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ABSTRACT

A study of an International Continental Drilling Program core recovered from

the middle of the modern Dead Sea has identified microbial traces within this

subsurface hypersaline environment. A comparison with an active microbial

mat exhibiting similar evaporative processes characterized iron-sulphur mineral-

ization and exopolymeric substances resulting from microbial activity. Exopoly-

meric substances were identified in the drilled sediment but unlike other

hypersaline environments, it appears that they have a limited effect on the pre-

cipitation of calcium carbonate in the sedimentary column. Sulphate reduction,

however, plays a role in all types of evaporative facies, leading to the formation

of diagenetic iron sulphides in glacial and interglacial intervals. Their synthesis

seems to occur under progressive sulphidation that generally stops at greigite

because of incomplete sulphate reduction. The latter may be caused by a lack

of suitable organic matter in this hypersaline, hence energy-demanding, envi-

ronment. Pyrite may be found in periods of high lake productivity, when more

labile organic matter is available. The carbon and sulphur cycles are thus influ-

enced by microbial activity in the Dead Sea environment and this influence

results in diagenetic transformations in the deep sediment.

INTRODUCTION

The Dead Sea is one of the most saline lakes in the

world. In addition, it also has extremely high levels of

divalent cations Ca2+ and Mg2+, making it even harder

for life to cope with its chemistry (Nissenbaum, 1975).

While few microbes have adapted to such environments,

successful colonists include Archaea members of the

extreme halophilic class Halobacteria, as well as a few

halophilic Bacteria (Bodaker et al., 2010; Rhodes et al.,

2012).

In such an environment, salinity gradients encourage

and support life. Submarine freshwater springs host

numerous and diverse microbial mats benefiting from

local dilution of the brine (Ionescu et al., 2012). In the

recent past, rainy winters have also brought enough fresh-

water to the lake to dilute the shallow layers by 70%,

enabling blooms of the halophilic algae Dunaliella parva

(Oren & Shilo, 1982; Oren et al., 1995). The highly labile

organic matter produced by the autotrophic eukaryotes

would have been immediately degraded by blooms of

Halobacteria (Oren, 1983).

The microbial influence on the Dead Sea subsurface is

less well-known. The recovery of a 457 m long core from

the deepest part of the lake via the International Conti-

nental Drilling Program (ICDP)-funded Dead Sea Deep

Drilling Project (DSDDP) has shown a potential for cli-

matic and palaeoenvironmental reconstructions (Lazar

et al., 2014; Neugebauer et al., 2014; Torfstein et al.,

2015). In order to constrain the impact of microbial

activity on this pristine archive, a geomicrobiological

investigation was performed. Initial results revealed the

importance of assessing the role of microbial activity in

the early diagenesis of the Dead Sea sediment, highlight-

ing differential distribution of microbes with diverse func-

tional potential along the core (Thomas et al., 2014;

Ariztegui et al., 2015). The DSDDP project also provides

a unique opportunity to explore the diagenetic processes
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occurring in the sediment of the Dead Sea before they

become exposed and fully desiccated.

Here, we investigate the potential traces of past or cur-

rent microbial activity in the Dead Sea depositional

record, and qualify early diagenesis in its deep sediment.

In order to do so, the sedimentology and mineralogy of

an active microbial mat from the western shore of the

Dead Sea have been examined and identified microbial

traces were searched for in the cored material.

Hypersaline environments often allow for the growth

of microbial mats as their salinity prevents the develop-

ment of grazing communities (Des Marais, 1995). Being

often close to saturation with respect to halite, gypsum

and calcium carbonates, it can be difficult to differenti-

ate abiotic mineralization from organomineralization.

The role of EPS as a matrix for mineral nucleation,

particle binding or cation concentration is a cornerstone

of the calcium carbonate mineralization in hypersaline

sediments (Dupraz et al., 2004; Dupraz & Visscher,

2005). We address EPS recognition and its role in the

Dead Sea realm, which is known to precipitate arago-

nite abiotically from the lake water column (Stein et al.,

1997). In addition, the iron-sulphur mineralization pre-

viously recognized as diagenetic phases in palaeomag-

netic studies (Ron et al., 2006) is further investigated.

Studies of the subsurface waters of the Dead Sea Basin

have highlighted major redox transformations affecting

carbon, iron and sulphur among other elements

(Avrahamov et al., 2010, 2014; Kiro et al., 2013). It is

therefore necessary to assess the extent of such changes

and whether they reach the deepest region of the Dead

Sea Basin, or if they are constrained to the aquifer/brine

interface at its shoulders.

GEOLOGICAL AND LIMNOLOGICAL
SETTING

The Dead Sea is located on the lowest spot on continental

Earth, at a current elevation of 428�9 m b.s.l (2015).

Today’s water salinity is among the highest on Earth for a

lake of this size, reaching 348 g L�1 of total dissolved

salts (Oren & Gunde-Cimerman, 2012). Intensive use of

catchment area water for irrigation, and potash mining

have led to a decrease in water level over the last 40 years

at an average rate of 0�7 m per year (Abu Ghazleh et al.,

2009; Tahal Group and the Geological Survey of Israel,

2011). Rare freshwater inputs bringing nutrients and car-

bonate ions to the lake are the Jordan River, and in rainy

periods, flash floods fed by canyons (wadis) cutting

through the Judean Mountains and the Jordanian

Plateaus.

Before 1979, sufficiently rainy conditions had allowed a

diluted epilimnion to establish through the mixing of

freshwater with the calcium-chlorine brine of the Dead

Sea. Anoxic conditions developed in the resulting hypo-

limnion, leading to high hydrogen sulphide concentration

and the occurrence of iron sulphide explained by bacterial

sulphate reduction activity (Nissenbaum, 1975; Nishri &

Stiller, 1984). These conditions disappeared quickly from

the water column after complete overturn in the winter

of 1978–1979 (Steinhorn et al., 1979). Exceptionally rainy

winters in 1980 and 1991 led to the renewed formation of

temporal meromictic conditions. The diluted epilimnion

constituted a less extreme environment in which the halo-

philic Green Algae Dunaliella could develop and bloom,

imparting a red colour to the lake (Oren & Shilo, 1982;

Oren et al., 1995).

An array of evidence suggests the presence of relatively

similar conditions supporting the influence of life on the

geochemical record of the Lake Lisan sediment. For

example, within the Lisan Formation in the Perazim Val-

ley (west of the Dead Sea southern basin), a general

increase in the d13C of the aragonite laminae deposited

during the last glacial period has been interpreted as a

result of increasing autotrophic activity in the palaeo-epi-

limnion (Kolodny et al., 2005).

Sulphur isotopes from gypsum intervals also support

the occurrence of active sulphate reduction in the water

column and bottom sediment of the lake (Torfstein et al.,

2005, 2008). Negative d34S values from disseminated gyp-

sum and thin gypsum laminae of the Lisan Formation

(from �26& to 1&) are interpreted as being a result of

bacterial sulphate reduction in the anoxic hypersaline

palaeo-hypolimnion. Sulphur concretions from the

Masada section also bear lighter d34S isotopes than the

surrounding gypsum values (27 to 29 & lower) and iron

and manganese concentration gradients were interpreted

to result from incomplete microbial sulphate reduction

terminating at S0 (Bishop et al., 2013).

The two limnological regimes of the lake are reflected

in the nature of the evaporitic minerals precipitating in

both situations, constituting a good proxy for changes in

the limnological regime. During meromictic conditions,

aragonite precipitation dominates (Stein et al., 1997).

