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1. Introduction
The plate interface of a subduction zone can be locked and accumulate strain over decades, centuries and millen-
nia in the interseismic period. During an earthquake this strain is suddenly released (Chlieh et al., 2007; Ozawa 
et al., 2012; Vigny et al., 2011). This promotes vertical deformations of various signs, rates, and durations at 
the surface of the overriding plate above the megathrust. Those deformations are controlled by tectonic motions 
along different portions of the subduction interface during the seismic cycles (coseismic slip, aseismic slip, 
transient events…). During the last two decades, such deformations were captured by geodetic data along many 
subduction zones, which has allowed to document and characterize various stages of the seismic cycle (coseismic 

Abstract The seismic hazard related to megathrust earthquakes in the Ryukyus (southern Japan) is poorly 
constrained as no large earthquake has been reported there. The Meiwa tsunami impacted the coasts of the 
Yaeyama and Miyako islands in 1771 but its origin is still debated. Global Navigation Satellite Systems 
measurements indicate that strain is accumulating along the plate interface but the observation period is short. 
It is thus crucial to gain information on the seismic potential of the megathrust. The islands of the Ryukyu 
archipelago are located in a tropical region and surrounded by reefs where numerous microatolls are growing. 
They preserved the record of variations of the relative sea-level in their skeleton. We mapped seven sites over 
five islands and subsequently selected and sampled eight slabs of modern microatolls. The corals have emerged 
slowly at a rate of 0.7–2.8 mm/yr due to the long-term interseismic loading on the megathrust up to 40 km 
in deep. The coupling rate estimated from elastic back-slip models ranges between 10% and 100%. We also 
identified multi-decadal relative sea-level changes of a few cm/yr, likely due to very long duration slow-slip 
events (SSE) along the shallow or deep parts of the megathrust. Those SSEs occur each 10–40 years and have 
accommodated 50% of the convergence rate in the last 250 years. Our study provides new constraints on the 
seismic cycle of the Ryukyu megathrust and on the seismic hazard in this region and suggests that a large 
megathrust earthquake could occur in the area in the future.

Plain Language Summary We aim to better constrain the seismic and tsunamigenic hazard 
related to large subduction earthquakes in the Ryukyu archipelago (southern Japan). The behavior (seismic vs. 
aseismic) of this subduction zone is still debated and we do not know if it has the capacity to rupture during 
a large thrust earthquake in the future. This is mainly because the historical catalog of seismic events is very 
short (only few centuries) in this area. Our goal was to find geological markers able to preserve, over several 
decades or centuries, the trace of past vertical surface deformations of the upper plate above the megathrust. 
Those deformations are controlled by deep processes along the megathrust, either due to interseismic strain 
accumulation in between earthquakes or release during the earthquake (coseismic slip). To this goal, we 
sampled massive corals that are able to record centimetric variations of the sea-level. All corals have emerged 
at a rate of 2 mm/yr because the plate interface is locked and accumulates strain that may be released in a future 
large earthquake. We also show that long-duration transient slow-slip events likely occur along the shallower 
portion of the megathrust. Our study provides new constraints on the seismic hazard in this area.
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Key Points:
•  We document relative sea-level 

history in the southern Ryukyus from 
modern coral microatoll records

•  Interseismic uplift rates indicate a 
coupling of up to 40% of the deep 
portion of the megathrust up to 40 km

•  We evidenced possible decadal-and 
decametric-scale slow-slip events 
below the seismogenic part of the 
megathrust
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and post-seismic motions, interseismic strain accumulation, slow slip events (SSE), Chlieh et al., 2007; Mallick 
et al., 2021; Meltzner et al., 2015). Geological markers such as marine terraces have also been used to document 
longer-term deformations accumulated over many seismic cycles (Leclerc & Feuillet, 2019; Taylor et al., 2005) 
whereas biological markers such as algae or corals are useful to estimate the coseismic vertical motion along the 
coast after megathrust earthquakes (Meltzner et al., 2006; Reid et al., 2020; Taylor et al., 2008 and references 
therein). The coupling rate, the geometry and segmentation of the megathrust as well as the recurrence of past 
earthquakes are critical parameters on which information is needed to better constrain the seismic hazard. This 
can be achieved by documenting the vertical surface deformation of the overriding plate. During an earthquake, 
the upper plate is uplifted above the rupture zone and subsides beyond. The transition between uplift and subsid-
ence (hinge-line), where no deformation occurs, roughly corresponds to the downdip limit of the rupture. During 
the interseismic period, when the stress is recovering, deformations are of strictly opposite signs (Mouslopoulou 
et al., 2016). When the mechanical behavior of the overriding plate is purely elastic, the stress accumulation and 
release compensate over one or several seismic cycles and no long-term topography is created. Depending on the 
mechanical conditions of the plate interface, classical models of the seismic cycle are of three types: character-
istic (same magnitude earthquakes occurring at the same time interval), time-predictable (the maximum shear 
stress at initiation is always the same), or slip-predictable (the shear stress at which the slip ceases has always the 
same value) (Shimazaki & Nakata, 1980).

Recently, studies have introduced further complexity to these models, by showing that the interseismic strain 
could vary through time (Mallick et al., 2021; Meltzner et al., 2015), or that megathrust earthquakes could be 
clustered in time (Mouslopoulou et al., 2016), for example, Furthermore, the recent discovery of non-seismic 
slip events (SSEs, Very Low Frequency Earthquakes (VLFE), tremors) also questioned the classical models and 
raised issues for the interpretation of the seismic behavior of subduction zones. It was recently discovered that 
these slow-slip or transient events may last for decades (Mallick et al., 2021; Meltzner et al., 2015; Weil-Accardo, 
Feuillet, Jacques, Deschamps, Beauducel, et al., 2016; Weil-Accardo et al., 2020) and consequently may bias our 
interpretation of the seismic cycle and our estimate of the seismic coupling. This is particularly true when the 
time scale of observation is too short, which is always the case when only geodetic data are used (Philibosian 
et al., 2022). As exemplified by the 2004 Sumatra-Andaman and 2011 Tohoku earthquakes, the classical models 
of seismic cycles, established with short-term data, may fail to predict the occurrence of large earthquakes along 
many subduction zones worldwide. We thus need to enlarge the time scale of observation by using natural mark-
ers able to record the vertical deformations of the overriding plate at time scales of one or several seismic cycles.

One of the main markers available to this goal are coral microatolls in tropical areas (Philibosian et al., 2017, 2022; 
Sieh et al., 2008; Weil-Accardo et al., 2020). We focused our study at the Ryukyu subduction zone for two reasons 
(Figure 1). First, the seismic behavior of this subduction zone is poorly known and strongly debated. The coupling 
estimated from GPS data and moment tensor data of shallow earthquakes is very low (Watanabe & Tabei, 2004), 
implying that this subduction zone is mostly creeping and cannot promote large earthquakes. However, a giant 
tsunami, the Meiwa event, was reported in 1771, and many older Holocene tsunami deposits (blocks and sedi-
ments) have been documented (K. Goto, Kawana, & Imamura, 2010). Second, many sites where dozens of coral 
microatolls are growing were recently discovered in several islands of the Ryukyus (Weil-Accardo et al., 2020).

These microatolls are able to record with a centimetric precision the decadal-scale tectonic deformation related to 
the different periods of the seismic cycle (Weil-Accardo et al., 2020). This opens numerous perspectives both to 
progress in our understanding of the seismic cycle at subduction zones that are usually considered aseismic, but 
also to better constrain the seismic hazard related to large thrust earthquakes in the Ryukyus.

We targeted the southern Ryukyu islands where the 1771 Meiwa event occurred and where the inferred seis-
mic coupling estimated from GPS survey and paleotsunamis studies is one of the highest in the arc (5%–35%, 
Watanabe & Tabei, 2004; 20%, Ando et al., 2018). Fossil coral colonies and microatolls were documented and 
studied in the area (e.g., Sowa et al., 2014; Yamaguchi, 2016; Yamano et al., 2019) but never for modern tectonic 
purposes.

During several field trips conducted for reconnaissance and sampling, we discovered many new sites where 
microatolls are developing in the fringing reefs of the Iriomote, Hateruma, Ishigaki, and Miyako islands. We first 
present the sites and their geodynamic context, and the methodology we used to sample, analyze and interpret 
the slices of microatolls we collected. We then describe the corals' stratigraphy and discuss the origin of sea-level 
variations. We combine local GPS and tide gauge data to obtain an approximate absolute sea-level trend and we 
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compare it with satellite altimetry. We compare the inferred tectonic signal recorded by microatolls with that of 
the GPS. We model the sea-level variations using elastic models and discuss their origin, the behavior of this 
subduction zone, and possible implications for the seismic hazard in the Southern Ryukyus.

2. Tectonic and Geodynamic Context of the Ryukyu Subduction Zone
The Ryukyu archipelago is located between the main island of Japan and Taiwan. It results from the subduction 
of the Philippine Sea Plate (PSP) under the Eurasian plate at a rate of 8 cm/yr (Ando et al., 2009). It is divided 

Figure 1. Geodynamic setting of the Ryukyu archipelago. Inset map: Location of the Ryukyu archipelago. PSP = Philippine 
Sea Plate. Main figure: Tectonic setting in the Ryukyus. Orange area: Okinawa Trough, with volcanic activity in violet 
and grabens in darker orange. Normal faults related to the arc-parallel extension are indicated in pink color. Accretionary 
wedge front and splay faults are indicated in red color. Dark blue areas: bathymetric asperities in the subducting plate. 
LOFZ = Luzon-Okinawa Fracture Zone. BMFZ = Bonin-Mariannes Fracture Zone. Faults are modified after Sibuet 
et al. (1998), S.-K. Hsu et al. (2013), Minami and Ohara (2018), and H. Goto et al. (2018). Information on hydrothermal 
activity (open and purple triangles) is from Minami and Ohara (2018). Yellow squares: tide gauge stations from Permanent 
Service for Mean Sea-Level with mean value of the sea-level rise estimated over the past 40 years. Black lines: location 
of the cross-sections shown in Figures 2, 13, and 14. Inset: Distribution of historical large-magnitude earthquakes in the 
Ryukyu islands. White arrows: vertical GPS motion between 1997 and 2017 from Geospatial Information Authority of 
Japan. Low Frequency Earthquakes and Very Low Frequency Earthquakes are from Nakamura (2017). Slow-slip events are 
from Nishimura (2014). Hypothetic location of the 1771 Meiwa earthquake source is from Nakamura (2009). Historical 
earthquakes are from Nakata and Kawana (1995). Convergence rate of the Philippine Sea Plate is from Ando et al. (2009).
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into three zones: the northern, central, and southern Ryukyus. In the back-arc region, the Okinawa trough opens 
at rate of 5 cm/yr (Nishimura et al., 2004; Figure 1). There is no clear evidence of a volcanic front in the central 
or southern Ryukyus (Minami & Ohara, 2018; Shiono et al., 1980). The trench is curved and the subduction 
becomes oblique west of 126°E in front of the southern Ryukyus (Yaeyama, i.e., Yonaguni, Iriomote, Hater-
uma and Ishigaki islands, and Miyako islands). In this area, large bathymetric reliefs such as the Gagua Ridge 
enter the subduction zone and may modify locally the mechanical properties of the plate interface (Cloos, 1992; 
Dominguez et al., 1998; Y.-J. Hsu et al., 2012), and the coupling rate (Nakamura, 2017; Okamura et al., 2017). 
This was documented off the southeast coast of Okinawa, where the Luzon Okinawa Fracture Zone enters the 
subduction system (Tadokoro et al., 2018). The southern Ryukyus are the islands closest to the Taiwanese colli-
sion zone, in a region of highly oblique convergence of the PSP and Eurasia (Figures 1 and 2).

Below the southern islands, the structure of the Ryukyu subduction zone at depth has been recently imaged 
with multichannel seismic reflection/refraction surveys and gravity measurements (R. Arai et  al.,  2016; Doo 
et al., 2018; S.-K. Hsu et al., 2013; Nishizawa et al., 2017).

Below the Miyako area, the slab angle increases from 0° to 35° with increasing depth (Figure 2a). The slab 
plunges with a stronger angle 100 km from the trench and reaches a depth of 35–50 km below the Miyako island. 
Below Ishigaki area, the slab dip increases from 0 at the trench to 15° down to 15 km depth. Below 20 km depth, 
the slab dip is larger and reaches 30°. The depth of the continental Moho is estimated at about 25–30 km below 
the islands.

Splay faults were identified and mapped in the wedge all along the southern Ryukyu trench (Figure 2). Thick unde-
formed forearc basins are also observed southward, bordered by smaller strike-slip faults (Nishizawa et al., 2017).

