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Abstract

We investigated the hypothesis that sulfate reduction rather than oxygenic photosynthesis promotes calcification
in a hypersaline microbial mat by increasing the ion concentration product: ICP 5 [Ca21] 3 [CO ]. Pore-water22

3

calcium concentration profiles directly measured with microsensors show that calcium concentration in the photic
zone decreased in illuminated mats and increased slightly in dark mats. High pH values in the photic zone of
illuminated mats resulted in higher carbonate concentrations (2.25 mmol L21) than in dark mats (0.75 mmol L21),
although the dissolved inorganic carbon (DIC) pore-water concentration in the former was much lower (5.9 mmol
L21) than in the latter (9.9 mmol L21). The pH-induced rise in carbonate concentration in the light was the main
factor influencing the ICP, while changes in Ca21 concentration played a subsidiary role. Sulfate reduction did not
result in a net pH increase in these mats, as rates in the photic zone were comparable between illuminated and dark
mats (4 and 5 nmol cm22 h21, respectively), and pH increased in illuminated mats but not in dark mats. Calcium
carbonate precipitation in the photic zone of these hypersaline mats is primarily controlled by photosynthesis-
induced pH and carbonate concentration increases. However, heterotrophic bacteria, including sulfate reducers, play
an important complementary role in calcification because they maintain high concentrations of DIC in the mat pore
water.

The mechanisms by which biological processes influence
calcification in stromatolites and microbial mats are not fully
understood, despite its importance in understanding the or-
igin of fossil stromatolites. The present distribution of mi-
crobial mats, laminated benthic structures that are regarded
as homologs of stromatolites, by far exceeds that of recent
stromatolites (Krumbein et al. 1977; Margulis et al. 1980;
Des Marais 1990). Although microbial mats occur world-
wide in freshwater, marine water, and hypersaline waters
(Van Gemerden 1993), the distribution of true microbial stro-
matolites is confined to a few marine coastal (Reid et al.
2000; Visscher et al. 2000) and freshwater (Laval et al. 2000;
Garcia-Pichel et al. 2004) locations. Ancient stromatolites
were widely distributed in the Precambrian world and be-
came preserved because they were calcifying. Being the first
fossilized evidence for life on earth, knowledge about stro-
matolite calcification provides a key to elucidate environ-
mental conditions during that time. The extrapolation from
calcification in modern communities to stromatolites re-
quires detailed knowledge about how biological processes

1 Corresponding author (hjonkers@mpi-bremen.de).

Acknowledgments
We are indebted to Tim Ferdelman for help with SRR measure-
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and brine chemistry influence calcification in recent micro-
bial systems. Despite numerous studies (Chafetz and Buc-
zynski 1992; Paerl et al. 2001; Kühl et al. 2003), calcifica-
tion mechanisms of benthic microbial communities are not
fully understood, and results are often controversially dis-
cussed (Arp et al. 2003, 2004; Kazmierczak and Kempe
2004). Calcification is the process in which Ca21 and CO22

3

combine to precipitate as calcium carbonate. Seawater and
brines are often supersaturated with respect to calcium car-
bonate (i.e., the product of calcium and carbonate ions in
solution is larger than the stoichiometric solubility product
K ), where K 5 [Ca21]sat 3 [CO ]sat, and saturation refers22* *sp sp 3

to the total equilibrium ion concentration (free plus com-
plexed ions) in a solution (Zeebe and Wolf-Gladrow 2001).
The CaCO3 saturation state, V, is expressed as follows:

V 5 [Ca21][CO ]/K22 *3 sp (1)

(Zeebe and Wolf-Gladrow 2001). The higher the supersatu-
ration (V . 1) with respect to calcium carbonate, the more
likely the calcium carbonate precipitates. To calculate the
CaCO3 saturation state, ion activities rather than ion concen-
trations are often considered (Stumm and Morgan 1996).
However, the former cannot be directly measured, and the
conversion from concentrations to activities at typical sea-
water salinities, let alone for hypersaline waters, requires un-
certain calculations of activity coefficients (Zeebe and Wolf-
Gladrow 2001). In this study, we therefore considered the
ion concentration product of calcium carbonate (ICP 5
[Ca21] 3 [CO ]) as an appropriate quantity to clarify cal-22

3

cification mechanisms in microbial mats and stromatolites.
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Fig. 1. Picture of laminated Lake Chiprana mat with clearly
visible calcium carbonate layers (double-headed arrow) and inter-
spersed crystals (single-headed arrows).

