the island scale (Fig.  7). These serve as a basis to discuss the 
extent and the timing of the main successive steps of construction and 
destruction of the island. The objective here is to provide temporal and 
structural constraints on the island’s key stages of evolution.
12 
5.2.1. A Somma from a first volcano
The remnants of the older edifice (Figs.  7 and 8, panel 1, sh1) 

here dated between 1.82 ± 0.03 Ma and 1.72 ± 0.03 Ma crop out 
in the southern part of the island up to a maximal elevation of about 
400 m at the ‘‘three coconut trees’’ passage. Strikingly, these old lavas 
generally dip towards the south, while no counterparts dipping to 
the north are observed at the surface, despite the presence of the 
deep central topographic depression. In the hypothesis of an initial 
symmetric volcanic edifice, a significant portion of the former northern 
flank is missing at the surface. The exact position of the main eruptive 
center cannot be retrieved precisely, but it may have been located near 
the Belvédère (upper Opunohu valley) from the presence of many dykes 
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Fig. 7. Cross-sections from Fig.  3 illustrating observations and ages in Ma (±1𝜎). Ages in red are from this paper, other are from Le Dez et al. (1998) and 
Guillou et al. (2005). A — NNW–SSE summary cross-section (no vertical exaggeration) depicting the proposed structure of a northern landslide. The black thick 
vertical line above cross section A represents minor inflexion nodes in the cross section on Mt Rotui and Mt Tohiea. Reef thickness and former sea-level are 
indicative. The subsidence from Fadil et al. (2011) and Thomas et al. (2012) is assumed constant. The light blue area represents the rocks resulting from the 
decompressive response and the subsequent lavas that followed the flank collapse (pyroclasts and highly mafic pāhoehoe lavas). Dark blue stands for the following 
eruptive products. B — W–E summary cross-section (no vertical exaggeration) showing another perspective of the northern landslide structure. Note the presence 
of Tahiti-derived deposits in the submarine eastern portion of the section, as well as the steeper slope of the eastern flank. C — (no vertical exaggeration) and D 
— (vertical exaggeration x10) emphasize the bulge visible in the bathymetric data north of Moorea. ‘H.’ denote hummocks located directly on the cross-section. 
Abscissa values are in km, ordinate ones are in meters relatively to the sea level.
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Fig. 8. Schematic model of edification of Moorea volcano featuring a three-armed rift-zone hot spot (Shield 1) affected by a northern flank collapse. The 
construction of a second shield and recent detritic sediments have partly obliterated the first one that is only accessible in the south.
in this sector (Fig.  5B). Parts of the old volcano flanks may also be 
presently hidden under recent volcanic units, especially in the NE and 
NW sectors.

Our new ages show that the older rocks were overall emplaced 
during the Olduvaï normal magnetic polarity (Uto et al., 2007; Singer, 
2014; Ogg, 2020) while, until now, it was believed that the island 
had fully emplaced during the subsequent reverse magnetic polarity. 
Therefore, the search for relicts of the old volcano at depth may be 
conducted through geophysical investigations (e.g., magnetic surveys) 
in the future (e.g.: Dumont et al., 2021).