This is emphasized in outcrops and core material by

alternating laminae of aragonite and detrital marls

(AAD), indicative of glacial periods (Stein et al., 1997;

Neugebauer et al., 2014). During periods of increasing

aridity, the lake becomes holomictic and gypsum precipi-

tation occurs, followed by halite deposition. This type of

deposit, intercalated by detrital sediment is largely domi-

nant in interglacial periods. Since carbon and sulphur

cycles vary greatly from one situation to another, our

analyses are linked to these different types of facies in

order to tackle the microbial impact on the Dead Sea

sediment.
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MATERIAL

A microbial mat was collected from an ephemeral saline

pond on the western shore of the Dead Sea, near the En

Qedem spring site (Fig. 1B). Salinity of the pond has

reached 36�9%, with concentrations of major elements as

follows: Na+ = 2�12 M, Ca2+ = 0�58 M, Mg2+ = 1�59 M

and Cl� = 6�11 M and SO4
2� = 18�9 mM, slightly above

those of the current Dead Sea water (Ionescu et al., 2012).

The upper part of the mat consists of a gypsum and halite-

rich biofilm (Fig. 1E) coloured by red pigments originating

mainly from the carotenoids of Dunaliella cells, which have

developed in the diluted water of the ephemeral pond

(Fig. 1D). Microbial communities were analysed (Thomas

et al., 2015) and are mainly composed of heterotrophic

Archaea of the Halobacteria class, while almost no bacterial

DNA could be sequenced. Aragonite stellate clusters are

also present in the mat as a result of aragonite needles pre-

cipitating from the pond water (Fig. 2A). Below this EPS-

rich red layer (Fig. 2B and C), alternating laminae of pure

aragonite (white), mixed aragonite and detrital material

(light grey), and detrital sediment only (dark grey) are

found (Fig. 2D). They form subcentimetre alternations of

typical uncompacted AAD. Based on the extracted 16S

rRNA gene sequences, the aragonite lamina host a similar

archaeal community to the immediately overlying mat

crust (Thomas et al., 2015). However, the bacterial

community seems more diverse, with halophilic fermenters

such as KBI Candidate Division and Halanaerobiaceae, and

rare Desulfohalobium-related organisms (halophilic sul-

phate reducer).

A cube of sediment was cut using sterile implements,

immediately wrapped in Parafilm� M and stored at �4°C.
Subsampling was done using a sterile scalpel and picks for

various microscopy analyses in the geomicrobiology laboratory

at the Department of Earth Sciences, University of Geneva.

The core material was taken from ICDP hole 5017-1A

drilled during the DSDDP expedition. This core was

retrieved in November-December 2010 from the middle

of the Dead Sea (N 31°30028�98″, E 35°28015�60″) at a

depth of 297 m. The core material was sampled either

onshore from core-catchers at a specially tailored geomi-

crobiology laboratory, at Ein Gedi, Israel, or during the

core-opening parties at GFZ Potsdam, Germany in June,

2011. In all cases, the outermost parts of the samples

were discharged in order to avoid oxidation effects and

contamination with drilling fluids.

METHODS

Scanning electron microscope

Samples were examined on smear slides after ethanol dry-

ing by use of an optical microscope. Halite samples were

Fig. 1. Overview of sampling sites and material. (A) Map of the Levantine region with Dead Sea location. (B) Location of drilling site 5017-1A

(green square) and of the Qedem area, where the microbial mat was sampled (red square). (C) View of the ICDP-drilling platform at site 5017-

1A. (D) Hypersaline pond north of Ein Qedem, where the microbial mat sample was taken. The pool is ca 15 m long. (E) Photograph of the mat

(red, orange and green in colour) with underlying laminated sediments (grey to white).
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already dry and were only polished with sand paper and

clean alcohol. Scanning electron microscopy (SEM) was

performed after ethanol and air drying, and critical point

drying on a Jeol� JSM-7001 FA at the University of Gen-

eva. Samples were then mounted on an aluminium stub

with double-sided conductive carbon tape and gold-

coated (15 nm) by low vacuum sputter coating.

Cryo-SEM was performed at C-SEM, in Neuchâtel,

Switzerland on a Philips XL30 ESEM –FEG equipped with

a Gatan Alto cryo-transfer system. The microscope was

operated at 20 kV under a pressure of less than

10�4 mbar. The sample was freeze-dried in liquid nitro-

gen, transferred to the cryo-chamber stabilized at

�140°C, where it was sectioned perpendicularly to the

mat and sediment laminae using a blade, sublimated and

sputtered with platinum. The sectioned surface was then

observed.

Polished halite sections were examined using an Envi-

ronmental Scanning Electron Microscope (ESEM) FEI

Quanta 200 at the Scientific and Technological Centers,

Universitat de Barcelona (CCiTUB). Chemical identifica-

tion was performed by EDS.

Energy dispersive X-ray spectrometry (EDS) and

back-scattered electron microscopy were used for

chemical analysis on SEM, ESEM and cryo-SEM,

allowing semi-quantitative determination of mineral

chemistry.

X-ray fluorescence

Mapping of different elements within a section of micro-

bial mat was performed using micro X-ray fluorescence

(lXRF) at the University of Geneva under an EAGLE

lProbe machine with a rhodium tube at a voltage of

40 kV and a current of 420 lA with a 50 lm spot. Min-

eral distribution was then interpreted based on each

image and relative colour intensity using the software of

the Adobe� Collection Suite and the Vision32� software

version 4�953.
Elemental composition of core 5017-1A was mea-

sured using XRF at GFZ Potsdam, Germany on an

ITRAX corescanner of COX Analytical Systems. A

chromium tube was used at 30 kV and 30 mA. These

data only allow for qualitative interpretations as they

originate from raw counts (in counts per seconds)

with sufficient counting statistics from un-calibrated

quick core section scans as detailed by Neugebauer

et al. (2014).

Fig. 2. (A) Aragonite needles and Dunaliella (orange circles) in the water of the ephemeral pond in Ein Qedem. (B) Photograph of EPS thread

within a cavity of the gypsum-halite mat crust. (C) Close-up view of Dunaliella algae. Note that the nucleus is visible. (D) Section of the mat and

underlying sediment exhibiting the AAD behaviour typical of the Lisan Formation.
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Electron microprobe

Magnetic fractions were collected as follows: sediment

samples were extracted using plastic cubes, gathered using

a magnetic probe and mounted in epoxy. The samples

were analysed using a JEOL JX8230 superprobe EPMA

with EDS and four wavelength-dispersive spectrometers

(WDS) for microanalysis at the Institute of Earth

Sciences, Hebrew University of Jerusalem. Both back-scat-

tered electron (BSE) and secondary electron images were

taken. Beam conditions for EDS analysis were set to

15 keV and 15 nA, and for WDS mapping 15 keV and

50nA. All phases were analysed for titanium, iron, sul-

phur, and oxygen using silicate and oxide standards. Data

were processed with a PRZ correction procedure. The

WDS measurement error is 0�5%. The difference between

greigite and pyrite is bigger, than the error. Beam preci-

sion is 0�2 lm, allowing small crystals to be measured (as

compared with 1 lm for EDS). In addition to the stan-

dard mineral correction, a matrix correction for the

epoxy was also performed.

RESULTS

X-ray microfluorescence scanning on the
mat

The facies of the microbial mat and its underlying sedi-

ment are similar to those defined in the cores (Neugebauer

et al., 2014). Halite mixed with gypsum is analogous to

that of interglacial periods, except that it is completely

embedded in EPS. Aragonitic laminae alternating with

detritus show identical distribution to those of the AAD

facies. The chemical compositions of the laminae are high-

lighted by key elements (Fig. 3). Chlorine is present in high

and homogenous concentrations in the sediment and halite

precipitated on the surface of the section (topography

image) as the sample dried while being mapped at high

resolution. Sulphur is concentrated in two laminae, and

correlates with the strongest calcium peaks, indicating the

presence of gypsum minerals. As with chlorine, the distri-

bution of calcium (green) within the sediment is relatively

homogeneous as it is highly concentrated in the Dead Sea

water. Higher fluorescence of calcium corresponds to gyp-

sum minerals. Aragonite is best mapped with strontium,

showing the presence of aragonitic precipitation in light

grey to white laminae of the mat (light blue in lXRF). It is
intercalated by detrital input mapped under iron bands

(light yellow). Diffuse detritus is also present below this

band, imparting a greyish colour to the aragonite laminae.

