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Abstract: During the last 10 kyr, significant subsidence and uplift occurred on Mayotte Island in
the Comoros archipelago (Indian Ocean), but the role of volcanic processes in Holocene vertical
movements has been neglected in the research so far. Here, we show that an abrupt subsidence of
6-10 m occurred between 9.4 and 10 kyr ago, followed by an uplift of the same amplitude at a rate of
9 mm/yr from 8.1 to 7 kyr ago. A comparison of the relative sea level of Mayotte and a reference
sea level curve for the global ocean has been conducted using a modeling approach. This shows
that an increasing and decreasing pressure at depth, equivalent to the process caused by a deep
magma reservoir (50-70 km), was responsible for ~6-10 m subsidence and 6-10 m uplift, whereas
loading by new volcanic edifices caused subsidence during the last few thousand years. Surface
movements and deep pressure variations may be caused by pulses from the deep mantle, related
to superplume activity, but uncertainties and unknowns about these phenomena are still present
and further studies are needed. A better understanding of the volcano-tectonic cycle may improve

assessments of volcanic hazards.
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1. Introduction

Recent volcano-seismic events in unexpected places or with significant unforeseen
impacts challenge our understanding of volcanic activity. First, these events suggest that the
role of volcanic activity on local natural hazards should be reconsidered [1-5], promoting
specific studies on the reduction in risk [6] associated with volcanic activity [7-12]. Second,
the potential interrelationship between short-term volcanic activity and long-term volcano-
tectonic evolution challenges our understanding of volcanic processes and the evolution of
Earth’s surface.

The hazards associated with volcanic activities are not simply a response to magmatic
explosive or effusive eruptions and lava flows but are also a consequence of induced
landslides [13,14] and of subsidence [15,16] increasing the risk of marine submersion
and tsunamis [13]. Subsidence in a volcanic context may be associated, among many
other causes, with loading of the volcanic edifice [15,17] or with magma reservoir de-
flation [18,19]. The relationship between volcanic activity and significant relative sea
level variation has been highlighted in previous studies—with concerning contemporary
observations and past events [20-25]. Tectonic deformations may cause either uplift or
subsidence of volcanic structures [16,23]. The tectonic context of convergent, divergent,
or transform boundaries (the last as in Mayotte, Comoros archipelago), may also cause
vertical displacements [26-31].

Mayotte Island (Comoros archipelago, SW Indian Ocean, between Africa and Mada-
gascar) has experienced significant seismic activity since May 2018, with more than 11,000
reported earthquakes of up to magnitude 5.9, including unusually long-period events (more
than 400) and surface deflation of up to 200 mm/yr [19,32]. This seismic activity [19,32-34]
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and petrological and geophysical analyses [35,36] underline the presence of magma reser-
voirs at 20-30 km depth, 50 km [37] and 70 km from Petite Terre Island, Mayotte. Details
of the geometry of the active system have been improved by tomography of the area [38]
and petrological analysis suggests that the primitive magma came from a >10 km® magma
reservoir of evolved basanites (~5 wt % MgO) [14]. The 70 km and 50 km depth reser-
voirs are connected via rapid magma propagation in the lithosphere [35,39]. The diam-
eters of the magma reservoir are 10-20 km at 20-30 km depth and 20-30 km at ~50 km
depth [19,32,33,39] (Figure 1), but further studies are needed to improve our knowledge
about the accurate geometries of magma reservoirs. During the 2018-2021 seismo-volcanic
event, the magma reservoir at ~50 km depth suffered deflation [19,32,33,39]. This resulting
movement caused the formation of an 820 m tall, 5 km? volcanic edifice offshore on the
eastern slope of Mayotte at the tip of a 50 km long volcanic ridge comprising many other
recent edifices and lava flows [33].

Before the 2018-2021 event, the most recent volcanic activity in the archipelago was to
the west, in the Comoros Islands (Karthala volcano), 200 km from Mayotte [40]. Studies
have suggested that a hotspot would explain the sublinear E-W trend of the Comoros
volcanic archipelago [41-44], but this is controversial [45,46]. Other researchers have inter-
preted the E-W seismic alignment in the region as highlighting the activity of structures
associated with the continuity of the East African Rift and in relation to the drift of Mada-
gascar on an E-W-trending axis [19,31,45,47]. In detail, the overall E-W trend is associated
with a N130 to N160 distribution of seismicity and of the volcanic patterns along the
Somali/Lwandle plate right-lateral transform boundary [31,45,48,49].

The main volcanic building phase of Mayotte Island is estimated to have occurred
from 10.6 Ma to 1.25 Ma [50]. The estimated age of the initiation of the volcanism in Mayotte
by Michon (2016) [51] is ~20 Ma, and by Masquelet et al. (2022) [52] is ~26.5 Ma. The lava
chemistry demonstrates shallow lithospheric but also deeper mantle sources, suggesting
lithospheric melt as well as the existence of an ascending mantle plume [50]. A composite
polygenetic growth during a long time span is probable. The mantle depths range from
17 km to 70 km below Mayotte [33].

Volcanic island growth stages initiate with a submarine phase, that could be explosive,
and the building of the volcano shield with relatively steep slopes often caused by effusive
eruptions. When the shield building stage allows the volcano to reach the sea, surface
erosive processes increased due to the interaction with sea waves. Due to the enormous
weight of the shield volcanoes, subsidence occurred and reef growth is documented.
(Volcano subsidence could be very low to moderate, as in the Canary Archipelago (until
2 mm/yr) [53,54], or moderate to high, as at the Hawaii (until 4.8 mm/yr) [55].

