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Abstract

Subsidence is a widespread phenomenon on the world’s coasts. Mayotte, a coral reef-fringed archipelago in the SW Indian
Ocean, experienced, in 2018 and 2019, 32 earthquakes with a recorded magnitude > 5 sourced by magmatic extraction from a
deep reservoir 40-60 km east of the archipelago. This crisis resulted in island subsidence of up to 0.2 m. Profile measurements of
three beaches in 2019-2021, referenced to benchmarks adjusted for subsidence, did not show any notable morphological change
when compared to earlier profiles obtained in 2006/2008. This suggests that the rapid but limited subsidence has not significantly
affected these systems, excluding eventual ecological repercussions that are not investigated here. Profile changes reflect seasonal
variations in monsoon and trade-wind wave energy, and additionally the effect of local mild terrigenous sediment inputs. The
sea-level rise caused by subsidence is, however, leading to more frequent spring high-tide flooding of some low back-beach areas
and roads on the densely populated northeastern shores of the archipelago, the zone most affected by this tectonic movement. The
case of Mayotte is interesting inasmuch as the subsidence caused by a distant submarine volcanic event has not been abrupt as
in tectonically active areas nor continuous as in subsidence related, for instance, to glacio-isostatic readjustment, to continuous
natural sediment compaction, or to anthropogenic loading. The crisis has been relatively quiescent since July 2021. Continuous
monitoring will be needed to see how subsidence will eventually further affect the beach-reef flat systems of Mayotte.

Keywords Mayotte - Subsidence - Beach mobility - Coral reef - 2018-2021 Comoro Islands seismic crisis - Sea-level rise -
Coastal flooding

Introduction

Many coastal regions and their beaches are subject to subsid-
ence generated by a variety of geological and anthropogenic
factors. The geological influence on beaches has been shown
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to be a fundamental aspect in determining beach context
and setting at the global scale, and in affecting beach mor-
phodynamics (Anthony 2014; Gallop et al. 2020). This geo-
logical influence is also commonly manifested by tectonic
activity, notably earthquakes and associated co-seismic and
inter-seismic changes in land level (Wang et al. 2012) that
can generate beach uplift and/or subsidence. This is notably
the case of beaches situated along active tectonic margins
such as in New Zealand (Little et al. 2009; Hart et al. 2020),
beaches of the Columbia River littoral cell in Oregon asso-
ciated with the Cascadia subduction zone (Peterson et al.
2010) and its northward extension in Alaska (Kelsey et al.
2015), the subduction coasts of Chile (Martinez et al. 2015),
Sumatra and the Andaman Islands (Monecke et al. 2015),
and Niigata and Kujukuri in Japan (Kuriyama and Banno
2016; Shibata et al. 2019). Subsidence affecting beaches
has also been identified in areas subject to glacial-isostatic
adjustments, as along the eastern seaboard of North America
from Nova Scotia to Florida (Kemp et al. 2014; Forde et al.
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2016; Fiaschi and Wdowinski 2020), often compounded by
human activities. On many developed coasts, subsidence
affecting beaches has also become widespread, especially
along the fringes of deltas rich in fine-grained sediments
and marsh vegetation that are already naturally prone to sub-
sidence. Fine examples have been abundantly identified in
the Mediterranean (e.g. Taramelli et al. 2015; Corbau et al.
2019; Amato et al. 2020; Anthony et al. 2021). Exception-
ally, high temporary mud-loading over sandy beaches adja-
cent to high fine-grained discharge rivers can also result in
short-term (seasonal) reversible subsidence (Anthony and
Dolique 2006). Sources of human-induced subsidence on
beaches include fluid extractions, urban development and
land reclamation projects.

Mayotte, part of the coral reef-fringed Comoro archi-
pelago in the SW Indian Ocean, experienced in 2018 and
2019 an intense seismic crisis. Over the course of a year,
32 earthquakes with a magnitude >5 occurred, with a peak
of 5.9 My, on 15th May 2018, corresponding to the largest
earthquake ever felt in the region (Lemoine et al. 2020).
The crisis generated some damage to infrastructure but no
casualties. The origin of this earthquake activity has been
attributed to magmatic extraction from a deep reservoir at a
distance of 40-60 km east of Mayotte and a depth of 30-40
km that has resulted in the formation of a new ~ 5 km? vol-
cano about 820 m high above the ocean basement at a depth
of 3500 m (Cesca et al. 2020; Lemoine et al. 2020; REVO-
SIMA 2021). This volcano represents the largest active sub-
marine eruption ever documented (Feuillet et al. 2021). The
repeated earthquake activity since May 2018 has been asso-
ciated with deformation of the surface of Mayotte, resulting
in land subsidence. This deformation has also involved an
eastward displacement of Mayotte by 21 to 25 cm (Lemoine
et al. 2020; Feuillet et al. 2021). The case of Mayotte is inter-
esting, inasmuch as the subsidence, caused by distant sub-
marine volcanic activity, has been relatively quiescent since
July 2021, and is neither the product of abrupt change as in
tectonically active areas, nor of continuous readjustment as
in a glacio-isostatic context, and has not been continuous
as in the case of natural sediment loading and compaction.

