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Life in modern Deepsea Hypersaline Anoxic Lakes and Basins
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Figure 1. Formation by ponding of dense venting brines within a density-stratified deep-sea hypersaline lake or basin (minibasin), atop a salt
allochthon withdrawal depression on the deep-sea floor. A) Regional cross section. B) Zoom of brine lake shoowing 1. Pelagic interface. 2. Brine
lake-shore interface. 3. Brine lake-bottom interface. 4.Diffuse brine outflow (no surface ponding).

Introduction

Exuded salt karst brine on the deep ocean floor has a much
higher density that the overlying seawater and so if there is
an ongoing supply it tends to pond in seafloor lows (Figure 1a). The longterm character (hydrological stability over
hundreds to thousands of years) of such density-stratified
brine lakes, which form the centrepieces in deepsea hypersaline anoxic basins (DHAB), facilitate longterm ecologic
niche stability. The upper surface of a brine lake is marked
by a halocline, which typically defines one or more nutrient, thermal and salinity interfaces (Figure 1b). There a
light-independent chemosynthetic seep and lake biota can
grow and flourish (Figure 1a). Escaping subsurface brines
can entrain both hydrocarbons (mostly methane) and H2S,
which are nutrients in the base of the chemosynthetic food

chain. The salinity layering created by the halocline can be
positioned as ; 1) a pelagic biotal interface, or 2) a brine
lake edge (or shore) interface or 3) out in the lake the brine
column base (i.e. a hypersaline-sediment interface) (Figure 1b).

In other places on a deep seafloor, the escaping salt-karst
brines, with entrained methane and H2S, can form diffuse outflow or seep areas, without ever developing into a
free-standing brine lake (position 4 in Figure 1a). Highly
specialised chemosynthetic communities tend to dolonise
the resulting density and salinity-stratified interfaces. And
so, some chemosynthetic communities occupy a halocline
interface in a pelagic position atop an open brine lake,
while others inhabit a benthic position where the halocline
intersects the deep seafloor (Figure 1). Anoxic hypersaline
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Figure 2. Chemosynthetic communities in the Gulf of Mexico. A) Plan view showing endosymbiotic-mussel biostrome-fringe surrounding a moderate-diameter central brine lake. B) Close-up of the cemented edge of a mussel biostrome growing out (cantilevered) over the anoxic waters of the
brine lake. C) Upper part of a vestimentiferan polychaete seep “bush.” D) Mineralised edge of a brine pool containing the pickled remains of a
crab that ventured into the brine lake and died from “toxic shock.”

brine can also pond on the shallow seafloor in high latitude regions where the formation of sea ice create cryogenic brines (Kvitek et al, 1998). But this style of cryogenic
seaflooor brine lake is more ephemeral and is not tied to
major evaporite deposits, so is not considered further.

Two groups of megafauna with symbiotic methanotrophic
or thiotrophic bacteria dominate chemoosynthetic communities in the salt-floored Gulf of Mexico: 1) bivalves,
including bathymodiolin mussels and multiple families of
clams and 2) vestimentiferan tubeworms in the polychaete
family Siboglinidae. Both the vestimentiferan siboglinids
and clams harbour microbial endosymbionts that utilise
sulphide as an energy source, whereas different species of
bathymodiolin mussels harbour either 1methanotrophic,
2
thiotrophic, or both, types of symbionts (Figure 2).
1
Methanotrophic bacteria are prokaryotes that metabolize methane as
their only source of carbon and energy. They can grow aerobically or anaerobically and require single-carbon compounds to survive.
2
Thiotrophic bacteria live on sulphide or other reduced sulphur compounds. Traditionally, these bacteria are called sulphur bacteria because some of
them can be recognized as sulfide oxidisers under the microscope, as they store

Along the brine pool edge in the Gulf of
Mexico

Hence, the mussel-tubeworm dominated brine-lake edge
and seep biostromes in the Gulf of Mexico are dependent
on chemosynthesising microbes as a food source. This
community is the cold-water counterpart to warm-water
chemosynthetic hydrothermal communities flourishing in
high temperature waters the vicinity of black smoker vents
(MacDonald, 1992; MacDonald et al., 2003). In both settings, it is methane and sulphide, not light, that provides
the than DHALs energy source for the bacteria and archaea that make up the base of the chemosynthetic food
chain.
Methanotrophic bacteria live symbiotically on a seep mus-

elemental sulphur within the cells or excrete elemental sulphur into the medium.
Microbiologists distinguish between colorless sulphur bacteria and green and
purple sulphur bacteria, the latter two being phototrophs, which use sulphide as
electron donator for anoxygenic photosynthesis. The purple and green sulphur
bacteria are generally not called thiotrophic bacteria because they gain energy by
photosynthesis and are thus are classified as phototrophic, even though sulphide
is required for this process (see Chapter 9 in Warren 2016 for details).
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sel’s gills, taking in methane and converting it to nutrients
that nourish the mussels. The seep mussels (Bathymodiolus childressi and Calyptogena ponderosa continually waft
methane-rich water through their gills to help their chemo-autotrophic bacterial symbionts grow and periodically
harvest some of the excess growth. Their lifestyle means
that seep mussels need to live near a supply of dissolved
gas, so they can inhabit isolated seep outflows on the deep
seafloor where gas is bubbling out, including the edges
of mud volcano pools, but do best about the more stable
and relatively quiescent edges of methane-saturated brine
pools and lakes.

There they grow as a fringe to the brine pool, and exist
about the pool rim, wherever they can keep their syphons
above the halocline Figure 2a-d). They tend to construct a
biogenic edge (biostrome) to the brine pool atop with sediment piles generally cemented by methanogenic calcite.
Such rims typically extend some 5-10 metres behind the
pool edge (Figure 2a; Smith et al., 2000). The inner edge
of the mussel biostrome is elevated only a few centimetres
from the surface of the pool and is distinguishable by an
abundance of smaller individuals, present in high densities
(Figure 2b). At the outer edge of the mussel biostrome,
there is a high frequency of disarticulated shells and low
densities of still living larger individuals.
Also living atop seafloor seeps and about some brine
pools are knots and clusters of chemosynthetic polychaete tubeworms (Figures 2c, 3; Lamellibrachia luymesi
and Seepiophila jonesi). Individual tubeworms (aka seep
beard-worms) in a colony can be up to 2.5 m long with
a microbe-dependent metabolism evolved to exploit the
abundant H2S and methane seeping through the seafloor.
Tubeworm colonies grow as rims and clumps atop H2S
seeps, as at Bush Hill on the floor of the Gulf of Mexi0.0

Via a specialised haemoglobin molecule, vestimentiferan
tubeworms in the Gulf of Mexico provide H2S and O2 as
nutrients to sulphur-oxidising bacteria living symbiotically in trophosome structures, which extend for up to 75%
of the length of each tubeworm. Unlike hydrothermal
tubeworms such as Riftia pachptila that grow to lengths of
more than 2 metres in less than two years, Lamellibrachia
luymesi grow very slowly for most of their lives. It takes
from 170 to 250 years to grow to 2 meters in length, making them perhaps the longest living known invertebrate
species (Bergquist et al., 2000). With five or six species
currently known to flourish there, the brine-fed cold seeps
of the Gulf of Mexico host the highest biodiversity of vestimentiferan siboglinid tubeworms worldwide.

There is a time-based evolution in the biotal make-up of
chemosynthetic communities in the Gulf of Mexico (Glover et al., 2010 and references therein). The earliest stage
of a cold seep is characterised by a high seepage rate and
the release of large amounts of biogenic and thermogenic
methane, H2S and oil (Sassen et al., 1994). As authigenic
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co (Figure 3a; Reilly et al., 1996; Dattagupta et al., 2006;
McMullin et al., 2010). Tubeworm “bushes” in cold seep
regions of the Gulf of Mexico are typically rooted in the
H2S-rich muds (Figure 3b). Growing individual tubes actively extend down into the H2S-rich mud as well as up
into the O2-rich water column giving the cluster a morphology similar to a tree or shrub. Their “roots” extend
into the earth, while “branches” extend above. Continuing
the plant analogy, it seems that tubeworm shrubs absorb
H2S through their “roots” and O2 through their “branches”
(Freytag et al., 2001; Bergquist et al., 2003). As a group,
seep tubeworms are related to the giant rift tubeworm
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Figure 3. Seeps and tubeworm bushes in the Gulf of Mexico. A) Interpretation of seismic line showing strong structural control on location of the
chemosynthetic seep at ”Bush Hill” (after Reilly et al., 1996). B) Tubeworm bush showing the upper canopy and lower root-like structures, created
by tubeworm colony atop a deep seafloor H2S seep, as seen as at Bush Hill. (Image courtesy of NOAA).
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carbonates with specific negative δ13C values precipitate as
a metabolic byproduct of microbial methanogenesis, they
provide a necessary stable substrate for the settlement of
larval vestimentiferans and seep mussels. These seep communities begin with mussel (Bathymodiolus childressi) beds
containing high biomass communities of low diversity and
high endemicity. Individual mussels live for 100–150 years,
whereas mussel beds may persist for even longer periods,
with growth rates of mussels primarily controlled by methane concentrations (Nix et al., 1995).
The next successional stage consists of vestimentiferan tubeworm aggregations dominated by Lamellibrachia
luymesi and Seepiophila jonesi. Young tubeworm aggregations often overlap in time with, and usually persist past
the stage of mussel beds. These tubeworm aggregations
and their associated faunas go through a series of successional stages over a period of hundreds of years. Declines
in seepage rates result from ongoing carbonate precipitation occluding pores and so forming aquitards, as well as
the influence of L. luymesi on the local biogeochemistry as
it extracts ever-larger volumes of H2S. In older tubeworm
aggregations, biomass, density, and number of species per
square metre decline in response to reduced sulphide concentrations.
Once seep habitat space becomes available, more of the
non-endemic background species, such as amphipods, chitons, and limpets, can colonise the mussel and tubeworm
aggregations. Due to the lowering concentrations of sulphide and methane, the free-living microbial primary productivity is reduced. The number of associated taxa is positively correlated with the size of the tubeworm-generated
habitat, so diversity in this stage remains relatively high
although the proportion of endemic species is smaller in
the older aggregations. This final stage may last for centuries, as individual vestimentiferan tubeworms can live for
over 400 years (Cordes et al., 2009).