5.2.2. A northern flank collapse
Several processes may explain why the old edifice northern flank 

is presently lacking at the surface: (1) downward movement along an 
E–W normal fault, which would have gradually offset nearly half of 
the former volcano, before (or during) the second volcanic stage (1.64 
Ma–1.35 Ma). This appears rather unplausible, because no major fault 
trace seems to cut the submarine parts of the island and flatter dipping 
lavas should be observed on the northern side of Mt Rotui instead 
of the observed dips as high as 30 to 40◦N; (2) erosion of the full 
northern part of the island, before construction of the second main 
volcanic sequence. Such hypothesis also seems unlikely, as it would 
require complete removal of a huge amount of volcanic material within 
only a few tens of thousand years; furthermore, incision by regular 
erosion would most probably have left obvious morphological relicts; 
14 
(3) A northern flank collapse. Although no debris avalanche deposits 
(dad) were observed on the field, this hypothesis is our preferred one 
(Figs.  7 and 8, panel 2) as it is supported by (i) the presence of large 
blocks up to 30 km offshore north-northwest of Moorea (Figs.  3 and
7C,D; dad), which are here interpreted as the distal parts of fast-running 
debris-avalanche deposit, and (ii) extended strombolian deposits (sh2a, 
explosive) including peridotite nodules at the base of Mt Rotui (Fig. 
5); these support a major episode of decompression of the magma-
feeding system (Fig.  8, panel 3), which we attribute to immediate 
eruptive response to the collapse, as proposed for many other oceanic 
islands (Hildenbrand et al., 2003, 2004, 2018, 2024; Quidelleur et al., 
2008; Manconi et al., 2009; Boulesteix et al., 2012, 2013; Costa et al., 
2015; Marques et al., 2025). On Moorea, the new age of 1.64 ± 0.01 
Ma obtained on the base of the post-collapse volcanic sequence is our 
best estimate for the timing of the inferred flank collapse (see also 
discussion in Quidelleur et al., 2008). The geographical extent of the 
collapse is delicate to constrain due to recent volcanism and erosion. 
From the observed bathymetric features in the northern area (Fig.  3), 
it may coincide with the smooth area between the two bathymetric 
promontories. This area also shows two inflection points in the coral 
reef system, possibly highlighting the trace of the flank collapse struc-
ture, as observed for the giant northern and southern landslides in 
Tahiti Island (Hildenbrand et al., 2006).
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Fig. 8. (continued).
5.2.3. Filling the landslide depression and planeze building
The northern flank collapse was followed by vigorous volcanic 

activity between at least 1.64 ± 0.01 Ma and 1.58 ± 0.02 Ma (Figs. 
7 and 8, panel 3, sh2a). The age of 1.66 ± 0.02 Ma obtained by Maury 
et al. (2000) on a lava sample in the Paveo area (Fig.  2) is consistent 
with such a scenario, although it was apparently collected at a rela-
tively high elevation around 170 m. Alternatively, it may represent 
a collapsed block from the old volcanic edifice that was not fully 
evacuated by the landslide (Toreva block), as observed for the landslide 
associated with the 1980 eruption of Mount St Helens (Siebert and 
Reid, 2023), and/or in analog experiments (Oehler et al., 2005).

In any case, available geochronological data support initial rapid 
construction of at least one volcanic edifice within the landslide de-
pression. Throughout this phase, the old volcanic shield was pro-
gressively incised, leading to the development of significant valleys 
in the southern sector, and most probably also in the northwestern 
and northeastern portions bounding the slide depression. Although not 
systematically observed, polygenetic breccias intercalated between the 
old volcanic basement and more recent lava flows are likely present, 
buried beneath the latter.

Around 1.58–1.56 Ma, basaltic to benmoreitic eruptions (sh2b), 
including pāhoehoe and submetric regular ‘a‘ā lavas, reached the island 
outer flanks, leading to significant re-surfacing. The volcanic sequence 
in the NE area was probably erupted from vents located further to the 
SW, e.g., in the south-eastern part of Paopao sector (Figs.  4 and 6). It 
may correspond to the Bouguer anomaly identified by Shih et al. (2015) 
around Mt Mouaputa. Given the substantial lava deposit (>200 m thick) 
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and the regularity of the flows observed in Temae and Perehue (a small 
valley, directly north of Temae valley where an old pluri-decametric 
quarry wall shows the superposition of metric to sub-metric ‘a‘ā flows), 
we infer that it was fed by a significant eruptive center. Another lava 
flow was observed north of Mt Mouaputa, flowing eastward. It was 
likely emitted from the same eruptive center.

The benmoreite lava flow erupted at the same time further to the 
west (sample MO24K, here dated at 1.58 ± 0.02 Ma) may originate 
from the central vent that formed Mt. Rotui, as it overlies some mono-
genetic breccias. The evolved character of this lava points to partial 
connection with a shallow magma reservoir in this area, which is 
overall consistent with the presence of coarse-grained rocks in the 
area (Nepheline and biotite bearing gabbros, Deneufbourg, 1962).