Here, I focus on volcanic activities during the last thousands of years. Some volcanic
events on Mayotte have been dated to 6.5-7 kyr B.P. (ash), 8 and 2.2 kyr B.P. (phonolite),
4 kyr and 4.12 £ 0.04 kyr B.P. (pumice stone), and 5.98 + 0.14 kyr B.P. (volcanic mud) [56-58].
These activities highlight volcanic episodes during the Holocene. However, the volume of
volcanic materials that erupted during this phase is unknown. Furthermore, the duration of
the complete volcanic cycle from magma ascent to volcanic edifice construction in Mayotte
during the Holocene has never been estimated.

Relative sea level may be used to quantify vertical movements [17,22,59-61]. Previous
studies on coral reefs have obtained accurate data on relative sea levels in Mayotte during
the Holocene [56-58,62-65]. These studies have discussed the role of climate variation and
postglacial floods, as well as glacio-hydro-isostatic adjustment, on relative sea level. After
the last glacial age, maximum sea levels rose at a mean rate of 10-12 m/ka between 14 and
8 kyr B.P. [61,66,67], but the rate slowed in the last 7 ka. However, the potential effects of
volcanic and tectonic activity, as well as abrupt mass unloading (erosion or landslides), on
relative sea level rise and fall have not been analyzed in Mayotte.

This study considers vertical movement of Mayotte in the last 10 kyr by modeling
magma reservoir pressure together with volcanic edifice loading and compares these
parameters with global/relative sea level discrepancies. More precisely, volcanic activities,



GeoHazards 2024, 5 331
such as magma reservoir overpressure (amplitude and duration) and the volume of volcanic
edifice during the last 10 kyr in Mayotte, are estimated. The implications of these results at
the regional scale are discussed.
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Figure 1. Mayotte volcanic context. (A) Regional tectonic plate context with inferred plate boundaries
represented by dashed lines and the East African Rift represented by dark violet bars, Africa and
Madagascar are represented in pink; (B) bathymetric map (units in meters) around Grand Terre
(GT) and Petite Terre (PT) islands in the Mayotte archipelago, with volcanic edifices in red, lava
flows in pink with the caldera circled; the extension of magma reservoir at 50 km and 70 km is
represented by light red dashed lines and the radius represented are approximatively of 20 km and
40 km, respectively; and (C) schematic representation of the lithosphere below Mayotte, modified
from Feuillet et al. (2021) [33] and Dofal et al. (2022) [37]. The accurate shape of the magma reservoir
is not known. The coral reefs used to estimate the relative sea level are located at less than 20 km
from the hypothetic center of the magma reservoir.



GeoHazards 2024, 5 332

2. Materials and Methods
2.1. Overpressure and Surface Uplift

The vertical displacement U, of a spheric magma reservoir of radius r; at a depth —Z
with an overpressure AP is given by the following equation [68,69]:

U,=(1—v) (AP 12 2)/[G (R? + Z)P/2 x [1 — (r:/Z)° x [(1 = v)/[2 (7 — 5v)] — [15 (2 — V)]/[4 (7 — 5v)] x Z%/(R* + ZH)]]

where v is the Poisson’s ratio for simplicity fixed at v = 0.25, and R is the distance from the
expansion source embedded at position ¢ to point j on the free surface and corresponds to
the radial distance from the source (center of the magma chamber). G is the shear modulus
and usual values of 15 GPa are considered [70]. The shear modulus G = E/(2 x (1 + v))
could range between 12 and 30 GPa, when the Young’s modulus E ranges between 30 and
75 GPa [71-73].

The depths of the magma reservoir that are considered in this study are 20 km,
50 km [37], and 70 km, which agree with the estimates by Feuillet et al. (2021) [33]. The
radii of the modeled magma reservoirs range from 5 km to 25 km, in agreement with recent
studies by Berthod et al. (2021) [35], Cesca et al. (2021) [32], Feuillet et al. (2021) [33],
Foix et al. (2021) [38], and Dolfal et al. (2022) [37]. The magma reservoir is considered as a
sphere because there are no arguments to give any accurate shape. The horizontal distance
between the center of the magma reservoir and the point influenced by vertical movement is
at the maximum of 20 km, as suggested by the location of the caldera and the distance of the
Caldera from the Mayotte lagoon (Figure 1B). The influence of magma reservoir pressure
at different depths was also modeled. The overpressure and depressurization tested in this
study range from 20 to 150 MPa following Gerbault et al. (2012) [74]. Overpressure was
estimated using the observed uplift of 10 = 1 m.

2.2. Volcanic Edifice Loading and Isostatic Adjustment

The loading of volcanic edifices on the lithosphere causes subsidence [15]. Modeling
the isostatic adjustment in response to loading is performed using a classical law [75] that
has been applied in various studies [76-78]. Turcotte and Schubert (2001) [75] used the
equation V2(D-V*w(x)) + (0a + P0)gW(X) = poglzinit(x) + z(x)] to model the flexure of the
lithosphere, where D is the rigidity of the lithosphere, w(x) represents the uplift, p, and p,
are the densities of the asthenosphere and volcanic rock, g is the acceleration of gravity,
Zinit(x) is the initial topography and z(x) is the topography after the construction of the
new volcanic edifice. The rigidity is defined by D = ET3/[12(1 — v?)], where E is Young’s
modulus and T, is the effective elastic thickness.

