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Abstract

In situ microsensor measurements were combined with
biogeochemical methods to determine oxygen, sulfur,
and carbon cycling in microbial mats growing in a solar
saltern (Salin-de-Giraud, France). Sulfate reduction rates
closely followed the daily temperature changes and were
highest during the day at 25�C and lowest during the
night at 11�C, most probably fueled by direct substrate
interactions between cyanobacteria and sulfate-reducing
bacteria. Sulfate reduction was the major mineralization
process during the night and the contribution of aerobic
respiration to nighttime DIC production decreased. This
decrease of aerobic respiration led to an increasing con-
tribution of sulfide (and iron) oxidation to nighttime O2

consumption. A peak of elemental sulfur in a layer of
high sulfate reduction at low sulfide concentration
underneath the oxic zone indicated anoxygenic photo-
synthesis and/or sulfide oxidation by iron, which strongly
contributed to sulfide consumption. We found a signif-
icant internal carbon cycling in the mat, and sulfate
reduction directly supplied DIC for photosynthesis. The
mats were characterized by a high iron content of
56 lmol Fe cm)3, and iron cycling strongly controlled
the sulfur cycle in the mat. This included sulfide pre-
cipitation resulting in high FeS contents with depth, and
reactions of iron oxides with sulfide, especially after
sunset, leading to a pronounced gap between oxygen and
sulfide gradients and an unusual persistence of a pH peak
in the uppermost mat layer until midnight.

Introduction

Hypersaline environments supporting extensive growth
of cyanobacterial mats include natural shallow coastal
areas (e.g., [25, 33, 48]) and man-made solar salterns
(e.g., [5, 7, 8, 42]). Solar salterns generally consist of a
series of shallow ponds with progressively increasing
salinity due to evaporation. Thick and cohesive microbial
mats dominated by the filamentous cyanobacterium
Microcoleus chthonoplastes are found in ponds with
salinities ranging from �60 to 120& [7, 41].

Hypersaline microbial mats are characterized by
closely coupled biogeochemical cycles of O2, sulfur and
carbon [3, 57]. Due to the close proximity of the different
groups of mat-inhabiting microorganisms and the small
vertical scale of the active layer, different processes closely
interact, leading to efficient turnover of major electron
acceptors/donors in the upper few millimeters of
microbial mats (reviewed in [50]). Dissimilatory sulfate
reduction, the dominant process of anaerobic carbon
mineralization in hypersaline microbial mats, occurs in
all mat layers, even in the highly oxygenated surface layer
[2, 17, 27]. However, the produced sulfide only accu-
mulates just underneath the oxic zone due to rapid sul-
fide oxidation in the uppermost mat layer in the presence
of oxygen. Thus, the anoxic zone is in general completely
represented by the sulfidic zone and a sharp transition
between the oxic and the sulfidic zone occurs in hy-
persaline microbial mats as a narrow zone of overlapping
O2 and sulfide gradients [28, 46, 57].

In this study, the biogeochemistry of iron-rich hy-
persaline cyanobacterial mats from a pre-concentration
pond of the Salin-de-Giraud saltern, Camargue, France,
is described. In situ microsensor measurements (O2, H2S,
pH) were performed over a diel cycle and combined with
biogeochemical methods for determination of sulfate
reduction rates, pools of iron, and oxidized sulfur
intermediates. Iron-rich microbial mats composed of
phototrophs or iron bacteria have previously been found
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in freshwater and some marine settings such as hydro-
thermal vent systems [4, 9, 11, 12, 31, 43]. To our
knowledge, this study is the first biogeochemical study of
an iron-rich hypersaline microbial mat system.

Materials and Methods

Microsensor Measurements of O2, pH, and H2S Depth

Profiles. Clark-type O2 [44] and H2 S microsensors
[35] connected to a picoammeter (UniSense A/S, Den-
mark), and a glass pH microelectrode [45] connected to
a high-impedance mV-meter (MasCom, Germany) were
fixed together and operated via a motorized microma-
nipulator (Märzhäuser, Germany; Oriel, USA) mounted
on a heavy solid stand. Microsensor signals were re-
corded with strip chart recorders (Servogor, UK) and a
computer data acquisition system (LabView, National
Instruments, USA). Measurements were done in situ
from a small measuring platform placed in a shallow pre-
concentration pond of the Salin-de-Giraud saltern,
France. All electronic instruments were operated via
batteries.

The O2 microsensor had a tip diameter of 8 lm, a
stirring sensitivity of �0%, and a response time, t90, of
�0.3 s. The H2S microsensor had a tip diameter of 15 lm
and was coated with a black enamel paint to avoid light
interference [35], and additionally with a white enamel
paint to avoid heating of the sensor when exposed to
sunlight. The pH-sensitive tip of the pH microelectrode
was 150 lm long and 20 lm in diameter.

The O2 microsensor was linearly calibrated on site
from readings of microsensor current in the overlying
water and in the anoxic part of the mat (0% O2).
Dissolved O2 concentrations in the overlying water were
determined by Winkler titration [21]. The H2S and the
pH microelectrodes were calibrated in the laboratory of
the salt company at Salin-de-Giraud prior to the in situ
measurements. The pH microelectrode was calibrated in
standard buffer solutions (Radiometer, Denmark).
During the diel cycle, the pH of the overlying water was
regularly determined with a pH meter (Radiometer,
Denmark) calibrated in the same buffer solutions. The
reading of the pH microelectrode in the overlying water
was adjusted to the measured pH of the water. After the
field experiment, the pH microelectrode was calibrated
in the laboratory (Marine Biological Laboratory, Uni-
versity of Copenhagen) as a function of temperature to
correct for the effect of temperature variations during in
situ measurements. The H2S microsensor was calibrated
in anoxic buffer solution (0.2 M phosphate buffer,
pH 7.5) by adding increasing amounts of a sulfide stock
solution of known concentration. Microsensor signals
were recorded after each addition when stable readings
were reached. Calculation of dissolved hydrogen sulfide
(H2S) and total sulfide (H2Stot) concentration from H2S

and pH microsensor data were done according to
Wieland and Kühl [57], using pK1 values calculated
from in situ temperatures [24]. In the following, total
sulfide, H2Stot, denotes the sum of H2S, HS), and S2)

concentrations.
Water salinity and temperature were measured with

a refractometer (Atago, Japan) and a digital thermometer
(Omnitherm, Germany). The downwelling scalar irradi-
ance at the mat surface (Eod) was determined with an
underwater quantum scalar irradiance meter (QSL-101,
Biospherical Instruments, USA).

