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Abstract 33 
Understanding the islets morphodynamics of polynesian atolls requires a study of their 34 
evolution over several decades. These low-lying islands are exposed to highly variable 35 
ocean/weather conditions, especially high energy events. This study is based on a diachronic 36 
analysis of aerial photographs, in the field measurements and the U/Th dating of megablocks 37 
in three atolls in the western part of the Tuamotu archipelago. It presents an investigation of 38 
these dynamics from the 19th century until now. This period makes it possible to record the 39 
movements of sediments accumulated during decades of calm weather but also to observe the 40 
impact of moderate cyclones such as that of 1983. This article also highlights that exceptional 41 
cyclones such as those of 1822 and 1906 can dislocate the coral reef and move up the famous 42 
Rangiroa megablock whose volume has been significantly refined by photogrammetry at 369 43 
m3. In Rangiroa and Anaa, we have identified three blocks weighting more than 500 tons that 44 
were put in place by these cyclones. 45 
 46 
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1. Introduction 50 

The morphology of the atolls is now well documented and their relative homogeneity among 51 
archipelagos has made it possible to produce general descriptions that are valid on a global 52 
scale (e.g. Hosking, 1991; Woodroffe and Biribo, 2011; Kench, 2014). 53 
Alternatively the atoll morphodynamics remain poorly known despite the recent progress in 54 
understanding their evolutionary patterns whether during the long period of their 55 
establishment (Woodroffe & Biribo, 2011; Montaggioni et al., 2022) or in the contemporary 56 
context of climate change (Duvat, 2019). The gradual rise in sea level and the expected 57 
changes in tropical cyclones activity (Shaw et al., 2016) make this issue particularly 58 
interesting for ecosystems and societies. 59 
As modelling is still struggling to convincingly reproduce the interactions between the 60 
components of this system to predict its evolution, we have decided to look back in time. As 61 
extreme events have a specific impact on the islands (e.g. Stoddart and Walsh, 1992), we aim 62 
to clearly distinguish the geomorphological dynamics produced by calm weather-marine 63 
conditions from those produced by cyclones. In this paper, we focus on the displacement of 64 
coral material in the western atolls of the Tuamotu archipelago (French Polynesia) during 65 
recent decades both under normal (low energy)marine and weather conditions and during 66 
High Energy Marine Inundations (HEMIs) caused by cyclones or tsunamis. In the coastal 67 
environment, many geomorphological structures (ridges, megablocks etc.) result from 68 
interactions with the ocean. Weather and sea conditions have a direct influence on these 69 
structures. For example, on coral islands, the presence of megablocks on the reef flat is 70 
interpreted as an evidence of the occurrence of at least one major HEMI in the past. The study 71 
of these megablocks in coral environments (Bourrouilh and Talandier, 1985; Harmelin-72 
Vivien,1994; Nott, 2001;  Goff et al., 2004; Hyvernaud, 2009; Goto et al., 2009; Frohlich et 73 
al., 2009; Goto et al., 2010; Etienne et al., 2011; Engel and May, 2012; Terry et al., 2013; 74 
Gienko and Terry, 2014; Terry and Goff, 2014; Terry and Etienne, 2014;  Etienne et al., 2014; 75 
May et al., 2015; Terry et al., 2016; Lau et al., 2016; Canavesio et al., 2018) offers many 76 
opportunities to identify the HEMIs of the past, when neither aerial photographs nor historical 77 
archives were available. It is possible to determine the nature (cyclone or tsunami) of the 78 
HEMI by studying the arrangement of the blocks on the reef (Goff et al., 2004; Frohlich et al., 79 
2009;  Goto et al., 2010). The intensity of the HEMIs can also be inferred from the size of 80 
these blocks (Goto et al., 2009; Etienne et al., 2014; May et al., 2015) which can be now 81 
precisely estimated using photogrammetry (Gienko and Terry, 2014). Finally, the age of the 82 
HEMI can be estimated by dating coral samples collected from these blocks (Lau et al., 2016; 83 
Terry et al., 2016; Canavesio et al., 2018). 84 
From a climatic perspective, the northwestern atolls of the Tuamotu archipelago are 85 
homogeneous (Larrue and Chiron, 2010). They were the most impacted of all French 86 
Polynesia by the intense 1983 tropical cyclones (Dupont, 1984; Bourrouilh and Talandier, 87 
1985) and they have been mostly spared from extreme events since that time (Fig. 1). This 88 
cyclone history makes it possible to analyse both the sedimentary transfers induced by a brief 89 
intense event, but also to record the morphological changes accumulated over the last four 90 
decades devoid of HEMIs. 91 

In addition, the atolls of Anaa, Tikehau and Rangiroa are known to host coral blocks of 92 
exceptional size on their north to northwest coasts whose origin has long remained 93 
mysterious, (e.g. Messenger of Tahiti, 1854; Bourrouilh and Talandier, 1985; Hyvernaud, 94 
2009; Etienne et al., 2014). These stretches of coast are the study sites of this paper where we 95 
aim to (1) demonstrate that cyclonic HEMIs are -by far- the most important drive of atoll islet 96 
reshaping; (2) reconstruct the main features of the morphoclimatic history of these islands 97 



over the last two centuries; (3) identify how megablocks whose volume was supposed (e.g. ; 98 
Bourrouilh and Talandier, 1985; Etienne et al., 2014) to exceeds 200 m3 (about 500 tons) are 99 
placed on a reef ”. 100 

