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Preface

Great Bahama Bank is one of the classic areas for Holocene platform carbonates.
The area centered around North Andros Island offers a remarkable suite of the major
environments and their deposits. Within some 25 km of Nicolstown, Andros, one can see
and sample:
• Living coral reefs and their Pleistocene counterparts.
• Ooid sand forming on tide-swept shoals, which accumulate as submarine deposits and
on beaches and dunes.
• Tidal flats with distinctive sub-environments and some 4000 years of accumulation.
• Modern beaches and beach dunes and Pleistocene eolianites.
• Synsedimentary hardgrounds forming on the open Bank.
• Peloids in various stages of hardening.
• Lime muds, the modern counterparts of ancient lime mudstones.
Fortunately, these environments and their deposits have been the focus of
considerable research. The published results of this research provide valuable information
for visitors. What follows here are summaries of some of these works to prepare visitors
for examining and sampling some of the major environments. They were prepared and
reviewed by graduate students of the Rosenstiel School of Marine and Atmospheric
Science, Division of Marine Geology and Geophysics at the University of Miami.

Robert N. Ginsburg and Guido L. Bracco Gartner, Editors
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1. The geological history and proposed origin of the
Bahamas
Brigitte Vlaswinkel

1.1. Why the Bahamas?
The Bahamas are among the most extensively studied regions in the world. A
number of phenomena typical of calcareous environments have been described first from
the Bahamas. Geological research on the Bahamas has been documented first by a study
of Nelson (1853) that describes the geography and topography (Westphal, 1998). For
nearly two centuries now the Bahamas have provided a special interest for geologists.
One reason for this fascination is the huge size of this carbonate platform, a size that
makes it unique in the world (Meyerhoff and Hatten, 1974). This huge carbonate
platform is unusual not only for its size, but also for the nearly 6 km of carbonate and
evaporite sedimentary rocks that are known to underlie the platform (Meyerhoff and
Hatten, 1974). An additional 5 km of section probably underlies the section that has been
penetrated (Furrazola et al., 1964; Meyerhoff and Hatten, 1974). The presence of bank
carbonates, reefs and evaporites makes the area attractive to many petroleum geologists
(Meyerhoff and Hatten, 1974). Carbonate rocks of the same ages, Late Jurassic through
Miocene, produce commercial hydrocarbons at similar latitudes elsewhere in the world:
in Mexico, in the southern United States and in the Tethys belt, particularly the Middle
East (Meyerhoff and Hatten, 1974).
1.2. Physiography
The Bahama platform is a classic area for isolated carbonate sedimentation, which
has served as an example for many ancient limestone environments. The Bahamian
archipelago extends from southern Florida to the Puerto Rico Trench. It is located in
22O-28O N at the southeastern continental margin of the North American plate. The size
of the platform is 700 km North-South and 300 km East-West (Fig. 1.1). The platform is
close to sea level and is divided into several banks by deep channels: Exuma Sound,
Tongue of the Ocean (TOTO) and Providence Channel. The Old Bahama Channel
separates it from the USA mainland by the deep Florida Straits and from Cuba. These
deep channels effectively cut the Bahama Platform off from any siliciclastic material,
permitting very pure carbonate sediments to accumulate (Tucker and Wright, 1990).
Two distinct features characterize the modern topography of the Bahamas: the
shallow-water banks and the deep-water areas (Westphal, 1998). The shallow-water
banks are composed of several steep-sided, flat-topped carbonate platforms. The shallow
submerged platforms (<200 m water depth) sum up to 125,000 km2 of the total area of the
Bahamas (300,000 km2 ; Meyerhoff and Hatten, 1974). The Great Bahama bank
represents the largest single platform of the Bahamas (Fig. 1.2). Its shallow-water realm
extends continuously over more than 400 km from north to south. The relief of the
Bahama bank is low and most submerged areas are covered with less than 10 m of water
4

Figure 1.1. Index
map of the Bahama
Platform
(after
Paulus, 1972)

(Newell, 1955; Newell and Imbrie, 1955). Small islands cap the banks mainly on their
windward, eastern margins. They are composed of shallow-water reef material and
lithified Pleistocene sand (Doran, 1955; Milliman, 1967).
Channels and re-entrants make up the deep-water realm. In Exuma Sound and
Tongue of the Ocean, water depths exceed 1000 m (Fig. 1.2). These deep-water areas are
separated from the shallow-water platforms by steeply dipping slopes that generally show
higher angles on the eastern side than on the western side of the platforms (Westphal,
1998). The northeastern margin of the Bahama Banks breaks abruptly to abyssal depths
of approximately 4500 m with slopes as steep as 40º (Emiliani, 1965). The steep
Bahamian slopes, the salient nature of the continental shelf in this region and the pattern
of deep-water channels that dissect the platforms have spawned considerable debate
about the origin and evolution of the Bahama Banks (Poiriez, 2001).
1.3. Origin of the Bahamas
The tremendous body of literature that exists regarding the geology of the northern
Bahamas indicates the degree of scientific and economic interest that has been focused on
this region. At least 36 theories have been proposed for the origin of the Bahamas. This
includes the first by R. J. Nelson in 1853, which described the Bahamas as a giant delta
that formed as the Gulf Stream deposited its sediment load as it flowed out of the Gulf of
Mexico. Other hypotheses include erosional mechanisms (Hess, 1933; 1960; Ericsson et
al., 1952; Gibson and Schlee, 1967; Andrews et al., 1970), coral-atoll growth (Newell,
1955; Dietz et al., 1970; Paulus, 1972; Dietz and Holden, 1973) and nucleation of the
carbonate banks along a hotspot trace. While these studies have clarified many aspects of
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Figure 1.2. Morphology
of the Bahamas and the
adjacent deep channels
(after Ginsburg and
Hardie, 1989).

Bahamian geology, three intriguing controversies regarding geological attributes of the
Bahamas have been developed over several decades.:
• Nature and origin of the Bahamian basement
• Overlap of the Bahamas and western Africa in plate reconstructions
• Origin of the modern configuration of banks and channels
1.3.1. Nature and origin of the Bahamian basement
Questions regarding the nature and origin of the Bahamian basement are the
source of the first major controversy. No deep boreholes in the Bahamas ever reached
true crystalline basement. In addition, in areas where analogs might be present (such as at
the base of thrust sheets of the Cuban orogen), the record is complicated by arc derived
plutonics and volcanics. It can be concluded that the true nature of the Bahamian crust is
still unknown. The question about the nature of the Bahamas is so important because if
we would know, the following two questions would be easy to answer.
1.3.2. Plate tectonics
A second controversy follows with the advent of the plate tectonic theory. As
plate reconstructions became popular science in the 1960’s, a ubiquitous overlap of the
Bahamas and western Africa developed as a topic of debate, as did a gap in most plate
reconstructions that was centered within the modern Caribbean Sea. Mullins and Lynts
(1977) attempted to resolve both of these problems at once by proposing a 25º rotation of
the Bahamas salient from a position occupied by gaps in paleogeographic reconstructions
to its current overlap position. This neat solution may have been met more receptively if
evidence of such a rotation existed within the adjacent Atlantic seafloor, such as an active
or buried trench, an accretionary prism or the presence of post-rift volcanic sediments.
Another theory suggests that the basement of the Bahamas and South Florida was
translated to its present position from a region to the northwest along a Jurassic-age
transform fault that linked seafloor spreading in the Central Atlantic with crustal
stretching in the Gulf of Mexico (Ross and Scotese, 1988).
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1.3.3. Origin of the modern configuration of banks and channels
A popular school of thought developed in the 1960’s was coined the ‘graben
theory’ and considered the modern distribution of banks and channels as the result of an
inherited early Jurassic rift pattern (Talwani et al., 1960, Ball, 1967; Lynts, 1970; Mullins
and Lynts, 1977). That theory was then superseded by another concept known as the
‘megabank theory’. This theory describes the existence of an enormous, singular
carbonate platform structure that stretched from Mexico and Texas to Nova Scotia and
included Florida, the West Florida Shelf, and the Blake Plateau as well as the present area
of the Bahamas (Ladd and Sheridan, 1987). The platform disintegrated as a result of a
worldwide crisis in carbonate and reef growth, leaving only remnants of the former
‘megabank’ that eventually recovered to their present state (Meyerhoff and Hatten, 1974;
Sheridan, 1974; Schlager and Ginsburg, 1981).
The current paradigm favors the megabank theory in that it concurs that a large
carbonate platform effectively masked part of the relief of basement structures associated
with rifting, but views the Bahamas as a continuously evolving edifice that is shaped by
an interaction of tectonic and depositional processes (Eberli, 1991). This concept differs
from the original megabank theory in that it cites the demise of the early Cretaceous
megabank as a result of a global plate rearrangement in the mid-Cretaceous. Also, late
Cretaceous-early Tertiary tectonic destructive processes, in response to interactions
between the Caribbean and North American plates, have intermittently segmented the
large platforms followed by periods of platform progradation and coalescence (Eberli,
1991). This view stemmed from the discovery in cross-bank seismic profiles of buried
seaways within Great Bahama Bank. This is in addition to the recognition that major
progradation has extended the leeward margin of this bank by tens of kilometers into the
adjacent Florida Straits (Eberli and Ginsburg, 1987, 1989; Masaferro, 1997).
1.4. Stratigraphy
Detailed descriptions of the stratigraphy of the Bahamas are found in the works of
Spencer (1966) Paulus (1972), Meyerhoff and Hatten (1974), Tator and Hatfield (1975)
and Walles (1993). The following outline of Bahamian stratigraphy is summarized from
their research. Since crystalline basement rocks have never been sampled in the Bahamas,
it has been speculated that the basement is similar in composition to basement materials
recovered from both Cuba and Florida. Basement compositions from these locations are
igneous and metamorphic in origin and range in age from 143 to 530 Ma (Meyerhoff and
Hatten; 1974). Geophysical evidence indicates that above the crystalline basement, 2-5
km of synrift sedimentary section exists between the basement and the Marquesas
Supergroup (Middle Jurassic-Early Cretaceous)(Furrazola et al., 1964; Meyerhoff and
Hatten, 1974). Although this section is poorly sampled in the Bahamas, its equivalents in
Cuba have been described in detail (Hempton and Barros, 1993). The pre-Marquesas
Supergroup section was divided into the predominantly terrestrially derived San
Cayetano Group and the evaporite rich Punta Alegre Formation. The San Cayetano
Group is further subdivided into the Azucar and Jagua Formations. The Azucar
Formation consists of black bituminous limestone and sandy limestone (Tator and
Hatfield, 1975). The overlying Jagua Formation consists of an upward grading succession
of sandy shale and argillaceous sandstone to shallow-marine platform limestone (Tator
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and Hatfield, 1975). The Punta Alegre formation is comprised of thick salt beds with
minor clastics and carbonates (Late Triassic-Middle Jurassic; Meyerhoff and Hatten,
1974; Tator and Hatfield, 1975).
Marquesas Supergroup is the name given to a thick sequence of Portlandian-Early
Cretaceous shallow-marine limestones, dolomites and evaporites that are found in
Florida, the Bahamas and Cuba. The entire Marquesas Supergroup section was drilled in
northwest Great Bahama Bank (Great Isaac-1 well) where it is approximately 3 km thick.
The Marquesas Supergroup is characterized by shallow-marine lagoon deposition.
However, there is evidence that time-equivalent deep-water deposition was occurring at
least in two locations during the latest early Cretaceous, at the mouth of the Tongue of
the Ocean (JOIDES site 98) and at the Cayo Coco area of northern Cuba (Bryant et al.,
1969; Khudoley and Meyerhoff, 1971).
Re-entrants dissect the large Bahama platforms into isolated banks and deepwater areas. These deep-water areas and their shallow-water counterparts contain
deposits that comprise the Late Cretaceous through Tertiary stratigraphy of the region.
The Late Cretaceous shallow-marine deposits extracted from wells at Cay Sal Bank and
Andros Island are known as the Card Sound Dolomite. Deep-water equivalents of this
shallow-marine deposit are named the Purio and Remedios Formations in north and
northwest Cuba. The Late Cretaceous deep-water deposits of the Bahamas region are
equivalent to the Purio and Remedios Formations of Cuba and probably also to the Pine
Key Formation of South Florida, a chalky limestone containing a predominantly pelagic
microfauna (Meyerhoff and Hatten, 1974). Water depth during deposition of this
formation in South Florida is estimated at near 200 m (Meyerhoff and Hatten, 1974).
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2. Bank top morphology, surface sediments, and
physical processes in the Bahamas*
Kelly Bergman

Little and Great Bahama Bank, are often used as the modern analog for ancient
shallow-water carbonates. The following is a compilation of geological, physical and
biological data from the Bahamas that will aid in the assessment of carbonate facies
dimensions and processes in a shallow isolated platform setting. Physical processes in
conjunction with antecedent topography are the main controlling parameters for the
facies distribution on the present-day platform. Normal conditions, not the exceptional
storms, are most influential on the facies architecture. Large storms, such as hurricanes,
diminish the preservation potential and increase off-bank transport but are not important
for producing facies belts or heterogeneities.
Shallow-water carbonates do not fill all the available accommodation space,
despite the production of more sediment than can be accommodated. Physical energy on
the banks prevents a complete filling of accommodation by exporting sediment
constantly to deep-water areas. Accommodation space is completely filled only in areas
of low energy in the lee of islands but also in highest energy areas where wind can pile
sediment above sea level to create islands.
Facies belts in the Bahamas are large and generally heterogeneous in composition.
Carbonate sand bodies, although large in size, exhibit an internal complexity that is
controlled by antecedent topography, wind, and tidal and wave-generated currents. Size is
controlled by the energy level: the higher the water energy, the larger the sand body. A
clear relationship exists between tidal strength and the size of sand bars as well as the
grains within the bars. The Bahamas are a micro-tidal environment in which tidal currents
range from 50-200 cm/s, but grain sizes vary from average of 200-400 m to 500-800 m
from low to high current velocity areas. Similarly, the sizes of individual sand bars are
eight times larger in the high-energy (200 cm/sec) than in the low energy areas. Tidal
strength and current direction is controlled mostly by the bank topography, whereby
embayments fosus the tidal currents, which increases their strength and gives direction to
individual sand bars. For example, around the Cul de Sac at the southern end of the
Tongue of the Ocean (TOTO) large sand bars are arranged in a radial pattern.
Wind and waves also add to the energy. Consequently, marine sand belts and
belts of tidal sand bars are larger on the windward side than on the leeward side. The
preferential occurrence, however, of eolian islands on windward margins produces a
heterogeneous facies belt, consisting of tidal inlets and eolian sand dunes (e.g., in the
Exumas).