All microbial processes that increase the ICP of calcium car-
bonate will increase the likelihood of calcium carbonate pre-
cipitation. Calcification in stromatolites or microbial mats
has been attributed either to photosynthetic or heterotrophic
bacteria. The former group is thought to change the carbon-
ate equilibrium by increasing pH and carbonate concentra-
tion during high rates of CO2 fixation (Riding 2000; Arp et
al. 2001). Heterotrophs, and particularly sulfate-reducing
bacteria, are thought to increase local calcium concentrations
through the mineralization of calcium-binding extracellular
polymeric substances (EPSs) (Visscher et al. 2000; Paerl et
al. 2001). Furthermore, sulfate reduction might increase
DIC, but also pH, and thereby shift the carbonate equilibri-
um toward the CO ion (Visscher et al. 1998). Although22
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both mechanisms may account for calcification in microbial
mats and stromatolites, direct evidence for either hypothesis
has proven difficult to obtain due to the microscale at which
these processes occur. Understanding what drives calcifica-
tion is the first step in determining why only some microbial
mats calcify, while other mats in comparable environments
do not. Microsensor techniques may overcome methodolog-
ical restrictions imposed by the microscale and are the ideal
tool to study the microenvironmental controls of calcification
potential in mats or stromatolites (Kühl et al. 2003; Garcia-
Pichel et al. 2004). In recent studies, for example, the cal-
cification mechanism in scleractinic corals was elucidated by
application of microsensors (de Beer et al. 2000; Al-Horani
et al. 2003). The goal of our study was to elucidate whether
phototrophy or heterotrophy (by sulfate-reducing bacteria)
increased the ICP and thereby induced calcification in a hy-
persaline microbial mat. Mats from ‘‘La Salada de Chi-
prana,’’ northeastern Spain, were chosen as a model system,
as both oxygenic photosynthesis and sulfate reduction are
known to occur at high rates. The spatial and temporal dis-
tribution of calcification was determined for the first time
using Ca21 microsensors to measure depth profiles of Ca21

pore-water concentration in light and dark incubated mats.
The other component of the ICP [CO ] was calculated from22

3

DIC pore-water and pH microsensor data. In addition, rates
of the processes potentially involved in calcification, sulfate
reduction, and oxygenic photosynthesis were measured using
35SO and fast-responding oxygen microsensors, respective-22

4

ly.

Materials and methods

Microbial mat description—Microbial mat samples were
collected in May 2001 from ‘‘La Salada de Chiprana’’ (Lake
Chiprana) located in northeastern Spain (418149N, 08109W).
The lake has a total surface area of 0.31 km2 and lies on the
Upper Oligocene–Miocene Caspe Formation that is mainly
composed of sand stones and silt stones. The average salinity
of the lake water is around 78, and the ionic composition is
dominated by magnesium sulfate (SO 500 mmol L21;22

4

Mg21 320 mmol L21). A detailed description of the water
composition and the microbial mat community composition
has been published (Jonkers et al. 2003). The mats, collected
from a water depth of approximately 40 cm, were composed
of visually distinct horizontal layers that were characterized

by various species of diatoms, Chloroflexus-like bacteria, cy-
anobacteria, and calcium carbonate precipitates (Fig. 1).
Abundant populations of aerobic heterotrophic, purple and
colorless sulfur, and sulfate-reducing bacteria were also pre-
sent (Jonkers et al. 2003). Microbial mat samples were trans-
ported to Bremen, Germany, and incubated under natural
light conditions in a greenhouse in aquaria filled with water
from the sampling site. Microsensor measurements of oxy-
gen and photosynthesis profiles, which were routinely mea-
sured during the incubation period, were not different from
those measured in situ under similar light conditions, which
indicates that physiological processes did not change to a
major extent during the laboratory incubations.