Even as seepage of hydrocarbons declines in a particular
seep site, the authigenic carbonate layers of relict seeps
can still provide a stable seafloor substrate for marine filter feeders, such as cold-water corals. The scleractinians
Lophelia pertusa and Madrepora oculata, several gorgonian, anthipatharian, and bamboo coral species form extensive reef structures atop now inactive seeps on the upper
slope of the Gulf of Mexico (Schroeder et al., 2005). The
corals obtain their food supply form the water column and
are not dependent on chemosynthetic microbes. The coral
communities also harbour distinct associated assemblages,
consisting mainly of the general background marine fauna,
but also contain a few species exclusively associated with
the corals and a few species that are common to both coral
and seep habitats
Although individual tubeworms and molluscs in chemosynthetic brine pool communities may live for more than

300-400 years, vagaries in the rate of brine and nutrient
supply to the seafloor mean many mussel and tubeworm
colonies are overwhelmed by a rising halocline and so die
in a shorter space of time. Their partially decomposed remains can spread out as part of the organic-rich debris
atop the halocline, along with bacterial, algal and faecal
residues, where it is acted upon by a rich community of
aerobic and anaerobic decomposers. If the organic matter
is mineralised or attaches to other interface precipitates
such as pyrite, it sinks to the anoxic brine pool bottom,
where it is largely preserved and protected from further
biodegradation.

The inherently unstable nature of the seafloor in the vicinity of active salt allochthons and brine lakes means it
is subject to slumping, especially in the vicinity of brine
fed mud volcanoes. In such settings, parts of the carbonate-rich biostrome rim are periodically killed “en masse”
as sediment about a brine pool edge collapses, slumps and
slides into anoxic pool waters, carrying with it the chemosynthetic community. As well as further elevating levels
of preserved organics in the brine pool bottom sediments,
this process also creates potential fossil lagerstaette. Death
of seep communities, even if survives such catastrophic
events, ultimately comes when the supply of seep gases and
liquid hydrocarbons is cut off to any single seep.

Hardgrounds, seafloor stability & stable
isotopes

Associated with the brine-pool communities, and helping
form an initial stable seafloor substrate for the colonising
seep invertebrates, are calcite-cemented biogenic crusts.
These cemented hardgrounds precipitate as a microbial
byproduct wherever methane and H2S are bubbling up in
and around brine pool edges, and gases are being metabolised by chemosynthetic archaea and bacteria (Canet et
al., 2006; Fu Chen et al., 2007; Feng et al., 2009). The resulting biogenic calcite crusts have δ13CPDB values ranging
to as low as -53‰, which is characteristic of methanogenic carbon (Figure 4a). Seep sediments retain a group
of unsaturated 2,6,10,15,19-pentamethylicosane (PMID)
compounds, also produced by methane-oxidising archaea,
with δ13CPDB values ranging from -107.2 to -115.5‰. In
combination, the isotope values, textures and biomarkers
indicate a combination of bacterially catalysed methane
oxidation and sulphate reduction plexi in the crusts.
Fabrics of the two flat sides of methanogenic calcite
crusts crust are texturally distinct. The “top” side is composed entirely of microcrystalline calcite, while the bottom is composed entirely of “wormy” carbonate cement
that is interpreted as a random, low fidelity replacement
of bacteria. (Figure 4b) “Wormy” carbonate cement coats
microcrystalline calcite in the interior of the thick crust
and dispersed pyrite framboids appear to be indicators of
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Figure 4. Methanogenic seep crust carbnates in the Gulf of Mexico. A) Carbonate-cemented seep crusts at methanogenic brine seep sites in
the Gulf of Mexico (data replotted from Canet et al, 2006; Fu Chen et al, 2007). B. Crust appearance (after Roberts and Feng., 2013). 1) The
rounded individual nodules were found in submersible-acquired push cores from the unconsolidated sediments of the AC818 site. 2) Nodules in this
sample are cemented into an authigenic carbonate aggregate. Note the biodegraded crude oil (arrows) embedded in the sample from GC232.
3) Photographs of a thin slab of cold-seep carbonate acquired during Alvin dive 4178 to MC853. Note the very thin cross section of the slab
(right). 4) Authigenic carbonate in this sample has formed around the subsurface extensions (roots) of tubeworms. Abundant millimeter-sized holes
once occupied by living tubeworms are common to carbonate samples from a tubeworm community habitat from GC232. 5) A massive carbonate
block collected during Alvin dive 4180 to AT340. Bathymodiolid mussel shells and shell fragments are major components of this sample. (6) This
carbonate slab of (5) reveals the abundant mussel shells and shell debris. White aragonite cement lines some of the voids as isopachous rims.

collaborating colonies of methane-oxidising archaea and
sulphate-reducing bacteria. Fu Chen et al., (2007) propose that the “wormy” carbonate texture, particularly with
microcrystalline calcite and pyrite framboids present, is a
likely indicator of biologically controlled fabrics produced
during methane oxidation and sulphate reduction.

Hypersaline brines and entrained gases escaping and
pooling on the Gulf of Mexico seafloor do so either into
quiescent brine lakes and pools or as mud chimneys and
volcanoes (Figure 5; Joye et al., 2009). Both environments
are anoxic and hypersaline, brine pools are typified by low
fluid-flow rates and waters free of suspended sediment,
while flow rates in mud volcano chimneys are more vigorous and the waters tend to be more turbulent and carry
more suspended load. The sharp salinity transition between
hypersaline brine and seawater typifies the water column

in both settings, and a higher suspended particle load underscores the more rapid fluid-flow regime of the mud volcano (Figure 5a, f ). Brines in both are mildly sulphidic;
concentrations of dissolved inorganic carbon are elevated
relative to seawater. Microbial abundance is 100 times
higher in brines than in the overlying seawater (Figure 5a,
f ), showing that brine-derived substrates produce high microbial biomass. The brines are gas charged; the dominant
dissolved alkane is methane (94-99.9%) with a stable carbon isotopic composition, 13C, of -62‰.
The feeder brines to the chemosynthetic communities in
much of the Gulf of Mexico form via halite dissolution
and so contain little to no sulphate. Seawater sulphate
diffuses into the brine, and concentrations decrease with
depth, reflecting a combination of microbial consumption
through sulphate reduction (both sites) and upward advec-
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Figure 5. Depth profiles of microbial abundance, geochemistry, activity and energetics in the brine pool halocline. Charting of the profiles as A-J
as vertical comparison for brine pool (as A through E) and mud volcano (F through J). Red dashed line indicates position of the halocline. Microbial abundance (cell count and salinity as A, F); Hydrogen (H2), Sulphate (SO4), Hydrogen sulphide (H2S) and DOC concentration as B, G; VFA
concentration and the acetate carbon 13C as C, H); Rates of microbial processes for methanogenesis as D, I, the rate scale for profile D is 100
times lower than the scale for I; and the Gibbs free energy DG yield as E, J. Abbreviations; SR = sulphate reduction; Ac-MOG = acetate-based
methanogenesis; H-MOG = hydrogen-based methanogenesis; Ac-SR = acetate-based sulphate reduction; H-SR:= hydrogen-based sulphate reduction; Ac-Gen = acetatogenesis (after Joye et al., 2009).

tion of sulphate-free brine in a mud volcano (Figure5b, g).
The hydrogen profile in the mud volcano brine is relatively
uniform (hundreds of nanomolar), reflecting the potential
importance of autotrophic acetogenesis and/or hydrogenotrophic methanogenesis. In the brine pool, however, hydrogen concentration increases to micromolar levels between
depths ≈25 and 100 cm and remains high (≈µ6 M) to 180
cm, promoting acetogenesis. Such high hydrogen concentrations indicate active fermentation and substantial inputs
of labile organic matter. Concentrations of dissolved organic carbon (DOC) increases with depth (Figure 5b, g),
suggesting a deep-subsurface DOC source (thermogenic?).
In the brine pool, extra labile DOC, probably coming from
the surrounding chemosynthetic community can further
stimulate fermentation ( Joye et al., 2009)
Rates of acetate production and levels of sulphate reduction are much higher in brine pools, whereas the mud volcano supports much higher rates of methane production
(Figure 5d, i). Joye et al. (2009) found no evidence of anaerobic oxidation of methane (AOM), despite high methane fluxes in both settings. It suggests both these systems
are leaking methane into the overlying water column. Joye
et al. conclude that the different halo-adapted microbial
community compositions and metabolisms are linked to
differences in dissolved-organic-matter input from the
deep subsurface and different fluid advection rates between
the two settings.