 101 
 102 
 103 

2. Study areas and environmental settings 104 
 105 

2.1. Study areas 106 

The Anaa, Rangiroa and Tikehau atolls are located in the northwestern part of the Tuamotu 107 
archipelago, approximately 200 km northeast (Rangiroa and Tikehau) or east (Anaa) of Tahiti 108 
(Fig. 1). These atolls are mostly between 1 and 5 meters above sea level, locally reaching a 109 
maximum elevation of 12 m. The lagoons are 35 m to 55 m deep at Rangiroa and Tikehau 110 
(Montaggioni et al., 2022) but only 3 m to 10 m deep at Anaa (personal observations). The 111 
lagoons of Tikehau and Rangiroa are connected to the ocean by passes and many shallow 112 
channels on the eastern, northern and western sectors. These passes and channels slow down 113 
the filling of the lagoon induce by large distant swells coming from south or southwest 114 
(Canavesio, 2019). Alternatively, the Anaa’s lagoon is devoid of passes and only connected to 115 
the ocean by few shallow channels in the northern and northeastern sectors, but is partially 116 
opened on the southern sector. For these reasons, Anaa’s lagoon is more affected by water 117 
filling and with a water level higher than the oceanic level, even during usual swell 118 
conditions. Since the average amplitude of the tides is 0.20 m (max 0.50 m) (Montaggioni et 119 
al., 2022), lagoon water filling induced by swell is the main driver of lagoon level. 120 
 121 



 122 
 123 
Fig. 1: Location of the study areas, trajectories of historical tropical cyclones (adapted from 124 
Canavesio, et al., 2018). Black lines are used for cyclones that occurred since satellite 125 
observations. Red lines are used for cyclones that occurred between 1822 and 1978. Old 126 
cyclones trajectories and intensity have been identified using crossed observations (coming 127 
from different islands) mainly found in archives and one the field. When the path was not 128 
precisely defined, it is shown in dashed lines. 129 
 130 
Tikehau and Rangiroa have thinner reef rim (300 to 600 m) than Anaa where the reef rim can 131 
be more than 1500 m wide. In the northern sector of Rangiroa, reef rim can locally reach 1000 132 
m. In the areas studied at Rangiroa and Tikehau (Fig. 1), islets have settled on quiet large 133 
atoll-rim surfaces. These islets are based on a cemented conglomerate platform covered with 134 
coral rubble and sand (planted with coconut trees). In the Anaa area studied, the cemented 135 
conglomerate platform is more fragmented and the vegetation is mainly composed of sparse 136 
endemic plants. The outer part of the atoll rim consists of an 80 to 150 m wide reef-flat zone 137 
scattered with a few to numerous coral boulders. As already demonstrated in the case of the 138 
northwest coast of Rangiroa (Bourrouilh and Talandier, 1985; Etienne et al., 2014) and Anaa 139 
(Etienne et al., 2014), the source of these megablocks is the upper fore-reef zone. Scuba 140 
diving surveys of the northwestern sectors of Anaa and Rangiroa (Fig. 2) revealed that the 141 
dislocated fore-reef zone (from 30 to 7 meters below sea level) was sprinkled of coral 142 
boulders of equal -to even larger- size. 143 
 144 



 145 
 146 
Fig. 2: Dislocated upper fore-reef zone in the northwest of Anaa (A) and Rangiroa (B &C). 147 
On the underwater view of Anaa a seven meters deep crack separate the remaining reef (left) 148 
from a partially tilted megablock of several hundred cubic meters (right) (picture of Jacques 149 
Navarro-Rovira, November 2018). The UAV aerial photographs of the upper fore-reef of 150 
Rangiroa (northwestern area) show the dislocation of the reef and underwater megablocks 151 
(B). On picture “C”, linear narrow cracks are visible in the reef, about 60 meters seaward 152 
from boulder 27 (pictures “B” and “C”, R. Canavesio, April 2019). This is the first stage of 153 
the creation of new megablocks. 154 
 155 
 156 

2.2. Environmental and climatic settings 157 

In the Tuamotu archipelago, HEMIs are known to produce significant shore reshaping, 158 
including deposition and/or reworking of coral rubble ridges, changes in the location of sandy 159 
beaches and sometimes emergence or displacement of large coral boulders (e.g.; Dupont, 160 



