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ABSTRACT
We report for the first time micrometer-scale correlation of geologic and microbial processes in
modern marine stromatolites. Precipitation of micritic laminae in these stromatolites was studied
by comparing microstructure, as observed in petrographic thin sections, with microbial sulfatereduction activity. Two-dimensional mapping of sulfate-reduction rates was implemented by
incubating a vertical section of a stromatolite face on silver foil coated with 35SO42 –. Our results
show that sulfate-reduction activity is high in zones of CaCO3 precipitation and indicate that
microbial activity produces lithified micritic laminae near the surface of the stromatolites. Similarities with micritic laminae in ancient stromatolites suggest that sulfate reduction may also have
been an important mechanism of carbonate precipitation in these fossilized structures.
Keywords: stromatolites, calcium carbonate precipitation, sulfate reduction, bacteria.
INTRODUCTION
Modern marine stromatolites, found in the
Exuma Cays, Bahamas (Dill et al., 1986; Reid
et al., 1995), are laminated lithified structures that
are formed by microbial activity near their surfaces (Reid et al., 1995; Golubic and Browne,
1996; Macintyre et al., 1996; Feldmann and
Mackenzie, 1998). Study of these modern stromatolites extends the knowledge of biologically
mediated precipitation, which could have been important in the formation of ancient counterparts.
Microbial mats in intertidal and extreme environments have been studied as analogues to enhance
understanding of geomicrobiological processes
in stromatolites (Des Marais, 1990). However, a
major difference between these mats and microbial mats forming stromatolites is that the latter
contain lithified laminae of microcrystalline carbonate (micrite) and form characteristic domal or
columnar structures. Furthermore, although microbial ecology of intertidal mat development has
been described in detail (Van Gemerden, 1993),
biogeochemical processes of stromatolite formation in mineralizing mat systems are poorly
known. Consequently, biotic versus abiotic origins
of ancient stromatolitic deposits remain a subject
of controversy (Grotzinger and Knoll, 1999).
Microbial activity mediates precipitation and
dissolution of CaCO3 (Krumbein et al., 1977;
Froelich et al., 1979; Walter et al., 1993; Kempe
and Kazmierczak, 1994). Sulfate reduction has
long been linked to CaCO3 precipitation (Baas
Becking, 1934; Abd-El-Malek and Rizk, 1963).
Sulfate-reducing bacteria have been suggested to
mediate carbonate precipitation in microbial mats
(Jørgensen and Cohen, 1977; Lyons et al., 1984;
Buczynski and Chafetz, 1991; Visscher et al.,
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1998), and other sedimentary deposits (Froelich
et al., 1979; Kazmierczak and Kempe, 1990;
Thompson and Ferris, 1990; Walter et al., 1993;
Vasconcelos et al., 1995). Sulfate is used as an alternative to O2 in anaerobic microbial respiration.
The process of sulfate reduction mediates CaCO3
precipitation according to the following reaction:

MATERIALS AND METHODS
Sample Description
Samples of microbial mats from subtidal stromatolites (NS8a2 and NS11a) on Highborne Cay,
Exuma Cays, Bahamas, were collected in August
1998. A detailed description of the site was published previously (Reid et al., 1999). The stromatolites consist predominantly of fine carbonate
sand that is trapped and bound by filaments of the
cyanobacterium Schizothrix sp. in surficial microbial mats. The cyanobacterial community produces copious amounts of exopolymer (Decho,
1990; Golubic and Browne, 1996). Periodic
episodes of lithification within these mats form
micritic horizons, which are responsible for the
laminated fabric of the stromatolite (Fig. 1A; Reid
et al., 1995, 1999; Macintyre et al., 1996).