*Excerpted from Bergman, K. L., Janson, X., Poiriez, A., Westphal, H., and Eberli, G. P., 2001, Bahamas,
in Eberli, G. P. and Westphal, H. (eds.), Assessing Dimensions and Controlling Parameters in Carbonate
Depositional Systems, in press.
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2.1. Introduction
The Bahamian archipelago with Great Bahama Bank (GBB) and Little Bahama
Bank (LBB) forming its largest continuous platforms extends from margin of the North
American southern Florida to the Puerto Rico Trench (Fig. 2.1). It is located in 22°-28° N
at the southeastern continental plate that formed during the Jurassic when Laurasia broke
up and the North-Atlantic started to rift. The modern topography of the Bahamas is
characterized by two distinct realms; the shallow-water banks and the deep-water areas,
that are separated by steep slopes.
The shallow-water areas are composed of several steep-sided, flat-topped
carbonate platforms. The shallow submerged platforms (<200 m water depth) sum up to
125,000 km2 of the total area of the Bahamas (the latter amounts to approximately
300,000 km2, Meyerhoff and Hatten, 1974). The Great Bahama Bank, located in the
Southwest, represents the largest single platform of the Bahamas. Its shallow-water realm
extends continuously over more than 400 km from north to south. The relief of the
Bahama banks is low and most submerged areas are covered with less than 10 m of water
(Newell, 1955; Newell and Imbrie, 1955). Small islands cap the banks mainly on their
78°
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windward, eastern margins. They are composed of shallow-water reef material and
lithified Pleistocene sand (Doran, 1955; Milliman, 1967). Their area sums up to about
11,400 km2 (Meyerhoff and Hatten, 1974). Channels and re-entrants make up the deepwater realm. In Exuma Sound and TOTO), re-entrants that cut into Great Bahama Bank,
water depths exceed 1000 m. These deep-water areas are separated from the shallowwater platforms by steeply dipping slopes that generally show higher angles on the
eastern (windward) side, and lower angles on the western (leeward) side of the platforms.
Where facing the open Atlantic Ocean (Bahama Escarpment), the slopes reach depths
greater than 4000 m below sea level. With angles exceeding 40°, they belong to the
steepest sustained modern continental slopes world-wide (Emiliani, 1965).
The origin of this striking morphology was a longlasting subject of discussion
until a high-quality seismic reflection profile across Great Bahama Bank, that reached
depths of 1.7 seconds two-way travel time (depth of penetration >2500 m), considerably
improved the understanding of the development of the Bahamian morphology (Eberli and
Ginsburg, 1987, 1989). Eberli and Ginsburg (1987 and 1989) showed that the modern
topography is the result of very dynamic processes including significant bank migration.
The modern topography does not reflect an inherited morphology such as rift-graben
structures or the morphology of a Cretaceous megabank. The modern Northwest Great
Bahama Bank evolved from a process of repeated tectonic segmentation, probably related
to reactivation of tectonic movements associated with the collision of the North American
plate with Cuba. Progradation led to subsequent coalescence. On the seismic profile,
Eberli and Ginsburg, (1987) identified two linear north-south trending subsurface
depressions that in the Mid-Cretaceous and Tertiary separated three smaller banks. These
depressions afterwards coalesced by lateral accretion. In addition, lateral growth on the
leeward side of Great Bahama Bank led to progradation of more than 25 km westward
into the present-day Straits of Florida. Since the Cretaceous, the repeated tectonic
segmentation and subsequent coalescence, induced by the high productivity of the
shallow-water carbonate factory, led to the progressive modification of the Great Bahama
Bank. Progradation is one of the most striking features governing the development of this
carbonate platform.
The Bahamian Platform consists of two isolated carbonate platforms, Great
Bahama Bank and Little Bahama Bank, that are divided by three deep channels, Exuma
Sound, TOTO, and Providence Channel. The Bahamas receive no siliciclastic input due
to deep channels surrounding the platform resulting in a pure carbonate system.
Relatively simple facies relationships are typical for the Bahamas ("level-bottom"
relationships compared to compartmentalized "facies mosaics" of, e.g. Florida Bay or
Belize Lagoon (Enos, 1983)). The dimensions of several transects across Great and Little
Bahama Bank are shown in Table 2.1 (for locations see Fig. 2.1).
2.2. The platform top
Facies on the platform top are controlled by energy flux and antecedent
topography. Facies distribution is distinct on the windward and leeward sides of the
margins with more extensive grainstone belts on the higher energy windward side and
packstone and wackestone belts in the lee side of the Pleistocene bedrock islands. The
shallow water area is subdivided into five facies groups that are partly based on the facies
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map of Enos (1974; Fig. 2.1): 1) sand bodies, 2) reef belts, 3) islands, 4) tidal flats, and 5)
muddy interior.
2.2.1. Sand bodies
There are two prerequisites for the formation of sand bodies on carbonate
platforms: an autochthonous sediment source must be present and a mechanism to
remove fine material (sorting). Several other factors influence the development of sand
bodies: the antecedent topography, physical processes (wind, tidal, wave-generated
currents), sea-level fluctuations, and diagenesis. The antecedent topography controls the
current regimen that is the most important factor in determining geometry, internal
structure, composition, and texture of a sand body. For this study, sand bodies are
subdivided into four groups following the definitions of Ball (1967; Table 2.2).
FACIES
in order; windward --> leeward for GBB sections;
S --> N for LBB section.
marine sand belt
(skeletal, oolitic, and oolitic-pelletoidal grainstone)

GBB A-A‘
(km)

GBB B-B‘
(km)

GBB C-C'
(km)

LBB D-D'
(km)

11

2

---

14.5

interior sand blanket (pelletoidal grainstone)

13

104

63

----

muddy interior
(pelletoidal and skeletal wacke- to packstone)

94

---

---

68.5

island

25.5

---

---

9.5

tidal bar belt
(oolitic grainstone)

---

17

5

---

marine sand belt
(skeletal, oolitic, and oolitic-pelletoidal grainstone)

7

1.5

2

1

Table 2.1. Lateral extension (in km) of facies elements in sections across Great Bahama Bank (GBB) and
Little Bahama Bank (LBB), measured on the elements in Enos (1974) map (for location of the sections see
Fig. 1). Section A-A' is an example of the influence of an island on the deposition of a leeward muddy area.
Section B-B' is an example of an unrimmed part of the platform and high-energy tidal bar belts at the
TOTO. Section C-C' is an example of the windward GBB, east of TOTO. Section D-D' is a section through
Little Bahama Bank where the island is located on the Providence Channel.

2.2.1.1. Marine sand belts
The description of marine sand belts is based mainly on Halley et al. (1983) and
Ball (1967). Marine sand belts are generally found along open, leeward bank margins but
are also are found on windward margins (Hine et al., 1981b). They are roughly oriented
parallel to the bank edge and have dimensions of 1-4 km in width and 25-75 km in length
but vary widely size and geometry. They are cut by channels oriented normal to the axis
of the sand body. As a result, individual sand bodies that compose the belts are
predominantly perpendicular to the platform margin. The dominant bedforms are sand
waves, with a spacing of 10-100 m and heights of 0.5-4 m (see also Boothroyd and
Hubbard, 1975). Smaller-scale ripples and mega-ripples are ubiquitous. The crests can
reach within 0.5 m of low tide. The basal contacts of these sand bodies are sharp.
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The internal structure of the sand bodies is characterized by cross-bedding. Grains
are current-sorted and medium-size and many are coated (Ball, 1967). They are
composed of at least 40% ooids and varying portions of skeletal debris, peloids, and
coated grains. On LBB composite grains and green algal grains are dominant, whereas on
GBB peloids, micritized ooids, and composites of both dominate. The grain sizes vary
according to the water energy acting on the sand belts. For example, on the windward
side of GBB at Joulters Cay ooids are 300-500 µm in diameter, whereas ooids on the
leeward side of GBB at Cat Cays reach only 500-800µm.
Marine sand belts are maintained by tidal flow, but they are influenced by storms
(Perkins and Enos, 1968; Hine, 1977). Sediments are carried to the bank edge by
dominant offbank-oriented currents generated by storms. Along windward margins,
particularly those fronting large islands such as Grand Bahama Island on LBB, marine
sand belts can form at the bank margin in water depths down to 30-50 m.
Examples of marine sand belts:
• The superstructure of the Cat Cays Ooid belt has dimensions of 40 km by 4 km.
Individual bars are 2 km by 1 km with bar heights of 3-5 m above surrounding
terrain, and thicknesses up to 4 m (de Vries, 1994). Water depth at low tide is as low
as 0 m. This sand belt is characterized by spillover lobes which are about 1000 m
long and 500 m wide and up to 2 m thick. The entire belt is covered by ripples up to 1
m high with a wavelength of 50 m. The axes of those ripples are subparallel to axis of
belt. (Purdy, 1961; Ball, 1967).
• Lily Bank is an active oolitic shoal on the northeastern side of LBB, 25 km long and
2-4 km wide (Hine, 1977). Flood-oriented spillover lobes dominate over ebb-oriented
spillover lobes reflecting the high energy of the windward margin. Oolitic sediment is
about 4 m thick and lies on top of 1-2 m of mud (Hine, 1977). Migrating sand waves
(spacing >6 m) covered with ripples (spacing <60 cm) and megaripples (spacing 60
cm – 6m) cover the spillover lobes and zones between the lobes and shoals Hine
(1977). Oolitic shoals contain ripples. Individual bars measure 4.26 km by 1.93 km
(De Vries, 1994). Figure 2.2 from Hine (1977) shows the various bedforms found on
Lily Bank and their height/space relationship.
2.2.1.2. Tidal sand bar belts
Compared to marine sand belts, belts of tidal sand bars exhibit a lower degree of
variability in geometry, size, and sediment type. Belts of tidal sand bars are found along
high-energy, tidal dominated bank margins and at open embayments without island rims.
Their geometry is characterized by individual tidal bars ranging from 0.5-1.5 km in
width, 12-50 km in length, and 3-9 m in thickness (Figs. 2.3 and 2.4). Dominant
bedforms covering the bars are sand waves oriented obliquely to bars. Channels 1-3 km
wide that are dominated by tidal currents separate the bars. These channels are 2-7 m
deep and usually are floored by sea-grass and algae. Active sand waves are rarely found
in these channels (Halley et al., 1983).
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Marine Sand Belt

Tidal Bar Belt

Eolian Ridge

Setting

Leeward slope
break; also
windward.

High-energy, tidal
dominated bank
margin, at open
embayments without
island rims

Sea-ward ridges of
islands; adjacent to
marine sands

Platform Interior Sand
Blanket
Platform interior, on or
near topographical
heights

Orientation
with respect
to platform
margin

Belt parallel to
slope break

Belt parallel to slope
break composed of
equally spaced and
sized bars oriented
perpendicular to belts
long axis

Ridge parallel to
slope breaks

Blanket in platform
interior

Internal
Structure

Cross-beds
dipping
perpendicular to
belt's long axis

Cross-beds dipping
perpendicular to long
axes of bars in the
bars, parallel to
channel axis in
channels

Burrows and churns

Composition

Skeletal, peloidal,
oolitic (>40%)

Dominantly oolitic,
skeletal, peloidal

Large spillover or
parallel cross-bed
sets dipping
perpendicular to
ridge long axis,
towards platform
interior
Skeletal, peloidal,
oolitic

Belt
dimensions

1-4 km wide
25-75 km long

Southern end TOTO:
100 km long

Individual
bars

0.5-1.5 km wide
12-20 km long

Water depth

30-50 m, crests
can reach within
0.5 m of low tide

Grain sizes

0.25-1.0 mm,
moderately to
poorly sorted

Skeletal, peloidal,
oolitic
Mackie Shoal: 1.5 km
wide, 30km long

< 33m high.

---

Above sea-level

Transport of Offbank-direction
grains
by storms
Table 2.2. Subdivision of sandbodies after Ball (1967).

Wind-transport
onto bank top

Wind-generated
currents

The internal structure is dominated by cross bedding. In deeper water, the sand
can be partly burrowed. The sand is characteristically composed of well-sorted oolitic
grains. Skeletal and peloidal grains also occur. In seaward direction, the sediment
changes abruptly to skeletal, peloidal, aggregate sands. The bar crests are clean oolitic
sands of medium-sand grain size. Little net transport takes place.
Grain sizes vary according to the amount of energy acting on the sand belts. For
example, on the windward side of GBB at Joulters Cays, ooids are approximately twice
the size of ooids on the leeward side of GBB at Cat Cay, 300 - 500 m versus 200 - 400 m,
respectively. At the southern end of TOTO, where tides are highest in the Bahamas, the
ooids are the largest, i.e. 500 - 800 m (own unpublished data).
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Examples of belts of tidal sand bars:
• Ooid Shoal Complex, Joulters Cays. The Joulters Cays area, immediately north of
Andros Island on Great Bahama Bank, displays a variety of environments in which
ooid sands can accumulate. The Joulters Cays shoal is a 400 km2 sand flat partly cut
by numerous tidal channels and fringed on the ocean-facing borders by mobile sands
(Harris, 1979, 1983). This active border of ooid sands, 0.5 to 2 km wide depositional
dip, extends the length of the shoal for 25 km along its windward side and terminates
abruptly to the east (seaward) onto the shelf margin (Major et al., 1996, Eberli et al.,
1998). To the west (platform-ward), mobile sands grade into the sea-grass and algaestabilized sand-flat part of the shoal and eventually into the deeper water platform
interior. The Joulters Cays are three islands that lie within the active area of the shoal
(Major et al., 1996; Eberli et al., 1998).
• In the Schooners Cay area, northern end of Exuma Sound, the belt is 35 km long and
10 km wide (Harris and Kowalik, 1994) and the individual bars composing the belt
are 8 km long, 400-800 m wide and are asymmetrical and convex-shaped. Crests are
100 m wide and awash during spring low tide. The relief between crest and channel is
about 5 m and thickness of bars reach 7 m (Ball, 1967). The bars are cut subparallel
by channels that contain spillover lobes but contain little sediment overall (Harris and
Kowalik, 1994). Channels reach of depth of 5-8 m (Dravis, 1979). Bar crests are
covered by medium scale ripples subparallel to trends of bars. Accumulation rates of
sediments are around 73 cm/1000 yr. (Dravis 1979).
• At the southern end of TOTO a tidal bar belt is located that is nearly 100 km long
(Newell, 1955; Newell and Rigby, 1957; Ball, 1967; Dravis, 1977; Palmer, 1979;
Harris and Kowalik, 1994). Individual bars are 8x2 km and cover an area of 5 km2.
• On southwest Caicos a belt of tidal sand bars is found in the platform interior.
• Other tidal-bar belts in the Bahamas: Frazers Hog Cay area, north of Andros Island,
Lily Bank area (Hine, 1977). The entire belt is around 25 by 4 km and bars are up to 5
km long, 2-5 m in relief, 200-600 m apart. They are much smaller than along TOTO
and Exuma Sound. They are partially covered with sea grass and appear to be relict
structures that are active only during hurricanes.
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Figure 2.2. Height and spacing relationships of bedforms on Lily Bank. a, subtidal Lily Bank ripples and
subtidal Walker’s Cay bedforms; b, intertidal estuarine sand waves; c, subtidal Lily Bank active sand
waves; d, Lily Bank relict sand waves (from Hine, 1977).
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Figure 2.3. Comparison of dimensions of marine bar belts and tidal bar belts of the Bahamas. Tidal bar
belts have a larger range in size and have a length to width ratio of 2:1. Marine bar belts have a much
small width range with a length to width ratio of 1.
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Figure 1.4. Comparison of dimensions of individual bars in Marine bar belts and tidal bar belts. Bars in
tidal bar belts have a much larger variety in length in comparison to marine bar belts.