Land subsidence along the coast can influence the eleva-
tional frame of tide and wave processes, and, thus, beach
dynamics and stability. This phenomenon commonly results
in greater beach exposure to storms and sea-level rise, thus
generating erosion (Lithgow et al. 2019). The Mayotte cri-
sis thus represents a rare occasion to gauge to which extent
the consequences of short-lived but significant subsidence
can be detected from observational data on embayed beach
and adjacent reef systems. Mayotte is also subject to ris-
ing anthropogenic pressures generated by rapid population
growth. These pressures, which include deforestation and
catchment sediment release as well as significant impinge-
ment of housing and infrastructure on the island shores, are

@ Springer

also important determinants of beach and coral platform
morphology and dynamics.

Physical setting

Located at about 13° S and 45° E in the north of the Mozam-
bique Channel, Mayotte is a French overseas Department
situated 300 km northwest of Madagascar and 450 km off
the African continent (Fig. 1a). It is comprised of two main
volcanic islands, Grande Terre and Petite Terre, with an area
of 374 km?, representing the remnants of two underwater
shield volcanoes that were active 15 Ma ago and emerged 10
Ma and 4 Ma ago respectively (Nougier et al. 1986; Audru
et al. 2006; Pelleter et al. 2014). Mayotte is the oldest vol-
canic complex in the Comoro archipelago and, prior to the
tectonic crisis of 2018, was considered to be in an advanced
stage of geological development, as attested by a very low
subsidence rate of 0.13 to 0.25 mm year~! (Colonna et al.
1996; Camoin et al. 1997, 2004) and volcanic activity on
land that would have taken place less than 4000 years ago
(Zinke et al. 2003). The peak elevation of the archipelago
attains 660 m at Mount Bénara (Fig. 1b).

Mayotte has a 265-km-long shoreline comprising cliffs
separating variably embayed pocket beaches of sand and
sandy mud. The sheltered low-energy backshores of many of
these beaches are characterized by mangroves (Jeanson et al.
2013). The beaches are all fringed by a reef flat ranging in
width from about 50 to over 800 m and lying at an elevation,
prior to the deformation crisis, of — 1.8 to — 2.2 m SHOM
1953 (French national geodetic reference for Mayotte),
i.e., between MLWN (mean low water neaps) and MLWS
(mean low water springs). This fringing reef flat is linked
to a large surrounding lagoon by abrupt submarine slopes
ranging from 45° to vertical cliffs several meters high. The
lower beach is sometimes separated from the reef flat by a
> 0.5-m-deep trough visible at low tide. Mayotte has a rela-
tively high population density of 771 inhabitants/km? and an
annual demographic growth rate in the last few years that
exceeds 4% per annum, resulting in strong socio-economic
and ecological pressures on its volcanic islands and their
beach and fringing coral reef systems.

The climate of Mayotte is humid tropical with a rainy
monsoon season from October to April and a dry trade-
wind season the rest of the year. The offshore wave climate
is dominated by moderate waves, according to Voluntary
Observing Ship (VOS) observations (sector: 12.5-13.5°S,
44.5-45.5°E) from 1960 to 2017 (Fig. 1f) and AVISO data
from spatial altimetry (Fig. 1g). Moderate NW to NE waves
are generated during the monsoon season which tends to end
with relatively calm conditions that precede higher waves
from S to SE (60% of observations) driven by the highly reg-
ular and sustained dry-season trade winds. Although largely
sheltered by Madagascar, Mayotte can also be exposed to
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Fig. 1 a Location of Mayotte in the Indian Ocean. b simplified map
of the two islands (Grande Terre and Petite Terre) and study sites;
satellite pictures (Google Earth) with locations of monitored pro-
files of the 3 beaches: ¢ Acoua, d Sakouli, and e Ngouja; f wave rose,
1960-2017 data from Voluntary Observing Ships; g deepwater sig-

tropical storms and cyclones, exclusively during the rainy
season. Tides are semi-diurnal and the mean spring tidal
range is about 3.2 m.