As in other subduction zones, SSEs were documented at the Ryukyu plate interface (Figures 1 and 2). SSEs are 
usually classified depending on their duration and nature: long-term SSEs can last around 0.5 years whereas 
short-term SSEs last several days (Obara & Kato, 2016). Very Low Frequency Earthquakes (VLFE) have domi-
nant frequencies between 10 and 100 s, and Low Frequency Earthquakes and tremors, around 2–8 Hz (Obara & 

Figure 2. Interpretation of cross-sections of the megathrust around (a) Ishigaki and (b) Miyako. See location of cross-sections 
in Figure 1. Position of the continental Moho, the slab and the splay faults are inferred from Nishizawa et al. (2017), R. Arai 
et al. (2016), S.-K. Hsu et al. (2013), Doo et al. (2018) and SLAB 2.0 model (Hayes et al., 2018). Gray dots are seismicity 
(with magnitude ranging between 3 and 6) from Japan Meteorological Agency from 1980 to 2020. Location of slow-slip 
events, Low Frequency Earthquakes, and Very Low Frequency Earthquakes, from Nishimura (2014) and Nakamura (2017), is 
indicated on panel (b). Ish = Ishigaki; Hate = Hateruma; and LOFZ = Luzon Okinawa Fracture Zone.
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Kato, 2016; Shelly et al., 2007). In the Ryukyus, clusters of VLFE were observed south of Iriomote, Okinawa, 
and Kikai Islands (Nakamura & Sunagawa, 2015), below the accretionary wedge or at the plate interface (Ando 
et al., 2012; Figure 1 inset). Biannual Mw 6-class SSEs inducing a typical uplift motion on the order of several 
millimeters at the surface of the overriding plate have been observed between 1997 and 2007 at depths ranging 
between 20 and 40 km beneath Iriomote Island (Heki & Kataoka, 2008; Figure 1 inset). On a larger time window 
(1997–2013), Nishimura (2014) observed them between 10 and 60 km depth in clusters similar to VLFE, offshore 
Iriomote, Okinawa, and Kikai Islands. This spatial distribution may be related to the subduction of bathymetric 
reliefs. The SSE cluster of Kikai is located in front of the subducting Amami plateau, and the cluster of Iriomote 
may nucleate on an ancient asperity of the subducted slab (Heki & Kataoka., 2008; Nishimura, 2014). The accu-
mulation of slow earthquakes of different time frequencies, at different depths in the same portion of the megath-
rust led Nakamura (2017) to suggest that deep SSEs could trigger shallower SSEs downdip of areas able to host 
tsunami earthquakes (Obara & Kato, 2016). Thus, some studies consider that those clusters of slow events could 
reveal coupled regions, as they redistribute and accumulate stress in surrounding areas (Ando et al., 2012). Other 
studies however suggest that the occurrence of slow earthquakes indicates a low coupling and that the megathrust 
is mostly creeping (R. Arai et al., 2016; Nakamura, 2017; Nishizawa et al., 2017).

The seismogenic potential of the Ryukyus subduction zone has been debated for more than 20 years. The low 
seismic coupling estimated from the seismic moment released over the last century (between 0% and 5%, Peterson 
& Seno, 1984; Scholz & Campos, 2012), the lack of megathrust earthquakes and the presence of SSEs led some 
authors to conclude that this subduction zone is aseismic and mostly creeping (Kao et  al.,  1998; Nishizawa 
et al., 2017; Wei & Seno, 1998). On the other hand, studies pointed out the structural and seismological simi-
larities between the Ryukyu subduction zone and other fully coupled plate interfaces worldwide (Sumatra and 
the North-East Japan) (Ando et  al.,  2012; Hsu & Sibuet,  2005; Lin et  al.,  2014). Paleoseismological studies 
based on paleotsunami records inferred a larger coupling rate, up to 20% (Ando et al., 2018). Gravimetric (Doo 
et al., 2018) or geodetic data (Global Navigation Satellite Systems [GNSS] or acoustic) indicate a strong inter-
plate coupling at least on the shallow portion of the plate interface (Y.-J. Hsu et al., 2012; Tadokoro et al., 2018; 
Watanabe & Tabei, 2004).

Two major events were reported during the historical period in the Ryukyu: The 25 June 1911 Kikai earthquake, 
and the 24 April 1771 Meiwa tsunami.

On 25 June 1911, a Mw-8 earthquake occurred offshore Kikai Island, near the trench (Figure 1) and killed 12 
people. It generated 3–5 m high tsunami waves in Amami and Kikai, respectively (Tsuji, 1997). Its source is 
still debated and inferred to be either an intraplate event within the subducted slab (Konishi & Sudo, 1972), or a 
shallow interplate event (K. Goto et al., 2013).

One of the best known and devastating tsunamis occurred in the southern Ryukyus on 24 April 1771: the Meiwa 
tsunami. The waves generated during this event were up to 30  m high and hit all islands nearby (Nakata & 
Kawana, 1995). The tsunami transported blocks as large as houses and carried sediments 1.5 km away from the 
reef edge and to an altitude of more than 10 m (K. Goto, Kawana, & Imamura, 2010). The event killed at least 
12,000 people in the islands. The origin of this event is unknown and still debated but this tsunami is comparable 
to those having occurred offshore Sumatra or along the coast of Tohoku in 2004 and 2011, respectively. It was 
proposed that the Meiwa tsunami was promoted by a magnitude 7.4 to 8.0 earthquake that occurred offshore Ishi-
gaki island (Nakata & Kawana, 1995). Later, Nakamura (2009) proposed that a thrust earthquake, more specifi-
cally within the subducted sediments beneath the accretionary wedge, promoted the tsunami. Other studies stated 
a local event associated with a landslide (K. Goto, Kawana, & Imamura, 2010), a normal fault east of Ishigaki 
(Nakamura, 2006), or collapses in the accretionary wedge (Okamura et al., 2018).

Sedimentological studies of transported boulders and sediments along the coastline reveal five older tsunamis 
within the last 2,400 years, with a recurrence time ranging between 150 and 400 years, and likely a total of 8 
tsunamis in 4,500 years (Araoka et al., 2013). Nakata and Kawana (1995) also identified four sets of tsunami 
boulders between 2000 years B.P.  and 1771 A.D., implying recurrence times of tsunamis of several hundred 
to one thousand years. Those results are in agreement with those from stratigraphic studies (600 years, Ando 
et al., 2018).

Although the sources are still widely debated for the 1771 and 1911 events and unknown for older ones, their 
occurrence challenges our evaluation of the seismic potential of the area and calls for further investigations. The 
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last events occurred ∼110 and 250 years ago. Given the high convergence rate, a significant slip deficit is likely to 
have been accumulated to date, bringing the megathrust closer to rupture in a future large-magnitude earthquake.

3. Methodology
3.1. The Use of Coral Microatolls

We seek to document past events on the Ryukyu megathrust and characterize its past and current seismic potential 
using coral microatolls. Modern coral microatolls are ubiquitous in tropical areas in shallow reef flats. During 
their growth, over decades or centuries depending on the size and age of the colony, they record the relative 
sea-level (RSL) changes with a centimetric precision. This makes them a first-order tool to link short-term 
geodetic and longer-term geological observations. The RSL changes may be of tectonic or climatic origin.

Coral microatolls consist of massive coral colonies that develop in intertidal areas. They were first documented 
by Stoddart and Scoffin (1979), and associated with a discoidal shape and grow underwater.

Their upward growth is limited by the Highest Level of Survival (HLS), the elevation above which the upper 
part of the coral dies due to prolonged subaerial exposure (Scoffin et al., 1978; Stoddart & Scoffin, 1979; Taylor 
et al., 1987). The Highest Level of Growth (HLG), a related term, corresponds to the maximum level the coral 
can reach in one given year, assuming an unrestricted growth (Meltzner et al., 2010). Both HLS and HLG indicate 
the maximum elevation of the coral at a specific year. However, if the elevation of the HLS gives precise infor-
mation on the maximum water height, the HLG will only indicate a minimum elevation of the relative sea-level 
(Meltzner et al., 2010).

Commonly, the HLS is considered to indicate the extreme lowest tide or Extreme Lowest Water (ELW). However, 
it recently documented that microatolls can survive, during short time lapses, few centimeters to tens of centime-
ters above the ELW (4 cm: Briggs et al., 2006; 5–10 cm: Weil-Accardo, Feuillet, Jacques, Deschamps, Beauducel, 
et al., 2016; Weil-Accardo, Feuillet, Jacques, Deschamps, Saurel, et al., 2016; 19±8 cm, Meltzner et al., 2010; 
tens of centimeter, Weil-Accardo et al., 2020). This variability points out that the link between HLS and ELW is 
specific to each site (each site having its own tidal characteristics), and to the coral species and colonies.

The RSL variations during the life of a coral colony shape its skeletal morphology (Figure S1.1 in Supporting 
Information S1). The coral begins to grow radially on the substrate. Once it has reached its HLS, its upper part 
dies, and its lower submerged part continues to expand below HLS, laterally. If the RSL is stable, the upper part 
of the coral remains flat. If the sea-level rises, the coral grows in every direction including upon old dead parts 
and forms a cup-shape morphology. Finally, if the sea-level drops, the coral undergoes a die-down: the emerged 
part of the coral dies while the lower part grows laterally, leading to a hat-shape morphology. A hat-shaped micro-
atoll indicates a context of relative emergence whereas a cup-shaped microatoll develops in a context of relative 
submergence (Figure S1.1 in Supporting Information S1).

The succession of rises and falls of the RSL is thus recorded by the coral skeletal morphology. The change of the 
RSL can be sudden, as during an earthquake for example, or progressive at timescales ranging from few years to 
several decades. As they grow in the intertidal zone, very close to the sea surface, microatolls are very sensitive 
to interannual variability of the sea-level changes due to La Nina, El Nino, The Indian Ocean Dipole or North 
Atlantic Oscillation events at the scale of oceanic basins (Meltzner & Woodroffe,  2015; Taylor et  al.,  1987; 
Weil-Accardo et al., 2020; Zachariasen, 1998 and references therein). The small and temporary decreases of the 
sea-level due to these variations are recorded, over a wide region, in tide gauges and as die-downs of climatic 
origin in microatolls. They are small (<10 cm of amplitude), short-lived (one to a few years) and are superim-
posed to the longer-term sea-level variations related to tectonic or climatic changes (Taylor et al., 1987).

Coral microatolls have been used in climate studies to quantify the glacio-isostatic adjustment (Wan et al., 2020; 
Woodroffe et al., 2012), evaluate the impact of climatic anomalies such as El Nino climatic oscillations (Song 
et al., 2012; Woodroffe & McLean, 1990), or estimate the Holocene sea-level changes in the South China Sea 
and offshore Australia (Leonard et  al.,  2013; Yu et  al.,  2009). Coral microatolls were also used for tectonic 
purposes mainly to document the seismic cycle of the megathrust in several subduction zones such as Vanuatu, 
Indonesia, Myanmar, Lesser Antilles, Central Ryukyus, Japan and in transform zones such as in Haiti (Meltzner 
et al., 2006, 2010, 2017; Natawidjaja et al., 2006; Philibosian et al., 2012; Shyu et al., 2018; Sieh et al., 2008; 
Taylor et al., 1980, 1982; Weil-Accardo et al., 2020; Weil-Accardo, Feuillet, Jacques, Deschamps, Beauducel, 
et al., 2016; Weil-Accardo, Feuillet, Jacques, Deschamps, Saurel, et al., 2016; Zachariasen et al., 1999, 2000).
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3.2. Survey and Sampling

We performed fieldwork in the islands of Miyako, Ishigaki, Hateruma, and Iriomote between 19 and 29 Septem-
ber 2017, 4–25 July, and 15–24 October 2018 (Figure 3). We identified sites of interest with satellite imagery 
and photos from Google Earth. We also used drone imagery for the sampling sites of Aragusuku and Yoshino in 
Miyako Island.

Over 35 sites were investigated. We identified numerous microatolls at six easily accessible sites in four different 
islands: Miyako (Aragusuku and Yoshino), Ishigaki (Shiraho), Hateruma, and Iriomote (Sotobanare and Amitori) 
(Figure 3). We checked that every sampling site was connected to the open ocean. Microatolls growing in moated 
sites, such as pools, cannot be used easily to reconstruct the RSL because they may not record the lower part of 
the tidal cycle (Smithers & Hopley, 2011).

First, by using a total station, we mapped in detail each site to retrieve, with a precision of a few centimeters, 
the location and altitude of each microatoll, relative to the total station base. We used the GPS location of the 
total station and of sampled microatolls with WGS 84 coordinates to obtain its absolute spatial location. We also 
measured the tide at different times of the day to compare our data with the recorded tide and estimated an abso-
lute value of altitude above the 2018 mean sea-level.

For each microatoll, we measured the external ring (actual HLS for living corals), the center, and when possible, 
other visible rings and the substrate on which the coral developed (i.e., the base of the coral). The 2018 HLS at the 
scale of the study area and that of a single microatoll are provided with mean precision of ±3 and ±1 cm, respec-
tively. We used the 2018 HLS measurements to select corals whose RSL record would accurately represent the 
RSL history of the whole study area. Subsequently, we chose the coral to sample under criteria of size (smaller 

Figure 3. Geodynamical settings of the southern Ryukyus, faults as in Figure 1. White ellipses: rupture areas associated 
with historical earthquakes inferred from Nakata and Kawana (1995). M = Miyako, I = Irabu, T = Tarama, Is = Ishigaki, 
Ir = Iriomote, and H = Hateruma islands. Red filled triangle: possible location of a submarine volcano offshore Iriomote 
(Kato, 1982). Red open triangles: hydrothermal activity (Minami & Ohara, 2018). Black rectangles are sample locations for 
this study. Subduction rate is from Ando et al. (2009).
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than the length of the chainsaw) and of apparent history. Further details on coral 
slices sampling and analysis are presented in Supporting Information S1.

