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1.

INTRODUCTION

Research in the burgeoning field of geomicrobiology reveals an “intimate
juxtaposition and interdependence” of microbes and minerals that we are
only beginning to appreciate (Skinner 1997, p. 1). Future studies of microbemineral interactions are likely to lead to major advances in our
understanding of such fundamental issues as the dynamics of sedimentation,
the flow of energy and matter through the biosphere, and the evolution of
life on Earth (Nealson 2000, Nealson and Stahl 1997, Hazen 2001)
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An ideal model system in which to study microbe-mineral interactions
and ecological principles governing these interactions is modern marine
stromatolites. Modern marine stromatolites are living examples of one of
earth’s oldest and most persistent widespread ecosystems. Layered deposits
of calcium carbonate known as stromatolites first appeared in the geological
record at least three and a half billion years ago (Grotzinger and Knoll 1999,
Hofmann et al. 1999). Stromatolites are neither biotic fossils nor abiotic
structures. Rather, they represent the complex interactions of microbes,
minerals, and the environment (Walter 1994, Grotzinger and Knoll 1999).
For almost 80% of Earth’s history, stromatoliteforming microbial
communities played a major role in regulating sedimentation and global
cycles of major elements via production and decomposition of organic
matter, trapping and binding of sediment, and precipitation of calcium
carbonate.
Modern stromatolites in Exuma Cays, Bahamas, offer a unique
opportunity to investigate interactions between microbes and minerals in the
highly successful stromatolite ecosystem. In this paper, we examine
microbial processes forming Exuma stromatolites. We review what is
currently known and identify unanswered questions and future research
directions. Our goal is to demonstrate that a thorough understanding of
microbe-mineral interactions in modern marine stromatolites will have broad
implications in a wide variety of fields, including ecology, biogeochemistry,
sedimentology, and paleobiology, and will improve our ability to interpret
the fossil record of ancient ecosystems.

2.

STROMATOLITE GROWTH

Stromatolites in Exuma Cays, Bahamas (Dravis 1993, Dill et al. 1986,
Reid and Browne 1991, Reid et al. 1995, Reid et al. 1999) are the only
known examples of stromatolites presently forming in open marine
environments equivalent to those of many Precambrian platforms. Our
recent research results (e.g. Reid et al. 2000) show that growth of these
stromatolites results from successive episodes of sediment accretion and
lithification of microbial mats. Periods of rapid accretion, during which
stromatolite surfaces are dominated by “pioneer” communities of motile
filamentous cyanobacteria, alternate with hiatal intervals. Hiatal periods are
characterized by development of surface films with abundant aerobic and
anaerobic heterotrophic bacteria, which form thin crusts of microcrystalline
carbonate. During prolonged hiatal periods, “climax” communities develop,
which include endolithic coccoid cyanobacteria. These coccoids fuse
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sediment grains, forming thicker lithified laminae. Preservation of lithified
layers at depth creates millimeter-scale lamination.
This growth scenario is based on extensive field and laboratory-based
studies using a wide range of geological and microbiological techniques.
These studies revealed that surfaces of Exuma stromatolites are covered with
cyanobacterial mats, which show distinct variations in microbial community
structure and composition. Three mat types, representing a continuum of
growth stages are recognized (Figure 1).

2.1

Type 1 mats

About 70% of surface mats consist of a sparse population of the
filamentous cyanobacterium Schizothrix sp. within a mucilaginous
exopolymer matrix (Stolz et al. 2001). Schizothrix filaments are generally
vertically oriented and are entwined around carbonate sand grains (Figures
1a, 1b). These mats are “pioneer” communities (Stal et al. 1985), which
dominate during periods of rapid sediment accretion of up to one-grain layer
per day. Populations of diatoms and other eukaryotes are rarely found in
these accreting mats (Golubic and Browne 1996, Pinckney and Reid 1997),
and, contrary to previous reports (Awramik and Riding 1988, Riding 1994),
eukaryotic organisms are not required for the trapping and binding of these
coarse-grained sediments.

2.2

Type 2 mats

Approximately 15% of mats show development of surface films of
amorphous exopolymer and bacterial cells; these surface films are referred to
in this paper as “biofilms”. The biofilms are calcified and appear as thin
crusts (~20-60 µm thick) of microcrystalline carbonate (micrite) at the
uppermost mat surface (Figure 1c). A sparse to moderately dense population
of Schizothrix lies below the surface films (Figure 1c). Schizothrix filaments
are also present, but are not abundant, in the surface films, which are
comprised mainly of copious amounts of amorphous exopolymer,
metabolically diverse heterotrophic microorganisms and aragonite needles
(Visscher et al. 1998, 1999; Stolz et al. 2001; Stolz this volume) Spherical
aggregates of aragonite needles, 2 to 5 µm in diameter, are embedded in the
exopolymer matrix (Figure 1e). Bacteria are abundant and are commonly
observed at the edges of the aragonite spherules (Decho and Kawaguichi
1999; Paerl et al. 2001). This mat type represents a “more mature” (Stal et al.
1985, Van Gemerden 1993) surface community and develops during hiatal
periods when sediment accretion ceases and mats begin to lithify. Initial
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mesocosm manipulations suggest that continuous surface biofilms form in a
matter of days.