Microsensor measurements—Microbial mat cores (ø5 cm;
1.5 cm thick) taken from the greenhouse-incubated mats
were transferred to the laboratory to a temperature-controlled
flow-through chamber. The mat pieces were subsequently
incubated in the dark or in the light (500, 1,000 mmol pho-
tons m22 s21) using a fiber-optic lamp (KL 1500, Schott).
After steady-state oxygen profiles were obtained, microsen-
sor profiles of oxygen, pH, calcium, and H2S were measured
sequentially at the same spot. We have no evidence that the
repeated penetration induced an artifact, as the initial profiles
are not different from the profiles measured later at the same
spot. Locating the measuring spot, as well as determining
the surface, was achieved with the help of a dissection scope
(SV6, Zeiss). Preparation and calibration of oxygen micro-
sensors (tip diameters of 10 mm) were performed according
to Revsbech (1989). Preparation of H2S microsensors (tip
diameters of 15 mm) was performed according to Kühl et
al. (1998), and the calibration procedure is described in Wie-
land and Kühl (2000). pH and calcium concentration were
measured with ion-specific liquid ion-exchange (LIX) glass
microsensors with tip diameters of 10 mm (de Beer et al.
2000). In addition to microsensor measurements, Ca21 con-
centrations in pore-water samples obtained by centrifugation
of 2-mm discrete depth layers were determined by atomic
absorption spectroscopy (AAS). Gross photosynthesis rates
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were measured with fast oxygen microsensors that had a tip
diameter of 5 mm using the light : dark shift method accord-
ing to Revsbech and Jørgensen (1983). Profiles of all param-
eters were measured at least threefold in mats incubated un-
der the specified light conditions.

Estimation of pore-water carbonate concentrations—Car-
bonate concentrations in microbial mat pore water and over-
lying water were estimated from measured pH profiles and
dissolved inorganic carbon (DIC) concentrations. DIC pore-
water concentrations were measured in aliquots extracted
from distinct 1-mm mat slices using a Shimadzu TOC-
5050A Total Organic Carbon Analyzer. Hereto, intact mat
cores were preincubated for 5 h either in the dark or in the
light at 500 mmol photons m22 s21. Cores were subsequently
sliced in 1-mm intervals, and these were immediately cen-
trifuged mildly (10 min at 6,000 3 g) to obtain supernatant
(pore water) without disrupting cells. The carbonate ion con-
centration at distinct depth intervals was estimated from the
measured pH profiles and DIC concentrations in dark and
light incubated mats according to the following:

[CO ] 5 [DIC]/(1 1 10 )22 (2ph1pK )2
3

with a pK2 value of 8.94 (calculated for 208C and a salinity
of 80 as recommended in Zeebe and Wolf-Gladrow [2001]).
Water temperature in the laboratory set-up during light and
dark incubation was kept constant at 208C. The pore-water
CO2 concentrations were insignificant at the prevailing pore-
water pH values and could thus be ignored.

Sulfate reduction rates in dark and light incubated mats—
Sulfate reduction rates (SRRs) were measured and calculated
using a modification of the whole-core tracer incubation
method (Jørgensen 1978). Microbial mat cores of ø1.5 cm
and $1-cm depth were incubated with 2 mL of in situ water
overlying the core at 208C either at 500 mmol photons m22

s21 or in the dark. Fifty microliters of radiotracer (35SO ;22
4

0.2 MBq mL21, Amersham) was injected vertically per core.
Ten injections of 5 mL each were evenly distributed through-
out the core to improve label distribution. The homogeneous
distribution of labels after 10 min was confirmed by imaging
the label distribution in 1-mm slices with a PhosphorImager
(Molecular Dynamics). After incubation (0, 10, 15, 20, 40,
and 60 min), sulfate reduction was terminated by placing the
intact core in liquid N2. Cores were subsequently sliced into
1-mm horizontal slices using a cryomicrotom (microm HM
505E, 2308C) and fixed in 20% ZnAc. Samples were pro-
cessed using the cold chromium distillation procedure (Kall-
meyer et al. 2004), which is based on the single-step chro-
mium reduction method as described by Fossing and
Jørgensen (1989). The activities of 35SO and TRIS (total22

4

reduced inorganic sulfur) were determined using a liquid
scintillation counter (2500 TR, Packard), and the scintillation
cocktail used was Lumasafe Plus (Lumac BV, Holland). Sul-
fate was determined by nonsuppressed ion-chromatography
and conductivity detection (model WISP 712, Waters).