nificant wave heights from January 2018 to December 2020 (TW =
trade wind peak; TS = tropical storm; C = cyclone) from altimeter
products processed and distributed by Aviso (http://www.aviso.altim
etry.fr/)

Materials and methods

Elevational changes of the substratum in Mayotte were culled
from GNSS data collected by the Nevada Geodetic Laboratory
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(http://geodesy.unr.edu/NGLStationPages/stations/) for three
stations (Fig. 1). These are data processed by the NGL fol-
lowing the procedures by Blewitt et al. (2018). Daily-averaged
sea-level data over the period 1991 to 2021 were obtained from
the Dzaoudzi tidal gauge run by the REFMAR (Réseau de
Réferences des Observations Marégraphiques) network of the
French Hydrographic and Oceanographic Service (SHOM).
The data comprise several gaps but the critical period of obser-
vation relevant to this study (2018-2021) shows a relatively
complete record.

In order to evaluate the potential effects of the recent sub-
sidence crisis on the beach and reef systems of Mayotte, beach
profiles prior to, and following this event were compared.
Unfortunately, the only available pre-subsidence profiles date
back to 2006 and 2008. This shortcoming was somehow offset
by a further comparison of profiles corresponding to the seis-
mic crisis (2019, 2020, 2021) from three beach-fringing reef
platform systems (Sakouli, Ngouja, Acoua) of Grande Terre
(Fig. 1). The measurements covered the upper beach and the
inner part of the fringing reef to offshore distances of > 500
m for Acoua, 310 m for Sakouli and 270 m for Ngouja. The
surveys were carried out respectively in March 2008, Novem-
ber 2019, December 2020, and August 2021 at Acoua, March
2008, October 2019, October 2020, and March 2021 at Sak-
ouli, and February 2006, December 2019, October 2020 and
April 2021 at Ngouja. The earlier 20062008 profiles were
realized using a Leica TC 407® total station, and referenced to
local SHOM 1953 benchmarks. The more recent 2019, 2020,
and 2021 surveys were carried out using a GNSS differential
Trimble R8S® system. Given the rapid subsidence that has
affected Mayotte, the benchmarks used in this study, like oth-
ers in Mayotte, need to be recalibrated by the IGN (French
Institut Géographique National) and SHOM. This has still not
yet been done, as the final outcome of the vertical island move-
ments is still not clear. As a result, we adjusted our 2019-2021
profiles to include the following subsidence levels (Grandin
et al. 2019): 13.1 cm of downwarp for Acoua (least subsid-
ent northwestern part of Mayotte) and 18.1 cm for Sakouli
(on the most subsident eastern part) and 14.4 cm for Ngouja.
All surveys were carried out at low tide during comparable
spring tides based on SHOM tidal coefficients. The uncertainty
margins of all surveys, covering both field measurement and
interpolation errors and uncertainties, was calculated respec-
tively at + 5 to 7 cm for x and y, and + 5 cm for z.

Results
Elevations and tidal range
GNSS data for Mayotte show evidence of notable substrate

sinking between July 2018 and July 2019 ranging from 21 to
25 cm offshore to the east and about 10 to 19 cm on various
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parts of the island (Fig. 2a). Vertical movements attained
about 1.5 cm month™! during the first 9 months of signifi-
cant earthquake activity, then slowed down starting from
April to May 2019 with values of the order of 0.1 to 0.3 cm
month~!. Since the end of 2020, subsidence has become
negligible, dropping down virtually to the mean long-term
subsidence rate evaluated at 0.19 + 0.06 mm year™' over the
last ten millennia (Camoin et al. 1997). The daily-averaged
sea level, the fluctuations of which reflect various tidal, sea-
sonal, and ocean-atmosphere interaction signals, shows a
clear superimposed upward shift of about 0.2 m in both low
and high mean daily levels over the period of rapid subsid-
ence between July 2018 and July 2019. The higher mean
sea level persisted in July 2021 (Fig. 2b), thus indicating no
reversal of subsidence.

Beach-reef platform profiles

The three profiles show a permanent break in slope between
a relatively steep upper beach that forms the bulk of the
mobile sediment stock and the hard reef platform more or
less draped with a sediment cover that can show mobility
even at the scale of the semi-diurnal tide. This break in
slope has been widely observed in the numerous beaches
of Mayotte by Jeanson et al. (2013) who also reported the
clastic composition of these beaches. For convenience,
the 2019-2021 profiles are referred to as the post-seismic
profiles.