2.3

Type 3 mats

The remaining 15% of mats are characterized by an abundant population
of the coccoid cyanobacterium Solentia sp. and randomly oriented
Schizothrix filaments below a calcified biofilm (Figures 1f-1h). This
Solentia-rich mat type represents the “climax” community of the stromatolite
system. Solentia is an endolith that bores into carbonate sand grains. These
bored grains appear grey when viewed in plane polarized light under a
petrographic microscope (Figure 1f), contrasting with the golden brown
coloration of unbored grains (Figures 1a, 1c). In contrast to the conventional
view that microboring is a destructive process (Golubic and Browne 1996;
Perry 1998), the microboring and infilling process associated with Solentia
activity in these mats is an important constructive process. This process
fuses grains at point contacts to create laterally cohesive carbonate crusts
(“welded” grains, Figure 1h) (Macintyre et al. 2000). Field and laboratory
studies show that layers of fused microbored grains are formed in periods of
weeks to months (Macintyre et al. 2000). As Solentia is a photosynthetic
microorganism, such prolonged periods of microboring activity can only be
sustained when this population remains at the surface during long hiatal
periods. Longer hiatal periods can result in development of eukaryotic algal
communities, which do not form laminated structures (Steneck et al. 1998,
Golubic and Browne 1996).

2.4

Subsurface structure

The laminated stromatolitic fabric records a chronology of former surface
mats (Figure 2). Although lamination is readily apparent in hand samples
(Figure 2a), it has a subtle expression in petrographic thin sections. Detailed
observations show, however, that lithified layers have two distinct
petrographic appearances (Figure 2b). These laminae correspond to (1) thin
crusts of microcrystalline carbonate (micrite), 10-60 µm thick (Figures 2b,
2c); and (2) layers of fused, microbored grains infested with Solentia sp.;
these layers are 1-2 mm thick (Figures 2b, 2d) and underlie micritic crusts.
Light microscopy combined with scanning electron microscopy shows that
the thin crusts are identical in thickness, composition, and texture to the
calcified biofilms described above. They are also similar in thickness to
micritic laminae in many ancient stromatolites (Walter 1983, BertrandSarfati 1976).
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Figure 1. Surface mats shown as a response to intermittent sedimentation. a,b, Type 1 mats;
filamentous cyanobacteria (arrows) bind carbonate sand grains. c,d,e, Type 2 mats; a
continuous sheet of amorphous exopolymer with abundant heterotrophic bacteria drapes the
surface (a, arrow; d); aragonite needles precipitate within this film (e). f,g,h, Type 3 mats; a
surface biofilm overlies filamentous cyanobacteria and endolithinfested grains, which appear
gray and are fused (arrow, f). Banded pattern of fibrous aragonite in bore holes (g) indicates
progressive infilling. Precipitation in tunnels that cross between grains leads to welding (h).
(a,c,f) Petrograhic thin sections, plane polarized light. (b,d,e,g,h) Scanning electron
microscope images

Figure 2. Subsurface distribution of lithified layers, which form at 1-2 mm intervals. a,
Water-washed vertical section showing lithified laminae, which stand out in relief. b, Low
magnification thin-section photomicrograph of boxed area in (a) showing the distribution of
lithified layers. c, Micritic crust, equivalent to the blue lines in (b). d, Layer of microbored,
fused grains, equivalent to the orange lines in (b), underlying a micritic crust (black dashed
line).
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In addition, the microstructure of the layers of fused, microbored grains is
identical to that formed by the climax community described above. Analyses
of the distribution of these layers indicate that micritic crusts, representing
mature biofilm communities, occur at 1 to 2 mm intervals, whereas layers of
fused grains, representing climax communities, occur at 2 to 3 mm and 3 to
4 mm intervals (Figure 2) (Reid et al. 2000).

3.

