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Highlights

- Lavas erupted offshore Mayotte since May 2018 are evolved basanites (~5 wt% MgO).

- The eruption is fed by a deep (> 37 km) mantle reservoir.

- Primitive magma has undergone at least 50% of crystallization in a > 10 km® mantle
reservoir.

- Magma transfer rate show that the eruption is steadily supplied from the deep mantle
reservoir.

- After May 2019, ascending magma intersected a more evolved and shallower magma

reservoir.

Keywords: Mayotte, submarine eruption, dredges, petrological model, mantle reservoirs,

multiple storage zone



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Abstract

Deep-sea submarine eruptions are the least known type of volcanic activity, due to the
difficulty of detecting, monitoring, and sampling them. Following an intense seismic crisis in
May 2018, a large submarine effusive eruption offshore the island of Mayotte (Indian Ocean)
has extruded at least 6.5 km?® of magma to date, making it the largest monitored submarine
eruption as well as the largest effusive eruption on Earth since Iceland’s 1783 Laki eruption.
This volcano is located along a WNW-ESE volcanic ridge, extending from the island of Petite
Terre (east side of Mayotte) to about 3,500 m of water depth. We present a detailed petrological
and geochemical description of the erupted lavas sampled by the MAYOBS 1, 2, and 4 cruises
between May and July 2019 and use these to infer characteristics and changes through time for
the whole magmatic system and its dynamics from the source to the surface. These cruises
provide an exceptional time-series of bathymetric, textural, petrological, and geochemical data
for the 2018-2019 eruptive period, and hence bring an invaluable opportunity to better constrain
the evolution of magma storage and transfer processes during a long-lived submarine eruption.
Integrating the petrological signatures of dredged lavas with geophysical data, we show that the
crystal-poor and gas-rich evolved basanitic magma was stored at mantle depth (> 37 km) in a
large (> 10 km?) reservoir and that the eruption was tectonically triggered. As the eruption
proceeded, a decrease in ascent rate and/or a pathway change resulted in the incorporation of
preexisting differentiated magma stored at a shallower level. Magma transfer from the deep
mantle reservoir is syn-eruptive, as indicated by transfer times estimated from diffusion in
zoned olivine crystals that are much shorter than the total eruption duration. Our petrological
model has important hazard implications concerning the rapid and stealthy awakening of a deep

gas-rich magma reservoirs that can produce unusually high output rates and long-lived eruption.
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Sudden tapping of large crystal poor reservoirs may be the trigger mechanism for other rarely

witnessed high-volume (> 1 km?) effusive events.

1. INTRODUCTION

The discovery in May 2019 of an active volcanic submarine edifice of exceptional size 50
km east of Mayotte island (Comoros Archipelago, Mozambique Channel, Fig. 1a) caused an
immediate mobilization of the French scientific community (Feuillet et al., 2019), and the
creation of the Mayotte Volcanological and Seismological Monitoring Network (ReVoSiMa,
2021). The eruptive site is located on the distal part of a 60 km long WNW-ESE volcanic ridge
that runs off the eastern flank of Mayotte, the subaerial expression of which is Petite Terre
Island (Fig. 1b). As of October 2020, this volcano had risen 820 m above the 3300 m deep
seafloor with an erupted lava volume of ~ 6.5 km? (ReVoSiMa, 2021). This volume implies
exceptionally high time-averaged magma discharge rates ranging from 150 — 200 m3/s (first
year), decreasing through 70 — 80 m3/s (May—July 2019) to less than 35 — 45 m?/s since August
2019 (ReVoSiMa, 2021). As such, it represents by far the largest monitored submarine eruption
(Carey et al., 2018; Chadwick et al., 2018, 2016; Clague et al., 2011; Perfit and Chadwick,
1998; Resing et al., 2011; Rubin et al., 2012) and the third largest mafic eruption of the last two
millennia after Eldgja in 939 (Oppenheimer et al., 2018) and Laki in 1783-1784 (Thordarson

and Self, 1993), both in Iceland.

The seismo-volcanic crisis began in May 2018 with a series of strong tectonic
earthquakes, including 32 events with Mw=>5, located between 12 and 42 km depth, ~35 km

east of Mayotte (Cesca et al., 2020; Lemoine et al., 2020). On land, surface deformation
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(subsidence and eastern motion) have been continuously observed since July 2018, and Very
Long Period (VLP) seismic events related to fluid migration and possible magmatic activity
have been occurring at least since mid-June 2018 (Cesca et al., 2020; Lemoine et al., 2020),
suggesting that the eruptive activity has been ongoing for more than two years. On-going
subsidence and seismicity have been linked to the eruption-related withdrawal of magma from

its storage zone (Cesca et al., 2020; Feuillet et al., 2020; Lemoine et al., 2020).

Three oceanographic cruises (MAYOBS 1, Feuillet, (2019), MAYOBS 2, Jorry, (2019),
MAYOBS 4, Fouquet and Feuillet (2019), Fig. 1c, d) between May and July 2019 provide an
exceptional time-series of bathymetric, textural, petrological, and geochemical data for the
2018-2019 eruptive period (Table 1). Since most mafic submarine eruptions are short-lived and
have only been sampled after the end of the eruption, their study provides little information on
their temporal evolution (Chadwick et al., 2018; Clague et al., 2018; Rubin et al., 2012). The
geographically and temporally well-characterized sampling performed during the MAYOBS
cruises thus brings an invaluable opportunity to better constrain the evolution of magma storage
and transfer during a long-lived submarine eruption. In this paper, we present a detailed
petrological, textural, and geochemical study of the submarine samples, to provide insights into
the temporal and spatial evolution of a large volume of gas-rich magma rapidly intruding the
lithosphere and reactivating multiple levels of magma storage. This is the first time that this
methodology, developed for subaerial eruption at monitored volcanoes (Di Muro et al., 2014;
Edmonds et al., 2013; Gansecki et al., 2019; Gurioli et al., 2018), and combining a large range
of petrological and geochemical approaches on a temporal series of lava samples, is applied to

a submarine eruption.