2[CH2O] + SO42– + Ca 2+ →
CaCO3 + CO2 + HS – + H + + H2O,
where [CH2O] indicates organic carbon (e.g.,
Walter et al., 1993; Visscher et al., 1998). Visscher
et al. (1998) measured sulfate reduction in modern
marine stromatolites by using traditional 35SO42 –
incubations and found increased rates in lithified
layers. In addition, these lithified layers contained
higher populations of sulfate-reducing bacteria
than unlithified layers (Visscher et al., 1998,
1999). Given these observations, it was not surprising that 49%–63% of the total organic carbon
in the stromatolitic mats was calculated to be mineralized through sulfate reduction (Visscher et al.,
1998). Clearly, this type of microbial activity plays
an important role within the stromatolite mat community. The former studies allowed investigation
of microbial activity in stromatolites on a millimeter scale; smaller features could not be observed. We were therefore unable to assess the role
of sulfate reduction in the formation of micritic
laminae <100 µm thick, which are common
within the stromatolitic mats (Reid et al., 1995;
Macintyre et al., 1996). Here we present the first
study in which a two-dimensional distribution of
sulfate reduction is mapped on a microscale and
compared with petrographic thin sections from the
same location within the stromatolitic mats. This
methodology enables a direct correlation between
geologic microstructure and microbial activity.
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Figure 1. A: Stromatolite from Highborne Cay,
Bahamas; lithified layers stand out in relief on
cut surface. B and C: Photomicrographs of mat
sample NS8a2 (B) and NS11a (C); numbers
indicate layers described in text.
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Mat samples collected for this study were sawed
vertically and photographed; one half of each
sample was used for biogeochemical measurements; the matching face, i.e., the other half of
the sample, was embedded with epoxy for petrographic thin sectioning. Four layers were identified in sample NS8a2 (Fig. 1B): layer 1, about
0.5 mm thick, is caramel colored and soft;
layer 2, 2–3 mm thick, is white and soft; layer 3,
1 mm thick, is gray and crusty; layer 4, 3–4 mm
thick, is white and soft. Sample NS11a shows no
distinct layers; however, for the purpose of biogeochemical analyses, the top 0.5 mm of the mat
was designated as layer 1; depths from 0.5 to
10 mm were designated as layer 2 (Fig. 1C).

Biogeochemical Measurements
Two-dimensional measurement of sulfate reduction activity in NS8a2 and NS11a were made
by using 35SO42–-coated silver foil and a modification of the method developed by Cohen (1984;
Cohen and Helman, 1997). Strips of Ag foil (20 ×
50 mm and 0.1 mm thick; Sigma Chemical Co.,
St. Louis, Missouri) were treated with acetone,
rinsed with water, and coated with a solution of
35SO 2– (1 mCi per foil; Ammersham, Chicago,
4
Illinois) prepared in sterilized seawater from the
site. The foil was then allowed to air dry for 24 h.
A freshly cut sample of each mat was placed on
the silver foil, and, after an incubation time of
6–8 h in the dark, the sample was removed, and