Because of the common occurrence of regrowth colonies above the main coral, RSL 
changes cannot be accurately retrieved by observing the top surface morphology of 
a microatoll, and X-ray and/or CT scan images of the coral skeleton are needed (see 
Supporting Information S1). Uncertainties on our growth band counting are mainly 
related to the quality of the images we used to interpret the stratigraphy of sampled 
microatolls. Resolution of CT-scan images is of 1 mm/pixel, and that of the X-ray 
is of 0.2 mm/pixel. Weil-Accardo  (2014) developed a semi-automatic method to 
identify growth bands on X-Ray imagery. Using uncertainties estimated on both 
high and low-quality images, a mean uncertainty σ on the growth band counting 
was defined with the following equation (Weil-Accardo, 2014):

𝜎𝜎 = 0.03 ∗ GB + 0.53 

with GB being the number of growth bands counted. As we used a combination 
of X-ray and CT-scan images, we consider that in our study, this method should 
overestimate error on the growth band counting. Parts of older or fossils corals 
with complex morphology and gaps in skeletal growth were dated by the U/Th 
method (see details in Cheng et al.  (2000)) to better constrain the chronology of 
RSL changes. We used a micro core drill device to collect samples by pair along 
with growth bands in the thin slices. The results of the dating are presented in 
Table 1. The ages presented in this study are relative to the sampling year of 2018. 
To reinforce the chronology of the RSL changes and following the methodology 
applied in other areas (Philibosian et al., 2014), we compared the RSL record of 
all microatolls and correlated RSL variations (i.e., climatic die downs) with simi-
lar  age or pattern.

3.3. Analysis of the Coral Skeleton and Reconstruction of the HLS Curves

We counted the high skeletal density bands in the X-Ray image to establish their 
chronology and we measured their elevations to retrieve the RSL curve between 
the year of the first HLS and the year of sampling (2018). In the coral stratigraphy, 
a truncated band marks a HLS, whereas a complete growth band with a flattened 
highest part corresponds to a HLG (Zachariasen et al., 2000). We plotted the eleva-
tion versus ages of all HLS and HLG we identified. The elevation of the youngest 
2018 growth band is the reference and is set to 0. From those HLS/HLG curves, 
we calculated RSL trends by using (a) all HLS (Zach-1, Zachariasen, 1998) (b) 
all HLG and HLS (Zach-2, Zachariasen et al., 2000) or (c) the first and last HLS 
only (Zach-3, Zachariasen et al., 2000). We also applied another method proposed 
by Meltzner et  al.  (2010) who rather used the highest HLG (as they infer that 
the HLS impingements during a climatic die-down may be lower than the mean 
HLS of the coral). As the HLG provides only a minimum estimation of the HLS, 
Philibosian et al. (2014) suggested discarding the HLG point from the initial growth 
of the coral, unless its elevation is consistent with the mean trend calculated. For 
well-constrained records, all methods should produce similar results.

Uncertainties on HLS elevation may be related to erosion of the microatoll, 
compaction of the substrate, error introduced during fieldwork (i.e., breaks of the 
coral and measurement) and/or the rescaling and reorientation of the imaged slice. 
Our microatolls are modern and are located in lagoons; therefore, they are protected 
from wave erosion and the erosion of their surface is likely minor. During their 
development, no major earthquake has been reported in the region. For most corals 
we could reconstruct full images of the slices from both X-Ray and CT-scan. This 
reduces the uncertainties associated with the imagery process.Ta
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4. Results
Numerous Porites corals were found in all the islands we visited, with a large variety of colors in tissue (yellow 
and purple corals were found in Amitori Bay), and shapes: for example, a cup-shaped microatoll was sampled in 
Aragusuku whereas a hat-shaped coral was found in Irabu (Figure 3). We also found Favia corals in Ishigaki but 
we focused our study on the Porites species for more consistency between results from different sampling sites.

Those corals developed on the modern reefs which started to develop around 8,000 years ago, after the entry of 
the Kuroshio Current from the south (Kan, 2011). The warm oceanographic and atmospheric settings induced 
by the Kuroshio Current, but also the East Asia Monsoon explain the abundance of corals in the reef flats (Denis 
et al., 2013; Kan, 2011).

We sampled two living corals in Aragusuku site, and one in each following site: Yoshino, Shiraho, Hateruma, 
Sotobanare, and Amitori (Figure 3). We also sampled one dead microatoll on the island of Irabu near Miyako 
island.

In the following we present detailed results for one sampling site (Shiraho in Ishigaki). Other sites (Hateruma, 
Aragusuku, Yoshino, Sotobanare, Amitori, and Irabu) are presented in the Supporting Information S2 in Support-
ing Information S1. The photographs of the slab, the X-Ray or CT scan, and the interpreted slices with band 
counting and U/Th ages are presented in Figures S1.3, S1.4, and S1.5 in Supporting Information S1, respectively. 
We discuss our results on the basis of all the HLS reconstructions that are all presented in the main text.

4.1. The Shiraho Sampling Site

The Ishigaki island is located at 125–160 km distance from the trench. It is 38 km-long and 20 km-wide. The 
Shiraho reef lies at the south-eastern coast of the island, where the Todoroki River flows into the sea (Figure 4).

The island is surrounded by a fringing reef, composed of a 2 m-deep lagoon and a 150 m-wide reef crest (Figure 4). 
Although the reef crest emerges during low tide, the area where we found microatoll corals is connected to the 
open ocean by several natural channels in the north (Figures 4 and 5) and is protected by a fringing reef. Next to 
the beach, there is an emerged platform, which lies 2 m above the sea-level (green points on Figure 5a). Numer-
ous boulders lie not only on the reef crest but also on the sandy area. Previous research suggested these boulders 
were transported by a tsunami, triggered by the Meiwa event or older earthquakes (Figure 5a, K. Goto, Miyagi, 
et al., 2010).

We mapped and measured up to 18 microatolls within the Shiraho study site, which is 550 m-long and 450 m-wide 
(Figure 5a). The total station was located on the emerged platform. We sampled a 3.9 m-diameter and 50 cm-thick 
microatoll (SHIR_1_18). Its modern HLS has an average value of −4.72 ± 0.03 m compared to the height of the 
total station base. This is consistent with the mean modern HLS of the entire site (−4.73 ± 0.06 m), as estimated 
from the surveyed microatolls height. We consider, thus, this coral to be representative of the entire site.

Figure 4. Location of Shiraho study site. (a) Google Earth screenshot. Active faults from Otsubo and Hayashi (2003) are 
represented as well as the and location of Shiraho site. White circles: other investigated sites. (b) Zoom in the Shiraho area. 
Natural channels in the reef crest connect the site to the open ocean. White square: study site, see Figure 5.
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Figure 5.
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To compare the altitude of the HLS measurement to the ELW of 2018, we 
used the tide values recorded during the sampling day by the tide gauge station 
of Ishigaki (data are available at Japan Oceanographic data center, website 
jdoss1.jodc.go.jp, black curve on Figure S1.6 in Supporting Information S1).

The HLS is 54 cm above the 2018 ELW (Table 2). This implies that this coral 
is almost completely emerged for a few hours during the lowest tides of the 
year (December–February in 2018, Figures S1.7, S1.8, and S1.9 in Support-
ing Information S1). As there is evidence of the site's connection to the open 
ocean (Figure 4), we consider here that the tide record of Ishigaki tide gauge 
station is similar to that of the sampling site. We applied the same protocol to 
all investigated sites (Table 2).

The microatolls we sampled in Irabu, in Miyako (Aragusuku and Yoshino 
sites), in Hateruma and in Iriomote (Amitori and Sotobanare sites) islands 
are 30–73 cm above the 2018 ELW (Table 2). In the Ryukyu islands, the 
tidal range is about 2  m (Hongo & Kayanne,  2009; Tsuji,  1993; Yamano 
et al., 2019). Modern HLS, up to 70 cm above the ELW, has been measured 
in areas with comparable tidal ranges such as Myanmar (Wang et al., 2013), 
or the Great Barrier Reef (Chappell et al., 1983; Hopley, 1986). This is much 
higher than in micro-tidal sites (∼20 cm, Meltzner et al., 2010). The physi-
ognomy of the sites in Iriomote and Irabu indicates that they are connected 

to the open ocean by natural channels in the reef crests (Figures S2.2, S2.5, and S2.11 in Supporting Informa-
tion S1). It is less clear for the Miyako (Aragusuku and Yoshino, Figure S2.14 in Supporting Information S1) 
and the Hateruma (Figure S2.8 in Supporting Information S1) sites as the channels are narrower. The difference 
between the HLS and the 2018 ELW are the highest (up to 73 cm) in the latter sites, indicating that they could 
be moated.

4.2. Coral Slab Stratigraphy and RSL Record From SHIR_1_18

The 2 m-wide and up to 75 cm-thick slice of the SHIR_1_18 microatoll (Figure S1.3c in Supporting Informa-
tion S1) and the X-Ray and CT-scan images of its thin slice (Figure S1.4c in Supporting Information S1) reveal a 
cup-shaped main colony overtopped by regrowth or smaller colonies (Figure 6). The RSL history (Figure 6b) is 
reconstructed from growth band counting in the X-Ray images (Figure 6a).

The coral started to grow a few years before the first visible band (1897 ± 4) at a rate of 10.0 ± 0.3 mm/yr. It 
reached its first HLS in 1911 ± 4, when it experienced its first die-down of 1 cm. In the coral stratigraphy, a small 
hole of a few centimeters indicates that part of the coral may have been eroded at this place, which is common 
in the microatolls (Natawidjaja et al., 2004; Suzuki et al., 2008). We use the base of the upper colony to propose 
a RSL record without the possible erosion (Figure 6). After this first die-down, the microatoll recorded a slight 
RSL decrease at a rate of 0.3 ± 0.3 mm/yr until 1941 ± 3. Between 1962 ± 2 and 1998 ± 1, it recorded a submer-
gence rate of 3.8 ± 0.2 mm/yr, according to the calculation method Zach-2 of Zachariasen et al. (2000) (Table 3). 
The RSL has been relatively stable ever since.

4.3. Records of Other Corals

Main RSL variations recorded in the slices are summarized in Table 3.

AMIT_1_18 is a 2.5 m-wide and 60 cm-thick cup-shaped microatoll. It was collected on the western side of the 
Iriomote island (Figures S1.3a, S1.4a, and S1.5a in Supporting Information S1). Several well-preserved rings 

Figure 5. Survey in Shiraho. (a) The total station survey points (Main elements of the coastal area: reef crest, platform sandy area…) interpreted from Google Earth 
image. Red losanges: sampled microatolls; yellow losanges: surveyed corals to estimate the current Highest Level of Survival (HLS). Blue points: tide measurements; 
green points: relative altitude of the platform. Black square shows the location of the total station. Red line indicates the location of the profile along which each 
point has been projected. (b) Projection of the HLS measurements with altitude relative to the height of the total station base. (c) Photograph of the in situ microatoll 
SHIR_1_18. (d) Photograph of the coral slice SHIR_1_18. The pink line drawn on the coral represents the horizontal position of the coral before sampling from the 
total station measurements.

Table 2 
Comparison of the Mean Living Highest Level of Survival of Each Slice 
With the Extreme Lowest Water of 2018

Island Site

HLS 
elevation 

(cm)
ELW 
(cm)

Difference 
(cm)

Evidence for 
connection to 
open ocean

Irabu Irabu 6 −24 30 Yes

Miyako Yoshino 150 78 72 No

Miyako Aragusuku 134 78 56 Unclear

Hateruma Hateruma 50 −23 73 No

Iriomote Amitori 16 −12 28 Yes

Iriomote Sotobanare 19 −12 31 Yes

Ishigaki Shiraho 107 53 54 Yes

Note. The 2018 ELW is estimated from the annual tide gauge records of 
Ishigaki and Miyako from JODC. For the Irabu, Hateruma, and Iriomote 
sites, the ELW is estimated from the Ministry of Land, Transport and 
Infrastructure of Japan (MLIT, https://www1.kaiho.mlit.go.jp/KANKYO/
TIDE/tide_pred/7_e.htm).
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mark its topography (Figure S1.5a in Supporting Information S1). It began to develop in 1927 ± 3 at a growth 
rate of 8.9 ± 0.3 mm/yr until it recorded a first HLS in 1935 ± 3. Between 1941 ± 3 and 1951 ± 3, it recorded 
a sea-level increase at the rate of 8.2 ± 0.1 mm/yr (Figure 7a). Between 1951 ± 3 and 1976 ± 2, the microatoll 
grew in a context of relative sea-level increase at slower rate of 1.3 ± 0.2 mm/yr. Between 1976 ± 2 and 1985 ± 2 
the microatoll recorded a sea-level drop by 3–4 cm in two steps. The gap in the coral stratigraphy above those 
drops could indicate erosion and thus reveal the occurrence of only one drop of at least 7 cm. However such gap 
was not observed on both sides of the original 10 cm-thick slice (Figure S1.3a in Supporting Information S1). 
The coral then recorded a sea-level increase that was either sudden or continuous at a rate of 12.0 ± 0.4 mm/
yr, higher than the previous coral growth rate. After it reached again the HLS in 1997 ± 1, the sample reveals 
two different records of the RSL. First, the main colony showed a main period of RSL increase at the rate of 
0.5 ± 1.0 mm/yr between 1997 ± 1 and 2018. This period can be decomposed into a first period of RSL decrease 
then increase between 1997 ± 1 and 2006 ± 1, and a second one between 2007 ± 1 and 2018. Such variations 
were not observed in the coral regrowths 1 and 2 (Figure 7 and Figure S1.5a in Supporting Information S1). The 
analysis of the regrowth areas 1 and 2 revealed a steady and higher relative sea-level, with a slow increase rate of 
0.6 ± 0.6 mm/yr. If this rate is at first order similar to that of the main colony, differences in the RSL elevation 
or in the variations at the scale of several years could be related to preferential growth toward the center of the 
coral. As growth bands in the main colony correspond mostly to HLG or eroded HLS annual bands (Figure S1.5a 
in Supporting Information S1), we will consider records from the regrowths 1 and 2. The AMIT_1_18 microatoll 
recorded die-downs in 1976 ± 2 and 1980 ± 2 with amplitudes of 3 and 4 cm, respectively. The coral recorded a 
mean RSL increase at the rate of 1.1 ± 0.2 mm/yr between 1941 ± 3 and 2018.