Oxygen fluxes were calculated from microsensor data
as described in Wieland and Kühl [57]. Sulfide fluxes
were calculated from the linear part of the respective total
sulfide profiles using Fick’s first law of diffusion, esti-
mating mat porosity (0.9) and the sediment diffusion
coefficient as described in Wieland and Kühl [57]. Sulfide
fluxes represent areal net rates of sulfide production/
consumption, i.e., net sulfide turnover rates in the mat.
However, they do not represent a net production of
sulfide by the mat, since all sulfide produced by sulfate
reduction is consumed within the mat.

Determination of DIC and O2 Fluxes from Core Incu-

bations. Fluxes of dissolved inorganic carbon (DIC)
and O2 were determined in the afternoon (16:25 h), just
before midnight (23:32 h), and in the early morning
before sunrise (4:14 h), whereas flux determinations
around noon were impossible because of experimental
difficulties.

A Plexiglas core (52 mm i.d.) was inserted in the
mats leaving an appropriate water volume above the
enclosed mat surface (�21 cm2). For the incubations in
closed chambers, a transparent lid with a mounted stirrer
magnet and a port for a robust O2 electrode [19] was put
on top of the core. Before and after each incubation 10-
mL water samples were transferred into screwcapped
glass vials (Exetainers, Labco, UK) containing 100 lL of a
saturated HgCl2 solution to stop biological activity. The
samples were kept cold and dark until DIC concentra-
tions were quantified with a CO2 analyzer (Coulometer
CM5012, UIC, USA). After insertion of the O2 electrode,
the change of dissolved O2 concentration in the chamber
was recorded with a strip chart recorder (Servogor, UK).
Stirring of the water during incubations was realized with
a battery-driven watertight magnetic-stirrer. The lid was
removed again to allow re-equilibration with the sur-
rounding pond water after each incubation.

The flux of oxygen, JOx, was calculated as:

JOx ¼ a � V � A�1 ð1Þ

where a is the initial rate of oxygen depletion or accu-
mulation after closing the lid, A is the mat surface area
within the core, and V is the volume of the enclosed
water above the mat.
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The flux of inorganic carbon, JDIC, was calculated as:

JDIC ¼ ðCt � C0Þ � V � ðA � tÞ�1 ð2Þ

where t is the incubation time, and C0 and Ct are the DIC
concentrations at the start and at the end of the incu-
bation, respectively.

Rate Measurement and 2D Mapping of Bacterial

Sulfate Reduction. Triplicate mat cores (18 mm i.d.)
were collected at defined times during the diel cycle in
truncated 20-mL plastic syringes. Twenty-five microliters
of 35SO4

2) tracer (600 kBq, salinity 100&) were added to
the uppermost centimeter of each mat core by five ver-
tical injections. The cores were incubated for 45 min at in
situ conditions and then immediately frozen in liquid
nitrogen and finally stored at )80�C. Prior to analysis,
the frozen mat cores were sliced with a razor blade at
horizontal depth-intervals of �1 mm. The slices were
immediately transferred into tubes containing 5% ice-
cooled zinc acetate and homogenized. Sulfate reduction
rates were determined by the single-step chromium
reduction method [15, 27].

The two-dimensional distribution of sulfate reduc-
tion was determined at high spatial resolution by incu-
bating 35SO4

2)-labeled silver foil in the mat (Visscher PT,
pers. comm.; [47, 54]). Pieces of silver foil (25 · 17 ·
0.1 mm; Sigma, USA) were cleaned with acetone, rinsed
with Milli-Q water, treated with 0.1 M HNO3 for 1 min,
and rinsed with Milli-Q water again. Both sides of the
cleaned foils were subsequently coated with 35S-labeled
sulfate with a specific activity of 239 MBq mL)1 and
28 g L)1 NaCl. For this, foil pieces and tracer-soaked
(60 lL) Kimwipes were stacked and left to dry in a
closed Petri dish for about 24 h. With a scalpel a cut of
3 cm length and about 2 cm depth was made in a
freshly sampled mat piece, and the silver foil was care-
fully inserted. After an incubation time of 3 to 13.5 h
the foil was removed and washed five times with hy-
persaline water from the sampling site to remove
residual 35SO4

2). The reduced sulfate, which had pre-
cipitated as Ag35S on the foil surface, was then digitally
mapped with a b-microimager (Biospace Mésures,
France) using a scanning time of 1 h.

Determination of Iron (Fe(II)/Fe(III)) and Sulfur Inter-

mediates (S0, S2O3
2), SO3

2)). For determination of
iron and oxidized sulfur intermediates at specific times
during the diel cycle, mat cores taken with truncated 5-
mL plastic syringes were immediately frozen in liquid
nitrogen and stored on dry ice and finally at )80�C
until further processing. The upper 6–9 mm of the
frozen mat cores was thin-sectioned with a cryomicro-
tome (Microm, Germany) at )37�C and a horizontal
depth resolution of 300 lm. The frozen slices were

immediately transferred into Eppendorf tubes contain-
ing either (a) 1 mL H2SO4 (15.5 mM) for subsequent
determination of iron and manganese, (b) 100 lL of
ZnCl2 (5%) for later S0 determination, or (c) 100 lL of
bimane reagent (16 mM mono-bromobimane in aceto-
nitrile) and 100 lL of HEPES/EDTA buffer (160 mM/
16 mM, pH 8) for the determination of thiosulfate and
sulfite.