1984; Ricard, 1985; Harmelin-Vivien 1994). In this region of French Polynesia, tropical 161 
cyclones are the most energetic source of HEMI (except hypothetical local tsunamis caused 162 
by submarine landslides) as recent and historical far-field tsunamis are known to have 163 
generated only low-amplitude (1–2 m-high) ocean elevation (Sladen et al., 2007). 164 
In order to identify the HEMIs that impacted the west of the archipelago and to highlight 165 
islets reshaping processes induced by both HEMIs and the usual oceanographic and 166 
meteorological conditions, we combined the analysis of megablocks with the diachronic 167 
analysis of aerial and satellite imagery. The Polynesian archives of Tahiti and the French 168 
colonial archives located in Aix-en-Provence (France), were previously investigated to 169 
identify the atolls offering the best potential for analysis. 170 
This preliminary work allowed to determine the consequences of 1878, 1903, 1905 and 1906 171 
cyclones. Cyclones of 1878 and 1905 appear to have generated rough but not exceptional 172 
marine weather conditions. Conversely, the cyclone of 1903 has been shown to be the origin 173 
of the deposition of large megablocks (up to 100 m3) on the Hikueru and Marokau flat 174 
(Canavesio et al., 2018). But at the archipelago scale, the cyclone of 1906 appeared to be even 175 
stronger due to its high speed of movement (up to 60 km/h) which led to amplification of  the 176 
swell (Canavesio, 2014) and despite a medium atmospheric intensity (the pressure was 177 
measured by a vessel in the eye at 953 hPa when the 1906 cyclone was in the vicinity of 178 
Anaa). According to us, it would be the one with the greatest capacity to generate a 179 
catastrophic HEMI since the mid-nineteenth century. 180 
In previously published papers, the death of 95 inhabitants during the submersion of Anaa in 181 
1906 was linked with a huge swell whose significant height (Hs) was estimated between 15.5 182 
m and 18.5 m (Canavesio, 2014), much higher than the known maximum in "recent" period 183 
(modelled at 12 m -Orama- in 1983 at Anaa, Lecacheux et al., 2013). Its trajectory took it to 184 
reach the Anaa atoll with full intensity1 while violently impacting the northwest coasts of 185 
Rangiroa, Tikehau, and Mataiva (Fig. 1). In addition, there is evidence from several atolls in 186 
the Tuamotu Archipelago that this cyclone was able to cause significant geomorphological 187 
changes. These impacts, also described in several archival documents, were transmitted 188 
within the population and are sometimes reported today by the elders. Nevertheless, neither 189 
elders nor archives do not make it possible to locate precisely the geomorphological impacts 190 
induced by the cyclone of 1906. 191 
Prior this series of cyclones, naval reports and explorers’ texts also mention the existence of a 192 
major cyclonic HEMI in 1822 on the west of the archipelago (notably at Anaa). In 1831, the 193 
British missionary William Ellis (p. 306-307) testifies to the extensive destruction caused by a 194 
submersion. In 1837, the French ethnologist Jacques-Antoine Moerenhout (p. 365) states that 195 
this westerly gale (most likely a powerful cyclone) displaced huge stones inside the Anaa 196 
Atoll. Finally, in 1854, the authors of “the Messenger of Tahiti” described in the northwest of 197 
Anaa, limestone megablocks 20 to 25 feet high of likely marine origin. All these testimonies 198 
from the nineteenth century and early twentieth suggest that the northwestern part of the 199 
Tuamotu archipelago (and particularly the atoll of Anaa) could gather the cyclonic history 200 
adapted to this study. 201 
The western part of the archipelago is also interesting because of its more recent cyclonic 202 
history. The Tuamotu archipelago suffered very extensive damages due to low frequency 203 
tropical cyclone. According to the National Oceanic and Atmospheric Administration 204 

                                                 
1 The pressure in the cyclone eye was measured by a boat at 953 hPa about 45 km offshore (in the west side) of 

Anaa. At this time the cyclone was moving to the southeast at about 45 km/h. This very fast movement 

strongly increases wave heights on the eastern side of the cyclone (Canavesio, 2014). 



“hurricane world track” data base the archipelago experienced only 6 tropical cyclones2 since 205 
satellite monitoring began in 1978. In addition, this hurricane activity is very variable from 206 
one year to year (Fig. 1). With 5 cyclones in 1983, this season is, by far, the most intense. 207 
Once again, it was the northwest of the archipelago that was the most impacted. Finally, if 208 
Tikehau, Rangiroa and Anaa (with Kaukura) experienced the strongest winds and sea 209 
conditions in the archipelago  in 1983, they experienced no catastrophic cyclonic HEMI since 210 
this time. It was only in 1998 that the low energy tropical cyclone  impacted the northwestern 211 
shore of Tikehau during a high-energy distant swell coming from the north (Duvat, et al., 212 
2017). Therefore, over the past two centuries, this part of the archipelago has been affected by 213 
several series of devastating cyclones but also by long periods of calm weather conducive to 214 
the establishment of various geomorphological structures over the time. 215 
 216 
 217 

3. Materials and methods 218 
 219 

3.1. Megablocks measurement and dating 220 

Observation of aerial and satellite imagery shows that the Mataiva atoll is devoid of large 221 
megablocks. Conversely, the north and northwest coasts of Tikehau (Fig. 3), Anaa (Fig. 4) 222 
and Rangiroa (Fig. 5) are known for their important blocks fields of unknown origin. 223 
Therefore, three field missions were organised between November 2017 and June 2019 to 224 
analyse these blocks. We also took advantage of our trip to Rangiroa to analyze three 225 
megablocks located in the northeast of the atoll. (Fig. 5). The dating method established by 226 
Terry et al. (2013) and Terry & Etienne (2014) was used, for which we specified dating 227 
reliability (Canavesio et al., 2018). We focused on the largest blocks expecting that some of 228 
them could be connected with known HEMIs. 229 
Due to the deep depth bathymetric context, and according to observations and modelling, 230 
tropical cyclones and extremely distant swells are the only known natural hazards (with 231 
hypothetical underwater landslides) capable of causing the establishment of megablocks in the 232 
Tuamotu archipelago (Bourrouilh and Talandier, 1985; Etienne et al., 2014; Lau et al., 2016; 233 
Canavesio et al., 2018). Indeed, peer-reviewed paper (Sladen et al., 2007) indicate that 234 
tsunamis have never been able to generate run-ups greater than 1.8 m in this region. This 235 
assertion is confirmed by the memories of the elders that we collected in a previous study 236 
(Canavesio, 2017): the 1946 aleutian tsunami was the largest of the 20th century in the 237 
archipelago, but only caused a 2 m rise in sea level near the western Makemo pass. Moreover, 238 
in French Polynesia, as the distant swells (Andrefouët et al., 2012; Canavesio, 2019) powerful 239 
enough to create megablocks come only from the south, so the megablocks positioned on the 240 
west, north and east coasts of the archipelago are reliable markers of past cyclonic activity. 241 
 242 