2. GEOLOGICAL SETTING
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The Comoros Archipelago is located in the Mozambique Channel between the northern tip
of Madagascar and the eastern coast of Mozambique (Fig. 1a). The four islands which compose
the archipelago, Grande Comore, Moheli, Anjouan and Mayotte, are aligned on a NW-SE trend
(Tzevahirtzian et al., 2020). This trend is superimposed on a zone of active seismicity
connecting the northern extremity of Madagascar on the east, to the African coast to the west,
and several authors suggest the presence of a boundary between the Lwandle microplate and
the Somalia plate (Famin et al., 2020; Saria et al., 2014; Stamps et al., 2018). By combining a
structural study with stress inversion of earthquake focal mechanisms, Famin et al. (2020)
propose that this Lwandle and Somalian plate boundary is related to a complex E-W zone of

immature right-lateral wrenching of the lithosphere.

Despite numerous studies, the origin of the volcanism in this geodynamic context remains
a matter of debate (Bach¢lery and Hémond, 2016; Class et al., 1998; Claude-Ivanaj et al., 1998;
Coltorti et al., 1999; Deniel, 1998; Flower, 1973; Michon, 2016; Nougier et al., 1986; Pelleter
et al.,, 2014; Strong, 1972; Thompson and Flower, 1971). Many hypotheses have been
formulated including the interaction of a mantle plume with oceanic lithosphere (Class et al.,
1998, 2005, 2009; Claude-Ivanaj et al., 1998; Emerick and Duncan, 1982; Hajash and
Armstrong, 1972) and the reactivation of lithospheric structures possibly in relation with the

East African Rift System (Lemoine et al., 2020; Michon, 2016; Nougier et al., 1986).

Trace elements and EM1 — HIMU isotopic signatures of volcanic rocks in the Comoros
Archipelago would support the interaction of a mantle plume with amphibole/phlogopite-
bearing oceanic metasomatized lithosphere (Bach¢lery and Hémond, 2016; Class et al., 1998;
Pelleter et al., 2014; Spéth et al., 1996). However, the mantle plume hypothesis is considered

incompatible with the migration of the African Plate towards the NNE and with the structural



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

features of the region (Famin et al., 2020). Finally, since the youngest volcanic activity occurs
both in Grande Comore (0.13 + 0.02 Ma to present; Hajash and Armstrong, 1972; Emerick and
Duncan, 1982) with the active Karthala volcano (Bache¢lery et al., 2016) and in Mayotte (Cesca
et al., 2020; Feuillet et al., 2020; Lemoine et al., 2020; Zinke et al., 2003), the age progression
of volcanism is not consistent with formation of the archipelago by the migration of the Somali
plate over a fixed hotspot. Several lines of evidence suggest that the volcanism of the Comoros
archipelago is associated with lithospheric deformation rather than the result of a deep mantle

plume (Famin et al., 2020; Lemoine et al., 2020; Michon, 2016).

Mayotte, the easternmost island of the archipelago, southwestward of Anjouan (Fig. 1a), is
the oldest island with a maximum age of 20 Ma for the onset of subaqueous volcanic activity
(Debeuf, 2004; Emerick and Duncan, 1982; Hajash and Armstrong, 1972; Michon, 2016;
Nougier et al., 1986; Pelleter et al., 2014). It is composed of two main volcanic islands, Grande
Terre and Petite Terre, the latter located 4 km east of Grande Terre. Mayotte subaerial activity
is subdivided into multiple phases beginning in the southern part of Grande Terre (10.6 — 1.9
Ma) and then migrating towards the north (5 — 0.75 Ma) and the northeast (0.75 — Present)
separated by periods of quiescence (Debeuf, 2004; Nehlig et al., 2013; Pelleter et al., 2014).
The current volcanic activity takes place 50 km off Mayotte, on a WNW-ESE submarine
volcanic ridge on the east flank of the island, Fig. 1b, (Cesca et al., 2020; Feuillet et al., 2020;

Lemoine et al., 2020).

3. METHODS

3.1. Sampling
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We first performed a high-resolution bathymetric survey of the eruptive site (Feuillet et
al., 2019, 2021) to identify strategic dredging sites. Erupted lavas were dredged on five sites,
each dredge running for about 100 — 600 m and returning a weight of approximately 300 — 900
kg (Fig. 1¢). During three oceanographic campaigns (MAYOBS 1, Feuillet, (2019), MAYOBS
2, Jorry, (2019), MAYOBS 4, Fouquet and Feuillet (2019)), three dredges sampled the main
volcanic cone and the radiating ridges built before May 2019 (phase 1: DRO1, DR10, DR12,
Table 1 and Fig. Ic, d), and two dredges on the S and SE flanks collected lava flows emitted
during a second phase in June 2019 (DR0S8) and July 2019 (DR11). We selected fresh samples
with representative morphologies and textures, including quenched pillow rims, pillow cores,
sediments, samples containing xenoliths and phenocrysts. For this paper, we focused our study
on glassy pillow rims that preserved the pre-quench textures, as well as xenoliths and

phenocryst-rich fragments.

3.2. Analyvtical techniques

Bulk rock compositions were obtained on a set of 10 samples from 5 dredges (DR0O101,
DRO0105, DR0801-ALF, DR080102, DR100511, DR11, DR1107(1), DR1107(2), DR110704-
b and DR120202, Suppl. material Table 1). Major elements were analyzed on a HORIBA-
Jobin-Yvon ULTIMA C ICP-AES at Laboratoire Magmas et Volcans (LMV, Clermont-
Ferrand, France). Trace elements were analyzed on an Agilent 7900 ICP-MS at Institut de
Physique du Globe de Paris (IPGP, Paris, France). In situ chemical analyses of minerals and
glasses were performed using the CAMECA SXFive Tactis electron microprobe at LMV.
Raman spectra were acquired on melt inclusions in olivine and magnetite, and on matrix glasses

at the Ludwig Maximilian University (LMU — Laboratory of crystallography) using an XPlora
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One spectrometer (Jobin Yvon) coupled with an Olympus microscope at 100x magnification.

Details of the analytical procedures are presented in Supplementary Material “Methods”.