The ‘Fe 9 S’ mapping allows the areas of greatest iron sul-

phide mineralization to be highlighted. Although some

background noise is observed due to the superposition of a

gypsum and detritus signature, higher fluorescence identi-

fies iron sulphide minerals, as pyrite, greigite or other tran-

sition phases and is represented in blue in the sketch

(Fig. 3). The main iron-sulphur phases are observed at the

margins of the detrital lamina, within the aragonite lami-

nae, rather than within the iron-rich detritus lamina itself.

X-ray fluorescence scanning in the core

In the core, detailed XRF profiles highlight the lithologies

and associated facies (further detailed in Neugebauer et al.,

2014). The ‘Fe 9 S’ curve is superimposed over the sul-

phur profile of core 1A, in order to emphasize areas of

iron-sulphur mineralization (Fig. 4). Sulphur peaks are

mainly seen in gypsum levels and sulphur concretion-rich

intervals. In some cases (e.g. 100 m, 110 m, 160 m, 340–
350 mblf), the high ‘Fe 9 S’ signatures of sulphur concre-

tions overlap with the signal generated by iron-sulphur

minerals as figure resolution does not allow for differentia-

tion on a centimetre scale. Higher ‘Fe 9 S’ peaks are found

between 0 and 80 m, especially within the 45 to 75 m inter-

val where the ‘Fe 9 S’ profile does not always correlate

with the sulphur curve, hence indicating other signatures

than gypsum and native sulphur concretions (i.e. iron sul-

phide minerals). In general, the intensity is lower for

‘Fe 9 S’ profiles below 100 m, regardless of measured sul-

phur fluorescence. Examples of the morphologies and size

of iron sulphide minerals are presented on the right side of

Fig. 4, together with the corresponding EDS spectra.

Morphology of iron-sulphur phases

The chemistry and morphology of iron-sulphur minerals

varies independently of depth. Euhedral minerals forming

an octahedron have been found at a depth of 65�38 m

(Fig. 5A) in the ‘laminated detritus’ facies (ld, Neuge-

bauer et al., 2014). Micron-scale spheroids were also

found in such facies and also in gypsum intervals at

90�64 m (Fig. 5B), while rough-surface spherulites ca.

5 lm in diameter were retrieved at 337�62 m in the AAD

(Fig. 5C).

Euhedral pyrite, typically 5 to 20 lm in diameter,

occurs at the boundary between the detrital and arago-

nitic layers of the microbial mat (Fig. 5A). Core examples

are much smaller. They are generally individual euhe-

drons of 5 lm maximum, sometimes presenting over-

growth (Fig. 5B). True pyrite framboids were observed in

the mat (Fig. 5C) and consist of small octahedrons. In

the core, framboids are rare and of limited size. They are

formed of aggregated micro-spheroids (Fig. 5D) or crys-

tals (Fig. 5E and F). This form may be a precursor phase

of micron-scale spherules or larger rough-surface spheru-

lites (Fig. 5G and H, respectively).
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Fig. 3. Micro-XRF mapping of a microbial mat and the laminated sections of modern sediments along the Dead Sea shore. The dominant mineral

is authigenic aragonite (Sr-mapping) with some gypsum (S and Ca). The darker layer is detrital material (calcite and clays). Disseminated

Fe-sulphide is outlined by the ‘Fe 9 S’ mapping, and is principally found in aragonitic layers. Star shaped crystals are the result of secondary

precipitation caused by desiccation of the samples during measurement. See Methods for details on the interpreted sketch. Scale bar is the same

for each scanned image and is 2�5 mm.

A

B

C

D

E

F

Fig. 4. Interpreted lithological profile of core 1A taken from Neugebauer et al. (2014) and corresponding S and Fe 9 S profiles as given by XRF

scanning. On the right hand, SEM photographs of (A) micron-sized euhedral Fe-S mineralization from core 1-A-32 at 65�38 m. (B) Fe-S spheroid

at 90,64 m, core 1-A-43. (C) rough- surface spherulite from core 1-A-131 at 337�62 m with the corresponding EDS spectra (D, E and F

respectively). Depth in metres below lake floor.
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A B

C D

E F

G H

Fig. 5. Iron-sulphur mineralization morphologies in the Dead Sea realm. (A) Euhedral pyrite from a white aragonitic lamina of the mat. Aragonite

needles are visible in the background. (B) Similar euhedral morphology of Fe-S mineral in core 1-A-32, at 65�38 mblf. (C) Cryo-SEM picture of a

framboidal pyrite embedded in EPS at the mat-sediment interface of the mat sample. (D) Agglomerate of four framboidal mineralizations in the

core (65�38 mblf). (E) Back-scattered electron imaging of a Fe-S rough-surface spherulite being formed in core 1- A-30, at 59�29 mblf. (F) Close-up

view of (E) in secondary electron imaging, emphasizing the rough droplet like topography of the mineralization. (G) Micron-scale Fe-S spheroid at

90�64 mblf, core 1-A-43. (H) Rough surface spherulite of micron scale at the tip of aragonitic stellate cluster in core 1-A-131, at 337�62 mblf.

Pictures were all taken under secondary electron imaging in a regular SEM, except when specifically stated.
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Chemistry of iron-sulphur phases

In the core, iron-sulphur minerals rarely reach the iron-

sulphur ratio characteristic of pyrite (S/Fe = 2; Table 1

and Fig. 6) except for the largest examples (> 5 lm),

which approach true pyritic compositions (FeS2). They

are either euhedral minerals in the mat (Fig. 5A), or

rough-surface spherulites at 350 m in the core (Fig. 4C).

In some dark, high magnetic susceptibility laminae

associated with AAD (Fig. 7A), iron sulphide rims with a

composition of greigite are observed around some titano-

magnetite grains (Fig. 8). The titanomagnetite appears

partially dissolved and iron-sulphur minerals also form

on cracks. The composition of the iron-sulphur rim varies

from greigite to pyrite depending on depth. Such rims are

found both in the Holocene interglacial sediment and in

the Lake Lisan-associated sediment (last glacial period).

Greigite is also observed infilling chambers of organisms

(e.g. foraminifera) in the Holocene AAD sediment

(Fig. 9). Measurements of the atomic ratio of these intra-

skeletal iron-sulphur minerals revealed S:Fe values

between 1�32 and 1�35, characteristic of greigite (Fig. 9

and Table 1). Except in the mat, EDS and WDS

measurements show rather continuous S/Fe ratios, with

higher values (pyrite-like) attributed to deep AAD sam-

ples (140–151 m, 337 m) and mackinawite to greigite

chemistry for others (Table 1 and Fig. 6).

Although not fully characterized, iron-sulphur mineral

phases also occur around gypsum in detrital-rich halite

intervals (Fig. 10 and Table 1). Most of the other miner-

als, generally in the form of spherules or octahedrons,

have a similar chemistry to greigite (Fe3S4). Few iron-sul-

phur precipitates lie below the mackinawite line (Fe8S9),

and they are sub-micron in size. The resolution for EDS

spot analysis is superior to 1 lm in length and width.

Data from smaller minerals should be considered with

caution and have been highlighted in Fig. 6.

Microscopic analysis of EPS

Exopolymeric substances have been clearly observed in

the mat, with the naked eye, as well as with a regular

microscope (Fig. 2) and with cryo-SEM. A cerebroid

structure under cryo-SEM facilitates EPS identification in

the mat (Fig. 11A) together with a transparent film-like

texture in close-up view, frequently with embedded arago-

nite stellate clusters (Fig. 11B). This texture differs from

the characteristic honeycomb morphology generally

observed in cryo-SEM sections (Defarge et al., 1996;

Dupraz et al., 2004). This difference is interpreted as

being a result of the extreme salinity of the Dead Sea.

In regular SEM mode, the EPS are very smooth and

appear transparent, often covering the sediment

(Fig. 11C). The EPS in the core have a filmy texture,

sometimes folding in on itself, or torn apart during

preparation (Fig. 11D), possibly presenting voids and

more rugged surfaces. Aragonitic stellate clusters or indi-

vidual needles are often found embedded in these EPS.