                                                 
2 Cyclones whose track has passed more than 150km from the islands of the archipelago have not been 

retained in this list.a 
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 244 
Fig. 3: Location of Tikehau’s boulders field and aerial photographs before and after the 245 
cyclones of 1983. Block n°23 is not visible in this figure. It is located six hundred meters east 246 
of block n°22. No movement of boulders already in place has been identified at the site during 247 
the HEMIs but a new boulder (n°21) appeared. 248 
 249 

 250 
 251 
Fig. 4: Location of Anaa’s boulder field and aerial views before and after the cyclones of 252 
1983. The boulder field has experienced some medium sized boulder movements 253 
(megablocks n°1 and n°2). The shoreline of the lagoon has changed considerably during the 254 
HEMIs of 1983. Due to incomplete aerial coverage before 1983, some parts of the study site 255 
(boulder n°9 to boulder n°19) are not visible in this figure. 256 
 257 
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 259 
Fig. 5: Location of the Rangiroa boulder field and aerial photos before and after the cyclones 260 
of 1983. The boulder field to the northwest of Rangiroa has experienced some moderate 261 
boulder movements. No boulder movement was identified at the northeast coast site. 262 
 263 
The boulders were surveyed in the field by trying to exhaustively analyse the blocks whose 264 
surface was greater than 40m² on the Google Earth satellite imagery. As an exception, smaller 265 
blocks also have been be studied, especially when the condition of the coral seemed 266 
particularly suitable for dating (block n°9 and n°17) or when we hypothesised that the 267 
megablock could have been put in place by 1983 cyclone (block n°21). Length, width and 268 
height were measured for six boulders in two different areas: 3 in the northwest of Anaa and 3 269 
in the north of Tikehau. For the purpose of photogrammetric volumes calculation, low 270 
elevation aerial photographs were acquired using a DJI Phantom III UAV equipped with a 271 
GNSS and a 12 Mpix camera sensor for 22 other megablocks (16 at Anaa, 1 at Tikehau and 5 272 
at Rangiroa). The UAV was manually piloted in order to fly over and around the blocks and 273 
to capture georeferenced images from all angles (Fig. 6). Photogrammetric processing was 274 
carried out using Agisoft Metashape 1.8. For each sector, a high-resolution Digital Elevation 275 
Model (5 cm per pixel) and a 3D mesh model were calculated. Block volumes were calculated 276 
using the 3D mesh model as upper surface and the average elevation of the reef-flat in the 277 
immediate vinicity of the blocks as ground level. The results of these volume measurements 278 
are summarised in a table (Fig. 7B). 279 
 280 

 281 
 282 
Fig. 6: Photogrammetric 3D model of megablocks on the Rangiroa northwest shore. The blue 283 
frames indicate the locations of the pictures shot with the UAV. 284 
 285 
Coral samples were also collected from the most recent surfaces (the surface on which the 286 
coral "grew" when the block was still submerged) of 25 of these blocks (17 at Anaa, 3 at 287 
Tikehau and 5 at Rangiroa). U/Th dating of these samples (Fig. 2B) has been performed at the 288 
Laboratory of Climate and Environmental Sciences in Gif-sur-Yvette (France). 289 



After adding a triple 229Th 233U-236U spike in a Teflon beaker, samples were dissolved 290 
with diluted HCl. The U-Th separation and purification were performed after coprecipitation 291 
with Fe(OH)3, on 0.6 ml columns filled with U-TEVA and pre-filter resins, in nitric media. 292 
The U and Th isotopic compositions were analyzed at the Laboratoire des Sciences du Climat 293 
(LSCE, France), on a Multi-Collector inductively coupled plasma source mass spectrometer 294 
(MC-ICPMS) Thermo ScientificTM NeptunePlus fitted with a desolvating introduction 295 
system (aridus II). For mass fractionation correction, we used an exponential mass 296 
fractionation law (normalized to natural 238U/235U isotopic ratio) and standard / sample 297 
bracketing. More details on the analytical procedure (chemistry and MC-ICPMS analysis) can 298 
be found in Pons-Branchu et al. (2014). After corrections for peak tailing, hydrate interference 299 
and chemical blanks, 230Th/234U ages were calculated from measured atomic ratios through 300 
iterative age estimation using the 230Th, 234U and 238U decay constants of Cheng et al. 301 
(2013) and Jaffey et al. (1971). U/Th dating is very reliable but it may have a significant 302 
sampling bias that can lead to an overestimation of the age of the blocks of more than a 303 
century. Indeed, an inverted position expose dating age to a larger deviation because of 304 
limited choice for sampling and fast coral alteration in proximity of soil / water (Canavesio, 305 
2018). Luckily, most of the boulders were right way up. Except on one boulder (n°11) of 306 
particular interest due to its exceptional size (>300 m3), it was decided not to perform samples 307 
on inverted megablocks. 308 



