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For decades, hydrothermal activity along the Red Sea Rift was only inferred from metalli-

ferous sediments and hot brines. Active hydrothermal fluid discharge was never directly

observed from this young ocean basin, but could be key to understanding the evolution of

hydrothermal vent fields and associated life. Here we report the discovery of widespread

diffuse venting at Hatiba Mons, the largest axial volcano in the Red Sea. The active vent fields

are composed of iron-oxyhydroxide mounds, host thriving microbial communities and are

larger and more abundant than those known from any other (ultra) slow-spreading mid-

ocean ridge. Diffuse venting, controlled by intense faulting, and the lack of vent-specific

macrofauna, are likely causes for the abundant microbial mats that dominate and built up the

hydrothermal mounds. These microbe-rich hydrothermal vent fields, occurring in a warm

ocean, may be analogous to Precambrian environments hosting early life and supporting the

formation of large iron deposits.
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Magmatically driven hydrothermal circulation of seawater
through the crust takes place along all mid-ocean
ridges1, often forming mineral deposits and habitats for

chemosynthetic life at the seafloor2,3. Since their discovery4,
numerous studies of active hydrothermal vents and diverse che-
mosynthetic communities have increased our understanding of
marine biodiversity and the history of life5–8. However, the
evolutionary aspects and colonization processes of hydrothermal
vents are still poorly constrained9, particularly for young,
enclosed oceans such as the Red Sea.

Seafloor spreading in the Red Sea between the Nubian and
Arabian plates began at ~13 Ma10,11. The oldest oceanic crust is,
however, buried under Miocene evaporites and younger
sediments12,13. The exposed oceanic crust is younger than ca.
5 Ma in the southern Red Sea and 2–3Ma in the central Red
Sea14–16. In the central Red Sea, typical ultraslow-spreading rift
morphologies occur in wide troughs and basins (the Red Sea
Deeps)17,18 that are separated by evaporite- and sediment-filled
inter-trough zones13,19.

Hydrothermal activity in the Red Sea has been associated with
brine pools, hosting metalliferous sediments that were discovered
in the 1960s20. Since then, abundant research on the brines
provided indirect evidence for hydrothermal influx into some of
the brines, based on their elevated temperatures (up to 68 °C),
their chemical compositions21,22, and the presence of metallifer-
ous sediments20,23,24. The source of hydrothermal venting could,
however, not be confirmed by visual observations due to the
harsh conditions of the brines for modern equipment. The only
in-situ sulfide chimney observations in the Red Sea have been
reported from Kebrit Deep, where they occur along the brine-
seawater interface25. These inactive chimneys, consisting of iron
(Fe)-, lead (Pb)-, and zinc (Zn)-sulfides, are interpreted to have
precipitated from 110-130 °C hydrothermal fluids. Other sulfide
fragments were reported from the rift valley at 18°N but without
vent observations26. Hydrothermal venting has thus never been
directly observed in the Red Sea, although vent fields are expected
to occur based on global distribution statistics27. Further evidence
for extensive hydrothermal activity along the Red Sea Rift axis
comes from basalt trace element chemistry, particularly chlorine
has been used to indicate hydrothermal activity28–30. High
chlorine contents in basalt samples from the Red Sea Rift suggest
that hydrothermal circulation is actually widespread. Since these
analyses also point to locations with a high potential for the
presence of hydrothermal vents, they also reveal areas of parti-
cular interest for further exploration31,32. The discovery of active
sites in the Red Sea is important because the ultraslow-spreading
rate (<10 to >16 mm/yr)33,34 combined with overall elevated heat
flow and salinity32,35 may lead to extensive massive sulfide
formation36,37, as supported by the discovery of the largest
modern hydrothermal submarine metal deposit in the Atlantis II
brine23,38,39. Further, due to the Red Sea being semi-enclosed, its
bottom water is saltier (~40‰ vs. 35‰ global average)40 and
18 °C warmer (21.7 °C vs. 2–4 °C)41,42 than that in other oceans,
requiring adaption of deep-sea organisms. The closest (low-T)
hydrothermal site occurs in the Gulf of Aden43,44 south of the
narrow and shallow connection of the Red Sea to the Indian
Ocean. Here, no vent-specific faunal communities have been
reported45. The distinctive seawater characteristics of the Red Sea
and limited connectivity to the rest of the global mid-ocean ridge
system may prevent colonization by deep-sea species from the
Indian Ocean46. This, together with a reset of the Red Sea eco-
system resulting from a major extinction event during the last
glacial maximum, ~20,000 years ago47, formed a unique ecosys-
tem in the Red Sea, with a very high amount of endemic species48.
Hence, chemosynthetic communities at hydrothermal vent fields
may also be unique and the Red Sea could play a key role in

understanding the evolution of vent fauna in young ocean basins,
with implications for understanding migration of species between
hydrothermal vents. Finally, the salinity and temperatures of the
Red Sea bottom water41 are possibly closer to those of Pre-
cambrian oceans that had higher salinities and overall higher
temperatures than most present-day oceans49,50. Therefore, the
deep Red Sea may simulate conditions encountered by Earth’s
early life51 or during the formation of large Banded Iron For-
mations, which are considered fossil remains of early life52.

