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Abstract
About 80% of Earth volcanic activity occurs underwater, releasing deep carbon to submarine
environments and impacting Earth’s climate over geological timescales. The CO2 emitted during
submarine eruptions and/or hydrothermal degassing creates local ocean acidi�cation, affecting the
seawater carbonate equilibrium and oceanic ecosystems at large regional scales. Here, we report for the
�rst time the existence of a major CO2 hydrates �eld at the sea�oor offshore Mayotte Island (Indian
Ocean) associated with liquid CO2 venting, following the submarine eruption that occurred in 2018.
Using detailed acoustic surveys and in situ Raman spectroscopy, we reveal multiple hydrate mounds and
seep zones distributed over an area of 0.06 km². We show that the gas seeps are mainly composed of
CO2, with minor contributions of CH4 and H2, with noble gas ratios and stable and radio-carbon isotopes
clearly demonstrating their magmatic origin. Estimates of the CO2 emitted over the entire area represent

about 0.5% of the global magmatic carbon �ux. Our discovery also suggests that CO2 hydrates may
potentially be stable at the sea�oor at the right pressure-temperature conditions, bringing new prospects
into CO2 sequestration and decarbonization pathways in the ocean, in particular regarding kinetics of
hydrates dissolution and environmental impacts.

Introduction
Volcanism is the main pathway to release carbon stored in the Earth’s interior. In the preindustrial era,
volcanic outgassing represented up to 90% Earth’s surface carbon emission1. Current estimates suggest
that most global volcanic outgassing occurs in submarine intraplate volcanic regions through diffuse
emissions, the rest being distributed between mid-ocean ridges and subduction zones2. Although current
anthropogenic �uxes overshadow volcanic ones, the long-term �uxes of carbon from solid Earth to the
atmosphere have been dominated by volcanic sources over most of Earth’s history with signi�cant
climatic impacts over geological timescales3. Massive and rapid volcanic CO2 emissions to the

atmosphere have led to severe global warming, ocean anoxia and acidi�cation with lethal consequences
for terrestrial and marine life4.

Our understanding of the magnitude of CO2 �uxes emitted from volcanic and magmatic active regions

on Earth continues to evolve5. Contribution of submarine volcanic sources to the global budget, including
direct and diffuse emissions might be largely underestimated due to lack of direct observation, poor
�uxes quanti�cation and remote and challenging site locations6,7. The eruption and creation of Fani
Maoré volcano offshore Mayotte Island is, to date, the largest and deepest (3500 − 2700 m) deep-sea
eruption to be studied both during and after the eruption8. As observed during most submarine volcanic
eruptions, the Fani Maoré eruption released important quantities of magmatic volatiles9,10 among which

CO2, H2, and noble gases11 along with metals and metalloids11,12 with ambiguous impacts on adjacent

and peripheral ecosystems in the deep ocean11,13–15.
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Very few occurrences of liquid CO2 venting have been observed at the sea�oor and, to our knowledge,

there has not been any direct observation of CO2-hydrates sitting on the sea�oor in the deep ocean16–18.

CO2 hydrates formed upon contact between seawater and CO2-rich �uid bubbles have been reported in

the Okinawa Trough as small horn-shaped pipes (10 cm) quickly washed away18, while most other
observations have been inferred as embedded in sediment and/or associated with methane hydrates.
While current industrial solutions for carbon dioxide sequestration via gas hydrates at the sea�oor are
being investigated19,20, major questions remain regarding their short and long-term stability and potential

impacts on surrounding seawater ecosystems, especially in case of CO2 leakage20. Direct evidence in
the �eld is critically needed to provide ground truthing about formation kinetics of CO2 hydrates,

e�ciency of hydrate caps or �lms against CO2 dissolution and resilience of impacted ecosystems21.