 309 
Fig. 7. A: Timeline showing coral samples U/Th ages and megablocks volumes. B: Table of 310 
megablocks features. 311 



 312 
3.2. Aerial and satellite imagery analysis 313 

The Tuamotu archipelago was mapped using aerial photographs in the early 1960s. These 314 
images, which are of variable quality, make it possible to identify the main geomorphological 315 
structures prior the 1983 cyclone season. The effects of the 1983 cyclones are most easily 316 
seen as most of the atolls were photographed again in 1984 to assess the extent of the 317 
destruction. Several more or less coordinated aerial photography campaigns were then carried 318 
out. The Polynesian urban planning department gave us access to this database. 319 
 320 



 321 
 322 
Fig. 8: Figures 8A (Rangiroa NW) and 8B (Rangiroa NE) show that the unconsolidated coral-323 
rubble outer ridge consists of much lighter coral material (because the ridge is recent) than the 324 



reef flat. The boundary between the two structures is often very clear. It is this limit that is 325 
referred to in this article as "foot of the unconsolidated coral-rubble ridge". An increase in 326 
grain size (from sand to pebbles of about 200 mm in diameter) can be observed between the 327 
foot of the outer ridge and its top. Photos 8B and 8C taken at the back of the ridge (Anaa 328 
atoll) show darker coarse sediments (because older of several years). Photo 8C shows the 329 
transport of slightly lighter sediments which were deposited at the top of the ridge. Photo 8D 330 
shows an inverted megablock partially buried in these sediments.  331 
 332 
The photographs were imported, rectified and georeferenced into a GIS software. Stable 333 
identifiable landmarks such as plate fractures, highlights of the cemented conglomerate 334 
platforms, and apparently immobile megablocks were used as ground control points for 335 
georeferencing. Sedimentary movements have been identified, such as changes in the position 336 
of coral blocks, lagoon shoreline shifts and moves of the coral-rubble outer ridge. The contact 337 
zone between the reef flat and the ridge (referred to as "foot of unconsolidated coral-rubble 338 
ridge” in figures “3”, “4” and “5”) is easy to identify on aerial images. The reef flat is still 339 
dark in colour while the outer slopes of the coral-rubble ridge (composed of recently 340 
deposited coral elements) are much lighter in colour (Fig. 8). 341 
Due to the variable quality of aerial photographs, it has not always been possible to monitor 342 
all areas over the entire period. Only the southernmost part of the Anaa blocks field offers a 343 
complety coverage of aerial photos before 1983, in 1984 and in 2016 to allow such a 344 
monitoring (from reef edge to lagoon) over a period of 55 years. The transect ABC (yellow 345 
line on the Anaa 2016 photograph, Fig. 4) is the main basis for the model of atoll islets 346 
reshaping presented in the discussion section (Fig. 11). 347 
The distance between the megablocks and the reef edge has been measured on satellite 348 
imagery on Google Earth (from 2006 to 2019) . The blocks are clearly visible on the images 349 
but the measurement remains approximate (+/- 5m). In fact, the edge of the flat is often 350 
masked by waves. 351 
 352 
 353 

4. Results 354 
4.1. Islet reshaping induced by 1983 cyclonic waves 355 

Reforecasts using both Wavewatch 3 (Lecacheux et al., 2013) and MIKE21 (Damlamian and 356 
Kruger, 2013) wave models estimate that the maximum swell generated by the 1983 cyclones 357 
was 12 m high at the northern tip of Anaa in February during Cyclone Orama. At Tikehau and 358 
Rangiroa the maximum cyclonic swell would have been reached in April during cyclone 359 
Veena (Hs between 8 and 10 m). For these two cyclones, the biggest swells came from a wide 360 
northern sector, which means that they reached the study sites with maximum energy. 361 
During these HEMIs megablocks movements were very limited although we could see on the 362 
field that none of the dated blocks are cemented into the reef. According to the aerial imagery, 363 
the investigated zone on the northeast coast of Rangiroa did not experience any visible block 364 
movement during the whole period (Fig. 5). On the northwest coast of Rangiroa, a 365 
displacement of two small blocks were observed to have moved to the southeast (Fig. 5). 366 
These blocks have not been measured but, from their small size on aerial imagery (about 19 367 
m² -for the largest- according to aerial pictures) they are likely less than 60 m3. The other 368 
blocks in the area, including those measuring only a few tens of cubic meters, remained 369 
stable. At Tikehau (Fig. 3), a block (n°21) estimated to be 37 m3 by field measurement was 370 
set up on the flat. Its relatively modest size and its position on the edge of the reef (only 36 m 371 
from the sea) indicate to moderate flow velocities. We also note that the blocks visible in 372 
1962 (from about ten cubic meters to one hundred cubic meters for the largest) did not move 373 