Here, we report the discovery of widespread hydrothermal
discharge at Hatiba Mons volcano in the Red Sea Rift, where
diffuse low-temperature (low-T) venting has created numerous
Fe-oxyhydroxide mounds. We also present geomorphological and
tectonic interpretations of the geological setting, bulk chemistry
of hydrothermal precipitates, as well as a preliminary description
of the associated vent biome of this new hydrothermal system.
We use these data to draw conclusions on the environmental
conditions during the vent field formation and evolution.

Results and discussion
Hydrothermal vent fields at Hatiba Mons volcano. Hatiba Mons
is the largest submarine axial volcano in the central Red Sea, with
a basal diameter of 11.4 km, a height of 530 m, and an estimated
age of 1 Ma14. It erupts typical mid-ocean ridge basalts that are
also comparable to other samples from the Red Sea Rift (Sup-
plementary Tables 1 and 2)31. Hatiba Mons is strongly faulted
and the major normal faults show a distinct hourglass-shaped
pattern crosscut by a radial fault pattern (Fig. 1). This pattern
results from a combination of regional rifting and the volcano’s
local stress field over a hot mantle53. Recent magmatic activity is
indicated by low local seismicity10,54, as well as by high
multibeam-backscatter13,14, ROV observations, and the presence
of fresh basaltic glasses that all suggest lava flows with an age of
<1000 yr old (Fig. 2, Supplementary Fig. 1a). This recent mag-
matic activity, the high chlorine contents of nearby basalts31,32

and its low summit magnetization55 related to hydrothermal
alteration56, make Hatiba Mons a prime target for hydrothermal
exploration on the Red Sea Rift.

CTD casts, MAPR tow-yo’s, and AUV water column data
reveal a number of turbidities and minor Eh anomalies over the
summit, indicating abundant hydrothermal venting (see Meth-
ods, Supplementary Fig. 2). High-resolution (2 m) AUV bathy-
metry data of the summit area show smooth but heavily faulted
terrain (average fault density > 1 × 102 m/m2; Fig. 1, Supplemen-
tary Fig. 3). Morphologically distinct irregularly-shaped areas
(n= 45) with a high rugosity and a generally low backscatter
intensity were also identified (Figs. 1 and 2, Supplementary
Fig. 1). Of these, 14 were confirmed to be of hydrothermal origin
by ROV observations and sampling (Figs. 2 and 3, Supplementary
Fig. 4). Assuming all these areas are hydrothermal fields, their
total surface covers 1.6 km2, with individual fields having
dimensions of 50–1000 m (Fig. 2, Supplementary Tables 3 and
4). AUV sub-bottom profiling of four of these fields showed that
they lie directly on the volcanic basement with similar average
thicknesses of 4.8–6.4 m (Supplementary Fig. 5, Supplementary
Table 4). The total estimated volume of the Hatiba Mons
hydrothermal deposits is 9.3 × 106 m3 (Supplementary Table 2).

Each field comprises a series of mounds frequently aligned in
ridges. Both features are associated with faults and fissures but are
not faulted themselves (Fig. 2). The hydrothermal fields are
generally not directly associated with the youngest lava fields.
Individual mounds are up to 40 m in diameter, while elongated
ridges can reach up to 150 m in length (Fig. 2). The mounds are
up to 10 m high, with an average of 3–5 m (Supplementary
Table 4). Most mounds are dome to cone-shaped with rough,
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steep slopes (Figs. 2 and 3). Mound surfaces are encrusted with
layered slabs and botryoidal or irregular crusts and dm-sized
chimneys, while sediments cover the areas between the mounds
(Fig. 3). Venting of clear fluids was observed at several locations
with shimmering fluids rising at least 1 m above the chimneys
into the water column at Farwah Safraa ridges (Fig. 3c). The
abundance of microbial colonies on all mound fields surveyed by
ROV suggests diffuse venting is widespread. Temperature
measurements of hydrothermal fluids and sediment are up to
40 °C (Supplementary Fig. 4) but represent a minimum due to the
imprecise placement of the T-loggers by the ROV. Nevertheless,
the presence of bacterial colonies directly at the openings of active
vents chimneys implies that the fluids there have temperatures
below 121 °C, the present upper limit for life57. This does not
exclude, however, higher temperatures deeper in the system, as
mixing with seawater at or below the seafloor may occur.