Here we present the results of the GeoFLAMME sea expedition onboard RV Pourquoi Pas? offshore
Mayotte Island (Comores Archipelago) following the Fani Maoré submarine eruption. Combining
acoustic and water column data, sampling,video footage and in situ Raman spectroscopy, we provide
evidence of a major submarine CO2 hydrate �eld located in the Horseshoe area, 10 km east of Mayotte
and 40 km west of the Fani Maoré volcanic edi�ce, associated with the release of mantle-derived liquid
CO2 likely driven by the eruption. We show that the generated CO2 �uxes are equivalent to those from the
most active volcanoes on Earth and result in signi�cant local acidi�cation, with impact on local benthic
and pelagic ecosystems.

The Horseshoe edi�ce: a large liquid CO2 venting and hydrate �eld
area
The Horseshoe edi�ce is a 4 km-wide collapsed volcanic cone. A major collapse resulted in the
formation of a 2 km-wide depression at its center that opens to the north. Its crest is marked by a sharp
and well-de�ned U-shaped limit: the Horseshoe’s rim22. The Horseshoe area lies on the submarine �ank
of Mayotte in the depth range of 1200–1600 m, aligned along a west-northwest–east-southeast-trending
volcanic ridge, with Fani Maoré at its easternmost tip22. The sea�oor in the Horseshoe area is
characterized by pumice mixed bioclastic-volcanoclastic content, including fresh phonolitic lava and
bomb rims, con�rming the volcanic origin and past activity of the edi�ce23,24.

Since 2019, water column acoustic surveys using vessel hull multibeam echosounder were performed
within the REVOSIMA monitoring program, allowing for the extensive mapping of the Horseshoe area,
and the identi�cation of vigorous acoustic plumes. Indeed, we discovered two active �uid emission sites
in the Horseshoe area in May 2019, and by May 2021, that number had reached 15. These focused �uid
�ows cover an area of 0.063 km² over the ≈ 40 km² of the Horseshoe structure. They are mainly
distributed over seven major zones, most around the Horseshoe rim, but also within the depression and
at the eastern outside corner. (Fig. 1).
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In spring 2021, the remotely operated vehicle (ROV) Victor 6000 revealed that each active site hosted a
few to a hundred distinct �uid outlets (Table 1). Droplets rising from the sea�oor were seen both with
and without a milky skin. In addition, ROV images showed extensive presence of white milky patches and
mounds either directly laying on the sea�oor or inserted into crevices (Fig. 2). During an extensive survey
in active site B0 (Fig. 1C), we counted at least 128 white mounds of different sizes and shapes, ranging
from a few centimeters to 5 m high and up to ~ 1 m wide (SI video 1). Most grew in an almost columnar-
like structure. The biggest mounds presented multiple liquid droplet streams rising from their bases
and/or summits into the water column (Fig. 3G-J). On the Horseshoe rim structure, and along the ridge,
steady stream and/or pulsing burst of droplets discharges were observed. Droplets escaped from open
faults and cracks within the cliffs, and directly from holes in the gravel on the sea�oor at the center
depression of the Horseshoe area (Fig. 2). Filamentous microbial mats coated with oxidized iron
compounds were observed in zone A, mostly between sites A1 and A2 (Fig. 2H). Flow rates were highly
variable from one vent to another (Extended Data Table 1, Supplementary Table 1).
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Table 1
Composition, isotopic signature and �uxes of CO2 seeps in the Horseshoe area

A. Gas �uxes and composition in the
Horseshoe area

     

Site   C4 C4 B0 B0

Samples   GFL-PL778-09-
PGZ01 #1

GFL-PL778-
09-FLU1

GFL-PL779-10-
PGZ03-#4

GFL-PL783-14-
PGZ01-#12

Date of
sampling

  08/05/2021 08/05/2021 11/05/2021 21/05/2021

Type of
sampler

  PEGAZ Gas tight
syringe

PEGAZ PEGAZ

Latitude   12°49,8827 12°49,8827 12°49,8275 12°49,8751

Longitude   45°23,0572 45°23,0572 45°22,7816 45°22,8430

Depth m 1293 1293 1369 1357

Temperature
recorded

during
sampling

°C 4–8 4–8 8.52 4.8–9.05

CO2 % 98.89 98.04 94.70 98.93

CH4 % 0.849 0.594 0.462 0.8

H2 % 0.0012 0.0009 0.116 0.111

N2 % 0.232 1.11 3.73 0.139

O2 % 0.025 0.255 0.99 0.017

Rc/Ra † 6.9 - 6.5 6.4

δ13C-CO2
‰ vs
PDB

-4.25 - -4.5 -4.6

Δ14C-CO2
‰ -995 -990 -998 -995

†R as 3He/4He in a sample; Ra as 3He/4He in air - see 31    
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B. Flux estimates      