3.3. Physical properties and textures

Density measurements were performed on 27 lava samples using a Micromeritics
Geopyc 1360 envelope density analyzer, following the procedure detailed by Thivet et al.
(2020). The instrument measures the volume of particles with different sizes and shapes. These
density measurements lead to reproducible data with a maximum standard deviation of + 30
kg.m™3 (1o) on five repeated measurements. The porosity of the samples was then calculated
using vesicle-free rock density values (Houghton and Wilson, 1989) calculated from the partial
molar volumes of oxide components (Bottinga and Weill, 1970). Petrographic observations and
microtexture analysis were performed using optical microscope and scan. Vesicle and crystal
size distribution (VSD and CSD), vesicle and crystal number density (NV and NC), and vesicle
to melt ratio (VG/VL) were measured following the procedures in Shea et al. (2010) and

assuming a spherical shape for both vesicles and crystals (mostly olivine).

3.4. Fractional crystallization model

Back-crystallization models were performed to reconstruct a potential mantle-derived
parental melt. Equilibrium olivine and clinopyroxene were added in 1 wt % increments to the
bulk composition of sample DR0O101 until the melt was in equilibrium with a Fogo mantle
olivine. For each step, the composition of the equilibrium olivine was calculated from the
magma composition of the previous step assuming a Kd of 0.30 (Kd = (FeO/MgO)olivine /
(FeO/MgO)meit, Roeder and Emslie, (1970)) and a partition coefficient Dy; = (Ni°lvine / Njmelt =
124 / MgO - 0.9, Hart and Davis, (1978)). The composition of the equilibrium clinopyroxene
was calculated assuming a Kd of 0.28 (Putirka, 2008), oxides vs Mg# trends derived from a

series of unpublished clinopyroxene analyses in basanite samples from Mayotte (Hassen Alj,
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2020), and Dni = 2. The proportions of olivine and clinopyroxene were adjusted to fit the trend

provided by a compilation of published bulk rock analyses from the Comoros Archipelago.

3.5. Diffusion modelling

Preliminary residence times were estimated using diffusion in zoned olivine crystals,
modelled with the DIPRA software (Girona and Costa, 2013). Reversely zoned olivine crystals
were oriented using an EBSD detector attached to a Zeiss Supra 55 VP field-emission scanning
electron microscope housed at ISTeP (Paris, France). Electron microprobe analyses were
acquired along carefully selected profiles: we chose olivine crystals most likely to be cut close
to their center (large homogeneous core), and the shortest possible profiles, perpendicular to
euhedral faces and far from other faces, to avoid artificial lengthening of the profiles (e.g., Costa
et al. 2008, Couperthwaite et al. 2021). Fo profiles (Fo = atomic
Mg/(Mg+Fe+Mn+Ca+Ni)*100) were modelled using an average temperature of 1095 + 20 °C,
an oxygen fugacity on the NNO buffer, and an arbitrary pressure of 200 MPa. Influence of

pressure on diffusion times is within uncertainty.

4. RESULTS

4.1. Petrological and geochemical features

Bulk rock compositions of the lavas from the eruptive site fall within the compositional
range of the moderately to slightly alkaline series of the Comoros archipelago, the “Karthala
trend” (Bachélery and Hémond, 2016; Class et al., 1998; Claude-Ivanaj et al., 1998; Coltorti et
al., 1999; Deniel, 1998; Flower, 1973; Nougier et al., 1986; Pelleter et al., 2014; Strong, 1972;

Thompson and Flower, 1971). They are silica-poor (46 < SiO> wt.% < 48, Fig. 2a and Suppl.



231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

material Table 1), and plot in the tephrite / basanite field of the TAS classification diagram.
Since their normative olivine content is > 10 % they will be referred to as basanites in this study,
although they are significantly evolved (4.4 < MgO wt.% < 5.3), and different from mantle-
derived primitive basanites. Phase 2 lavas (DROS, DR11) are slightly more evolved than the
earliest erupted ones with MgO content spanning a narrow range from 4.4 — 4.6 wt.%. All lavas
analyzed are enriched in REE and other incompatible elements and display a steep chondrite-
normalized REE pattern, close to the upper range found in the older subaerial Mayotte lavas

(Fig. 2¢).

Quenched samples are glassy, crystal-poor (4-6% crystals, Figs 3, 4, and Suppl. material
Tables 2 and 3), and contain significant amounts of vesicle-trapped volatiles ("popping rocks").
The average vesicularity of lavas is high, 35%, with a maximum of 43%, for phase 1 products
(DRO1-DR10-DR12) collected on the ridges radiating from the main edifice. Phase 2 lavas,
collected on lava flows, are denser (average vesicularity of 31% for DROS, down to 18% for
DR11). Except for DR11, these values are much higher than vesicularities of typical MORB
popping rocks (Chavrit et al., 2014, 2012), but comparable with the few values measured for
submarine alkali basalts. The average vesicularity for all investigated samples is 27 %. Using
this average value, the 6.5 km? of the new volcano are equivalent to 4.8 km? of dense rock. Two
binary images of lava fragments from the two textural endmembers (the most and the least
vesicular lava) are shown in Fig. 3. DR0103al (Fig. 3b) from phase 1, is highly vesicular (43%)
and characterized by a homogeneous population of rounded vesicles with a mean size of 0.4
mm. The sample has a relatively high number of vesicles per unit of liquid (Nv, 17 mm3). In
contrast, DR110704b (Fig. 3a) is characterized by a lower vesicularity than DRO1, with big,
coalesced vesicles, up to 3 mm in diameter and a mean value of 0.8 mm and a drastic decrease
in small vesicles, that translate in a low Nv (0.1 mm™). A general decrease in number of vesicles

is evident between the lava samples from phase 1 (DR0O1-DR10-DR12) and those from phase
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2 (DRO8-DR11), with DR11 samples being the lowest in terms of vesicularity and hence

inferred pre-eruptive gas content (Fig. 3c¢).