Figure 6. Relative sea-level changes from SHIR_1_18 (Shiraho) stratigraphy. (a) Interpreted slab of SHIR_1_18. Black 
lines are growth bands, each of them marks 1 year. Thicker black lines are growth bands every 5 years. Black, red, and blue 
arrows represent the initial growth of the coral, relative submergence, and emergence periods, respectively. Yellow line 
represents the true Highest Level of Survival (HLS) of the main colony, as it has been preserved from erosion by new growths 
of other colonies above for at least the last ∼25 years. Black dots mark the beginning or end of a relative sea-level (RSL) 
relative increase or decrease period. (b) HLS variations of SHIR_1_18. Blue and red lines stand for relative emergence and 
submergence periods respectively, with rate calculated from Zachariasen et al. (2000) using all points from the first HLS. 
Dashed black line marks the location of a minor die-down of 1 cm in 1911. Date uncertainties reflect growth band counting 
uncertainty. Other dates show beginning or end of a RSL decrease or increase period. Blue dots are for the hypothesis 
discussed in the text. Rate in black is the inferred natural growth rate of the coral.
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The SOTO_1_18 coral is a 3  m-long and 70  cm-thick microatoll. It was 
sampled in Iriomote island, a few kilometers northwards of AMIT_1_18 
(Figure S2.1 in Supporting Information  S1). The slice is complex and 
composed of several colonies (Figures S1.3b and S1.4b in Supporting Infor-
mation S1). The main colony at the base is cup-shaped. We dated two growth 
bands with the U/Th method to better constrain coral chronology (Figure 
S1.5b in Supporting Information  S1; Table  1). The older, bottom part of 
the coral could not be analyzed accurately from X-ray or CT-scan imagery, 
and our RSL record began with the first dated growth band at 1894  ±  4 
(Figure 7b). From this date until 1919 ± 4, the coral recorded a sea-level 
increase of several mm/yr and two large consecutive die-downs of 5 cm in 
1916 ± 4 and 1919 ± 4. It then grew in a context of RSL slow increase at a 
rate of 1.3–1.7 mm/yr until 1973 ± 3. Between 1979 ± 3 and 1986 ± 2, it 
recorded a die-down of 5 cm in two steps of 2 and 3 cm followed by a rapid 
sea-level increase. The microatoll reached again the HLS in 1997 ± 2 and 
recorded a slight decrease of the sea-level at a rate of 1.1 ± 0.4 mm/yr until 
2018 (Figure 7b). As it was the case for AMIT_1_18, SOTO_1_18 recorded 
also small centimetric undulations between 1997 ± 2 and 2018 (Figure S1.5b 
in Supporting Information S1). The coral recorded die-downs in 1973 ± 3, 
1979 ± 3 and 1983 ± 3 with amplitudes of 2, 2, and 3 cm, respectively. The 
RSL increased at mean rate of 1.7 ± 0.1 mm/yr, between 1894 ± 4 and 2018.

The microatoll HATE_1_18 is ∼7  m in diameter. It was collected along 
the southern coast of Hateruma island (Figure S2.8 in Supporting Infor-
mation  S1). The 4  m-long, 60  cm-thick HATE_1_18 slab (Figure S1.3d 
in Supporting Information S1) is the longest we collected. It is made of a 
main central colony A and a smaller external one B. The thick slice (Figure 
S1.3d in Supporting Information  S1) and the CT scan image of the thin 
slice (Figure S1.4d in Supporting Information S1) revealed a gap of growth 
between colonies A and B. Counting of growth bands for colony B (Figure 
S1.5d in Supporting Information  S1) indicates that it began to develop in 
1998 ± 1. The first growth band of colony B fits the shape of the younger 
growth band of colony A, which is unexpected. The chronology of RSL 
changes recorded by colony A was established from U/Th ages obtained on 
both extremities of the colony and band counting from interpreted CT-Scan 
images (Figure S1.5d in Supporting Information S1). It died in 1985 ± 2, 
implying that the coral tissue of the sampling area fully recovered about 
10 years after the death of colony A. This is quite unusual. Up to now we 
cannot explain this recovery and this is beyond the scope of this study. The 
microatoll HATE_1_18 recorded the RSL changes between 1798 ± 5 and 
2018 (Figure 7d). The old colony A began to grow in 1788 ± 5 at high rates of 
21.6 ± 1.0 mm/yr. It recorded the first HLS in 1798 ± 5 and grew in a context 
of slight submergence at the rate of 1.5 ± 0.2 mm/yr until 1870 ± 4. During 
this period, it shows 6 die-downs occurring every ∼8  years in 1803  ±  5, 
1813 ± 5, 1825 ± 4, 1839 ± 4, 1849 ± 4, and 1864 ± 4, with an amplitude of 
2, 3, 4, 3, 1, and 2 cm, respectively. Between 1870 ± 4 and 1885 ± 4 the coral 
recorded a sea-level decrease of 11 cm at a rapid mean rate of 7.5 ± 1.1 mm/
yr before a sudden or rapid (slower than the natural growth rate of the coral) 
sea-level increase of the same amplitude. The coral was drowned and caught 
up again the HLS in 1896 ± 3. It then recorded a slight sea-level increase at 
the rate of 0.3 ± 0.2 mm/yr until its death in 1985 ± 2. The younger colony 
recorded a slight sea-level increase at a rate of 0.9  ±  0.2  mm/yr between 
1998 ± 1 and 2018. The slab stratigraphy shows several sudden events; one 
die-down occurred in 1916 ± 3 with an amplitude of 5 cm, which was not 

Table 3 
Relative Emergence and Submergence Rates From the Relative Sea-Level 
Variations Recorded by Our Microatolls Samples

Zach-1 (all 
HLS)

Zach-2 (all 
points) Zach-3

Corrected rate 
since 1950

HATE_1_18

 1788–1798 21.6 ± 1.0

 1798–1870 1.5 ± 0.2 1.5 ± 0.2 0.2

 1870–1885 −7.5 ± 0.6 −7.5 ± 0.6 1.1

 1885–1896 – 11.3 ± 0.3 –

 1896–1985 0.3 ± 0.3 0.3 ± 0.2 0.2 2.7 ± 1.2

 1998–2018 0.9 ± 0.2 0.9 ± 0.2 0.8 2.1 ± 1.2

SOTO_1_18

 1894–1905 3.0 ± 0.4 3.0 ± 0.4 0.4

 1921–1945 1.3 ± 0.3 1.3 ± 0.3 0.3

 1950–1973 1.7 ± 0.2 1.7 ± 0.2 0.2 1.3 ± 1.2

 1986–1997 8.8 ± 1.0 9.1 ± 0.3 0.5 −6.4 ± 1.5

 1997–2018 −1.1 ± 0.4 −1.1 ± 0.4 0.4 4.1 ± 1.4

IRA_1_18

 1828–1842 −7.8 ± 1.0 −7.8 ± 1.0 −9.8

 1851–1937 2.8 ± 0.1 3.2 ± 0.2 0.2

 1946–1958 −3.4 ± 0.5 −3.4 ± 0.5 −3.7 6.4 ± 1.9

 1986–2014 – 6.8 ± 0.2 – −4.0 ± 1.3

YOSH_1_18

 1818–1854 – 8.7 ± 0.2 –

 1855–1882 – 9.6 ± 0.2 –

 1882–2018 0.1 ± 0.1 0.1 ± 0.1 0.1 2.9 ± 1.1

ARAG_1_18

 1802–1842 11.1 ± 0.5

 1842–1878 −1.6 ± 0.3 −1.6 ± 0.3 0.3

 1878–1967 0.7 ± 0.2 0.7 ± 0.2 0.2 2.3 ± 1.2

 1967–2000 3.4 ± 0.1 3.4 ± 0.1 0.1 −0.4 ± 1.1

 2000–2018 0.4 ± 0.5 0.4 ± 0.5 0.5 2.6 ± 1.5

ARAG_2_18

 1810–1840 11.8 ± 0.2

 1862–1876 −0.6 ± 0.3 6.6 ± 0.7 0.7

 1876–1905 4.1 ± 0.4 8.2 ± 0.4 0.9

 1905–2018 2.1 ± 0.1 2.1 ± 0.1 2.1 0.9 ± 1.1

SHIR_1_18

 1897–1911 10.0 ± 0.3

 1917–1941 −0.3 ± 0.3 −0.3 ± 0.3 0.3

 1962–1998 3.8 ± 0.2 3.8 ± 0.2 0.2 −0.8 ± 1.2

 1998–2018 −0.9 ± 0.2 −0.7 ± 0.3 0.3 3.7 ± 1.3

AMIT_1_18

 1927–1935 8.9 ± 0.3

 1941–1951 8.2 ± 0.1 8.2 ± 0.1 7.2

 1951–1975 1.3 ± 0.2 1.3 ± 0.2 0.2 1.7 ± 1.2

 15252027, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010587 by C

ochrane France, W
iley O

nline L
ibrary on [07/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

DEBAECKER ET AL.

10.1029/2022GC010587

14 of 33

persistent through time as the HLS retrieved its pre-die-down elevation a 
few years after. Other main die-downs were documented on colony A in 
1947 ± 3, 1954 ± 2, 1970 ± 2, and 1981 ± 2 with amplitudes of 2, 1, 4, and 
2  cm, respectively. Between 1800  ±  5 and 2018, HATE_1_18 recorded a 
mean relative submergence of 0.5 ± 0.1 mm/yr (Figure 7d).

IRA_1_18 is a 4 m-wide fossil coral that was collected in Irabu island, west 
of Miyako (Figure S2.11 in Supporting Information  S1). The RSL record 
was established by band counting and U/Th age obtained at three growth 
bands (Table 1, Table S1 and Figure S1.5e in Supporting Information S1). 
The coral is composed of two colonies: the main colony, colony A, is the 
largest and the oldest. Colony B is smaller and lower, and it was alive when 
we sampled it. It started to develop from a small external edge of the colony 
A after its death. From band counting and U/Th dating (Figure S1.4e in 
Supporting Information  S1), we estimated that colony A started to grow 
around 1762 ± 5. The orientation of the growth axis and the morphology of 
the colony indicate that it was overturned. The exact date of its overturning 
is unclear. The abrupt increase of ∼4 cm of the RSL at 1823 ± 3 could indi-
cate that the coral grew upward and that the coral overturned before (Figure 
S1.5e in Supporting Information S1). We will consider RSL records from 
1823 ± 3. Between 1828 ± 3 and 1842 ± 3 the microatoll recorded a rapid 
sea-level drop of ∼13 cm at a rate of 7.8 ± 1.0 mm/yr. After 1842 ± 3, the 
colony recorded 9 years of RSL stability and sudden or rapid submergence of 
11 cm in 1851 ± 3 (Figure 7e). The coral was drowned and reached again the 
HLS in 1863 ± 3. The microatoll then recorded a period of relative submer-
gence at a rate of 3.2 ± 0.2 mm/yr until 1937 ± 2 and then was almost entirely 

killed by a main sea-level drop of at least 19 cm, in 1946 ± 2 years at the latest. It then recorded a stable sea-level 
in the following 10 years before its death in 1959 ± 2. Less than 30 years later at 1986 ± 2, colony B grew freely 
at a natural growth rate of 7.8 ± 1.0 mm/yr to reach the HLS in 2014 ± 1 (Table 3). The RSL suddenly dropped 
by 5 cm at 2014 ± 1. Between 2014 ± 1 and 2018, the coral had been growing freely upward. The main RSL 
increase trend recorded by IRA_1_18 between 1828 ± 3 and 2018 is of 0.2 ± 0.5 mm/yr.

The microatolls ARAG_1_18 and ARAG_2_18 (6 and 5 m of diameter; 55 and 40 cm-thick, respectively) were 
both collected in the Aragusuku site along the southeastern coast of Miyako island (Figure S2.14 in Supporting 
Information S1). ARAG_1_18 is a 3.5 m-long slice (Figure S1.3f in Supporting Information S1). The interpreta-
tion and band counting of the CT-scan image of the thin slice (Figure S1.4f in Supporting Information S1) indi-
cate that it began to grow in 1783 ± 8 and was overturned at the beginning of its life, in 1802 ± 7 (Figure S1.5f in 
Supporting Information S1). We do not present here the overturned part, prior to 1802. It then developed toward 
the surface at a natural growth rate of 11.1 ± 0.5 mm/yr until it reached its first HLS in 1842 ± 6 (Figure 7f). It 
recorded a sea-level drop at a rate of −1.6 ± 0.3 mm/yr between 1842 ± 6 and 1878 ± 5, and a sea-level increase 
at rates ranging between 0.4 ± 0.5 and 3.4 ± 0.1 mm/yr between 1878 ± 5 to 2018.