5.2.4. Filling up paleovalleys: overflowing or multiple dispersed eruptive 
centers?

Between 1.58 and ca 1.50 Ma, many lava flows were erupted across 
the island (Fig.  8, panel 4 and 5; sh2b). In the northern part, the 
upper part of the Mt Rotui records late basaltic to benmoreitic effusions 
activity dated between 1.55 ± 0.02 Ma and ca 1.52 ± 0.02 Ma (Le 
Dez et al., 1998). This sequence supports continuing eruptions from 
a main edifice further growing within the main northern landslide de-
pression, atop a shallow magma reservoir. In the meantime, lava flows 
erupted within the southeastern end of the main depression support 
an existing parasitic cone developed at the foot of the main collapse 
scar, 1.54 ± 0.01 Ma ago (sample MO22K). The age of 1.54 ± 0.02 Ma 
additionally obtained on our sample MO24C in the lower part of the 
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Opunohu valley is strictly similar, and supports late valley-filling by 
lava erupted from the similar vent.

During the same period, basaltic to benmoreitic lava flows erup-
tions reached the southern sector, filling a paleo-thalweg or valleys, 
e.g., south of Atiha valley (Figs.  4 to 6). The channeled geometry of 
several lava flows here dated between 1.55 ± 0.01 Ma (sample MO22C) 
and 1.52 ± 0.02 Ma (MO22F) indicates that the old volcanic shield had 
undergone incisions in various locations, as confirmed by the ‘‘old’’ 
torrential breccias in the Afareaitu valley (see MO22F, Fig.  4). From 
the contact between the old and recent volcanic series, and available 
morphological evidence, several of these flows were most likely erupted 
from parasitic cones developed on the eroded slopes of the old volcano.

Finally, volcanic activity decreased (sh2c) due to relative east-
ward displacement of the hotspot (to Tahiti Nui). Recent rocks, dated 
by Maury et al. (2000) are benmoreites (1.47 Ma in Papetoai) or 
trachyphonolite in the center of the Paopao valley (1.36 Ma). As the 
fusion rate decreased, alkali basalt could also be expected.

5.2.5. Post-volcanic landscape evolution
Following the cessation of volcanic activity, the island has under-

gone extensive modification (Fig.  8, panel 6) due to subsidence, the 
coral reef (cr) building in the last thousands of years (Maury et al., 
2000) or through both physical (recent detritic sediment: rds) and 
chemical erosion. Understanding the full impact of these processes 
remains one of the most challenging and unresolved questions to date. 
As a first order hypothesis, it is reasonable to suggest that the more 
resistant and permeable nature of recent lava flows has contributed 
to topographic inversions. While this explains the morphology of the 
southern valleys, it is less satisfactory for the northern part of the island, 
where significant amounts of younger lava have been observed.

In the central region of the island, the structural fabric of the 
volcano has likely influenced erosion patterns (Jefferson et al., 2014). 
The flank collapse scars and their associated overlying breccias may 
have formed an impermeable barrier that guided the pathways of 
underground water. The numerous associated dykes may also have 
acted as preferential pathways for water diffusion and/or water cir-
culation, as evidenced on Tahiti (Hildenbrand et al., 2005, 2008) or 
as impermeable barrier impounding the water tables and segmenting 
the existing aquifers (Izquierdo, 2014; Marazuela et al., 2023). We also 
cannot exclude the effect of edifice geometry on water streamflow due 
to the general northward dip of the post-collapse succession, with an 
initial angle locally exceeding 20◦ (scoria cone). The study of other 
oceanic islands like La Palma (Canary) has shown that deep erosion 
can enlarge initial flank collapse structures and incise much of the 
post-collapse volcanic units (e.g.: Navarro and Coello, 1993; Carracedo 
et al., 1999; Hildenbrand et al., 2003).