in 1983. In Anaa where the cyclonic swell was slightly stronger, the movement of the blocks 374 
is also limited (Fig. 4). The main change is recorded at the southern end of the block field. 375 
Block number 2, measured by photogrammetry at 67 m3, moved 20 m to the southeast. Block 376 
number one (140 m3), which was close to number 1 in 1961, would have moved in the same 377 
direction of about five meters. However, due to the coarse spatial resolution of the 378 
photographs and possible rectifying errors, we cannot formally ensure that this block has 379 
moved during the 1983 cyclone. If it did it right, it would be the largest block movement 380 
recorded. To the northeast of the area covered by these aerial photographs, U/Th dating has 381 
shown that a block (n° 16) has been set up by cyclone Orama. Indeed, coral from this boulder 382 
has been dated from 1914 (+/- 4 years) which means that the block was set up by a HEMI 383 
after the cyclone of 1906. Although its large dimensions (131 m3), it does not prove an 384 
exceptional HEMI since it was deposited very close to the reef edge (Fig. 4 and Fig. 10). 385 
Finally, in these three atolls, waves heights of 8 to 12 meters (Hs) induced by the 1983 386 
cyclones had very limited effects on the megablocks since their volume exceeded ten cubic 387 
meters. Based on this results, we confirm that the 1983 cyclones produced significantly lower 388 
energy HEMIs than the events that produced the largest megablocks of the archipelago. 389 
However, the shape of the islets was modified by the transport of finer materials (coral rubble, 390 
sand), in accordance with the observations made in the field at this time (Dupont, 1984; 391 
Ricard, 1985; Harmelin-Vivien 1994). At Tikehau, aerial photographs (Fig. 3) taken a year 392 
after the cyclone show the spread of coral sediments in the coconut grove over several tens of 393 
meters. These sediments, (20-250 mm in diameter) that had accumulated in the outer coral 394 
rubble ridge over the previous decades, were carried away several hundred meters from the 395 
reef edge during the 1983 cyclones, helping to raise the elevation of the central part of the 396 
islet. Even if the aerial photographs do not make possible to estimate the heights, it can be 397 
deduce that this complete submersion of the ridge (due to waves run-up) has the consequence 398 
of reducing the elevation or even causing the complete disappearance of this coral rubble 399 
ridge. Aerial photographs from 2006 at Tikehau (Fig. 3) and 2001 at Rangiroa (Fig. 5) show 400 
that the toe of the coral-rubble ridge had not returned to its pre-cyclone position on these 401 
dates. 402 
At Anaa, where the islet was narrower, probably lower and where the swell was slightly 403 
stronger, the reshaping was massive (Fig. 4). On the 1961 photo, the coral-rubble ridge is 404 
clearly visible (light colours). A few large megablocks were barely emerging from this cluster 405 
of coral sediments and it is likely that many smaller blocks were buried beneath the surface. 406 
In 1984, these megablocks were partially exhumed by submersion which carried most of the 407 
sediments that formed the corral ridge to the edge of the lagoon. This transfer of coral 408 
sediments allowed the island to expand from a few tens of meters to more than one hundred 409 
meters. We hypothesize that islet extension is smaller during extreme HEMIs as the 1906 410 
cyclone due to sediment transfer further into the lagoon (Fig. 11). 411 
 412 

4.2. Reshaping during low energy times (since 1983) 413 

Since 1983, the areas studied have experienced mostly calm weather and sea conditions. The 414 
most significant swell is that of February 1998 which peaked at 8 m at Mataiva (but less at 415 
Tikehau, Rangiroa and Anaa which were further from the cyclone track). No megablock 416 
movement was detected during these four decades. During this time, we have observed on the 417 
aerial photographs the reconstruction of a coral-rubble ridge in place of the previous one that 418 
was washed away in 1983. At Anaa, this result is the reburial of many boulders (Fig. 8D) that 419 
were partially exhumed in 1983. Figure 4 shows that the progradation of this coral rubble 420 
ridge towards the ocean has not yet reached the original position (about 50 meters difference 421 
for the foot of the ridge between 1961 and 2016). A smaller gap can also be seen at Tikehau 422 



and Rangiroa (both on the northwest and northeast sectors). It can be assumed that the 423 
progradation is still ongoing and that the very outer position in 1961 was the result of a more 424 
lasting accumulation (55 years), than the contemporary accumulation phase (33 years). 425 
On the lagoon side, Anaa’s islet shape has changed very little. However, the profile extracted 426 
from the photogrammetric DEM (Fig. 11) shows a small sandy ridge at the edge of the 427 
lagoon, likely formed during the cool season by waves associated with frequent southeasterly 428 
winds. The existence of this low sandy ridge (a few tens of centimeters above the lagoon 429 
water level) located on the lagoon shore of the islets has long been recognised. This is a 430 
classic geomorphological feature in the atolls (e.g. Hosking, 1991; Kench, 2014). 431 
 432 