2.2.1.3. Eolian ridges
Eolian ridges occur along the sea-ward ridges of the islands and compose the
highlands of most Bahamian islands. For eolian dunes to develop a sediment source and
appropriate wind is needed to carry carbonate sand inland (McKee and Ward, 1983).
These seaward ridges parallel the slope breaks where marine sands have been
concentrated in bars and beaches. The largest dunes occur upwind and the smallest dunes
downwind (Ball, 1967). Some dunes are primarily spillover lobes, others are primarily
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single sand waves. Holocene dune height is generally less than 33 m, but no specific data
exists for the Bahamas (McKee and Ward, 1983).
The internal structure of eolian ridges is dominated by large-scale fore-set crossbeds dipping interior-ward. The composition is dependent on the source of the marine
sands and can be composed of skeletal grains, ooids, or pellets. Eolian sands are typically
well-sorted have prominent root casts and molds (Ball, 1967).
Platform Interior Sand Blankets
Platform interior sand blankets cover large areas in the platform interior and are
found between high-energy slope break deposits and low-energy island shadow deposits.
They usually are burrowed. Their composition grades from muddy sand (higher energy)
to sandy mud (lower energy) and is dominated by peloidal grains (Ball, 1967; Hine et al.,
1981b). Active bank-interior shoals occur on or near topographical heights and are
formed by wind-generated currents.
Examples are the platform interior of GBB west of Andros and Exumas where it
is the dominant facies. No platform interior sand blankets are found on LBB. The Mackie
Shoal has dimensions of 1.5 km in width and 30 km in length (Hine et al., 1981b). On
Caicos, a sand body is found on the platform interior. South of the tidal flats of the
Caicos platform peloidal sediments dominate but grade southward into grapestone and
ooids. Sands progressively dominate the sediment southward (Wanless and Dravis,
1989).
2.2.2. Reef belts
Reefs are a subordinate feature of the present-day morphology of the Bahamas.
They are found predominantly on the windward side of the platforms as patch reefs.
Patch reefs occur on the bank interior of Great Bahama Bank and are most abundant west
of southern end of TOTO. The main exception to patch reef morphology is the Andros
Barrier Reef which extends over 160 km along the island’s eastern edge (Harris and
Kowalik, 1994). Few reefs occur at the margin of the Cuba Channel. On Caicos, reefs
occur on the northern side, and subordinately on the southwestern side (interpreted from
Harris and Kowalik, 1994). A barrier reef extends 130 km along the northern edge
(Harris and Kowalik, 1994).
The post-mortem breakdown of reefal organisms is the source for the skeletal
sand of the reef facies. Mud sized grains in the form of peloids or pellets and other sand
sized grains are produced by organisms boring or grazing on the reef (James, 1983).
On northeastern LBB, a deep shelf-edge reef (30m) (Macintyre, 1972) and a shallow
reef-veneered rock ridge (Hine and Neumann, 1977) are present. Fore-reef talus is absent
and sand accumulation takes place in the back-reef and mid-reef zone. This prevents the
deep reefs from being covered by sediment. The sand is composed of a coarse fraction
(Halimeda, foraminifers, pelecypods, coral, red algal fragments) and a fine fraction
(micritized pellets, aggregate grains, pelecypod and coral fragments). Grain sorting is
poor ranging from bindstone to rubble to inter-reef mud sediments.
2.2.3. Islands
Islands cover about 10% of the present day Bahamas. They are found
predominantly on the windward, i.e., eastern side of the platforms and are oriented
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parallel to the margins. They are composed of eolian dunes and tidal flat to supratidal
areas.
The islands are a controlling factor on the distribution of modern sands. For
example, the Exuma Islands are a discontinuous chain of Pleistocene dune ridges formed
at the shelf edge of Exuma Sound. With the Holocene rise of sea level, saddles between
the crests of the dune ridges have been flooded and tidal currents pass through these
breaks. The bottleneck effect causes swift currents and agitation sufficient for oolite
deposition in the form of spits and tidal deltas (Gonzalez and Eberli, 1997). In regards to
exploration this is significant in that the distribution of this potential reservoir facies is
parallel to the shelf edge, but in a discontinuous lobe pattern that occurs only in passes
between Pleistocene islands.
2.2.4. Tidal flats
Tidal flats are predominantly found on the western, leeward side of the islands
and are oriented parallel to the islands. Tidal flats are composed of two zones, a
supratidal and an intertidal zone (Hardie and Shinn, 1986).
The supratidal zone includes marsh, levees, and beach ridges, and is exposed for
prolonged periods (Fig. 2.5). Organisms dominating this zone are blue-green algae and
algal mats. Sedimentary structures include desiccation cracks and fenestrae. The levees
develop on the landward part of meanders and are characterized by laminated sediments.
Beach ridges with typically laminated sediments are found on the landward side of the
supratidal zone.
The intertidal zone is flooded and exposed two times a day. It is 10-30 m wide
and located between levees. Sedimentary structures include mangrove roots, halophyte
grass roots, fiddler crab burrows, and worm burrows. Gastropods are common.
Mangroves are concentrated on topographic highs around ponds.

Figure 2.5. Block diagram of facies and geomorphic features of tidal flats of Andros Island (after Shinn,
1983).

Examples:
• On the leeward side of Andros Island the marsh has a width of 2 km and is several
10’s of km long. Total length of the tidal flats is over 120 km long up to 16 km wide
(Shinn 1969).
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•

Tidal Flats on the southern flanks of North Caicos, Middle Caicos, and on East
Caicos extend 60 km in length and 10 km is width. Sediment reaches 3-4 m in
thickness (Wanless and Dravis, 1989). Caicos tidal flats is unique from Andros tidal
flats in that the area get significantly less rainfall (50-75 cm/yr. compared to 165
cm/yr. on Andros) and twice as many cold fronts pass over Caicos yearly in contrast
to Andros (Wanless and Dravis, 1989). More evaporation also takes place due to the
drier climate and gypsum deposits are found on the Caicos flat.

2.2.5. Muddy interior
Muddy sediments are found in the interior of the platforms where low currents
persist (compare to platform interior sand blankets that occur where currents are strong
enough to remove the fine material). Conditions favoring muddy sediments are found on
the leeward sides of islands, that is, to the west of islands.
Muddy interior sediments consist of moderately to poorly sorted pellets, skeletal
grains, and mud-sized grains, a large portion of which are aragonite needles. The portions
vary between 40-60 weight % mud-sized grains, 30-15% fecal pellets, and about 10%
skeletal grains (Purdy, 1963). According to bathymetric maps of the Bahamas, water
depth typically is less than 10 m and 2 m on average.
2.3. Adjacent slopes
Deposition on slopes adjacent to the Bahamas platform can contain both pelagic
and hemipelagic sediments and mass transport deposits. The Bahamas slopes are
bordered by high energy facies such as sand bodies or patch reefs which act as energy
barriers.
The slopes of the Bahamas are characterized by a strong asymmetry between
windward and leeward slopes. The dominant direction of winds and currents, and thus
also the dominant transport direction, is towards the west; therefore, slope angles are
steeper on the windward, eastern side of the banks. Similarly, accumulation rates and the
progradational patterns show differences. Accumulation on the leeward slope of western
GBB amounts to 80-110 m/ka and the lateral progradation to 11-15 m/ka (Wilber et al.,
1990).
Generally the slopes of the present-day Bahamas are characterized by high angles
that decrease with depth. At the Bahamas Escarpment, which is the tectonic margin of the
continental plate towards the Atlantic Ocean, some of the highest slope angles in the
present-day oceans are observed (Emiliani, 1965). This slope also has a very narrow
width of about 5 km (Mullins and Neumann, 1979). The slope northwest of Little
Bahama Bank, in contrast, is about 100 km wide (Mullins and Neumann, 1979). Also the
depths vary. The Straits of Florida are 800 m deep, whereas the NE Providence Channel,
which is close to the Bahamas Escarpment, drops down to 4000 m (Mullins and
Neumann, 1979.
Slopes of the northern Bahamas are composed of three parts (Cook and Mullins,
1983): (1) a marginal escarpment with angles of about 45˚ and steeper that extends from
the shelf edge (30-50m) down to 100-200 m. At its base are periplatform sediments and
talus blocks; (2) an upper gullied slope with angles of 3-15˚ that is dissected by small
canyons 20-150 m in relief. It is typified by silty bioturbated carbonate ooze.
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The channels contain gravel and sand; (3) a lower slope of 1-5˚ that is smooth to
gently undulating. It consists of thick sediment gravity-flow deposits (turbidites, grain
flows) interbedded with carbonate ooze (Schlager and Chermak, 1979). Gravity is the
driving force for transport.
Examples:
• The typical slope profile in the TOTO shows a vertical wall down to about 100 m
water depth (Grammer et al., 1991, Ginsburg et al., 1991). The angles are nearvertical (70-90˚). It has a rocky surface veneered with coral rubble and sediment and
boulders and blocks of limestone. Dominant organisms are platy corals and
calcareous red and green algae and sclerosponges (Ginsburg et al., 1991, Fig. 2.6).
Caves and projecting ledges are common. Below the wall, a cemented slope is
observed that extends down to about 300m with an angle of 35-55˚. A sediment slope
with about 30˚ slope angle is found below 300m.
• The leeward slope of Little Bahama Bank (Hine et al., 1981a): In a depth of 200-400
m shallow water sands from off-bank transport are dominant. They are composed of
peloids, composite grains, mollusk fragments, Halimeda, bryozoans, echinoid plates
and spines, some planktonic forams and pteropods and little ooids and coral
fragments. Below 400 m little transport downslope takes place because the Florida
Current acts as a dynamic boundary. Therefore, northward-oriented sandwaves are
restricted to a band approximately 0.5-1 km wide. Below 400 m the slope is
dominated by lithoherms and hardgrounds (Neumann et al., 1977) with little
periplatform sand (Hine et al., 1981a). A wedge of Holocene sands at 200 m has
accumulated for 60 km along margin. It accumulated about 0.8 km3/103yr. About 2/3
of the volume is transported further downslope and drifts to the north.
• Exuma Sound, Bahamas (Crevello and Schlager, 1980): At the base of the slopes
around Exuma Sound, the gullied slope is 1-3 km wide, 80-100 m deep, and has a
average 12-15° angle. The Basin-margin rise/transition is 1.8-4.6 km wide and has a
slope of .5-2.5°.
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Figure 2.6. Depth ranges of organisms on the slopes of
the TOTO (after Ginsburg et al., 1991).
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2.4. Deep water environment
Deep sea sedimentation is composed of two types of sediment, gravity displaced
sediment, including turbidity current deposits and debris flow deposits, and periplatform
ooze (Crevello and Schlager, 1980). Periplatform ooze is characterized by a mixture of
fine-grained platform derived constituents and pelagic grains such as Globigerinids,
whereas turbidites and other gravity displaced deposits contain coarser platform derived
grains such as Halimeda plates and usually lack pelagic components (e.g. Kenter et al., in
press; Westphal, 1998).
Example: The Exuma Sound, a Bahamian intra-platform basin, is between 1200-2000 m
deep. Gravity displaced sediment amounts to 25% of the sediment and 75% is
periplatform ooze with open marine influence such as pteropod shells (Crevello and
Schlager, 1980). The gravity displaced sediment consists of 50-70% shallow-water
derived components and 30-50% chalk lithoclasts and fauna derived from the slope and
basin floor. Different types of deposits can be distinguished: (1) clean, graded skeletal
sands and lithoclastic rubble turbidites that are usually thickest in the northwest. They
thin down to the basin axis and extend as far as 15-25 km from slope. The aerial extent is
120-400 km2; (2) massive, poorly sorted lime sands and rubble grain flows or turbidites;
and (3) muddy rubble and pebbly muds of debris flows and mudflow deposits that are
thickest close to the toe-of slope. The aerial extent is about 300 km2. The basin floor has
a local relief of 10-220 m. The rate at which gravity flows occur is about one in 10,000 to
13,000 yr. In the TOTO (Crevello and Schlager, 1980), it is about one in 500 to 10,000
yr. (Rusnak and Nestoroff, 1966).
Drift deposits characteristic of the Florida Straits cover an area of about 100 km
long and 60 km wide. The Miocene to present thickness amounts to 600 m. These
deposits are built by the northward flowing Florida and Antilles Currents (Mullins and
Neumann, 1979; Mullins et al., 1980).
2.5. Antecedent topography
Antecedent topography of the Bahamas has an influence on facies geometry
largely by reconfiguring the energy flux onto the platform resulting in energy barriers and
the blockage of sediment offbank. Antecedent topography on the Bahamas is of two
forms: islands and subtidal rock ridges. The influence of antecedent topography on
energy flux is well demonstrated with the example of the margins of Little Bahama Bank
towards Northwest Providence Channel and Northern Straits of Florida (Hine et al.,
1981b; Table 2.3). On windward sides of islands, these islands cause a return flow, which
transports sediment to the bank edge. On leeward sides of islands, offbank energy is
blocked which prevents offbank transport of sediment. This allows marginal reefs to
grow. Where there is no subaerial barrier, energy flows unrestricted but sediment
transport is still influenced by subtidal topography. On windward margins, sediment
becomes trapped behind relict ridges and reefs but offbank transport still occurs. On
leeward margins, sediment transport is offbank. In basins where tidal energy dominates,
little offbank transport occurs and sediment gets trapped behind small islands.
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Bank-margin
type
Windward, open