Jefferson et al. (2014) suggest that subsurface chemical erosion 
may be the primary mechanism by which young volcanic edifices lose 
mass towards the ocean. The reason for this lies in the permeability 
of the young volcanic rocks, which inhibits the stream formation and 
limits physical erosion. Over time, the progressive leaching of soluble 
chemicals and the recrystallization of secondary minerals increase the 
impermeability of the subsurface, triggering physical erosion. The more 
impermeable the subsurface, the greater the physical erosion, the latter 
can account for up to 90% of total mass loss (Jefferson et al., 2014). 
This likely contributed to the formation of major river systems, which 
led to intense mechanical erosion and the development of two major 
valleys: Opunohu and Paopao. Aside from periodic cliff collapses that 
rejuvenate their surfaces (Kirch et al., 2023), the soils within these two 
valleys are highly ferrallitic compared to the rest of the island (Jamet, 
2000). The widespread occurrence of such weathering profiles raises 
questions about their origins and formation timeline. Our study sug-
gests that soil depletion is largely independent of the protolith’s age. 
For instance, the lava flow sample MO24C shows extensive weathering 
at the surface, despite being one of the youngest dated in this work. This 
is consistent with recent works on weathering dynamics in the Azores, 
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which showed that weathering rates under warm and wet sub-tropical 
(paleo-)climate is controlled primarily by the texture of volcanic units 
rather than by their age (Hevia-Cruz et al., 2024a,b, 2025; Loiodice 
et al., 2025). Specifically, fine-grained volcanic rocks, such as pyroclas-
tic deposits and porous/permeable rocks, have a greater surface area 
when they come into contact with aqueous solutions. This enhances 
ion exchange and weathering. After rapid weathering, the rocks reach 
equilibrium through sufficient recrystallization of clay minerals, which 
inhibits water circulation within the rock. Therefore, the age of a rock 
is not necessarily correlated with its weathering rate.

5.3. Link between rift zones and collapse(s)?

In Tahiti, Hildenbrand et al. (2004) have shown the major influ-
ence of an E–W main rift zone, that served as the dominant feeding 
system and was responsible for the two opposite major landslides of 
the northern and southern island flanks. Subsidiary rift-zones were 
additionally recognized, and may be partly related to reactivation of 
basement discontinuities during unloading by the collapses. The main 
E–W direction is also marked by the development of linear submarine 
volcanic ridges in the region, including a main one here identified north 
of Moorea (Fig.  3).

Significant amounts of dykes trending E–W have also been measured 
here in Moorea. Interestingly, in Fig.  8, the rough alignment of the pro-
posed main vent systems (central, NE, and NW) may also represent the 
E–W direction. This suggests that the alignment of the three discussed 
main volcanic vents along an E–W axis could have influenced the 
overall orientation of Moorea’s northern shoreline. Another major dyke 
orientation in Moorea appears to be around N160◦E, which aligns with 
the direction of the ancient ridge seafloor fabric (Hildenbrand et al., 
2004, and included references). A third significant dyke orientation is 
here also measured approximately N25◦E, while the remaining dykes 
exhibit scattered orientations. Altogether, the main dyke directions 
seem to define a triple-armed rift-zones as described elsewhere, e.g. in 
El Hierro and Tenerife in the Canary archipelago (e.g.: Walter and Troll, 
2003; Becerril et al., 2015). As for these conspicuous examples, Moorea 
also shows a somewhat triangular shape in plan-view, which may 
partly result from forceful magma concentration along the three main 
directions, potentially favoring destabilization of the island slopes.

Our study of the bathymetric data (Figs.  3 and 7) suggests the 
presence of a northern flank collapse. At this stage, it remains un-
certain whether Moorea has experienced (an)other comparable flank 
collapse(s). The southwestern hummocky terrain appears to be dis-
connected from Tahiti’s landslide deposits and lies at the western 
limit of the highest resolution bathymetric data, preventing further 
investigations. It is notable that a discernible horseshoe-shaped feature 
follows one of the island’s western crests. Similarly, the eastern side of 
Moorea has submarine steep slopes and a comparable horseshoe-shaped 
structure in its topography. However, any potential landslide deposits 
in this area would likely be buried beneath materials from Tahiti. 
Increasing the density of dated samples in these regions or enhancing 
the bathymetric resolution between Moorea and Maiao could help 
determine the validity of these hypothetical structures.