4.3. Megablocks emergence induced by extreme HEMIs 433 

The largest block measured (Fig. 7) is located on the northwest coast of Rangiroa. This block 434 
(n°27) was previously estimated to be between 495 m3 (Etienne et al., 2014) and 750 m3 435 
(Bourrouilh and Talandier, 1985), but has been now measured by photogrammetry at 369 m3 436 
(Fig. 6). Photographs taken shortly after the 1983 cyclone when Bourrouilh and Talandier 437 
estimated its volume show that the block had a shape identical to its current shape. According 438 
to the coral blocks density values measured in the Tuamotu archipelago (density = 2.3 g.cm-3, 439 
Etienne et al, 2014)  or in the Phillipines (2.4 g.cm−3, May et al, 2015), the weight of this 440 
block can be estimated between 849  and 886 tons. As block n°28 (172 m3), block n°27 was 441 
set up by the cyclone of 1906. 442 
In fact, the sampling bias can lead to date coral which died several years before the HEMI. 443 
Therefore, the datings obtained may be older than the HEMI itself. Alternatively, it is not 444 
possible for the HEMI to be older than the date indicated by the age of the dated coral. Thus, 445 
as the sample is made from coral formed in 1894 AD, we are certain that the HEMI that 446 
caused this block to emerge was later than 1894 but prior to the 1981 aerial image on which 447 
the block is already visible. Moreover, the only known HEMI on the northwest coast of 448 
Rangiroa is the cyclone of February 8, 1906. Such a volume is unusual for a cyclonic origin. 449 
It can be related to the size of the swell that was considered "exceptional" by the 450 
contemporaries of this cyclone (Marcade, 1915; Giovanelli, 1940) and where wave height 451 
(Hs) was estimated between 15.5 and 18.5 m at Anaa early afternoon of February 8 452 
(Canavesio, 2014). 453 
On the northeast coast of Rangiroa the three blocks examined (144 to 162 m3) could not be 454 
related to any known HEMI. In any case, they are much older (1554 to 2300 years BP). At 455 
Tikehau, the dates for the blocks n°22 (96 m3) and n°23 (58 m3) also refer to unknown ancient 456 
HEMI (2278 BP and 504 BP respectively). Because of this ancient water emersion, it is likely 457 
that they have been moved several times since their emergence (and in particular in 1822 and 458 
1906). 459 
Anaa is the site of the most spectacular boulders field (Fig. 9). On this atoll, most of the 460 
samples collected are made from coral that was alive in the eighteenth or nineteenth century 461 
(Fig. 7). The sample taken from the largest block of 314 m3 (722 to 753 tons) was dated to 462 
1831 AD +/-12 years. The margin of error makes it possible to attribute it to the cyclone of 463 
1822, but it was probably set up by the cyclone of 1906. In any case, it is certain that it was 464 
raised up by a HEMI of cyclonic origin since no other type of HEMI has been recorded in this 465 
relatively recent period. Given its position relative to the reef edge (77 m), this attests to 466 
exceptional flow velocities (Fig. 10). In addition, the cyclone of 1906 could be identified as 467 
the HEMI responsible for the establishment of at least one block (n°8) of 239 m3 (550 to 574 468 
tons). 469 
This data confirms that cyclones in coral environments can produce blocks whose volume can 470 
exceed 250 m3. This dislocation occurs only for cyclones being able to generate swells above 471 



12 m (> 15 m likely). This data also shows that such a powerful HEMI is of very low 472 
frequency (a few events per millennium) in French Polynesia. Since 1906, the archipelago has 473 
not had to suffer that kind of cyclone (Fig. 1). 474 

 475 
 476 
Fig. 9: With at least 13 blocks of more than 100 m3 spread over less than 2 km of coastline, 477 
the northwestern end of Anaa atoll stands out from other sites studied in French Polynesia 478 



where boulders are more scattered. The majority of these coral boulders were put in place by 479 
the cyclones of 1822 and 1906. This is the case of coral boulder n ° 6 (314 m3) on which a 480 
sample was taken and U/Th dated at 1831 AD (+/- 12 years). 481 
 482 

 483 
 484 
Fig. 10: Volume of the blocks according to their distance from the reef edge at Anaa, 485 
Rangiroa and Tikehau. This graph shows that the blocks put in place and the blocks moved by 486 
the cyclone set of the year 1983 are of a significantly smaller size than those which were 487 
moved by the cyclone of 1906. This indicates that the flow velocities could have been, by far, 488 
much higher in 1906 on the investigated sites. 489 
 490 
 491 

5. Discussion 492 

The main hypothesis of this study was that cyclonic HEMIs are the main drivers of atoll islet 493 
reshaping. By studying the medium term geomorphological dynamics of the western Tuamotu 494 
archipelago, we have been able to clearly distinguish the geomorphological structures 495 
produced by periods of calm weather from those resulting from exceptional cyclonic surges. 496 
The alternation between intense cyclonic events and multi-decade periods of calm weather is 497 
a feature we have been looking to produce this analysis. Such a situation is rare in other atoll 498 
archipelagos. By focusing on coastlines exposed to the north, our work gives an incomplete 499 
picture of the geomorphological dynamics at work on coastlines with other exposures and 500 
which are likely to be affected by more frequent medium-energy swells of (less intense 501 
cyclonic swells and more intense seasonal distant swells).  502 
It became clear that the establishment of sedimentary ridges (on both sides of the islets) is the 503 
result of sediment transport and accumulation during medium-intensity episodes which can 504 
occur several times per decade. Interviews with residents of Anaa, Rangiroa, Makemo, 505 
Hikueru and Marokau, conducted as part of other published studies, revealed that these coral-506 
rubble and sandy ridges could provide a sense of security to the inhabitants regarding the risk 507 