The E-W sublinear trend of the Comoros volcanic archipelago allows us to analyze the
symmetry axis of this 200 km long structure and to simplify the numerical problem using a
2-D approach. This is a first order approximation adapted to the objective of the present
work. The elastic thickness in Mayotte is 40 &= 5 km [79], corresponding to a flexural rigidity
that ranges from 3.8 x 10?2 N.m? to 8.1 x 10?2 N.m?. In the calculation, E = 10! Pa.

The resulting vertical motion rates are calculated by considering a constant displace-
ment during the 10 kyr after the abrupt mass displacement, which is the time necessary to
relax the viscous properties of the lithosphere 10 & 5 kyr after isostatic adjustment [80,81].
The average velocity obtained is a first-order estimation sufficient to describe the main
dynamics of the system.

Different loading masses corresponding to various volumes of volcanic rock involved
in volcanic edifice building were simulated in models of several volcanic edifices 200 m tall
and with diameters of 3.5 km as suggested by bathymetric data [48,49,82], corresponding
to a conical volume of 0.6 km? and a mass of 1.8 x 10'2 kg. This study discusses the loading
mass that explains the observed subsidence. Two different locations have been considered
(0 km and 20 km from the coast of Mayotte) [33,83] and results have been compared with
observed vertical movements.
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2.3. Relative Sea Level and Vertical Movement

Samples from well-preserved coral reefs in Mayotte have been dated [58,62,63] and
used to produce a relative sea level curve [58,63]. The 14C data from Zinke et al. (2003) [63]
were recalibrated using a radiocarbon calibration program CALIB REV8.2 [84] and more
recent calibration datasets, such as Marine20 [85] and SHcal20 [86], than IntCal98 and
Marine98 that were used to recalibrate Mayotte’s 1#C ages in a previous study (Table 1). The
Marine20 dataset was used to recalibrate “C ages of marine samples (bivalves, molluscs,
in situ corals), whereas the SHcal20 dataset was used for continental/organic samples
(mangrove roots fragments, organic matter). The recalibration using the SHcal20 dataset
is more appropriate than IntCal20 [87] because Mayotte is in the southern hemisphere.
However, recalibration using the SHcal20 dataset provided only very small differences
from our IntCal20 recalibration results. The complete dataset reconstructing relative sea
level on Mayotte has been produced using U-Th age from Camoin et al. (1997) [62], and *C
ages from Zinke et al. (2003) [63] (Table 2) recalibrated in this study with depth estimated
by Zinke et al. (2003) [63] (Table 2). In the case of Mayotte, there are two contemporaneous
variations: (1) the global ocean level variations identical all around the Earth, called
“reference sea level variations” or “reference sea level curve”, (2) the Mayotte Island
uplift/subsidence due to volcano-tectonic processes.

In Mayotte, these two processes have been recorded in the sediments/coral reef. These
records are called “relative sea level variations”, but is caused by both processes (i.e., global
ocean level variations and local uplift/subsidence in Mayotte). This does not mean that
the sea level was different in Mayotte in comparison to the sea level elsewhere, but that
the records of past sea levels have been modified by vertical movements. Alternatively,
the difference between the “reference sea level” and the “relative sea level” permit one
to estimate the vertical movements caused. Comparison of the relative sea level curve of
Mayotte with a reference sea level curve permits estimation of the vertical movement in
Mayotte from 10 kyr to 1 kyr B.P.

Table 1. List of radiocarbon ages obtained from reef cores in the lagoon of Mayotte. Accurate location
of the sample is showed in Zinke et al. (2003) [57].

Depth Age 14C Calib. Age 1*C Calib. Age 14C
ID Sample * (mI; a (nyP) a (yr BgP) (yr BP,gzo)
KI 4,282,021 22405 2550 + 35 2045 P 2238-1854 b
KI 4,385,021 6.8 +05 6740 + 45 7050 b 7232-6872 b
KI 4,384,021 90+1 6780 + 55 7090 b 7268-6895 P
KI 4,383,021 90+1 7510 + 55 7788 b 7947-7620 P
KIA 11,560 288+ 0 8740 =+ 45 9713 ¢ 9890-9543 ©
KI 8739 3473 +£2 9020 + 100 9548 b 9875-9284 b
KI 4,332,001 3475+ 2 9150 + 95 9711P 10,043-9451 P
KI 5206 39.97 + 0 9420 + 40 10,648 © 10,690-10,444 ©
LGQ 600 59.15 + 0.5 9650 + 190 10,975 © 11,617-10,304 ¢
LGQ 599 58.50 + 1 10,190 + 190 11,133P 11,724-10,567 °
LGQ 601 60.00 £ 0.5 9860 + 210 10,684 P 11,243-10,121°
KIA 11,558 59.30 + 0.5 10,000 =+ 40 11,422 ¢ 11,628-11,208 ¢
KIA 11,559 60.50 & 0.5 10,070 =+ 45 11,515¢ 11,757-11,274 ¢
LGQ 602 61.50 £ 0.5 10,270 =+ 410 11,906 € 12,918-10,708 ©

a14C ages and depths estimated by Zinke et al. (2003) [57]. ® Recalibration ages obtained using the Marine20
reference dataset [85]. ¢ Recalibration age obtained using the SHcal20 reference dataset [86].