Type of �ow rates Measured CO2 �ow
rates

(avg ± std, n)

Number of �uid outlets in
site B0

Estimated CO2 �uxes
*

(avg ± std)

  ml s− 1   tC y− 1

weak 5.7 ± 3.7 (3) 23 1.22 ± 1.01–104

medium 18.6 ± 7.7 (12) 119 2.79 ± 1.82 105

high 65.2 ± 32.3 (7) 17 1.40 ± 0.99 105

All types extrapolated over the entire
Horseshoe Area

  3.84 ± 2.59 105

* with density of liquid CO2 of 0.98 kg m− 3    

C. Comparison with other systems    

Volcanic systems Ref. Estimated CO2 �uxes

(avg ± std)

Contribution of
Horseshoe

    GtC y− 1 %

Horseshoe area this study 3.84 ± 2.59 10− 4  

Magmatic inputs      

MORB systems 2 0.016 2.4

All Magmatic C �uxes 2,44 0.072–0.079 0.49–0.53

Volcanic inputs      

El Hierro submarine
volcano

45 2.19 10− 4 253.4

MOR systems 1,44 0.0264–0.097 0.2–0.8

All volcanic C �uxes 1 0.64 0.06

The liquid droplets were recovered and stored under pressure using the Pegaz device25 for onshore

analysis by gas chromatography26. They consist mainly of CO2, 97.6 ± 2.0% v/v, with CH4 as a minor
secondary component, 0.7 ± 0.2% v/v. Similar to the liquid CO2 previously observed at Champagne vent

(NW Eifuku)16, the droplets stuck to the ROV like clumps of grapes, and did not coalesce into larger
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droplets. The white patchy and mound structures consisted of a layer of milky-skin liquid CO2 droplets.
The �lm coating the droplets is likely CO2 hydrates, which form from the interaction of CO2 and water
within the CO2 hydrate stability zone conditions. The horseshoe area is well inside the stability conditions

for both pure liquid CO2 in pure water (387 m at 4°C) and pure CO2 hydrates (200 m depth at 4°C).
Presence of methane (or other chemicals) dissolved into the liquid CO2 as well as the salinity may shift
these melting points to slightly shallower depths. The mounds appear to be a more advanced stage of
the patchy structures since they exhibit a hard core, which we hypothesize originates from the growth of
the thin hydrate layer surrounding the liquid CO2 droplet into bulk hydrate crystals.

Site B0 (Fig. 1) is one of the two seeping sites early detected in 2019 and the more extended in surface
area. We therefore selected it for a detailed investigation of hydrates and CO2 fountain morphology. CO2

droplets presented different sizes and shapes: single droplets, droplets covered with a hydrate �lm,
slender droplet formation or even tubular hydrates (Fig. 3, Supplementary Video 1), similar to what was
observed at the JADE site in the Okinawa Trough18 and varied according to �owrate, seep diameter and

temperature, among other factors27. Ambient seawater temperature was ~ 4.3 C compared to the �uid
coming out of the sea�oor of ~ 9 C (Fig. 3E). All temperature measurements were made with the
temperature probe in direct contact with the hydrate without drilling any holes. Temperature was not
homogeneous along the hydrate surface at both mounds studied. Hydrate formation is an exothermic
process, so active hydrate formation may locally increase the temperature of the hydrate surface.