Acoua beach, northwest of the island, is 600 m long
(Fig. 1b) and deeply embayed with an upper beach char-
acterized by a permanently bermed morphology, contigu-
ous with a moderately steep face (tanf} = 0.06—0.08) and
a break in slope at about 90 m that appeared more pro-
nounced in the post-seismic profiles (Fig. 3a). The lower
beach is relatively flat and contiguous with a 400-m-wide
reef flat exhibiting relatively complex bedform patterns as a
result of the occurrence of muddy patches alternating with
sand. Beyond this flat, the hard reef platform is devoid of
sediment. The beach sediment consists of poorly sorted
fine to medium sand (D50 = 2.32-1.74 ®), composed of
weathered volcanic material and a small proportion (less
than 10 %) of bioclasts. Compared to the 2008 profile, the
post-seismic upper half of the beach shows a significant
gain in volume, attaining a maximum elevation of 1.2 m.
This sediment gain is manifested by several successive
berms that are clearly visible in the 2019, 2020, and 2021
profiles. The lower half of the upper beach and the inner
reef platform (between 90 and 240 m), show, overall, a
decrease in elevation ranging from — 0.15 to — 0.35 m
that integrates the adjusted profile elevation relative to the
lowered (post-seismic) benchmark.

Sakouli beach, east of Mayotte, is 650 m long, mildly
embayed (Fig. 1d) with a moderately steep upper beach
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Fig.2 a Vertical earth substrate displacements (cm) recorded for
three GNSS stations in Mayotte (MAYG, BDRL, GAMO) between
1 January 2017 and 1 July 2021; time series were obtained from the
Nevada Geodetic Laboratory with processing by Blewitt et al. (2018).
The most subsided part of the archipelago is the northeast, closest to
the magmatic extraction zone in the northern part of the Mozambique

(tanp = 0.06) fringed by a 220-m-wide reef flat. The beach
consists of poorly sorted medium sand (D50 = 1.74-1.51
@) formed of volcanic clasts and weathered material, and
less than 15% of bioclasts. Sakouli beach showed very
little variation when the 2008 and post-seismic profiles
are superimposed (Fig. 3b). The main change is a slight
lowering (about 0.1 m) of the reef platform which shows
large areas devoid of sediment alternating with mobile
patches of sediment comprising coral debris, especially
gravels and small boulders (max diameter 0.4 m) and sand
intermixed with algae (Turbinaria sp., Padina sp.).
Ngouja beach is moderately embayed and located on the
south coast (Fig. 1e). This beach is about 650 m long, 50
to 80 m wide intertidally, has a moderately steep face (tanf

T
01/01/2019

T T T T 1
01/07/2019 01/01/2020 01/07/2020 01/01/2021 01/07/2021

Channel (Fig. 1a). b Mean daily sea level at the tide-gauge station of
Dzaoudzi, Fig. 1b) over the same period (source: REFMAR, SHOM).
The broken red lines show the distinct difference in sea level between
the pre-seismic and post-seismic phases marked by the rise in level
between July 2018 and July 2019

= 0.12) between MHWS and MLWN, a flat low-tide beach
(tanp = 0.04) between MLWN and MLWS, and is fronted
by a 200-m-wide reef flat. The sediment suite is composed
of moderately to poorly sorted coarse to medium bioclastic
sand (D50 = 1.53-0.61 @) supplied by the fronting reef
flat, and it shows a clear asymmetry towards the finer frac-
tion which is also rich in heavy minerals comprising ilmen-
ite, titanomagnetite, amphibolite, feldspar, and pyroxene
derived from the adjacent bedrock headlands. Morphologi-
cal change at Ngouja between 2006 and the post-seismic
period (Fig. 3c) essentially consisted in (adjusted) lowering
of the reef flat but also mild accretion of the upper beach
associated with more frequently observed spring high-tide
overwashing.
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Fig.3 Profile changes of Acoua beach/reef flat (a), Sakouli beach/
reef flat (b), and Ngouja beach/reef flat (¢) between 2006/2008 and
the post-seismic period (2019-2021), with benchmark adjustment
for island subsidence. MHWS = mean high water spring tide level;