Samples of hydrothermal crust and chimneys are layered and
vary in color from black and red-brown to yellow and green
(Fig. 4a). Optical and scanning electron microscopy (SEM)
imaging of the crusts reveals microbe-like forms such as
(interweaving) filaments, twisted stalks, and spheroidal structures
(Fig. 4b–f). X-ray diffractometry shows that the chimneys and
crusts consist mainly of amorphous compounds with traces of
crystalized todorokite (Mn-oxide; Supplementary Table 2). Some
greenish-yellow crust samples contain the clay mineral nontronite
(Fig. 4a, Supplementary Table 2). Sulfides are absent from the
current sample set. Anhydrite was also not observed, which

agrees with the current temperature assumptions (anhydrite is
only stable >150 °C58). The bulk of the crust material consists of a
mixture of Fe- and Mn-oxyhydroxides, with some samples
showing an abundance of siliceous material and/or Ca-carbonate
from background sedimentation (Fig. 5a, Supplementary Table 2).
Bulk rock major and trace element chemistry of the crusts shows
high inter-sample compositional variability, similar to observa-
tions from other low-T vent locations globally (n= 13; Fig. 5a,
Supplementary Table 2). Chemical data from our precipitates
cover the full range of existing literature data, and the chemistry is
directly related to the color of the samples, reflecting their major
mineralogy (Fig. 5a, Supplementary Table 2). Some samples
contain high concentrations of Ba (up to 1740 ppm), Zn (up to
1220 ppm), and elevated concentrations of the trace metals As,
Pb, Sb, Tl, and Hg, indicating that fluid temperatures in the
subseafloor were high enough to leach and transport those metals
from below. However, the concentrations of metals that are
usually associated with black-smoker-style high-T venting, such
as Cu and Se, are very low (Supplementary Table 2). Uranium,
Ni, Mo, and V concentrations are elevated but can be explained
by scavenging from seawater59.

Biodiversity of the Hatiba Mons hydrothermal fields. Yellow to
white microbial mats occur in varying abundances in all surveyed
vent fields and are most abundant at southern Farwah Safraa
ridges, Baja’ah Mounds, and Majarrah Mounds (locally up to
20–90% of a hydrothermal mound, Supplementary Table 4). The

Fig. 1 Hatiba Mons AUV Bathymetry. a High-resolution AUV-derived bathymetry (color coded) of the summit of Hatiba Mons volcano in the central Red
Sea Rift (over ship-bathymetry, shaded gray14). The dashed circles indicate the areas with the largest hydrothermal fields (see Fig. 2). b The inset shows
the entire volcano and the limits of the AUV data (white line) superimposed on ship bathymetry. The position of the volcano within the context of the Red
Sea (top right inset) at the rift axis (red line10) is shown by the red square.
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Fig. 2 Geological map of Hatiba Mons and detailed views of the largest hydrothermal fields. a The geological interpretation is based on AUV and ship
bathymetry, AUV sub-bottom data, multibeam backscatter, ROV observations, and seafloor sampling. The largest lava flow covers a total area of about
57 × 106 m2 and extends up to 16 km southeastwards (AUV combined with ship bathymetry). AUV bathymetry indicates its thickness is ~2.5 m, and thus,
the flow has a total volume of 142 × 106 m3. The sediment thickness across Hatiba Mons is variable and shown in blue numbers (meters, from AUV sub-
bottom data and ROV observations). Based on sediment thickness and backscatter intensity, four eruption phases with different ages are identified. Phase 1
is the oldest, most sedimented, and faulted lava on the uplifted volcanic flanks. Phases 2–4 all occur in the neo-volcanic zone (NVZ) of the rift and have
decreasing amounts of sediments, indicating a decrease in age from phase 2 to 4. The primary strike directions of normal faults and fissures are 145° and
135°, respectively, coinciding with the main spreading direction of the Red Sea overlain by local stress patterns caused by the weight of the volcano.
b–f Each hydrothermal field comprises a series of mounds that frequently form elongated ridges aligned with the underlying fissures and cracks. The
profiles of the hydrothermal fields are comparable in vertical and horizontal scales, and white lines mark their positions. The largest fields are b Beacon
Field (BF), c Majarrah Mounds (MM), d Farwah Safraa ridges (FS), e Baja’ah Mounds (BM), and f Kabir Field (KF).
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Fig. 3 Types of hydrothermal vents, mounds, and microbial mats at Hatiba Mons. a Conceptual drawing and summary of the low-T hydrothermal
occurrences found at the Hatiba Mons volcano based on ROV images, AUV bathymetry, sub-bottom profiling, and seafloor sampling. b–h Typical seafloor
structures within the low-T hydrothermal fields at Hatiba Mons. b–d Type 1 vents with focused flow, characterized by dm-sized chimneys (type 1A) or
elevated bowl-like structures (type 1B). e, f Diffuse type 2 outflow with voluminous, fur-like, and thick fluffy microbial mats with a downhill-flow appearance
(type 2A) or less voluminous microbial mats (type 2B). g Type 3 venting is characterized by smaller microbial heaps in areas of very diffuse flow in the
valleys or flat surfaces (3A). h Type 4 ovoids or rolls of bacteria within discolored sediment (type 3B). Concept image by Ivan Gromicho, KAUST. Seafloor
images b–e, g were taken with the MaxRover ROV (HCMR) in May 2022. Images c and h were taken with Fugro ROV in February 2022.
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mats and hydrothermal vents can be categorized into four types
based on their morphological appearance (Fig. 3): Type 1 is
characterized by focused flow through irregular dm-sized chim-
neys (1A) or elevated bowl-like structures (1B) with microbial

mats at the vent outlets; Type 2 vents include wider, dm to
m-sized areas of diffuse flow, occurring mainly at the sides or tops
of the mounds. They are covered by voluminous, furry, and fluffy
microbial mats (2A) or thinner microbial mats (2B); Type 3