Figure 2. Comparison of sulfate-reduction (SR) activities, as mapped with Ag-foil technique, and
microstructures, as observed in petrographic thin sections. A: Silver foil of mat NS8a2; density
and size of black dots indicate locations and relative degree of SR activity. B: Low-magnification
photomicrograph of thin-section NS8a2, composed mainly of fine-sand–sized carbonate grains.
Dashed lines in layer 1 indicate thin crusts of micritic precipitate; dotted lines in layer 3 indicate
top and bottom of lithified horizon of micritized grains. Boxes indicated by white arrows are
shown in C and D. C: Higher magnification view of band of micritized grains in layer 3, panel B.
White arrow indicates micritized zone, where grains have been altered by intense microboring;
black arrow indicates micritic crust at top of micritized zone. D: Higher magnification view showing subsurface micritic crust (arrow) in layer 1, as indicated in panel B. E: Ag-foil of NS11a;
smaller sizes and dispersed nature of dots, when compared to NS8a2 (panel A), indicate lower
sulfate-reduction activity in this sample. F: Low-magnification photomicrograph of thin-section
NS11a; dotted line along surface indicates poorly developed zone of micritized grains.
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the silver foil was rinsed to remove residual
35SO 2–. The reduced sulfate, which had precipi4
tated as Ag235S, was digitally mapped by using
a BioRad Molecular Imager System GS-525
(Hercules, California) radioactive gel scanner. A
similar technique was successfully used by
Krumholz et al. (1997), who used Ag foil to map
35S 2– produced by sulfate-reducing bacteria in
subsurface rock samples.
As a complement to the foil incubations, quantitative measurements of sulfate-reduction rates
in individual layers were made with conventional
techniques. Subsamples of NS8a2 and NS11a
were dissected into layers, as in Figure 1, and
sulfate-reduction rates were determined by using
35SO 2– (0.5 µCi sample; Ammersham, Chicago,
4
Illinois) under both oxic and anoxic conditions
(Visscher et al., 1998, 1999). Following 4–6 h of
incubation with the radiolabel, sulfate reduction
was assessed using the single-step chromium
reduction method of Fossing and Jørgensen
(1989). The rates were calculated by assuming
14 h of oxic conditions and 10 h of anoxia per
24 h (Visscher et al., 1998).
RESULTS
The distribution of reduced sulfate on the
35SO 2–-coated Ag foil, as indicated by the black
4
dots (Ag 235S) in Figure 2 (A and E), shows the
locations and relative activities of sulfate reduction. Mapping by this method enabled detection
of sulfate-reducing activity with a resolution of
tens of micrometers. In NS8a2, a double band of
concentrated black dots along the surface of the
mat (Fig. 2A) correlates with high sulfate-reducing
activity in layer 1. The double band indicates,
moreover, that there are two distinct zones of
enhanced sulfate-reducing activity within this
layer. A wider band of sulfate-reducing activity
is also found at 3– 4 mm depth, corresponding
to layer 3; the upper and lower edges of this
band show enhanced activity. In layers 2 and 4,
dispersed but distinct black dots indicate moderate but diffuse sulfate-reducing activity. Sulfatereducing activity is much lower in NS11a than
in NS8a2, showing few features on the Ag foil
(Fig. 2E). Two small areas on the surface of
NS11a show slightly enhanced sulfate-reducing
activity; nevertheless, as indicated by the low
concentration and faint appearance of the black
dots, most of this sample shows extremely low
sulfate-reducing activity (Fig. 2E). When the
distribution of pixels on the foil for NS8a2 is
assessed, layer 1 accounts for 33% of the total
sulfate-reducing activity, layer 2 for 11%,
layer 3 for 44%, and layer 4 for 11%. Similar
calculations for NS11a show that 40% of the
sulfate-reducing activity is associated with
layer 1 and 60% with layer 2. This distribution
is affected by the thickness of the various layers.
Petrographic thin sections corresponding to
the mat surfaces mapped by the Ag-foil technique display characteristic microstructures. Two
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DISCUSSION AND CONCLUSIONS
Our results demonstrate a direct correlation
between sulfate-reducing activity, as indicated by
the Ag foils (Fig. 2A and 2E), and lithified
micritic horizons, as observed in petrographic thin
sections (Fig. 2B and 2F). The two micritic crusts
in layer 1 of NS8a2 (Fig. 2B) coincide with the
double band of high sulfate-reducing activity in
this layer (Fig. 2A). In addition, the band of micritized grains that composes layer 3 of NS8a2
(Fig. 2B and 2C) also coincides with a band of increased sulfate-reducing activity (Fig. 2A). It is
notable that sulfate reduction is higher at the top
and bottom of layer 3 than in the middle; these
areas of increased sulfate-reducing activity probably correspond to the presence of micritic crusts,
which show patchy development along these horizons. In contrast, distinct micritic horizons are not
present in NS11a (Fig. 2F), and this sample shows
weak sulfate-reducing activity (Fig. 2E). The
patch of weakly micritized grains at the top of
NS11a (Fig. 2F) is, nonetheless, a zone of slightly
increased sulfate-reducing activity.
Micritic crusts and layers of micritized grains
forming lithified laminae are characteristic features of Exuma stromatolites. Previous studies
have shown that the micritized layers are zones
of intense microboring by the endolithic cyanobacterium, Solentia sp. (Macintyre et al., 2000).
Micrite precipitates in the boreholes coincident
with the microboring activity; moreover, as
Solentia crosses between grain boundaries, adjaGEOLOGY, October 2000
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bands of thin micritic crust are present near the
top of NS8a2, within layer 1 (Fig. 2B and 2D).
These crusts are 10–40 µm thick and bridge carbonate grains. In addition, layer 3 in NS8a2,
which was crusty in hand sample, is a band of
micritized grains (Fig. 2B and 2C); micritic
crusts show patchy development along the top
(Fig. 2C) and bottom of this micritized band. In
contrast to NS8a2, micritic crusts and micritized
horizons are absent in NS11a, except for a single
patch of weakly developed micritized grains on
the top surface of layer 1 (Fig. 2F).
The conventional sulfate-reduction rate measurements using 35SO42– show activity patterns comparable to those detected with the Ag foils
(Fig. 3). These radioisotope analyses indicate that
the sulfate-reduction rate (and consequently activity) of NS8a2 appears higher in lithified layer 1
than in adjacent unlithified layer layer 2 and,
similarly, higher in layer 3 than in adjacent layers 2
and 4 (Fig. 3, left panel). A significant rate in
layer 1 of NS8a2 persists during the daytime
(10.2 µM SO42– per hour) despite the presence of
O2 at the surface of the mat. The surface layer of
NS11a shows a higher rate than layer 2 (Fig. 3,
right panel). SR rates in NS8a2 are, however,
2–5 times higher than in NS11a, and when calculated per unit surface area for the top 8 mm, the
rates are 438 and 102 nmol · cm–2 · d–1, respectively, for NS8a2 and NS11a.
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cent grains are welded together to form a framework structure (Macintyre et al., 2000). These
micritized layers thus provide major structural
support for the stromatolites. The micritic crusts,
in contrast, are very thin; although they are
cohesive enough to bridge grains (Fig. 2D), they
are not major structural features. Note, for
example, that layer 1 of NS8a2 appears soft in
hand sample, even though it contains two micritic
crusts. It is, however, significant to note that the
micritic crusts are similar in thickness to micritic
laminae in many ancient stromatolites, which are
commonly 10–60 µm thick (Bertrand-Sarfati,
1976; Walter, 1983). It is therefore possible that
processes of precipitation-forming micritic
crusts in modern marine stromatolites could
have been important in the formation of these
fossilized structures.
The close coupling of sulfate reduction and
microstructure in samples NS8a2 and NS11a is
evidence that microbial sulfate reduction is an
important mechanism of carbonate precipitation
that forms lithified micritic layers in the Exuma
stromatolites. Although other types of microbial
activity may contribute to the formation of micritic
laminae, sulfate reduction is arguably the dominant process. Major functional groups of bacteria
in microbial mats include cyanobacteria, aerobic
heterotrophic bacteria, sulfate-reducing bacteria,
and sulfide-oxidizing bacteria (Visscher and Van
Gemerden, 1993; Van Gemerden, 1993). CaCO3
may precipitate through cyanobacterial oxygenic
photosynthesis (PS) and could dissolve during
aerobic heterotrophic respiration (AR). Uncoupling of PS and AR may result in net calcium carbonate precipitation or dissolution (Pinckney et al.,
1995). However, PS and AR are usually coupled:
during daytime, PS produces O2 and fixed carbon,
while AR requires O2 and carbon. Both processes
are limited to daytime, because PS is driven by
light energy and at night O2 is typically not present
below ~0.5 mm depth in the mat (Visscher et al.,
1998). Sulfate reduction is an alternative form of
respiration and peaks at night, when O2 is absent
(Visscher et al., 1998, 1999). In addition, it is well
known that sulfate reduction also occurs in the
presence of O2 (Canfield and Des Marais, 1991;