of submersions. In Makemon the cyclone shelters was deliberately located on the outer 508 
sedimentary ridges to benefit from a maximum construction elevation (Canavesio, 2015). 509 
However, we have shown that these ridges are not long-lasting geomorphological structures. 510 
Cyclonic swells of more than 8 meters submerge and carry away these sedimentary 511 
accumulations (Fig. 11). They significantly contribute to the builds up of the central part of 512 
the islands and the sedimentary filling of the lagoons. 513 
Our work also has aimed to reconstruct the main features of the morphoclimatic history of the 514 
last two centuries and has showed that intense HEMIs have occurred five or six times during 515 
the last two centuries (1822-2022 period) in the western part of the Tuamotu archipelago. It 516 
occurred during the cyclones of 1822, 1878, 1905, 1906 and 1983 (with two distinct episodes 517 
for each island in 1983). The cyclone census shows that the western Tuamotu has been much 518 
more impacted by cyclones than the eastern part of the archipelago (1 or 2 cyclones 519 
depending on the islands in 1903 and 1983). In the central part of the archipelago, some atolls 520 
have not even experienced any catastrophic cyclones (known cyclones have passed more than 521 
150 km from these islands) during the last two centuries. As a result, it is possible that coral 522 
rubble mounds, whose construction would have begun before 1822, still exist in these atolls. 523 
We cannot formally affirm that these frequencies are representative of the cyclonic activity 524 
over the last millennium. Nevertheless, our work, which also focused on the establishment of 525 
the Anaa, Rangiroa and Tikehau coral megablocks, allows us to make a first hypothesis. The 526 
dating carried out on the largest blocks of these atolls indicates that the cyclones of 1822 and 527 
1906 would have produced very rare meteorological conditions in this archipelago since the 528 
sea level is close to the current level that is about 5000 - 6000 years BP in French Polynesia 529 
(Pirazzoli, 1988; Montaggioni et al., 2023). Indeed, the megablocks are very durable, but, the 530 
vast majority of the dated blocks indicates a recent installation (19th century) in this part of the 531 
archipelago. Further east, the 1903 cyclone (Canavesio et al., 2018) would be at the origin of 532 
all the megablocks of Hikueru and Marokau which supporting the hypothesis of an increase in 533 
the ability of cyclones to generate extreme marine conditions during this period. Only a more 534 
extensive study of the archipelago's megablocks could validate the hypothesis of an 535 
intensification (cyclonic swell energy) of cyclones in the 19th and early 20th centuries. 536 
The capacity of weather phenomena to move very large blocks has often been discussed. 537 
According to Nott (2004), cyclones and storms would not be able to put in place blocks of 538 
more than 100 tons. In 2013, the super typhoon Haiyan in the Phillipines moved a block with 539 
an estimated volume of 75 to 121 m3 and a weight of 181 to 292 tons (May et al., 2015). 540 
According to some authors (Parks Camp and Montgomery, 2001) in the past oceanic heat 541 
waves (with a rise of the ocean surface temperature to more than 36°C) could have allowed 542 
the activation of very intense cyclones. This cyclones more intense than those we currently 543 
know, could have produce the displacement of even largest coral megablocks. This study 544 
shows that tropical cyclones can produce coral boulders as heavy as those identified in a non-545 
tropical context (Cox et al., 2018). In a published study (Canavesio, 2014), we explained why 546 
cyclones such as that of 1906, even of low atmospheric intensity, could generate extreme 547 
flooding (Hs between 15.5 and 18.5m) when their displacement speed was high. At that time, 548 
we could not establish the link between this cyclone and the movement of megablocks. What 549 
is certain from the present study, is that the Anaa and northwest Rangiroa megablocks are of 550 
cyclonic origin as suggested as a possibility by some authors (e.g., Bourrouilh and Talandier, 551 
1985; Etienne et al., 2014;). The hypothesis of a local tsunami caused by a submarine 552 
landslide which has been persistently invoked (Bourrouilh and Talandier, 1985; Hyvernaud, 553 
2009) since ethnological sources revealed the possible existence of such an event in the 554 
sixteenth century (Ottino, 1965), can thus be invalidated (at least for these dated megablocks). 555 
At the same time these results, which demonstrate the ability of tropical cyclones to move 556 
coral megablocks of several hundred cubic meters (and more than 500 tons), involve 557 



reassessing the origin of the very large blocks found worldwide and whose placement had 558 
been attributed (e.g.; Frohlich et al., 2009) to non-meteorological origins because of their 559 
extreme size.6 560 
 561 



 562 
 563 
Fig. 11: Conceptual model of reef/islet morphodynamics 564 
 565 



6. Conclusion 566 

Identification of atoll islets reshaping in the last two centuries helps to highlight the following 567 
new statements. 568 

1. On the north sector, during usual times devoid of tropical cyclones, changes in lagoon 569 
shoreline location are very limited. The main reshaping action is the slow accretion of 570 
unconsolidated ridges on both sides of the islets. Periods of ridges building can extend 571 
over several decades. 572 

2. Tropical cyclones of common intensity are the main driver of islet reshaping. Their 8 573 
to 12 meters waves level the ridges, pushing their elements landward. They produce 574 
ground level elevation in the central part of largest islets (>500 m width). Islets of 575 
smaller width can experience an important enlargement by the spilling of coral rubble 576 
and sand in the lagoon. 577 

3. Upper fore-reef dislocation and major megablocks displacement are linked of extreme 578 
HEMIs. Evidences were found of megablocks up to 369 m3 emplaced by 1906 tropical 579 
cyclone. Coral U/Th dating and archive analyse prove that western part of Tuamotu 580 
archipelago has experience two of these extreme submersions in less than one century 581 
(1822 and 1906). 582 

Since these elements were observed in the climatic context of the 19th and 20th centuries, it 583 
would be interesting to study how the gradual rise in sea level will modify sedimentary 584 
movements in the coming decades. We also consider that an exhaustive study of the largest 585 
megablocks of the Tuamotu archipelago would make it possible to better understand the 586 
evolution of the climate of this part of the Pacific over the last 5000 years. 587 
 588 
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