After an extraction time of 2 h, samples for iron and
manganese determination were centrifuged and the
supernatant was stored at 4�C until further analysis.
Extracted Fe2+, Fe3+, and Mn2+ ions were separated by
ion chromatography and detected at 530 nm after post-
column derivatization with the metal complexing agent
4-(2-pyridylazo)resorcinol as described in detail else-
where (Dionex Technical Note 10, method A). With this
procedure, iron sulfide (FeS) and siderite (FeCO3) were
completely extracted from the mat, whereas iron oxides
were probably only incompletely extracted.

Mat slices fixed for S0 determination were frozen
again until further processing. Elemental sulfur was ex-
tracted with methanol (1 mL) for about 16 h on a rotary
shaker and quantified by RP-HPLC and UV-detection at
265 nm as described by Zopfi et al. [58].

After a derivatization time of 30 min, slices for
thiosulfate and sulfite determination were fixed with
100 lL MESA (200 mM, methanesulfonic acid) and
either kept on ice if analyzed at the same day or,
alternatively, frozen again and kept at )20�C. Quanti-
fication of thiosulfate and sulfite was performed by
gradient RP-HPLC and fluorescence detection as de-
scribed in [58].

Total HCl extractable iron (Fe(II) + Fe(III)) in the
top 6 mm of hypersaline microbial mats from our sam-
pling site as well as from the Ebro Delta (Spain) [40] and
Solar Lake (Egypt) [33] was determined by incubating
the samples with 1 M HCl for 48 h, thereby extracting
FeS, FeCO3, and poorly crystalline iron oxides [53].
Subsequently, 20–50 lL extract was added to 2.5 mL of
reducing ferrozine solution (0.4 g L)1 ferrozine + 10 g
L)1 hydroxylamine hydrochloride in 50 mM HEPES) and
measured at 562 nm [37, 53].

Mat cores for determination of solid-phase sulfur
species were collected two times during the diel cycle and
were sliced and fixed as described above. Acid volatile
sulfur (AVS = H2Stot + FeS) and chromium reducible
sulfur (CRS = S0 + FeS2) were determined by a two-step
distillation with 6 M HCl followed by boiling in a 1 M
acidic CrCl2 solution [15]. The liberated H2S was col-
lected in AgNO3 traps and the dry weight of the Ag2S
precipitate was determined. After AVS determination,
total iron (Fe(II) + Fe(III)) was determined in the extract
of the HCl-acidified mat samples as described above.
Fe(II) was determined by using ferrozine solution with-
out hydroxylamine hydrochloride.
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Results

Mat Structure and Composition. The hypersaline
microbial mat investigated in this study covered the
bottom of a pre-concentration pond in the Salin-de-
Giraud solar salt works, located on the Mediterranean
French coast in the Rhône Delta (Camargue, France; [7]).
The water height in this pond normally does not exceed
�20 cm [16] and is influenced by water exchange with
adjacent ponds, regulated by the salt company. The 5- to
8-cm-thick mat had a soft light-brownish surface and was
very cohesive and finely laminated underneath. The
surface layer was composed of diatoms (mainly Nitzschia
sp.), unicellular cyanobacteria, and remnants of mos-
quito pupae. Below, filamentous cyanobacteria, mostly
Microcoleus chthonoplastes, formed a distinct dark-green
cohesive band. In the upper part of the mat, also white
bands of filamentous sulfur-oxidizing bacteria (Beggiatoa
sp.) and bands of rusty-brown color were observed. The
detailed microbial composition and depth-zonation of
major bacterial groups in the mat will be published
elsewhere (A. FourÇans et al., in prep.). This analysis of
mat samples taken simultaneously during the diel cycle in
June 2001 showed besides the presence of different
populations of sulfate-reducing (SRB) and purple an-
oxygenic bacteria (PAB) in the uppermost 4 mm of the
mat, also diel migration patterns of some of these pop-
ulations. Biomarker, microscopic, and molecular analyses
of mats taken in 2000 and spectral scalar irradiance
measurements with fiber-optic microprobes in mats ta-
ken in February 2001 revealed the presence of different
populations of cyanobacteria (mainly M. chthonoplastes),

SRB (e.g., Desulfovibrio sp., Desulfobacter sp.), PAB (e.g.
Halochromatium salexigens, Roseospira marina, Rhodob-
acter sp., Ectothiorhodospira sp.), and green Chloroflexus-
like bacteria [16]. The reduced mat layers at greater
depths had a salient metallic black appearance. However,
after air exposure and subsequent oxidation, alternating
green and brown bands composed of buried Microcoleus-
and iron-rich layers became visible.

Diel Variation of Environmental Parameters and Mi-

crogradients. A pronounced diel variation of both
water temperature and salinity was found (Fig. 1). Water
temperature was highest in the afternoon (25�C) and
lowest in the early morning (11�C). After an initial drop,
salinity strongly increased from 72 to 94& and decreased
again in the early morning of the second day. Such
pronounced variations were mainly caused by water ex-
change with adjacent ponds. During the first day of
measurements, strong winds prevailed in the morning
and afternoon causing an elevated water level in the
pond. Because of sluice opening by the company, the
water level then dropped significantly during the night,
leading to a change of the water flow.