ARAG_2_18 is a 2.7-m long, up to 70 cm-wide slice (Figure S1.3 g in Supporting Information S1). The inter-
pretation and band counting of the CT-scan image (Figure S1.4g in Supporting Information S1) revealed that it 
began to grow in 1810 ± 7 at a natural growth rate of 11.8 ± 0.2 mm/yr (Figure 7g). It reached the first HLS 
between 1845 ± 6 and 1853 ± 6 before recording a large sea-level drop of a minimum of 20 cm (either in one 
step in 1853 ± 6 or in two steps in 1845 ± 6 and 1853 ± 6, this part being unclear because of possible erosion). 
The sea-level was stable in the following years, then it increased by 28 cm in the following years in two steps: 
(a) In the first period between 1862 ± 6 and 1876 ± 5, the sea-level increased at a rate of 6.6 ± 0.7 mm/yr and in 
1876 ± 5, the microatoll underwent a die-down of 5 cm. (b) The following years the coral was drowned, either 
by a sudden or a very rapid (>8.2 ± 0.4 mm/yr) sea-level rise, and grew freely toward the surface to catch up the 
HLS again in 1905 ± 4.

Although they are very close (130 m apart), ARAG_1_18 and ARAG_2_18 recorded a slightly different history. 
ARAG_1_18 recorded several die-downs in 1878 ± 5, 1949 ± 3, and 1967 ± 2 with amplitude of 5, 4, and 
2 cm, respectively and a mean relative submergence rate of 0.6 ± 0.1 mm/yr between 1842 ± 6 and 2018, and of 

Table 3 
Continued

Zach-1 (all 
HLS)

Zach-2 (all 
points) Zach-3

Corrected rate 
since 1950

 1985–1996 6.6 ± 0.1 12.0 ± 0.4 0.4 −9.3 ± 1.4

 1997–2018 0.3 ± 0.1 0.5 ± 1.0 1.0 2.5 ± 2.0

 1997–2018 a 0.4 ± 0.3 0.6 ± 0.6 0.8 2.4 ± 1.6

 1997–2000 −13.8 ± 0.1 −19.3 ± 0.1 −13.8 22.3 ± 1.1

 2000–2006 – 8.7 ± 0.1 – −5.7 ± 1.1

 2007–2015 −0.5 ± 0.3 −2.5 ± 0.3 −1.4 5.5 ± 1.3

 2015–2018 – 12.7 ± 0.1 – −9.7 ± 1.1

Note. In column 3, positive and negative values indicate relative submergence 
and emergence, respectively. We compare Zach_1, Zach-2, and Zach_3 
methods (see text). As we do not have enough HLG points in each of those 
studied periods, we could not use method from Meltzner et al.  (2010). All 
methods give similar results; therefore, we will use the Zach-2 method in our 
study. The last column shows RSL trend corrected from the absolute sea-level 
rise of 3 ± 1 mm/yr estimated by Meyssignac and Cazenave  (2012) since 
1950, on RSL trends for the 1950–2018 time period (see text). Negative and 
positive trends indicate subsidence and uplift motions, respectively. The bold 
values indicate natural growth rate of the coral. aAMIT_1_18 slice regrowth: 
RSL records between 1997 and 2018 were recorded both by main colony and 
regrowth parts. In further analysis, we also consider results from regrowth 
records.
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Figure 7.
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1.9 ± 0.1 mm/yr between 1967 ± 2 and 2018 (Figure 7f). ARAG_2_18 recorded three die-downs, in 1845 ± 6, 
1853 ± 6, and 1876 ± 5 with amplitudes of 6, 14, and 5 cm, respectively and a mean relative submergence rate 
of 2.3 ± 0.5 mm/yr (Figure 7g). Common die-down events may be observed in the mid-19th century (1842 ± 6 
being the first HLS for ARAG_1_18) and around 1875–1878.

In the neighborhood of ARAG_1_18 and ARAG_2_18, we measured many other microatolls, some of which 
were fossils (Figure S2.15 in Supporting Information S1). They are located at three levels (plateaus) P1, P2, P3 
at −1.36 ± 0.03, −1.48 ± 0.03, −1.60 ± 0.02 m compared to the total station base. Those levels are lower by 19, 
33, and 45 cm than the modern HLS (−1.15 ± 0.02 m) and define three older HLS. The lower one P3 is close to 
the HLS of ARAG_2_18 prior to the 1876 ± 5 die-down. Another plateau P2 could also correspond to the HLS 
level measured before 1845 ± 6 die-down. However, further analysis of those fossils (including U/Th dating) is 
necessary to estimate the age of the fossil plateaus.

Those main sea-level drops of the site were not imprinted in the skeleton of ARAG_1_18. The differences in HLS 
elevation of the two microatolls reached up to 47 cm in 1855 ± 5 then decrease with time to become negligible 
starting from 1967 ± 2 (Figure S2.15 in Supporting Information S1). This may be because our chronology is not 
well established (the coral may have begun to record the RSL changes after 1967 ± 2). Another hypothesis may 
be that before the RSL drops recorded in ARAG_2_18 in 1853 ± 6, ARAG_1_18 grew in a moated pool and was 
not able to properly record the sea-level variations. The drone imagery of the site ( Figure S2.15 in Supporting 
Information S1) shows that ARAG_2_18 is located higher on the reef crest whereas ARAG_1_18 is surrounded 
by many other big microatolls that may have acted as barriers separating ARAG_1_18 from the open ocean 
during certain periods (see more details in S2 in Supporting Information S1).

The third microatoll we sampled in Miyako, 1.5 km southeastward of the Aragusuku site, is YOSH_1_18. The 
sampled slab is 2.8 m-long and 80 cm-thick (Figure S1.3h in Supporting Information S1). Interpretation and band 
counting of the X-Ray (Figures S1.4h and S1.5h in Supporting Information S1) revealed that the coral began to 
grow in 1818 ± 7 at an averaged growth rate of 8.7 ± 0.2 mm/yr (Figure 7h). It reached a first HLS and recorded a 
die-down of 5 cm in 1855 ± 5 and then grew upwards in a context of sudden or rapid submergence to reach again 
a HLS in 1882 ± 5. It then recorded a roughly stable sea-level (0.1 ± 0.1 mm/yr) until 2018 and small die-downs 
in 1904 ± 4, 1911 ± 4, and 1967 ± 2, with amplitudes of 3, 4, and 2 cm, respectively. Between 1855 ± 5 and 2018, 
the coral recorded a stable RSL rate of 0.9 ± 0.1 mm/yr.

The growth rate of the microatolls we sampled ranges between 6.8 ± 0.2 and 21.6 ± 1.0 mm/yr, with an average 
of ∼11 ± 4 mm/yr, in agreement with previous estimations for this species in the Ryukyus (5 and 25 mm/yr, 
Weil-Accardo et al., 2020) and elsewhere (Meltzner & Woodroffe, 2015). It is however slightly higher than other 
estimates obtained on fossil corals in the Ryukyus (7–10 mm/yr, Suzuki et al., 2008). Microatolls with higher natu-
ral growth rates (21.6 ± 3 mm/yr for HATE_1_18) recorded more die-downs than others, in agreement with other 
studies (Weil-Accardo, Feuillet, Jacques, Deschamps, Beauducel, et al., 2016; Zachariasen et al., 1999, 2000).

5. Discussion
We sampled eight slabs of Porites microatolls that recorded the RSL changes between 1800 and 2018, that is a 
time-period that spans more than two centuries. All HLS curves are presented together in Figure 8. The microa-
tolls grew in the context of submergence at mean rates ranging between 0.2 ± 0.5 and 2.3 ± 0.5 mm/yr (Figure 8; 
Table 4). According to criteria developed by Taylor et al. (1987), they all recorded small and temporary climatic 
die-downs of a few centimeters.

5.1. Comparison Between RSL Records

5.1.1. Decadal Events

In addition to the long-term sea-level variations and temporary small die-downs, all microatolls recorded strong 
decadal variations of the RSL (either submergence or emergence) with amplitudes of up to ∼30 cm and durations 

Figure 7. Combination of all Highest Level of Survival (HLS) curves of our study. Legend as in Figure 6. HLS curves of (a) AMIT_1_18. Pink and blue points 
indicate HLS bands interpreted from upper regrowth colonies. (b) SOTO_1_18. Uncertainties prior to 1919 are related to growth band counting and U/Th dating. (c) 
SHIR_1_18. (d) HATE_1_18. Uncertainties prior to 1985 are related to growth band counting and U/Th datation. (e) IRA_1_18. Uncertainties prior to 1959 are related 
to growth band counting and U/Th dating. (f) ARAG_1_18. HLS points between 1842 and 1849 may correspond to an eroded part of the coral. (g) ARAG_2_18. Blue 
points indicate HLS elevation without a possible erosion of the colony. (h) YOSH_1_18.
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ranging between 1 and 42 years. The amplitude for all events is summarized in column 4 of Table 5. These events 
are numbered between 1 and 11 in Figure 8. Strikingly, they often occur in pairs, following the same pattern: a 
significant decrease of the sea-level, either in one or two steps, and a consecutive sea-level rise of about the same 
amplitude during which the microatoll is drowned and grows freely upward to reach the HLS few years or decades 
later. Those decadal variations do not affect the pattern of longer time scale sea-level records.

In Figure 8, three main pairs of larger events (1/2, 3/4, and 8/9) can be distinguished. The first events 1 and 2 
occurred around 1845 and were recorded in Miyako archipelago (in Irabu, Aragusuku, and Yoshino sites). In 
Aragusuku, ARAG_2_18 recorded a sea-level drop of 21 cm.

Figure 8. Combination of all Highest Level of Survival curves of our study. We propose here to correlate events identified 
in the slices. Main events are contoured by bold dashed lines. Maximum duration and amplitude of the events are shown 
with an opaque rectangle, and the amplitude of main events is shown with double arrows. Light gray rectangles indicate 
periods of relative sea level (RSL) variations with a specific pattern (e.g., overturning in IRA_1_18, and possible moating in 
ARAG_1_18 and YOSH_1_18), most of which were not considered in the RSL mean trend estimates. Mean RSL trends are 
indicated for each microatoll in bold, and another trend has been calculated for ARAG_1_18 since 1967, when the moating 
effect seems to have been reduced.
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Table 4 
Relative Submergence Rates in mm/yr With 2σ Uncertainties Estimated From Different Methods Of Zachariasen (1998), 
Zachariasen et al. (2000), and Meltzner et al. (2010)

Sample Zach-1 (all HLS) Zach-2 (all points) Zach-3 Meltzner
Mean relative 
submergence

Mean 
interseismic rate

SHIR_1_18 1.1 ± 0.2 1.1 ± 0.1 1 – 1.1 ± 0.1 1.9 ± 1.1

AMIT_1_18 0.1 ± 0.2 1.2 ± 0.1 0.2 2.1 ± 0.3 1.1 ± 0.2 1.9 ± 1.2

SOTO_1_18 1.5 ± 0.1 1.5 ± 0.1 1.5 2.2 ± 0.2 1.7 ± 0.1 1.3 ± 1.1

HATE_1_18 0.6 ± 0.1 0.6 ± 0.1 0.3 0.7 ± 0.1 0.5 ± 0.1 2.5 ± 1.1

IRA_1_18 0.8 ± 0.3 −0.1 ± 0.1 −0.2 – 0.2 ± 0.5 2.8 ± 1.5

YOSH_1_18 0.2 ± 0.1 0.8 ± 0.1 1.7 – 0.9 ± 0.1 2.1 ± 1.1

ARAG_1_18 a 1.8 ± 0.1 1.8 ± 0.1 2.1 – 1.9 ± 0.1 1.1 ± 1.1

ARAG_2_18 2.9 ± 0.1 3.1 ± 0.1 1.8 1.1 ± 0.8 2.3 ± 0.5 0.7 ± 1.5

Note. Rates are calculated on the overall RSL signals recorded by each coral. We averaged value from all methods (column 
6) for further discussion. Column 7 indicates interseismic rate obtained after correction of the relative submergence from 
the absolute sea-level rise of 3 ± 1 mm/yr (Meyssignac & Cazenave, 2012). Positive value corresponds to an uplift motion.
 aIn ARAG_1_18 slice we mostly considered RSL signal after 1967, when the microatoll is the most likely connected to the 
open ocean.