We used in situ Raman spectroscopy to con�rm the presence of CO2 in a clathrate environment (not only

under liquid form)28,29 and to characterize the chemical composition of four mounds of different sizes
chosen over a broad area to assess differences in the chemical composition of �uid emissions in the
Horseshoe area. Chemical selectivity of gas hydrates is well known and their presence could modify the
chemical composition of �uids reaching the water column. We measured temperature and Raman
spectra at three different heights and inside a hole drilled in the mound using the ROV arms. The two
spectra in Fig. 3E show the Raman signature of the Horseshoe seawater (shaded spectrum) and the
white mounds (orange line). The two very strong vibrational bands C and D (Fermi resonance) indicate
the presence of CO2 in the white mounds. Corresponding to the OH bending mode of water, the

vibrational band F is very intense in seawater but very weak in the solid sample. The difference in shape
of the vibrational bands H and I (symmetric and asymmetric OH stretches) indicates that water
molecules do not have the same structure in both samples, being compatible with the presence of water
under a clathrate structure for the white mound sample. In situ Raman spectrum supports our visual
observations: the white mounds are formed by liquid CO2 in equilibrium with CO2 hydrates and there is
no evidence of methane or other gases entrapped in the gas hydrates, although presence of methane
traces cannot be excluded given the sensitivity of the in situ Raman spectrometer. This is to our
knowledge the �rst observation of natural CO2 hydrates mounds on the sea�oor.

Origin and ecological impact of the magmatic volatiles
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Emitted �uids in the Horseshoe area generated small turbidity anomalies in the water column but high
concentrations of 3He, CH4, CO2 and H2 and large decreases in Eh, pH and alkalinity compared to

ambient seawater (Fig. 1, Extended Fig. 1, Supplementary Video 2). Fluid composition indicates that
magmatic/hydrothermal gases are composed primarily of CO2 and CH4 with small contribution of H2

(Table 1A), consistent with emissions at most other volcanoes9,30–32 and in subaerial volcanic gasses
from Mayotte Petite Terre33. The isotopic composition of CO2 indicates a typical mantle34 signature

(δ13C-CO2 = -3.7 ± 0.2‰, Δ14CCO2 < -990‰). Since no molten lava is currently emitted at the sea�oor in

the Horseshoe area, H2 likely originates from a magmatic/hydrothermal source35 formed at depth along

with CO2 and dissolved within. Emitted �uids show very little variability with 3He/4He ratios (corrected for
air contamination and expressed as Rc/Ra) of 6.62 ± 0.28 Ra, comparable to the values reported from
gas emissions on Mayotte Petite Terre33 and mantle xenoliths of Grande Comore36. This suggests a
common magmatic source at depth likely aligned along an old fracture zone oriented N130 with
potential secondary storage in gas saturated rocks located below the Horseshoe area37.

Very few data are available for deep-sea habitats in the area, but this part of the Mozambique Channel is
considered as a biodiversity hotspot38. To assess the impact of the CO2 seeps on local and regional
benthic ecosystems, we mapped the sessile megafaunal organisms present in the Horseshoe area
during two ROV dives. Altogether, at least 23 morphotypes of cnidarians (class Anthozoa) were reported
belonging to at least 5 orders (Extended Data Table 2). Identi�cation from images in a newly explored
area severely limits our ability to assess the actual biodiversity39. but our �rst observations are

consistent with previous �ndings at shallower depths along the eastern slopes of Mayotte Island39.
Anthozoans are abundant in and out of the Horseshoe area while sponges, belonging to Desmospongia
and Hexactinellidae, are mainly found in the northern part and along the eastern ridge outside of the
Horseshoe area (Fig. 4).

Most abundant morphotypes belonging to Octocorallia are identi�ed as Alcyonacea gorgonian-like
individuals which represented about almost half of all observed morphotypes (Extended Data Table 2).
Few Actinaria are spotted close to the B and G active seeping zones (Fig. 4; Extended Data Fig. 2–4).
Most individuals are found on the rim and cliffs of the Horseshoe structure, the base and centers being
almost devoid of megafauna. We observe a signi�cantly higher proportion of dead anthozoans close to
the seep sites compared to “background” areas (Kruskal-Wallis chi-squared = 4.86, df = 1, p-value = 
0.02749). The highest record of dead corals occurs in active seeping zones A and C, while zones B and G
are almost devoid of sessile fauna. The little fauna visible corresponds to unidenti�ed individuals
covered by layers of sediment or microbial mats and hardly visible white fragments (supplementary
material). Although individual species response may vary40,41, the emitted �uids and resulting ~ 1 pH unit
decrease observed in the water column within the Horseshoe area have indisputable impacts on the
local deep-sea ecosystems, in particular for Scleratinian species. Deleterious effect of ocean
acidi�cation on cold-water corals but also adjacent planktonic, and even terrestrial, ecosystems have
been demonstrated4,42,43 and are therefore to be expected offshore Mayotte. Coral death related to a
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decrease in calci�cation rate can lead to major shifts in benthic communities41, and eventually a loss in
biodiversity. Mechanisms underlying changes in deep-sea ecosystem composition related to ocean
acidi�cation and submarine CO2 release remain to be elucidated, and the Horseshoe area offers the