Clathrates and methane seeps in the Gulf
of Mexico

Across the slope and rise in the Gulf of Mexico, where
sea bottom temperatures are suitably low, methane hydrates (clathrates) form atop focused outflow zones and oil
seeps are common at the sea surface above vent clathrates
(Dalthorp and Naehr, 2011). Gas hydrate or clathrate is
an ice-like crystalline mineral in which hydrocarbon and
non-hydrocarbon gases are frozen within rigid molecular
cages of water. They can be thought of gaseous permafrost.
Their occurrence is not just tied to the cold temperature
portion of the deep seafloor; clathrates are the dominant
seals to large gas reservoirs in the permafrost regions of
Siberia. Methane hydrates are common associations where
methane, which can be thermogenically or biogenically
sourced, occurs just below the deep cold seafloor. In much
of world, it accumulates in seafloor regions independent of
any underlying evaporite occurrence (Thakur and Rajput,
2011). Evaporite edges just tend to focus the outflow zones
(Figure 6).
Clathrate formation on the seafloor requires bottom temperatures not encountered until the seafloor bottom lies
beneath a water column 450-500 m deep. Beneath the
clathrate-covered seafloor, temperature increases with
depth and this limits the depth at which gas hydrates will
occur, so below most clathrate layer is an accumulation of
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Figure 6. Seeps in the northern Gulf of Mexico showing selected occurrences of seeps and methane hydrates, some with well developed chemosynthetic communities (after Milkov and Sassen, 2001).

free gas is likely. Clathrates seeps in the vicinity off brine
pools are not unique to, but are often very obvious about,
salt allochthon edges where salt flow induces extensional
faulting and funnels a focused rise of methane, degraded
oil and H2S to the cold seafloor (Chapter 6). Hence, breaks
in the lateral extent of the various salt sheets act as a focusing mechanism for escaping thermogenic and biogenic
methane and other gases and fluids (Figures 3, 6; Fisher et
al., 2000; MacDonald et al., 2003). Rapid burial of organic-entraining sediments in supra-allochthon minibasins
encourages the creation of biogenic methane that sources
much of the gas escaping to the seafloor away from saltedge focused seeps. Hence, in the salt allochthon province
of the northern Gulf of Mexico, there is a definite association between brine pool chemosynthetic communities, thicker gas
hydrates and the edges of minibasins (Figure 6; Reilly et al., 1996;
Milkov and Sassen, 2001).
In all these setting clathrates are a
food source for various methanogenic microbes, and so there are
different multi-cellular lifeforms
dependent on these microbes. One
obvious dependency is seen in the
eco-niche occupied by a small 2-4
cm-long highly specialised polychaete called Hesiocaeca methanicola (Figure 7). It was discovered
in 1997 flourishing in regions of
methane hydrate atop the deep seafloor in the Gulf of Mexico (Fisher et al., 2000). These “ice worms”

inhabit indentations (“burrows”) in blocks and layers of
methane clathrate and glean or harvest biofilms of the
methanotrophic bacteria that are metabolising methane on
the block surface. In turn, the ice worm supplies oxygen to
the methanotrophs and via its movement appears to contribute to the dissolution of hydrates. Mature ice worms
can survive in an anoxic environment for up to 96 hours.
The experiments oof Fisher et al., (2000) also showed that
the larvae were dispersed by currents, and died after 20
days if they did not find a place to feed.

Brine lake biota in the Mediterranean
Ridges

Eight brine lakes, L’Atalante, Bannock, Discovery, Kryos,

Figure 7. Hesiocaeca methanicola, a species of specialised polychaete worm, inhabits methane clathrate deposits on the deepwater

seafloor in7.the
Gulf of Mexico (and
elsewhere). Theaworms
colonize
methane ice and
survive by gleaning
bacteria
which in
turn
Figure
Hesiocaeca
methanicola,
species
ofthe
specialised
polychaete
worm,
inhabits
methane
metabolise the
clathrate. on the deepwater seafloor in the Gulf of Mexico (and elsewhere). The worms
clathrate
deposits
colonize the methane ice and survive by gleaning bacteria which in turn metabolise the clathrate.
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Figure 8. DHALs in the Mediterannean Rdges A) Positions of the three main DHAL basin areas in the Eastern Mediterranean. B) Bannock DHAL
region, Mediterranean, showing seafloor bathymetry, brine lake extents (bottom contours as water depths in meters). C) core illustrating deep
water sedimentation with sediments typically containing evaporite indicators or actual salts (displacive crystal forms growing from superimposed
hypersalinity). D) Edge of Discovery Basin, Eastern Mediterranean Sea (3,582 m depth). Image taken with ROV Jason, showing the Deep Hypersaline Anoxic Basins (DHAB) “beach” (white zone where the halocline intersects the seafloor) at the edge of the brine pool (right). Note floating
garbage at the brine pool interface (B and C after Camerlenghi, 1990; D from Edgecomb and Bernhard, 2013).

Medee, Thetis, Tyro and Urania, have been discovered and
studied in the Mediterranean Ridge region of the deep
eastern Mediterranean over the last 20 years (Figure 8a;
see part 1). The surfaces of these brine lakes lie between
3.0 and 3.5 km below sea level, and the salinity of their
brines ranges from five to 15 times higher than that of seawater. In the Bannock Basin, the various brine-filled depressions or sub-basins create a closed outer moat around
a central seafloor mound that is 10 km across (Figure 8b).
The chemical composition of the Tyro Basin bottom brine

is related to the dissolution of the underlying halite-dominated evaporites, while the chemical composition of the
Bannock Basin (Libeccio Basin in the Bannock area) implies derivation from dissolving bittern salts (de Lange et
al., 1990). In the “anoxic lakes region”, sodium chloride is
predominantly sourced in the L’Atalante and Urania lakes,
but L’Atalante is much richer in potassium chloride than
the other lakes. The Discovery basin brine is almost exclusively the product of dissolution of magnesium chloride
(bischofite) salts. It has a density of 1330 kg/m3, which

Page 8

www.saltworkconsultants.com

makes it the densest naturally occurring brine yet discovered in the marine environment (Wallmann et al., 2002).
Its concentration profile in sediment beneath the brine
lake shows the age of this lake is between 700 and 2000 yr.
The high concentration of magnesium chloride drives the
dissolution of biogenic calcium carbonate but facilitates
excellent preservation of siliceous microfossils and organic matter. In basin bottom muds there are large euhedral
crystals of gypsum, up to 10cm across, precipitating from
these brines (Cita 2006).
Of the Mediterranean brine lakes, Lake Medee is the largest, and fills a narrow depression at the Eastern edge of the
abrupt cliffs of the small evaporite ridge located 70 nautical miles SW of Crete (Figure 8a). The lake depression is
approximately 50 km in length with a surface area of about
110 km2 and a volume of nearly 9 km3, which places Lake
Medee among the largest of the known DHALs in the
deep-sea environment. Although all the Mediterranean
DHALs lie geographically close to each other, their hydrochemical diversity suggests that dissolving salt mineralogies were different. Salinity levels are much higher in some
dues to the presence off nearby bittern layers. For example,
Discovery Lake and Lake Kryos have salinities and MgCl2
proportions indicative of bischofite dissolution. Even so, it
seems like, mostly sulphate-reducers can still metabolise in
the extremely saline MgCl2 waters of Lake Kryos (Steinle
et al., 2018).

vibrio spp.), a coccus (Staphylococcus sp.) and some rods of
the family Pseudomonadaceae. In addition, laminar formations were observed in a growth medium of mixed cultures
that could be interpreted as the first stages of the mucilaginous pellicles seen in the cores. Earlier studies described
the geological and physiochemical characteristics of such
habitats (Erba et al. 1987; Cita et al. 1985). Subsequent
work using metagenomic techniques have documented a
prosperous microbial community inhabiting the halocline
of most of the Mediterranean brine lakes.