Table 5 
Relative Sea-Level Events Possibly Corresponding to Transient Tectonic Events (Slow Slips at Plate Interface)

Sites Distance to the trench (km) Period (years) Amplitude (cm) RSL (cm/yr) Land motion (cm/yr) Event

ARAG_1_18 147 – Min 1 – – Event 1 (mid-19th 
century)ARAG_2_18 147 13 21 −1.6 ±0.1 1.9 ±0.2

YOSH_1_18 147 – – – – –

IRA_1_18 166 14 13 −0.8 ±0.1 1.1 ±0.2

IRA_1_18 166 15 11 0.7 ±0.1 −0.4 ±0.2 Event 2 (mid-19th 
century)ARAG_2_18 147 42 29 0.7 ±0.1 −0.4 ±0.2

YOSH_1_18 147 27 25 0.9 ±0.1 −0.6 ±0.2

HATE_1_18 97 15 11 −0.7 ±0.1 1.0 ±0.2 Event 3 (1870–1985)

HATE_1_18 97 10 11 1.1 ±0.1 −0.8 ±0.2 Event 4 (1885–1900)

SOTO_1_18 134 5 5 1.0 ±0.1 −0.7 ±0.2 Event 5

SHIR_1_18 131 4 2 0.5 ±0.1 −0.2 ±0.2

IRA_1_18 166 1 19 −19.0 ±0.0 19.3 ±0.1 Event 6 (mid-20th 
century)AMIT_1_18 129 9 7 0.8 ±0.1 −0.5 ±0.2

SOTO_1_18 134 8 6 0.7 ±0.1 −0.4 ±0.2

SOTO_1_18 134 6 4 0.6 ±0.1 −0.3 ±0.2 Event 7

AMIT_1_18 129 9 9 −1.0 ±0.1 1.3 ±0.2 Event 8 (1975–1985)

SOTO_1_18 134 7 5 −0.7 ±0.1 1.0 ±0.2

AMIT_1_18 129 11 13 1.2 ±0.1 −0.9 ±0.2 Event 9 (1985–1995)

SOTO_1_18 134 12 11 0.9 ±0.1 −0.6 ±0.2

SHIR_1_18 131 7 2 0.3 ±0.1 0.0 ±0.2

AMIT_1_18 129 7 6 0.9 ±0.1 −0.6 ±0.2 Event 10

AMIT_1_18 129 4 4 1.3 ±0.1 −1.0 ±0.2 Event 11

Note. The amplitude of the RSL values is presented in column 4 and their duration in column 3 (see also Figure 9). We deduced the annual RSL trend in cm (column 
5, negative values: relative emergence signal, positive value: submergence). The possible land motions by considering a tectonic origin for all events (positive values: 
uplift, negative value: subsidence) are presented in column 6. The values are corrected from the global sea-level rise value (3 ± 1 mm/yr (i.e., 0.3 ± 0.1 cm/yr, see text). 
Indicative age for main events is given in the last column.
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Event 2 corresponds to a relative submergence recorded by the microatolls sampled in Aragusuku, Yoshino, and 
Irabu. Its amplitude varies from 15 cm in Irabu to 30 cm in Aragusuku. In Aragusuku, event 2 occurred in two 
steps of relative sea-level increase interrupted by a small die-down in 1876 ± 5.

Events 3/4 were only observed in Hateruma, between 1870 and 1900. It is a 15 years-long RSL drop of 12 cm, 
immediately followed by an increase of the same duration and amplitude.

Event 6 was recorded in Amitori, Sotobanare, Irabu, and Aragusuku islands. However, it corresponds to a RSL 
increase of up to 7 cm during less then 10 years, except in Irabu where we observe an abrupt RSL decrease of 
19 cm (Table 5). Event 6 may correspond to two synchron events, one corresponding to a RSL increase along the 
southern Ryukyus, and another one that induced a strong drop of the RSL in Irabu.

Event 8 occurred around 1975–1995 and was recorded in Iriomote at both sites of Amitori and Sotobanare with a 
maximum amplitude of 12 cm. Shortly after, during event 9 between 1987 and 1996, AMIT_1_18, SOTO_1_18 
but also SHIR_1_18 from Ishigaki island recorded a relative sea-level increase (Figure 8). Both corals from Irio-
mote island reached again the HLS along the mean long-term trend 25 years later in 1996–1997.

Other events are smaller and less clear.

In Aragusuku, we also found dead corals close to the beach (Figure S2.15 in Supporting Information S1). Interest-
ingly, the HLS shown by their topmost part marks coincides with the HLS in the mid-19th century of ARAG_2_18 
microatoll. Although we did not estimate the date at which they died, the similar HLS level between fossil corals 
and growth area in the mid-19th century of ARAG_2_18 microatoll suggest that a catastrophic event may have 
completely killed many other microatolls in the area. We note that the ARAG_2_18 microatoll recovered the HLS 
along with the long-term trend, only 60 years later in 1905 ± 4. Such an event was not observed in ARAG_1_18 
microatoll, as it has not recorded the RSL drops of 1845 ± 6 and 1853 ± 6.

5.1.2. Differences in Die-Downs

In addition to having recorded the same large and long-lasting sea-level variations described above, the micro-
atolls recorded other smaller and shorter-lived events that are more classic climatic die-downs (Meltzner & 
Woodroffe,  2015; Taylor et  al.,  1987; Weil-Accardo et  al.,  2020; Zachariasen,  1998 and references therein; 
Figure 9).

HATE_1_18 recorded die–downs with a mean recurrence time of 8 years between 1798 ± 5 and 1835 ± 4. In 
IRA_1_18, the record older than 1828 was not considered because the growth bands are unclear and the older 
part of the coral is possibly an overturned colony (Figure S1.5e in Supporting Information S1). Similarly, RSL 
signals of YOSH_1_18 and of ARAG_1_18 prior to 1967 are surprisingly stable, although their respective RSL 
signals is affected by several die-downs (see Supporting Information S1). In Figure 9, we documented the main 
die-downs observed in the slices we sampled. Most die-downs (gray dashed lines in Figure  9) are observed 
before a gradual increase of the RSL. We also note that those die-downs are also documented in several slices 
collected in either the Ishigaki or Miyako area, which indicates a regional rather than local process. We note that 
die-downs associated with the main RSL events identified in Figure 8 (black dashed line in Figure 9) are followed 
by RSL stability or decrease. Those die-downs define the mid-19th century event, which gathers events 1 and 2 of 
Figure 8, the mid-20th century event that mostly corresponds to event 6 in Figure 8, and to the 1975/1995 event 
which coincides with event 8 in Figure 8.

To discuss the origin of the RSL signal in coral microatolls, several criteria were developed by Taylor 
et al. (1987) and Zachariasen (1998), such as the amplitude and spatial distribution of the RSL event, as well as 
its co-occurrence with historical earthquake and presence of regrowth afterward. In Figure 10, we summarized 
the main die-downs we identified in each slice. Die-downs indicated by a gray line are die-downs observed in 
several sites and/or of amplitude of less than 5 cm, and/or that are followed by a rapid increase of the HLS in 
the coral stratigraphy. In addition to that information, at the exception of one earthquake of magnitude of 6.7 
in 1938, no significant earthquake has been reported in historical time (Figure 1), indicating that the observed 
die-downs are of climatic origin. At this point of the study, we can not decipher the origin of the larger events 
associated with the mid-19th century, the 1870/1900, the mid-20th century and the 1975/1995 events (Figures 9 
and 10).

Bleaching events, which are common in the southern Ryukyus (Harii et al., 2014), were documented in 1998 
and 2003 (Okamoto et al., 2007). Harii et al. (2014) also reported anomalous years in 1983, 1988, 1993, 1998, 
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2001, and 2007. Those bleaching events may also induce changes in Porites microatolls growth rates (Rosenfeld 
et al., 2006; Suzuki et al., 2003). They are often due to an episode of increase of sea-surface temperature (SST) 
(Harii et  al., 2014) Any of these episodes may correspond to the die-downs we observed (Figure 10), but at 
least two of them are associated with changes in the coral growth: the SST anomaly documented in 1983 (Harii 
et al., 2014) is synchronous with the death of colony A in HATE_1_18 slice in 1985 ± 2. By contrast, the colony 
B of the same coral started to develop during the 1998 SST anomaly.

In Figure 11, we plotted the amplitude of the die-downs we observed in Yaeyama and Miyako areas. We observed 
that most of the die-downs have an amplitude below or equal to 5 cm, within their uncertainties range. Only three 

Figure 9. Relative sea level (RSL) variations of slices collected in the southern Ryukyu islands. Gray dashed lines indicate 
inferred climatic die-downs. Black dashed line show die-downs with uncertain origin, and associated with main RSL events 
identified in Figure 8. Light gray rectangles indicate periods of RSL variations with specific pattern (e.g., overturning in 
IRA_1_18, and possible moating in ARAG_1_18 and YOSH_1_18).
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of them have significantly higher amplitude, larger than 10 cm. They occurred during the decadal RSL decreases 
of mid-19th century and mid-20th century, which were identified as events 1/2 and event 6 in IRA_1_18, respec-
tively (Figure 8).

5.2. Climatic Source of the RSL Signal: Insight From Tide Gauge Data

To better understand the RSL changes and their sources, we analyzed the tidal records available around the 
southern Ryukyus (Figure 12). We selected five tide gauge stations from Permanent Service for Mean Sea-Level 
(PSMSL) data between Taiwan in the south and Naze on the Amami island in the north (locations in Figure 1; 
https://www.psmsl.org/data/obtaining/). The length of the record ranges between 38 years for Taiwan to 56 years 
for Naze.

All tidegraphs show mean relative submergence along the Ryukyu arc and in Taiwan. We calculated the long-
term trend in RSL rate for each tide record by linear regression. The obtained value varies from 0.4 ± 0.1 to 
3.0 ± 0.7 mm/yr in Taiwan and in Ishigaki, respectively. A first drop of 10 cm occurred in 1968 and was recorded 
by the Naze, Naha and Taiwan tide gauges. In 1979, a large drop of 7 cm in amplitude is observed by the Taiwan 
tidegraph and is also observable with a smaller amplitude at other sites. In 1984 the Ishigaki tide gauge docu-
mented a large drop of 7 cm in amplitude, which was also observed in Naha and Okinawa, and a few years later 
in Naze and Taiwan. We noted another main drop in 1993 in all tide gauge records, with an amplitude ranging 

Figure 10. Summary of all die-downs recorded by the slices in the southern Ryukyus. Circles are for die-downs with 
supposed climatic origin, and triangles are for die-downs with uncertain origin. Die-downs resulting from comparison 
between all slices are indicated with dashed gray and black lines for climatic and undefined origin, respectively.

Figure 11. Amplitude of die-downs recorded by our slices. Uncertainties are of 1 cm on amplitude. Larger uncertainties are 
related to interpretation on minimum amplitude of die-downs in Yoshino and Aragusuku slices. Dashed orange and red lines 
are the selection threshold of 5 and 10 cm of amplitude, respectively.
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Figure 12. Tide gauges from Permanent Service for Mean Sea-Level tide gauge stations around the southern Ryukyus 
(location in Figure 1). Red lines are global trends estimated by linear regression. Black rates indicate tectonic uplift recorded 
by GPS between 1997 and 2017 (see Table 6). Orange circles and dashed lines are sea-level drops documented by our coral 
microatolls. Bold lines correspond to die-downs observed in the Highest Level of Survival curve of our microatolls. Gray area 
indicates the period of specific relative sea level pattern observed during events 8/9.

Table 6 
Estimation of the Absolute Sea-Level Trend in the Ryukyu Archipelago Between 1997 and 2017

Location GNSS station Period Tidegraph GPS data Absolute sea-level trend

Naze 950494 1 April 1996–31 January 2018 0.4 2.4 2.8

Naha 021096 1 May 2003–31 January 2018 1.2 −0.2 1.0

Okinawa 960745 1 April 1997–31 January 2018 1.2 1.2 2.4

Ishigaki 960750 1 April 1997–31 January 2018 0.8 2.9 3.7

Note. All rates are in mm/yr. Locations are indicated in Figure 1. Tide data are from PSMSL. GPS data are GNSS data obtained from Geospatial Information Authority 
of Japan (GSI). For the calculation of annual uplift (vertical velocity) by GNSS, we used the GNSS sites data of GEONET in the Ryukyu Islands which is operated by 
the GSI. We employed the vertical component of daily solutions of F3 (final) at the sites for the analysis. After removing the artificial height change due to the renewal 
of the equipment, the linear approximation was performed by the least squares method to obtain the secular change. In columns 4, 5, and 6, positive values indicate 
rising RSL, uplift and rising absolute sea-level, respectively. We do not use uncertainty as it is a first-order estimation.

 15252027, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010587 by C

ochrane France, W
iley O

nline L
ibrary on [07/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

DEBAECKER ET AL.

10.1029/2022GC010587

23 of 33

between 2 and 7 cm. In 2002, a small drop of a few centimeters is observed mostly in the central Ryukyu stations. 
In 2013, the Ishigaki tide gauge recorded a large drop of 10 cm, which was also recorded by the Okinawa, Naha, 
and Naze tide stations.

As they are widely observed along the arc, those variations may be due to atmospheric and oceanic conditions 
that are dependent on the El Nino Southern Oscillation, which is a climatic mode occurring in the Pacific Ocean 
area and which can lead to inter-annual variations in the RSL records (Meyssignac et al., 2012; Weil-Accardo 
et al., 2020). Those variations are observed in the RSL record of our microatolls.

