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Formation of lithified micritic laminae in modern marine stromatolites (Bahamas):
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ABSTRACT

Microbial mats on the surfaces of modern, marine stromatolites at Highborne Cay, Ba-
hamas, were investigated to assess the role of microbia processes in stromatolite forma-
tion. The Highborne Cay stromatolitic mats contain Schizothix as the dominant cyanobac-
terium and show millimeter-scale lamination: Some layers in the mat are soft (unlithified),
whereas other layers are crusty (lithified). Lithified layers within the mats correspond to
micritic horizons composed of thin (20-50 wm) micritic crusts, which commonly overlie
truncated, micritized carbonate sand grains. These features are identical to lithified laminae
in the underlying stromatolite; the micritic crusts are similar in thickness to micritic lam-
inae in many ancient stromatolites. Biogeochemical parameters in a representative stro-
matolitic mat from Highborne Cay were measured to identify the role of bacteria in pre-
cipitation and dissolution of CaCO,. Depth distributions of O,, HS-, and pH were
determined with microelectrode measurements in the field. Oxygen profiles were used to
calculate photosynthesis and aerobic respiration. Sulfate reduction was determined using
50,2 and sulfide oxidation potential was measured in homogenized samples. Our results
indicate that cyanobacterial photosynthesis, sulfate reduction, and anaerobic sulfide oxi-
dation in stromatolitic mats at Highborne Cay are responsible for CaCO, precipitation,
whereas aerobic respiration and aerobic sulfide oxidation cause CaCO, dissolution. A close
coupling of photosynthesis and aerobic respiration in the uppermost few millimeters of the
mats results in no, or very little, net lithification. Sulfur cycling, on the other hand, shows
a close correlation with the formation of lithified micritic layers. Photosynthesis, combined
with sulfate reduction and sulfide oxidation results in net lithification. Sulfate reduction
rates are high in the uppermost lithified layer and, on a diel basis, consume 33-38% of
the CO, fixed by the cyanobacteria. In addition, this lithified layer contains a significant
population of sulfide-oxidizing bacteria and shows a high sulfide oxidation potential. These
findings argue that photosynthesis coupled to sulfate reduction and sulfide oxidation is
more important than photosynthesis coupled to aerobic respiration in the formation of
lithified micritic laminae in Highborne Cay stromatolites.

INTRODUCTION

Stromatolites record the interactions of biological and
geological processes throughout the 3.5 billion year his-
tory of life on Earth (Awramik 1992). Earth’s oldest ma-
crofossils, stromatolites are not individual organisms, but
rather lithified, laminated sedimentary structures pro-
duced by the activities of benthic microbial mats. Inter-
pretation of ancient stromatolites, which dominate the
fossil record for 85% of Earth’s history, is limited by a
lack of understanding of geomicrobiological processesin
modern stromatolites. Until recently, modern stromato-
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lites forming in open marine settings, environments in
which many ancient stromatolites are thought to have
formed, were unknown.

Modern stromatolites forming in open ocean water of
normal marine salinity were first discovered in the Schoo-
ner Cays, on the east margin of Exuma Sound, Bahamas
(Fig. 1), in the early 1980s (Dravis 1983). Since then,
they have been found at numerous locations throughout
the Exuma Cays, on the west margin of Exuma Sound
(Fig. 1; Dill et a. 1986; Reid and Browne 1991; Reid et
al. 1995). Typically forming domal buildups ranging in
height from several centimetersto over 2 m, these Exuma
stromatolites are well-laminated structures composed
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FIGURE 1.

(L eft) Index map showing stromatolite locations (arrows) on the margins of Exuma Sound: 1. Highborne Cay, study

site for this paper; 2. Schooner Cays (Dravis 1983); 3. Lee Stocking Island (Dill et a. 1986); 4. Stocking Island (Reid and Browne
1991; Macintyre et al. 1996; Steneck et a. 1997); unnumbered sites (Reid et al. 1995). (Right) Map of Highborne Cay, showing
the location of the stromatolites (xxxx) in a fringing reef aong the eastern margin.

mainly of fine-grained carbonate sand (125250 wm).
Well-laminated stromatolites show gradational transitions
to unlaminated thrombolites (Feldmann 1995; Reid et al.
1995; Golubic and Browne 1996; Macintyre et a. 1996).

Lamination in Exuma stromatolites reflects periodic
episodes of lithification. As readily observed in sawed
dabs, cemented layers 0.5 to 3 mm thick stand out in
relief on cut surfaces (Fig. 2a). In thin section, these lith-

ified layers are subtle, but distinct, corresponding to mi-
critic horizons with three characteristic features (Fig. 2b):
(1) a thin (2040 wm thick) crust of microcrystaline
carbonate (micrite) occurs at the top of most lithified lay-
ers, (2) the upper surfaces of sand grains immediately
below these crusts are commonly intensely microbored
and truncated; and (3) sand grains in the lithified layer
are atered to structureless, micritic textures (i.e., they are

FIGURE 2.

(a) Sawed section through a small stromatolite
head. Note the millimeter-scale lamination, which reflects differ-
ential lithification; cemented layers stand out in relief on the cut
surface. Sample 6/97.NS.8p, Highborne Cay, Bahamas. (b) Thin
section photomicrograph showing a typical lithified layer within
an Exuma stromatolite. Note the micritic crust (c), which overlies
micritized sand grains (m) that appear to be welding together.