Influence of Antecedent Topography

Windward,
protected
Leeward, open

Pleistocene rock ridges control morphology and growth of shallow, linear reefs

Leeward,
protected

Significant, inter-island gaps locally accelerate tidal currents forming small ooid
bodies; in regions of submarine ridges, ooid shoals are more laterally extensive;
energy barriers prevent offbank sand transport allowing reefs to grow

Relict reef ridges provide low energy zones for accumulation of sand pockets

None, underlying topography buried by offbank transport of sand

Tidal dominated

Very little along open margins, water flows unrestricted, subaerial highs accumulate
sediment
Table 2.3. Influence of antecedent topography on various bank-margin types (from Hine et al., 1981b).
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3. Bank top processes
Marie-Eve Scherer

Multiple processes occur in the upper part of carbonate bank. In this chapter,
some of these important processes will be discussed, namely: inside the grain
(micritization, microboring), between the grain (early diagenesis on the sea floor:
dissolution-cementation), and on grains (flora and faunal settlement).
3.1. Processes occurring inside the grains.
3.1.1 Recrystallization
Many processes occur inside the grains of the sediment that composes the top
bank. One of the most important processes is the micritization of grains. In several
papers, Reid and Mactintyre have precisely defined different steps in the micritization of
grains, such as Halimeda particles, foraminifera, or ooids by recrystallization processes.
The term recrystallization has been, and still is the subject of controversy and semantic
discussion. In a broad application, recrystallization can be used to describe the
reorganization of size, shape, or composition of carbonate minerals. This definition is
synonymous with the term neomorphism. Reid and MacIntyre (2000) demonstrate that
the recrystallization begins during the life of the organism that is producing the
calcareous skeleton. The recrystallization follows a certain pattern (Fig. 3.1) transforming
1) skeletal rods (1-3 µm long, 0.1µm) into 2) anhedral equant minimicrite (< 1µm in
diameter) to 3) pseudomicrite (mosaics of 0.02-0.05 µm crystallites arranged in micritesize) and finally, 4) angular blocky micrite (1-4µm). More investigation of this group has
shown that pseudomicrite can be often related with micro-boring activity by coccoid
cyanobacteria (Solentia), which dissolves the grain on one side and closes the bore
behind them by precipitation of carbonate. This precipitation seems to be related to
sulfate-reducing bacteria activity.
The causes of carbonate recrystallization in shallow marine environments remains
unknown. However, different factors can be involved:
• Organic reactions induced by bacteria such as oxic respiration, sulfide oxidation or
sulfate reduction can cause carbonate dissolution and precipitation. Decomposition of
intra-skeletal organic matter is suggested to be a major factor in carbonate
recrystallization.
• Aragonite needle nature could be polycrystalline; e.g. they can be composed of
smaller bodies.
• The pattern of recrystallization (minimicrite to micrite) is likely linked to the relative
amount of surface free energy.
• Microborings can produce recrystallization (e.g. Solentia). Superposition of
successive microborings can result to a complete obliteration of original structure.
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Figure 3.1. Schematic cartoon illustrating crystal
textures and potential paths of recrystallization
(arrows) in Archaias.

Figure 3.2. Diagramm showing tow distincly different microboring patterns in carbonate grains.
A) Conventional micritic rim formation, after Bathurst 1975. B) Concurrent filling,

Figure 3.3. Schematic representation of fabrics observed in modern and
fossil filmground and hardground. a) Threads of mucilage binding grains. b)
Preferential precipitation of aragonite/calcite around filaments forming
meniscus-type grain bridge. Recrystallization of the aragonite or direct
precipitation of calcite around a filament may lead to a sparitic meniscus. c)
Endomucotic calcification of ephifilic microbial filaments in a meniscus
shape. d) Constructive micrite envelopes and meniscus-type grain bridges.
Microcrystalline aragonite or calcite precipitates in a pore-lining layer of
organic mucus and an interwined mesh of filaments of microbial epi-and
chasmoliths. The micropeloidal structure (lower left) is typical of a
microbial precipitate. e) Micritic meniscus-type cement formed by
microbially induced precipitation of micrite by non-filamentous microbes or
by filamentous microbes without preservation of their organic structures. f)
Chasmolithic network of Bacinella irregularis. The filaments are regular in
thickness and straight. Individual cells filled with micrite are typical. g)
Calcified epi-and chasmolithic filaments of cyanobacterial or fungal origin
extending from irregular micrite extending from irregular micrite envelopes.
h) Alveolar septal fabric. Note the similarity to the filamentous fabric in g).

Figure 3.4. Early diagenetic, microbially induced fabrics in different
environmental settings. 1) Micrcritic (calcified) filaments and alveolarseptal
structure. 2) Micrite envelopes, micritic and sparitic meniscus and pendant
cements. Only a combination of these cement types can indicate a vadose
diagenetic environment. 3) Micrite envelopes, micritic and fibrous (sparitic)
meniscus-type cements. 4) Micritic filaments.
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3.1.2. Microboring
Microboring can result from multiple activities of microorganisms. Many boring
chlorophyte (green algae) and cyanobacteria are found in limestone substrate of
carbonate grains (Bathust, 1973). They organisms are observed in intertidal to subtidal
environments, and play an important role in the recycling of grains in micrite. These
microborers, also called endoliths, cause widespread and complete destruction of all
types of grains: skeletal, oolithic, and peloidal.
One organism responsible for main microboring activities is the coccoid
cyanobacteria Solentia (Fig. 3.2). They are different from normal microboring because
they actually bore the grain without destroying the outer shape of the grain. This activity
results in a completely obliterated primary structure of grains such as ooids. Solentia are
also an important component of Bahamian stromatolite fusing ooid grains together in
order to build laminae (Reid et al., 2000).
Fungi can also bore grains. The main differences between algal-bacterial and
fungal bores can be simplified as follows:
• Fungal boring are on the whole finer than those of algae
• Diameter of fungal borings is generally more of less constant, while that of algae
varies considerably
• A reduction in size is observed during algae ramification, whereas fungi doesn’t show
reduction in diameter from stem to branch
• The angle between the major axis and the branches are more or less constant in fungi,
with an angle between 60° and 90°. Algae borings show more irregularities.
However, these criteria are not always so easy to apply in analysis.
3.2. Processes occurring between the grains: early cementation
Extensive parts of Recent carbonate sediment deposits are unconsolidated (e.g.,
Bahamas, Florida, Cuba, Persian Gulf). However, precipitation of cement is widespread
in recent shallow marine environment, but this process does not always lead to
consolidation. Consolidation of surface sediment induces the formation of firm- to
hardground (e.g. Dravis, 1979, Shinn, 1969). This cementation is favored by physical
factors such as low rates of sedimentation, sediment stability and high initial sediment
permeability (Shinn, 1969, Bathurst, 1975). Precipitation of acicular aragonite and
cryptocrystalline high-Mg calcite is supposed to be driven by increased pumping of sea
water through the sediment in environment exposed at least intermittently to high-energy
conditions (Tucker and Wright, 1990, Molenaar and Ziljstra, 1997). This is the case for
the example of beachrock, the top of certain oolithic shoals and reefal environments.
3.2.1. Beachrock
The beachrock is probably one of the more easily recognizable forms of
consolidation on the sea floor. Beachrocks are recent calcarenites cemented with either
aragonite or calcite and situated in an intertidal environment. The typical beachrock
consists of a layer of cemented calcarenite forming a hard surface on or in the beach,
underlain by unconsolidated lime sand. The laminations observed in beachrocks and lose
sediment are typical sedimentary structures resulting from beach deposits.
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The balance between sand accumulation, erosion and cementation controls
beachrock deposition. The main cement type in beachrock is acicular aragonite, even
though many varieties are observed. Many authors believe that pure physico-chemical
precipitation is responsible for the cementation of beachrock. The processes involve an
increase of the supersaturation for CaCO3, because of evaporation and loss of CO2 during
subaerial exposure of the beach at low tide. However, only few field measurements
however accompany this theory.
Actually, aragonite and high-Mg calcite are easily precipitated from
supersaturated shallow subtropical and tropical seawater (Bathurst, 1973). A model can
thus be proposed, introducing inhibition and precipitation in three main beach layers as
following:
• First layer: near the beach surface, grain motion inhibits cementation
 Plan-parallel lamination of lose sediment
• Second layer: the grains are mechanically stable and bathed in supersaturated water
eplenished from above by pumping action of waves and tides
 Beach rock formation
• Third layer: farther down, the pore water is relatively stagnant, nearly in equilibrium
with grains and isolated from fresh sea water supply
 Unconsolidated sediment.
Neumeier (1998) proposed that beachrock cementation is organically initiated and
mediated by an organic matrix that has an affinity with carbonate ions.
3.2.2. Top of shoals
Ooids are the most obvious example of precipitation of aragonite needle around
nuclei. They do not form consolidated firmground because of their high mobility.
However, ooids grains can stick together if they have been immobile ‘for some time’.
During a longer period of calm, aragonite (needle) cement can develop between grains.
However, biological factors are increasingly linked to early cementation and formation of
firmground and hardground. Endolithic and chasmolithic (occupying empty pore space)
organisms, such as bacteria, fungi, diatoms and foraminifera, have been identified as
contributers to firm- and hardground formation (Fig. 3.3, Dravis, 1979, Hillgaertner et al.,
2000). Although quantitatively insignificant, microbial filaments trigger sparitic aragonite
and calcite precipitation, even in subtidal environments. Structures resembling meniscus
cement, generally interpreted as intertidal to continental deposit environment, can be
formed in subtidal environments by micro-organism-induced precipitation at grain
contact, where organic matter is concentrated (Fig. 3.4; Hillgaertner et al., 2000). This
mechanism is also believed to play a role in grapestone formation.
3.2.3. Reef porosity
Evidences of reef cementation have been found in reefs of Bermuda (Ginsburg et al.,
1968; Gischler and Ginsburg, 1996) and Jamaica (Land and Goreau, 1970). Submarine
origin of this cement is indicated notably by:
• Occurrence in geopetal (gravity-induced deposit in reef porosity) sediments
• Absence of discontinuities or other signs of subaerial emergence
• Occurrence of cemented sediment in bores made by bivalves and sponges (Cliona)
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•
•

Borings of internal sediment by Lithophaga and Cliona.
Alternation of internal sediment with layers of pure cement.