Crystals in all samples include coeval Fe-rich olivine (50 — 790 um, Foeo.735), Ti-
magnetite (50 — 100 um), and apatite (< 20 um, Fig. 4a, b). Rounded FeS droplets either
included in olivine and magnetite crystals or directly in the glass indicate the presence of
an immiscible sulphide liquid in some of the samples. Most crystals are euhedral, but skeletal
crystals of olivine and titanomagnetite (Fig. 4b) are present in all samples, providing evidence
for fast growth, likely linked to fast ascent rates. The small population of olivine phenocrysts,
> 0.4 mm (for phase 1 samples) and > 1 mm (for phase 2 samples), represents a very low
fraction of the total crystal population (0.3 — 1% of all olivine crystals). In samples from phase
2 (June 2019 — July 2019, samples DRO8 and DR11), some of the olivine phenocrysts are
reversely zoned (Fos;3 in the cores to Fo7o in the rims, Fig. 4c). Their rim composition is similar

to that of olivine microlites (Fig. 4a, b).

The June 2019 lava flow (sample DR080205) contains small mantle xenoliths (Fig. 4d,
e). The largest one (DR080205-x4) is ~5 mm in diameter, and composed of ~1 mm long crystals
of Fogg olivine and orthopyroxene with a Mg# (atomic (Mg/(Mg+Fe))*100) of ~90 (Fig. 4d).
Some of the orthopyroxene crystals contain clinopyroxene exsolutions. This xenolith also
contains veins of SiO2- and K,O-rich silicate melts, typical of the melts produced by low-degree
melting of phlogopite-bearing mantle (Condamine and Médard 2014). These melt veins are
associated with small (< 100 um) clinopyroxene crystals with Mg# between 92 and 94. A
second and smaller xenolith (DR080205-x1), 2.5 mm long (Fig. 4e), is mostly composed of a
single clinopyroxene crystal with orthopyroxene exsolutions, and small included crystals of
olivine and orthopyroxene. Mineral compositions are similar to those in the first xenolith. A
third investigated xenolith (DR080205-x3), only 2 mm in diameter, is similar to the first one,

with mostly olivine and orthopyroxene crystals, and clinopyroxene exsolutions in the
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orthopyroxene. All xenoliths reacted with the surrounding melts: pyroxene crystals react to
form a fine-grained corona of clinopyroxene, olivine, and Ti-magnetite, while olivine crystals

are overgrown by an Fo7, olivine rim (Fig. 4d, e).

Sample DR080205 also contains a few clinopyroxene megacrysts (Fig. 4f). These
megacrysts have a magmatic origin and show an inner, normally zoned core (Mg# 68— 61),
surrounded by a more magnesian rim (Mg# 68 — 78). This magnesian rim shows evidence of
dissolution and is in turn surrounded by an outer rim made of dendritic clinopyroxene crystals

with interstitial glass (Fig. 4f).

Quantification of dissolved water has been performed by micro-Raman spectroscopy in
melt inclusions hosted by olivine and titanomagnetite crystals. The pre-eruptive water content
is constrained to a minimum of 2.3 wt. % for DROI and 1.2 wt. % for DRO8 (Fig. 5). Our
preliminary data suggest that open embayments can retain high water contents comparable to
those of the closed melt inclusions, suggesting the occurrence of disequilibrium water degassing
during magma ascent. Disequilibrium water degassing typically results from fast magma ascent.
It can be favored by the low crystal content, and in turn can delay melt crystallization and

bubble nucleation (Ferguson et al., 2016; Lloyd et al., 2014).

4.2. Thermobarometry

Pre-eruptive temperatures for the main erupted magmas were calculated using the
olivine-melt equilibrium and the equations of Beattie (1993) and Ford et al. (1983). Equilibrium
olivine-glass pairs were selected based on a Fe/Mg Kd of 0.30 £ 0.05, assuming a Fe**/Feotal
ratio of 0.15, and the temperatures were averaged on 3 — 14 couples per sample. For
thermometry calculations, the pressure was arbitrarily set at 200 MPa, however, the influence

of pressure is limited to a few degrees per 100 MPa. Results from the model of Beattie (1993),
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and from the Tsum equation of Ford et al. (1983) are within 2 — 8 °C of each other. Anhydrous
calculated temperatures were corrected for the effect of H>O using average H>O concentration
determined by micro-Raman spectrometry and the olivine liquidus depression model of Médard
and Grove (2008). Uncorrected pre-eruptive temperatures are 1151 20 °C for phase 1 (DRO1-
DR10-DR12) and 1136 + 20 °C for phase 2 (DR08-DR11). Corrected temperatures are within
error for all samples, at 1095 + 20 °C. Note that if melt inclusion provides a minimum pre-

eruptive water content, this calculation provides a maximum pre-eruptive temperature.

Pre-eruptive temperature and oxygen fugacity for the magma batch parent to the Foss
olivine cores were calculated from an ilmenite-titanomagnetite intergrowth included in Foss
olivine, which constrains magmatic conditions of this evolved batch to 1024 + 50 °C and an
oxygen fugacity (fO2) close to that of the nickel-nickel oxide buffer (Sauerzapf et al., 2008).
Thermometry of melt inclusions in Fos; olivine gives similar anhydrous temperatures of about

1046 + 20 °C (Beattie, 1993).

We analyzed a series of clinopyroxene-orthopyroxene pairs in the mantle xenoliths (Fig.
4d, e) to obtain pressure and temperature constraints. In xenolith DR080205-x4, we analyzed
clinopyroxene-orthopyroxene pairs associated with the high-SiO> high-K>O veins, as well as
exsolutions of clinopyroxene in orthopyroxene. In the other two xenoliths, we only analyzed
exsolutions, either of orthopyroxene in clinopyroxene (DR080205-x1), or of clinopyroxene in
orthopyroxene (DR080205-x3). Temperatures were calculated using equation (36) of Putirka
et al. (2008) with reported uncertainties of 45 °C. For pressure, both equations (38) and (39)
were tested against experiments performed at 1.00 GPa by Condamine and Médard (2014) on
pyroxene in equilibrium with high-SiO2 high-K>O veins. Since equation (38) returned an
average pressure of 1.02 GPa, whereas equation (39) returned an average pressure of 0.88,
Equation (38) was preferred for the calculation. It reproduces the experimental data with an

average error (SEE) of 0.19 GPa. Equilibration pressures for the xenoliths are 0.43 GPa at a
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temperature of 926 °C for DR080205-x1 (Fig. 6a-c, Suppl. material Table 5), 0.41 GPa at a
temperature of 890 °C for DR080205-x3 and 0.46 GPa at a temperature of 913 °C for
DR080205-x4. Assuming an average density of 2890 kg m™ for an oceanic crust and 3300 kg
m™ for the upper mantle, these xenoliths were equilibrated at an average depth below the sea

level of 17 = 6 km (0.45 + 0.19 GPa).