Cryo-SEM observations of the mat sample allowed

sharp, freshly precipitated aragonite stellate clusters to be

distinguished embedded in the cerebroid texture typical

of the EPS (Fig. 12A). The thin needles constituting the

stellate cluster are individually covered by the biofilm in

close-up view (Fig. 12B). Rough surfaces on the torn EPS

are formed by nanoglobules (Fig. 12C). They are also visi-

ble between aragonitic needles, apparently entangled in

this biological structure (Fig. 12D). The needles here are

very thin and elongated, without sharp tips nor smooth

surface. In the core, sharp and thin aragonite stellate clus-

ters, as well as fragments of thick ones may emerge or

pierce through the EPS (Fig. 12E). They also are found

aggregated on its surface (Fig. 12F), or in between EPS

and gypsum minerals, where the EPS host numerous iron

sulphide minerals, as demonstrated by back-scattered

imaging (Fig. 12G). At depths greater than 20 mblf

(Table 1), EPS-like structures could not be identified

although smooth film-like textures were found associated

with aragonitic stellate clusters (Fig. 12H). Here, they cor-

respond to halite minerals, demonstrating the complexity

of untangling biotic features from abiotic ones in the

Dead Sea sediment.

DISCUSSION

Indicators of microbial activity in the Dead
Sea sediment

EPS

Examples of EPS are well represented within the micro-

bial mat (Fig. 2B and D). Their recognition is generally

difficult in the wet Dead Sea sediment. Numerous poorly

investigated precipitates, occurring in the Dead Sea natu-

rally or upon desiccation before SEM observation, may

take on a smooth sheet-like structure (Fig. 11H) similar

to documented textures for EPS (Spadafora et al., 2010).

Chemical analysis of hypothesized EPS is not equivocal as

X-ray penetration of EDS generally exceeds the EPS thick-

ness. Loading of these structures with calcium, magne-

sium and chloride also tends to mask its carbon and

oxygen content (Fig. S1 of Supplementary Material).

Morphological characterization of EPS, therefore, was

often the most reliable solution and analysis of chemical

composition and morphology under cryo-SEM mode

allowed for conclusive identification.

In the core, EPS are also observed. However, their

observation is limited mainly to the top of the core

8 ª 2016 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists.
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Table 1. Summary of the samples observed and measured under

scanning electron microscope (SEM), environmental scanning electron

microscope (ESEM) and electron microprobe (EPMA). Changes in

shade mark changes in sample (hence in depth).

Core

(5017-A)

Depth

(mblf) Lithology

Type of

analysis

S/Fe

ratio

EPS

observed

1-1 0 lh/hh ESEM ? n/a

1-1 0,24 lh/hh SEM – Yes

2-2 2,74 aad EPMA 1,36 Yes

2-2 2,74 aad EPMA 1,32

2-2 2,74 aad EPMA 1,30

2-2 2,74 aad EPMA 1,36

2-2 2,74 aad EPMA 1,30

2-2 2,74 aad EPMA 1,31

2-cc 3,29 lh/hh SEM ? No

3-cc 6,34 lh/hh SEM ? No

5-cc 9,39 lh/hh SEM ? No

13-cc 23,59 ld SEM ? Yes

29-cc 57,26 gy SEM 1,25 No

29-cc 57,26 gy SEM 0,69

30-cc 59,29 ld SEM 1,08 No

30-cc 59,29 ld SEM 1,30

30-cc 59,29 ld SEM 1,33

30-cc 59,29 ld SEM 1,33

30-cc 59,29 ld SEM 1,38

30-cc 59,29 ld SEM 0,79

30-cc 59,29 ld SEM 1,08

30-cc 59,29 ld SEM 0,86

30-cc 59,29 ld SEM 1,30

30-cc 59,29 ld SEM 1,33

30-cc 59,29 ld SEM 1,50

30-cc 59,29 ld SEM 1,38

30-cc 59,29 ld SEM 1,08

30-cc 59,29 ld SEM 0,79

32-cc 65,38 aad SEM 0,59 No

32-cc 65,38 aad SEM 1,23

32-cc 65,38 aad SEM 1,42

32-cc 65,38 aad SEM 1,17

32-cc 65,38 aad SEM 1,46

32-cc 65,38 aad SEM 1,23

32-cc 65,38 aad SEM 1,61

32-cc 65,38 aad SEM 1,37

32-cc 65,38 aad SEM 1,33

32-cc 65,38 aad SEM 1,46

32-cc 65,38 aad SEM 1,38

32-cc 65,38 aad SEM 1,40

32-cc 65,38 aad SEM 1,35

32-cc 65,38 aad SEM 1,45

32-cc 65,38 aad SEM 1,69

32-cc 65,38 aad SEM 1,68

32-cc 65,38 aad SEM 1,47

32-cc 65,38 aad SEM 1,22

32-cc 65,38 aad SEM 1,45

32-cc 65,38 aad SEM 1,14

32-cc 65,38 aad SEM 1,66

32-cc 65,38 aad SEM 0,95

32-cc 65,38 aad SEM 1,46

32-cc 65,38 aad SEM 1,47

(Continued)

Table 1. Continued.

Core

(5017-A)

Depth

(mblf) Lithology

Type of

analysis

S/Fe

ratio

EPS

observed

32-cc 65,38 aad SEM 1,19

32-cc 65,38 aad SEM 0,98

32-cc 65,38 aad SEM 1,72

33-cc 67,38 ld SEM 1,24 No

33-cc 67,38 ld SEM 1,45

33-cc 67,38 ld SEM 1,22

33-cc 67,38 ld SEM 1,57

33-cc 67,38 ld SEM 0,97

33-cc 67,38 ld SEM 1,47

33-cc 67,38 ld SEM 1,59

33-cc 67,38 ld SEM 1,40

33-cc 67,38 ld SEM 1,63

33-cc 67,38 ld SEM 1,36

33-cc 67,38 ld SEM 1,06

33-cc 67,38 ld SEM 1,40

33-cc 67,38 ld SEM 1,48

33-cc 67,38 ld SEM 1,64

33-cc 67,38 ld SEM 1,49

33-cc 67,38 ld SEM 1,25

33-cc 67,38 ld SEM 1,06

33-cc 67,38 ld SEM 1,14

33-cc 67,38 ld SEM 1,31

33-cc 67,38 ld SEM 1,33

36-1 73,425 lh/hh ESEM – n/a

37-2 75,425 lh/hh ESEM ? n/a

37-cc 75,58 ld SEM 1,59 no

37-cc 75,58 ld SEM 1,00

37-cc 75,58 ld SEM 0,56

37-cc 75,58 ld SEM 1,51

37-cc 75,58 ld SEM 1,22

37-cc 75,58 ld SEM 0,72

37-cc 75,58 ld SEM 0,42

40-1 82,8 lh/hh ESEM ? n/a

41-1 85,445 lh/hh ESEM – n:a

43-cc 90,64 gy SEM 1,45 No

43-cc 90,64 gy SEM 1,62

52-cc 118,08 ld SEM 1,39 No

52-cc 118,08 ld SEM 1,45

53-cc 121,13 ld SEM – No

60-3 142,88 ld EPMA 2,19 n/a

60-3 142,88 ld EPMA 1,21 n/a

61-1 144,08 ld EPMA 1,94 n/a

61-1 144,08 ld EPMA 1,98

61-1 144,08 ld EPMA 1,88

61-1 144,08 ld EPMA 1,75

61-1 144,08 ld EPMA 1,66

61-1 144,08 ld EPMA 1,73

61-3 146,13 aad EPMA 1,85 n/a

61-3 146,13 aad EPMA 2,25

61-3 146,13 aad EPMA 2,29

61-3 146,13 aad EPMA 2,24

61-3 146,13 aad EPMA 1,98

61-3 146,13 aad EPMA 1,97

61-3 146,13 aad EPMA 2,31

61-3 146,13 aad EPMA 2,35

(Continued)
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(Table 1) with minimal recognition below that. Extraction

of EPS was attempted but did not work as a large quan-

tity of salt was carried along in the process, inducing a

large bias analytically. The failure to identify EPS below

23 m suggests either (i) that they were missed, (ii) degra-

dation with time in the deeper sediment or (iii) differ-

ence/absence of production in the first place. The finding

of EPS in the upper part of the core suggests that micro-

bial activity has occurred at one point in the sediment.