Fig. 4 SEM images of microbial mats and mineralizations in hydrothermal crust. a Fe–Mn crust sampled from Field 8 (sample KRSE4-1 ROV2) with
green, yellow, and red layering. The sample is turned upside down, meaning the greenish part was about 10 cm deep inside the mound before sampling.
b–f Colorized SEM images of microbial structures within the Fe–Mn crusts: b Network of mineralized bacterial filaments with a scaley, spikey surface
(green) and a coccolith shell (red). c Denser aggregation of mineralized bacterial spheroids (green) and stalks (blue). d Bacterial spheroids (blue) in a
denser, irregular sheeted matrix of Fe-oxyhydroxides. e Microbial filaments (green) in a dense matrix of small Fe-oxyhydroxide spheroids. f Fine microbial
network (green) in a course network of the botryoidal and spheroidal matrix. Note that the chosen colors only visually enhance the images’ structures and
do not represent real colors or specific microbes or minerals. g Screengrab from the sampling of a microbial mat within the Farwah Safraa ridges during
ROV dive 6. h–k Colorized SEM images showing characteristic stalks of Mariprofundus (yellow in h, i and j) in microbial mat samples.

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-01169-7

6 COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:496 | https://doi.org/10.1038/s43247-023-01169-7 | www.nature.com/commsenv

www.nature.com/commsenv


occurs in areas of diffuse flow between the mounds and is
characterized by white to orange, fluffy microbial heaps (3A) or
discolored patches or rings of microbes (3B); Type 4 consists of
ovoids or rolls of microbes between mounds and may be accu-
mulated remnants of active microbial communities from higher
up. Most types occur at all vent fields, but types 1A and 2A are
particularly abundant at Farwah Safraa ridges, whereas Baja’ah
Mounds are characterized by type 1B (Supplementary Table 4).

The sequencing analyses for 16 S rRNA genes from different
hydrothermal fields (38 subsamples, Supplementary Tables 1 and
5) revealed a total of 72 prokaryotic phyla (Archaea and Bacteria),
with Bacteria being more abundant (Fig. 6). Proteobacteria
followed by Chloroflexi and Planctomycetota were the dominant
bacterial phyla in the Hatiba hydrothermal fields, while the
archaeal community was dominated by Crenarchaeota,
Nanoarchaeota, Hydrothermarchaeota, and Thermoplasmatota
(Fig. 6). Many of the observed microorganisms are known for
performing nitrate-reducing Fe(II)-oxidation, Mn(II)-oxidation
and anaerobic oxidation of methane60,61. Although not the most
abundant, Zetaproteobacteria (an autotrophic iron oxidizer),
which are dominated by the genus Mariprofundus, were highly
prevalent across the microbial mat sample. In addition, microbial
groups such as the class Anaerolineae and the phyla DTB120,
previously described to be strongly associated with microbial iron
mats in other hydrothermal systems, were also detected62–65

(Fig. 5). Interestingly, anaerobic families, ammonia-oxidizing
archaea (e.g., Nitrosopumilales; Fig. 6), and various thermophilic
Bacteria and Archaea were also observed, e.g., Rhodothermia that
grow at 55–70 °C66 (Supplementary Fig. 6).

Macrofauna observed at or near the hydrothermal vent fields
was sparse and consisted of typical Red Sea deep water species
(Fig. 7). The organisms observed from ROV videos include brittle
stars, Ophiocirce sp. (Ophioleucidae), caridean shrimps, Plesio-
nika sp. (Pandalidae, reported from depths around 1000 m67),
deep-sea squids, Onykia sp. (Onychoteuthidae), and teleost fishes
comprising congrid eels, Rhynchoconger sp. or Bathycongrus sp.
(Congridae) cusk eels, Neobythites sp. (Ophidiidae), and deep-
water cods, Physiculus sp. (Moridae). Several large-sized Plesio-
nika were observed walking or scavenging close to bacterial mats
and, at least on one occasion, feeding on bacteria or other organic

matter within the mat. Lantern fishes (Myctophidae), barracudi-
nas, Lestrolepis luxiocula (Paralepididae), and benthopelagic
crustaceans (Lophogastrida and/or Euphausiacea) were fre-
quently seen in the water column 1–3 m above the bottom. The
bigeye hound-shark, Iago omanensis (Triakidae), was observed in
non-hydrothermally active areas.