DHAL interfaces in the Mediterranean Sea deeps act as
hot spots of deep-sea microbial activity that significantly
contribute to de novo organic matter production. Metabolically active prokaryotes are sharply stratified across the
halocline interfaces in the various brine lakes and likely provide organic carbon and energy that sustain the microbial
communities of the underlying salt-saturated brines. Since
metagenomic analysis of DHALs is still in its infancy, the
metabolic patterns prevailing in the organisms residing in
the interior of DHALs remains mostly unknown. What is
known is that the redox boundary at the brine/seawater interface provides energy to various types of chemolithic and
heterotrophic communities. Aerobic oxidations of reduced
manganese and iron, sulphide and intermediate sulphur
species, diffusing from anaerobic brine lake interior to the
oxygenated upper layers of the haloclines are highly exergonic processes capable of supporting an elevated biomass
at DHAL interfaces (Yakimov et al., 2013). Depending on
availability of oxygen and other electron acceptors bacterial
autotrophic communities belonging to Alpha-, Gammaand Epsilon-proteobacteria fix CO2 mainly via the Calvin-Benson-Bassham and the reductive tricarboxylic acid
(rTCA) cycles, respectively.

In contrast to the brine lakes and seeps in salt-allochthon
terrane of the Gulf of Mexico, seep megafauna is so far absent in the various documented modern brine lakes along
the Mediterranean Ridges (Figure 8d). The brine lakeshore
edge communities are mostly microbial, as are the lifeforms
that make up the pelagic biota off the halocline. Biological
studies on the anoxic basins of the Eastern Mediterranean Biomarker associations of the organics accumulating in the
started after the discovery of gelatinous matter of organic brine lakes define two depositional styles: typical marine
origin in the brine lake sediments (Figure 8c; Brusa et al., and hypersaline (Burkova et al., 2000). For example, algal
1997). The laminar gelatinous matter was observed with- and bacterial biomarkers typical of saline environments
in the cores containing anoxic sediments obtained during were found in layers 0.60 to 0.75 m below the sediment
oceanographic expeditions for geological study of the surface in the Tyro Lake Basin, as well as standard marine
Mediterranean Ridge. Microbiological and ultrastructural indicators derived from pelagic fallout (“rain from heavinvestigations were carried out on core sediment samples en”). Saline indicators include; regular C-25 isoprenoids,
and on the overlying water. Various authors demonstrated squalane, lycopane, isolycopane, tetraterpenoid and tetrathe organic nature of the mucilaginous pellicles found in pyrrolic pigments, monoalkylcyclohexanes, tricyclic diterthe cores and their relation with numerous microbic forms panes, steranes, hopanes, bio- and geohopanes. According
present in all the samples.
Salinity
pH
O2
H2S
SO4
Ca
Cl
PO4
NH4
Viable microorganisms, Region of brine occurrence
(‰)
(µM)
(mM)
(mM)
(mM)
(mM)
(µM)
(µM)
prevalently Gram-neg200
6.8
0
8.6-11
85
34
2,830
41.2
ND
ative and aerobic as well Urania Basin (Mediterranean)
6.5
0
1.67
99
21
5,333
12
3,080
as facultative anaerobes, Libeccio Basin (Bannock area - Mediterranean) 321
Tyro
Basin
(Mediterranean
ND
6.75
0
2.15
49
34
5,350
10
1,260
were found in the halo258
5.5
0
0.60
47
32
5,000
82
500
cline water samples. Dif- Orca Basin (Gulf of Mexico)
39
8.2
200
0
31
11
660
0.2
0.2
ferent microbic forms Seawater (Mediterranean)
were isolated in pure Table 1. Chemical make-up of various salt allochthon-associated brine pools compared to oxygenated seawater
culture: a vibrio (Nitroso- from the Mediterranean (after Sass et al., 2001).

Page 9

www.saltworkconsultants.com

0

Organic Carbon (%)
1
2
3
4

0

5

0

Organic Carbon (%)
1
2
3
4

0

BB B
BB
B
B B
B

J
100

100

J
J

B

J

B

Depth (cm)

J
J

B
B

J
400

J

500

0

Organic Carbon (%)
1
2
3
4
HHH
H
H
HH
HHHH
H H
H
H

200

B
B

300

300

0

100

B

B
B

200

200

5

B
300

B
B

B

400

400

500

500

J
600

A.

J
J

1. Bannock Area
BAN 84-02 PC

600

2. Tyro Basin
T83-46

600

3. Orca Basin
CI8109-3

5

ppm, a value more than 1000 times
higher than in the overlying Gulf
of Mexico seawater. Such high
levels of reducible iron in the Orca
Basin are thought to explain the
lack of H2S in the bottom brine
and a preponderance of framboidal
pyrite and extractable iron in the
bottom sediments (Sheu, 1987).
Both the Orca Basin and the brine
pools on the floor of the Mediterranean, show sulphate levels that
can be more than twice that of the
overlying seawater.

Pyritic sulphur is the primary
phase of inorganic reduced sulphur
in the Tyro and Bannock basins,
Organic
SO
matter
where it makes up 50-80% of the
Amount of pyrite can be limited by:
total sulphur pool. It is also pres1)
concentration
of
dissolved
ent at the same levels in cores from
HS
Organic
sulphide
> 2mmol
Reactive iron
the two basins, that is, around 250
(mineral source)
Carbon
in brine
2) amount of reactive iron
µmol per gram dry weight (Henneke et al., 1997). Humic sulphur
3) rate of transformation of
Elemental
iron monosulphide to pyrite
FeS
accounts for 17-28% of the total
S°
4) availability of zerovalent
sulphur pool in the Tyro Basin
(elemental) sulphur
and 10-43% in the Bannock Basin
Pyrite (FeS )
5) concentration of organic matter
Humic Sulphur
(Figure 9b). Sulphur isotope data
50-80% of total
17-28% in Tyro
sulphur pool
10-43% in Bannock
show negative δ34S values for both
pyritic sulphur, with δ34S = -19‰
Figure 9. Organic characteristics of brine pool bottom sediment. A) Total organic carbon as % dry
weight versus depth (plotted from Tyro and Orca data in Table 1 of Sheu, 1987, and Bannock data to -39‰; and for humic sulphur,
from Hennecke et al., 1997). B) Modes of occurrence of sulphur in brine pool bottom sediments (after with δ34S= -15‰ to -30‰; indiHennecke et al., 1997).
cating that both pyritic and humic
sulphur originated from microbito Burkova et al. (2000), the saline organic signatures come
ally
produced
H
S
within
the brine column.
from microbial mat layers, redeposited from a Messinian
2
source into the sapropels of the modern depression. Al- Marine sediment fills in all the active brine lakes of the
ternatively, they may indicate the activities of a chemoau- Mediterranean Ridge range in age from Holocene to Late
totrophic community, which flourishes at the halocline or Pleistocene and are typically made up of turbidites interaround active brine vents. As in the Orca Basin, the organ- layered with laminated intervals composed of alternating
ic content of the bottom sediments of the Mediterranean green gelatinous muds and grey reduced oozes. Usually, the
brine pools is much higher than is found in typical deep density of the bottom brine layer in the Bannock region is
seafloor sediment (Figure 9a).
high enough to support a layer of finely dispersed organic
Anoxic hypersaline brines in Mediterranean brine lakes debris, allowing substantial bacterial mats to float at the
are highly sulphidic and among the most sulphidic bod- seawater-brine interface (halocline) and so form suspendies of water in the marine realm, with H2S concentrations ed deep mid-water bacterial mats (Erba, 1991). While the
consistently greater than 2-3 mmol (Table 1; Henneke et organics float on the oxic side of the halocline, they are subal., 1997). The brine body below the Urania chemocline ject to oxidation and biodegradation (Figure 10). Owing to
is more than 100 m thick and contains up to 11 mM hy- the high density of the bottom brines, moving this floatdrogen sulphide, making it the most sulphidic water body ing organic material to the floor of density-stratified brine
in the known marine realm. In combination with the sul- pools appears at first to be a tricky proposition. Bottom
phide are very high levels of methane both in and below sediments in the Urania Basin, for example, contain very
the halocline (≈5.56 mM; Borin et al., 2009). In contrast, little particulate organic matter (>1% TOC). Yet, organthere is little to no H2S in the anoxic bottom brine of the ic contents in the anoxic bottom muds beneath Tyro and
Orca Basin (Table 1). There the iron concentration is 2 Orca basins can be as high as 4-5% organic carbon (Figure 9a). The propensity for organics to remain suspended
700
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Sulphur diagenesis in
anoxic marine sediment
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Normal sea water
� 1.03

about the brine pool margin that are directly underlain by
dissolving Miocene evaporites (Corselli and Aghib, 1987;
Cita 2006). Other than the Dead Sea, it is one of the few
modern examples of a deepwater evaporite, but its seepage-fed genesis means it is a poor analogue for deepwater
basinwide salt units.