The reference sea level curve used in this study was based on Bard et al. (1990; 1996;
2010) [88-90], Deschamps et al. (2012) [91], and Hallman et al. (2018) [92] for Tahiti, and
Peltier and Fairbank (2006) [93], Abdul et al. (2016) [94], and Bard et al. (1990) [95] for
Barbados. In this study, the reference sea level curve is reconstructed by using two accurate
datasets instead of heterogeneous data. The reference sea level curve reconstructed far
from the study area is not impacted by local deformation. During the last 12 kyr, the
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difference between these two sets is not significant, as suggested by the comparison with
the Lambeck et al. (2014) [67] reference curve (Figure 2). For accuracy, only U-Th ages
are used for the reference sea level curve. For coherence, only the coral Acropora palmata
from Barbados is included in the reference curve. For the construction of the sea level
curve using Tahiti data,  have used subsidence rate corrections of 0.25 mm/yr before 6 kyr
B.P. [88,95] and 0.15 mm/yr after 6 kyr B.P. [90]. Uplift rates of 0.34 mm/yr before 11.18 kyr
B.P. and 0.8 mm/yr during the last 11.18 kyr B.P. are used for Barbados [17,96].
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Figure 2. Relative sea level in Mayotte (red crosses) compared to the sea level curve constructed using
data from Tahiti (green triangles and crosses, dark blue triangles) and Barbados (light blue squares).
Data from Mayotte: Zinke et al. (2003) [57] recalibrated using Marine20 and SHcal20 curves (20).
Data from Tahiti: Bard et al. (1990, 1996, 2010) [88-90]; Hallman et al. (2018) [92]; Deschamps et al.
(2012) [91]; and Pirazzoli et al. (1985) [97]. Data from Barbados: Peltier and Fairbank (2006) [80]; and
Abdul et al. (2016) [1]. Before 6 kyr B.P,, the subsidence rate in Tahiti is corrected with an uplift rate
of 0.25 mm/yr, and afterward, it is corrected using a subsidence rate of 0.15 mm/yr. Before 11.18 kyr,
the uplift rate is corrected with an uplift rate of 0.34 mm/yr in Barbados, and after 11.18 kyr B.P,,
an uplift rate of 0.8 mm/yr is used. The reference sea level curve from Lambeck et al. (2014) [67] is
represented by a green line for comparison.

The uncertainties are associated with the following: (i) the collection of samples in
Mayotte lagoon, (ii) the distances between coral reefs that could reach more than 10 km,
(iii) dating method uncertainties for mangrove roots as well as coral reefs, (iv) the uncer-
tainties of the position of the sea surface that is inferred from the coral species, and (v) the
uncertainties associated with the reference sea level curve reconstruction. In particular, the
depth estimates of drilling methods, coral reefs, and mangrove roots generate uncertainties
on the paleo sea level that cannot be neglected. Zinke et al. (2003) [57] estimated that
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sea level involved a maximum of 2 m uncertainty, but in many cases, uncertainty is less
than 1 m. To avoid any underestimation, an uncertainty of 4 m will be considered for
the interpretation.

Table 2. Sea level data obtained from reef cores from the lagoon of Mayotte. U-Th [62] and “cC[57]
ages are presented. *C ages have been recalibrated for this study. Uncertainties on depth are those
of Zinke et al. (2003) [57].

ID Sample D(v.:;))t h (y??;i’) Method
BRGM 0022 135+1 1500 + 100 U-Th
KI 4,282,021 22405 2588 + 200 l4c
BRGM 0093 345+1 3700 =+ 200 U-Th
KI 4,385,021 6.8 +0.5 7050 + 200 4C
BRGM 0095 7.30 7200 =+ 400 U-Th
KI 4,384,021 90+ 1 7090 + 200 4C
KI 4,383,021 9.0+ 1 7788 + 200 4
BRGM 0023 9.45 8200 + 200 U-Th
BRGM 0096 11.60 8200 =+ 300 U-Th
BRGM 0097 16.70 8600 + 300 U-Th
BRGM 0018 18.70 9300 + 300 U-Th
BRGM 0098 21.05 9600 =+ 400 U-Th
KIA 11,560 288+ 0 9657 + 250 4C
KI 8739 3473 £ 2 9548 + 300 e
KI 4,332,001 34.75 + 2 9711 =+ 350 l4c
KI 5206 39.97 + 0 10,613 =+ 200 e
LGQ 600 59.15 + 0.5 10,932 + 700 e
LGQ 599 5850 + 1 11,133 + 600 4C
LGQ 601 60.00 £ 0.5 10,684 + 600 4
KIA 11,558 50 £+ 0.5 11,422 + 210 l4c
KIA 11,559 60.50 + 0.5 11,515 + 250 e
LGQ 602 61.50 + 0.5 11,906 + 1200 4cC
3. Results

Comparison of the relative sea level in Mayotte and the reference sea level suggests
that subsidence of the Island of Mayotte of approximately 6-10 m occurred abruptly
between 10 and 9.4 kyr B.P, taking less than 600 yr at a minimum rate of 16.7 mm/yr
(Figure 3). This was followed by uplift of +6-10 m occurred from 8.1 to 7 kyr B.P. during
1.1 kyr at a rate of 9 mm/yr. From 6 £ 0.4 kyr B.P. to 5.8 £ 0.5 kyr B.P, the increasing
difference between the reference sea level curve and the relative sea level curve of Mayotte
suggests an uplift of around 4 m in 0.5-2 kyr. Progressive subsidence at a maximum rate of
1.0 £ 0.1 mm/yr occurred from 5.8 & 0.5 kyr B.P. to 1 kyr B.P.