Their disappearance deeper in the core may also support

anaerobic heterotrophy.

Protection from the high calcium and magnesium diva-

lent cation concentrations is probably the main reason for

EPS production in the Dead Sea. The bonding capacity of

EPS towards divalent cations (Kawaguchi & Decho, 2002;

Dupraz & Visscher, 2005) could lower in situ concentra-

tions of these cations, which is the principal reason the

Dead Sea is inimical to life (Nissenbaum, 1975; Bodaker

et al., 2010). The EDS measurements on EPS (Fig. S1 of

supplementary material) show concentrations of calcium

and magnesium in the EPS matrix; however, such mea-

surements must be interpreted very carefully given analyt-

ical inaccuracy on such thin structures.

Iron sulphide minerals

In the microbial mat, several types of iron-sulphur miner-

als were observed. Framboidal pyrite was only located

close to the mat while large euhedral pyrite occurred in

the underlying aragonitic laminae (Fig. 3). In the core,

however, although euhedral minerals were observed, they

Table 1. Continued.

Core

(5017-A)

Depth

(mblf) Lithology

Type of

analysis

S/Fe

ratio

EPS

observed

61-3 146,13 aad EPMA 2,30

61-3 146,13 aad EPMA 2,11

63-3 151,47 ld EPMA 1,83 n/a

63-3 151,47 ld EPMA 2,01

63-3 151,47 ld EPMA 1,95

63-3 151,47 ld EPMA 1,85

63-3 151,47 ld EPMA 0,94

63-3 151,47 ld EPMA 1,82

63-3 151,47 ld EPMA 2,03

63-3 151,47 ld EPMA 2,01

80-1 199,175 lh/hh ESEM – n/a

81-2 202,935 lh/hh ESEM ? n/a

88-2 224,6 ld SEM ? no

91-2 233,38 lh/hh ESEM ? n/a

91-2 233,52 lh/hh ESEM ? n/a

93-1 236,2 lh/hh ESEM – n/a

93-1 237,03 lh/hh ESEM ? n/a

95-1 241,41 lh/hh ESEM – n/a

97-2 248,24 lh/hh ESEM ? n/a

97-2 248,43 lh/hh ESEM ? n/a

98-2 250,665 lh/hh ESEM – n/a

98-3 253,052 lh/hh ESEM – n/a

100-2 254,82 lh/hh ESEM – n/a

100-cc 256,955 lh/hh ESEM ? n/a

103_3 263,383 lh/hh ESEM – n/a

104-2 266,5 lh/hh ESEM ? n/a

106-2 272,21 lh/hh ESEM – n/a

108-2 278,534 lh/hh ESEM ? n/a

125-1 319,865 lh/hh ESEM ? n/a

125-1 319,93 lh/hh ESEM ? n/a

131-cc 337,62 aad SEM 1,77 no

131-cc 337,62 aad SEM 1,93

174-1 437,59 lh/hh ESEM – n/a

174-1 438,84 lh/hh ESEM ? n/a

176-2 445,35 lh/hh ESEM ? n/a

176-2 445,7 lh/hh ESEM ? n/a

Mat layer Depth

(mblf)

Lithology Type of

analysis

S/Fe

ratio

EPS

observed

Mat surface 0,01 ha-gy

in EPS

SEM ? Yes

Mat detrital 0,06 aad SEM 2,04 Yes

Mat aragonite 0,16 aad SEM 2,03 No

Mat aragonite 0,16 aad SEM 1,98 No

S/Fe ratios were calculated after EDS measurements for SEM and WDS

measurements for EPMA. They were not calculated on ESEM but are

annotated ‘?’ when iron sulphides were observed, and ‘no’ when no

iron sulphide phases could be found. EPS presence/absence is given for

the observed samples on SEM. They were not looked for using ESEM

and EPMA (n/a). Depth is in metres below lake floor. Lithology codes

are described in Neugebauer et al. (2014). Lh/hh layered and homoge-

nous halite, hd halite and detrital marl, aad alternating aragonite and

detritus, ld laminated detrital marl, gy gypsum laminae or layers. For

comparison, stoichiometric ratios of iron sulphide minerals are: S/

Fepyrite = 2; S/Fegreigite = 1,33; S/Femackinawite = 0,89.

Fig. 6. Iron-sulphide mineral compositions taken from EDS

measurements (colour) and EPMA (black and grey). The microprobe

ratios have been normalized to a given iron percentage (35%) for

better understanding. EDS measurements from small minerals (<1 lm)

are circled in red to stress the bias induced by this type of

measurements on micron-sized objects (see Methods). Pyrite line as

y = 1/2(x), greigite line as y = 3/4(x) and mackinawite line as y = 9/8(x).
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were generally small in size (<2 lm diameter). Their

chemistry is also significantly different, with Fe/S ratios

often limited to that of mackinawite or greigite (Fig. 6),

and much less pyrite.

Linking morphology with formation processes is still a

matter of debate. The composition and morphology of

iron sulphide minerals results from numerous parameters

such as the variety of reactive iron available, the

Fig. 7. Photographs of the cores. (A)Black layer exhibiting peaks in magnetic susceptibility and greigite occurrences near AAD intervals. (B)

Isolated S0 concretions in reworked intervals. (C) S0 concretions in disturbed and undisturbed AAD.

Fig. 8. Greigite rim around titanomagnetite in Holocene AAD sediment. (A) Back-scattered electron image. (B) WDS mapping of relative

distribution of titanium highlights the titanomagnetite mineralogy. An outward depletion is observed at its rim. (C) WDS mapping of relative

distribution of sulphur highlights the presence of Fe-S around the mineral (D) WDS mapping of relative distribution of iron shows enrichment in

the Fe-S rim when compared to the internal chemistry of the titanomagnetite.
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saturation rate, the concentration of reduced sulphur and

stability of redox conditions (Berner, 1984; Wang &

Morse, 1996; Wilkin & Barnes, 1997; Wilkin & Arthur,

2001). A combination of observations from field and

laboratory models attempting to mimic sedimentary pro-

cesses have allowed characterization of framboidal, pen-

tagonal, octahedral, tetrahedral, dodecahedral and

icosahedral pyrite forms originating from biogenic factors

(Astafieva et al., 2005). This type of geometry encom-

passes all euhedral morphologies described above for the

Dead Sea core and mat. Framboidal pyrites are formed of

these euhedral structures as well as from micro-spheroids

(Wilkin & Barnes, 1997), as observed in the core (Figs 4B

and 5D), and have been demonstrated to be biomarkers

in the sediment (Popa et al., 2004; Vuillemin et al.,

2013).

Sulphate reduction has been indirectly documented in

several studies of the Lake Lisan sediment (Gavrieli et al.,

2001; Torfstein et al., 2005) and the stratified Dead Sea

water column (Nissenbaum, 1975; Nissenbaum & Kaplan,

1976). Although less studied, microbial reduction of iron

is also suggested as a source of ferrous iron in the sedi-

ment (Nishri & Stiller, 1984; Gavrieli et al., 2001). Based

on these observations, the presence of iron-sulphur min-

erals in the core of the Dead Sea argue for similar pro-

cesses (microbial iron and sulphate reduction) in the

deep Dead Sea Basin.

In addition, sulphur concretions were localized in the

whole core (Neugebauer et al., 2014). It is hard to explain

their distribution as is seems that they occur both in well

Fig. 9. Greigite and Fe-S infill within foraminifera. (A) Back-scattered electron imaging showing differences between the foraminifera lodges and

its infill. (B) WDS mapping of relative distribution of Ca. (C) WDS mapping of relative distribution of S. (D) WDS mapping of relative distribution

of Fe. Note the connection between the two chambers seen in (A). (C) sulphur and (D) iron concentrations mark the Fe-S mineral infilling,

probably replacing the organic matter within the organism shell.