Volcano-tectonic setting and hydrothermal cooling of Hatiba
Mons volcano. Hydrothermal Fe-crusts and mounds are com-
mon around seafloor hydrothermal systems at mid-ocean ridges
globally. Hydrothermal vents at Hatiba Mons are comparable to
those, not only in the chemical compositions of the precipitates
(Fig. 5a) but also in the microbial groups that are present68–70.
However, the Fe-mound fields on Hatiba Mons represent one of
the largest known actively forming hydrothermal Fe-
accumulations reported from mid-ocean ridges71–74 (Fig. 5b,
Supplementary Table 3). Large hydrothermal sulfide deposits
have been previously reported from (ultra)slow-spreading ridges,
particularly at magmatic centers or along low-angle detachment
faults37. Indeed, Hatiba Mons is the largest magmatic center in
the ultraslow-spreading Red Sea Rift and a focal point of
magmatism14. Nevertheless, Hatiba Mons hydrothermal fields
comprise an area at least 3× larger than any active vent fields at
other ultra-slow to fast-spreading mid-ocean ridges (Fig. 5b;
Supplementary Table 3 and references therein). Large Fe-
mounds have only been documented from the inactive Galapa-
gos Mounds Abyssal Hydrothermal Field73. Hatiba Mons
hydrothermal activity is not restricted to particular structures or
areas and is instead widespread around the summit, covering
large parts of the volcano’s surface (Fig. 2). The large number of
active vent fields discovered at Hatiba Mons and their wide-
spread distribution contrasts with other hydrothermal sites at
(ultra)slow-spreading ridges, where active vent fields are less
abundant75,76 (Fig. 5b, Supplementary Table 3). Extensive,
continuously active hydrothermalism and high hydrothermal Fe
flux are typically considered to be associated with settings of high
magma supply and/or high heat flux, such as fast-spreading
ridges28,77 or during Archaean times78,79 because of higher
lithospheric heat loss due to hydrothermal circulation80. Despite
being an ultraslow-spreading ridge, a high benthic heat flux

Fig. 5 Comparison of Hatiba Mons to other mid-ocean ridge vent sites. a Ternary diagram of Fe2O3, SiO2, and MnO chemistry of low-T hydrothermal
precipitates—Hatiba Mons samples (colored symbols) show a similar large spread as other mid-ocean ridges (white symbols), related to the color of the
samples. b Total area of hydrothermal occurrences including low-T and high-T (if present) precipitates at mid-ocean ridges with varying spreading rates.
Hatiba Mons is in red, active vent fields are in white, and inactive sites are in grey. See also Supplementary Table 3.
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occurs in the Red Sea35,cf81. Additionally, abundant volcanic
edifices and the lack of ultramafic rocks at the seafloor14 point to
unusually high magmatic activity along the entire Red Sea Rift,
which is interpreted to be related to the Afar plume10 and/or the
isolating effect of the former continent82. Therefore, abundant
widespread hydrothermal activity at Hatiba Mons could be the
result of enhanced Red Sea heat flow. Alternative possibilities to
explain the widespread low-T venting are (1) the presence of a
high ductile (hot) crust beneath Hatiba Mons as indicated by the
low seismicity in the area and the hourglass-shaped fault
pattern53,83, or (2) extensive faulting of the volcano itself. A
ductile crust could prevent the formation of a deep high-T
hydrothermal circulation cell. This process has been invoked, for
instance, for the Lilliput Field, a low-T vent site at the southern
Mid-Atlantic Ridge72, which is closely related to the cooling of
a recent dike intrusion and associated young lava fields. In
contrast, the active mounds at Hatiba Mons are not related to
young lava flows (Fig. 2). Here, the elevated trace element con-
centrations in the hydrothermal precipitates indicate a deep-
seated hydrothermal convection cell as suggested for metallifer-
ous precipitates elsewhere59. Therefore, extensive faulting of the
volcano is the more likely cause of the high abundance of low-T
vent sites. An extensive fault density at Hatiba Mons is parti-
cularly apparent when compared to areas with known high-T
venting, such as the TAG hydrothermal field74 and Axial
Seamount84 (both mapped by AUV at the same resolution as this
study; Supplementary Fig. 3). Hatiba Mons has both, a higher

average fault density (>1 × 10−2 m/m2 vs. <<1 × 10−2 m/m2),
and a larger area of the volcano summit that is strongly faulted
(50% with >1 × 10−2 m/m2; Supplementary Fig. 3). This high
fault density combined with Hatiba Mons' positive relief could
provide easy entrance for seawater into the volcano, leading to
effective cooling of the upper parts. This may explain the diffuse
low-T venting of hydrothermal fluids along numerous pathways,
with the possibility of high-T mineralization deeper in the
system.

The studied mound fields at Hatiba Mons are all very similar in
terms of their geological setting, morphology, mineralogy,
chemistry and microbial communities. Variations in hydrother-
mal crust chemistry can be explained by local variations in fluid
chemistry and or activity of the venting, e.g., Johannessen et al.71

showed that Mn-oxides are formed during phases of low
hydrothermal activity, while Fe-oxides are formed during phases
of high activity (Fig. 5a). Local variations in abundance of
microbial mats are unrelated to their location on the summit. Low
abundances of microbial mats, however, seem to be associated
with a lower mound relief and are most likely related to limited
hydrothermal activity (e.g., central Kabir Field; Fig. 2f). The only
systematic variation between the fields is that the mounds
associated with the large fault systems on the W- and NE-
platforms appear to be higher, more solid, and consisting of
higher amounts of black Mn-oxides, rather than the softer
reddish Fe-oxides in the central valley. Additionally, the Farwah
Safraa ridges display more focused (type 1A) venting than the

Fig. 6 The relative abundance of prokaryotes found in the Hatiba hydrothermal fields. a Bacteria and Archaea relative abundance from six samples from
the Hatiba hydrothermal fields. b Dendrogram showing the relative abundance of the overall community of the bacterial and archaeal phyla and classes
found in the Hatiba hydrothermal fields. Fe-precipitating groups are highlighted in green, and thermophilic groups are highlighted in orange.
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other areas, likely related to the presence of larger bounding faults
that may reach deeper and focus venting.