We made an estimation of the magma storage depth by applying a clinopyroxene- only
geobarometer (Equation 32b with water content of 2.3 wt.%, Putirka, 2008) to a zoned
clinopyroxene megacryst in sample DR080502-x2 (Fig. 4f). The core of the crystal returns a
depth range of 37 to 48 (P = 1.01 — 1.34 GPa). A second cluster with values ranging from 24 to
34 (P =0.62 — 0.92 GPa) is associated with the inner rim. A few low-pressure values (0.14 —
0.38 GPa) were obtained on the outer dendritic rim and could indicate crystallization in the
conduit during magma ascent (Fig. 6d). Uncertainties associated with these calculations are 10
km (0.28 GPa, Putirka 2008). A second analyzed zoned clinopyroxene megacryst generates
similar clusters. Phenocrysts in equilibrium with the bulk rock are expected to have Mg# of 75
(olivine) and 78 (clinopyroxene), indicating that the most magnesian olivine cores and the
clinopyroxene inner rims are in equilibrium with the magma. The more Fe-rich clinopyroxene

cores should thus be interpreted as an antecrystic crystal cargo.

4.3. Olivine diffusion and residence times

Five different reversely zoned olivine crystals in DRO801-ALF, DR110704 and DR110401
samples were investigated (Fig. 7a,b), assuming an initial step function with an olivine core
between Foss.s0 depending on the crystal, surrounded by an overgrowth rim Foeo-70 (Fig. 7b).

Two zoned olivine crystals at the edge of an harzburgite xenolith (DR080502x4) were also
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modelled, using a step function with a Fogo olivine core and a Fo7; olivine overgrowth (Fig.

7¢,d) but without EBSD orientation.

The five diffusion profiles in reversely zoned olivine crystals can be modelled with
diffusion times of 29 + 9, 24 + 8, 19 + 7, 38 + 12 and 40 + 11 days (supplementary material
Table 6, errors are given at the two sigma level). Since no EBSD data was acquired in the two
normally zoned olivine crystals from xenolith DR080205x4, we can only provide a time bracket
using maximum and minimum diffusion coefficient. Thus, these profiles can be modelled with
diffusion times between 12 and 69 and between 8 and 47 days. Fits assuming instantaneous
growth of the outer rims followed by pure diffusion are excellent with the reversely zoned
crystals (supplementary material Table 6), and very good for the xenolith. The assumption of
instantaneous crystal growth is supported by the orders of magnitude of difference between
crystal growth rates and elemental diffusion rates (e.g., Petrone et al. 2016). These preliminary
diffusion times can be interpreted as residence times for the olivine crystals and the xenolith,
between injection of the incoming magma in the shallow magma pocket and its eruption at the

surface.

S. DISCUSSION

5.1. Source

The magmas erupted during the ongoing Mayotte eruption are evolved basanite that likely
derive from more primitive (unerupted) basanitic mantle melts. The low HREE concentrations
and the strongly fractionated REE patterns ((Tb/Yb)x =2.9 — 3.2, Fig. 2¢) indicate the presence

of residual garnet in the mantle source. Moreover, Sm/Yb and La/Sm ratios for the erupted
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lavas indicate a spinel/garnet lherzolitic source (Fig. 2d). This is consistent with previous
studies on subaerial Comoros lavas which suggest that primary magmas are produced by small
degrees of partial melting at the depth of the spinel to garnet lherzolite transition, 80 — 100 km
(Bachelery and Hémond, 2016; Class et al., 1998). Furthermore, olivine melilitites in Mayotte
volcanic products and evidence of metasomatizing carbonatitic fluids on Grande Comore
suggest a CO»-rich mantle source (Coltorti et al., 1999; Pelleter et al., 2014). The P,Os
enrichment of the new volcano samples, together with the high Sr and Ba contents, and high
Nb/Yb ratio, are consistent with an apatite contribution in the genesis of these lavas. Presence
of a mm-sized apatite xenocryst in one of our lava samples suggests a possible assimilation of
apatite-bearing veins during the ascent of primary melts formed at a greater depth, as indicated
by Pelleter et al., (2014). Homogeneous P>Os enrichment compared to other Comoros lavas is
observed in all of our samples (1. 6 — 2.0 wt.%, Suppl. material Table 1), which precludes a late

assimilation and argues for a mantle source origin of the inferred apatite-bearing veins.

5.2. Deep magma reservoir in the lithospheric mantle

The evolved nature (low Mg#, 43 — 47) of the erupted magmas shows that they are not
primary products of mantle melting since the expected Mg# of primary mantle melts in
equilibrium with Fogg olivine is ~73, assuming an olivine/melt Kd of 0.30 (Roeder and Emslie,
1970). Extensive cooling and crystallization must thus have occurred in a lithospheric magma
reservoir (Fig. 8). A back-crystallization model consistent with the general trend of Comoros
lavas (Bachélery and Hémond, 2016; Class et al., 1998; Claude-Ivanaj et al., 1998; Coltorti et
al., 1999; Deniel, 1998; Flower, 1973; Nougier et al., 1986; Pelleter et al., 2014; Strong, 1972;
Thompson and Flower, 1971) requires approximately 50% crystallization of an olivine-