5.4. Broader implications and perspectives

Our study confirms that relatively small intra-plate oceanic volca-
noes like Moorea can experience hazardous flank collapses during their 
lifetime. While flank failures on volcanic islands of comparable size 
(current emerged area around 134 km2) have been increasingly docu-
mented worldwide (e.g., Hildenbrand et al., 2018, 2024; Sibrant et al., 
2015a; Marques et al., 2019, 2025; Niyazi et al., 2025), many other 
cases remain unclear. For instance, several small volcanic islands in the 
Pacific, e.g., in the Marquesas and Samoa archipelagoes (Maury et al., 
2014; Németh and Gravis, 2022; Németh and Zakharovskyi, 2025) 
show intriguing elongated shape seemingly truncated by arcuate scars 
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that may underpin past episodes of catastrophic lateral collapse. Nev-
ertheless, our study demonstrates that geomorphological identification 
of old destabilization events remains challenging, as potentially-related 
submarine debris-avalanche deposits and their sub-aerial counterparts 
can be extensively obscured by subsequent volcanic and sedimentary 
processes. However, our methodology, combining detailed geomorpho-
logical, geological and geochronological analyses, unveil asymmetrical 
imbrication of nested volcanic successions even when tropical climate 
has greatly modified the former landscape. Understanding and identi-
fying such structures has direct implications for fresh water exploration 
and its management and may, in a lesser extent, affect land use, arche-
ological prospections, natural/industrial risk management (landslide, 
pollution, . . . ). Our methodology developed on Moorea thus constitutes 
a promising line of research on other small volcanic islands worldwide.

The limited understanding of such volcanic islands is largely due to 
the complexity of the research required, which involves field observa-
tions in challenging environments, extensive and expensive laboratory 
analyses. The incorporation of island-scale geophysical data, such as 
airborne electromagnetic survey (e.g.: Dumont et al., 2021), could 
facilitate the identification of paleostructures and weathering surfaces. 
However, the high cost of these methods often exceeds the financial 
resources of small island communities. In Moorea, the rock ages are 
straddling on a paleomagnetic inversion, which should be taken into 
account for future magnetic studies. The development of semi-airborne 
or drone-based geophysical solutions (e.g.: Arrué et al., 2024) offers a 
promising alternative that, once fully developed, could help to bridge 
this gap. Similarly, fieldwork in Moorea has at times been hampered 
by the inability to closely examine the extensive high cliff surfaces that 
can only be observed from a distance. Recent advances in hyperspectral 
imaging, whether ground-based (Son et al., 2022) or airborne (Miller 
et al., 2020), may provide a valuable tool for future investigations. In 
addition to their geological significance, these geophysical and volcano-
structural studies could also provide critical data for hydrogeological 
research as in other basaltic islands (Lachassagne et al., 2014) or in 
other volcanic context (Toulier et al., 2019; Baud et al., 2024). With 
increasing concerns about water resources due to climate change and 
direct anthropogenic impacts, such studies will become increasingly 
important for sustainable resource management.

6. Conclusions

Based on the pre-existing studies, new field observations, original 
datings and benefiting from 20 to 60 years of volcanological and bathy-
metric advances, our work evidences a way to highlight the presence or 
absence of a moderate flank collapse in small eroded volcanic islands. 
Our investigations provide a better understanding of the structural 
complexity and history of the volcanic system. Like most volcanoes, 
Moorea’s topography has been deeply affected by various successions 
of building, destructive stages and by topographic inversions. Due to 
the field complexities, this volcanic system remains poorly understood, 
however our model explains the first order features consisting in (1) 
the building of a first shield; (2) a northern flank collapse; (3) a first 
localized filling of the central depression combined with the presence 
of decentralized small eruptive centers; (4) the filling of paleo-valleys 
all around the island; (5) the progressive end of volcanism and (6) the 
dismantlement of the residual volcano to this day while a coral reef 
has slowly been colonizing the shallow sea waters accommodating the 
island’s subsidence and late quaternary eustatic variations. We leave 
open the possibility of other more hypothetical flank-collapses in the 
eastern or western areas which should be elucidated by a set of new 
analyses (e.g., fieldwork, geochronological, geophysical) in still poorly 
constrained areas (Vaiare, Haapiti, Papetoai). The understanding of 
Moorea’s geology has crucial implications for local hydrogeological 
purposes.
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