45Ca radioisotope incubation of mat samples—One-cen-
timeter-thick cores were sampled from the greenhouse-in-
cubated mats using cutoff plastic syringes (ø1.6 cm). Filtered

(0.2 mm; 4 mL) Chiprana lake water was carefully added on
top of the mat samples, and radioactive incubations were
subsequently performed with these cores. Radioactive cal-
cium (45Ca21, Amersham Pharmacia Biotech) was added as
the tracer (3 KBq mL21) to the water phase and carefully
mixed. The amount of radiotracer added was negligible com-
pared to the calcium concentration of the Chiprana water (17
mmol L21). Three series of incubations were run in paral-
lel—two biotic (light and dark) and one killed control (light
plus formaldehyde, 4% final concentration) at room temper-
ature. Light incubated mats were illuminated with a Schott
KL 1500 fiber-optic lamp (500 mmol photons m22 s21). Each
series consisted of three mat cores, which were incubated
for distinct periods (1.25, 3.25, and 6.25 h). The incubations
were terminated by the addition of formaldehyde (4% final
concentration) to the water phase. After 5 min, the super-
natant water of formaldehyde-fixed cores was removed, and
the intact mat cores were washed three times with 4-mL
aliquots of 0.2-mm filtered Chiprana lake water and subse-
quently frozen overnight (2208C). Frozen mat samples were
vertically cut in 1-mm-thick slices, which were additionally
washed three times in 0.2-mm filtered Chiprana lake water
before being air dried on microscope slides. During the
washing and microscopic slide preparation procedure, the
originally compact microbial mat slices expanded to almost
double their size, as determined by surface area measure-
ments. This expansion was corrected for in all presented
data. Samples were covered with scintillation foil and ana-
lyzed by beta microimaging. Three mat slices were analyzed
for each experimental condition. Uptake and spatial distri-
bution of radioactive calcium was quantified using a beta
emission microimager (Micro Imager, Biospace Mesures).
This type of imager allows the quantification of radioactive
slides with a spatial resolution of 10 mm; see Laniece et al.
(1998) for a detailed description of the beta microimager
working principle. The scan time for each sample was fixed
at 30 min. Obtained images were analyzed with the Beta-
vision software package provided by the manufacturer,
which also allows surface determination by analyzing a si-
multaneously taken photograph. In addition to total counts,
counts were horizontally averaged over a width of 4 mm
parallel to the surface for depth intervals of 100 mm down
to 2-mm depth. Because the scan time was fixed and the mat
sizes were comparable for all samples and experimental con-
ditions, obtained total surface counts and depth-integrated
counts could be directly compared among all samples. The-
oretical distribution of 45Ca21 radiotracer in the microbial
mat in space and time was estimated using the diffusion
equation below for a semi-infinite medium after Crank
(1975). This equation applies to conditions where the con-
centration at the boundary is kept at a constant concentration
C0, and the initial concentration is 0 throughout the medium.

Ct 5 C0 erfc(x 3 (2ÏDt)21)

where Ct is the concentration at a given time, C0 is the initial
concentration, D is the diffusion coefficient at 208C, t is the
time, x is the depth, and erfc is the error function comple-
ment.

According to these calculations, the radiotracer concentra-
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Fig. 2. Averaged microsensor profiles of (A) O2, (B) H2S, (C) pH, and (D) Ca21 6 standard
deviation measured in dark and light incubated mats (light 1 corresponds to a light intensity of 500
mmol quanta m22 s21; light 2 corresponds to 1,000 mmol quanta m22 s21). The number of replicates
measured is indicated in the legend. Panel B: The H2S electrodes were light sensitive, despite a
black coat to minimize this effect. Therefore, only data points deeper than 0.55 mm were considered.
The hatched part of panel D represents Ca21 microsensor measurements in sulfide containing layers.

tion at 2-mm depth after a 6-h incubation was 80% of the
concentration in the overlying water.

Results

Location and identification of carbonates—A vertical cut
through the studied mat (Fig. 1) shows that carbonate crys-
tals in Lake Chiprana mats form discrete layers of approxi-
mately 100-mm thickness or are interspersed as grains of up
to 500 mm in diameter. The uppermost continuous layers of
deposits are located at 1-mm depth and at the mat surface.
Deeper layers are found at 4 and 6 mm, the strata that most
likely contain older mat layers. FTIR (Fourier Transform in-
frared spectroscopy) (Böttcher et al. 1997) showed that 80%
of the carbonate fraction from the photic zone (0–3 mm)
consisted of aragonite, with a minor fraction of calcite.