clinopyroxene assemblage (80% clinopyroxene Mg#s1.76 and 20% olivine Foogo.75) to reproduce
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the erupted magma compositions (Fig. 2b). This implies that the reservoir, where mantle-
derived magma is ponding and differentiating, has a volume of at least ~10 km® (~5 km? of
erupted magma and the same amount of crystals) and is zoned, with ~ 5 km? of residual dense
cumulates. This is a minimum reservoir size, since the estimation relies on the unlikely
hypothesis that melt and cumulates were perfectly segregated, and does not take into account
any interstitial melt within the cumulates and the contribution of deep CO: exsolution. The
occurrence of a large reservoir is also supported by ratios of intrusive to extrusive volumes
commonly estimated at ~5:1 for oceanic mid-ocean ridges (Crisp, 1984; White et al., 2006).
Since the erupted magma was a true homogeneous liquid, and the few crystals of the main cone-
building phase 1 are unzoned, this suggests the system was not disturbed by new primary
magma replenishment and was able to evolve to yield a single well-stratified reservoir. In
sample DR080205-x2, clinopyroxene megacryst cores were equilibrated at pressures of 1.01 —
1.34 GPa (from Putirka, 2008, equation 32b, i.e. 37 — 48 km, Figs 6d and 8). This provides the
depth for the main reservoir feeding the current eruption, which is thus located in the
lithospheric mantle, in agreement with seismological and geodetic models (Cesca et al., 2020;
Lemoine et al., 2020). The slowly waning effusion rate is also characteristic of an eruption fed

by a deep reservoir (Wadge, 1981).

Magma ascending from lithospheric mantle storage entrained mantle xenoliths from a
shallower depth, near the Moho, at an average depth of 17 £ 6 km. The time between
entrainment of the mantle xenoliths and eruption is estimated less than 70 days. Given that the
xenoliths were picked up en route to the surface, this is a preliminary estimation of the transfer
time between the deep magma reservoir and the eruption site. It is consistent with the 6 weeks
of precursory unrest estimated from seismological data (Cesca et al., 2020; Lemoine et al.,

2020).
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5.3. Differentiated shallower magma batch

Phase 1 products are crystal-poor lavas with high density of vesicles (Fig. 3b), skeletal
crystals (Fig. 4a, b) and high dissolved water content (Fig. 5). Thus, we suggest that during the
first year, eruption is fed by direct ascent of magma from the deep reservoir to the surface. The
shape and the size of microlites indicate that most micro-crystallization occurred in the shallow
part of the ascending dyke. The degree of magmatic evolution increases from phase 1 to phase
2 lavas (Fig. 1d). This increase is mirrored by a decrease in vesicularity, vesicle number density
(Fig. 3) and dissolved water content (Fig. 5), indicating that late erupted lavas were increasingly
outgassed. Reverse zoning in olivine phenocrysts from phase 2 lavas (Fig. 4c) records the
interaction between the hot basanitic magma, ascending from the > 37 km deep storage zone,
and a second cooler magma batch (Fig. 8). Since transfer times estimated from diffusion in
those crystals (~ 1 month) are similar to transfer times estimated from the mantle xenoliths, the
zoned olivine crystals probably came from a similar or shallower depth than the xenoliths.
Pyroxenes in the mantle xenoliths record a depth of 17 £ 6 km, interpreted to represent the
maximum depth of this shallower reservoir (Fig. 6). The inner rim in clinopyroxene megacryst
(DR080205-x4, Fig. 4f), equilibrated at pressures of 0.8 + 0.28 GPa (28 + 10 km), may indicate

the location of a third magma storage zone.

Because no seismicity at this shallow depth was detected (ReVoSiMa, 2021), the
differentiated magma batch is unlikely to occupy a large dynamic reservoir but rather perhaps
magma ponding at the base of the Moho. Analysis of diffusion profiles in reversely zoned
olivine from phase 2 lava flows constrain the time between the start of Fozo olivine
crystallization and eruption. We obtain minimum estimations of ~ 1 month for the time between
mixing with the shallower magma batch and eruption of the hybrid magma (Fig. 7, Suppl.

material Table 6). Magma mixing and transfer of hybrid magma thus occurred during the
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eruption and were not related to long-term precursor activity detected by the permanent land-

based monitoring networks.

5.4. Eruption trigger

The erupted products are evolved alkaline mafic magmas and have a minimum
dissolved water content of ca. 2 wt. % (Fig. 5). Available thermodynamic models permit us to
crudely estimate the pre-eruptive dissolved CO; content as being in the range 0.6 — 1.2 wt %
(Allison et al., 2019; Papale et al., 2006). This is compatible with the possible presence of an
exsolved COs-rich fluid phase in the plumbing system. Under these conditions, the magma
chamber will be pressurized, but stable. Because of the deep location and the associated
pressure, volume changes due to crystallization or volatile exsolution should not be sufficient
to act as an eruption trigger. Moreover, we found no evidence of primitive magma in the erupted
products. Therefore, we suggest that fault movement or earthquakes rather than a deep reservoir
recharge event was responsible for the sudden initial decompression and fast ascent of a large

volume of volatile-rich melt stored in the mantle.

The eruption site belongs to a WNW-ESE volcano-tectonic ridge, parallel to regional
trends, suggesting relation to a pre-existing tectonic structure. Deep seismicity recorded during
the seismo-volcanic crisis (Cesca et al., 2020; Lemoine et al., 2020; ReVoSiMa, 2021) implies
that these structures are deeply rooted in the lithosphere (up to 50 km depth). The sequence of
strong tectonic earthquakes recorded at the beginning of the eruption (volcano-tectonic events
located at 34 — 41 km depth, 35 km east of Mayotte (Cesca et al., 2020; Lemoine et al., 2020)

might thus be related to the movement along the lithospheric faults.
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5.5. Syn-eruptive magma path change

Since the melt was volatile-saturated (CO»>+H>O) in the deep reservoir, magma ascent
towards the surface would have resulted in continuous exsolution of CO, first and then
CO>+H>0 up to the eruption site. Full exsolution of pre-eruptive dissolved volatiles at the vent
would produce a fluid with a molar volume of ca. 320 cm*/mol and vesicularity in the range 54
— 71 vol%, values much higher than those measured in our samples (Suppl. material Tables 2
and 3). Vesicularity would be even higher if there were additional exsolved CO; in the reservoir.
Incomplete disequilibrium degassing because of the fast ascent rate and rapid quenching on the
seafloor can explain the difference between the expected and measured vesicularities. We also
suggest that rapid decompression-induced crystallization (Hammer et al., 1999) in the shallow
conduit may be responsible for the skeletal shape of olivine and Ti-magnetite crystals (Faure et
al., 2003). The absence of reversely zoned olivine crystals in phase 1 products suggests that
basanitic melts ascended from the deep reservoir directly to the surface during the first year of

eruption (Fig. 8).