Evidences of bacterially induced precipitation of carbonate (microbialite) have
been found in reef of French Polynesia by Camoin et al. (1999).
3.3. Colonization
Sediment can be colonized by different fauna, including green and red algae,
foraminifera, sponges, echinoderms, worms, molluscs (bivalves and gastropods), and of
course corals. The distribution of this fauna depends on factors such as light (bathymetry,
turbidity), temperature, salinity, water energy, nutrient level, sedimentation and substrate
availability. Corals will be discussed chapter and will not be addressed here.
3.3.1. Cyanobacteria
Cyanobacteria can colonize multiple substrates. Filamentous cyanobacteria are
the main component of microbial mat growing in N-nitrogen environment. Cyanobacteria
can produce sediment by bioerosion, benthic and planktonic precipitation. Coccoid
cyanobacteria blooms could be responsible for the famous whitings (cloud of fine grained
carbonate mud in the water column, see section 3.5). However, biological versus physical
and chemical production of micrite during whitings is still subject to controversy.
3.3.2. Algae
Red algae can rapidly colonize the sediment and play an important role as
sediment binders. They also are primary sediment producers and can build reef (Steneck
and Testa, 1997). Red algae have a growth rate ranging from 0.3 to 20 mm/yr. and
CaCO3 production that reaches up to 3600 g/m2/yr. As phototrophic organisms, red algae
depend on light availability. They can be found in a wide range of bathymetry. However,
they only become dominant below 50m depths because they use longer light wavelength
penetrating deeper in the water column. They can survive as deep as 290 m. (Littler et al,
1991). Maximum growth has been observed in laboratories for two different
environmental conditions: 1) normal ambient UV and high temperature or 2) high UV
and low temperature. Red algae adapt to high water energy and relative high nutrient
content.
Green algae such as Halimeda, Penicillus or Udotea are abundant in the Bahamas.
They are important primary producers of carbonate sediment (mud, sand) in every
platform environments. For example, Halimeda can occur down to 150m water depth and
represents 30 to 65 % of biological cover between 20 and 50 m. Sediment is produced in
large quantities by green algae in shallow environments due to high productivity. This
sediment is mostly exported off-bank and is an important component of mud and sand
sediment of the slope and deep-sea (e.g. Freile et al., 1995; Neumann and Land, 1975).
3.3.3. Foraminifera
Foraminifera are ubiquitous group in the carbonate system. They can be classified
by the structure of their test: agglutinating (Textulariina), microgranular calcite
(Fusulinidea), microgranular calcite ‘porcelain-like’ (Miliolina) and perforated calcite
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(Rotaliina). They can participate in micrite formation by micritization of their test. This
can already begin during the life of the foraminifera (Reid and MacIntyre, 1998). In
deeper environments, planktonic foraminifera are reported to represent about 20% of the
sediment (Piskaln et al., 1989).
3.3.4. Sponges
Sponges are present in low amounts down to depths exceeding 400 m.
(Maldonado and Young, 1996). In lagoonal environment, boring sponges (Cliona) are a
major bioeroder producing up to 30% of the total sediment (Fütterer, 1974). However, in
Bahamas, sponge bioerosion is less important: that mainly colonize the deeper slope
(Maldonado and Young, 1996).
3.3.5. Molluscs and Echinoderms
Molluscs and echinoderms do not produce much sediment but they play an
important role of bioerosion in shallow marine water. They can be relatively well tolerant
to changes in UV intensity and temperature variations.
3.3.6. Burrowing
Four crustaceans (Alpheus Weber, Callianassa Leach, Cardisoma Lateille and
Uca Leach) and one coelenterate (Phyllactis) mainly produce subsurface burrow.
Callianassa and Phyllactis burrow in marine and intertidal sediments. Uca and Cardisoma
burrow in supratidal sediments.
Burrowing structures can be useful in interpreting ancient rock. Such structures
can be used to differentiate between marine and eolian deposited sands. Recycling and
mixing of sediment by burrowers can produce sediments having grain sizes coarser than
the originally sediment and that can give us information on the energy level of the
depositional environment.
Alphaeus burrowing shrimp live in fine grained lime sediments (Florida keys and
Bahamas). On the sediment surface the Alphaeus burrow has an opening of 4 inches and
is 1/2 inch in diameter, joins together inches below the surface and has a lag deposit of
shell debris surrounds opening. Where the paired openings come together, a ‘Y’ is
formed. Each burrow complex seems to be a single unit. While the animal is digging, its
swimmerets produce water current that transports most of the suspended sediment out of
the burrow.
Callianassa (shrimp): the most obvious burrow structures in Florida and Bahamas.
It is consist of volcano like mounds of sediment generally 1 foot high and 2 feet in
diameter at the base. The entrances lead down into passages having a circular shape and
are always lined with sticky, coherent, fine-grained sediment. The surface of the burrow
is covered with rod-shaped pellets. The mounds are common in intertidal zone, where
they are exposed at low tide and they are less common in deep water with a distribution is
similar to Alphaeus. The burrow has a central room that has 4 or 5 radiating tunnels. The
pattern of radiating tunnels is repeated and commonly followed by another room, which
also has radiating tunnels. The burrow filling generally consists of coarser-grained
sediment than the matrix and seldom shows depositional laminations. Callianassa are
absent in the lagoons and marshes behind the beaches.
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Figure 3.5. Burrows
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Land crabs are the most extensive burrowers in marine sediments that are
deposited above normal high tide. Their method of digging and the structure produced
differs from marine forms because they cannot suspend sediment. Sediment must be
physically carried out of the burrow and dumped. Land crabs dig in the supratidal zone
where dolomite is forming.
Cardisoma guanhumi live within 1 mile of the shoreline. They are generally found
in colonies and dig numerous burrows that have entrance diameters of 1 to 6 inches. The
shape of the burrows is very simple in comparison with the complicated burrows of the
shrimp. They are characterized by a single tunnel, which has a helical twist and lacks side
tunnels. Vague laminations parallel to the burrow floor are visible.
Anemone are distributed mainly in agitated sand areas where migrating
megaripples as much as 3 feet in height can be found. The anemone has been identified
as Phyllactis conguilegia, a member of the phylum Coelenterata, class Anthozoa. This
animal is around 1 inch in diameter and several inches in length and has small tentacles.
In life, the organism stays in a vertical position and all its body is buried. If the anemone
is touched, it disappears beneath the surface, and sand pours into the burrows. When the
organism moves upward, the space below is filled in by sand trickling downward from
above and laminations result.
Although many holes stay open, most become filled. Burrows are not filled by
mashing or compaction. In all cases, the burrows have become plugged by filling.
However, the way in which burrows become filled is not understood.
When sediment is brought to the surface by a burrowing shrimp, it is pumped into the
water. Much of the finer fraction stays in suspension and is carried away while the
coarser fraction settles and forms a mound (Shinn, 1968).
3.4. Whitings
Whitings composed of suspended carbonate have been thought to originate from
either the action of bottom-feeding fish or direct precipitation of calcium carbonate. The
particles are dominantly acicular aragonite, but Mg calcite composes as much as 20 % of
some whitings. Sediment is suspended and then aggregated into silt- and sand-size
floccules. Whitings surrounded by areas of relatively clear water, are know to occur in
many shallow-water carbonate regions of the world and have been observed by National
Aeronautics and Space Administration scientists during space shuttle missions. They are
particularly abundant on the northern portion of the Great Bahamas Bank northwest and
west of Andros Island. They do not seem to be more prevalent during the winter-storm
season than at other times. Whitings occur over a variety of bottom types ranging from
rocky to sandy to muddy.
Two scenarios are presented in the literature concerning the origin of aragonitic
carbonate mud on the Bahama Bank. The most popular one maintains that the mud is
primarily the product of disintegration of several species of calcifying green algae that
precipitate intra- and extracellular aragonite. The other scenario suggests that much of the
aragonite mud that has accumulated on the bank precipitated directly from seawater.
Some whitings may be the result of physical agitation by storms.
There are at least two categories of whitings. The first is regional, occurring after
storms, and represents sediment suspended from the bottom because of physical
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phenomena. The second category consists of whitings caused in part by local in situ
inorganic precipitation. The origin of the latter category is indicated by 1) a portion of the
suspended (whiting) sediment being in equilibrium with the ambient environment, 2) the
wide range of ∂14C values that have been obtained from whitings, indicating the mixing
of old and new carbon, and 3) the lack of adequate sources of carbonate, other than
inorganic precipitate, to explain the observed oxygen-isotopic composition of whiting
sediment and bottom sediment.
The fish activities shown not to be a cause for the suspension of bottom muds or
the formation of whitings.
Recent works propose that coccoid cyanobacteria blooms could be responsible for
the famous whitings. However, biological versus physical and chemical production of
micrite during whitings is still subject to controversy (Shinn et al, 1989).
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4. Some considerations about recent ooids
Christophe Dupraz

Ooid grains have been the subject of controversial discussions for more than 150
years. The aim of this chapter note is to present a summary of the definition, the
classification, the distribution on Bahamas platform, and few hypotheses of formation of
recent ooids.
4.1. Definition
In all definitions of ooids, from the first one by Lyell (1855) to one of the last by
Richter (1983), a concentric arrangement of carbonate layers around a core or nucleus is
emphasized. Recent marine ooids are distinguished by the possession of an outer coat or
cortex of concentrically lamellar, cryptocrystalline aragonite (Bathurst, 1971). A detrital
nucleus may be recognized within this cortex; commonly quartz grains, peloids, skeleton
fragments or even broken pieces of ooids. The concentric lamellar structure of some
Recent and many ancient marine ooids can be traversed by a more or less well-developed
fabric of radial arranged calcite.
Bahamian ooids are characterized by a tangential orientation of aragonite needles,
and occur in agitated marine environments.
4.2. Classification
4.2.1. Tangential ooids
The famous Bahamas-type ooids consist of aragonite rods that are oriented
tangentially (parallel to ooid lamination, Fig. 4.1). In marine settings, this kind of ooids is
restricted to warm areas of low latitude, e.g. Great Bahama Bank, Gulf of Suez, Persian
Gulf, Yucatan shelf, Mexico and Shark Bay (Australia). Tangential ooids are interpreted
as resulting from a high-energy environment of formation. Tangential oriented calcitic
ooids have been described by James (1972) in calcrete with calcite crystal 9-30 µm long
and 1-2 µm in diameter.
4.2.2. Radial ooids
Radial-aragonitic layers have been frequently observed in marine ooids (Logan et
al., 1969, Davies, 1970, Fabricius, 1977, Fig. 4.1), but completely radial-aragonitic ooids
in marine environments are only described from the Persian Gulf (Loreau and Purser,
1973), from the Gulf of Aqaba (Frieman el al., 1973) and from the Great Barrier Reef
(Davie and Martin, 1976). Radial structures are generally interpreted as resulting from a
low energy environment of formation. Radial (Mg) calcitic ooids have been reported
from hypersaline Bay (Baffin Bay, Texas) and in Holocene deposit of the Great Barrier
Reef.
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Figure 4.1. Classification of the main types of calcareous ooids

Figure 4.2. Upper: Map of the general
distribution of surficial sediment types iin south
Florida and Great Bahama Bank.
B = Berry Islands oolithic shoals; C = Cat Cay
oolithic marine sand belt; E = oolithic tidal
deltas at island gaps on margin of Exuma
Sound; J = Joulters Cays oolithic band complex;
S = Schooner Cays oolithic tidal bar belt; and T
= oolithic tidal bar belt at south end of Tongue
of the Ocean.
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Figure 4.3. Mobile sands of the Joulters ooid shoal (open circle
pattern) rim a sand flat (dot pattern) that is penetrated by tidal
channels (modified from Harris, 1983)

Figure 4.4. Fence diagram of the Joulters ooid shoal based
on 60 cores and hundreds of measurement of sediment
thickness. Three facies- ooid grainstone, ooid packstone and
fine-peloid packstone - are responsible for the build-up of the
shoal (modified from Harris, 1983).

Bank flooding

Shoal development

Shoal formation

Figure 4.5. Formation and development of Joulters shoals (modified from Harris, 1983)
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4.2.3. Micritic to microsparitic ooids
Bahamian ooids frequently contain layers of cryptocrystalline randomly oriented
crystals; a result of biogenic micritization of ‘normal’ ooids. Lamination can be
completely obliterated by coccoid cyanobacteria (Solentia) microboring (Fig. 4.1).
Solentia bore into grains and then close the borehole behind it with pseudomicrite (Reid
and MacIntyre, 2000).
4.3. Distribution in the Bahamas
4.3.1. General distribution
The Bahamas model of carbonate sedimentation (Purdy, 1963) is characterized by
1) high-energy platform margin dominated by coralgal or oolithic grainstones, which
reflect locally strong tidal or wave agitation, 2) water energy decreasing toward the
platform interior, giving rise to grapestone aggregate sediment, then to hardened peloids
in the restricted portions of the platform.
Figure 4.2 shows the distribution of the main oolithic sands on the Bahamian
platform. In the northern Bahamas, ooids sand bodies are generated near the platform
margins. Ooids are formed here because of persistent agitation by tidal currents, on-bank
transport of offshore waters, and supersaturated waters resulting of warming and
evaporation on the platform. The winds are not strong enough to cause bottom agitation,
thus, ooid formation is restricted to areas of bottom agitation by tidal currents. Today
oolithic shoals are only present along portions of the platform margin where there is
effective tidal circulation. 120,000 years ago, sea level was about 7 m higher than present
(Sangamon Interglacial). During this highstand, active tidal currents and agitation formed
extensive oolithic sediment in areas such as Andros Island in the Bahamas and also the
oolithic portion of the Miami Limestone in Florida.
4.3.2. Example of the Joulters Ooid Shoal
The Joulters ooid shoal on Great Bahama Bank (Fig. 4.3), displays a variety of
subenvironments in which ooids are generated. Today, the Joulters ooids shoal is a 400km2 sand flat fringed on the ocean-facing borders by mobile sands. The sand flat, nearly
intertidal and stabilized by sea grasses and algae is partially penetrated by numerous tidal
channels. The narrow rim of mobile ooid sands is intertidal, 1 to 2 km wide and 25 km
long. The shoal changes gradually to the west into a mounded, grass-covered bottom of
peloidal sand and mud. The name of the shoal came from Joulters Cays, islands up to 5m
above sea level that formed along the rim of mobile sands.
Ooids in this area average 200 to 500 µm in diameter. The nuclei are generally
100 to 300 µm in diameter and are commonly composed of peloids. Ooids size is linked
to agitation level: small nuclei, easily put in suspension and forming thick cortex whereas
large nuclei have only a superficial coating. Ooids from stabilized bottoms are generally
micritized and the internal concentric microstructure is lost.
The substrate of the oolithic shoal consists of Pleistocene Limestone. Six facies
can be recognized (Fig. 4.4): Skeletal grainstone, ooid grainstone, ooid packstone, finepeloid packstone, pellet wackestone, and lithoclast wackestone. The basic facies suite is a
fringe of ooid grainstone bordering a shoal composed of opposing wedges of ooid
packstone and fine-peloid packstone (Fig. 4.4). The growth of the shoals have resulted
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from changing depositional patterns in response to rising sea-level; the changes are not
just a product of today’s depositional environments. The shoals overlie and wrap preexisting relief of Pleistocene limestone.
The growth of the shoals occurred in three stages (Fig. 4.5): bank flooding, shoal
formation, and shoal development. A belt of bars and channels was forming along the
seaward edge of the limestone high on the seafloor. As the belt of active bars increased in
width, ooids exchange of water between the seaward and bankward sides of the shoal was
increasingly restricted by widespread sediment build-up nearly to sea level. The shoals
were progressively deactivated, sub-stabilized, and colonized by sea-grass. Ooid
formation is restricted to a narrow rim of mobile sands. The tidal channels that partially
penetrate the present-day sand flat are probably remnants of the original channels of the
active sand belt.
4.4. Hypotheses of formation
An important controversy exists between scientists about organic versus inorganic
origin of ooids. Just as there are many different kinds of ooids, many different hypotheses
of formation exist as well. Here we will briefly discuss three different possible
mechanisms of Bahamian ooid formation.
4.4.1. Physical and chemical formation
For a long time, ooids have been used as the perfect example of inorganic
precipitation from the shallow supersaturated sea floor. Many authors (e.g., Berner, 1971;
Lippman, 1975) proposed that the Bahamian type of ooids are inorganic precipitates
formed during motion in suspension after heterogeneous nucleation, and that organic
matter found within ooids does not play a role in the formation. However, laboratory
experiments made by Davies et al. (1978) demonstrated that no precipitation occurred
from strictly inorganic solutions. Only partially successful results were obtained using an
organic extract from Bahamian ooids (see section 4.4.3).
4.4.2. Biologically-induced formation
Recent ooids have a high organic content, as a low dissolution of ooids results in
complex mass of mucilaginous material (e.g. Newell et al., 1960). Examples of ooids
formed in non-natural settings by addition of sulfate-reducing bacteria and long
incubation time in anaerobic condition have been introduced in Bathurst (1975). These
examples result in formation of spherulites or pseudo-ooids showing radial fibrous fabric
and do not fit with the Bahamian style of ooids.
The tangential structure of Bahamian ooids showing cyclic repetition of
lamination remains a mystery. For example, Joulters Cay ooids show a rather remarkable
cyclicity. Ooid cuts observed by petrographic microscope display crystalline aragonitic
ring, 2-4 µm thick followed by a gap of about 1 µm. The cyclicity of ooid cortex is not a
random thing, caused for example by storm waves.
Folk and Lynch (2001) have discussed the formation of ooids from the Bahamas
and notably from Joulters Cay. When viewed under a scanning electron microscope
(SEM), the gap in most of the ooids is an empty space that was once filled with an
organic matrix. Folk and Lynch introduce a possible nannobacteria-induced precipitation
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for aragonitic needles. This interpretation is based on observations of ‘capping balls’
(same size and shape as supposed nannobacteria) on the top of aragonite needle. The
precipitation of aragonite around nannobacteria would result from specific metabolism
fueled by organic matrix coating the grain surface. Another possibility could be that
nannobacteria may have a polar distribution of negative charges on their cell wall;
negatively charged cells would attract Ca2+ ions. The existence of nannobacteria is also
subject to a strong controversy. Biologists have a hard time allowing such small cells to
have any kind of functional metabolisms. Many authors have also found that most of the
nannobacteria observed with SEM are actually artifacts of sample preparation (coating,
etching). However, the genuine existence of nannobacteria has yet to be proven (Folk and
Lynch, 2001). The discussion concerning nannobacteria is pertinent because nanometersize bodies are found in almost every kind of carbonate deposits.
4.5. ‘Organically-induced’ formation
An elegant solution to ooid formation is given by the processes called
organomineralization. In this model developed by Trichet and Desfarge (1975),
organisms such as bacteria of algae are not needed to precipitate carbonate. The term
biomineralization introduces cell metabolism inducing local changes in
microenvironment (increase in alkalinity, pH), which results in carbonate precipitation.
Organomineralization introduces precipitation of carbonate directly on organic matrix
rich in acidic macromolecules such as acid Aspartic, Glutamic, or sulfate groups. Those
macromolecules contain carboxyl group having the same symmetry as carbonate ions.
These molecules thus inhibit carbonate precipitation in seawater by ‘trapping’ Ca2+ ions.
However, the same kind of macromolecules, arranged in ‘correct’ order (carboxyl
groups) and fixed on a substrate, form biofilm able to initiate precipitation of aragonite
needles. Reitner et al. (1997) proposes that this mechanism is responsible for ooid
formation in alkaline hypersaline lakes. They have used special staining techniques that
emphasize acidic macromolecules contained in ooid laminations.
Without answering the question, it seems that both organic and inorganic
processes are involved in ooid formation. Pure organic precipitation generally does not
form tangential ooids and pure inorganic precipitation does not form ooids either. It is
interesting that already in 1978, Davies et al. introduced mixed processes inducing ooid
formation, and proposed a model of formation of the Bahamian type ooids based on field
and laboratory studies. This model involves inorganic precipitation associated with
organic surface reactivation:
• Suspension growth stage: Short-lived heterogeneous inorganic nucleation around
nuclei introduced into a turbulent supersaturated normal marine environment. This
precipitation rapidly stops with the presence of strong crystal inhibitors, such as Mg2+
and H+.
• Temporary resting stage: Coated nuclei resting in the marine environment will
equilibrate with the surrounding sea or pore water. Solutions of the ‘poisonous’ ions
will help to reactivate the coated surface. However, after a series of growth and
temporary resting phases, Mg2+ and H+ are in excess on the carbonate surface and the
precipitation is inhibited. No further growth will occur unless a new active surface is
produced.
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Sleeping stage: During this stage, the grains are in constant contact with seawater rich
in soluble organic compounds. An organic envelope coats the grain. This organic
surface is rich in acidic macromolecules (organomineralization), able to catch Ca2+
ions and, thus, produce a reactivation surface for a new growth stage of the ooid.
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5. Peloids and grain aggregates
Kathryn A. Lamb