Pelagic Fall Out

Sandy turbidite
produced above
the brine � 1.2-1.4
Mid water bacterial mats
Anoxic brine
� 1.21

Pellicular mat

PlioQuaternary
Messinian
Evaporites

3100 m
Normal seawater
Anoxic brine

WEST

Organic-rich sediment

EAST

3500 m

Gypsum seep

Figure 10. Formation and sedimentation model for pellicles in Mediterranean seafloor brine lakes. Bacterial (pellicular) mats grow mid-water
at the interface between normal seawater and anoxic brine and trap
biogenic and inorganic particles. When pelagic sedimentation prevails,
pellicles sink to the basin floor after load increases to breach levels at
the halocline interface (right side). Occasional turbidity currents and
sediment slumping disrupts the interface and transports fragments of
pellicles to the basin bottom in coarser sandier layers (after Erba, 1991).

at the halocline can be overcome when mineral crystals,
such as pyrite, precipitate at the interface via diffusive brine
mixing in combination with bacterial sulphate reduction.
Newly formed crystals attach to organic matter floating at
the halocline to create a combined density that carries the
suspended pellicular organics to the pool floor. In such a
brine pool scenario, the redox front that fixes pyritic sulphur occurs at the halocline, and not at its more typical
marine position located at or below the sediment-seawater
interface. The metal sulphide crystals then sink, carrying
organic matter coats to form characteristic metal and organic-rich laminites on the floor of the anoxic brine lake.

So, organic debris first formed at the halocline can then
accumulated as pellicle layers within the pyritic bottom
muds (laminites). Pellicular debris is also carried to the
bottom during the emplacement of turbidites when the
halocline is disturbed by turbid overflow (Figure 10; Erba,
1991). Hence, pellicular layers are typically aligned parallel
to lamination, or are folded parallel to the sandy bases of
the turbidite flows, or line up parallel to deformed layers
within slumped sediment layers. Individual pellicle layers
are 0.5 to 3 mm thick and dark greenish-grey in colour.
Similar pellicular layers cover the surface of, or are locked
within, recent gypsum crystals recovered from bottom
sediments of the Bannock area. This gypsum is growing
today on the bottom of the Bannock Basin, atop regions

The community of bacteria and archaea flourishing at
the halocline in sulphidic marine brine pools on the deep
Mediterranean floor is quite diverse, mostly independent
of primary production in the euphotic zone, with the number of identified unique halobacteria and haloarchea species expanding every year (Albuquerque et al., 2012). Bottom brine in the Urania brine lake has a salinity of 162‰,
and the chemocline of the brine lake is some 3490m below the ocean surface, so only a minimal amount of phytoplanktonic organic carbon ever reaches the 20m thick
chemocline. Yet the oxic waters of the upper part of the
chemocline support a rich bacterial and archaeal assemblage in and below the interface between the hypersaline
brine and the overlying seawater, much like the chemosynthetic bacterial community associated with the halocline in
Lake Mahoney (Sass et al., 2001; Borin et al., 2009).
Sulphide concentration in the Urania Basin increases from
0 to 10 mM within a vertical interval of 5 m across the
interface (Figure 11a). Within the halocline, the total bacterial cell counts and the exoenzyme activities are elevated
and biogenic activity continues below the halocline. Bacterial sulphate reduction rates measured in this layer are ≈ 14
nmol SO4 cm-3 d-1 and are among the highest in the marine
realm. They correspond to the zone of maximum bacterial
activity in the chemocline (Figure 11b). Particulate organic
content is 15 times greater than that in the overlying normal marine waters. A similar focus of microbial occurrence
(bacterial and archaeal) is seen at the halocline in l’Atalante Basin and is probably typical of all chemocline layers
in the various Bannock brine lakes (Yakimov et al., 2007)

Employing 11 cultivation methods, Sass et al. 2001 isolated a total of 70 bacterial strains from the chemocline in the
Urania Basin (Figure 11a). These strains were identified as
the flavobacteria, Alteromonas macleodii, and Halomonas
aquamarina. All 70 strains could grow chemo-organoheterotrophically under oxic conditions. Twenty-one of the
isolates could grow both chemo-organotrophically and
chemo-lithotrophically (decomposers and fermenters).
While the most probable numbers in most cases ranged
between 0.006 and 4.3% of the total cell counts, an unusually high value of 54% was determined above the chemocline with media containing amino acids as the carbon and
energy source.
Subsequent detailed work focused on the various layers
that make up the Urania halocline showed the high sulphide levels in and below the halocline, make it a mecca
for bacterial sulphate reducers, as do high levels of meth-
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falling particulate organic matter
from the highly productive interface 1, is probably responsible for
stimulating microbial growth and
hence cell numbers in interface 2.
That is, compared to the overlying seawater column, bacterial cell
numbers increased up to a hundred-fold in interface 1 and up to
ten-fold in interface 2. This is a
consequence of elevated nutrient
availability, with higher numbers
in the upper interface where the
redox gradient was steeper. Bacterial and archaeal communities,
analysed by DNA fingerprinting,
16S rRNA gene libraries, activity
measurements, and cultivation,
were highly stratified within the
various layers of the chemocline
and metabolically more active
along the various chemocline layers, compared with normal seawater above, or the uniformly hypersaline brines below.
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a role in sulphur cycling in the upFigure 11. Urania Basin, Mediterranean Ridge. A) Physicochemical parameters, total cell counts,
per interface. In the deepest layers
and MPN across the oxic-anoxic boundary of the Urania Basin, Mediterranean Ridge (after Sass
et al., 2001). i) Oxygen and sulphide concentrations; ii) Sulphate, orthophosphate and chloride
of the basin below the halocline,
concentrations; iii) Total cell counts; iv) Viable cell counts in anoxic media containing the amino
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reducers) are stratified across the halocline and below in the water column of the Urania basin
The work of Borin et al. (2009)
(after Borin et al., 2009). The methane production (MPR) rate is an order of magnitude higher
illustrate that a well adapted and
than the rate of sulphate production rate (SPR) over much of the halocline, as are relative levels
of methane versus H2S. Note that the depth scale on the salinity-Eh profile is not continuous but
complex microbial community
focused into salinity-controlled zones that tie to the microbial samples
is thriving in the Urania basin’s
extreme chemistry, The elevated
ane for the methanogens (Figure 11b; Borin et al., 2009).
biomass
centred
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ders of magnitude from 3.9 x 10 cells mL in the deep
oxic seawater immediately above the basin, up to 4.3 x 106 Similarly detailed studies of interface-controlled chemocells mL-1 in the first half of interface 1. Although less pro- synthetic communities in other Mediterranean DHALs
nounced than in the first chemocline, a second increase in have been documented in Lake Thetis (Ferrer et al., 2012;
microbial counts occurred in interface 2. Deceleration of Oliveri et al., 2013) and Lake Medee (Yakimov et al.,
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2013). Medee Lake is the largest known DHAL on the
Mediterranean seafloor and has two unique features: a
complex geobiochemical stratification and an absence of
chemolithoautotrophic Epsilonproteobacteria, which usually play the primary role in dark bicarbonate assimilation
in DHALs interfaces worldwide. Presumably, because of
these features, Medee is less productive and exhibits a reduced diversity of autochthonous prokaryotes in its interior brine layers. Indeed, the brine community almost exclusively consists of the members of euryarchaeal and bacterial
KB1 candidate divisions which a ubiquitous in the DHAL
biota worldwide. In Medee, as elsewhere, they are thriving
on small organic molecules produced by a combination of
degraded marine plankton and moderate halophiles living
in the overlying stratified brine column.

Outside off the microbial makeup of DHAL communities,
one of the more exciting discoveries in the brine lakes of
the Mediterranean ridges is the likely discovery of multicellular life of the Phylum Loricifera (“Beard shells) capable of living and reproducing in the absence of oxygen.
Loricifera (from Latin, lorica, corselet (armour) + ferre, to
bear) is a phylum made up of very small to microscopic marine cycloneuralian sediment-dwelling animals with
37 described species. Their size ranges from 100 µm to ca.
1 mm and individuals are characterised by a protective outer case called a lorica and by their habitat, which is in the
spaces between marine sediment particles. The phylum was
first discovered in tidal sediments in 1983 and is among
the most recently discovered groups of Metazoans. Individuals attach themselves quite firmly to the sediment substrate, and hence the phylum remained undiscovered for
so long. In 2010, viable specimens of Spinoloricus cinziae,
along with two other newly discovered species, Rugiloricus
nov. sp. and Pliciloricus nov. sp., were found in the sediment
core from below the anoxic L'Atalante basin of the Mediterranean Sea (Danovaro et al., 2010, 2016). The species
cellular innards appear to be adapted for a zero-oxygen life
as their mitochondria appear to act as hydrogenosomes,
organelles which already provide energy in some anaerobic single-celled creatures known. Before their discovery,
living and reproducing exclusively in an oxygen-free setting was thought to be a lifestyle open only to viruses and
single-celled microorganisms. The ability of these anoxic
brine-dwelling creatures to live solely in an oxygen-free
environment is questioned still by other workers (Bernhard et al., 2015).
Neither Tyro nor Bannock Basin bottom sediments show a
significant correlation between pyritic sulphur and the organic carbon in the bottom sediments, suggesting predominantly syngenetic pyrite evolution in bottom sediments
of these brine lakes (Henneke et al., 1997). That is, both
pyritic and humic sulphur preserved in the bottom sediments formed either in the lower water column or at the
sediment-brine interface, not in the sediment itself. Ongo-