CONTROLS OF STROMATOLITE
MORPHOGENESIS

Our recent research results, as summarized above, are the first to
document a set of microbemineral interactions resulting in the growth of
lithified, laminated carbonate buildups in a modern environment. Theses
studies indicate that Exuma stromatolites are the net result of interactions
between microbes and minerals in three distinct mat types (Figure 3). These
mat types represent a spectrum of community development and include (1) a
“pioneer” stage of motile cyanobacteria; (2) more mature mats having
continuous surface biofilms with a more substantial heterotrophic
population; and (3) mats developed to a stage where surface carbonate grains
have been invaded by endolithic cyanobacteria and grains are fused.
Processes of trapping and binding of sediment by the pioneer communities
and carbonate precipitation in biofilm and endolithic communities result in
stromatolite accretion. Cycling between microbial communities, with
accompanying changes in accretion style, leads to lamination, a fundamental
feature of stromatolites through time. Iteration of lamination is expressed as
stromatolite morphology (Figure 3).
Currently, the dynamics of the microbial system and the factors that
regulate community succession and stromatolite morphogenesis are
unconstrained (Figure 3). On first consideration, it may seem likely that
successions between pioneer communities, which trap and bind sediment,
and biofilm and climax communities, which precipitate calcium carbonate,
are controlled primarily by sediment supply. Initial trapping of sediment is,
however, dependent on adhesion of grains to a microbial mat. Thus,
cessation of sediment accretion could result for two different reasons: (1) a
lack of sediment influx (an environmental control) or (2) sediment adhesion
could be inhibited by accumulation of exopolymer that is not sticky enough
to “trap” grains (a biological control). In other words, hiatuses in sediment
accretion could conceivably reflect conditions of mat biology! Microbial
communities may, therefore, be actively controlling stromatolite
morphogenesis.
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Our recent results provide critical insight into microbial functional
groups and major processes that are involved in stromatolite growth.
Specific mechanisms and rates of these processes, however, remain largely
unknown, and at present we can only speculate on intrinsic and extrinsic
factors that control stromatolite morphogenesis. Future advances in
understanding stromatolite growth will require detailed knowledge of
accretion mechanisms, microbial and environmental factors that regulate
accretion, and quantitative models that link accretion to morphology.

3.1

Stromatolite accretion

3.1.1

Sediment Trapping and Binding

Exact mechanisms of trapping and binding by pioneer communities of
filamentous cyanobacteria are not known. Initial observations suggest,
however, that “trapping” occurs when grains adhere to sticky exopolymer at
the surface of a mat (unpublished video recordings). These grains are
subsequently “bound” when they are entwined by filamentous sheaths as
cyanobacteria move upward to the mat surface. Water turbidity fluctuates,
but sediment is typically abundant due to tidal cycles, frequent high winds
and frequent burial events. The factor that is considered most likely to
impact initial trapping is “stickiness” of exopolymer (Decho, this volume);
additional factors that may be important in the binding of sediment are
cyanobacterial growth rates, motility and response to light, substrate
availability or chemical cues. In addition, erosive events, such as storms,
may have a negative impact on accretion; erodibility will reflect the cohesive
properties of the “bound” sediment.
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Figure 3. Microbial-environmental interactions leading to stromatolite morphogenesis.
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3.1.2 Carbonate Precipitation
Carbonate precipitation in Exuma stromatolites is primarily associated
with biofilm and climax communities. In biofilm communities, precipitation
occurs within surface biofilms, forming thin micritic crusts. In climax
communities, additional precipitation occurs in endolithic borings, resulting
in layers of fused grains. Heterotrophic degradation of exopolymer by sulfate
reducing bacteria has been identified as a major precipitation process
forming micritic crusts, as evidenced by microscale observations that high
rates of sulfate reduction coincide with micritic crusts (Figure 4) (Visscher et
al. 1998, 2000). Precipitation within microborings has not yet been
investigated, but observations of organic matter in some boreholes
(Kawaguchi and Decho 2000), together with high sulfate reduction activity
in these layers (Visscher et al. 2000) suggests that, as in biofilm layers,
heterotrophic activity may be important in the precipitation process. In
addition, although our previous work has emphasized exopolymer
degradation in precipitation, recent work suggests that low molecular weight
dissolved organic compounds (DOC) may play an important role in the
precipitation process.

Figure 4. Bacterial activity related
to carbonate precipitation. a,
Sulfate reduction mapped using the
35S-Ag technique; black dots
indicate zones of high activity. b,
Thin section of mat analyzed in (a)
showing a correspondence between
high sulfate reduction activity and
micritic crusts (arrows). c, Scanning laser confocal microscope image of a micritic crust
showing an intimate association between bacteria (white) and carbonate precipitates
(grey). Filament in upper left is Schizothrix sp.