Oxygen concentration within the mat increased
during the day until the afternoon (16:33 h) and then
decreased with decreasing irradiance (Fig. 2A, upper
panel). During the first day of measurements, O2 pene-
tration was highest in the afternoon and early evening
after cessation of the wind. At irradiances <50 lmol
photons m)2 s)1 (after 21:00 h), O2 penetration gradually
decreased (profiles not shown) to 0.4 mm during the
night (Fig. 2B, upper panel). In the morning of the sec-

Figure 1. In situ variation of water
temperature and salinity during a diel cycle
in the pre-concentration pond of the Salin-
de-Giraud solar salt works.
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ond day, O2 penetration was highest and the oxic zone
was confined to the top 1.5 mm of the mat.

During daytime, the upper sulfide boundary was
located at 1.7 mm depth (8:20–16:33 h), and maximal

sulfide concentrations and the steepness of the sulfide
gradients only slightly increased. The oxic and the sulfidic
zones were separated by a zone of 0.4–0.6 mm (Fig. 2A).
The pH increased in the uppermost part of the mat due

Figure 2. In situ depth profiles of O2, pH, H2S, and
total sulfide (H2Stot) at specific times during the diel
cycle. (A) Profiles during daytime and (B) during
nighttime and morning of the second day of the diel
cycle. Note different scales.
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to photosynthetic CO2 fixation (Fig. 2A, lower panel).
Below this peak, pH decreased again due to respiration,
sulfide oxidation and fermentation in the different zones
of the mat. Both the peak of pH and the zone of elevated
pH increased during the day, reaching maximum values
of pH 9.5 in the evening.

After sunset, when both oxygenic and anoxygenic
photosynthesis ceased, O2 concentration and penetration
rapidly decreased (Fig. 2B, upper panel). The upper
sulfide boundary, however, did not move significantly
upward until midnight, resulting in an increased gap
between the lower O2 and the upper sulfide boundary of
�1 mm. During this period of �2–3 h of darkness, an
atypical peak of pH (pH 9.1–9.2) persisted in the up-
permost mat layer (Fig. 2B, lower panel), which was
obviously not related to photosynthetic activity. Before
sunrise (4:26 h), pH finally strongly decreased in the
uppermost mat layers, as often found in dark-incubated
hypersaline microbial mats [46, 57]. At this time, sulfide
was also detectable in the uppermost mat layers, resulting
in a narrow zone of O2 and sulfide overlap. After sunrise
and onset of photosynthesis, O2 concentration and pen-
etration depth, the depth of the upper sulfide boundary
and the pH in the uppermost mat layer increased again.

Diel Variation of O2 Fluxes. The O2 flux across the
mat–water interface, representing areal rates of net pho-
tosynthesis (Pn), covaried with the incident irradiance
(Fig. 3). At 91 lmol photons m)2 s)1 (20:48 h), the mat
turned from net O2 production to a net O2 uptake. At
low irradiances during sunset, O2 consumption rates
()Pn) initially increased and decreased then to a lower
rate of dark O2 consumption during the night. At sunrise,

net photosynthesis gradually increased again and a net O2

production was detected at an irradiance of 71 lmol
photons m)2 s)1 (6:52 h).

Diel Variation and 2D Distribution of Sulfate Reduction

Rates. Sulfate reduction rates were significantly
higher during the day than during the night (Fig. 4). At
all times, sulfate reduction rates (SRR) were highest in
the top 5 mm of the mat and showed a clear maximum
below 1 mm depth. Also by two-dimensional mapping of
SRR with the silver foil technique, a clear zonation of
maximal SRR underneath the surface was found (Fig. 5).
Maximal sulfate reduction activity was, however, detected
at greater depths (�4–6 mm depth). A clear horizontal
lamination pattern of SRR within the upper 16 mm and
the occurrence of local zones of increased SRR were re-
vealed by this technique. Both sides of the silver foil
showed a similar pattern of alternating mat layers of high
and low activity with depth (Fig. 5, right).

Areal rates of sulfate reduction (aSRR), obtained by
depth-integration of the data shown in Fig. 4, increased
in the morning to maximal rates at noon and then de-
creased again in the early evening, following the diel
temperature oscillation (Fig. 6a). Maximal rates during
the day were >6 times higher than minimal rates during
the night. The aSRR showed a linear correlation with the
covarying daily temperature and Eod changes (R = 0.94
and 0.97), but not with the depth-integrated O2 con-
centration in the mat (R = 0.57, data not shown).

The apparent temperature dependence of sulfate
reduction was expressed by a high activation energy of
99 kJ mol)1 and a resulting Q10 of 4 over the temperature
range from 15 to 25�C (Fig. 6b). Although the sulfide

Figure 3. In situ areal rates of net
photosynthesis (Pn) in the Camargue
microbial mat over a diel cycle. The dotted
line shows the downwelling scalar irradiance
at the mat surface (Eod).
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fluxes (JH2Stot) calculated from the microprofiles (Fig. 2)
showed a similar pattern to the aSRR, the difference
between both rates varied strongly during the diel cycle
(Fig. 6a). Calculated sulfide fluxes (JH2Stot) are measures
of net rates of sulfide production below the variable
depth in the mat where production exceeds consump-
tion, whereas aSRR represent gross rates of sulfide pro-

duction. A difference between gross and net sulfide
production rates can result from diverse sulfide removal
mechanisms. These include biological and chemical sul-
fide oxidation in the oxic layer, anaerobic oxidation by
anoxygenic photosynthesis, polysulfide formation, and
oxidation by iron and manganese oxides, as well as FeS
precipitation.

Figure 4. Isopleths of in situ volumetric
sulfate reduction rates (SRR) in the
Camargue microbial mats. Each cross
represents the mean of triplicate SRR
measurements.