ing diagenetic processes within the bottom sediments only
form an additional 5% of the total pyrite. Van der Sloot et
al. (1990) clearly showed that metal sulphides, as well as
organics and other minerals, precipitate at the brine-seawater interface in the Tyro Basin, as they do in the Orca
Basin. They found extremely high concentrations of Co
(0.015%), Cu (1.35%) and Zn (0.28%) in suspended matter at the halocline. These high particulate Co, Cu and Zn
concentrations correspond to sharp increases in dissolved
sulphide across the interface (a redox front), and indicate
precipitation of metal sulphides at the interface. Humic
sulphur in the bottom sediments correlates with the pyritic
sulphur distribution and is related to the amount of gelatinous pellicle derived from bacterial mats growing at the
halocline between oxic seawater and bottom brine (Erba,
1991, Henneke et al., 1997).
Additionally, the degree of pyritisation in the sediments
(DOP ≈ 0.62) indicates that present-day pyrite formation is limited by the reactivity of Fe in the Bannock and
Tyro basins and not by the availability of organic matter,
the latter being the process that limits pyrite formation
in most normal marine settings (Figure 9b). The degree
of pyritisation (DOP) is defined as [(pyritic iron)/(pyritic
iron + reactive iron)]. Raiswell et al. (1988) showed that
DOP in ancient sediments can distinguish anoxic from
normal marine sediments. Anoxic sediments show DOP
values between 0.55 and 0.93, while normal marine sediments have DOP values less than 0.42. The DOP levels in
the Bannock and Tyro basins confirm observations made
in ancient anoxic sediments. Thus, although the Tyro and
Bannock basin brines differ in their major element chemistry, reflecting a different salt source, their reduced sulphur
species chemistry appears to be similar, but is significantly different from standard marine systems and capable of
precipitating metal sulphides above the sediment surface.

Life in the Red Sea brine deeps

The Atlantis II Deep marks the northern-most end of the
Atlantis II Shagara- Erba Trough section, hosting numerous sub-deeps like the Discovery and Aswad Deep (Figure
12). In general, the Atlantis II Deep area has a smoother
bathymetric character than the Thetis-Hadarba-Hatiba
and Shagara-Aswad-Erba Troughs, due to massive inflow of salt and sediments from nearly all sides into the
deep. In the Atlantis II deep, Siam et al. (2012) identified metagenomic archaeal groups in high relative abundance at the bottom of a sediment core from the Atlantis
II Deep, which, as in the Kebrit Deep, are another case
of the dominance of Archaea. Their results showed that
the dominant archaeal inhabitants in the bottom layer (3.5
m depth to the seafloor) included Marine Benthic Group
E, and the archaeal ANME-1 ( anaerobic methane consumers metagenome. The presence of the latter was also
confirmed in a study of a barite mound in the Atlantis II

Page 13

www.saltworkconsultants.com

duction

In the Kebrit Deep on the deep
floor of the Red Sea, an assemblage
of halophilic archaea and bacteria
similar to that of the DHALs of
the Mediterranean Deeps flourish
in hypersaline waters below the
chemocline (Figure 13). Kebrit
Deep (24°44’N, 36°17’E) measures
1 by 2.5 km, with a maximum
depth of 1549 m and is one of the
smallest salt allochthon-associated
brine-pools of the Red Sea. It is
located around 300 km nothwest
the well-known metalliferous Atlantis II deep (see previous article).
The Kebrit Deep is filled by an 84
m thick, anaerobic, slightly acidic brine lake (pH approximately
20 km
5.5) with a salinity of 260‰ and
a temperature of 23.3°C (Antunes
Figure 12. Sea floor Bathymetry in the vicinity of the Atlantis II and Discovery Deeps, Red Sea, showing et al., 2011). The brine has a high
proxity to flow salt sheets (after Augustin et al., 2016)
gas content that is made up mainly
of CO2, H2S, small amounts of N2,
Deep (Wang et al., 2015), but the former was not detected
methane
and
ethane,
with
remarkably high quantities of
in this later study.
H2S (12–14 mg S l-1; Hartmann et al., 1998). The presIn metagenomic studies of the Atlantis II sediments, Cu- ence of sulphur is self-evident by the strong, characterispriavidus (Betaproteobacteria) and Acinetobacter (Gam- tic odour present in brine samples, and hence the name of
maproteobacteria) are the most abundant species in the the basin (Kebrit is the Arabic word for sulphur). Like the
surface layer (12 cm) and the bottom layer (222 cm) of Atlantis II deep there are impregnated massive sulphides
a sediment core obtained in 2008. Both bacterial species accumulations on the floor of Kebrit Deep. Kebrit samwere not the dominant inhabitants in the ABS core ana- ples are porous and fragile, and consist mainly of pyrite
lysed in the present study. Due to tremendous differences and sphalerite. Prior to gene sequencing studies, sulphur
between brine water and sediment chemistry in the Deep, isotope values provided substantial evidence for biogentheir microbial communities differ remarkably. The lower ic sulphate reduction being involved in sulphide-formconvective layers of the Atlantis II and Discovery brine ing processes in Kebrit Deep. They are linked to bacterial
pools are dominated by Gammaproteobacteria, while Al- methane oxidation and sulphate reduction centred on the
phaproteobacteria and Betaproteobacteria are the major brine-seawater interface (see Chapter 15 in Warren 2016
bacterial groups in the upper layers of Atlantis II sediment for metallogenic details).
(Bougouffa et al., 2013). All the above discrepancies in
composition of microbial communities in the two Deeps Most of the archaeal metagenomic sequences in Kebwere probably caused by 1) primer selection for amplifica- rit Deep cluster within the Thermoplasmatales (Marine
tion of rRNA genes; 2) different microenvironments in the group II, Marine Benthic group D, and the KTK-4A
sampling sites; 3) taxonomic assignment criteria employed cluster) among the Euryarchaeota, while the remaining seby different studies; 4) different experimental procedures, quences do not show high similarity to any of the known
and 5) sampling bias due to low biomass in sampling sites. phylogenetic groups (Figure 13). One of these sequences
Except for these potential problems, this study demon- was shown to cluster with the later-described SA2 group,
strates the profound changes in microbial communities in while another (accession number AJ133624) clusters todeep-sea hydrothermal sediment under the influence of gether with two gene sequences from L’Atalante Basin
extensive mineralisation process. Many of the groups de- waters, defining a novel deeply-branching phylogenetic
tected in the S-rich Atlantis II section are likely to play a lineage within the Crenarchaeota.
dominant role in the cycling of methane and sulphur due Gene sequencing studies on water samples from the
to their phylogenetic affiliations with bacteria and archaea brine-seawater interface in the Kebrit deep retrieved seinvolved in anaerobic methane oxidation and sulphate re- quences from the KB1 group, as well as Clostridiales
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(mostly Halanaerobium), Spirochetes (ST12-K34/MSBL2 cluster), Epsilonproteobacteria and
Actinobacteria, but no archaeal
sequences were detected in these
interface samples (Antunes et
al.,2011). Under strictly anaerobic culture conditions, novel halophiles were isolated from samples
of these waters and belong to the
halophilic genus Halanaerobium.
They are the first representatives of
the genus obtained from deep-sea,
anaerobic brine pools (Eder et al.,
2001). Within the genus Halanaerobium, they represent new species that grow chemo-organotrophically at NaCl concentrations
ranging from 5 to 34%. They contribute significantly to the anaerobic degradation of organic matter,
which formed at the brine-seawater interface and is slowly settling
into the bottom brine.

Group C3 ( BB )
Candidatus Nitrosocaldus sp. (AB201308)

pSL12 ( BB )
Marine Benthic Group A ( BB ; DB )

Marine Group I

Thaumarchaeota

mesopelagic seawater (AY316120)
North Atlantic deep-sea (FJ150807)
SD (AJ347777)
UB (AY164322)
BB (AY164291)
UB (AY164327)
LAB (AY164278)
DB (AY164311)
BB (AY164290)
UB (AY164320)
LAB (AY164287)
BB (AY164303)
Cenarchaeum symbiosum (AF083071)
abyssal marine sediment (FJ487536)
abyssal marine sediment (FJ487545)
Nitrosopumilus maritimus / relatives ( LAB ; UB ; DB )

Crenarcha.