Microsensor profiles—Microsensor measurements
showed that the most pronounced differences in pH, Ca21,
and O2 between dark and light incubations occurred in the
top millimeter of the mat (Fig. 2). Photosynthetic oxygen
evolution led to a supersaturation of up to five times air
saturation in the top millimeters of the mat. The depth of
the oxygen concentration maximum coincided with a pH

maximum of around 9 in the top millimeters of the mat. Both
pH and oxygen concentration increased with increasing light
intensity. The lowest calcium concentrations in illuminated
mats were found at the same depth as the oxygen and pH
maxima. Calcium concentration decreased from 17 mmol
L21 in the overlying water to approximately 16 mmol L21 at
0.4-mm depth, with the lowest calcium concentrations mea-
sured during incubations at higher light intensities. Unfor-
tunately, measurements of calcium concentration in deeper
anoxic layers were influenced by the presence of sulfide,
which induced a strong negative drift of the signal. There-
fore, only readings from the upper sulfide-free mat were
used. Free sulfide could be detected in deeper layers (.1
mm) of both dark and light incubated mats (Fig. 2B). AAS
on extracted pore water showed that Ca21 concentrations in
deeper mat layers remained constant at 16 6 0.5 mmol L21.
For ICP calculations at depths .1 mm, a Ca21 concentration
of 16 mmol L21 was used.

In the dark, oxygen penetration decreased to 0.3 mm,
compared to 1.8 mm at 1,000 mmol photons m22 s21 (Fig.
2A). The pH profiles in dark incubated mats showed a con-
tinuous decrease in pH with depth, while calcium concen-
trations in the top millimeter showed a slight increase of up
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Fig. 3. Measured pore-water concentrations of (A) DIC and (B)
calculated concentrations of CO in dark and light incubated mats.22

3

Fig. 4. Ion concentration product of calcium carbonate in dark
and light incubated mats based on Ca21 microsensor measurements
and CO calculations. Shaded area denotes where Ca21 concentra-22

3

tions were not based on microsensor but on atomic absorption spec-
troscopy data.

to 0.1 mmol L21 compared to the 1 mmol L21 decrease in
the light.

Pore-water profiles—Pore-water DIC concentration at
500 mmol quanta m22 s21 reached its lowest value in the 1-
mm horizon (6 mmol L21), about 1 mmol L21 lower than in
the overlying water (Fig. 3A). In dark incubated mats, DIC
concentrations were considerably higher and increased con-
tinuously with depth (Fig. 3A). The shape of the calculated
CO concentration profiles (Fig. 3B), however, appeared to22

3

be completely different from the DIC profiles. Maximal
CO concentrations occurred in the top 1-mm layer in light22

3

incubated mats, the layer where DIC reached its minimum.
The CO concentration in this layer was almost twice as22

3

high as in any other layer in light or dark incubated mats.
In the dark, the highest CO concentration was in the over-22

3

lying water.
The profile of the ICP of calcium carbonate ([Ca21] 3

[CO ]) (Fig. 4) has virtually the same shape as the CO22 22
3 3

concentration pore-water profile, which shows clearly that
the former is chiefly determined by CO and not by Ca2122

3

concentration. Maximal values were reached at a depth of
0.5 mm in illuminated mats, while in dark incubated mats,
values were consistently lower than in the overlying water.

Radiotracer incubations—Light incubated mats incorpo-
rated significantly more 45Ca21 radioisotope than dark incu-
bated mats or killed controls (Fig. 5). The spatial distribution
of 45Ca21 showed highest incorporation in the surface layer
of light incubated mats (Fig. 5). Dark incubated mats also
incorporated radiotracer, but uptake rates were significantly
lower than in light incubated mats and comparable to passive
adsorption by killed controls.

Sulfate reduction rates—Incubation times of #1 h were
chosen to reduce sulfide reoxidation (Canfield and Des Mar-
ais 1991), and indeed, incubation times had no discernible
effect on SRRs (data not shown). However, SRRs showed a
high heterogeneity between different cores (Fig. 6). This
may reflect a high spatial variability of microbial mats, but
it might also partly be due to the irregular sediment surface,
with the consequence that slicing not always followed the
layering of the mat. Maximal rates in all replicates, both
during light and dark incubation, were around 3-mm depth
(Fig. 6).