Carbonate precipitation in stromatolites may, therefore, be impacted by
many factors that concurrently affect microbial carbon and sulfur cycling,
including community composition, light, flow, and availability of oxygen
and carbon. The carbonate saturation state of seawater is an additional
extrinsic factor that can affect precipitation. Previous studies have linked
extensive cementation in the Exuma Cays region to supersaturation resulting
from degassing (loss of CO2) and increase in temperature as cool oceanic
water from Exuma Sound moves onto the Bahama Bank (e.g. Dill 1991).
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The distribution of stromatolites along the ocean-facing margins of Exuma
Sound (Reid et al. 1995) and their apparent absence on Bank interiors
suggest that ocean chemistry may indeed play a role in stromatolite
development.

3.2

Stromatolite lamination

Lamination in modern marine stromatolites represents successive
intervals of sediment accretion and carbonate precipitation. As discussed
above, microbial factors that control the “stickiness” of exopolymer in a
filamentous cyanobacterial mat may be important determinants of accretion.
Therefore, biological processes controlling community succession, such as
sulfide and light cues, microbial growth rates, relative rates of
photosynthesis and respiration (aerobic and anaerobic), exopolymer
production, etc. may be critical controls on lamination.
A fundamental feature of lamination is episodic accretion. The distance
between lamina represents the frequency of events (external disturbance
events or microbial growth factors) associated with layer formation. In
modern marine stromatolites, micritic crusts, representing mature biofilm
communities, occur at 1 to 2 mm intervals, whereas layers of fused grains,
representing climax communities, occur at 2 to 3 mm and 3 to 4 mm
intervals (Figure 2) (Reid et al. 2000). Statistical analyses of lamina spacing
are needed to define long-term patterns of mat development and community
succession. Differentiating between lamination styles that are cyclical or
random will help to constrain factors regulating mat succession and resultant
stromatolite accretion.

3.3

Stromatolite morphology

Recent studies have used mathematical models to simulate stromatolite
morphogenesis (e.g. Grotzinger and Rothman 1996, Grotzinger and Knoll
1999). These efforts have focused primarily on surface growth processes that
could occur in the absence of microbial activity. The models produce layered
structures similar to stromatolites by incorporating vertical accretion
(sediment influx or microbial growth), lateral diffusion of loose sediment or
microbes, surface normal growth (mineral precipitation or microbial
growth), and random noise. Although these models may capture some
aspects of microbial mat growth, they do not include population or reaction
dynamics intrinsic to ecological interactions. As articulated by Grotzinger
and coworkers, the challenge is to identify morphological features that can
be produced exclusively through biological behavioral responses or related
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nonlinear dynamics. Future insights into modern microbial mat growth
processes will allow development of models that are capable of expressing
unique characteristics of microbial mat dynamics and can predict effects of
microbial processes on stromatolite morphology.

4.