Genesis of large hydrothermal mounds and the role of biolo-
gical activity. Fe-oxyhydroxide mounds formed by low-T
hydrothermal venting and associated microbial communities are
found in many locations worldwide68,69,71. However, it is still
debated whether Fe-mounds are predominantly formed by bio-
genic or authigenic processes, such as low-T precipitation or the
weathering of high-T sulfide precipitates69,71,85. The weathering
of high-T minerals can be excluded at Hatiba Mons because of
the observed textures, the chemical composition (e.g., low S and
Cu), and the lack of relict sulfides in hand specimens and XRD
data. SEM imaging of the Mn-oxides, and some Fe-oxides, shows
evidence of some authigenic precipitation. Nevertheless, the
majority of our samples indicate the importance of microbial-
induced mineralization, as suggested by the high abundance of
organic textures and structures observed under SEM and optical
microscope (Fig. 4). Members of the class Zetaproteobacteria
commonly shape the structure of microbial mats in high-Fe
environments, such as diffuse hydrothermal vents86. Recent

studies have shown that the activity of, e.g., Zetaproteobacteria at
Kama’ehuakanaloa87, the Jan Mayen Vent Fields71, and Iwo-Jima
Island88 play a major role in Fe-oxide deposition. The autotrophic
Fe(II)-oxidizing Zetaproteobacteria observed at Hatiba Mons are
microaerophilic, which confers a competitive advantage over
merely authigenic Fe(II)-oxidation at the oxic/anoxic transition65.
Additionally, groups like Calditrichota, Gemmatimonadota,
Hydrogenedentota, Nitrospinota, Planctomycetota, Acidobacter-
iota, Gammaproteobacteria, and Bacteroidota were found. Also,
these microbial groups were predicted to play a role in Fe-cycling
based on metagenomic analysis, e.g., from Longqi hydrothermal
vents, Southwest Indian Ridge70. Fe(II)-oxidizing groups65,89,90

are most common at Hatiba Mons in microbial mats but are also
detected in crusts and sediments (Fig. 5). Thus, we suggest that
microbial activity plays a major role in the formation of the
hydrothermal mounds at Hatiba Mons. In-depth analysis of the
functional capabilities of samples from Hatiba is, however, nee-
ded to understand the exact roles of the diverse prokaryotes in
mineral cycles in the Red Sea’s hydrothermal vents.

However, the reason for such widespread microbial activity
and why the mounds are notably larger at Hatiba Mons than

Fig. 7 Macrofauna observed near the Hatiba Mons hydrothermal mounds. a Congrid eel, probably Rhynchoconger sp. or Bathycongrus sp. (Congridae).
b Deep-water cod, Physiculus sp., possibly P. marisrubri (Moridae). c Deep-sea squid, probably Onykia sp. (Onychoteuthidae). d Cusk eel, possibly
Neobythites sp. (Ophidiidae). e Ophiuroid, Ophiocirce sp., possibly O. seminudum (Ophioleucidae). f Caridean shrimp, Plesionika sp. (Pandalidae), scavenging
close to bacterial mats. ROV images were taken with the MaxRover ROV from HCMR, Athens.
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comparable sites at other mid-ocean ridges (Supplementary
Table 3)71,87,88 remains unknown. The microbes could be
specialized to the Red Sea conditions and have advantages that
make them more versatile. This is, however, not directly evident
from the groups present, which are similar to other mid-ocean
ridges68–70 (Fig. 6). Further functional and targeted studies, such
as the use of models based on metagenomics, meta-transcrip-
tomics, and isolating different microorganisms are necessary to
validate or refute this hypothesis. One alternative reason may be
the absence of grazing by (specialized) heterotrophic vent fauna
feeding on the mound-building microbes and/or chemosynthetic
communities competing for nutrients from the fluids. Diverse and
specialized chemosynthetic benthic metazoan communities with
high endemism and strong zonation patterns are known globally
from most deep-sea hydrothermal vent fields91–93. Notably,
however, specialized deep vent fauna is absent at Hatiba Mons;
there could be multiple explanations for this. First, specialized
vent fauna could be present within our study site at, so far
undiscovered high-T vent sites. Sulfide oxidation is generally
associated with high-T hydrothermal vents and promotes
symbiosis with the vent fauna94. The absence of sulfide-
oxidizing bacteria may be an explanation for the lack of
symbionts in low-T Hatiba vents. On the contrary, low-T
hydrothermal vents are characterized by Fe-oxidizing microbial
metabolism by abundant Fe(III)-rich microbial mats95,96. Iron-
oxidizing microbes could, therefore, have a competitive advantage
over sulfide oxidation in low-T iron-rich sources. However,
chemosymbiotic vent communities are not exclusive to high-T
vent fields and also occur on low-T Fe-mounds, e.g., in the
Atlantic72. A second possible explanation could be unfavorable
environmental conditions for metazoans. The observations of
common deep benthic organisms at Hatiba Mons (Fig. 7),
however, suggest its vent field environment is hospitable for
metazoan life. The presence of specialized vent fauna on Fe-
mounds worldwide also indicates that this substrate is, in general,
a suitable habitat71,72. However, the combination of warm and
highly saline seawater in the deep Red Sea and potentially
unfavorable hydrothermal fluid chemistry related to the low
temperatures could be a limiting factor for symbiont-hosting
macrofauna (e.g., fluids with low CH4, H2, H2S, as indicated by
the low S in the hydrothermal precipitates; Supplementary
Table 2). Third, oceanographic (e.g., seasonal high salinity deep
water outflows into the Gulf of Aden97) and physical barriers (i.e.,
the narrow and shallow entrance to the Red Sea98) lead to
geographic isolation and limit dispersal, colonization, and
connectivity of vent fauna from the adjacent Gulf of Aden into
the deep Red Sea. Finally, the relatively short and dynamic
evolution of the Red Sea itself10, with the latest extinction event
~20,000 years ago, may have limited the evolutionary history of
hydrothermal fauna. Additional exploration and environmental
data collection could test the suitability of the deep Red Sea for
specialized vent fauna.