Fig. 10. Back-scattered electron photograph from SEM of a polished

halite sample. Fe-S mineralizations develop around gypsum (g)

inclusions within a halite (h) crystal.
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preserved and in seismically disturbed AAD, as well as in

mass wasting deposits (Fig. 7B and C). Different pathways

can explain their formation, from incomplete sulphate

reduction as suggested by Bishop et al. (2013) to oxida-

tion of reduced sulphur species by turbidity events. Both

pathways support the role of microbial sulphate reduction

in the accumulation of sulphide or S0 in the sediment of

the Dead Sea Basin. The fact that the chemistry of iron

sulphides does not systematically reach that of pyrite, and

allows coexistence of greigite and pyrite, raises questions

regarding the process of pyritization in this sedimentary

environment. This issue is addressed in the next para-

graphs.

Organic matter production and sulphate
reduction

Microbial communities inhabiting the gypsum sediments

are mainly composed of highly adapted halophilic

Archaea, relying mostly on fermentation of varied organic

substrates (Thomas et al., 2014). Alternatively, communi-

ties inhabiting the AAD seem to rely on the degradation

of biomass derived from moderate halophiles living

within the stratified water column (Ariztegui et al., 2015)

and EPS production could be related to a stress response

of these moderate halophiles. It could also originate from

sulphate reducing microbes inhabiting these sediments, as

they have been recognized to be important EPS producers

(Bosak & Newman, 2005; Braissant et al., 2007). Degrada-

tion of these EPS by fermenters or sulphate reducing bac-

teria may release organic molecules such as aminated

compounds (Mishra & Jha, 2009). Such compounds

would be subsequently available for osmoprotectant syn-

thesis or uptake by community members utilizing a ‘low-

salt strategy’ (Roesser & M€uller, 2001). They could also

support other communities such as methanogens as non-

competitive substrate (Thomas et al., 2014), enabling

more activity and organic matter degradation.

In the microbial mat

The quality of organic matter is critical for microbial

activity in deep lacustrine sediments (Glombitza et al.,

2013; Ariztegui et al., 2015). In the Dead Sea, energy

requirements for osmotic adaptation select for metabo-

lisms yielding the largest amount of ATP for a given

quantity of substrate (Oren, 2001). In such competition,

labile substrates and nutrient availability have a major

impact. Water column communities and shallow sedi-

mentary ones, like those observed in the microbial mat,

Fig. 11. Photographs of EPS morphologies in the mat (A) Cryo-SEM picture of EPS sheet in between gypsum crystals. Note the wrinkly cerebroid

structure clearly defining the biofilm. (B) Cryo-SEM picture of an aragonite stellate cluster embedded in sheet-like EPS. (C) Regular SEM picture of

sheet-like EPS covering detrital sediment. Globules are clay minerals, needles are aragonite. (D) Regular SEM picture of sheet-like EPS, torn and

folded as it can occur in the core, here at 23�59 mblf in core 1-A-13.
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Fig. 12. Photographs of EPS structures in the mat and the core. (A) Cryo-SEM back-scattered electron photograph of an aragonite stellate cluster

embedded in wrinkly EPS. Close-up view (B) shows the tight relationship between aragonitic thin needles in the EPS matrix. (C) Nanoglobules on

the surface of torn and folded EPS. In the back, EPS display vacuolar textures. (D) Aragonitic needles covered with EPS (as seen by torn and

vacuolar textures) and with nanoglobule-like textures at their tips. Needles are thin, poorly defined and not smoothened here. (E-F) Aragonite

stellate clusters embedded in EPS form core 1-A-2 at 2�74 mblf and 3�22 mblf. (G) Back-scattered electron imaging of Fe-S mineralizations

embedded in EPS, in between aragonitic agglomerates (top) and gypsum mineral (bottom) from 2�74 mblf. (H) Aragonite stellate cluster at the

surface of halite smooth surface at depth 337�62 mblf, in core 1-A-131. A-D from the mat, the rest from the core. All pictures taken in

secondary electron imaging unless stated otherwise.
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for example, will benefit from fresher and more labile

organic matter and will subsequently be able to perform

metabolic activity deeper ones cannot afford.

The mat microcosm benefits both from the presence of

a salinity gradient and from fresh organic matter. Among

others, Dunaliella algae probably developed and survived

after fresh water inputs to a small, ephemeral pond (rain

events occurred in December 2010; Fig. 2A and C). Mix-

ing with Dead Sea water, dissolution of surrounding salt

and evaporative process in such a shallow pond would

quickly raise elemental concentrations to those observed

at sampling time. The decay of these abundant autotrophs

(Fig. 2A) provides highly labile organic matter to the

shallow sedimentary community, allowing mat develop-

ment. Such high-quality organic matter would encourage

high rates of sulphate reduction, facilitating the formation

of framboidal pyrite in its vicinity, as described by Passier

et al. (1997) in the Mediterranean Basin. Indeed, fram-

boids are only observed very close to the gypsum crust

within the microbial mat, while large euhedral pyrite

dominates in the aragonite layers.

Both microtextures have been shown to result from dif-

ferential rates of pyritization (Wilkin & Barnes, 1996). In

their demonstration of pyritization via iron loss from iron

monosulphides, the authors show that fast pyritization

leads to framboidal pyrite while euhedral crystals result

from slow initial pyritization. Intense sulphate reduction in

the microbial mat could allow framboidal pyrite to

develop. Excess HS� could diffuse away and react with iron

monosulphide to form the large euhedral pyrites present in

the aragonite lamina, at the interface with detrital layers

(Fig. 3). Sulphur isotope measurements on iron-sulphur

phases would allow testing for the formation of these min-

erals in open versus closed systems. The liberation of

reduced iron derived from the neighbouring detritus layer

would be sufficient to support the process of pyritization.

In the deep sediment

In the core, very few actual framboids were observed.

Iron-sulphur minerals often occurred as micron-sized

individual spherules, only rarely aggregating into fram-

boids. At given intervals, euhedral iron-sulphur minerals

similar (in morphology) to those observed in the mat,

but often smaller in size, could be observed.

The chemistry of these iron-sulphur minerals extends

from iron monosulphides to pyrite (Fig. 6 and Table 1).

The smallest iron-sulphur phases have an iron-sulphur

ratio between mackinawite and greigite. Iron monosul-

phides have been acknowledged as important precursors

in the formation of pyrite (Berner, 1970; Canfield et al.,

1992; Wilkin & Barnes, 1996). Pyritization has been

observed to occur through different pathways including:

(i) the polysulphide pathway consisting of adding S0 to

the iron-sulphur precursor (Rickard, 1975; Luther, 1991);

(ii) the ferrous iron loss pathway (Wilkin & Barnes,

1996) where oxidants such as O2, nitrate, Fe(III), Mn(IV)

or organic matter allow the release of a Fe2+ ion or (iii)

the H2S pathway consisting of a solid state reaction

(Drobner et al., 1990; Rickard & Luther, 1997; P�osfai

et al., 1998). Transformation of mackinawite to greigite,

and greigite to pyrite necessitate similar reactants,

although kinetic limitations highlighted by Hunger &

Benning (2007) prevent the full transformation of macki-

nawite to pyrite in sulphur limiting conditions.

The data presented here are consistent with a pyritiza-

tion process in which S0 is added to iron-sulphur precur-

sors and suggests a transitional path from mackinawite to

greigite and eventually to pyrite in the Dead Sea core,

with limiting S0. Although no general rate can be

observed since a clear correlation is not seen between pyr-

ite content and depth, it seems that progressive sulphida-

tion as suggested by Sweeney & Kaplan (1973) and

Schoonen & Barnes (1991) allows pyrite formation in the

Dead Sea. This sulphidation is most probably the result

of microbial sulphate reduction in the Dead Sea sediment.