Simultaneously measured oxygen microsensor profiles in
replicate cores showed that the oxic zone comprised the first
2–2.5 mm; thus, the highest SRRs were at the oxic–anoxic
interface. The depth-integrated (0–6 mm) SRRs averaged
over all incubation times amounted to 7 nmol cm22 h21 in
the light and 8 nmol cm22 h21 in the dark, while rates for
the photic zone (0–3 mm) were 4 and 5 nmol cm22 h21,
respectively. Thus, SRRs were comparable between light and
dark incubated mats. The calculated areal gross photosyn-
thesis rate at 500 mmol photons m22 s21 was 450 nmol O2
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Fig. 5. Spatial distribution of incorporated 45Ca21 after a 6.25-h radiotracer incubation in (A,
B) dark and (C, D) light (500 mmol quanta m22 s21) incubated mats visualized by b-imaging (A,
C). For depth profiles of 45Ca21 incorporation, signals were averaged over 0.1 3 4 mm (h 3 w)
(B, D). The inset in panel B shows total counts averaged over 2 3 4 mm (h 3 w). The mat
expanded during the necessary washing steps, and this expansion was corrected for by adjusting
the depth scale. The white line represents the mat surface.

Fig. 6. Depth profile of SRRs measured in dark and light in-
cubated mats. Bars represent the average of measurements with five
different incubation times and three replicates each.

cm22 h21, which is equivalent to 450 nmol CH2O units cm22

h21. SRRs in the photic zone of light incubated mats amount-
ed to 4 nmol cm22 h21, which corresponds to 8 nmol CH2O
units cm22 h21. Thus, in the photic zone, around 60 times
more carbon was fixed by photosynthesis than potentially
converted by sulfate reduction.

Discussion

Chiprana microbial mats proved to be a highly suitable
model system to compare the influence of sulfate reduction
and oxygenic photosynthesis on calcification, as both pro-
cesses occur simultaneously in the light, while the former
only takes place in the dark. Therefore, the key to analyzing
the data is to focus on the differences between light and dark
incubated mats. Many previous studies have provided valu-
able insights in calcification mechanisms of microbial mats
(Reid et al. 2000; Visscher et al. 2000; Arp et al. 2001), but
the exact reason why calcification occurs remains under dis-
cussion (Arp et al. 2003, 2004; Kazmierczak and Kempe
2004). Part of this emerges from the fact that two parameters
crucial for calcification, calcium and carbonate concentra-
tion, have never been directly measured at sufficient spatial
resolution in microbial mats. In this study, we therefore de-
termined both concentrations and followed the influence of
light on Ca21 and CO profiles. By applying Ca21 micro-22

3
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sensors within microbial mats, we could visualize changes
in calcium fluxes between light and dark incubated mats.
While Ca21 concentration in light incubated mats decreased
in the photic zone by almost 1 mmol L21, in dark incubated
mats, concentration in this layer increased. The calcium in-
crease in the dark can be explained by a release of calcium
from EPSs when the latter are degraded by heterotrophs,
while the decrease in Ca21 concentration in the light may
reflect binding to EPSs, freshly produced by phototrophs
(Paerl et al. 2001). The daily calcium dynamic in EPS-rich
layers, with relatively low concentrations during the day and
higher concentrations at night, would thus reflect Ca21 bind-
ing to and Ca21 release from EPSs, respectively. Paerl et al.
(2001) suggested that such a release of Ca21 from EPSs in-
creases Ca21 pore-water concentration and drives calcifica-
tion in stromatolites from the Bahamas, as the highest met-
abolic rates of heterotrophs coincided with areas of high
CaCO3 precipitation. In our study, the observed uptake of
45Ca21 in the light is also in agreement with the EPS theory,
as the incorporated Ca21 may have been bound to EPSs that
are copiously produced in Chiprana mats, rather than pre-
cipitated as CaCO3. Alternatively, the measured decrease of
Ca21 in the light (Fig. 2D) could have resulted directly from
a decrease in calcium pore-water concentration caused by
the calcifying activity of Chiprana mats.

Calcification does not depend only on the concentration
of Ca21 but also on CO concentration. Therefore, the ICP,22

3

which includes both quantities, has to be considered when
unraveling the calcification mechanism. The striking simi-
larity in profile shape between the CO and ICP profile22

3

illustrates that, in the photic zone, changes in CO concen-22
3

tration have a pronounced influence on the ICP (Figs. 3, 4).
In Chiprana mats, changes in Ca21 concentration, potentially
induced by diel changes in EPS content, on the other hand,
are not reflected in the ICP (Figs. 2B, 4). It thus appears that
in Chiprana mats, CO concentration rather than Ca21 con-22

3

centration influences calcification rates. This is not surpris-
ing, considering that about 20 times more Ca21 than CO22

3

is present in the pore water, so that changes in CO have a22
3

20 times stronger effect on the ICP than the same molar
changes in Ca21 concentration.