An increase in the pressure at depth, equivalent to the one that could be estimated
in the magma reservoir associated with some magma ascent, could explain the uplift
of the surface observed between 8.1 and 7 kyr ago. More precisely, an overpressure
of 80 + 20 MPa at a depth of 50 km with a diameter of 20 km could explain an uplift
of 10 £ 1 m (Figure 4). The position of magma reservoirs with different radil and their
distances from the Mayotte Lagoon (around Petite Terre -PT- and Grande Terre -GT-),
where the coral reef has been collected, is represented in Figure 1B. Equally, an overpressure
of 80 £ 20 MPa at a depth of 70 km with a magma reservoir with a radius of 25 km could
produce similar uplift (Figure 5). Overpressure of 40 & 20 MPa at a depth of 50 km explains
only a 4 m uplift (Figure 4).
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Figure 3. Comparison of the relative sea level variation in Mayotte (data represented by red crosses,
and interpretation by a light violet curve) together with a reconstructed reference sea level curve
(light blue curve; see methods for details). Abrupt depressurization of the magma reservoir occurred
at 9.7 £ 0.3 kyr B.P. and caused ~6—10 m subsidence. A progressive pressure increase in the magma
reservoir occurred from 8.1 to 7 kyr B.P,, causing an uplift. During the last few thousand years, new
volcanic edifices loaded the lithosphere. The red crosses represent coral data (from Mayotte), light
blue squares data (from Barbados); other symbols, yellow circles, green triangles and crosses, red
squares and triangles, and dark blue triangles are all data from Tahiti and Barbados. For comparison,
the reference sea level curve from Lambeck et al. (2014) [67] is represented by a green line. The
horizontal grey rectangles represent an area without data for Mayotte.

The cause of the 6-10 m subsidence that occurred 9.7 £ 0.3 kyr ago in Mayotte could
be explained by a decrease in pressure by the same order (i.e., a pressure decrease of
80 £ 20 MPa at a depth of 50 km, with an equivalent magma reservoir size of 20 km, or a
pressure decrease of 80 &+ 20 MPa at a depth of 70 km for an equivalent magma reservoir
with a radius of 25 km). With a maximum duration of 600 yr for abrupt subsidence, the
minimum subsidence rate for this example was 1.6 cm/yr. This hypothetical and putative
existence of a very deep reservoir able to produce significant effects during non-negligible
durations will be discussed later. The potential influence of other processes on this vertical
movement will be discussed later.
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Figure 4. Modeling the vertical displacement U, caused by magma reservoirs with various overpres-
sures AP. The magma reservoir (not to scale) has a radius rs and is located at a depth —Z at a distance
R from the expansion source embedded at position ¢ to point j. The shear modulus G = 15 GPa,
v =0.25, rs =20 km, and Z = 50 km. The observed uplift is 6~10 m. The vertical movement observed is
around 10 m (highlighted in red). The vertical displacement data are located at a maximum distance
of 20 km from the center of the magma reservoir (distance 0j).
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Figure 5. Modeling the vertical displacement U, caused by magma reservoir overpressure AP at
a depth Z of 70 km with a radius rs of 25 km. The shear modulus G = 15 GPa, and v = 0.25. The
observed uplift is 6-10 m.

The subsidence that occurred in the last few thousand years (observed by comparison
between Mayotte data/model and the reference sea level curve) could be due to the
progressive deflation of a deep structure and/or a loading of the lithosphere by one or more
new volcanic edifices. In this study, I also explore the potential role of the volcanic edifice
loading on vertical movements without excluding the other processes, such as the potential
contemporaneous effect of a magma reservoir deflation. The loading by a volcanic edifice
located at a distance of 0 km from Mayotte with a height of 200 m and an elastic thickness
ranging from 35 km to 45 km caused 1.4 & 0.2 m of subsidence due to isostatic adjustment
(Figure 6). This value corresponds to a subsidence rate of 0.14 mm/yr, assuming a duration
of 10 kyr for isostatic adjustment. Considering a second edifice 200 m high at a maximum
distance of 40 km from Mayotte (GT), the total subsidence could reach 2.5 m. To obtain the
observed subsidence rate of ~1.0 mm/yr (i.e., 6.5 m in 6.5 kyr, Figure 3), it is necessary to
load the lithosphere by a mass of 12.6 x 10'? kg, corresponding to a volume of 4.2 km?
(i-e., equivalent to five volcanic edifices; Figure 7). Deflation of a deep structure with a
pressure reduction of 40-75 MPa at depths of 5070 km could cause a subsidence of 6-7 m
(Figures 4 and 5) with similar subsidence rates.
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Figure 6. Isostatic adjustment modeling. (A) Isostatic adjustment modeling for different elastic thick-
nesses after loading by volcanic edifices located in Petite Terre and the offshore Mayotte archipelago
are in gray. (B) Details of the modeling results. v = 0.25, p, =3179 kg/m3, p, = 3000 kg/m3, E = 1010 Pa,

and 35 km < T, < 45 km.