Several die-down events identified from our HLS curves (Figure 10) are correlated with drops of the sea-level 
observed in tide gauge records (Figure 12), over the whole archipelago. In 1968 ± 2, die-downs observed in 
HATE_1_18, ARAG_1_18, and YOSH_1_18 from Hateruma and Miyako islands could correspond to the 1968 
drop, although their amplitude is smaller (less than 5 cm, Figures 10 and 11). The 1978 and 1984 drops in the tide 
gauge records could correspond to die-downs recorded in 1978 ± 3 and 1981 ± 2 in HATE_1_18, SOTO_1_18, 
and AMIT_1_18, as well as the 1975/1995 event observed in AMIT_1_18 and SOTO_1_18. However, we note 
that they were not observed in Miyako and Irabu islands. The 1993 and 2002 drops do not correspond to any 
die-downs in our slices record. Finally, only IRA_1_18 recorded a drop in 2014 ± 1 that could correspond to 
the 2013 drop in the tide gauge. As die-downs from the 1975/1995 were only observed in Iriomote and Hater-
uma islands, we propose that their origin is local and that drops of the sea-level only can not fully explain their 
occurrence.

5.2.1. Origin of Main Decadal Events

For periods older than 1960, we have no information from the tide-gauge record we used. It is thus difficult to 
discuss the origin of the decadal mid-19th, 1870–1900 and mid-20th century events.

None of these events was recorded by all microatolls so we can discard a regional or global climatic origin for 
those events.

Strong tropical storms and typhoons can promote sea-level rise or drop when they strike; for instance, a die-down 
of about 10 cm recorded in microatolls from Haiti was attributed to the passage of a large hurricane in 1963 
(Weil-Accardo, Feuillet, Jacques, Deschamps, Beauducel, et  al.,  2016). Typhoon rainfalls can damage corals 
(Fabricius et al., 2008; Knowlton et al., 1981). They promote discharges of silt-sized and nutrient-rich sediments 
from rivers (Blanco et al., 2008; Harii et al., 2014; Ikeda et al., 2009), which can bury corals. The lowest part 
YOSH_1_18 was partly killed in 1947 over a thickness of 30 cm (Figure S1.5h in Supporting Information S1). 
This event is unlikely to be due to the compaction of the substrate as the coral quickly expanded downward in 
the following years, and the HLS elevation was almost unchanged before and after this event. The lowest part of 
YOSH_1_18 slice could have been covered by sediments during, for example, a storm.

Two strong tropical cyclones that hit the Japanese coasts were documented, one in 1853 mainly affecting the 
central Ryukyus, and one in 1863 extending from Miyako to the northern Ryukyus (Kubota et al., 2021). The 
1863 typhoon could have impacted the microatolls but the sea-level drop would have been sudden (Weil-Accardo, 
Feuillet, Jacques, Deschamps, Saurel, et al., 2016; Figure 8) and it is not what we observed in any of the events 1 
to 11 except event 6 in Irabu (19 cm in one year in 1946 ± 2). To our knowledge, no strong hurricane was reported 
in Irabu in this period. It is thus difficult to find other explanations on RSL changes than land motion.

For one of the most recent events—events 8 and 9, the tide gauge records are available. The pattern of those 
events 8 and 9 is recognized in the tide gauge records of Taiwan and Ishigaki, with a decrease of the RSL in two 
steps in 1979 and 1984, and a progressive RSL increase until 1997. The relative submergence during event 9 is 
a progressive rather than a sudden event. The RSL pattern of events 8 and 9 in the 1975–1995 period is mostly 
observed in the Ishigaki tidegraph whereas other tidegraphs only show a sea-level drop in 1984. In Naze, Naha 
and Okinawa, tidegraphs indicate a steady rather than an increasing RSL between 1984 and 1997. In the Taiwan 
tide record, RSL starts increasing at 1979 instead of 1984. Events 8 and 9 therefore likely result from a local 
rather than regional process, providing further support for a tectonic hypothesis.

Such decadal scale long-term RSL changes have been observed elsewhere and interpreted as long-lived SSEs 
(Mallick et al., 2021; Weil-Accardo et al., 2020). The duration of events is comparable to those described with 
microatolls studies in the Okinawa region (Weil-Accardo et al., 2020) and much longer than the longest SSEs 
detected by geodesy (few years, Obara & Kato, 2016). The longest event is 10 years longer than the long-lived 
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slow-slip event documented by Mallick et al. (2021). To our knowledge, it 
is the longest event ever documented. Their recurrence times vary between 
10 and 40 years which is much larger than recurrence times of short-lived 
SSEs detected in other regions of Japan (Obara & Kato,  2016; Takagi 
et  al.,  2019) and in the Ryukyus (Heki & Kataoka, 2008) but comparable 
to other SSEs of the same magnitude documented by corals in the Okinawa 
region (Weil-Accardo et al., 2020).

5.2.2. Estimation of the Recent Absolute Sea-Level Changes

We attempted to estimate the climatic long-term component of the RSL 
signal documented by the microatolls. To that end, we correlated the RSL 

trend recorded by the tide gauge stations with the vertical crustal motion observed through GPS data. We use 
GPS vertical motions recorded by GPS stations (Figure 1 inset), collected over the period 1997–2017. We used 
tidegraphs from PSMSL (Figure 12), and we estimated the change of RSL rate at different tide stations of the 
archipelago over the 1997–2017 period. Data are summarized in Table 6. Over the 1997–2017 period, GPS data 
in Ishigaki indicate that the southern part of the island, including the tide gauge station, underwent an uplift of 
2.9 mm/yr. Within this period, a relative sea-level rise was taking place at a rate of 0.8 mm/yr, which indicates 
a rough absolute sea-level increase of 3.7 mm/yr. We used the same approach for other stations where we have 
both tide and GPS data, and we obtained a first-order estimate of the absolute sea-level increase between 1.0 and 
3.7 mm/yr in the archipelago, 2.5 ± 1.1 mm/yr on average.

We compared these measurements to satellite altimetry data from National Oceanic and Atmospheric Admin-
istration (Table 7). If our result is slightly lower than the mean trend of Pacific Ocean, which is a worldwide 
scale, or the trend for the northern Pacific Ocean, it corresponds to the mean trend for the Yellow Sea, which 
ends at the Okinawa Trough (+2.5 ± 0.4 mm/yr). Furthermore, our result of 2.5 ± 1.1 mm/yr may be approxi-
mated by the absolute sea-level rise of 3 ± 1 mm/yr estimated by Meyssignac et al. (2012) and Meyssignac and 
Cazenave (2012) from sea-level reconstructions over 60 years in the Ryukyus.

In the southern Ryukyus, the significant variability of the RSL signal between our different samples differs from 
the homogeneous regional absolute sea-level rise of 2.5 ± 1.1 mm/yr. This variability is also observed in the tide 
gauge signals (Figure 12), which results from both tectonic and climate processes. These suggest an important 
tectonic component in the RSL is recorded in our microatolls.

By correcting the RSL signal from absolute sea-level estimated from GPS and tidegraph data, we retrieved 
the tectonic component of the RSL recorded in each microatoll. We estimate a regional sea-level increase 
rate of 2.5 ± 1.1 mm/yr for the 1997–2017 period, which is close to the value estimated by Meyssignac and 
Cazenave (2012) since 1950, for example, 3 ± 1 mm/yr. As this last value is defined over a larger time period, 
we use it to correct the mean RSL rates of the living period of the microatolls. The relative vertical motion 
recorded by the microatolls during their lives corresponds to uplift ranging between 0.7 ± 1.5 and 2.8 ± 1.5 mm/
yr (Table 4, last column).

5.3. Source of the Tectonic RSL Changes

As a significant tectonic component was identified in our microatolls, we discuss in the following the origin of 
this vertical deformation.

5.3.1. Local Tectonic

In the southern Ryukyus, no subaerial volcano has been documented and the volcanic front is ambiguous. It is 
inferred to be located less than 40 km north of Miyako island (Minami & Ohara, 2018). At this distance, volcanic 
activity is too far (more than 300 km) from the southern islands to induce deformation recorded by our microa-
tolls, and the same holds for active volcanoes identified within the Okinawa Trough in front of the central island 
arc. Moreover, a submarine eruption was reported in 1924 off Iriomote island, but with no clear evidence for its 
precise origin (Kato, 1982). No event of that age was found in the closest sliced corals, which are SOTO_1_18, 
AMIT_1_18, and SHIR_1_18, and no sign of volcanic activity has been reported ever since.

The sites we studied are located south of the active Okinawa rift, where several normal faults accommodate a total 
spreading rate of 50 mm/yr (Y.-J. Hsu et al., 2012; Sibuet et al., 1987). This would imply slip rate of few mm/yr 

Table 7 
Satellite Altimetry Trends From 1992 to 2020 From National Oceanic and 
Atmospheric Administration Data

Maritime area
Mean trend of satellite 

altimetry since 1992 (mm/yr)

Pacific Ocean +2.7 ± 0.4

Northern Pacific Ocean +2.9 ± 0.4

Yellow Sea +2.5 ± 0.4
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along individual normal faults. The site of Sotobanare is the closest from the rift and is located 15 km far from 
the main southern bounding fault (Figure 3).

Onshore, the islands of Irabu and Miyako are affected by another family of NNW-SSE trending local faults, 
i.e. faults perpendicular to the arc. They result from an extensional stress field parallel to the trench (Fournier 
et al., 2001; Kubo & Fukuyama, 2003; Otsubo & Hayashi, 2003). The main faults of this family crosscut the arc 
offshore (Miyako Saddle, Kerama gap (Figures 1 and 3) (Matsumoto et al., 2009; Nakamura, 2006; Figure 3), 
and are located up to 30 km away from our site of study. Slip rates on similar faults were inferred to be 0.1 mm/
yr by K. Arai et al. (2018) in Okinawa area.

As observed and modeled elsewhere, surface deformations due to motion on the crustal faults of the Okinawa rift 
or on the second arc-perpendicular family, would be limited within a radius equal to the fault depth (at most tens 
of kilometers as the seismogenic upper crust is about 15 km, King et al., 1988). Those faults are thus likely too 
far or too slow to account for the variations of the RSL we document. We checked however with simple elastic 
models presented below that slip on the main southern normal fault bounding the Okinawa trough promotes 
negligible vertical deformations at our sampling sites.

We thus consider that most of the RSL signal recorded by the coral microatolls in this study is related to processes 
at the subduction plate interface.

5.3.2. Megathrust Seismic Cycle

The main steady uplift recorded by the microatolls (Table 4) throughout their life may correspond to inter-
seismic loading along the plate interface. In the Miyako area, which is located 45 km from the trench, living 
microatolls have recorded uplift with rates ranging between 0.7 ± 1.5 and 2.1 ± 1.1 mm/yr in the Aragusuku 
and Yoshino sites, respectively, and uplift of 2.8 ± 1.5 mm/yr in Irabu island. In the Yaeyama islands (i.e., 
between Yonaguni and Ishigaki islands, see Figure  1), living microatolls have recorded uplift with rates 
ranging between 1.3  ±  1.1 and 1.9  ±  1.2  mm/yr in Ishigaki and Iriomote islands, at distances ranging 
between 134 and 129 km from the trench, respectively. In Hateruma, which is the closest island from the 
trench (97 km), we document a steady uplift of 2.5 ± 1.1 mm/yr. At smaller time scale, we observe change 
in interseismic rates through time. Such changes have been documented elsewhere (Meltzner et al., 2015; 
Weil-Accardo et al., 2020) and could indicate a change of the interplate seismic coupling or of the location 
of the coupled area.

Decadal scale events 1–11 have also been observed in the RSL records.

In terms of amplitude, the main events, which occurred in the mid-19th century, that is, between 1870 and 1900, 
and between 1975 and 1995, may be transient events related to aseismic slips on the megathrust. For events 8/9 in 
1975/1995, this hypothesis is also supported by the observation of a subsidence of up to 4 cm observed in western 
Iriomote island following earthquake swarms between 1991 and 1992 (Report of the coordinating Committee for 
Earthquake Prediction, Japan, 1993).

To better constrain the seismic coupling and the origin of the possible transient deformations observed in the 
coral records, we used simple 2D elastic dislocation models (Kanda & Simons,  2010,  2012; Okada,  1992; 
Savage, 1983). The strategy is fully described in Weil-Accardo et al. (2020).

We also modeled short-term vertical deformations that we deduced from GNSS records (Table  8). We used 
records of short-term vertical motions that are provided by the Geospatial Information Authority of Japan (GSI) 
between 1997 and 2018. We documented an uplift in the past 20 years that varies between 0.0 and 1.6 mm/yr in 
the Miyako island area, and between 0.6 and 6.5 mm/yr in the Yaeyama islands.

5.4. Elastic Modeling

We used the megathrust geometry derived from SLAB 2.0 (Hayes et al., 2018) that compiles all available data 
from geophysical investigation. We checked the consistency of the SLAB2.0 models with seismic results around 
Ishigaki and Miyako islands (R. Arai et al., 2016; S.-K. Hsu et al., 2013; Nishizawa et al., 2017). We chose to 
model the plate interface with two faults for simplicity (see details below).