In conclusion, we located active hydrothermal venting in the
Red Sea for the first time. The active fields of low-T Fe-
oxyhydroxides at Hatiba Mons, associated with abundant,
thriving microbial communities, are larger than those known
from any other (ultra)slow-spreading ridge so far. This appears to
be related to a combination of (1) effective cooling of the Hatiba
Mons volcano due to high fault densities, resulting in widespread
diffuse venting of low-T fluids, and (2) the absence of vent-
specific macrofauna and, therefore, limited grazing pressure and
no competition for nutrients. The flourishing microbial commu-
nities, in turn, provide the opportunity to build, over time, the
large mounds observed at Hatiba Mons. The warm water
temperatures may also make the deep Red Sea a candidate for
an analog to Precambrian Oceans. These similar environments,

together with the presence of large iron deposits and thriving
microbes (although genetically not necessarily related), could be
particularly relevant to understanding the relationship between
early life on Earth and the formation of large iron deposits
(Banded Iron Formations) during a time when macrofauna was
still absent52.

Methods
Hydroacoustic mapping, water column data, ROV observa-
tions, and temperature measurements. Ship-based tow-yos with
five MAPRs (Miniature Autonomous Plume Recorders provided
by NOAA) were carried out in the fall of 2021 from the RV Azizi.
The MAPRs were evenly spaced 50 m apart, and the water col-
umn was scanned along SE-NW directed lines over the summit
area of the Hatiba Mons volcano. Due to the lack of availability of
a USBL transponder, the exact position of the MAPR along the
profiles is unknown. Nevertheless, the water column anomalies
were used to identify morphologically attractive targets in AUV
multibeam data and narrow the search area for AUV mapping
and ROV dives.

High-resolution bathymetry mapping was conducted in
February 2022 from the OSS Handin Tide with a 6000m
depth-rated Hugin Superior AUV provided by FUGRO. The
AUV carried a Kongsberg EM2040 Mk2 multibeam echosounder,
EdgeTech Subbottom profiler, and CTD. The AUV flew at a
constant altitude of 90 m in bottom-following mode. The
EM2040 was set to 200 kHz, and USBL navigation data were
post-processed in NavLab. Bathymetry was post-processed and
merged with the corrected navigation in QPS Qimera. Multibeam
backscatter was mosaiced in QPS FMGT from the raw data and
cleaned GSF exports. AUV turbidity data were processed and
averaged in Octave 6.2. All geospatial data were imported in
QGIS 3 for further interpretation and to plan the ROV dives.
FUGRO ROV (OSS Handin Tide) and ROV MaxRover (RV
Aegaeo) dives in February and May 2022 and February 2023 were
guided by the 2-m resolution AUV maps. USBL gave a navigation
accuracy of <2 m and ~50 m for the different ROVs.

Temperature measurements were performed with an unteth-
ered HOBO temperature logger with a range of −40 °C to 125 °C
during MaxRover ROV dives in February 2023. Due to rough
weather conditions, which reduced ROV stability, the accurate
placement of the T-sensor at the vent outlets was difficult and
therefore, the T-measurement of pure vent fluids was not
possible.

Rock sampling, mineralogy, and geochemistry. Sampling was
performed by a mechanical arm with shovels, push cores, and
microbial nets. Representative rock samples were dried at 30 °C
and pulverized. The bulk rock mineralogy was determined by
X-ray diffractometry (XRD) at the Institute for Geosciences,
University of Kiel, Germany, using a Bruker AXS D 8 Discover
diffractometer with automatic divergence slit, Θ–Θ-geometry and
mono-chromatic CoKα radiation (step size 0,037° 2Θ, count
interval 1.5 s, angular coverage 10°–70° 2Θ). Processing of the
XRD-raw-data was performed using the freeware MacDiff99.