Figure 5. Two-dimensional distribution of sulfate reduction as determined with the silver foil technique (left). Mean vertical depth
profiles of sulfate reduction as determined by averaging over the width of the front and back side of the incubated silver foil (right).
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Sulfur Intermediates (Elemental Sulfur, Thiosulfate,

Sulfite). Peaks of elemental sulfur (S0), thiosulfate
(S2O3

2)) and sulfite (SO3
2)) were detected at �1–2 mm

depth during daytime (Fig. 7), indicating intense sulfide
oxidation. Elemental sulfur was the dominant sulfur
intermediate and high contents of 40–50 lmol S0 cm)3

were detected in this layer (Fig. 7a). The content of S0 in
the top 6 mm of the mat increased in the morning to a
maximum in the afternoon (14:57 h) and then decreased
again to minimal contents in the night (Fig. 7d). This

and the localization of the S0 peak right underneath the
oxic zone (Fig. 7a) in the layer of high SRR at simulta-
neous low sulfide concentrations (Figs. 2A, 4) points to
anoxygenic photosynthesis.

Iron (Fe(II), Fe(III), FeS, CRS). The iron content
in the uppermost 6 mm of the mat was much higher than
in other hypersaline Microcoleus chthonoplastes-domi-
nated microbial mats (Table 1). The iron contents of
mats located in river deltas along the Mediterranean coast

Figure 6. Areal rates of sulfate reduction
(aSRR) determined by depth-integration
of the data shown in Fig. 4, and sulfide
fluxes (JH2Stot) determined from the
microsensor profiles shown in Fig. 2, over
the diel cycle (a). The dotted line shows
diel temperature variations, (b) Arrhenius
plot of aSRR.
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(Camargue and Ebro Delta mats) were significantly
higher than the ones from the hypersaline Solar Lake,
Egypt, and from evaporation ponds in Guerrero Negro,
Mexico.

High contents of Fe(II) were detected in the Ca-
margue mat below 2 mm depth both during the day and
night (Fig. 8a), indicating a pronounced sulfide precipi-
tation by iron. FeS contents amounted to >60 lmol cm)3

at 4–5 mm depth, and strongly increased further at
greater depths (Fig. 9a). Maximal Fe(III) contents were
much lower than maximal Fe(II) contents (Fig. 8),
probably due to incomplete Fe(III) extraction. Further-
more, manganese contents were low compared to the
iron contents and were nearly constant with depth
(Fig. 8c). However, these Mn(II) contents rather repre-
sent total manganese, because potentially present man-
ganese oxides were rapidly reduced by Fe2+ during
extraction.

In the uppermost 2 mm of the mat, the ratio of re-
duced (acid volatile) sulfur (S) to Fe(II) was <1 (Fig. 9c).
In this mostly oxic and Fe(III)-rich mat layer, efficient
sulfide reoxidation by O2, Fe(III), and anoxygenic pho-
tosynthesis prevented an accumulation of a free sulfide
pool and a precipitation of FeS (Figs. 9a, c). Thus, the
Fe(II) pool in that mat layer was mainly composed of
other iron species than FeS.

Figure 7. Depth profiles of elemental
sulfur (S0) (a), thiosulfate (S2O3

2)) (b), and
sulfite (SO3

2)) (c) at 12:37 h, as determined
in two mat core samples (triangle, circle).
Note different scales. The dotted line
represents O2 penetration depth at 11:32 h.
(d) Mean content (n = 4) of S0 in the
uppermost 6 mm of the mat over the diel
cycle. Error bars indicate standard
deviation.

Table 1. Iron content of the uppermost 6 mm of different hy-
persaline cyanobacterial mats

lmol Fe cm)3

Camargue 55.7
Ebro Deltaa 24.2
Solar Lake 4.6
Guerrero Negrob 4.7
aOnly uppermost 5.3 mm.
bB. Thamdrup pers. comm. (iron extracted by the same procedure as in the
other mats).
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In the anoxic layer at 2–5 mm depth, which exhib-
ited lower Fe(III) and highest Fe(II) contents (Figs 8a, b)
at maximal sulfate reduction rates (Fig. 4), the S to Fe(II)
ratio approached �1 because of an almost complete
precipitation of Fe(II) as FeS. In this and in deeper anoxic
layers precipitation of FeS was the dominant process of
sulfide removal leading to increasing FeS contents with
depth. In the anoxic mat layers (2–10 mm), FeS was
much more abundant than CRS (FeS2 + S0) (Figs. 9a, b).
Only a minor fraction of the CRS pool consisted of FeS2

as found by subtraction of S0 (Fig. 7) from CRS. Pyrite
formation did not increase with depth, and FeS was thus
the dominant form of iron sulfide within the upper
centimeter of the mat. A clear difference of 14 lmol cm)3

of CRS between the day and night profile was observed at
2 mm depth (data not shown) supporting the diel dy-
namic of the S0 pool (Fig. 7d).

Diel Variation of Total DIC and O2 Fluxes. In the
afternoon and around midnight, total O2 fluxes deter-
mined by mat core incubations were approximately twice
as high as the diffusive fluxes determined from measured
O2 microprofiles, whereas in the morning before sunrise
both total and diffusive fluxes were more or less identical
(Table 2). The DIC fluxes in the afternoon were lower
than the corresponding total O2 fluxes, whereas the
opposite was observed in the night. The DIC to O2 flux
ratio was 0.75 in the afternoon and 1.83 and 1.93 during
different times in the night, respectively. Assuming that
2 mol CO2 were produced per mol sulfate reduced, sul-
fate reduction within the mat was the major DIC source
during daytime (DICSRR) as calculated from the aSRR
(Fig. 6). The bulk of the nighttime DIC fluxes out of the
mat originated from sulfate reduction (64–99%), which
was clearly the major process of carbon mineralization.