Figure 3. Vertical profiles
of sulfate-reduction rates
in stromatolite samples
NS8a2 (left panel) and
NS11a (right panel), of
Highborne Cay, Bahamas.
Rates were determined in
separate layers through
35SO2– incubation. Approxi4
mate thickness of layers is
indicated by width of horizontal panels. Rates presented combine oxic and
anoxic measurements in
replicate samples. Error
bars indicate standard
deviation.

Fründ and Cohen, 1992; Visscher et al., 1992;
Jørgensen, 1994), albeit at lower rates (e.g., in
NS8a2 10.2 µM · h–1 vs. 18.5 µM · h–1, with and
without O2, respectively). HS–, a product of sulfate
reduction, is reoxidized during microbial sulfide
oxidation, a process that results in CaCO3 dissolution (Visscher et al., 1998):
HS – + 2O2 + CaCO3 →
SO42– + HCO3– + Ca2+.
Typically, sulfide oxidation by chemosynthetic
sulfur bacteria requires O2 (Kelly, 1982) and is
therefore largely absent during the night. HS –
produced during the night likely diffuses upward
and out of the stromatolite. As a result, sulfate reduction and sulfide oxidation are more likely to
be uncoupled in time and space than PS and AR.
There are, therefore, compelling geomicrobial
grounds to attribute CaCO3 precipitation primarily to sulfate-reducing activity. Schizothrix
also plays a key role in this scenario, because its
in situ production of small organic carbon compounds and exopolymer fuels heterotrophic activity. Remnants of exopolymer that persist below the depth of active cyanobacterial growth can
be used as an organic carbon source for bacteria
such as sulfate-reducing bacteria (Visscher et al.,
1999). In addition, Solentia may provide fixed
organic carbon for sulfate-reducing activity in the
gray, crusty layers (e.g., layer 3 of NS8a2). It is
conceivable that sulfate-reducing bacteria are
involved with carbonate precipitation within the
endolithic boreholes.
Microorganisms facilitate CaCO3 precipitation by changing the pCO2 through their metabolism, as already outlined. In addition, they create
a favorable chemical microenvironment for carbonate precipitation by active excretion of Ca2+,
which is toxic for the cell at seawater concentrations (Kempe and Kazmierczak, 1994). In addition, Ca2+ bound by polymer carboxyl groups is
liberated during exopolymer degradation (Decho,
1990). Both increased pCO2 and released Ca2+
favor CaCO3 precipitation. It is interesting that
bacteria actually benefit from carbonate precipitation on their surfaces, because this gener921

ates protons on the outside of the cell membrane
(McConnaughey and Whelan, 1997):
Ca2+ + HCO3– → CaCO3 + H +.
The proton gradient thus created across the bacterial cell membrane, or proton motive force, presents the basic energy currency that drives, e.g.,
ATP formation, substrate uptake, and flagella
(Nicholls and Ferguson, 1992).
Grotzinger and Knoll (1999) attributed cementation in stromatolites to abiotic, inorganic
processes and referred to lithified layers as marine
cement. In contrast, our work shows compelling
evidence of biological-controlled formation of
micritic laminae. Furthermore, our current study
stresses the need to better understand coupling of
microstructure and microbial processes. Microscale observations of biological activity, such as
those provided by the Ag-foil technique, are indispensable for elucidating the origin of microstructure in stromatolites.
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