The processes affecting CO concentration rather than22
3

Ca21 concentration determine calcification rates in Chiprana
mats. Calculating CO from pH and DIC shows clearly that22

3

in Chiprana water, changes in pH have a strong effect on the
CO concentration. The pH increase in the photic zone of22

3

Chiprana mats (Fig. 2C) might be the result of high rates of
photosynthetic carbon fixation, which removes HCO and2

3

CO2. However, several studies report that sulfate reduction
may also induce pH increases and thereby promote calcifi-
cation in microbial mats (Visscher et al. 1998, 2000; Cas-
tanier et al. 1999). Sulfate reduction has been reported to
reach high rates in the fully oxygenated parts of illuminated
microbial mats (Canfield and Des Marais 1991; Fründ and
Cohen 1992; Jørgensen 1994). We also detected high rates
of sulfate reduction in the fully oxygenated upper layer of
illuminated Lake Chiprana mats. Maximal volumetric rates
of 0.7 mmol cm23 d21 in the light and 0.8 mmol cm23 d21 in
the dark are higher than SRRs measured in calcifying stro-
matolites (0.17–0.48 mmol cm23 d21) (Visscher et al. 2000)

and are in the same range as rates measured in other mat
systems (Canfield and Des Marais 1991; Fründ and Cohen
1992; Jørgensen 1994). SRRs in light and dark incubated
Chiprana mats were comparable. However, as pH increased
in light incubated mats but not in dark incubated mats (Fig.
2C), we conclude that sulfate reduction apparently did not
contribute, to a major extent, to pH increases in illuminated
mats and thus to increased ICP values. Oxygenic photosyn-
thesis, however, apparently drives calcification in the photic
zone of Chiprana mats, as this process primarily increases
the ICP by increasing pH and thus CO concentrations.22

3

Thus, all our data indicate that calcification in the top 1-mm
of the mat, the same region where aragonite deposits were
indeed found, is driven by a photosynthetically induced pH
increase. Interestingly, the location of photosynthetically
precipitated carbonates in these natural mats, at the basis of
the uppermost cyanobacterial layer, was similar to what was
observed in artificial laboratory-grown mats (Kühl et al.
2003). The photosynthetically induced rise in pH, which in-
creased CO concentrations, occurred despite high concen-22

3

trations of DIC, which have been thought to buffer photo-
synthetically induced pH changes and thereby reduce the
ability of phototrophs to induce calcification in high DIC
environments (Arp et al. 2003).

This study demonstrates that, on the basis of Ca21 micro-
sensor profiles alone, no conclusion about the mechanism of
calcification in Chiprana mats could have been drawn. Par-
allel measurements of Ca21, pH, and DIC concentration pro-
vided evidence that calcification in Lake Chiprana mats oc-
curs in light incubated mats. Only in the photic zone of
illuminated mats does the ICP reach the highest values, be-
ing almost twice as high as in dark incubated mats. The
decrease in Ca21 concentration measured by the microsen-
sors in light incubated mats, therefore, most likely directly
reflects calcification activity. Consequently, Ca21 microsen-
sors can be used to directly study the calcification process
in microbial mats; however, only in combination with mea-
surements of pH and DIC (CO ) dynamics can the factors22

3

driving calcification be identified.
Although oxygenic photosynthesis, rather than sulfate re-

duction, was identified as the driving force of calcification
in Lake Chiprana mats, the latter group may still contribute
to the calcification process by providing nucleation sites. Nu-
cleation sites provided by cyanobacteria (Arp et al. 2001),
heterotrophic bacteria (Chafetz and Buczynski 1992; Paerl
et al. 2001), and the cell surface of sulfate-reducing bacteria
(Van Lith et al. 2003) have been reported. In addition to
playing an auxiliary role in calcification by providing nucle-
ation sites, sulfate-reducing bacteria and other heterotrophic
bacteria may play an important role by supplying and in-
creasing DIC concentration. Pore-water data show that in
Chiprana, this DIC is supplied by diffusion from deeper mat
layers to the photic zone, where it is consumed by CO2 fix-
ation and calcification.
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