Major and trace elements were analyzed by ALS Loughrea by
combining XRF (LiB fusion) ICP-MS, IR Spectroscopy (S and C),
and base metal 4-acid digestion.

Major elements of basalt glasses were measured with a Jeol
JXA-8200 “Superprobe” electron microprobe at GEOMAR, Kiel,
using an acceleration voltage of 15 kV, a defocused spot of 5 µm
diameter, and a beam current of 10 nA. Counting times were 20/
10 s (background/peak) for Si, Al, Mg, Ca, P, 10/10 s for Na, 30/
15 s for Ti, Fe, K, S, Cl, and 40/20 s for Mn. For calibration and
monitoring of data quality, natural reference samples from the
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Smithsonian Institute were used100. Relative analytical precision
and accuracy are generally better than 2.5%, but up to 5% for
Na2O and K2O, and on average 30% for MnO and P2O5, and 50%
for Cl and S.

SEM was performed by KAUST imaging and characterization
Corelab. Hydrothermal crust samples were mounted on an
aluminum stub, coated with 5 nm of platinum, and imaged by a
Zeiss Merlin Gemini II using 5, 10, or 15 kV. Microbial samples
were imaged with a ThermoFisher Quattro ESEM using a GSED
detector under pressure of 1417 Pa and 15 kV.

Microbial sampling. Samples (38 subsamples from crusts, sedi-
ments, and microbial mats) were collected in the Red Sea Rift
during the KRSE Aegaeo RV cruise in May 2022 (Supplementary
Tables 1 and 5). Vent samples from Site 8 and the microbial mats
from Farwah Safraa were collected using an ROV hydraulic arm.
Sediments and mats were collected from the Kabir Field using
push cores. All samples were placed in sterile Whirl-Pak bags and
Falcon tubes, immediately stored at −20 °C, and transported to
the laboratory in a cooler with ice before permanent storage at
−80 °C.

DNA extraction and sequencing. DNA was extracted from each
sample (10 g) using a DNeasy PowerMax Soil Kit (Qiagen, Hil-
den, Germany) following the manufacturer’s protocol. DNA
concentration and integrity were checked using a Qubit dsDNA
HS Assay and Qubit fluorometer 4.0 (ThermoFisher Scientific,
Waltham, USA) and agarose gel (1%) electrophoresis,
respectively.

Extracted DNA was subjected to sequencing of the prokaryotic
communities at MR DNA (Molecular Research LP, Shallowater,
USA). DNA was amplified using the universal primer set 515 F
(5’-GTGCCAGCMGCCGCGGTAA-3′) and 806 R (5’-GGAC-
TACHVGGGTWTCTAAT-3’) covering the V4 region of the
16 S rRNA gene. Additionally, amplification was performed using
the HotStarTaq Plus Master Mix Kit (Qiagen, USA), as follows:
initial denaturation at 95 °C for 5 min, followed by 30 cycles at
95 °C for 30 s, 53 °C for 40 s, and 72 °C for 1 min, and a final
extension step at 72 °C for 10 min. PCR products were run in 2%
agarose gel and subsequently used to prepare the barcoded
library. Libraries were quantified using a bioanalyzer, normalized,
pooled at an equimolar ratio based on their molecular weight and
IST concentrations, and purified using AMPure XP beads. Paired-
end IST bacterial sequencing (2 × 250 bp) was performed using a
NovaSeq 6000 reagent kit (Illumina, USA) according to the
standard protocol to produce raw sequence data.

Sequencing data processing. The 16 S rRNA gene amplicon
libraries were processed using the DADA2 pipeline101. PhiX and
adaptors were removed from the raw reads using the BBDuk tool
from the BBMap suite (http://sourceforge.net/projects/bbmap/).
The Cutadapt tool102 was used to trim the primers. Forward and
reverse sequences were merged to obtain the complete denoised
reads. The amplicon sequence variant table (ASV) was created for
the 16 S rRNA data, and chimeras were removed. Reads were
analyzed using a pseudo-pooling method and taxonomy was
assigned using the SILVA reference database, version 138.1103.

Data analysis. Relative abundance analyses were performed using
MicrobiomeAnalyst 2.0 (https://www.microbiomeanalyst.ca).
Contaminants are removed by applying the low counts and low
variance filter using the default parameters. Data are rarefied to
the minimum library size and normalized by the total sum
scaling. The relative abundance results from MicrobiomeAnalyst

2.0 are visualized in Metacoder104 and ggplot2105 in R
environment106.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability
The 2 m gridded bathymetry and backscatter mosaics are available from the Pangaea data
repository (https://doi.org/10.1594/PANGAEA.956871). The microbiological data
generated in this study are available in the National Center for Biotechnology
Information (NCBI) database under the BioProject ID PRJNA910929 under the
accession numbers SAMN32151258 – SAMN32151298 (see Supplementary Table 5).
Geochemical data, ROV data, and AUV raw data may be requested from the
corresponding author.
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