5.1. Carbonate grains
Carbonate grains can be described as aggregate particles that have undergone
mechanical transport prior to deposition. There are four types of non-skeletal carbonate
grains; coated grains, peloids, aggregates, and clasts (Boggs, 1995). In this chapter,
however, the concentration will be on just two types of non-skeletal grains; peloids and
aggregates.
5.1.1. Peloids
Commonly thought of as major contributors to intra reef sedimentation in both
recent and ancient environments, peloids originate (Fig. 5.1) primarily from the
excrement of sediment and plankton feeders, such as crustaceans, holothurians,
gastropods, and fishes. Endobiontic organisms can also produce peloids, and it is
common to find peloids in and around bioturbate structures (Flugel, 1982). Additionally,
as this chapter will discuss, peloids can form through micritization and calcification of
material other than fecal pellets.
Peloids are primarily composed of microcrystalline carbonate, are generally
rounded to sub-rounded (Figs. 5.2 and 5.3), and are sand sized grain (average size ~ 100500 mm; Tucker and Wright, 1990). These micritic particles are internally structure-less,
and their outline is usually elliptical or circular (Tucker and Wright, 1990; McKee and
Gutschick, 1969).
Typical of shallow, low energy restricted marine environments, peloids are an
important constituent of shallow marine carbonate sediments. For example, in the Great
Bahama bank, pellet mud covers ~10 000 km2, composes 30% of the total Bahamian
sediment, and 75% of the sand fraction in the area (Fig. 5.4; Tucker and Wright, 1990).
Specifically, pelloidal deposits (both pelloidal sands and lime muds) are found in great
abundance in and around Joulters Cays and the western coast of Andros Island (Figs. 5.4
and 5.5).
The category of peloids can be further sub-divided, based on the formation
histories of the grains.
• Fecal pellets (Figs. 5.2 and 5.3) are deposited by feeding organisms, and are ovoid or
ellipsoidal, with high organic contents (Tucker and Wright, 1990). Often, they can be
very soft and can undergo significant compaction (Shinn and Robbin, 1983).
• Bahamite peloids are bioclasts, ooids, or abraded shell fragments form when the
original grain has been completely micritized by endolithic microorganisms or boring
algae (Bathurst, 1975; Tucker and Wright, 1990; Flugel, 1982).
• Sand sized intraclasts or pseudopeloids (Flugel, 1982), are derived from the
reworking and rounding of consolidated calcareous mud or aggregates of aragonite
and calcite crystals. They are characteristically subrounded micritic particles and are
very fine grained (Flugel, 1982).
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Figure 5.1. Origins of peloids (Tucker and Wright, 1990)

Figure 5.2. Stages in cementation of faecal pellets, from friable
pellets (stage 1) to well cemented pellets (stage 2; Illing, 1954).

Figure 5.2. Well rounded grains of matrix
and faecal pellets (Illing, 1954).
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Figure 5.4. Surface sediments of
the Great Bahama Bank and
surrounding deep sea floor. Note
contours in feet and scale in
nautical miles (taverse and
Ginsburg, 1966).

Figure 5.5. Physiography and geology of Northern
Andros Island (provided by R. Ginsburg).
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Algal peloids are spherulitic carbonate encrustations around blue-green algae or
decomposition products of various algae (Flugel, 1982), formed by calcification in
algal mats (Friedman et al., 1973).
Chemical peloids are pellet ‘clots’, or nucleation sites of small crystals of high
magnesian calcite (Mcintyre, 1985). However, these peloids are not usually found in
modern reefs.

Lithfication proceses of peloids is a topic of much debate, but may involve either
micritization of the pellet rim or whole pellet (see section 5.2; Tucker and Wright, 1990).
5.1.2. Grain aggregates
Grain aggregates are irregular, lobular aggregates of particles that have been
agglutinated by sparitic or micritic cement or by algae. The particles are generally sand
sized and heavily micritized, consist of usually only a few ooids, bioclasts and peloids,
and are typically composed of less cement than particles (Flugel, 1982).
Aggregate grains are formed where waves and currents are sufficient to remove
mud and silt, but not so strong as to remove sand. Additionally, these non-skeletal grains
are formed where there is a very low rate of sedimentation, good water circulation, and
generally very shallow waters (<3m but max depth of 10-15m). Often, the substrate is
covered with a surface microbial mat, which helps to bind sediment grains and protects
the sediment from currents and waves. The grapestone belt on the Great Bahama Bank
covers a very large area transitional from the agitated oolite shoals to the protected pellet
mud and mud environments (Figs. 4 and 5; Tucker and Wright, 1990).
Like peloids, grain aggregates can be sub-divided into several categories. Of interest are
grapestones, lumps, algal lumps, although mention of caliche lumps is included.
• Grapestones (Fig. 5.6) are the result of cementation of hard carbonate particles in
areas with a very low rate of sedimentation, good water circulation, and varying
levels of water agitation (Flugel, 1982). Grapestones are aggregates of spherical
grains (usually micritized ooids), and often resemble clusters of grapes (Tucker and
Wright, 1990). The intergranular cement is usually strengthened by syn-sedimentary
algal encrustations (Flugel, 1982).
• Lumps (Fig. 5.7) are similar to grapestones, but use less than 50% micrite as a
bonding agent (Flugel, 1982). Lumps are aggregates with a smoother outline and
hollow interiors, and many are micritized grapestones . However, some particles may
be difficult to distinguish as grapestones or lumps because the two grade together (see
below; Tucker and Wright, 1990).
• Algal lumps are similar to grapestones too, but there is more interaction of organisms
in these aggregates. Often found in protected environments, such as lagoons, algal
lumps form when aggregate grains become agglutinated by algae and/or sessile
foraminifera. Single aggregate grains are often bound together by algal encrustations
(most often by filamentous algae; Flugel, 1982).
• Caliche lumps are cemented within the vadose zone, and are usually found together
with pisoids, laminated crusts, and other such particles. They are generally found in
sediements without fossils (Flugel, 1982).
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Figure 5.6. Grapestones (Illing, 1954).

Figure 5.7. Large grapestone lumps (Illing, 1954).
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Figure 5.9. Diagram showing two distinctly different
microboring patterns in carbonate grains. A) Conventional
micrite rim formation after Bathurst, 1975. B) Concurrent
filling (Reid and McIntyre, 2000).

Figure 5.8. Formation of grapestones and lumps.
Stage 1: sediment grains are bound together by
foraminifers, microbial filaments and mucilage.
Chamolithic microorganisms occur between the
grains, while endolithic forms bore into the
carbonate substgrates. Stage 2: calcification of the
microbial braces occurs, typically by high
magnesium calcite, to form a cemented aggregate
(grapestone). Stage 3: increased cementation at
grain contacts, by microbially-induced precipitation,
fills depressions to create a smoother relief (lump
sage). Stage 4: filling of any central cavity to form a
dense heavily micritized and matrix-rich aggregate.
Some replacement of the HMC components by
aragonite may also occur (Tucker &Wright, 1990).
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Aggregates are formed when several carbonate grains become bound or cemented
together. The interstices between the grains are primarily micritic carbonate, however
some organic structures can exist too. The formation of aggregates corresponds to several
growth stages (Fig. 5.8, after Tucker and Wright, 1990).
• Stage 1. Sediment grains are bound together by foraminifers, microbial filaments, and
mucilage. Chasmolithic microorganisms can occupy spaces between the grains while
endolithic forms bore into the carbonate substrates.
• Stage 2. Calcification of the microbial braces occurs typically in high magnesian
calcite to form a cemented aggregate (grapestone formation). Progressive
micritization of the constituent grains also takes place.
• Stage 3. Increased cementation occurs at grain contacts by microbially-induced
precipitation. Depressions are filled in and a smoother relief is created (Lump
formation).
• Stage 4. Filling of any central cavity to form a dense, heavily micritized and matrix
rich aggregate takes place. Some replacement of high magnesian calcite components
by aragonite may also occur.
5.2. Micritization
In general, microbial micritization is a process wherby grains are altered while on
the seafloor or within the first few centimeters of the substrate; just below the endolithic
algae, fungi or bacteria. The grains are bored around the margins and the holes are filled
with fine-grained sediment or cement. Micritic envelopes are produced in this manner,
and if the activity of the endolithic microbes is intense, completely micritized grains are
the result. Often, the original nature of the grains is often difficult to determine after such
boring (Tucker and Wright, 1990).
As mentioned above, micritization of sediment grains is enhanced by the role of
microborers (Fig. 5.9). Recent studies found that the endolithic cynobacterium
responsible for the boring and subsequent infilling of the boreholes is Solentia sp. This
microborer can rework the entire grain with hardly any damage to the grain’s outer walls.
The holes are subsequently filled with fiberous minimicrite crystals (Macintyre et al,
2000).
However, much debate still exists over how large a role recrystallization versus
microboring has in micritization process. Micritization of carbonate sediment grains is
thought to be very widespread in warm shallow tropical sea, however, it is difficult to
estimate whether concurrent infilling or recrystallization is the dominant process. The
micritic grains produced usually do not retain evidence of the original composition of the
grain, so identification of the original grain can be nearly impossible in some cases (Reid
and Macintyre, 2000). For example, in both processes, bore holes are not left open, grain
margins are left intact, micritization advances inward from the grain margin, and the
inward edge of the micritized rim is quite regular (Reid and Macintyre, 2000).
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6. Syndepositional dolomitization and cementation on
the Bahamas platform
Brad Rosenheim

6.1. Introduction
A swath of carbonate sands in otherwise open ocean, the Bahamas banks are a
unique depositional setting of utmost interest to geochemists. It is a dynamic system of
biogenic and chemogenic material, moving with the currents and wind to fill the small
amount of accommodation space over antecedent Jurassic topography. The banks and
islands of the Bahamas straddle the tropics and are kept warm by the Gulf Stream current.
Evaporation and photosynthesis, both fueled by the subtropical sun, induce many peculiar
traits common to only a handful of other locations in the world (Trucial Coast, Bonaire,
Florida Keys, and Shark Bay, Australia). Carbonate deposits thought to be indicative of
the same type of environment are ubiquitous in the geologic record, and it is for this
reason that the Bahamas platform is studied with such rigor.
Broad areas of the platform have filled up all of the available accommodation
space with carbonate sediment during the Holocene transgression. The large tidal flat
extending westward of the eolianite ridge of Eastern Andros is an example. Here, large
expanses of land are only ephemerally submerged in seawater or meteoric water. Under
the strong low latitude sun, evaporation drives interstitial chemistry far beyond the ranges
expected in the open ocean. The bright carbonate sediment also reflects a large part of
this sunlight through the shallow water column allowing extensive photosynthesis to
occur in autotrophic microbial communities. This also drives sediment chemistry askew
of normal marine conditions.
The sediment of the Bahamas is transported around the banks and deposited into
zones of different energy. Once submerged in low energy zones or deposited on
supratidal banks, the sediment is rapidly altered in an illustration of modern diagenesis
through both syndepositional cementation and supratidal dolomitization. Study of
syndepositional cementation processes elucidates an entire microbial world where
sediments are deteriorated, agglutinated, and recrystallized. Cementation of carbonate
sediments offers insight into the rates at which carbonate sequences initiate lithification
and preservation in the geologic record. Most carbonate that has been preserved in the
geologic record is no longer magnesium calcite or aragonite (as is biogenically produced
by modern organisms), but is in the form of dolomite.
Dolomite is a highly ordered carbonate in which half of the cations are calcium
and half are magnesium. Dolomite is more stable at surface temperature and pressure
than either aragonite or calcite, however it is not produced in the same proportions that it
occurs in the geological record. In fact, Andros Island is one of the few places in the
world where modern dolomite is observable at all.
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Figure 6.1. Map of
Bahamas platform showing
areas of tidal flats with
presence
of
recent
dolomite, as well as areas
with exposed Pleistocene
limestone. (Shinn, 1965).