Such a process has been identified in the present Dead

Sea (H€ausler et al., 2014) where it can benefit from very

sharp salinity gradients formed, for example, by underwa-

ter fresh water springs.

Sulphate reduction rates in the sediment are, however,

supposed to be very slow because of the high salinity and

low input of fresh carbon (H€ausler et al., 2014). It means

that the production of sulphide from an allegedly infinite

sulphate source in most of the deep Dead Sea sediment (as

observed from gypsum saturation), is limited. Recently,

Bishop et al. (2013) suggested that sulphate reduction in

the Dead Sea sediment does not even proceed all the way

to hydrogen sulphide, because of the lack of an electron

donor. Such hypotheses are based on the sulphur isotope

composition of native sulphur concretions found in the

Lisan Formation. Bishop et al. (2013) argue that the

absence of pyrite in the sulphate-rich Dead Sea sediment is

linked to this incomplete sulphate reduction terminating

at S0, thus allowing mackinawite and greigite, and some-

times pyrite, to coexist, supporting observations from

Hunger & Benning (2007) in limiting sulphur conditions.

Changes in limnological regimes results in
switches in microbial processes

Microbes in stratified versus mixed water column
in the Dead Sea

Microbial life in the Dead Sea is limited by the amount

of energy required to equilibrate with a highly
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concentrated external medium. As such, metabolic path-

ways are selected for their efficiency (Oren, 2010). In such

a setting, the lake biosphere benefits from freshwater

inputs in different ways: (i) a lowering of the salinity of

the upper water column, forming a salinity gradient

within the lake, (ii) input of normally life limiting nutri-

ents and (iii) creation or input of fresh and labile organic

matter (Oren, 1983; Oren et al., 1995).

Periods of lake stratification are thus characterized by

an upper layer hosting primary production and a hypo-

limnion where anaerobic degraders, such as sulphate

reducing bacteria or fermenters, can degrade the pro-

duced organic matter (Nissenbaum & Kaplan, 1976; Torf-

stein et al., 2005; Ariztegui et al., 2015). This is reflected

by microbial communities in the resulting sedimentary

facies (Thomas et al., 2015). On the other hand, during

holomictic periods (generally dominant when evaporation

largely exceeds precipitation), the absence of water dilu-

tion, in conjunction with nutrient starvation and lack of

labile organic matter, only allows extreme halophiles such

as archaeal members of the Halobacteria class to develop

and subsist in the water column and in the subsequent

sediment (Bodaker et al., 2010; Thomas et al., 2015).

The data presented here agree with such inferences.

The presence of framboidal and euhedral pyrite (Fig. 5A

and C) in the microbial mat can be explained by the

complete sulphate reduction encouraged by the presence

of a salinity gradient in the pond and fresh organic mate-

rial provided by Dunaliella algae. Furthermore, it is pro-

posed that pyrite occurs only when enough fresh organic

matter is transported to the sediment, with potentially

sufficient dilution of the hypolimnion (as suggested by

Lazar et al., 2014). Such events could have occurred at

the climax of glacial periods in the Dead Sea Basin, for

example, during the Lisan period, as observed in the core

(Table 1 and Fig. 6). Pyrite could therefore be used as a

productivity proxy in the deep Dead Sea sediment. Differ-

ential occurrences of iron-sulphur minerals, in particular

greigite, in halite and AAD facies also support major

variations in the iron, sulphur and carbon cycles in each

limnological setting.

Cycling of iron, sulphur and carbon in the
dynamic Dead Sea

Examination of changes in major and minor elements in

the water column of the Dead Sea during its latest turn-

over (winter 1978–1979) revealed the impact of lake strat-

ification on the sulphur and iron cycles. Nishri & Stiller

(1984) estimated that all dissolved iron in the lake’s water

column had oxidized within a year after the complete

penetration of oxidant waters to the depth of the lake.

Iron-sulphur minerals, which used to be observed

precipitating directly in those bottom waters, were also

fully replaced by iron oxy-hydroxides. Neev & Emery

(1967) demonstrated the direct precipitation of iron-sul-

phur minerals on ropes hanging in the hypolimnion of

the Dead Sea before its complete mixing in 1978. Mea-

surement of ferrous iron concentrations in the lake at this

time supported a diffusion of dissolved reduced iron from

the sediment (Nishri & Stiller, 1984). Analysis of ground-

water present in the Dead Sea shore subsurface supports

the slow but efficient reduction of iron in the hypersaline

subsurface (Kiro et al., 2013). Syngenetic iron-sulphur

precipitation is thus possible in the Dead Sea hypolim-

nion, and probably consumes the available ferrous iron in

this water until HS� or Fe2+ is no longer available. The

subsequent particulate iron is eventually incorporated

within the sediment.

Although available iron reacts with sulphide, shallow

sediments only harbour greigite phases, and rarely show

pyrite chemistry. Greigite is, for example, seen infilling

the chambers of allochtonous foraminifera (Fig. 9) that

could originate from ponds around the lake (Almogi-

Labin et al., 1992). The organic matter they provide

would be readily available for sulphate reducing organ-

isms in the lake. Ferrous iron ions in the water column

may allow precipitation of iron sulphides. Iron sulphides

within the sediment, however, would enter a zone where

fresh organic matter and thus HS� becomes less available.

Similarly, ferrous iron may become less available. Rims of

greigite around titano-magnetite (Fig. 8) would support

such limitations. Canfield et al. (1992) demonstrated that

although iron sources are available in the sediment, the

reactivity of iron is the key factor in subsurface environ-

ments. Potentially, iron oxides form a source of reactive

iron in this setting, allowing diagenetic iron sulphide

development in the sediment at relatively slow rates.

Eventually, growth may continue in the deeper sediment,

if enough sulphide accumulates and is allowed to react

with iron.

In a fully mixed and halite-precipitating water column,

the microbial cycles start only in the shallow sediment,

and are relatively slow as no salinity gradient is expected

in the deep subsurface. Microbial reduction is thought to

be limited and diagenetic transformation occurs at rela-

tively low and steady rates, similar to what could be

observed in the deeply buried AAD, but with less labile

organic matter available.

Interactions and redox gradients are probably very dif-

ferent from conditions in the shallow parts of the lake.

Most information available on the cycling of iron and sul-

phur in the Dead Sea has been derived from environ-

ments where groundwater interacts with the deep brine of

the core (Kiro et al., 2013; Avrahamov et al., 2014). The

deep sediment experiences almost no interaction with
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diluted groundwater and mainly interacts with brine. It is

thus likely that the relatively active processes observed in

the shores of the Dead Sea, like microbial sulphate reduc-

tion, methanogenesis, anaeorobic oxidation of methane

and iron reduction and oxidation (Ionescu et al., 2012;

Avrahamov et al., 2014), are extremely limited in the

deep sediment. Cycles of iron, sulphur and carbon must

then be seen very differently in the deeper part of the

lake. New work, potentially arising from the study of

DSDDP cores, will allow better characterization of the

processes at stake in this very peculiar subsurface environ-

ment.

Microbial effects on early diagenesis in the
deep Dead Sea sediment

Aragonite precipitation in the Dead Sea: abiotic
or microbially influenced?

Precipitation of aragonite occurs in the Dead Sea when

magnesium/calcium-rich brines of the hypolimnion

encounter carbonate-loaded fresher water of the epil-

imnion. This is thought to occur either through simple

addition of these carbonates (Barkan et al., 2001), or

through alkalinity rise during CO2 escape caused by evap-

oration, or by CO2 consumption by photosynthetic

blooming organisms (Neev & Emery, 1967; Begin et al.,

1974; Kolodny et al., 2005). Carbonate ions thus seem to

be limiting the precipitation of aragonite in the Dead Sea.

As a result, their production in the sediment or at the

water sediment interface could be a potential trigger in

the precipitation of aragonite, especially since associated

metabolic processes promote a rise in alkalinity (Dupraz

& Visscher, 2005).