In contrast, the presence of reversely zoned olivine with Fos3 cores in phase 2 lava flows
(Fig. 4c) indicates that, after May 2019 magma ascending from the deep reservoir intersected a
more evolved magma batch, at a depth near the Moho on its way to the surface (Fig. 8). Using
a simple mass balance model, we estimate that only 6% of the evolved magma (represented by
melt inclusions in Fos3 olivine in sample DR 11) was assimilated in the erupted lavas, indicating
that the intersected volume of this shallower reservoir is much smaller than the deeper one. Less
abundant (low Nv) and larger vesicles (Fig. 3) are consistent with a slower ascent and lower
volatile content during phase 2. The residual magmatic liquid in the shallower magma batch
could have been produced by fractional crystallization from an older magma intrusion, as
observed during Kilauea’s 2018 eruption (Gansecki et al., 2019). Due to the time required for

magmatic differentiation (decades, Gansecki et al., 2019), this observation implies magma
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intrusion and possible recent volcanic activity in the offshore part of the volcanic ridge prior to
the current eruption. The emission of the more evolved magma in phase 2 could have resulted
either from a change in the dyke pathway (as suggested by the presence of mantle xenoliths)
and/or a decrease in magma discharge rate allowing the input from the second shallower magma

source.

Zoned olivine phenocrysts took ~ 1 month to be transferred from the ~ 17 km shallow
reservoir to the seafloor. Thus, we obtain a minimum ascent rate of 0.005 m.s™! from the shallow

reservoir to the surface for the slower pathway (Fig. 8).

6. CONCLUSIONS

The large and long-lasting effusive eruption offshore from Mayotte is fed by a deep (>
37 km) and large (> 10 km?®) pre-existing mantle reservoir of evolved, alkaline magma that
experienced extensive crystallization. This has important volcanic hazard implications, because
it demonstrates that this large, volatile-rich deep reservoir could quickly be tapped in a
tectonically active region to feed a voluminous and long-lasting effusive eruption. During the
eruption, magma ascent slowed and switched to a pathway that sampled a small more
chemically evolved shallower magma batch at the base of the crust. Our petrological study
provides important constraints on the entire deep magmatic system from the source to the
surface. These results bring valuable and critical information complementary to geophysical
datasets, showing that we can use the petrology of erupted products for long-term monitoring
of extreme events even when they occur in poorly accessible environments. These data helped
to determine the geometry and the dynamics of magmatic plumbing systems, and provided
critical constraints for the interpretation of geophysical datasets in terms of processes and

patterns.
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794  Fig. 1: Location of the eruptive site. a) Comoros volcanic archipelago is located in the northern
795  part of the Mozambique Channel. b) Location of the new volcanic edifice 50 km east of Mayotte
796  along the submarine volcanic ridge crossing Mayotte eastern flank. ¢) Location of the five
797  dredges (DR) carried out during the three oceanographic campaigns (MAYOBS 1, 2 and 4),
798  superimposed on bathymetric data from the MAYOBS 1 cruise (May 2019). d) Sampling

799  related to eruption timing. DRO1, DR10 and DR 12 lavas were erupted before May 2019 during
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the cone-building phase 1 and sampled by MAYOBS 1 and 4 oceanographic cruises; DRO8 and
DRI11 are lava flows emitted in June and July 2019 (phase 2) and sampled during Mayobs 2

and 4 oceanographic cruises, respectively.
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Fig. 2: Bulk rock geochemistry of the dredged evolved basanite lavas emitted during the 2018-
2020 Mayotte eruption. a) TAS classification comparing the composition of the submarine
lavas of the new edifice (Suppl. material Table 1) with that of subaerial lavas from the Comoros
archipelago. Blue and green arrows show the moderately silica-undersaturated (“Karthala-
trend”) and the highly silica-undersaturated (“La Grille-trend”) trends identified in Comoros
lavas, respectively. b) Fractional crystallization models for Comoros and Mayotte lavas plotted
in Ni (ppm) vs Mg# space. Melts in equilibrium with the mantle have a Mg# ~70 (the melting
grid with mantle melting temperature and melt fractions has been computed following Spéth et

al., 1996)). Back calculation models start from DR0101 composition by adding in small
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increments of equilibrium olivine and clinopyroxene compositions appropriate to match the
composition of subaerial Comoros lavas and consistent with the Ni concentration for a primary
mantle melt (300-500 ppm, Spéth et al., (1996)). Olivine-only fractionation fails to reproduce
the Comoros trend. ¢) Chondrite-normalized REE patterns of the submarine lavas of the new
edifice compared to Mayotte subaerial lavas. d) La/Sm vs Sm/Yb diagram annotated with

partial melting curves for garnet and spinel lherzolite mantle sources (Pouclet et al., 2016).
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Fig. 3: Textural characteristics of the studied lava samples. Binary images of two lava
fragments a) DR110704-b and b) DR0O103-al where black = vesicles, white = glass and grey =
crystals. ¢) Vesicle to melt ratio (Vg/V1) vs. vesicle number density. A decrease in vesicle

number density (Nv) is evident from the samples from phase 1 (DR0O1-DR10-DR12) to those



824  from phase 2 (DR0O8-DR11), with DR11 samples being the lowest in term of vesicularity and

825 inferred pre-eruptive gas content.