6.2. Supratidal dolomitization
The discovery of dolomite within recent sediments on the island of Bonaire and
the investigation of possibly penecontemporaneous dolomite on Sugarloaf Key during a
GSA field trip (Shinn, 1964) led to a comprehensive investigation of dolomite on Andros
Island and Great Abaco (Shinn et al., 1965; Fig. 6.1). Taft and Harbaugh (1964)
investigated some intertidal to subtidal banks adjacent to Andros between 1959 and 1963,
but they were largely unsuccessful in discovering dolomite in these environments. Shinn
focused upon the tidal flats of Andros and Great Abaco, finding up to 80% fine grained
dolomite in supratidal surface crusts which extended to the intertidal zone buried under 34 ft of lime mud (Fig. 6.2; Shinn, 1965). Where the dolomite layer outcrops (a few feet
above mean high tide), the crust usually shows no sedimentary structures other than
polygonal fractures caused by mud cracking. Occasionally polygons show evidence of
current transport, laminations, and burrows (Shinn, 1965). The main skeletal fragments
visible in the crusts are Batillaria sp. (marine gastropod), Peneropolid forams, and Cerion
(a land snail). Petrographically, tiny crystals of dolomite matrix in the crust can usually
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Figure 6.2. Schematic
diagram of the dolomitic
crust that was observed
outcropping at the base of
palm hammocks and overlain
by lime muds and pelletal
sediments in the intertidal
zone. This layer was found to
be continous, and dated
contemporaneously at the
outcrop. (Shinn, 1965).

be observed in the vague pelletoid outlines, indicative of replacement dolomitization of
original magnesium calcite pelletal lime muds. The dolomite itself is calcite rich, as
determined by X-ray diffraction techniques. Vugs and fenestrae within the crusts are
usually lined with large crystals of acicular aragonite cement (Fig. 6.3). In sediment
above and below this layer, individual dolomite crystals and some rip-off clasts are
present in small amounts. The dolomite crusts are primarily made up of fecal pellet
sediments with bioclasts and vugs.
Dolomitic crusts, where they outcrop at the surface, are visible as dark bands
surrounding the highest parts of the supratidal zones of Andros, the palm hammocks.
These dark bands generally lie within 6 inches of mean high tidal levels (Shinn et al.
1969). This narrow range in altitude is significant because here the dolomite crust is only
submerged during spring and storm tides (every 2 weeks on average). Between these
floods, the crust breathes and evaporates subaerially, barring influx of meteoric waters.
At the mean high tide contour, the dolomite crusts generally disappear under a covering
of lime mud. The crusts are continuous, however, and persist as far as 3 ft deep in lime
muds located 4 ft under the sea surface. In this intertidal area, 14C dating has yielded dates
of approximately 2200 years old (Shinn, 1965). Outcrops of the dolomite crust yield
contemporaneous ages and because the layer is continuous, it is assumed that it represents
penecontemporaneous replacement dolomitization in a narrow supratidal zone during
transgression.
Workers have often hypothesized upon chemical mediation of recent
dolomitization in the Bahamian tidal, but never rigorously investigated. Shinn (1965)
found that interstitial waters in the crusts have Mg/Ca ratios up to 40:1, 6 times those of
normal seawater. Evaporation of seawater in the vadose zone of the supratidal flats would
serve to increase the concentration of both of these constituents, however it does not
explain the increase in the Mg/Ca ratios. Two methods by which the Ca content in
porewaters can decrease while the Mg levels increase are 1) gypsum formation and 2)
cementation (Deffyes, 1964). The evaporitic precipitation of CaSO4 (gypsum) is quite
possible within the observed salinities of porewaters, however, neither gypsum nor any
other evaporitic deposits are present in the dolomitic crusts. It has been suggested that
any gypsum is washed away in spring tides or meteoric precipitation, somehow without
infiltrating the sediments and altering the porewater chemistry back towards normal
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Figure 6.3. Pelletal packstone
replaced by dolomite. Dolomite grains
for the dark matrix of the sample,
crystals are 2 mm. Vugs in packstone
are lined with acicular carbonate.
Magnification 90x. (Shinn, 1965).

seawater. Penecontemporaneous carbonate cements are ubiquitous in the Bahamas (as
discussed below). In the dolomitic crusts, cements are evident in vugs and fenestrae in the
form of acicular aragonite needles. Aragonitic cement would partition Ca from the
porewater favorably over Mg, thereby increasing the Mg/Ca ratios and possible enabling
replacement dolomitization. Although these needles are quite large and vugs quite
numerous, would this be enough to increase Mg/Ca ratios 6-fold?
One quite controversial means by which the dolomite might also be precipitated is
through detrital seeding by Saharan dust carried across the Atlantic basin. Of course, the
wind cannot transport polygonal crusts of 3cm in width across the Atlantic, but it could
explain the presence of small dolomite crystals above and below the crust layer. Perhaps
detrital dolomite crystals can facilitate the replacement precipitation of dolomite in the
brines of Bahamas vadose zones. Then the small crystals above and below the layer of
dolomite crust could represent detritus deposited too far above or below mean high tide
(and out of the range of the ideal brines) to seed widespread dolomite deposition.
However, the lack of significant amounts of dolomite in contemporaneous intertidal and
hammock sediments (Taft, 1964; Shinn, 1965) is a strike against this theory. As Shinn
(1965) states, “…it would require an extremely efficient and unknown sorting mechanism
to separate and deposit (detrital) dolomite only in the supratidal zone.”
6.3. Syndepositional cementation
Biogenic sedimentation rates over the shallow, warm, and well-lit Bahamas
platform are very high. Once created, sediment does not simply exist as a static member
to this carbonate system. High-energy areas along the rims of the platform pile coarse
coated grains in dynamic ooid shoals. Reefs grow seaward of the platform rims and the
steep platform slopes lie below. In addition to these high-energy environments, low
energy areas exist in the lee of shoals, reefs and islands. Here, microbial communities can
envelope the sediment and begin to anchor it in place while they go about their lives
deriving energy from various parts of the sediment. This results in aggregate grain
formation, coated grain formation, and syndepositional cementation. Syndepositional
cementation can occur both subaqueously and subaerially in the Bahamas. Subaerial
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Figure 6.4. Large cavities in hand
specimens filled with botryoidal
aragonite. Holes in sample are
drilling transects for stable isotope
and radiocarbon analysis. (Grammer,
1993).

cementation can occur organically or inorganically. Inorganic subaerial cementation is
driven by evaporation and CO2 degassing and is also known as caliche formation, but it is
dealt with more fully in a preceding chapter. This chapter will deal with biologically
mediated cementation on the low energy platform top (both intertidal and subtidal) and
inorganic cementation in the high energy areas of the platform margins (reefs and slopes).
6.3.1. Biogenic cementation in low energy zones
Sediment that is formed on or transported to low energy areas of the bank top are
normally observable in small scale ripples, often anchored in this formation by a mat of
algae (Palmer, 1979). Here aggregate grains begin to form. The way in which these
grains are fused together is questionable, with some authors implicating encrusting
foraminifera (Streeter, 1963; Baars, 1963; Winland and Mathews, 1974), some
implicating agglutinating worms (Purdy, 1963), and some implicating mucilaginous algae
(Dravis, 1977). The grains are generally thought to have formed polygenetically through
micritic cementation. However, Here we focus on the larger scale cementation of these
grains into aggregate crusts. Crusts seem to form from a different method of cementation,
as separate aggregates are often joined by isopachous aragonite fibers (Palmer, 1979).
Inter-aggregate cements seem to form in areas of higher energy than where the
aggregates were actually formed. The cements seem to be inorganic in nature, as they are
different from the biologically mediated micrite cements forming the aggregates (Fig.
6.4).
In the intertidal to supratidal zone of the bank top, near the mean high tide level,
the filamentous blue-green algae Scytonema is well preserved. The algae form a tufa
deposit as they are encrusted in calcite. The calcite encrustation is of the high magnesium
variety and, petrographically, the cement is a blocky micrite not unlike the intragranular
cement of aggregate crusts (Hardie, 1977). In some cases, the tufa layers are interspersed
with sediment layers, which are not cemented. In most cases, high-magnesium calcite
envelopes are formed in the mucilage of dead algal filaments, implicating a bacterial role.
Scytonema is usually constrained to freshwater habitats, landward from beach ridges and
channel levees. It is hypothesized that periodic flooding by spring and storm tides cause
death of the algal colonies and subsequent calcification mediated by the bacteria decaying
the algae (Hardie, 1977). Like the calcium-rich dolomite crusts that replace supratidal
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Figure
6 . 5 . Photomicrograph of
botryoidal aragonite cements from
Tongue of the Ocean, Bahamas. Hiatal
growth is evidenced in the discontinuity
surfaces (arrows) that may represent dust
lines. (Grammer, 1993).

lime muds, the algal tufa is frequently observed in the supratidal zone around the palm
hammocks and the backsides of levees.
6.3.2. Inorganic cementation in high energy environments
High-energy environments of the platform margin also undergo syndepositional
cementation. The Bahamas are a pure carbonate system, surrounded by deep waters and
constituted of kilometers of sediment overlaying what is thought to be Jurassic sandstone.
In order for the platform to exist without simply slumping into the abyss, its flanks have
experienced geologically instantaneous cementation. Grammer and Ginsburg (1992) used
a submersible to investigate the steep slopes (35-45º) of the Bahamas bank. The steepest
section consisted of lowstand deposits of poorly sorted, coarse sediment lain by grain
flow and creep processes. These deposits contain a botryoidal aragonite cement (as well
as micritic cements and isopachous Mg-calcite; Fig. 6.4) that date contemporaneously
with the cemented sediments. Grammer et al. (1993) investigated the growth rates of the
botryoidal aragonite firming the Bahamas slope and found contemporaneous, albeit
hiatal, cementation (Fig. 6.5). Botryoidal aragonite cement also firms reefal sediment on
the marginal escarpment, much like the cementation occurring on the reefs of Northern
Jamaica, Belize, and Bermuda (Ginsburg and James, 1976; R. Ginsburg, pers. comm.).
The key to this rapid cementation is the flux of large volumes of water through
the platform itself. A geothermal gradient with depth through the platform sediment
creates quite a temperature gradient between interstitial fluids and deep ocean waters
surrounding the platform. At about 1000m below the platform top, interstitial waters of
40° C are in hydrologic contact with ocean waters of 5-10º C. The warmer waters
towards the center of the platform rise and set up a convective cell, which draws the cool
ocean waters towards the platform’s center (Kohout, 1965; Kohout, 1967; Kohout et al.,
1977; Morse and Mackenzie, 1990). Chemical changes during transport through this cell
can be responsible for rapid slope cementation and may even contribute to the increase in
Mg/Ca ratios observed on the bank top. Fanning et al. (1981) measured the chemical
content of warm springs along he west coast of Florida (a similar platform to the
Bahamas). The seawater was depleted in Mg and enriched in Ca relative to chlorinity,
and the authors theorized that these changes might be related to extensive dolomite
formation at depth.
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6.4. Conclusion
The Bahamas platform serves as a unique modern setting which offers
interpretations of the extensive geologic carbonate record. Geochemically, study of the
platform and the processes which govern sediment alteration yield insight to the problems
of dolomite formation and carbonate lithification rates. The presence of dolomitic crusts
and sediments illustrates that dolomite in the geologic record is not simply the result of
millions of years of thermodynamic stabilization. The rapid lithification of modern
Bahamas sediment by many different means elucidates ways in which carbonates can be
so extensively preserved in our geologic record. Hypotheses regarding the formation of
syndepositional cements introduce geochemists to exciting questions, the investigations
of which may lead to more theories on the mysteries of dolomite formation.
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7. Modern reefs of the Bahamas
Christopher S. Moses

On most of the Bahamian islands, Pleistocene reefs occur as beds of coral rubble.
These beds are usually about a meter thick and located on the low coastal terraces of the
islands within a few meters of present sea level. In several instances, there is even an
associated wave-cut notch at the base of the rubble layer (Cant, 1977).
A popular example is that of the reef which can be found on the north side of New
Providence, near Delaporte. Located about 1 m above current sea level, boulder corals
such as species of Montastrea, Diploria, and Siderastrea are found in growth position.
The top of the Delaporte reef, as is the case with many of these Bahamian Pleistocene
reefs, is covered by a thin veneer of skeletal calcarenite and rubble which is, in turn,
capped with a reddish-orange laminated crust (Cant, 1977). The size shape and species
composition of the Delaporte reef suggest that it was a patch reef and that many other
such reefs would have existed in this area at the same time.
7.1. Classic model of modern Caribbean reef structure
The following is a generalized description of the morphology and benthic
communities of Caribbean reefs. Two points are important to remember in this
categorization. First, while Caribbean reefs are not entirely different from Pacific reefs,
there remain some substantial morphological and biological differences. Hence, the
outline that follows is geared more specifically towards Atlantic and Caribbean reefs.
Second, reef morphology varies in time and space. Therefore, not all of the following
zones of a reef need to be, or will be, developed at any given site.

Figure 7.3. Cross-section of a typical Caribbean reef profile. Vertical exaggeration.
(Modified from Strykowski and Bonem, 1993).
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ZONE

DEPTH
(m)
0-22

SLOPE

ENERGY

SED.

low

very low

fine sand or
carbonate
muds*

0-3

flat

highest

none
deposited

Mixed,
Buttress
(F-G)

2-18

3-10°

moderate
to low
(high
during
storms)

med. t o
coarse
carbonate
sand*

Forereef
Terrace (H)

7-18

≈ 5°

moderate
to low

med. t o
coarse
carbonate
sand*

Forereef
Escarpment
(I)

18-45

50-90°

low

almost no
sediment
deposited;
sediment
cascades

Forereef
Slope (J)

45-65

20-60°

low

Deep
Forereef
(K)

65-200+

85-90°

low

coral
rubble,
coarse
sand*, and
boulders
shed o f f
the
escarpment
almost no
sediment
deposited;
sediment
cascades

Backreef
(A-B)

Reef Crest
(C-E)

STRUCTUR
E
gently
sloping floor
with
scattered
patch reefs
Massive coral
structure
parallel t o
shore
absorbs
wave energy
buttresses
and sand
channels
perpendicular
to the strike
of the reef

CORAL

OTHER

Boulder
corals1

grass beds,
echinoids,
burrowing
organisms

Acropora
palmata2
(98%)

low,
encrusting
growth
forms

Richest
variety of
corals;
some
plate
corals3 on
sides o f
buttresses
wide
variety of
corals;
dominated
by boulder
types
dominated
by plate
corals3 or
platey
forms o f
boulder
corals

algae, some
sponges,
gorgonians

nearly barren
expanse o f
sediment
about 150 m
wide

widely
scattered
small
patches o f
coral;
plate
corals3

burrowing
organisms,
whip corals;
light limited

vertical coral
covered wall

plate
corals3

light limited;
sclerospong
es

broad, low
reefs or wide
expanses o f
sand; sill
along
seaward end
steep t o
vertical coral
wall

diversity o f
sponges,
algae,
gorgonians

extreme
competition
for light;
less algae,
many
sponges,
whip corals

Table 7.1. Reef zones and their components. Letters refer to zones in Figure 7.1.
* Much of the carbonate mud and sand produced on the reef comes from carbonate algae such as Halimeda
or Penicillus.
1
Boulder corals are large rounded colonies. Common species are Montastrea annularis, M. cavernosa,
Porites astreoides, and Siderastrea siderea.
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2

Acropora palmata is a sturdy branching coral that is found in <4 m of water and almost exclusively
composes the reef crest of Caribbean and Atlantic reefs.
3
Plate corals are corals which are very thin and have maximized their surface area for light exposure. Some
corals of the genus Agaricia are always in plate form, while other genera such as Montastrea may assume
either the boulder or plate form.
Sources: Goreau and Goreau (1973); Goreau and Land (1974); Graus et al. (1977); Liddell and Ohlhorst
(1981, 1987); Moses (1999); Moses and Bonem (2001); Strykowski and Bonem (1993).