The double-headed arrow indicates the horizon of micritized
grains; compare these structureless grains with the grains show-
ing translucent ooid coatings in the unlithified layers at the top
and bottom of the photo. Some of the micritized grains are trun-
cated below the micritic crust (right arrow). Sample 1/97.NS.3,
Highborne Cay, Bahameas.
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micritized) and are joined at point contacts by micrite
cement (see also Reid and Browne 1991; Reid et al. 1995;
Golubic and Browne 1996; Macintyre et al. 1996). Mac-
intyre et a. (1996) suggested that the truncation of grains
along the tops of these lithified horizons is a result of
bioerosion by microboring, but argued that micritization
of grains below the truncated surfaces results from grain
recrystallization, rather than by the infilling of microbor-
ings (Macintyre et al. 1996). Further discussion concern-
ing the role of microboring in inducing recrystallization
in these micritized grains is in preparation.

Some previous studies have focused on textural differ-
ences between Exuma and ancient stromatolites, suggest-
ing that the modern forms, which are sandy, are inappro-
priate analogs for ancient stromatolites, which are
typically micritic (e.g., Awramik and Riding 1988; Rid-
ing et al. 1991; Riding 1994). These studies, however,
overlooked a fundamental similarity between the modern
and ancient structures: Lamination in both reflects peri-
odic formation of lithified micritic horizons. Moreover,
the micritic crusts in Exuma stromatolites are remarkably
similar in thickness to micritic laminae in many ancient
stromatolites (e.g., Walter 1983; Bertrand Sarfati 1976;
Monty and Mas 1981).

Exuma stromatolites thus offer a unique opportunity to
investigate the formation of lithified micritic laminae in
stromatolites forming in a modern marine environment.
Initial observations indicating that lithified micritic lam-
inae in Exuma stromatolites form within microbial mats
at the surface of these structures led to the present study,
which examines microbial processes involved in thislith-
ification process.

Microbial processes are well known to cause precipi-
tation and dissolution of CaCO,. Photosynthesis of cy-
anobacteria has, for example, long been linked to CaCQO,
precipitation (e.g., Dalrymple 1965).

CO, + H,O - [CH,O] + O,
HCO; - CO, + OH-
Ca?* + HCO; - CaCO, + H*
H* + OH- - H,0
2HCO; + Ca?* - [CH,O] + CaCO,+ 0O, (1)
(net: +1 CaCQ,)

Photosynthetic CO, fixation produces organic carbon
(CH,0O), which may, in turn, be oxidized via aerobic
respiration

[CH,O] + O, -~ HCO, + H*
CaCO, + H* -~ HCO; + Ca?*
[CH,0] + CaCO, + O, — 2HCO; + Caz* )
(net: —1 CaCO,)

Aerobic respiration by heterotrophic bacteria results in
CaCO, dissolution (e.g., Jargensen and Cohen 1977,
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Krumbein et a. 1977; Gerdes et al. 1985). Organic car-
bon produced by photosynthesis also may be oxidized
anaerobically by sulfate reduction. Reduction of sulfate
yields HCO; and HS- and results in CaCO, precipitation
(3) (Chafetz and Buczynski 1992).

2[CH,0] + SOz~ + OH- - 2HCO; + HS + H,0
HCO; + Ca?* - CaCO, + H*
HCO; + H* - CO, + H,0
2[CH,O] + so;—} {CaCO3 + CO, + 2H,0
+ OH- + Ca?* + HS"
(net: +1 CaCQ,)

The sulfide is oxidized in chemolithotrophic respiration,
either with O, (aerobic) or with NO; (anaerobic) (Fried-
man et al. 1973, Walter et al. 1993).

HS + 20, - SO + H*
CaCO; + H* -~ HCO; + Cae+
HS + 20, + CaCO, -~ SOz~ + Caz* + HCO;
(net: —1 CaCO,)

©)

(42)

5HS + 8NO; - 5502 + 4N, + H,0 + 30H-
3HCO; + 3Caz* - 3CaCO, + 3H*
30H- + 3H* - 3H,0

5HS- + 8NO; 3CaCO; + 4N,+ 4H.,0
+ 3HCO; + 3Caz* + 5S0z-

(4b)

(net: +g CaCO3)

In several microbial mat studies in stagnant, often hyper-
saline lagoons, a correlation was found between the pres-
ence of acid volatile sulfides (produced by sulfate-reduc-
ing bacteria) and potential of CaCO, precipitation
(Krumbein 1979; Krumbein et a. 1979; Lyons et a.
1984). Similarly, involvement of anaerobic bacteria, pre-
sumably that of sulfate reducers, was hypothesized in do-
lomite formation (Vasconcelos et al. 1995; Vasconcelos
and McKenzie 1997). Although not supported by mea-
surements, Walter et al. (1993) suggested the importance
of HS- oxidation in dissolution and recrystallization of
CaCO, in carbonate platform sediments.

To examine the role of different functional groups of
bacteria [i.e., oxygenic phototrophic bacteria (Eqg. 1), aer-
obic heterotrophic microbes (Eq. 2), sulfate-reducing bac-
teria (Eq. 3), and sulfide-oxidizing bacteria (Eq. 4)] in the
formation of lithified micritic horizons in Exuma stro-
matolites, we measured biogeochemical gradients, which
are the result of the diffusion of metabolic products. In
addition, we determined the activities of the metabolic
reactions, summarized above, in these mats. Our goal was
to assess the relative importance of photosynthesis, aer-
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FIGURE 3.