ability to study potential remediation solutions.

CO2 budget and natural C sequestration laboratory
Quantitative estimates of the liquid CO2 emissions on site B0 based on ROV video survey show that CO2

�uxes represent 1.0 ± 0.10− 4 GtC y− 1. Extrapolated to the entire Horseshoe area by hypothesizing that all
the other 15 sites distributed over the seven major active zones display similar �uxes and seep densities,
this leads to 3.84 ± 2.59 10− 4 GtC y− 1 (Table 1B, Extended Data Table 3). Considering that the Horseshoe
area is an active open window into local mantle C outputs33, from a global perspective these �uxes
amount about 2% of all Mid Ocean Ridges Basalts (MORB) and 0.5% of all magmatic �uxes2,44. While

this may represent only 0.06 ± 0.04% of all volcanic �uxes1 (Table 1C), several aspects need to be
considered. 1) This is about twice the estimated �uxes emitted during the El Hierro eruption in 201145. 2)
The number of seep sites have been steadily increasing since 2019 and those �uxes therefore represent
continuous ones rather than short-lived eruption-based emissions. 3) Consequently, we hypothesize that
CO2 hydrates have been forming ever since. These estimates do not take into account the standing

reservoir stored as CO2 hydrates, which alone at site B0 may represent 5 tC based on the 128 hydrates

observed occurrences, with a median volume of 0.5m3 and a density46 of 1.1. Aside from its contribution
to the regional carbon cycle and non-negligible C inputs, the Horseshoe area and its CO2 gas hydrate
�eld constitutes an unprecedented opportunity to study CO2 sequestration pathways through gas
hydrate formation. Such a large occurrence of naturally forming CO2 hydrates may allow further studies

regarding short- and long-term stability, kinetics of hydrates formation and dissolution in seawater20. In
addition, monitoring liquid CO2 vents may provide critical information regarding the environmental
impacts of CO2 leakage, in particular the ability of biological species to develop and adapt to low and
variable pH conditions, and provide possible remediation solutions, or at least assess ecosystem
vulnerability in natural conditions. High storage capacity and hydrate cap formation preventing CO2 leaks

make CO2 hydrates attractive vehicles for deep ocean carbon sequestration47,48. However, observations
of Horseshoe hydrates clearly indicate concomitant hydrate formation and CO2 seeping, questioning the
e�ciency and safety of potential hydrate self-sealing process for preventing leakage as previously
suggested in deep-sea sediment carbon sequestration studies49,50. A long-term sea�oor observatory
currently under construction in the Horseshoe area may constitute a �rst step to ground truth theoretical
considerations regarding CO2 hydrate decarbonization pathway. In addition, our discovery emphasizes
the critical need to better understand ocean subsea�oor processes, both in terms of �uid pathways,
permeability and potential of CO2 degassing, and in terms of relationships between tectonic/seismic and
magmatic/thermal activity that might trigger and drive such CO2 degassing events, locally affecting the
ocean carbon cycle at multiple levels.
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Methods
Water column acoustic data were collected with a dedicated acquisition protocol by vessel-hull mounted
multibeam echosounders during the MAYOBS51 cruises in 2019, 2020 and 2021 (Kongsberg™ EM122 12
kHz), and during the GEOFLAMME52 cruise in 2021 (RESON™ 7150 24 kHz)., Data were post-processed
with SonarScope (https://doi.org/10.17882/87777) and GLOBE (https://doi.org/10.17882/70460)
software for the identi�cation and location of the acoustic plumes53.