LAB (AY226343)
LAB (AY226346)
KD (AJ133624)
Thermofilum pendens Hrk 5 (CP000505)
Ignisphaera aggregans (DQ060321)
Sulfolobus tokodaii (AB022438)
Nanoarchaeum equitans (AJ318041)
Methanopyrus kandleri (AE009439)
Pyrococcus horikoshii (D87344)
Thermococcus barossii (AY099173)
Archaeoglobus infectus (AB274307)
Kalahari Shield subsurface water (DQ230939)
mud volcano sapropel sediment (FJ649518)
BB (AY226360)
hypersaline sediments (FJ536510)
MSBL1−b ( DD; LAB ; UB ; DB ; BB )

Thermoplasmatales

MSBL1−a ( LAB ; UB ; DB ; BB )
Kao-Mei wetland (EU420681)
black rust (AB260057)
Ferroplasma acidiphilum (AJ224936)
BB (AY164296)
Marine Group II ( KD ; UB ; DB )
KTK 4A cluster ( KD )

Euryarchaeota

Marine Benthic Group D/DHVEG−1 (

KD )

ANME−1a ( LAB ; BB )
Methanosaeta thermophila PT (CP000477)
gas-hydrated marine sediment (AJ578098)
anoxic marine sediment (AF354140)
ANME−2a−2b

Methanosarcinales

Methanosarcina barkeri (AJ012094)
Lost City carbonate chimney (FJ791620)
Methanomethylovorans thermophila (AY672821)
Methanolobus vulcani (U20155)
Methanococcoides alaskense (AY941801)
gased-hydrate sediment fosmid (CR937011)
Methanohalophilus mahii / relatives ( LAB ; UB ; DB )
Methanospirillum hungatei JF−1 (CP000254)
Tirez lagoon sediment (EU722662)
Tunisian solar saltern (FN391285)
hypersaline endovaporitic mat (DQ103670)
DB (AY164306)
BB (AY226365)
UB (AY164326)
UB (AY226380)
Halobacterium salinarum (AJ496185)
SD (AJ347778)
Haloferax larsenii (AY838278)
Haloquadratum walsbyi (AY676200)
LAB (AY226354)
Halorhabdus utahensis (AF071880)
Halorhabdus tiamatea (EF127229; SD )
DB (AY164317)
DB (AY22637)
Halobiforma nitratireducens (AB045012,)
Natrialba magadii (X72495)

Halobacteriales

SA1 ( SD; DD )
SA2 ( SD ; KD ; LAB ; UB ; DB ; BB )

Origin of the clones/isolates
Brine-seawater interface

Brine water

0.10

Sediment/brine-sediment interface

Red Sea (SD, Shaban Deep; KD Kebrit Deep; DD, Discovery Deep)
Mediterranean deeps (LAB, L’Atalante Basin; UB, Urania Basin; DB, Discovery Basin;
BB Bannock Basin)

Species common to both regions
Figure 13. Major lineages of Archaea as identified via gene splicing techniques in samples of deep-sea
brines from the Red Sea, in red, the Mediterranean Sea, in blue and those that occur in both brines,
in purple (After Antunes et al., 2011).

Similarities in the makeup of the
Archaeal population, tied to similar metabolic process sets at the
brine interface across various deep
seafloor brine lakes in the Gulf
of Mexico, the Mediterranean
and the Red Sea. Compared with
other hydrothermal sediments
around the world, the Atlantis II
hydrothermal field is unique in
that sulphur and nitrogen oxides
are low in the pore water of the
sediments. This probably leads to
lack of ANME . It seems, different geochemical conditions of
hydrothermal marine and cool
seep sediments across the deepsea
sub-seafloor resulted in various
niche-specific microbial communities.

Life in the Dead Sea

As defined in the salty matters article previous to this, the Dead Sea
can be considered a continental
counterpart of a marine DHAL
where there is no overlying body
of marine water. Instead, the Dead
Sea brine mass is in direct contact
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Effects of occasional freshening on biomass in stratified
brine columns that are supersaline, not mesohaline, is clearly seen in the present “feast or famine” productivity cycle
of the Dead Sea (Warren, 2011; Oren and Gurevich, 1995;
Oren et al., 1995; Oren 2005). Dunaliella sp, a unicellular green alga variously described in the past as Dunaliella
parva or Dunaliella viridis, is the sole primary producer in
the Dead Sea waters. Then there are several types of halophilic archaea of the family Halobacteriaceae (prokaryotes)
which consume organic compounds produced by the algae.
Two distinct periods of organic productivity (feast) have
been documented in the upper lake water mass since the
Dead Sea became holomictic in 1979 (Oren, 1993, 1999).
The first mass developments of Dunaliella sp. (up to 8,800
cells/ml) began in the summer of 1980 following dilution
of the saline upper water layers by the heavy winter rains
of 1979-1980 Figure 14a, b). The rains drove a rapid rise
of 1.5 metres in lake level and an increase in the level of
phosphates in the lake’s surface waters (Figure 14c). This
bloom was quickly followed by a blossoming in the numbers of red halophilic archaea (2 x 107 cells/ml), Dunaliella numbers then declined rapidly following the complete
remixing of the water column and the associated increase
in salinity of the upper water mass. By the end of 1982,
Dunaliella had disappeared from the main surface water
mass. Archaeal numbers underwent a slower decline.

During the period 1983-1991 the lake was holomictic,
halite-saturated and no Dunaliella blooms were observed.
Viable halophilic and halotolerant archaea were probably
present in refugia about the lake edge during this period
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Nevertheless, a number of halobacteria (Archaea), one
green algal species (Dunaliella parva), and several fungal
taxa withstand these extreme conditions(Kis-Papo et al.,
2014). Most organisms in the Dead Sea survive in fresher-water spring refugia or in their dormant stages or and
only revive when salinity is temporarily reduced during
rare massive flooding events (Ionescu et al., 2012.
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The Dead Sea provides one of nature’s supreme tests of
survival of life. The negative-water balance in the Dead Sea
hydrology over recent decades resulted in ever-rising salinity and divalent-cation ratios, cumulating in the current
highly drawdown situation (See Warren 2016, Chapter 4
for a summary of the relevant hydrological evolution. Today the brines have reached a salinity level more than 348
/l total dissolved salts, with a high ratio of (Ca + Mg) to
Na. Water activity (Aw, a measure based on the partial pressure of water vapour in a substance, and correlated with
the ability to support microorganisms) of the Dead Sea is
extremely low (Aw ≈ 0.669), even lower than that of saturated-NaCl solution (Aw ≈ 0.753±0.004), and is thus unbearable for most life forms (Kis-Papo et al., 2014).

Dunaliella cells/ml
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with the atmosphere.
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Figure 14. Blooms and salinity in the meters of water column, 1963-2004,
Northern Basin of the Dead Sea (after Oren, 2005). A) Population
density of the unicellular green alga Dunaliella. B) Community density
of prokaryotes. C) Water level of the Dead Sea. D) Salinity of the upper water layer (expressed as σ25 - the density excess in kg m3 to the
standard reference density of 1000 kg m3. E) Molar ratio of divalent
and monovalent cations ([Mg2+ + Ca2+]/[Na+ + K+]) of Dead Sea water.

but in meagre numbers. Then heavy rains and floods of the
winter of 1991-1992 raised the lake level by 2 metres and
drove a new episode of meromictic stratification as the upper five metres of the water column was diluted to 70% of
its normal surface salinity (Figure 14d). High densities of
Dunaliella reappeared in this upper less saline water layer (up to 3 x 104 cells/ml) at the beginning of May 1992,
rapidly declining to less than 40 cells/ml at the end of July
1992 (Figure 15). An associated bloom of heterotrophic
haloarchaea (3 x 107 cells/ml) continued past July and continued to impart a reddish colour to the surface and nearsurface waters.
Much of the archaeal community was still present at the
end of 1993, but the amount of carotenoid pigment per
cell had decreased two- to three-fold between June 1992
and August 1993 (Oren and Gurevich, 1995). A remnant

Page 16

www.saltworkconsultants.com

1992
0

Mar.

Apr. May June July Aug. Sep. Oct.

2

1.21

1.22

1.23

0.05

15

4
Depth (m)

Specific Gravity (25°C)

2.5

0.05

Bacteria /ml x 107
1
2
3

0.5

6

4

1.5

8

0.025
1

10

0

0.1

12
14

Dunaliella cells/ml
500
1,000
1,500

2,000

Bacteria

2

Dunaliella cells/ml x 103

16

0

Specific gravity
4

0
2

Depth (m)

4

Mar.