(a) Binocular photomicrograph showing the mi-
crobial mat analyzed for the present study. Five distinct layers
are visible: Layer 1, which is unlithified, is caramel colored;
Layers 3 and 5, which are crusty, are gray-green; and Layers 2
and 4, also unlithified, are white. Sample 6/97.NS.8n, Highborne
Cay, Bahamas. (b) Thin section photomicrograph showing the
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upper part of Layer 3 of the study mat. Note the micritic crust
(c), which occurs at the top of Layer 3; the truncated grains
below this crust (arrow), and the micritized grains (m), which

have lost, or are losing, evidence of their original ooid coatings.
Sample 6/97.NS.8n, Highborne Cay, Bahameas.

obic respiration, sulfate reduction, and sulfide oxidation
in stromatolite formation.

SITE SELECTION AND SAMPLE DESCRIPTION

Our study was conducted at Highborne Cay, Bahamas
(Fig. 1). Located at the north end of the Exuma Cays,
Highborne Cay is bordered on the west by Great Bahama
Bank, where water depths are less than 10 m. On the east,
Highborne Cay is fringed by a shelf, 1-2 km wide and
up to 40 m deep; the shelf edge marks a drop off into
Exuma Sound, where depths exceed 2000 m. Stromato-
lites occur in afringing reef complex along the east side
of the island, which is exposed to the open water condi-
tions of Exuma Sound. The reef complex at Highborne
Cay is similar to that previously described at Stocking
Island (Macintyre et a. 1996; Steneck et a. 1997): Stro-
matolites are found in the back reef area of a coraline
algal ridge, where they form intertidal and shallow sub-
tidal buildups up to 0.5 m thick. Highborne Cay was cho-
sen as the study site because stromatolites at this locality
exhibit exceptionally well-developed lamination.

For our investigation of microbia processes forming
Highborne Cay stromatolites, we analyzed microbial mats
at the surfaces of these structures. In this paper, we report
a detailed study of one such mat; this mat appears to be
a representative sample of stromatolite-forming mats in
the Exuma region.

The microbial mat that is the focus of our paper forms
the uppermost few centimeters of a subtidal stromatolite
that was growing in about 20 cm of sea water at mean-
low tide. This mat shows five distinct layers (Fig. 3a).
Layer 1, at 0-0.5 mm, is caramel colored and soft (un-
lithified); Layers 2 and 4 are white and soft; and Layers

3 and 5 are green-gray and crusty (lithified). Optical mi-
croscopy shows that the mat is a prokaryotic community
dominated by the cyanobacteria Schizothrix sp.; Schizoth-
rix filaments are abundant in Layers 1, common in Layers
3 and 5 and scarce in Layers 2 and 4. In addition to
Schizothrix, endolithic cyanobacteria are also abundant in
Layer 3. A petrographic thin section of this mat shows
that Layers 3 and 5 are micritic horizons with the char-
acteristic features of lithified layers in Exuma stromato-
lites: Thin micrite crusts overlie truncated, micritized
grains (Fig. 3b).

MATERIALS AND METHODS
Microelectrode measur ements

Microelectrodes were used to make field measurements
of O,, HS-, and pH gradients in the upper 2 cm of the
stromatolite from 6:00 am. until 2:00 am. the following
morning. Depth profiles of oxygen and sulfide were de-
termined using needle electrodes with an outer diameter
of 0.8 mm (Visscher et al. 1991); pH was measured with
an electrode encased in a 1 mm hypodermic needle (Di-
amond General, Ann Arbor, Michigan). During profiling,
the stromatolite sample (80 x 50 mm, approximately 30—
40 mm thick, embedded in 50 mm of sand from the site)
was removed from its growth site in 30-70 cm water
depth in the reef lagoon and electrode measurements were
carried out in 2—4 cm of stagnant water; between mea-
surements, the stromatolite sample was returned to its
original site. Three profiles were measured and averaged
during each sampling to account for heterogeneity of the
stromatolite mat. Typically, the maximum depth of O,
penetration was within 0.4 mm between replicates; depth
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of first appearance of HS  as within 0.8 mm between
replicate measurements. Ambient light was recorded with
a LiCor LI-1000 light meter equipped with a quantum
sensor (LiCor, Lincoln, Nebraska).

Oxygen profiles were used to calculate aerobic respi-
ration and photosynthesis. For aerobic respiration, O, pro-
files were measured in the light, then sample and elec-
trode were covered and O, profiling was repeated after 1
and 5 min of darkness. Aerobic respiration was calculated
from the initial slope of O, consumption and was nor-
malized for O, concentrations within each layer. Photo-
synthesis was determined as the increase of the O, con-
centration with depth upon exposure to light (Revsbech
and Jargensen 1985), assuming steady state was reached
after 5 min. Similar results were obtained using O, pro-
files measured using glass microelectrodes with 20 um
tip diameter (Diamond General, Ann Arbor, Michigan)
and needle microelectrodes (Microscale Measurements,
The Netherlands).

Rate measurements of microbial activities

Upon completion of field measurements for a 24 h cy-
cle, the stromatolite was brought to the laboratory and
sectioned within 30 min. One half was used for photog-
raphy and thin sectioning, whereas the microbial mat on
the surface of the other half was dissected into the five
layers shown in Figure 3a. Subsamples from individual
layers were incubated to determine sulfate reduction rates
and to determine the population size of sulfate-reducing
bacteria and aerobic sulfide oxidizing bacteria. Sulfate re-
duction was determined with S0z~ (Fossing and
Jargensen 1989) in serum bottles (37 mL) that were either
flushed with N, or that contained air as the headspace
gas; three replicate incubations were done for each layer.
Microbial populations of sulfate-reducing bacteria and
sulfide-oxidizing bacteria were determined with most-
probable number (MPN) incubations in specific synthetic
nutrient medium after serial dilution in autoclaved sea
water (Hines et a. 1996; Visscher and Van Gemerden
1993). Final scores were taken after six weeks and pop-
ulations calculated according to De Man (1975).