500 T T T T T T
A | Fat WITHOUT ISOSTASY
' e Te=45km -
L N A Te = 40 km
0r /.r”g’ e Te =35 km =
/ /W
/“F P % \\1 %
-500 4 ’ 1
f, y; oA
/ ’ b
4 & Voo
- L / b,
1000 y |3
—_— ’.f 4 \ \
E / P Yoo
E 1500 - / \
T 4 7 ‘\ \
% ’f ¥4 4 \
I ';“ pF / ‘\\ \
-2000 / ’ L
o 9
4 / 3 N\
/ ‘ \\ E
/ 7/ " \
-2500 |- y \
/ £ A
y s A 5
3000 e -
¥ . h ¢
y < h
'[j/ .
fy \
-3500 " 7] L | | I 1 LA
s -60 -40 -20 4] 20 40 60 \\
" DISTANCE (km) \
o
2 BT T I T
B | :gﬂ WITHOUT ISOSTASY —
it Te=45km ———-
it Te=40km --------
i Te=35km -~
] Te =45 km, 2 new volcanoes
1 % Te = 40 km, 2 new volcanoes
i Te = 35 km, 2 new volcanoes - - - -
¥
i
¢
i
°r i |
—_ i \
E i ﬁ
t i |
G i ﬂ
w -1F i |
U N U S S U . i
| A S s : 0
2t 1 |
3 )
i b
[ )
: i
:.
3 it _
| | | | | L ‘:Iu
13.4 135 13.6 13.7 13.8 13.9 14 14.1



GeoHazards 2024, 5

340

WITHOUT ISOSTASY
VOLCANO INITIAL POSITION

Te =45 km, 1 new volcano
Te =40 km, 1 new volcano

Te =35 km, 1 new volcano
Te =45 km, 5 new volcanoes
ey B e e e e e Te i 40 km’ 5 new VOlcanoes
2B = Te =35 km, 5 new volcanoes
': 5\
‘. 3\
\ 3\
-+ .
.“ ";‘
= OF ! 1\
) i
O ',
-8 F " *‘
uw SEA
A
L
1
-10 B 0
e
3
A
-12 F 1 \
VOLCANO AFTER LOADING *\\
% |
. ‘?t\
-14 | : -1\ =
1 1 1 | I‘t 1 1
13.4 13.6 13.8 14 14.2 14.4
DISTANCE (km)

Figure 7. Isostatic adjustment modeling for different elastic thicknesses after loading by new volcanic

4. Discussion

edifices. v = 0.25, p, = 3179 kg/m?3, p, = 3000 kg/m?3, E = 1010 Pa, and 35 km < T, < 45 km. The area
observed is located in the red square of Figure 6A.

4.1. Vertical Movement Rates

The total vertical movement sequence in Mayotte is characterized by an abrupt sub-
sidence of approximately 6-10 m at 9.7 £ 0.3 kyr ago, at a minimum subsidence rate of
16.7 mm/yr. From 8.1 to 7 kyr ago, a progressive uplift of 6-10 m at a rate of approximately
9 mm/yr resulted from increasing pressure at depth. A second episode of increasing
pressure is suggested around 6 kyr B.P., but the duration is not well defined (Figure 3). Slow
subsidence, caused by deep magma reservoir deflation and/or loading by new volcanic
edifices, are potential long-term evolutionary processes in this area.

The magnitude of the abrupt subsidence rate that occurred 9.7 & 0.3 kyr ago or slightly
before can be compared to the subsidence rate that occurred from May 2018 to January
2020 in Mayotte, even if the duration is different (i.e., ~2 yr vs. ~100-600 yr). It is estimated
that at the peak of the volcanic event, downward surface deformation was 186 mm/yr,

and the observed mean subsidence was 120 mm in 1.5 yr using the Global Navigation
Satellite System (GNSS) and Interferometric Synthetic Aperture Radar (INSAR) during the
2018-2021 event [19]. The approach developed in this study allows an approximation of

the vertical movements that provides some insight into the first order dynamic of Mayotte

during the last 10 kyr. Comparing long-term (>1000 yr) and short term (<daily) vertical
movements is tricky but gives some insight about potential processes. Even if alternative



GeoHazards 2024, 5

341

interpretations are possible, such as a purely tectonic process or shallow volcanic processes,
it seems difficult to exclude the role of deep volcanic dynamics.

4.2. Influence of Tectonic Processes

Seismicity is documented along an E-W trending axis. A right-lateral strike-slip trans-
form fault [45,47] located at the boundary between the Somalia plate and the Lwandle plate
(Figure 1) allows for interpretation of the seismicity and deformations and is compatible
with a relative velocity along the plate boundary of less than 1 mm/yr [47]. Historical focal
mechanisms indicate mainly E-W strike-slip deformations, but indications of normal fault-
ing were also observed during the 2018-2020 seismic swarm, striking N-S along the Davie
Ridge, and, rarely, of thrust faulting focal mechanisms [45]. Volcano-tectonic activities such
as the ones that occurred in 2018-2020 are able to produce vertical movements. However, E-
W strike-slip transform faulting is not expected to cause vertical movements. An en échelon
faults geometry, with the ability to cause vertical movements, is not documented locally.
There are still knowledge gaps about the regional tectonic and geodynamic context [45]. In
this context, a pure tectonic process cannot be discarded, as well as the influence of a pure
volcanic process. In the present study, the maximum influence of volcanic processes has
been investigated. The volcano-tectonic activity is relevant to explain the vertical move-
ments that occurred in this area during the Holocene. Accurately discriminating volcanic
from tectonic processes in the Mayotte geodynamical context is difficult, also considering
that these processes are not totally independent. Furthermore, seismicity is recorded and
contributes to the observed deformations during volcanic events.