Discussion and conclusion

Subsidence affecting beaches is commonly generated by
abrupt seismic movements on tectonically active coasts, by
longer-term (order of millenia) isostatic readjustment on
some coasts, and by modern-era anthropogenic activities on
many others. All of these three sources can affect the same
beaches. The last two are commonly continuous movements,
although shorter-term (order of decades) anthropogenically
induced subsidence affecting beaches can be reversed by
appropriate actions, as in the case of the Po delta (Bezzi
et al. 2021). The seismic crisis and subsidence that affected
Mayotte in 2018-2019 is somewhat uncommon inasmuch
as it has appeared to be an episode caused by geodynamic
adjustment to a distant submarine volcanic event. The cri-
sis generated significant short-term subsidence ranging

@ Springer

MHWN = mean high water neap tide level; MSL = mean sea level;
MLWN = mean low water neap tide level; MLWS = mean low water
spring tide level

from 0.1 to 0.2 m, corresponding to values that should nor-
mally be cumulatively recorded over 900 years on the basis
of the mean subsidence rate determined by Camoin et al.
(1997) from radiometric dating (U-Th) of coral reef cores.
It remains to be seen how the phase of sharp but short-lived
rapid subsidence between July 2018 and July 2019 will play
out in the future. The abrupt slow-down since July 2019
(Fig. 2a) goes with uncertainty regarding how this crisis
will unfold. Since March 2020, subsidence measured by the
GNSS stations has become negligible, and since Decem-
ber 2020 no coherence has been observed in the deforma-
tion signals which have become too weak and noisy to be
interpretable (REVOSIMA 2021). The crisis has been rela-
tively quiescent since July 2021 but not extinct (hundreds of
tremors were recorded in July and August 2021, two with a
magnitude ~ 4).
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The mean daily sea level at Dzaoudzi shows a correla-
tive stabilization at about + 0.2 m. The effects of the recent
subsidence on the beach and associated coral reef platform
are not obvious when the 2006/2008 topographic profiles are
compared with the post-seismic profiles (Fig. 3). The poten-
tial response of beaches to sea-level rise depends on various
parameters, among which are the rate of the sea-level rise,
the morphological context, and sediment supply (Cooper
et al. 2020). The beaches of Mayotte are relatively small,
sediment-limited, but highly embayed or pocket beaches
subject to marked seasonal variations driven by the monsoon
and trade-wind wave regime in the western Indian Ocean
(Jeanson et al. 2013, 2019). The impact of this seasonal
wave regime is modulated by beach orientation and degree
of embayment which play a determining role in controlling
beach-surf zone sediment transport processes. The trans-
port regime is swash-aligned in the smaller pocket beaches
such as Acoua, and drift-aligned for the longer Sakouli and
Ngouja beaches. Acoua beach, nested in a strongly indented
bay, is dominated by seasonal cross-shore sand mobility.
The upper beach morphological variations between the 2008
and post-seismic profiles could simply reflect the driving
seasonal wave regime changes in this swash-aligned context.
However, the Acoua embayment also receives some terrig-
enous sediment released from a small nearby stream. The
post-seismic context, compared to the earlier 2008 profile,
is one of net accretion marked by the formation of succes-
sive berms that have been progressively colonized over the
13-year period by creeping beach grass Ipomoea pes-caprae
and the typical tree species Terminalia catappa and Cocos
nucifera. The lower beach shows, however, lowering of the
mobile sediment layer overlying the reef flat, and seaward
of a distance of 300 m, (adjusted) lowering of the hard reef
flat surface. This lowering could be a result of subsidence
but the elevation change is within the error margin and may
also involve the high mobility of the patchy sediment cover
overlying the hard reef surface.

Sakouli and Ngouja beaches are characterized by a low
bay indentation conducive to longshore sediment mobil-
ity. Like the other less embayed beaches of Mayotte, they

Fig.4 a Chronic upper-beach
erosional bluff at Sakouli with
fallen trees (10/2020), the
visible stump is a Casuarina
equisetifolia uprooted in Sep-
tember 2019 b Sandy overwash
deposition on the backshore of
Ngouja beach (04/2020)

undergo seasonal to annual rotation (Jeanson et al. 2013).
The surveyed profiles of these beaches are in the centre of
each bay, a zone of sediment mobility towards the extremi-
ties of the bays, which are alternately in erosion or accretion,
depending on the rotation process (Jeanson et al. 2013). As
a result, the 2006/2008 profiles and the post-seismic profiles
do not really capture eventual net potential sediment budget
changes that can be unequivocally attributed to subsidence.
The morphological changes on these two beaches are less
marked than on Acoua beach.