Apr. May June July Aug. Sep. Oct.
3.5
3.0

2.5

2.0

6
8

0.25

1.5
1.0
0.5

10

16

6
8
10
Dunaliella
12
14
September 22, 1992

12
14

Depth (m)

1992

Bacteria /ml x 107

Figure 15. Biodynamics in the Dead Sea, Middle East showing changes in the vertical distribution of Dunaliella and halobacteria during the rain
flood-induced density stratification of the Dead Sea in 1992 (after Oren, 1993). Note the vertical distribution of Dunaliella and halobacteria relative
to the halocline on 22 September 1992.

of the 1992 Dunaliella bloom maintained itself at the lower end of the pycnocline at depths between 7 and 13 m
(September 1992- August 1993), perhaps chasing nutrients rather than light. Its photosynthetic activity was low,
and very little stimulation of archaeal growth and activity
was associated with this algal community (Figure 15). It
seems that once stratification ends and the new holomictic
period begins, the remaining Archaeal community, which
was primarily restricted to the upper water layers above the
halocline, spreads out more evenly over the entire upper
water column until it too dies out. No substantial algal and
archaeal blooms have developed in the Dead Sea since the
winter floods of 1992-1993 until today
The colouration of the Dead Sea waters from the initial
algal bloom allowed Oren and Ben Yosef (1997) to use
Landsat images, collected in May 1991 and in April and
June 1992, to plot the development of the Dunaliella sp.
bloom. In contrast, the carotenoids of the subsequent ar-

chaeal bloom did not produce a recognisable spectral signal
in the images. The April 1992 image obtained at the time
of the onset of the algal bloom, before its lakewide spread,
suggests it originated in shallow areas near the shore of
the lake, where light penetrated to the bottom of the brine
column. It was probably instigated by resting cells that had
survived in near surface sediment of the shallow lake margin and were reinvigorated by the combination of lowered
salinities and light.
The ultimate decline of the lake-wide bloom of halophilic
archaea in the Dead Sea appears to be related to viral infection (Oren et al., 1997). For example, in October 1994,
during the decline of the halophilic archaeal population
in the upper 20 m of the Dead Sea water column, there
were between 0.9 and 7.3 x 107 virus-like particles per ml
of brine. Virus-like particles outnumbered archaea by a
factor of 0.9-9.5 (averaging 4.4). Water samples collected
during 1995 contained low numbers of both archaea and
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virus-like particles (1.9-2.6 x 106
and 0.8-4.6 x 107 ml-1, respectively in April 1995), with viral numbers sharply declining afterwards
(less than 104 ml-1 in November
1995 - January 1996). Oren et al.
(op cit.) suggest that viruses play
a significant role in the decline
of halophilic archaeal communities in many other hypersaline
environments where protists and
metazoa are absent.

A.

C.

50 cm

1 cm

Until today (2018), the last archaeal bloom was observed in
1992–1995 and was triggered by
dilution of the upper waters by
rain floods. Culture-independent
metagenome studies showed that
that bloom was dominated by a
single, yet-uncultured phylotype,
while the small residual population 15 years later was highly diverse (Oren, 2015). Large
amounts of bacteriorhodopsin
10 cm
50 cm
were present in the bloom of Archaea that developed in the lake Figure 16. Images of microbial mats growing in various Dead Sea freshwater springs (after Hausler et
in 1980–1981, but no rhodopsin al., 2014). A) sediment is covered by a 1- to 2-mm-thick white microbial mat - note that a freshwater
genes were detected in the 1992 plume is actively issuing from the spring vent. B) Sediment near a spring vent is covered by a brown
mat. C) microbial mat similar to A is growing on a vertical face near the spring mouth.
bloom (see Warren 2016, chap- diatomaceous
D) Microbial mat growing on cobble in a fast-flowing spring mouth.
ter 9, for a discussion of the phofrequent fluctuations in the freshwater flow volumes in
to-significance off these two pigments). Thus, bacteriorhodopsin probably did not play a the springs and local salinity, microorganisms that inhabit
role during that bloom; however, novel bacteriorhodopsin these springs must be capable of withstanding large and
and sensory rhodopsin genes were found in samples col- rapid salinity fluctuations and the population proportions
vary according to the Spring chemistry (Ionescu et al.,
lected in 2007 and 2010.
2012).
Underwater freshwater to brackish springs are likely refugia to much of the life in the Dead Sea and are inhabited Salt dissolution, seafloor salinity and haloby interesting microbial communities including chemophilic extremophile populations
lithotrophs, phototrophs, sulphate reducers, nitrifiers, iron
oxidisers, iron reducers, and others. The springs also host In most DHALs, the rate of vertical mixing across the
numerous cyanobacterial and diatomatous mats with sul- extreme density gradients between brine and overlying
fate-reducers near the base of the foood chain (Oren et al., seawater is extremely slow (Steinle et al., 2018). Hydro2008; Ionescu et al., 2012). Sequences matching the 16S chemically, depending on the nature of the dissolving salt
rRNA gene of known sulphate-reducing bacteria (SRB) supply, seawater and DHAL brines can differ sharply in
and sulphur oxidising bacteria (SOB) were detexcted in their solute composition, in particular, in the concentraall microbial mats centered on freshwater springs as well as tions of the critical electron donors and acceptors so cruin the Dead Sea water column (Häusler et al., 2014). Gen- cial to the functioning of life. In that a narrow (1– 3 m)
erally, sequence abundance of SRB and SOB was higher in chemocline (halocline) forms a transition zone between
the microbial mats than in the Dead Sea, indicating that the two quite-different hydrologies that define a DHAL
the conditions for both groups are more favorable in the water column, microbial ecologies have evolved to inhabit
particular portions of the halocline as well as the brine lake
spring environments.
and the normal marine deepwater columns (Figure 16).
The springs also supply nitrogen, phosphorus and organic
matter to the Dead Sea microbial communities. Due to In contrast to the overlying seawater, the bottom brines are

B.

D.
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In the Gulf of Mexico, an endosymbiotic megafauna constructs methanogenically-cemented carbonate biostromes
as lake fringe mussel-dominated communities or polychaete forests atop cool water H2S seeps. Both the microbial population and the megafauna that exploits this chemosynthetic base to the food chain flourish best in seafloor
regions defined by the long-term focused escape of methane or H2S (Figure 16). Cool-seep brine lakes were first
discovered in the Gulf of Mexico in the early 1980s, but

Oxygenated

Photosynthetically-derived
Pelagic Organic materials

Limpets
Polychaetes
Small Crustaceans

similar hydrocarbon-dependent cool-seep communities
with their own megafauna accumulations are now documented in other parts of the world characterised by the
naturally-focused escape of hydrocarbons to the seafloor
(for example, atop cool-water brine seeps along the slope
and rise of the east and west coasts of North America and
in the Black Sea.

The relative long-term stability of cool-seep ecology, tied
to the chemical stability of the niche, is seen when lifespans of hydrothermal endosymbiotic communities living
chemosynthetically about thermal vents along mid-oceanic ridges are compared to Gulf of Mexico communities.
Endosymbiotic polychaete and clam species in the brine
lakes and seeps of the Gulf of Mexico can live for a hundred or more years, while lifespans in similar endosymbiotic polychaete and clam species in hydrothermal ridges
communities are less than 30-50 years.
Moving onshore, into the partial analogue offered by the
salt-karst fed Dead Sea depression, we see Dead Sea biomass is subject to much shorter-term changes in the salinity and nutrient content of its uppermost water mass
Crabs
Shrimp
Squat Lobsters

Serpulids
Anenomes
Siphonophores
Enteropneusts
Small Crustaceans

Turrid
Gastropods

Omnivores

Gulf of Mexico
seep
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SEAWATER

Primary
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anoxic but contain electron acceptors other than oxygen
most importantly sulphide and methane. Hence, hotspots
of chemosynthetic (not photosynthetic) activity have
evolved that flourish at these brine-seawater interfaces,
where the principal reactions at the base of the food chain
are anoxic and encompass sulphate reduction, methanogenesis, and microbial heterotrophy. Highly-adapted microbial life continues to function even in the most extreme
hypersaline conditions found in some DHALs, such as in
Lake Kryos where MgCl2-rich chemistries dominate, or
in the Atlantis II Deep where there is a combination of
extreme temperatures and salinities.
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Figure 17. Trophic structure in a deep hypersaline anoxic lake, showing the general chemosynthetic microbial-dominated situation, as well as the
situation in a Gulf of Mexico seep lake rim megafauna.
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(Feast and Famine cycles as documented in Warren, 2011,
2016 Chapter 9). The freshening water mass above a lake
halocline his ephemeral in the current longterm holomictic hydrology of the Dead Sea (see Warren 2016 chapter 4
for details). The changes in surface water salinity are tied to
the periodic influx of a freshened upper water mass. These
climatically-driven fluctuation to the the extent and activity of the halotolerant and halophilic community in the
upper water mass, and the Feast or Famine responses of
the Dead Sea biota, are different to the longterm niche stability created by the presence of a perennial oceanic water
mass over a salt-karst induced halocline and brine lake in
a DHAL sump on the deep seafloor. The latter is continually resupplied brine and chemosynthetic nutrients via the
dissolution and focusing effect of the underlying salt sheet.
The hydrology of a DHAL system only shuts down when
all the mother salt is dissolved or cut off.
Accordingly, rather than the hundreds of years of longterm
growth (albeit at relatively slow metabolic rates) that we
see in a DHAL, in the Dead Sea we see that freshening
facilitates a rapid spread of a halotolerant alga (Dunaliella sp.) and associated halophilic microbes and viruses. The
propagation and persistence of a large biomass pulse in
the Dead Sea is measured in timeframes of months. The
halotolerant photo-synthesisers can only spread out from
long-term refugia communities once the surface salinities
fall to levels that allow the photosynthesising base too
the Lake food chain inhabit fresher water springs regions
about the lake margins. Comparison to the DHAL and
Dead Sea communities underlines how life will evolve into
any neighbourhood, even if conditions are extremely challenging
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