The results are presented in Figures 13 and 14.
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5.4.1. Interseismic Deformation

To model the long-term vertical deformation, we used the classical back-slip models on the shallow plate inter-
face (fault 1, red lines on Figure 13) of Savage (1983). Data are from our microatolls records in sites and the 
GNSS data, that are located 97–166 km away from the trench (purple points in Figure 13). For a curved slab 

Figure 13. 2D Elastic models of the interseismic deformation in (a) Miyako area and (b) Ishigaki area. All models are 
performed in an elastic half space with λ = μ = 32 GPa. Slab depth is from the SLAB2.0 model (Hayes et al., 2018), 
topography from SRTM15+ (Tozer et al., 2019). Green dots: value of the Global Navigation Satellite Systems (GNSS) GPS 
vertical motion in southern Ryukyus (Table 8). Red dots: value of the GNSS GPS vertical motion in (a) Tarama and (b) 
Yonaguni islands (Table 8). Purple dots are interseismic uplift values estimated from recent microatolls in southern Ryukyu 
islands corrected with a sea-level rise of ∼3 mm/yr (Meyssignac et al., 2012). Red curve: vertical deformation rate promoted 
by backslip along the dislocation (fault 1). Dashed black curve: vertical deformation rate (mm/yr) promoted by backslip along 
fault 2 between 0 and 60 km using theoretical faults tangential to megathrust kink (Kanda & Simons, 2012). (b) Dark gray 
area: vertical deformation rate promoted by backslip with seismic coupling between 15% and 40% along fault 1 between 0 
and 35 km.

Table 8 
Short-Term Vertical Motions Recorded by GPS Stations in the Southern Ryukyus Between 1997 and 2017

Latitude Longitude Islands GNSS station Period Distance to trench (km) Uplift (mm/yr)

125.3738 24.75312 Miyako 950498 1 April 1996–31 January 2018 148 0.7

125.17098 24.82795 Irabu 960747 1 April 1997–31 January 2018 166 0.0

124.69244 24.64161 Tarama 960748 1 April 1997–31 January 2018 164 1.6

122.94285 24.45416 Yonaguni 950499 1 April 1996–5 December 2013 147 6.5

123.79204 24.42627 Iriomote 950500 1 April 1996–31 January 2018 139 0.6

124.30129 24.53662 Ishigaki 960749 1 April 1997–31 January 2018 148 2.2

124.17265 24.33887 Ishigaki 960750 1 April 1997–31 January 2018 127 2.9

123.79585 24.06149 Hateruma 960751 1 April 1997–31 January 2018 97 1.9

Note. For the calculation of annual uplift (vertical velocity) by GNSS, we used the GNSS sites data of GEONET in the Ryukyu Islands which is operated by the 
Geospatial Information Authority of Japan (GSI). We employed the vertical component of the daily solution of F3 (final) at the sites for the analysis. After removing 
the artificial height change due to the renewal of the equipment, the linear approximation was performed with the least squares method to obtain the secular change.
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geometry, Kanda and Simons (2012) showed that, at a distance beyond two times the depth of locking, the surface 
deformation can be approximated by locking along a planar fault tangential to the curved interface near the 
bottom of the locked zones. As the slab is curved, we thus also tested the back-slip models on a steeper fault (fault 
2, dashed lines on Figures 13a and 13b). We varied the coupling rate between 0% and 100% (back-slip ranging 
between 0 and 8 cm/yr). Fault parameters are indicated in the bottom part of Figures 13a and 13b).

We also modeled the short-term vertical deformation recorded by GPS between 1997 and 2017 in the Miyako 
area (Miyako, Irabu, and Tarama Islands) ranging between 0.0 and 1.6 mm/yr (see all values in Table 8, green 
and red points).

In both Miyako (Figure 13a) and Ishigaki (Figure 13b), we modeled the vertical deformations recorded by micro-
atolls and GNSS data by coupling on both fault models. By using the more realistic model for a curved slab (fault 
2) instead of the classical one (fault 1), the coupling rate must be larger to model the deformation: between 10% 
and 50% in Miyako and 100% in Ishigaki versus 10%–30% for Miyako and 15%–40% for Ishigaki, and even 
100% for Yonaguni in agreement with Y.-J. Hsu et al. (2012). Those values are comparable or higher than those 
previously estimated from GNSS data and confirm that the megathrust is loading. The coupling depth deduced 
from our models is about 40 km, comparable to that observed in other subduction zones (i.e., Chlieh et al., 2007). 
It is noteworthy that this depth corresponds to the updip limit of the zone where SSEs occurred in Ishigaki 
(Nishimura, 2014, Figure 2b). This is classically observed in other regions of Japan (Obara & Kato, 2016).

5.4.2. Transient Events

We model the decadal-scale transient sea-level changes (by considering that they are all transient aseismic events 
as discussed previously [Events 1–11, Figure 8 and values in Table 5]). We plotted the land-level change rates 
in cm/yr deduced from the amplitude and duration of each event and corrected from the global sea-level change 
(value presented in Table 5, column 6). We tested dislocations on different portions of the megathrust interface: 
above 40 km depth (fault 1), below 40 km (fault 2, with a downdip limit of the fault as deep as 80 km), and both 
faults (1 + 2). The faults parameters are indicated in the bottom part of Figure 14.

Both in Miyako and Yaeyama islands, long-lived events of subsidence can be modeled by slow slips in the 
shallow portion of the megathrust (in the seismogenic coupled zone, fault 1). By contrast, the long-lived events 
of uplift can be modeled by slip in the deeper portion of the megathrust below the coupling zone (between 40 
and 80 km) or by slip on the entire portion of the megathrust (Fault 1 + 2). The depth range of those deep SSEs 
is comparable to that of SSEs identified in northern Japan (between 30 and 70 km, Khoshmanesh et al., 2020). 
Except for Event 6 in Irabu (purple star on Figure 14) which is much larger than the others, the slow-slip event 
rates deduced from our modeling range between 3 and 9 cm/yr. This is to 0.3–1.1 times the long-term subduction 
rate, slightly lower than that observed for the 32 years long slow-slip event in Sumatra (Mallick et al., 2021). 
During an event, the total slips released by the SSEs on the megathrust range between 24 and 210 cm, compatible 
with SSEs identified in western Nankai (Japan, Takagi et al., 2019).

The uplift event of 19 cm recorded in one year in Irabu (purple star) may have been promoted by a slip ranging 
between 60 and 95 cm/yr depending on the fault model we used (Figure 14). In total the SSEs released 7 m of slip 
along the megathrust between ∼1850 and today. This is about 50% of the total convergence, a value similar to that 
estimated in western Nankai (Takagi et al., 2019). As our models are 2D models, we cannot estimate a magnitude. 
By considering slip of 24–210 cm on a 100-long and 80 km-wide zone corresponding to the dimension of the area 
where the SSEs occur beneath Yaeyama islands (Nishimura, 2014), the magnitude of the SSEs recorded by the 
coral would range between 7 and 7.7. This magnitude is comparable to that of major SSEs recorded in subduction 
zones worldwide (Mallick et al., 2021; Obara & Kato, 2016; Takagi et al., 2019) and larger than the largest SSE 
observed by geodetic data in the Yaeyama islands (M6.5, Nishimura, 2014).

We showed that the SSEs occurred in pair. To our knowledge, this was never documented before.

This could suggest that the SSEs would occur first below the coupling zone (e.g., at depth ranging between 
40 and 80  km) before migrating along the shallower coupled part of the megathrust (e.g., above 40  km, 
Nakamura, 2017). The SSEs may have promoted stress changes leading to an increase in the seismic activity as 
observed in New-Zealand (Bartlow et al., 2014). SSEs can also precede large subduction earthquakes as observed 
for example, before the 2011 Tohoku earthquake in Japan (Obara & Kato, 2016), or before the 2014 Iquique 
earthquake in Chile (Ruiz et al., 2014). Slow-slip events can contribute to unlocking the plate interface and trigger 
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large earthquake or/and an increase of seismicity (Obara & Kato, 2016). Their presence has an important impli-
cation for the seismic hazard in this area.

As our data set is limited to a few sites, we used a simple elastic dislocation model to model the vertical deforma-
tions induced by SSEs at the plate interface. More complex models involving plastic creep in the fore-arc (power 
law rheologies, applied to afterslip) concluded that the depth of afterslip could be overestimated by simple linear 
elastic models (Peña et al., 2020). We cannot exclude that simple elastic models used in this study overestimated 
the depth of the SSEs.

6. Conclusion
We reconstructed the relative sea-level changes over the last two centuries using modern coral microatolls in the 
southern Ryukyus. We aimed to gain information on the seismic cycle of the subduction zone on a poorly known 
region. We sampled eight microatolls slabs in seven sites, located in fringing reefs surrounding the islands of 
Miyako, Irabu, Hateruma, Ishigaki, and Iriomote. We prepared the slabs to image them with X-Ray and CT-scan. 
Combination of those images revealed the growth bands in great details, and we established the chronology of 
the RSL by counting those growth bands. For slabs with complex morphologies or fossil dead parts, the band 
counting was calibrated by 7 U/Th dating.

Microatolls recorded RSL changes with various durations and amplitudes that are either of tectonic or climatic 
origin. All microatolls recorded a long-lived mean relative submergence at rates ranging between 0.2 ± 0.5 and 
2.3 ± 0.5 mm/yr. In addition to this long-term trend, they all recorded multi-decadal RSL changes with 2–29 cm 
in amplitude. The recurrence time of those events varies between 10 and 40 years. Finally, as observed elsewhere, 

Figure 14. 2D Elastic models of the aseismic deformations in (a) Miyako area and (b) Ishigaki area. All models are performed in an elastic half space λ = μ = 32 GPa. 
Slab depth as in Figure 13. (a) Aseismic motion recorded during events 1, 2, and 6 in IRA_1_18, ARAG_2_18, and YOSH_1_18 slices. Pink curve: vertical 
deformation at the surface promoted by slips of 5 cm/yr on fault 1 between 0 and 30-km depth. Blue curve: vertical deformation at the surface promoted by slips 
of 4.5 cm/yr on the fault 2 between 30 and 80-km depth. This curve also shows slip of 60 cm/yr in the same area for event 6 in Irabu site (right axis). Red curve: 
vertical deformation at the surface promoted by slips of 7 and 95 cm/yr on fault 1 + 2 between 0 and 80-km depth, to reproduce event 1 and 6 motions, respectively. 
(b) Aseismic motion recorded during events 3–11 in AMIT_1_18, SOTO_1_18, SHIR_1_18, and HATE_1_18 slices. Blue curve: vertical deformation at the surface 
promoted by slip of 4 cm/yr on fault 2 between 30 and 60-km depth. Pink area: vertical deformation at the surface promoted by slips between 3 and 9 cm/yr on fault 1 
between 0 and 30-km depth.

 15252027, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010587 by C

ochrane France, W
iley O

nline L
ibrary on [07/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geochemistry, Geophysics, Geosystems

DEBAECKER ET AL.

10.1029/2022GC010587

29 of 33

the microatolls recorded climatic temporary die-downs of a few centimeters subsidence at a regional scale, that 
is, on both Miyako and Yaeyama islands. We used tide gauge data to discuss the source of the different events 
we identified, and decipher the tectonic component of the RSL change. Using satellite altimetry, and tidegraphs 
combined with vertical GPS motion, we estimated that the absolute sea-level change is about 3 ± 1 mm/yr. We 
corrected the microatolls RSL signal from this value to estimate the magnitude of the land motion. We discussed 
the origin of the land motion and inferred that it is related to the seismic cycle of the megathrust.

We modeled the vertical land motion recorded by the microatolls by simple dislocation models in an elastic 
half-space. We simulated the strain accumulation during the interseismic period (in between earthquakes) by 
classical back-slip models. Depending on the models, we estimated coupling rates between 10% and 50% in 
Miyako and between 15% and 100% in the Yaeyama islands. This is higher than the coupling rate estimated from 
GNSS data (35%). The models showed that the downdip limit of the coupling zone is around 40 km deep. Our 
results confirm that a significant part of the plate convergence is accumulating along a locked plate interface. The 
last dramatic event occurred in 1771 in the area (Meiwa tsunami). The origin of the tsunami is still debated but 
considering that this earthquake ruptured the plate interface, 0.8–8 cm/yr of slip deficit would have accumulated 
over the last 250 years. This corresponds to a total slip deficit ranging between 2 and 20 m, depending on the 
coupling rate. This may be sufficient to promote a large earthquake in the area in a near future.

Multidecadal (duration between 1 and 42 years) RSL changes are likely surface deformations due to SSEs at a 
rate of 3–9 cm/yr (with an extreme value of 60 or 95 cm/yr). Elastic models indicated that the slow-slip occurred 
either in the deeper part of the plate interface, below the coupling zone, or above. The recurrence time of those 
events varies between 10 and 40 years and in total they accommodated about 50% of the total convergence since 
the mid-19th century. This percentage is similar to that observed in other parts of the subduction zone in Japan. 
We estimated an event magnitude ranging between 7 and 7.7 for those SSEs, comparable to that of the major 
SSEs observed worldwide with geodetic data. The events occurred in pairs (relative sea-level drops followed 
by relative sea-level rises of the same amplitude) suggesting that the SSEs nucleated in the deeper portion and 
migrated upwards. Upward migration of SSEs was observed before the 2014 Iquique earthquake in Chile (Ruiz 
et al., 2014). In Yaeyama islands, the deep SSEs we documented are located in the same area as biannual smaller 
SSEs documented by geodetic data. Both short and long-lived SSEs may contribute to transfer of stress to the 
megathrust and triggering of its rupture during a large subduction earthquake. Our results provide new important 
constraints of seismic hazard in the Ryukyu subduction zone.

Data Availability Statement
Analyzed data (X-ray and scan images of the corals, HLS curves) are available on the following link: https://
figshare.com/s/741d02561fbb263b9b96. We used the GMT software developed by P. Wessel and W. Schmith 
available at https://www.generic-mapping-tools.org for Figures 1 and 3.
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