M easurements of potential microbial activity

Laboratory analyses of stromatolitic mats also included
slurry experiments to investigate respiration potential. For
these experiments, material from Layers 1-3 (i.e., the up-
permost 5 mm of the mat) was homogenized by stirring
in sterilized sea water (1:1 vol. mat/vol. sea water) col-
lected from the field site. Potential rates of aerobic res-
piration and sulfate reduction (anaerobic respiration) were
determined by supplementing the homogenized slurries of
stromatolite mat with organic carbon. Effects of substrate
additions were assessed by comparison with endogenous
rates (no substrate addition). Respiration rates were de-
termined by the decline in [O,] and increase in [HS]
during aerobic respiration and sulfate reduction, respec-
tively. Respiration rates were measured in a closed 20
mL chamber with an oxygen microelectrode or sulfide
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needle electrode. For aerobic respiration, the homogenate
was aerated; for sulfate reduction, the slurry was purged
with N, for 15 min. All experiments were replicated. Trip-
licate organic carbon additions included: acetate, lactate,
ethanol (each at 10-50 wM final concentration), and
Schitzothrix exopolymer (EPS; 1.67, ng/mL). Sulfate re-
duction potential upon thiosulfate addition (100 uM) was
also determined. Similar to sulfate, thiosulfate can be re-
duced to HS-, which adds to CaCO, precipitation (com-
pare with Eq. 3).

Slurry experiments of mat homogenates from the upper
5 mm were also used to assess the respiration potential
of sulfide oxidation (chemolithotrophic respiration). For
this, either sulfide or thiosulfate were added in the pres-
ence of O, (aerobic chemolithotrophic respiration) and
under anoxic conditions, supplemented with nitrate (de-
nitrifying, or anaerobic chemolithotrophic respiration).
The same experimental conditions as for organic carbon
additions were employed; HS- and S,03~ were added to
a final concentration of 10-50 wM and nitrate to a final
concentration of 500 wM. Autoclaved slurries were used
to account for abiotic (chemical) loss.

RESULTS
Biogeochemical gradients

Concentration profiles of O, and HS- in the stromato-
lite mat showed distinct diel fluctuations (Fig. 4). This
diel pattern of O, fluctuation is typical for microbial mats
(Visscher and Van den Ende 1994). Oxygen penetration
was limited to 2 mm at sunrise and showed no subsurface
maximum. During the day, O, penetration increased to 4—
5 mm, due to increased photosynthetic activity. Values of
more than twice O, saturation were measured during the
early afternoon at 1.7 mm depth. Toward the end of the
afternoon, the oxycline was at 3 mm (top of Layer 3),
despite significant light availability (210 wE/m?/s). O,was
only detected in the upper 0.75-1 mm of the stromatolitic
mat throughout the night.

Sulfide appeared within millimeters of the surface in
the stromatolite mat: HS- was detected at 2.5 mm at sun-
rise, 7 mm at 1:00 p.m., 3.5 mm at 6:00 p.m., and 1 mm
at 2:00 am. The concentration of HS- peaked at 125-260
wM at 12-16 mm during daytime and 300 uM at 8 mm
during the night. During most of the daylight hours, the
O,/HS interface was well defined and found at a depth
of 3-5 mm, within Layer 3, which is a lithified horizon.
During the early afternoon, O, and HS- profiles were sep-
arated by 1-2 mm, possibly due to high rates of aerobic
and anaerobic respiration (see below).

Gradients of pH within the stromatolite mat (Fig. 4)
showed less diel variability than the O,and HS- profiles.
From late afternoon until early morning, pH values grad-
ually increased with depth. Surface values of pH ~7.5
were dightly lower than ambient sea water, with a pH of
7.9; mat pH progressively increased to values of about
8-8.2 at 5 mm depth. The lower pH values at the surface
of the stromatolite may be associated with production of
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Ficure 4. Depth distribution of O, (filled box), HS~ (filled diamond) and pH (filled circle) in the upper 16 mm of the stromatolite
mat measured in situ with microelectrodes. Measurements were taken on June 14-15, 1997. Ambient light intensity and was 30 wE/
m?/s (6:00 am.), 1760 wE/m?/s (1:00 p.m.), 210 pE/m?/s (6:00 p.m.), and 0 wE/m¥s (2:00 am.); the pH of ambient seawater is 7.9.

organic acids through excretion by phototrophs during
photorespiration and formation of H,SO, from HS~ oxi-
dation (Eg. 3). A mgjor departure from this trend of grad-
ual increase of pH with depth was observed in early af-
ternoon. At this time, a peak in pH of 8.7 occurred just
below the depth of maximum O, concentration and co-
inciding with the top of lithified Layer 3. During this
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FiGURE 5. Rate of photosynthesis in the stromatolite mat de-
termined in the field with microelectrodes using the dark-light
shift technique (see text). Ambient light intensity and was 1250—
1850 pE/m?/s (12:30 p.m.) and 200220 wE/m?/s (5:30 p.m.).

early afternoon period, pH values at depths of 1 mm to
8 mm were higher than the pH of ambient sea water. High
rates of photosynthetic CO, fixation and perhaps sulfate
reduction (i.e., removal of H,SO,) could have contributed
to this rise in pH. pH values at 3 mm, which is the top
of Layer 3, ranged from 7.85 at night to 8.75 during the
early afternoon.