STROMATOLITES AS A MODEL SYSTEM

As indicated above, stromatolite morphogenesis encompasses a wide
range of fundamentally important ecological, biogeochemical, and
sedimentological processes and principles. Modern marine stromatolites are
an ideal model system for investigating these topical issues because of the
relative simplicity of the stromatolite system, i.e. a relatively small number
of organisms participate in the development of a highly organized ecosystem
(Figure 3). This simplicity enables individual components to be sampled,
experimentally manipulated, and modeled, such that the sensitivity of the
system to internal and external perturbation can be evaluated and
biogeochemical cycling and mineral formation can be quantified. The
formation of three distinct mineral “products” by three mat types in a
spectrum of community succession is particularly beneficial because these
“end points” enable population dynamics to be monitored.
Examination of the stromatolite system using interdisciplinary
approaches will allow fundamental ecological questions to be addressed. For
example, what adaptations have allowed the stromatolite ecosystem to
persist for over 3 billion years? How do microbes respond to environmental
perturbations? What extent do microbes manipulate or “engineer” their own
environment? The potential for stromatolite-forming communities to “self
organize” to achieve a common goal of ecological stability and persistence is
of particular significance. Self-perpetuating episodes of community
succession may be a critical adaptive strategy that has ensured the long-term
survival of this highly successful ecosystem.
It is intriguing to consider that stromatolites, which represent earth’s
earliest biofilms, may represent the simplest organized system of
calcification. The spatially- (and temporally-) ordered interactions between
microbial components within biofilms may evoke and regulate precipitation
in a relatively organized manner— “one that bears functional analogy to
primitive shells and bones” (Decho, this volume). This posits an important
question regarding the microbial communities involved in precipitation: are
these communities (e.g. sulfate reducers and cyanobacteria) actively
coordinating their metabolic activities (production and consumption of
carbon) to effect a layered precipitation of CaCO3? Such metabolic
coordination would likely involve chemical signaling processes, called
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“quorum sensing”, within and/or between different microbial groups (Fuqua
et al., 1996; Decho, 1999). An ecological advantage of metabolic
cooperation leading to organized precipitation of micritic layers (laminae)
would be to physically stabilize the overall system.
Modern marine stromatolites are also ideal systems in which to study
biogeochemical cycling. As in non-lithifying microbial mats, microbial
populations and processes within the surface mats of stromatolites exhibit
vertical compartmentalization with a high degree of horizontal homogeneity.
In contrast to non-lithifying mats, each of the stromatolitebuilding
communities has a unique geochemical signature. In addition, the
stromatolite mats are associated with lower biomass and display
correspondingly lower metabolic rates than typical non-lithifying mats
(Visscher et al. 2001; Decho et al. submitted). The trapping and binding of
sediment in stromatolite mats provides a “geophysical dilution” of
biochemical processes, and hence a stretching of spatial scales. As a result of
these combined features, geochemical parameters of the stromatolite
ecosystem are relatively easy to study. Sampling and measurement of
individual strata are simplified and, most significantly, mathematical models
that can adequately describe ecosystem interactions and changes through
time can be developed.
We predict that the biological properties of the stromatolite system
interact with physicochemical environment to regulate biogeochemical
cycling. To evaluate this hypothesis, elemental budgets within stromatolites
and the factors that control the balance of elemental exchange within
stromatolites and the external environment must be determined. These
measurements, combined with combined with knowledge of microbial
community composition and activity, will reveal fundamental links between
ecosystem function and organismal ecology by identifying feedbacks
between the cycling of elements, population dynamics, and shifts in
community structure.
Understanding pathways of biogeochemical cycling in stromatoliteforming communities will also have a fundamental impact in studies of
biofouling, biocorrosion, and biostabilization of sediments. Biogenic
stabilization of sediment, for example, is important in coastal sediments
worldwide (e.g. Krumbein 1994). Microbial mats typically function to
reduce sediment transport. Community structure and function is, in turn,
influenced by sediment type (Yallop et al. 1994). In addition to contributing
to sediment cohesion, microbial mats affect water quality when they are
eroded. By injecting high quality organic matter into the water column,
eroded mats can play a central role in the energy flow of the coastal marine
ecosystem (Grant and Emerson 1994). At present, microbe-mineral
interactions controlling biogenic stabilization are poorly understood. New
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approaches, such as those being developed in studies of stromatolite
morphogenesis, will show how specific chemical components of exopolymer
influence sediment cohesiveness and how the composition of exopolymer
varies in response to environmental parameters.

5.

APPLICATION OF THE ROCK RECORD

Can modern marine stromatolites serve as a key to recognizing and
interpreting biological and environmental signatures in the rock record? We
answer, emphatically, yes. A rigorous understanding of present-day
interactions between microbes, minerals and the environment is of critical
importance for establishing criteria that identify microbial and
environmental influences on stromatolite growth and for developing process
models that “accurately describe stromatolite accretion dynamics”
(Grotzinger and Knoll 1999, p. 316). Processes of carbonate precipitation
and sediment trapping and binding, which form modern marine
stromatolites, are the primary accretion mechanisms in stromatolites through
time and in other microbial deposits.
A defining feature of stromatolites in the rock record is lamination.
Previous studies of ancient stromatolites have typically attributed lamination
to variations in rates of sediment supply (extrinsic control) (e.g. Seong-Joo
and Golubic, 1999, 2000; Seong-Joo, et al. 2000). The possibility that
intrinsic biologic factors may regulate lamination in modern marine
stromatolites, as previously discussed, has important implications for the
interpretation of ancient ecosystems. If “stickiness” of a mat is indeed a
critical factor in initial adhesion of sediment to the stromatolite surface, then
lamination may record information on mat characteristics, such as species
abundances and the composition of exopolymer. This interpretation has
significantly different implications for stromatolite growth rates and
dynamics of the microbial-sediment system than a strictly abiotic control of
lamination related to sedimentation events.
The example above demonstrates the fundamental importance of
differentiating between biological and environmental influences in
stromatolite morphogenesis. At present, effects of environmental processes
on stromatolite growth are much better understood than biological influences
(e.g. Grotzinger and Knoll 1999). Until the range of microbial influences on
carbonate sedimentation is established in modern environments, the role of
microbial communities in the accretion and lithification of ancient
stromatolites will remain ambiguous. Differentiating between biological and
environmental influences on stromatolite morphogenesis is of critical
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importance in interpreting the rock record and understanding the early
evolution of life.
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