Dupraz et al. (2009) have listed potential mechanisms

for enhancing calcium carbonate precipitation. Among

them, complete sulphate reduction would permit the

release of EPS-bound Ca2+ as well as carbonate ions by

degradation of EPS, raising alkalinity and the CaCO3 sat-

uration index (Visscher et al., 1998, 2000). Effects of sul-

phate reduction on alkalinity have been lately discussed

by Meister (2013) and, in particular, the fact that the pro-

duction of one H+ per mole of reduced sulphate also

leads to a pH decrease, hence to more carbonate dissolu-

tion than precipitation. Such a model seems to be depen-

dent on the type of organic matter used as electron donor

(Gallagher et al., 2014).

In the case of the Dead Sea, degradation of EPS and

the release of bonded calcium is not required, as sug-

gested in the process of biologically induced mineraliza-

tion (Dupraz et al., 2009), since calcium is already

present in the porewater at extreme concentration. The

use of formate or hydrogen as an electron donor for SRB

could thus also promote carbonate precipitation in the

form of aragonite (Gallagher et al., 2012), and is known

to occur at high salinity for various species (Oren, 2010).

The presence of nanospheres in the mat (Fig. 11C),

and what seems to resemble the transformation of the

organic matrix to calcium carbonate minerals (Fig. 11D),

may thus be influenced by the microbial production of

carbonate ions in the sediment, from the available

allochthonous or autochthonous organic matter. These

nanoglobules have been recognized to be the initiating

stage of calcium carbonate precipitation in numerous

EPS-rich environments (Benzerara et al., 2006; Bontognali

et al., 2008; Spadafora et al., 2010), or to be preferentially

associated with sulphate reducing bacteria (Aloisi et al.,

2006). Eventually, they lead to the formation of stellate

aragonite clusters, embedded in, or originating from, the

biofilm sheet remains (Fig. 11D–F) as, for example, those

observed in the marine stromatolites of Highborne Cay,

Bahamas (Reid et al., 2000). The final aragonite morphol-

ogy is similar to other aragonite precipitates (needles or

stellate clusters) in the Dead Sea. Clustering into stars

may occur through EPS related nucleation, but also via

nucleation on the surface of detrital minerals or bacterial

surfaces (Spadafora et al., 2010). No direct morphological

characteristic can thus be identified as the only result of

the influence of EPS on aragonite precipitation.

While potentially observable in the mat (but not

recorded in the bulk aragonite carbon isotopes; unpub-

lished data), microbially influenced aragonite precipita-

tion is unlikely to occur in the core. First of all, no visible

proof was identified. An absence of nanoglobules or of

conclusive aragonite-EPS interactions and morphologies

tends to discriminate against such pathway. Second, this

pathway would depend on the complete degradation of

organic matter through microbial activity, which is not

supported by the data presented here. Instead, this study

supports either a slow and/or incomplete sulphate reduc-

tion, as previously demonstrated in the Dead Sea environ-

ment (Bishop et al., 2013; H€ausler et al., 2014), which

would have a limited effect on the alkalinity of the sedi-

mentary micro-environment (Dupraz & Visscher, 2005).

The impact of calcium carbonate generated via sulphate

reduction on the Dead Sea environment should then be

minor compared to the huge amount of aragonite needles

precipitating in the water column: 15 mol m�2 y�1 in

Lake Lisan (Stein et al., 1997), and 1�4 mol m�2 y�1 after

heavy flooding during winter, 1992 (Barkan et al., 2001).

Stable isotopic measurements of bulk aragonitic carbon

did not indicate specifically microbially induced fractiona-

tion, although some measured values are relatively low

(unpublished), suggesting that the impact of such a path-

way on the total aragonitic pool is minimal. However, it

is relevant in order to better understand future diagenetic
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processes affecting porosity and organic matter degrada-

tion in hypersaline sediments.

Iron-sulphur minerals as diagenetic imprint of the
deep Dead Sea sediment

This study supports diagenetic development of greigite in

the deep sediment. This process had already been high-

lighted by Ron et al. (2006) and Frank et al. (2007). Iron

sulphide rims regularly observed around titano-magnetite

in AAD intervals (Figs 7A and 8) suggest rapid reaction

of soluble sulphide with dissolved iron originating from

the detrital iron fraction. This would undoubtedly affect

the magnetic signal of the Dead Sea sediment, as sug-

gested by Rowan & Roberts (2006). Iron-sulphur precipi-

tates have been observed in the halite sections of the core

too, when gypsum is an associated evaporative phase

(Fig. 10). The detrital component seems to be the source

of iron there, and iron-sulphur forms around the gypsum

minerals. Different behaviours are thus observed, whether

the focus is on sediments derived from arid or more

humid periods. This suggests that reduction may also

occur in holomictic settings, while it has so far been

described mainly from the sediments of Lake Lisan or in

general in a stratified lake (Nissenbaum, 1975; Torfstein

et al., 2008). This early diagenesis may, however, be

erased by a second stage, if sediments are exposed in out-

crop and desiccate. For example, neither greigite nor pyr-

ite has been observed in the Masada sections of Lake

Lisan (Torfstein et al., 2005; Bishop et al., 2013) and

halite intervals dissolve when exposed.

The iron and sulphur cycles are greatly influenced by

microbes in the Dead Sea subsurface with phase changes

from gypsum sulphate to HS�, S0, and iron-sulphur min-

eralization. The quality of the available organic carbon is

critical to the formation of these phases. It also appears

that the processes vary depending on whether halite-rich

intervals precipitating during arid periods are examined,

or AAD intervals characteristic of more humid episodes.

Similar to the effects on microbial communities (Arizte-

gui et al., 2015; Thomas et al., 2015), freshwater inputs

largely affect the precipitation and diagenetic processes in

the deep Dead Sea Basin.

CONCLUSION

The Dead Sea is a unique system that can hardly be com-

pared to any other hypersaline systems. It possesses some

hypersaline biological system characteristics such as

specifically adapted microbial communities. However, the

latter develop at much slower rates, and with different

limiting conditions (low sulphide, high calcium and mag-

nesium concentrations). The drilled record sheds light on

the evolution of deep sediments before they undergo

dehydration or dissolutive transformation. It implies dia-

genetic transformations occurring in the deeper part of

the basin as follow:

• The formation of iron-sulphur mineralization empha-

sizes the existence of a microbial sulphur cycle influenc-

ing mineral precipitation and organic matter

preservation.

• Iron-sulphur minerals are relatively small and often

close to greigite in composition, supporting a slow or

incomplete microbial sulphate reduction in the Dead

Sea sediment, whether arid or more humid conditions

prevail. On the other hand, the occurrence of authi-

genic pyrite may be an important marker of lake pro-

ductivity.

• The iron cycle is also influenced by secondary dissolu-

tion and re-precipitation of magnetic fractions.

• Comparison with an active microbial mat of the Dead

Sea shore allowed exopolymeric substances to be

detected in the core sediments. Identified mainly based

on morphology, they have the potential to serve as

templates for aragonite precipitation at depth, implying

that aragonite may not only form in the water column

under conditions previously envisaged.

Together, these findings support the existence of living

microbes in the sediment of the Dead Sea, and remain

the only proof for their metabolic activity. Finally, these

results have strong implications regarding the fate of

organic matter and on processes involved in mineraliza-

tion and porosity development from the perspective of

diagenetic evolution of hypersaline subsurface systems.

They also support the microbial impact on the sedimen-

tological and geochemical record of the deep Dead Sea

sediment. Such observations must be taken into account

in future palaeoenvironmental reconstructions.
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Supporting Information

Additional Supporting Information may be found online

in the supporting information tab for this article:

Figure S1. Scanning electron microscope photograph of

an aragonite needle of the microbial mat embedded in

EPS after cryo-dehydration. EDS measurements 1 presents

an enrichment in Chlorine (Cl), Magnesium (Mg) and

Calcium (Cl) that could result in the loading of these ions

onto the EPS. As a comparison, measurement 2 taken on

the aragonite needle is mainly composed of CaCO3. Peaks

of Mg and Cl could be related to the EPS composition.

They could also be part of other mineral phases under-

neath the EPS and aragonite needle, which are not visible

here.
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