Microbial rates

Photosynthesis, aerobic respiration, and sulfate reduc-
tion were active within the stromatolite mat. The net rate
of photosynthesis (Fig. 5) showed a maximum primary
production of 60 pM/min O, at 12:30 p.m. at the interface
of Layers 1 and 2, when the light intensity fluctuated
between 1250 and 1850 pE/m#s. This corresponded to
an O, (hence {CH,O}; see Eq. 1) production rate of ap-
proximately 410 nmol/cm?/h. Late in the afternoon light
intensity decreased to 200-220 pnE/m%s, the photosyn-
thetic rate also decreased to 30 p.M/min O, corresponding
to O, (or {CH,O}) production rates of 120 nmol/cm¥h.
Light intensity peaked at 2139 wE/m%s between 1:30—
2:00 p.m..

Aerobic respiration rates (Fig. 6) showed patterns of
daytime variability that were similar to those seen in the
O, and photosynthesis profiles (Figs. 4 and 5): maximum
rates of aerobic respiration occurred in early afternoon,
reaching values of 33 uM/min O, just below the interface
of Layers 1 and 2; early morning and late afternoon rates
were lower, peaking at 15 pM/min O, Integrated over
depth, respiration rates were 270 wM/h O, in midday and
50 wM/h O, during early morning and late afternoon. At
night, aerobic respiration was dependent on diffusion of
O, from the overlying water and rates were near zero
(data not shown).

Measurements of sulfate reduction rates in individual
layers during the day and in the night show that the high-
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FIGURE 6. Oxygen respiration rate in the stromatolite mat.
Measurements were taken in the field and rates calculated from
the dark consumption in the dark (see text).

est rates are in Layer 3, regardless of whether O, was
present or absent (Fig. 7). At midday, when the oxicline
was located at approximately 5 mm depth near the bottom
of Layer 3 (1:00 p.m. profile, Fig. 4), the sulfate reduction
ratein Layer 3was 9 uM HS- produced (or SO,2 reduced;
Eqg. 3) per hour. At night, when amost the entire stro-
matolite mat was anoxic, the sulfate reduction rate in
Layer 3 was 23 pM/h. Sulfate reduction was also active
at the surface of the stromatolite, in Layer 1, athough
rates appeared lower than in Layer 3, ranging from 7 pM/
h during the day, in the presence of O,, to 13 uM/h at
midnight, without O,. Depth-integrated sulfate reduction
rates ranged from 7.5-12 nmol/cm#¥h HS-. The rate of
HS- oxidation is difficult to measure because of forma-
tion of many different reaction products. Some of these
products (e.g., S,02°) are rapidly reduced back to HS- by
sulfate-reducing bacteria. However, based on the location
of the oxycline, the rate of HS- oxidation is expected to
peak in Layer 3.

Bacterial populations

MPN incubations revealed distinct variations in the
abundance of sulfate-reducing and sulfide-oxidizing bac-
teriain individual layers of the stromatolite mat (Fig. 8).
Maximum population densities of sulfate-reducing bac-
teria (8-10° cells/lcm?®) and sulfide-oxidizing bacteria
(2:10* cells/lem?) are found within lithified Layer 3. In-
deed, sulfate-reducing bacteria were two orders of mag-
nitude more abundant in Layer 3 than in any other layer.
Anoxygenic phototrophic and denitrifying sulfide-oxidiz-
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FIGURE 7. Sulfate reduction rate within individual layers of
the stromatolite mat. Sub-samples were incubated with *S02?
under either oxic or anoxic atmosphere (indicated by the vertical
arrows in both panels). Error bars indicate the standard deviation
of triplicate samples.

ing populations were only associated with Layers 2 and
3. Both were dightly larger in Layer 3 and were <5102
cells’cm? (data not shown).

Respiration potential

Potential rates of aerobic respiration and sulfate reduc-
tion, as determined by slurry experiments, indicate severe
organic carbon limitation within the mats. Addition of

LOG POPULATION SIZE
(cells/cm 3)

Ficure 8. Depth distribution of microbial populations of sul-
fate-reducing bacteria (light bars) and sulfide-oxidizing bacteria
(dark bars) in Layers 1 through 5. The error bars indicate the
95% confidence interval; open stars indicate a population size of
<5107 cells/eme.
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TaBLE 1. Rates of oxygen uptake and sulfide production by TaBLE 2. Sulfide and thiosulfate oxidation rates in
bacteria in stromatolite homogenate homogenized stromatolite samples
Oxygen Sulfate HS- Oxidation rate S,0%

Organic carbon respiration rate reduction rate (rmol/mL/h) Oxidation rate

source d[O,)/dt (wmol/mL/h)  d[S?-1/dt (mol/mL/h) d[O,)/dt

Electron acceptor d[O,)/dt d[HS-)/dt (rmol/mL/h)
Acetate 84 (4) 115 (21)
Lactate 63 (7) 46 (7) Oxygen 41 (8) 36 (6) 109 (21)*
EPS 48 (11)* 61 (10)t Nitrate - 23 (10) -

Ethanol 74 (8) 50 (3) Endogenous rate 14 (3)t 9 ()t 6 ()t

Endogenous rate 8 (2) 11 (2)

Notes: Oxic and anoxic conditions are shown. Organic carbon additions
stimulated aerobic respiration or sulfate reduction upon which rates were
determined from the initial slope of O, uptake or HS- production. EPS
isolated from a Schizothrix culture was consumed after a considerable lag
phase. Numbers indicate mean of two replicate experiments, each receiv-
ing three different concentrations of organic carbon.

* After >30 min lag.