A Sea-Bird Electronics™ CTD (SBE911plus) was used together with a rosette water sampler (SBE-32)
equipped with 24 OTE 10L bottles for hydrographic measurements. For optical backscatter
measurements a SeaPoint™ nephelometer were attached to the CTD probe. Upon CTD/rosette recovery,
bottles were immediately sampled for gas, pH, silicates and total alkalinity analysis on board. pH was
measured over 10ml samples using a Metrohm pH-meter, while total alkalinity measurements were
performed over 10–30 ml water samples using Methrom titrimeter.

Gases analysis from hydrocast operations were performed onboard directly after sampling from
unpoisoned samples. Hydrogen and Carbon dioxide concentrations were determined by headspace
technique with HID detection54 while Methane concentrations were determined by purge and trap
technique coupled with GC-FID detection55.

During the GEOFLAMME cruise, gas seeping from the vents (consisting mainly of liquid CO2) was

collected using the PEGAZ gas-bubble sampler25. In order to estimate seep �uid discharge and
associated �uxes, 3D reconstruction of the sea�oor based on ROV images, along with seep �uid
counting and sampling were performed over zone B, speci�cally on site B0, one of the eldest and most
vigorous sites. Immediately after recovery, the cylinder (50ml) of the PEGAZ sampler was positioned on
a titanium cell equipped with a high pressure sensor and connected to a gas extractor for
subsampling26. Once the vacuum has been achieved throughout the system, the Pegaz cylinder was �rst
opened to the cell to evaluate the initial pressure. It was afterwards gradually opened to the gas extractor
in order to expand, dry and subsample gases into vacuumed stainless-steel canisters of 50 to 1000 ml
capacity equipped with gas-tight valves. Note that at ambient atmospheric pressure and temperature,
liquid CO2 decompresses quickly in the gas extractor and changes phase to a gas. The residual gas
remaining in the extraction line was injected on board into an SRA Instruments ® micro-chromatograph
for gas analysis26. Aliquots of extracted gases were also recovered in copper tubes for onshore analysis

of helium and δ13CCO2 isotopes at INGV30,33. To allow for a reasonable (and safe) CO2 decompression in
the extraction line, only one or two droplets of gases were collected with the PEGAZ sampler.

Radiocarbon analyzes were carried out on CO2 droplets collected from the seeps around the hydrate

�eld. The gas was collected, puri�ed then converted to graphite56 before being measured at the Artemis

LMC14 AMS facility57.
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In situ Raman spectroscopy on hydrates mounds.

Visual recognition and identi�cation of the white mounds was performed using the ROV video transects
GFL-PL783-14 and GFL-PL785-16. Raman spectra were recorded using a “custom-made” spectrometer
for in situ measurements named Ramses and mounted on the ROV58,59 It is equipped with a Horiba
Jobin Yvon axial spectrometer and can perform real-time Raman spectroscopy on liquids, gases, and
solids at depths up to 4800 m. Housed in Titanium, it features a 600 gr/mm grating for a spectral
resolution of 10 cm− 1 and is equipped with two lasers (532 nm and 691 nm) for different sample types.
It is coupled to an Andor DU440 CCD sensor.

Fluid �ow rates estimates

Three ROV dives (GFL-ROV-PL776-07, GFL-ROV-PL778-09; GFL-ROV-PL785-16) were visually inspected to
map, count and classify seep outlets of every active site in the entire Horseshoe area. A dedicated
survey was performed in site B0 to quantify �ow rates: a small funnel (530ml total volume) with
volumetric graduation marks was used to measure �ow rates on each event noted. The funnel was also
deployed on site C1, D1, E0 and G0. Observed seeps were then classi�ed into groups as a function of
hydrate presence or absence and of liquid CO2 �ow rates low �ow rate < 10 ml s− 1, medium �ow rates

between 10 and 40 ml s− 1 and high �ow rates > 40 ml s− 1. We calculated the number of seeps per
category, average and standard deviation of the �ow rate for each category. Density of seeps on site B0
was then calculated for each �ow rate category and extrapolated over the entire Horseshoe area by
assuming the same density repartition at all seeping sites than in site B0. Error estimate was set to 50%
to account for site disparities. All annotated events and associated description and �ux information are
provided as supplementary material.