DR12-01

DR08-01
L4

DR080205-x4

___1000pm

826

827  Fig. 4. Petrographic features of the dredged lavas. a) All lavas have very low crystallinity: BSE
828 image of 4 — 6% microlites of Fo-70 olivine (Fo-7;0 Ol, Suppl. material Table 4) and
829 titanomagnetite (Ox) in glassy matrix of sample DR1201. b) Many crystals show textures
830 typical of fast growth like these skeletal Fo7o olivine and titanomagnetite crystals in fine-grained

831  groundmass (sample DR100203) ¢) Olivine crystals in late erupted lavas (DR0O8; DR11) have
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low-Fo composition (Fos3) and show reverse zoning (MnO element map); these crystals are
associated with large titanomagnetite crystals (ox). d) Harzburgite mantle xenolith from the
later erupted lavas (sample DR080205-x4) composed of Fooo olivine and Mg#o orthopyroxene
(Opx); Mg#oo-03 clinopyroxenes (Cpx) are associated with SiO; and K>O-rich veins. ) Another
mantle xenolith composed of a single crystal of Cpx with Opx exsolutions (sample DR080205-
x1) and a few olivine and Opx crystals. f) Zoned clinopyroxene megacryst in sample
DRO080205-x2. Superimposed colored numbers show estimated depth of crystallization
calculated through geobarometry (Putirka, 2008): red numbers are located in the low- Mg#

core, yellow: high-Mg# inner rim, green: dendritic outer rim.
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Fig. 5 Raman spectra of an olivine-hosted melt inclusion from sample DR0103 and a spinel-
hosted melt inclusion from sample DR0O801 compared with reference basaltic glass containing
3.6 wt% of dissolved water (Etna glass). Bands in the 100-1200 cm™ region are related to

vibrations of the glass network, while the band at 3570 cm! is produced by stretching of OH



846  bonds and its intensity linearly correlates with the concentration in total dissolved water (Di
847  Muro et al., 2006). Table shows H>O content (wt%) in melt inclusions and embayment in

848  DRO0103 and DRO801 samples.
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851 Fig. 6: Histograms showing depth obtained using geobarometry on clinopyroxene-
852  orthopyroxene pairs in the mantle xenoliths in the June 2019 lava flow (DROS). The different
853  colored bars represent results from using different equations (see discussion in text). Pyroxenes
854  located in the three mantle xenoliths (Fig. 4d, ) were equilibrated at pressures of 0.43 + 0.19
855  GPa, near the depth of the Moho at 15 — 18 km (black dashed line). (a) DR080205-x1, 0.41 +
856  0.19 GPa, (b) DR080205-x3 and 0.46 = 0.19 GPa (c) DR080205-x4; d) We obtained two
857  additional clusters of pressures of 1.01 — 1.34 GPa and 0.62 — 0.92 GPa with a second set of
858  geobarometry estimations using zoned clinopyroxene megacrysts (Fig. 4f). Moho is shown by

859  a black dotted line (Dofal et al., 2018).
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Fig. 7: Core-rim diffusion profiles in zoned olivines. Red arrows show the trace of the profiles
on BSE images of a) a reversely-zoned olivine in the DRO801b ALF sample, and c) a normally
zoned olivine in the xenolith from the DR080205x4 sample. b) and d) shows Fo, CaO and P>Os
core-rim profiles corresponding to the traces presented in a) and c) (Suppl. material Table 6).
The diffusion rate for P in olivine is extremely slow so this immobile element marks the initial
boundaries between zones that crystallized at different times. In the reversely-zoned phenocryst
of b), the initial profile was a step between a Fos3 core and a Fo7o rim, then Ca and Mg/Fe
diffused away from this initial step. In the normally zoned xenolith of d), the initial profile was
a step between a Fogg core and a Fo7; rim, then Ca and Mg/Fe diffused away from this initial

step.
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874  Fig. 8. Magma plumbing system feeding the 2018-2020 Mayotte eruption interpreted on the
875  basis of petrological and geophysical data. Magma produced by partial melting of a spinel (sp)
876  + garnet (gt) lherzolite mantle source undergoes 50% of crystallization (80% cpx + 20% ol) in
877  alarge and > 37 km deep magma reservoir with a volume > 10 km?. Depth of this main deep
878  storage unit constrained by barometric data is in excellent agreement with seismicity location

879  (blue dots, ReVoSiMa, 2021) and geodetic model (yellow dot). Starting from the main deep



880  reservoir, the magma path evolved during the eruption. During the first year, eruption is fed by
881  direct ascent of magma from the deep reservoir to the surface through NW-SE lithospheric
882  structures. The shape and the size of microlites indicate that most micro-crystallization occurred
883  in the shallow part of the ascending dyke. A shallower and smaller differentiated magma
884  reservoir located close to the Moho (< 17 & 6 km) was sampled en route during the second year
885  of the eruption. It is important to note that this magma batch and the shallow conduit were not
886  imaged by on-land seismometers because they are located too far from the eruption site to allow
887  identification of small, shallow earthquakes. Moho: grey dotted line (Dofal et al., 2018). Tt:

888  Transfer time, Tr: Transfer rate = distance / transfer time, V: volume.

889

890 Table captions

891
Dredges Oce'anographic DO : 10.18142/291 : Start dr('edging : End drev:iging
cruise Latitude Longitude Depth Latitude Longitude Depth
DRO1 MAYOBS 1 10.17600/18001217 12°54.30'S 45°43.13' E 3050 m 12°54.51'S 45°43.08' E 2820 m
DRO8 MAYOBS 2 10.17600/18001222 12°56.46' S 45°42.88' E 3072 m 12°56.05' S 45°41.91' E 3050 m
DR10 MAYOBS 4 10.17600/18001238 12°54.94'S 45°43.31'E 3120 m 12°55.05'S 45°43.24' E 2950 m
DR11 MAYOBS 4 10.17600/18001238 12°54.80' S 45°41.57' E 3250 m 12°55.20'S 45°41.55' E 3228 m
892 DR12 MAYOBS 4 10.17600/18001238 12°52.90' S 45°42.94' E 3245 m 12°52.97'S 45°42.93' E 3200 m

893  Tab. 1: Location of dredges performed during MAYOBS 1 (DR01), MAYOBS 2 (DRO0S8) and
894 MAYOBS 4 (DR10, DR11 and DR12) oceanographic campaigns. No dredges were performed

895  during MAYORBS 3.

896
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