4.3. Vertical Movements and Isostatic Adjustments

The rapid and relatively brief (<0.6 kyr) subsidence that occurred 9.7 + 0.3 kyr ago
cannot be explained as a result of loading of isolated new volcanic edifices due to the dura-
tion of isostatic adjustment (10 & 5 kyr). Glacio-isostatic adjustment should be correlated
with specific climatic change [98] (i.e., mass loading caused by the change in the weight
of the seawater and ice), which is not the case here. Similarly, the significant uplift from
8.1 to 7.1 kyr cannot be explained by abrupt mass unloading. Landslides or erosion might
cause isostatic adjustment, and influence either subsidence or uplift rates and relative sea
level, but over a longer period [17,61]. But, such phenomena cannot explain uplift that
lasted for 1 kyr because isostatic adjustment would take ~10 times longer [80,81]. Erosion
and landslides in Mayotte [2,99] have not caused significant isostatic adjustment in the last
13 kyr, because a permanent uplift or a reduction in subsidence would be visible.

The estimated subsidence rate of 1.0 & 0.1 mm/yr of Mayotte from 5.5 &+ 1 kyr to
1 kyr B.P. might have been caused by loading from new volcanic edifices and/or by magma
reservoir deflation. Slow subsidence is active on the island [57,58], but estimated long-
term subsidence rate for this period is slightly higher than that estimated over longer
periods, ranging from 0.13 to 0.25 mm/yr [58]. However, neglecting vertical fluctuations
of —6-10m at 9.7 £ 0.3 kyr B.P. followed by +6-10 m from 8.1 to 7 kyr BP (and also the
potential vertical fluctuations that may have occurred between 6.5 and 4 kyr B.P.) provides
an average subsidence value of approximately 3.5 £ 1 m in 12 &= 1 kyr B.P,, in agreement
with previous studies [58].

New volcanic edifices have been built in the last few thousand years during the sea
level rise, including relatively young volcanic features east of Mayotte [1,33,48,49], along the
slope of the main structure and volcanic rocks ranging in age from 2.2 to 7.965 kyr [56-58].
To our knowledge, there are no published ages for submarine edifices on the Mayotte slope.
The beginning of the current subsidence phase, during the last few thousand years, is not
well defined and could have been from 7 to 4.5 kyr B.P., compatibly with the depth/age of
the most recent coral reefs in Mayotte.

A delay of around 10 kyr between sea level lowering and increasing magma reservoir
pressure may be a consequence of the viscous properties of the lithosphere [21,25] and
consequently the volcanic activity recorded at 9.7 &£ 0.3 kyr could results from the low
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stand at 24 kyr to 18 kyr BP [66,67]. However, neither this potential effect nor its duration
are well studied.

4.4. Volcanic Activity and Deep Magmatic Root

A decrease in magma reservoir pressure, beginning at 9.7 £ 0.3 kyr B.P, or an increase
from 8.1 kyr to 7.1 kyr, is consistent with the volcanic context, as attested by the current erup-
tion observed since 2018 in offshore Mayotte, and explains the vertical movements (Table 3).
The observation of altered phonolite in the Mayotte lagoon dated at 7.965 £ 0.045 kyr also
suggests volcanic activity [57]. Phonolite has been also observed onshore [99] and in the
deep offshore, in a horseshoe-shaped caldera [35]. The presence of various volcanic rocks,
such as ankaramitic basalt [99], phonolite [57,99], pumice-stone [57], basanite, and tephra-
phonolite [10]) suggests that different volcanic dynamics [100] extended along the chain.
A deep magma reservoir has been suggested by the study of the recent volcano-tectonic
activity in Mayotte [33]. The cores and rocks dredged offshore during the post-2018 marine
surveys, MAYOBS, SISMAORE, SCRATCH, and GEOFLAMME [101], will certainly pro-
vide new ages for volcanic activity. Seismological findings that show a complex geometry
of a plume of hot upwelling rock rooted in the deep mantle, imply the existence of hotspot
volcanism beneath the Comoros archipelago [102-104].

Table 3. Volcanic indices around Mayotte.

Age Volcanic Activity Reference
2018 Basalt [49]
2.225 + 0.075 kyr B.P. Phonolite [57]
412 £ 0.04 kyr B.P. Pumice stone [56]
5.98 + 0.14 kyr B.P. Volcanic mud [56]

6.950 + 0.060 kyr B.P. Ash, trachytic pumice, altered phonolite [57,63]

7.965 £ 0.045 kyr Phonolite [57]
1.25 to 10.6 Ma Main volcanic building [50]
1.49 £ 0.04 Ma Phonolite [62]
7.7 £ 1.0 Ma Basalt and nephelinites [62]
20.6 Ma Initiation of the volcanism [51]
26.5 Ma Initiation of the volcanism [52]