Megafauna mapping

Recognition and identi�cation of megafauna was performed using the ROV videos acquired during GFL-
PL07, GFL-PL16, and transects dedicated to the 3D reconstruction of site B. The Victor6000 has multiple
cameras but because video acquisition was not set up for habitat mapping, the downward-looking
camera could not be exploited properly. For this study we thus used the main ROV camera, and both the
downward-looking and main cameras for site B. Images were analyzed using the ADELIE video
annotation software using 3 criteria “sessile fauna category” (including dead Anthozoa), “organisms’
density” and “substrata type”. Because of the uncertainty in the identi�cation of gorgonian- and coral-like
morphotypes, these observations were grouped under the ‘undetermined Anthozoa’ modality (Extended
Data Table 2). The de�nition of dead Anthozoa was based on the absence of color but also on the
presence of living organisms around. For example, white corals observed among coloured corals or
gorgonians were not considered as dead. Conversely, isolated colourless corals surrounded by broken
sessile organisms covered by bacterial mats were annotated as ‘dead’. During the annotation process,
associated metadata (timecode, image name, geographical coordinates) were recorded with ADELIE
software and compilation was performed on ArcGIS software. The opportunistic nature of this dataset
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did not allow for the acquisition of quantitative data and each faunal record was thus processed as one
observation. To assess the impact of liquid CO2 on faunal distribution, the mean proportion of each taxa,
and ‘dead’ vs living corals, between active sites and background areas was compared using a Kruskall-
Wallis test.
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Figure 1

Location of the Horseshoe Area. A. Comoros Archipelago. B. Map of Mayotte Island, the red square
indicating the location of the Horseshoe area. C. Active seeping sites location in the Horseshoe area. D.
Water column pro�les of pH, CO2, CH4 and H2 obtained by CTD/rosette cast and active site B location in
the Horseshoe area
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Figure 2

Liquid CO2 venting in the Horseshoe area. A. CO2 hydrate under a �ange (zone D). B. Hydrates �lling up
interstices between rocky sea�oor at zone C. C. Vigorous liquid CO2 fountain at site B0. D. Hydrates in
crevices from a breccia outcrop (zone C). E. Hydrates mounds and liquid CO2 fountains seeping through

very �ne volcanic sand at site B0. F. Massive hydrate mound lying on volcanic sand surrounded by rubble
and breccia located 400m SW from zone C. G. Hydrates inserted into crevices at the summit of a
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phonolite python located at site F0. H. CO2 hydrates on breccia and rubble covered with �lamentous
bacteria mats (zone A)

Figure 3

Variability of CO2 hydrates observed in the Horseshoe area. A: slender droplets formation. B. droplets
covered with a hydrate �lm C. CO2-rich liquid droplets seeping from a hole surrounded by hydrates
(Mound A in Site B). D. CO2-rich liquid droplets seeping around a small hydrate (Mound D’ in Site B0). E.
Types of liquid CO2 fountain, CO2 hydrates and association observed in the Horseshoe area and

temperature gradient at stake. F. In situ Raman spectra obtained on hydrate mound F’ in site B0 ( ) and
surrounding seawater ( ).Vibrational bands assignment: (A, E and G) internal standard, (B) SO4

2- S-O
stretching, (C and D) CO2 Fermi resonance, (F) liquid water OH bending mode, (H) OH stretching modes
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in hydrate cages and (I) liquid water OH antisymmetric and symmetric stretching modes. G, H, I and J:
massive hydrates mounds with liquid CO2 seeping

Figure 4

Sessile megafauna in the horseshoe area. A. Distribution of cnidarians and sponges in the horseshoe. B.
Example of dead Anthozoa in the proximity of site B0 covered by microbial mats. C. Yellow gorgonian-
like Anthozoa.
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