T After 5-10 min lag.

organic compounds resulted in marked increases of aer-
obic respiration and sulfate reduction above endogenous
rates (Table 1). Aerobic respiration, as determined by O,
consumption (d[O,]/dt), responded immediately to the ad-
dition of small organic substrates. Increase in respiration
was the highest for acetate and ethanol, which effects did
not differ significantly. When the mat homogenate was
initially supplemented with Schizothrix exopolymer
(EPS), a complex organic substrate, aerobic respiration
did not increase until after a lag time of 30—40 min; suc-
cessive additions of EPS were consumed without lag.
Sulfate reduction rates, measured as sulfide production
(d[HS]/dt) showed similar patterns of increased activity
upon addition of organic carbon. The organic carbon
source that stimulated sulfate reduction the most was ac-
etate, which enhanced sulfate reduction more than it stim-
ulated aerobic respiration. EPS was consumed by sulfate
reduction with a shorter lag than for aerobic respiration,
possibly due to a rapid fermentation of this organic com-
pound and subsequent utilization of the fermentation
products (such as acetate, lactate, and ethanol) by sulfate-
reducing bacteria. Sulfate reduction stimulated by thio-
sulfate reduction was also measured as the increase of
HS- in an anoxic homogenate. After a brief lag (5-10
min), the rate of HS- production from 100 uM S,02- was

82 wmol/mL/h. This demonstrates that the thiosulfate
available in the mat, in addition to being oxidized to
SOz~ (see below), can be reduced in pat to HS

(Jargensen 1990; Visscher et al. 1992).

Sulfide and thiosulfate oxidation potential (Table 2), as
measured in slurry experiments, indicate a high potential
rate of immediate biological re-oxidation of HS- pro-
duced by sulfate-reducing bacteria. Anaerobic sulfide ox-
idation, with nitrate as electron acceptor, was only slightly
and not significantly lower than aerobic oxidation (23 +
10 and 36 += 6 wmol/mL/h HS-, respectively), demon-
strating that a significant amount of sulfide can be oxi-
dized in the absence of O.,.

Notes: Aerobic HS~ oxidation was measured as decrease of [O,] and
[HS-]; S,0% oxidation is expressed as decline in [O,]. Anaerobic oxidation
of HS~ was measured under denitrifying (i.e., nitrate-respiring) conditions
as the removal of sulfide from the homogenate.

DiscussioN

Biogeochemical gradients in stromatolitic mats at
Highborne Cay (Fig. 4) indicate distinct spatial and tem-
poral distributions of photosynthesis, aerobic respiration,
and sulfur cycling (i.e., SO reduction and HS- oxida-
tion) within individual layers (Fig. 9). Layer 1 is associ-
ated with high cyanobacterial biomass, and thus with
maxima in rates of photosynthesis and aerobic respira-
tion. Layer 3 contains a high biomass of sulfur bacteria
and cyanobacteria, including endolithic species, and is as-
sociated with dynamic sulfur cycling. The microbia pro-
cesses listed above are, moreover, known to induce pre-
cipitation and dissolution of CaCQO, (Egs. 1-4). Inferred
interactions of these various precipitation and dissolution
events in creating the observed patterns of lithification
and characteristic features of the lithified micritic hori-
zons in Exuma stromatolites are discussed below.

Photosynthesis and aerobic respiration

Photosynthesis and aerobic respiration are active in
Layer 1 and in the upper part of Layer 2 of the stromat-
olite mat during the day (Figs. 4, 5, and 9). High rates of
photosynthesis result in CO, depletion and corresponding
CaCO, precipitation, assuming sufficient Caz+ availability
(Eg. 1). Reestablishment of the carbonate equilibrium
(HCO; - CO, + OH") in response to CO, depletion
results in an increase of pH (Visscher and van Gemerden
1991).

As the CO, concentration declines due to photosyn-
thetic removal, pH values increase. Relatively low [CO,]
and high [O,] occur during the afternoon. As aresult, the
key enzyme in CO, fixation, Ribulose Bisphosphate Car-
boxylase-Oygenase, switches from predominantly CO,
(carboxylation) to predominantly O, (oxygenation) utili-
zation. This results in photorespiration and production of
C, compounds (e.g., glycolate), a significant fraction of
which is excreted and available for aerobic and anaerobic
respiring bacteria. Carbon availability stimulates sulfate
reduction (Table 1; see below), and thus enhances H,SO,
removal causing the pH to further increase during the
daytime, especialy in Layer 3 (Fig. 6).

Increases in pH in Layer 2, from values of 7.6-7.7
early in the morning to values of up to 8.7 in the after-
noon (Fig. 4), are probably mainly related to photosyn-
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FIGURE 9. Schematic representation showing the spatial and
temporal distribution of microbial processes resulting in precip-
itation and dissolution of carbonate (see Egs. 1-4) in a stromat-
olitic mat from Highborne Cay. Left panel depicts nighttime,
middle panel transient hours (1-2 h in early morning and late
afternoon) and right panel daytime processes. PS = photosyn-
thesis, AR = aerobic respiration, SR = sulfate reduction, ASO

= aerobic sulfide oxidation, NSO = denitrifying sulfide oxida-
tion (anaerobic respiration). Arrow lengths indicate depth zones
over which the respective processes are active; arrow widths in-
dicate the relative importance of the processes; light arrows are
associated with CaCO, dissolution; dark arrows are indicative of
CaCO,; precipitation.

thetic activity, which predominates in Layer 1 (Fig. 5).
In addition, sulfate reduction, which predominatesin Lay-
er 3 (Fig. 7), may aso contribute to the observed pH
increase. High pH favors the reaction; HCO; + OH- -
HCOz + H,O, which leads to CaCO, precipitation.