Discussion

Total and Diffusive Oxygen Fluxes. Oxygen fluxes
across the mat–water interface were determined from
microprofiles measured in situ (diffusive O2 fluxes) and
from core incubations (total O2 fluxes). The major dif-
ferences between diffusive and total O2 fluxes (Table 2)
were due to different flow conditions, surface topogra-
phy, and microheterogeneity. The diffusive flux is mainly
determined by the activity in a particular microzone and
by the topography of the surrounding mat surface [29,
30]. Diffusive fluxes are generally lower than measured
total fluxes [3] as a flat mat surface is assumed for the
flux calculations from O2 microprofiles, potentially
underestimating the true surface area [29]. Total flux
measurements over a known surface area are less senstive
to local changes of surface topography and hence give a
better estimate of average mat activity. Yet, the fluxes of

Figure 8. Average depth profiles (n = 2–3)
of Fe(II) (a), Fe(III) (b), and Mn(II) (c) in
the mat at 14:53 h (open symbols) and
3:43 h (closed symbols). Note different
scales.

Figure 9. Average depth profiles of FeS (a) and CRS (FeS2 + S0)
(b) determined in two mat cores from 12:37 h and 3:43 h, rep-
ectively. (c) Ratio of acid volatile sulfur (FeS + H2Stot) to Fe(II)
content, S/Fe(II).
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O2 across the mat–water interface are also strongly af-
fected by the flow velocity [29, 34], as well as by the
presence of microsensors [18]. Since the water flow
changed during the diel cycle, the observed differences
between diffusive and total fluxes were most probably
mainly due to a different flow regime in situ and within
the core. Although diffusive fluxes better reflect in situ
rates, the advantage of core incubations is, however, that
under in situ light and temperature conditions the total
DIC flux can be determined together with the total O2

flux, which allows correlation of oxygen cycling with the
carbon cycle of the mat.

Total Oxygen and DIC Fluxes. Carbon fixation
and O2 production by oxygenic photosynthesis during
daytime results in a net uptake of DIC and release of O2

from the mat. A DIC to O2 conversion ratio of >1 is
typically found in cyanobacterial mats [3, 13] and dia-
tom-dominated shallow-water sediments [14]. This was
explained either by production of oxidized carbon in
light and subsequent consumption during the night [3]
or by an underestimation of net photosynthesis by the
measured O2 flux due to pronounced O2 consumption by
the oxidation of metal sulfides accumulated during
darkness [13, 14].

The DIC to O2 flux ratio <1 found in this study and
the calculated DIC production by sulfate reduction (Ta-
ble 2) indicate a significant CO2 production within the
mat and direct phototrophic fixation of the CO2 pro-
duced by sulfate reduction. A close coupling between
autotrophic and heterotrophic processes in hypersaline
microbial mats has been reported in the literature [3, 20,
56].

Assuming that the C oxidation state of produced and
mineralized organic matter is on average zero and that
ammonia is the major nitrogen source, an increased
internal CO2 supply to the phototrophic community
does only result in a ratio of <1 for DIC and O2 fluxes if
this internal CO2 fixation is not accompanied by a
simultaneous increase of O2 consumption in the mat.
Main CO2-producing processes in illuminated mats are
aerobic respiration and sulfate reduction. In the oxic
zone, CO2 production by both processes results in a

simultaneous and equivalent O2 consumption; in the case
of sulfate reduction due to immediate reoxidation of the
produced sulfide to sulfate (2 mol O2 consumed per mol
sulfide oxidized). Sulfate reduction just underneath the
oxic zone, however, could lead to diffusional DIC supply
to the phototrophs without a contemporary and equiv-
alent O2 consumption if the produced sulfide is effi-
ciently removed, e.g., via reactions with iron or by
anoxygenic photosynthesis.

During daytime, a gap between the oxic and sulfidic
zone was detected in the Camargue microbial mat
(Fig. 2). In the layer just underneath the oxic zone SRR
were highest, anoxygenic photosynthesis was indicated by
the peak of S0, and Fe(II) and FeS contents were high. We
speculate that sulfate reduction just underneath the oxic
zone could have supplied DIC to both oxygenic and
anoxygenic phototrophs and that the high iron content
together with anoxygenic photosynthesis could efficiently
remove the produced sulfide leading to a DIC to O2 flux
ratio <1. The proposed mechanism is new for hypersaline
microbial mats and is only relevant in the presence of
high iron concentrations and/or high rates of anoxygenic
photosynthesis.

The determined ratio of 1.8–1.9 between nighttime
DIC and O2 fluxes (Table 2) shows that O2 uptake rates
strongly underestimate carbon mineralization during the
night [3, 14], assuming that carbonate dissolution does
not significantly contribute to nighttime DIC fluxes [13].
Dark O2 consumption in hypersaline microbial mats is
limited by the diffusive O2 supply from the overlying
water caused by the constraints on mass transfer imposed
by the DBL [56]. A ratio of nighttime DIC to O2 fluxes
>1, as typically found in mats, could also partly be due to
consumption of oxidized carbon accumulated during the
day in periods of high photosynthesis [3]. It was shown
in hypersaline mats that glycolate can serve as potential
substrate for sulfate-reducing bacteria [17] and that
aerobic heterotrophic bacteria can grow on cyanobacte-
rial photosynthetic excretion products [26].

Sulfate Reduction. In the Camargue mats, sulfate
reduction clearly dominated carbon mineralization and
accounted for maximally 64–99% of the DIC released

Table 2. DIC and O2 fluxes from core incubations of a mat (total fluxes) and O2 fluxes determined from microsensor profiles
(diffusive fluxes, Fig. 3) measured at different times during the diel cycle

Time
(h)

Diffusive
O2 flux

(nmol cm)2 s)1)

Total
O2 flux

(nmol cm)2 s)1)

Total
DIC flux

(nmol cm)2 s)1)

Total
DIC/O2

flux

Total
DICSRR

(nmol cm)2 s)1)
Total DICSRR

(% of total DIC flux)

16:25 0.133 0.256 )0.192 0.75 0.414a 216
23:32 )0.029 )0.053 0.098 1.83 0.063 64
4:14 )0.030 )0.041 0.078 1.93 0.077 99