A negative seismic velocity anomaly indicative of hot materials can be observed below
Mayotte and the Comoros archipelago (Figure 8) in a global radially anisotropic shear-
velocity model of the earth’s upper mantle and transition zone [102,105]. Geophysical ob-
servations are consistent with geochemical data showing a nonvolatile superplume isotopic
signature in the Comoros-Mayotte and Madagascar systems [103]. The geochemical and
petrographic characteristics of lavas from Mayotte indicate a deep mantle source [50,106].
In turn, this suggests a complex hotspot origin for volcanic activity [41,107] or upwelling,
reflecting complex volcano-tectonic activity at the boundary between the Somali and the
Lwandle plates, in the extension of the East African Rift. A wholly tectonic process could
have caused vertical deformation and cannot be excluded. The accurate volcano-tectonic
cycle that may have occurred has to be better documented (volcanic activity ages, volcanic
and tectonic geometries and processes) and modeled. Nevertheless, the occurrence of vol-
canic activity at this time suggests that it may have contributed to the vertical deformations
observed. The relatively persistence (1 kyr) of the deep (50-70 km) overpressure suggests
that the magmatic pulsing beneath Mayotte and the Comoros in the past 13 kyr was caused
by deep mantle processes [108]. Potentially, this mantle/asthenospheric flow might be a
pulse from either a complex hotspot system or a tectono-volcanic system with a deep root
in the extension of the East African Rift, at the boundary of the Somali and Lwandle plates
(Figure 8). An incipient plate boundary or a mantle heterogeneity could have triggered the
volcano-tectonic evolution [109] and caused a complex volcano-tectonic cycle.
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Figure 8. Tomography below Mayotte using the SEMum2 model of French et al., (2013) [106] and
French and Romanovicz (2014) [102] implemented using Submachine software [110]. (A) from
(—12.8°; 30°) represented by the black dot, to (—12.8°; 60°) represented by the white dot, (B) from
(—8°;49°) represented by the black dot to (—20°; 40°) represented by the white dot. In (A,B), Mayotte
(—12.8°; 45.2°) is represented by a red triangle. The sections are from the surface to the core-mantle
boundary and the dashed lines represent 410 km, 660 km and 1000 km depths. The black, green and
white dots are used to show the position of the tomography on the map.

4.5. Uncertainties and Unknown

Uncertainties regarding the reference sea level curve may be estimated by comparison
with Lambeck et al.’s (2014) [67] results. The reconstruction proposed here is identical to the
Lambeck et al. (2014) [67] curve from 12 to 10 kyr, but is 0.5-3 m below the Lambeck et al.
(2014) [67] curve from 10 to 6 kyr B.P, and slightly above the curve from 6 to 1 kyr BP
(Figure 2). As a consequence, there are a maximum of 2 m of uncertainty on the reference
curve. The conclusions here are compatible with a total of 4 m of uncertainty.

The results suggest that a variation of pressure at depths equivalent to those caused
by a magma reservoir located at a 50-70 km depth is able to fit the data (Figures 4 and 5).
Uncertainties regarding the depth and radius of the potential magma reservoir are signifi-
cant but are compatible with interpreting observed vertical movements as evidence of the
influence of magma activity. The maximum uncertainties on the reservoir characteristics
are 20 km for depth, 20 km for lateral position of the center of the magma reservoir from
the coral reef, 10 km for diameter and 40 MPa for pressure. At depth > 50 km, a pressure
increase of AP > 100 MPa is necessary to cause vertical movements > 6 m with an equivalent
magma reservoir radius of <20 km. If shallow magma reservoirs (~20 km depth) could
cause significant vertical movements with moderate pressure variation (~50 MPa) of a large
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magma reservoir (~10 km), it is necessary for deep magma reservoirs (>50 km) to be very
large (>15 km) and experience high pressure variations (>100 MPa) to obtain the same
results (Figure 9). Deep sources spread their effects over large areas. The accurate position
of the magma reservoir relative to the Mayotte lagoon is not known. However, the position
of the seismicity during the 2018-2020 eruption, as well as the offshore caldera position
around 10 km to the east of the Mayotte lagoon, suggest that the center of the deep magma
reservoir is located at a maximum lateral distance of 20 km from the Mayotte lagoon where
the data have been collected. This study suggests a maximum vertical movement rate
caused by deep volcanic processes. The fact that the potential values for the parameters
vary means that the interpretation of the vertical movements may be used to improve the
development of models, especially those that explain the duration of the processes. The
relationship between very deep processes and surface movements must be still improved.

T T |
G=15GPa, Z=50km, Rs=15000m, deltaP=150MPa

G=15GPa, Z=50km, R==20000m, deltaP=60MPa ——--
G=15GPa, Z=50km, Rs=25000m, deltaP=30MPa -

10 20 30 40 50
DISTANCE (kmj

Figure 9. Modeling the vertical displacement U, caused by magma reservoir overpressure AP at a
depth Z of 50 km with a radius rs of 15 km, 20 km and 25 km. The shear modulus G = 15 GPa, and
v =0.25. The observed uplift is 6-10 m.

5. Conclusions

During the last 10 kyr, significant magmatic activity caused uplift and subsidence
in Mayotte. The subsidence of —6-10 m is interpreted as due to a pressure decrease
at 9.7 £ 0.3 kyr B.P, whereas the uplift of +6-10 m is caused by a pressure increase of
80 £ 20 MPa at 50-70 km depth. The significant duration of the overpressure may reflect a
quasi-permanent deep magmatic flow lasting 1 kyr and suggests a deep magmatic root.
The increase in pressure was contemporaneous with volcanic activity. The accumulation
of volcanic material around the Mayotte edifice could have contributed to the slow sub-
sidence of more than 2.5 m in the last few thousand years. The volcano-tectonic cycle
of approximately 10 kyr was recorded by changes in relative sea level that provide new
insight for understanding the volcanic activity of the Comoros archipelago. A plume of
hot upwelling rock, rooted in the deep mantle and the asthenosphere, extends from the
East African Rift below the Comoros archipelago, and reaches the surface at the boundary
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between the Somali and Lwandle plates. This complex system may be responsible for the
volcano-tectonic activity of Mayotte.
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