Aerobic respiration depends on { CH,O} and O, avail-
ability (Eqg. 2) and is closely associated with photosyn-
thesis in space and time (Figs. 5 and 6). Oxidation of
organic carbon during aerobic respiration yields H*, de-
creasing the pH (Eq. 2). Low pH favors the reaction:
HCO; + H* - CO,+ H,0, which results in CaCO, dis-
solution. Thus, photosynthesis and aerobic respiration
have opposite effects on CaCO,; the former leads to pre-
cipitation, while the latter dissolves CaCO,. If the rates
of photosynthesis and aerobic respiration were similar, no
net lithification would result in Layers 1 and 2. However,
as discussed below, photosynthesis is supporting both
aerobic and anaerobic respiration. This could lead to
some net carbonate precipitation within Layer 1 and the
top of Layer 2.

Sulfur cycling: Sulfate reduction and sulfide oxidation

In contrast to photosynthesis and respiration, which are
most active in unlithified Layers 1 and 2, the highest rates

of sulfate reduction, during both the day and night, were
found deeper in the mat, within Layer 3 (Figs. 5 and 7),
alithified horizon. Sulfate reduction mediates CaCO, pre-
cipitation through HCO, production (Eg. 3).
Re-oxidation of HS- produced during sulfate reduction
is aso important in the Highborne mats. Aerobic chem-
olithotrophic oxidation of HS- takes place at the O,/HS-
interface, which is predominantly associated with the top
of Layer 3 (Fig. 9). This aerobic process leads to a de-
crease in pH due to H* formation and results in CaCQO,
dissolution (Eq. 4a). In addition, anaerobic chemolitho-
trophic HS- oxidation coupled to denitrification (Eq. 4b)
may play arole in mat lithification. Although NO; con-

centrations in Exuma Sound are low (~32 nM; Visscher
and Bebout, unpublished results), low concentrations of
NO; do not necessarily indicate low microbial activity.
In particular, NO; additions to anoxic stromatolite slurries
resulted in significant HS- oxidation, indicating that there
is a potential for denitrification. Moreover, certain species
of sulfide-oxidizing bacteria may be capable of using ei-
ther O, or NO; for HS- oxidation, as has been reported
for severa marine thiobacilli (e.g., Visscher and Taylor
1993). In contrast to aerobic HS- oxidation, which
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causes carbonate dissol ution, anaerobic HS- oxidation us-
ing NO; induces CaCO, precipitation (Eq. 4b).

Clearly, the various processes involved in sulfur cy-
cling in the Highborne mats lead to different CaCO, sce-
narios. Moreover, the relative importance of HS- oxida-
tion under different environmental conditions varies in
time and space (Fig. 4), and production of intermediate
sulfur compounds is expected (Visscher and Van Gem-
erden 1993, Van den Ende and Van Gemerden 1993).
How these processes affect CaCO, precipitation and dis-
solution is currently under investigation.

Processes involved in sulfur cycling within the Exuma
Cays mats are summarized in Figure 9. Due to the high
biomass associated with Layer 3 and the location of the
O,/HS" interface at the top of Layer 3, the most dynamic
sulfur cycling occurs within this layer. Sulfate reduction
enhances CaCO, precipitation throughout Layer 3 and is
particularly active during the night. During the day, aer-
obic HS-oxidation rates peak at the top of Layer 3, caus-
ing CaCO, dissolution. From late afternoon until after
sunrise, HS- oxidation under anaerobic (denitrifying)
conditions may aso be important, leading to CaCO, pre-
cipitation at the top of Layer 3. Such diel fluctuationsin
sulfur cycling would create alternating conditions of car-
bonate dissolution and precipitation at the oxic-anoxic in-
terface. These processes could result in the truncation of
previously microbored and weakened carbonate grains
and reprecipitation of lithified micritic crusts at the top
of Layer 3. Precipitation associated with sulfate reduction
throughout Layer 3 would lead to net lithification of this
layer. Carbonate dissolution at the top of Layer 3, asso-
ciated with aerobic sulfide oxidation at the oxic-anoxic
interface, provides an aternative to surface bioerosion
(Macintyre et al. 1996) as a possible mechanism for trun-
cation of grains at the tops of the lithified layers. The
chemocline theory is attractive in that coupled processes
of dissolution and reprecipitation of carbonate associated
with diel fluctuations of aerobic and anaerobic sulfide ox-
idation at the chemocline could aso account for the for-
mation of micritic crusts above truncated grains.

Carbon consumption: Aerobic vs. anaerobic metabolism

The importance of sulfur cycling in the formation of
lithified micritic laminae in Exuma stromatolites is also
apparent when consumption of organic carbon via aerobic
and anaerobic (sulfate-reducing) processes is examined.
Rates of aerobic respiration in the stromatolitic mats are
higher than rates of sulfate reduction. However, aerobic
respiration depends directly on photosynthesis by cyano-
bacteria and is limited to the light period, whereas sulfate
reduction continues throughout the diel cycle. Assuming
12 h of photosynthetic O, production and aerobic respi-
ration restricted to the top 3-4 mm, aerobic respiration is
estimated to consume approximately 750-950 nmol/
cm?/d {CH,O} (Eg. 2). Sulfate reduction takes place in
the top 10 mm during the entire diel cycle, and the rate
is lower during the oxic period than during the anoxic
period (Fig. 7). Since the SOz{CH,O} stoichiometry is 2
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(Eq. 3), sulfate reduction accounts for a total carbon con-
sumption of approximately 470 nmol/cm-%/d { CH,O}. As
a result, sulfate reduction facilitates a substantial net
CaCO, precipitation. Photosynthesis, coupled to aerobic
respiration, has no net effect on CaCO, (Egs. 1 and 2),
whereas photosynthesis coupled to sulfate reduction gains
1.5 CaCO, per {CH,O} recycled (Egs. 1 and 3). When
taking re-oxidation of HS- produced during sulfate re-
duction into consideration, photosynthesis coupled to sul-
fur cycling (i.e., sulfate reduction and sulfide oxidation)
still gains CaCO, by a factor of 1 or 1.3 under oxic (Egs.
1, 3, and 4a) and anoxic conditions (Egs. 1, 3, and 4b),
respectively.