The beaches of Mayotte and their reef-flat sediment pools
seem, thus, to be adjusting well to the effects of subsidence,
in the closed bay systems of Mayotte, where terrigenous
sediment supply is dominant and therefore could contribute
to counter-balance a slow sea-level rise through enhanced
inputs. However, sediment redistribution across the profile
could probably change. Visual inspection of Sakouli beach
shows clear signs of erosion at high tide over the last 3
years. Parts of the upper beach are now characterized by
a permanent erosional bluff with recently uprooted vegeta-
tion (Fig. 4a). At Ngouja, overwash processes not captured
by the post-seismic beach profiles have also been observed
in the past 2 years and are leading to increasing landward
transfer of sand to unusual backshore locations (Fig. 4b)
and this could ultimately impact the sediment budget of the
active rotating beach. These processes are also associated
with exposure of the roots of the baobab (Adamsonia digi-
tata) trees on the beach. The topographic variation between
2006/2008 and 2019-2021 also captures some of the lower-
ing of the hard reef surface of both beaches, like that of
Acoua, but this change may also reflect mobility of the sedi-
ment cover. Visual observations since 2018 show, however,
longer submersion of these reef surfaces that is consistent
with the 0.1-0.2 m sea-level rise (Fig. 2b) caused by subsid-
ence. Acoua, like several embayed beaches of Mayotte, has
a small debouching stream. This is not the case of Sakouli
and Ngouja where debouching streams only function during
line squalls that bring heavy temporary downpours, such that
sediment inputs are essentially dependent on reworking of
the bounding cliffs and reef supply. The steep catchments

@ Springer



51 Page8o0f 10

Geo-Marine Letters (2021) 41: 51

Fig.5 Examples showing
increased coastal flooding
during spring high tides in the
most subsided northeastern
part of the archipelago: a the
main coastal road of Petite
Terre, flooded in August 2019;
b flooded road and interrupted
traffic at Ironi Bé, Grande Terre,
in November 2020. Courtesy of
Mayotte’s TV station Mayotte
leére

of streams in Mayotte are increasingly subject to deforesta-
tion, and exposed to poor agricultural practice and rampant
urbanization (Landemaine et al. 2017). But such conditions
of potential enhanced future sediment availability for sev-
eral beaches could also endanger coral reef growth through
higher turbidity levels, exacerbating damage increasingly
caused by marine litter (Mulochau et al. 2020). This could,
in turn, lead to lower bioclastic sediment production and
the shutting down of a supplementary sediment source for
the beaches.

One important effect of subsidence is that of creating a
component of “coastal squeeze”, a situation where settle-
ments and infrastructure, immobile in nature, can be affected
by sea-level rise (Lithgow et al. 2019). Mayotte is character-
ized by relatively steep relief, and in consequence, increas-
ing population growth in the more topographically favorable
coastal zone has led to massive mangrove down-cutting in
the last few years under the pressures of illicit urban sprawl
(Jeanson et al. 2014, 2019). Overall, the exposure to coastal
flooding on the northeastern shores of Grande Terre and on
Petite Terre (Fig. 1b), the most subsident part of the archi-
pelago (GNSS station MAYG, Fig. 2a), but also the most
populous, has increased (Fig. 5) over the last 3 years as the
tidal frame has moved vertically. However, this vulnerability
also reflects the effects of increasing population density and
rapid infrastructure development in the narrow coastal belt.

Two final points concern the reinstallation of reliable
benchmark referencing in Mayotte, and further high-resolu-
tion of coastal subsidence and elevation change. The earth-
quake and subsidence crisis in Mayotte has rendered cur-
rent benchmarks on the island inaccurate, thus, necessitating
approximate adjustments to account for the land sinking.
These benchmarks will need to be readjusted by SHOM and
IGN but these corrections are being deferred because the
eventual cessation of this subsidence is also uncertain. It is
hoped that the coastal observations presented here will be
pursued in the coming years. This will need to be done under
a properly recalibrated sea-level reference system. Eventu-
ally, regular in situ topographic monitoring of beach-reef
morphology may need to be combined with remote sensing

@ Springer

approaches (e.g., Tosi et al. 2018; Amato et al. 2020; Nguyen
Hao and Takewaka 2021). In the circumstances of the seis-
mic crisis that has affected Mayotte, UAV techniques could
be particularly pertinent to capture, to a higher degree of
resolution than the current beach profile data, beach and reef
morphology and sediment-budget changes, and especially
to eventually identify any signals that may be generated by
future tectonic instability and subsidence.
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