Negative fluxes denote solute uptake, positive fluxes release from the mat. Total DIC production by sulfate reduction in the mat (DICSRR) calculated from
aSRR at corresponding times (Fig. 6).
aMeasured at 14:57 h.
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from the mat during nighttime (Table 2). Thus, the
contribution of organotrophic aerobic respiration de-
creased from �36% of the total DIC flux at midnight to
�1% in the early morning before sunrise. This contri-
bution would be even lower if Fe(III) and/or S0 served as
electron acceptors for respiration or if carbonate disso-
lution contributed to the DIC efflux during the night.
Assuming that 1 mol DIC is produced per mol O2 re-
spired, aerobic respiration would account for �66% and
�1% of the total O2 flux (Table 2). Thus, �34% to
�99% of the nighttime O2 consumption rate was due to
oxidation of reduced compounds such as sulfide and
Fe(II)/FeS.

Our data clearly show that internal carbon cycling
and especially sulfate reduction is the most important
DIC source for photosynthetic CO2 fixation (Table 2).
Previous studies showed that daytime DIC production by
sulfate reduction was lower than the DIC influx from the
overlying water [3]. Thus, sulfate reduction plays a sig-
nificant role in the Camargue microbial mats and is
quantitatively more important for carbon mineralization
and substrate interactions with phototrophs than hith-
erto found in other hypersaline mats.

Temperature apparently played an important role in
the regulation of in situ bacterial sulfate reduction activity
in the Camargue microbial mats (Fig. 6). Sulfate reduc-
tion rates closely following daily temperature variations
in hypersaline microbial mats were also found by
Jørgensen [27]. However, the Q10 of sulfate reduction in
the Camargue mat of 4 is one of the highest values found
for microbial mats and saltmarsh sediments [1, 27, 49].
The strong increase of sulfate reduction during the day
indicates a sufficient supply of organic carbon substrates
either directly from the phototrophic community in the
form of photosynthate or from fermentation in the an-
oxic zone. Sufficient or even excessive availability of or-
ganic carbon substrates is a prerequisite for the observed
strong temperature response of SRR. Thus, our data
strongly indicate that photosynthesis and sulfate reduc-
tion are tightly coupled via photosynthate and CO2

turnover [3, 17].
Maximal rates of sulfate reduction during the day at

23�C amounted to 0.208 nmol cm)2 s)1, which is within
the upper range of rates reported for hypersaline micro-
bial mats. Daytime sulfate reduction rates of 0.028–
0.212 nmol cm)2 s)1 were found in mats from the Mex-
ican saltern at Baja California at temperatures of 20�C and
30�C, respectively, with lower SRR (<0.083 nmol cm)2

s)1) being more representative for this mat [3]. Sulfate
reduction rates of 0.010–0.521 nmol cm)2 s)1 were de-
tected in gypsum crusts from the Salin-de-Giraud saltern
at higher salinities [5] and of 0.038 nmol cm)2 s)1 in mats
kept in a hypersaline pond [27].

The silver foil technique revealed a horizontal lami-
nation pattern, possibly caused by alternating organic

rich and poor layers. A small-scale heterogeneity of sul-
fate reduction was also observed, which may reflect an
inhomogeneous distribution of suitable substrates for the
SRB. A patchy distribution of photosynthesis and respi-
ration including co-occurrence of microzones of maxi-
mum photosynthesis and respiration activity was also
shown for hypersaline microbial mats, most probably as a
result of tightly coupled substrate interactions between
autotrophs and heterotrophs [20]. Furthermore, some
SRB from hypersaline microbial mats tend to aggregate,
e.g., in response to O2 [32].

Sulfate Reduction Rates and Sulfide Fluxes. The
difference between aSRR and microprofile-derived sulfide
fluxes varied strongly during the diel cycle (Fig. 6a) due
to various sulfide removal mechanisms. They led to rel-
atively low sulfide concentrations at simultaneous high
sulfate reduction rates (Fig. 4) and to a gap between the
oxic and the sulfidic zone (Fig. 2). The large difference
during the day was probably mainly caused by anoxy-
genic photosynthesis. Besides anoxygenic photosynthesis,
also reactions of sulfide with Fe(III)-oxides in the up-
permost mat layers according to

2FeOOH þ 3HS� þ 3Hþ ! 2FeS þ S0 þ 4H2O ð3Þ

and possibly also

2FeOOHþHS�þ2HCO�
3 !2FeCO3þS0þ3OH�þH2O

ð4Þ

contributed to the observed difference between sulfate
reduction rates and sulfide fluxes. Sulfide oxidation by
Fe(III) was probably most significant after sunset (22:10–
23:49 h) in the top �2 mm (Figs. 2, 8), where Fe(III)
accumulated during daytime in the former oxic zone
reacted with the produced sulfide (Fig. 10). The occur-
rence of these reactions was also indicated by the unusual
persistence of a pH peak in the surface layer from sunset
until midnight and the increasing gap between the oxic
and sulfidic zone when O2 penetration decreased in that
time interval (Fig. 2B).

Other processes contributing to the difference be-
tween aSRR and sulfide fluxes both during the day and
night included sulfide precipitation by iron (Figs. 9, 10)
and aerobic oxidation of sulfide produced in the oxic
zone, where sulfate reduction activity was detected
throughout the day (Figs. 4, 5).