Comparison with non-lithifying microbial mats

Modern microbial mats such as those found in Guer-
rero Negro, Mexico (Canfield and Des Marais 1991), So-
lar Lake, Sinai (Jergensen and Cohen 1977; Krumbein et
al. 1977), Sabkha Gavish, Sinai (Krumbein et a. 1979),
and Texel, The Netherlands (Visscher and Van Gemerden
1993), are commonly viewed as modern analogs of an-
cient stromatolitic microbial communities (Ward et al.
1989; Des Marais 1990). However, an important differ-
ence between these mats and ancient stromatolites is that
the former are unlithified, whereas ancient stromatolites
formed as actively mineralizing structures. Although the
mats at Solar Lake (Lyons et al. 1984), Sabkha Gavish
(Krumbein et a. 1979; Gavish et a. 1985), and Guerro
Negro (J. Farmer, persona communication) contain dif-
fuse precipitates of CaCO,, lithified micritic crusts, the
characteristic features of ancient stromatolites, do not
form in these mats. This raises the question why benthic
microbial mats building ancient stromatolites and stro-
matolites in the Exuma Cays form lithified micritic lam-
inae, whereas others do not. Although this is undoubtedly
a complex question, our results suggest that one critical
factor may be iron availability

In hypersaline and marine microbial mats, the FeS pool
typically exceeds the HS- pool by several orders of mag-
nitude (Jergensen and Cohen 1977; Visscher and Van
Gemerden 1993). In these mats, HS- reacts rapidly with
available iron to form an insoluble precipitate of FeS ac-
cording to the reaction: HS- + Fe(OH), - FeS + OH-
+ H,O (Canfield and Berner 1987). Hence, most of the
HS- produced during sulfate reduction is not available
for immediate reoxidation, but is immobilized as FeS.
The low availability of Fe2* in other Bahamian sediments
(Till 1970) suggests that [FeS] is aso low in Exuma stro-
matolites. Thislow concentration of iron may account for
a much more dynamic sulfur cycling than has been found
in other microbial mats. Even though the population of
sulfate-reducing bacteria is two to three orders of mag-
nitude smaller and sulfate reduction rates are one-half to
five times less than in non-lithifying mats (Frind and Co-
hen 1992; Visscher et a. 1992; Jargensen 1994), the ab-
sence of reactive Fe2+ alows for the immediate biol ogical
oxidation of HS~. As a result of a rapid re-oxidation of
HS- in Exuma Cay stromatolites, the sulfate reduction
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rates reported in this paper may have been underestimat-
ed. As a consequence, the importance of sulfur cycling
and associated lithification, compared to the effects of
aerobic respiration, may be even greater than suggested
by the calculations above.

Other factors that may affect lithification include dif-
ferences in the biomass of individual layers. Layers 1 and
3 of Exuma mats contain more biomass, and therefore
biogeochemical gradients are more strongly developed in
these layers than in Layer 2. In addition, strong hydro-
dynamic regimes and greater porosity of Highborne Cay
stromatolites compared to unlithified mats from other lo-
calities may enable a more efficient and rapid transport
of organic carbon (and inorganic nutrients) from Layers
1 and 2, where carbon is produced by photosynthesis, to
Layer 3, where it is consumed by sulfate reduction.

SUMMARY AND CONCLUSIONS

Lithified micritic horizons, which define lamination in
stromatolite-forming microbial mats in the Exuma Cays,
Bahamas, are correlated with layers of high biomass. Mi-
crobia processes (biomass activities) within these strati-
fied mats (Fig. 9) produce distinctive patterns of lithifi-
cation as follows:

(1) Photosynthesis and respiration are high in Layers
1 (high biomass) and 2 (low biomass), causing precipi-
tation and dissolution of CaCO,. The balance of these
processes results in little or no net lithification in these
layers, depending on the amount of organic carbon pro-
duced by photosynthesis that is used for aerobic (vs. an-
aerobic) respiration.

(2) Sulfatereductionishighin Layer 3 (high biomass),
where it causes CaCO, precipitation. Thisresultsin alith-
ified layer in which carbonate sand grains are cemented
together by micritic precipitates. The depth to the top of
Layer 3 is controlled by the amount of photosynthetic
production of {CH,O} by cyanobacteria in Layer 1 and
the amount of consumption of { CH,O} by sulfate-reduc-
ing bacteria in Layer 3.

(3) Sulfide oxidation at the oxic-anoxic interface at the
top of Layer 3 may have a twofold effect: coupled pro-
cesses of dissolution and precipitation associated with
aerobic and anaerobic HS- oxidation may result in etch-
ing and truncation of previously microbored grains and
the precipitation of hard, micritic crusts; these crusts re-
semble micritic laminae found in ancient stromatolites.

These findings indicate a close correlation between dy-
namic sulfur cycling and the formation of lithified micri-
tic laminae in stromatolite-forming microbial mats in the
Exuma Cays. We are currently continuing our investiga-
tions of sulfur cycling within these mats to determine the
spatial and temporal separation of intermediate reactions
involved in sulfide oxidation. Our ultimate goal is to un-
derstand the general role of sulfur cycling in the forma
tion of lithified micritic laminae in stromatolites over geo-
logic time.
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