Iron Cycling. Iron cycling mainly occurred within
the uppermost �1.5 mm of the mat, i.e., the oxic zone
during the day (Fig. 10). In this mat layer, Fe(II) and FeS
accumulated during the night and were reoxidized during
sunrise and onset of oxygenic photosynthesis. Increasing
irradiance and therefore increasing oxygenation of the
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Figure 10. Scheme depicting the major biological processes and abiotic reactions in the different layers of the Camargue mat during the
day, sunset, night and sunrise. Left: Schematic depth distribution of O2, pH, and sulfide concentrations in the uppermost �2.5 mm of the
mat. Center: Major biological processes with PS denoting oxygenic photosynthesis, Resp: aerobic respiration; Rox: chemolithotrophic
sulfide oxidation; SRR: sulfate reduction; and APS: anoxygenic photosynthesis. Production of a solute is indicated by fi and solute
consumption by ‹, with a dashed arrow line indicating that the occurrence of the biological process is not certain. Microbial iron
reduction and chemolithotrophic iron oxidation were omitted in the scheme, because it can only be speculated on their occurrence. Right:
Abiotic reactions ( fi ) of the different solutes. [H2S] indicates that the produced H2S does not accumulate because of high turnover rates.
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mat during the day led to accumulation of Fe(III).
Reduction of Fe(III) occurred at the same time in the oxic
layer via the H2S produced by sulfate reduction, but
Fe(III) predominated due to rapid re-oxidation of the
formed Fe(II). During sunset at decreasing O2 penetration
and concentration but constant depth of the upper sulfide
boundary, the accumulated Fe(III) pool in this layer re-
acted with the produced sulfide (Eqs. 3, 4), leading to an
unusual persistence of a pH peak and an increased gap
between the oxic and sulfidic zone until at least midnight.
After exhaustion of the Fe(III) deposits toward the end of
the night, FeS and free sulfide accumulated in this layer,
which was again reoxidized during sunrise.

Iron cycling could have also occurred during the day
in the layer between the oxic and the sulfidic zone.
However, since O2 does not reach this depth, a pre-
requisite for iron cycling would be production of Fe(III)
by Fe2+-dependent anoxygenic photosynthesis in this
layer at suitable light conditions. This Fe(III) would react
immediately with the produced sulfide (Eq. 3) in this
layer of high sulfate reduction activity and might have, in
addition to sulfide-dependent anoxygenic photosynthe-
sis, also contributed to the detected S0 peak (Fig. 7).
Sulfate reduction and FeS precipitation at greater depth
underneath the oxic zone and the zone of anoxygenic
photosynthesis led to burial and therefore buildup of a
pronounced FeS and reduced sulfur pool with depth
(Fig. 9).

The elevated iron contents clearly affected the bio-
geochemistry and especially the sulfur cycle of the Ca-
margue microbial mat by significantly reducing the free
sulfide pool at high sulfate reduction rates and by de-
coupling direct O2–sulfide interactions especially during
sunset and sunrise, but also during the day together with
anoxygenic photosynthesis.

Besides abiotic reactions with O2 and sulfide, diverse
direct microbial processes can be involved in iron cycling,
such as anoxygenic photosynthetic oxidation of Fe(II)
and FeS by purple and green phototrophic bacteria [22,
23, 51, 55]. Furthermore, it has been proposed that cy-
anobacteria could perform a Fe2+-dependent photosyn-
thesis [6], and Pierson et al. [43] found that Fe(II)
additions stimulated photosynthetic carbon fixation in
some microbial mats of iron-depositing hot springs.
From our data, however, it cannot be concluded whether
iron-dependent photosynthesis occurred underneath the
oxic zone, since the Fe(III) produced by this process
would immediately be reduced abiotically by the pro-
duced sulfide in that layer (see above and Fig. 10). Thus,
both the iron and S0 data do not allow a distinction
between sulfide- and iron-dependent photosynthesis and
only indicate that anoxygenic photosynthesis took place
in that layer.

Aerobic microbial iron oxidation would probably be
confined to the oxic–anoxic interface [10]. At the pre-

vailing pH during day- and nighttime, ranging from pH
�7 to 9.5, abiotic iron oxidation with O2 could pre-
dominate, although microbial iron oxidation cannot be
completely excluded. Another potential oxidant of iron is
H2O2 [39], which can be a by-product of oxygenic
photosynthesis [38]. Microbial Fe(III) reduction by dif-
ferent groups of bacteria [36, 52] cannot be excluded, but
because of the very high sulfate reduction rates, most of
the iron was probably reduced abiotically by reactions
with sulfide. Thus, iron cycling was mainly controlled by
chemical reactions with sulfide and O2, as indicated in
our biogeochemical data.

The high iron contents found in the Camargue mats
have to our knowledge not been found in other hypers-
aline microbial mats. The higher iron contents in
microbial mats from river deltas (Ebro Delta, Rhône
Delta) compared to mats from other sites (Table 1) point
to an input of, e.g., iron-rich clay minerals during
microbial mat growth. Cornée et al. [7] proposed that
during strong winds and floods over the levees and dykes
of the Salin-de-Giraud saltern, sand from these barriers
and sediment from the river delta could be transported
into the ponds. The observed lamination pattern of vis-
ible iron-rich bands in the mats indicates a noncontin-
uous, periodical deposition of iron.

Conclusions

A high iron content was found in the Camargue mat,
which decoupled direct oxygen–sulfide interactions dur-
ing most of the diel cycle. Despite of the elevated iron
content, the mat biogeochemistry was mainly driven by
the sulfur cycle. Anoxygenic photosynthesis contributed
to sulfide turnover and sulfate reduction was the domi-
nant mineralization process and DIC source for photo-
synthesis. Reactions of the produced sulfide with iron
(reduction, precipitation) and partial re-oxidation of
Fe(II) by photosynthetically produced O2 dominated
iron cycling in the mat. This mat system is an excellent
model system to study the dynamics of iron and sulfur, as
well as trace metal geochemistry, and may serve as a re-
cent analogue to iron-rich shallow-water microbial mats
as they occurred in the Proterozoic.
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56. Wieland, A, Kühl, M (2000) Irradiance and temperature regulation
of oxygenic photosynthesis and O2 consumption in a hypersaline
cyanobacterial mat (Solar Lake, Egypt). Mar Biol 137: 71–85
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