7.2. Reefs of Andros Island, Bahamas
7.2.1. Andros lagoon
The lagoon formed by the barrier cays, algal ridges, and coral reefs on the east
(windward) side of Andros ranges in width from 1.5 km to about 5 km and is about 150
km long (Fig. 7.2). Over its entire range, this lagoon is seldom deeper than –4.5 m and is
commonly as shallow as –2 m. Because of shallow waters of the lagoon, tides and storms
regularly produce very strong currents across the lagoon, through gaps in the reef to the
Tongue of the Ocean. These high speed currents rarely allow sediment finer than fine
sand to be deposited within the lagoon. In some vast areas of the lagoon, known as ‘sand
wastes’, large bodies of slightly deeper, mobile, and uncolonized sand exist. These areas
are bare of vegetation and are usually covered with sand ripples with wavelengths from 5
cm to 1.2 m (Newell et al., 1951).
While the lagoon contains only widely scattered corals, such as Siderastrea
radians, Thalassia grass beds and several species of algae are commonly scattered across
the floor of the lagoon. Echinoderms and gorgonians are also common within the Andros
lagoon (Newell et al., 1951).
7.2.2. Andros reefs
Just on the back side of the barrier in the rear zone of the reef crest (Fig. 7.1), are
numerous patch reefs consisting of dominantly ahermatypic (non-reef building) corals.
The actual reef crest and reef are interesting in that they do not lie particularly close to
the edge of the platform as is common in most other areas of the Caribbean. Because of
this peculiarity, F.G. Walton Smith designated them ‘bank reefs’ in 1948 (Newell et al.,
1951).
The shallowest portions of the Andros reefs (often exposed subaerially at low
tide) are extensively colonized by Millepora alcicornis, a fire coral, and coralline
algae(such as Lithothamnion). Seaward of this reef flat, the fire corals are replaced by
thickets of branching elkhorn coral (Acropora palmata) growing perpendicular to the
strike of exposed ridges and reef flat. Deeper on these Acropora buttresses, from about –3
m to -6 m, another branching coral (Acropora cervicornis) takes over as the dominant
framework builder on the reef. As the buttresses give way to the forereef terrace, boulder
corals (such as Montastrea annularis, Diploria spp., Siderastrea siderea, and Dendrogyra
cylindrus) are the dominant hermatypes from –6 m to –13 m. Below –13 m and seaward
of the forereef terrace described here, hermatypic coral growth ceases to be significant,
leaving a broad bank before the platform margin (Newell et al., 1951).
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Figure 7.4. Map of Andros Island showing the formation of a reef only near the eastern margin of the
platform and the lagoon between the reef and the island. (Modified from Kramer and Kramer, in press).
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8. Tidal flats
Layaan Al Kharusi

8.1. Introduction
There are two main types of carbonate tidal flat occurrences: 1) in arid
environments, and 2) in humid environments. Andros Island in the Bahamas is a humid
climate type carbonate tidal flat.
Tidal flats generally form belts parallel to land and may be bordered by open
marine or basinal deposits. Tidal flats are integrated systems and are composed of three
basic sub-environments:
• Supratidal zone consists of sediments being deposited above normal or mean high
tide and exposed to subaerial conditions most of the time because they are flooded
only by spring and storm tides.
• Intertidal zone occurs between normal high tide and normal low tide. The region is
exposed either once or twice a day, depending on the tidal regime and local wind
conditions.
• Subtidal zone sediments, which are seldom if ever exposed, are generally seaward of
tidal flat systems or within a system such as tidal channels.
At Andros Island, these three sub-environments are also affected by wind driven
tides, and therefore supratidal zones are considered to be mostly exposed regions and
Subtidal zones mostly submerged region. In the case of this field guidebook, we will only
concentrate on the Supratidal Zone, for the subtidal and intertidal are poorly reflected at
Andros.
8.2. Supratidal zone
The supratidal forms a belt parallel to the land. This belt invariably merges
transitionally with continental deposits above the reach of storm tides. Minor supratidal
environments occur as levees on the outer bends of meandering tidal channels within the
intertidal zones, or on the back side of low-lying beach ridges.
Levees and beach ridges are frequently flooded by spring tides that carry little
sediment. Therefore, individual sedimentary laminae are thin.
Even though storm tides can carry larger amounts of sediment, very little is
deposited on levees and beach ridges. This is because soft-pelleted sediment does not
easily settle out when water moves rapidly over them. Thick algal laminations are lacking
here, and thin laminaes are seldom traced laterally for more than a few cm’s (Eberli et al,
2000).
Diagnostic Sedimentary Structures found in the Supratidal zone:
• Mudcracks – Suggests sedimentation at or just above sea level. Polygonally arranged
mud cracks due to shrinkage of carbonate mud. Thick layers result in large
desiccation cracks and thin layers in small, except in the presence of algae.
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Figure 8.1. Block diagram schematically showing major facies on the Andros
Island onlap (transgressive) tidal flat model. Supratidal zones are shown in
brown the major one being the supratidal marsh which because of onlap
sedimentation underlies the entire tidal flat system except where removed by
tidal channel erosion.

Figure 8.2. Oblique aerial photo of the Andros tidal flat. Note light coloured levee
sediment on outer bend of the channel (at A’) bordered by dark algal mat coatingin turn
bordered by stuntedred mangroves treesthat peter out in subtidal pond area. Supratidal
marsh coloured by dense algal mats is shown in the distance.
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Figure 8.3. Aerial photograph of the modern tidal flats at Three Creeks, Andros Island.
Locations of field stops are marked as the: 1) Inland Algal Marsh; 2) Channel and levee; 3)
Dolomite crust; and 4) Beach ridge environment.

Figure 8.4. Schematic diagram illustrating the shallowing-upward sequence observed in
tidal flat core. From Hardie and Ginsburg (1977).
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Laminations: These generally result from spring or storm tide deposition. They tend
to be thicker more landward and thin towards the sea. Rippling, a feature restricted to
fine-to coarse-grained sizes and generally thought to be a submarine phenomenon is
common. Burrowing organisms that thrive in these environments quickly churn and
homogenize nearly all primary laminations, few organisms can endure the rigors of
exposure and fluctuating salinity therefore there is little destruction. Plant life is also
seldom, and therefore roots are not completely destroying all primary sedimentary
structures.
Algal Structures: Algal mats and domes form in three basic forms:
- flat laminated forms (generally referred to as algal mats)
- separate or hemispherical or club shaped domes
- laterally linked hemispherical shapes
Tidal flat laminations can be complicated by the presence of algae. Without the
presence of the domal structures it would be difficult to determine if the laminations
were physical or algal in origin.
Birdseye Structures: These are considered a reliable indicator for supratidal
deposition when they occur predominantly in muddy rocks. Birdseyes or fenestrae are
considered identical to the ‘shrinkage pores’ or ‘loferites’. These features are small
millimeter sized vugs that form in Supratidal sediments as a result of shrinkage and
expansion, gas bubble formation, air escape during flooding or wrinkles in algal mats.

8.3. Tidal flats on Andros Island
8.3.1. Introduction
The tidal flats on Andros provide us with an opportunity to examine sedimentary
structures and facies relationship in peritidal sequences. They provide an excellent
example of a tropical, low energy, high rainfall, non-evaporitic marine type of carbonate
tidal flat.
Laterally extensive accumulations of carbonate mud occur along the western edge
of Andros Island. Protected from tidal currents and prevailing winds by the island, muds
have built up nearly to sea level as a tidal flat and related subenvironments.
The tidal flat is a bankward prograding wedge that has formed as muds, originating
across the interior of Great Bahama Bank, were transported to the east during storms to
deposit along the backside of Andros. To the north, the tidal flats are relatively narrow
and only partly penetrated by tidal channels, whereas to the south the tidal flat belt is
extremely wide, being cut by more substantial tidal channels and containing numerous
ponds.
Qualitatively, tidal flats exposed on the northwest coast of Andros Island are one
of the few areas that include a well developed channel belt, shallow marshes, irregular
coast and in the west-central Andros interconnecting channels and well defined
hammocks with ponds occur. The tidal flats of southwest Andros are considerably wider
and include channels, numerous deep ponds and well defined hammocks that appear to
define several remnant shorelines.
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8.3.2. Facies
Two parallel facies belts characterize the Andros tidal flats. One is a channeled
belt with tidal channels cutting approximately perpendicular to the strike of the tidal flat.
Channel levees, localized ponds between adjacent levees and beach ridges fronting the
belt, thereby separating it from the offshore marine environment occur. The other is an
inland algal marsh lying essentially up dip of the channels and covered with a
stromatolitic algal (cynobacterial) cover.
The bottoms of the channels vary within the channeled belt, but commonly have
exposed Pleistocene rocks in the middle and are covered by mud on the flanks. The muds
are stabilized by sea grasses or occur as mound-like algal-coated buildups. Laminated
muds and fine sands characterize the levees and algal marsh whereas the ponds contain
bioturbated fossiliferous muds.
The Holocene sediment record of the tidal flats is bioturbated, unlayered, pelleted
mud and silt (Shinn et al., 1977). Layered sediment exists only as a thin cap over
bioturbated sediment in the channeled belt as thin-bedded inland algal marsh sediment.
Homogenization of layered sediment by marine organisms is a major sedimentary
process on subtidal and intertidal parts of the tidal flats. Layering is preserved where
burrowing organisms are excluded by prolonged periods of exposure (Ginsburg et al.,
1977). The crest and backslope of the levees are exposed over 90% of the time, the
ponded areas only 10-60%. The duration of subareial exposure largely controls:
• Variations in the algal mats
• Physical layering of sediments
• Formation of intraclasts and mud clasts by dessication
• Burrowing by crustaceans, worms and insects
8.3.3. Stratigraphy
The Holocene record of the tidal flat began with freshwater marsh accumulation
unconformably overlying Pleistocene limestone bedrock. Floodings significantly eroded
the marsh sediments underlying most of the present day tidal flats, except beneath the
inland algal marsh, which remains a fresh water marsh.
Accumulation was mainly by vertical accretion through interactions of many
environments (channels, channel bars, levees, ponds and marshes) behind a protective
barrier beach ridge. The distribution of tidal environments is complex. The basic
stratigraphic record consists of a basal unit of bioturbated subtidal and intertidal sediment
overlain by a thinner well layered unit deposit by severe onshore storms.
Three main distinguishable sub-environments are present at Andros:
• The Lower Intertidal Channel Margin consists of bioturbated pelleted mud with a
minor input of high spiral gastropod shells and foraminifera tests. The equivalent rock
would be a wackestone to mudstone. Numerous roots and worm burrows penetrate
the sediment creating vague discontinuous laminations.
• The Supratidal Levee would also be a wackestone or mudstone, but would contain
distinctive structures. The sediments are laminated, pelleted mud with numerous
cracks and fenestral voids. Scattered roots penetrate the sediment but do not
significantly disrupt the laminations. Subtle color changes between laminae reflect
variations for oxidation.
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Figure 8.5. Major environments on northern portion of Andros tidal flats showing the channeled belt
and inland algal marsh (Hardie and Garret, 1977). Tidal flats occur along the western side of Andros
Island.

Figure 8.6. Generalized distribution of sedimentary structures, Three Creeks area. To the right,
Great Bahama Bank, to the left, Andros Island. From Hardie and Ginsburg (1973).
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Figure 8.7. Cross-section and details of typical cores from the Andros tidal flats showing variation in
layering, and the preponderance of burrowed (unlayered) sediments. From Hardie and Ginsburg (1977).
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The Algal Marsh is most distinctive. In cores, thin beds of pelleted lime mud and fine
skeletal sand alternate with darker algal rich layers. The equivalent rock would be a
wackestone or sometimes packstone. The sediment is washed and blown onto the
algal marsh from the offshore and channeled belt environments.
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9. Ancient peritidal carbonates: Evidence from outcrop
and core for a tidal origin
Matt Buoniconti

9.1. Introduction
The term peritidal (Folk, 1973) refers to sediments deposited “around the tides”
and encompasses the wide range of environmental and energy regimes that are associated
with strand line deposition. As applied to modern carbonate sediments, this term
represents a wide variety of marine environments including tidal flats, sabkhas, shallow
subtidal regions, mangrove forests, coastal lakes and marshes. Additionally, ancient
peritidal deposits are well known and widespread throughout the world and the geologic
record. These rocks hold great importance economically as sources, seals, and reservoirs
in hydrocarbon systems as well as hosts to mineral deposits.
In the context of carbonate deposition, the term peritidal most commonly refers to
low-energy tidal zones and is most often associated with the tidal flat. In actuality, the
peritidal zone can be subdivided into a series of three adjacent zones, the subtidal,
intertidal, and supratidal zones, which are defined by the degree of marine inundation.
The subtidal zone is the area, which is permanently subaqueous. This region is seaward
of the tidal flat but also includes permanently submerged areas of the tidal flat like tidal
channels. The intertidal zone is defined by the region above mean low tide but below
mean high tide. It is alternately exposed and submerged by diurnal tidal motion. The
supratidal zone is an area, which dominantly experiences subaerial processes and is only
occasionally inundated by marine waters. Intervals of marine incursion occur only during
spring tides and storms. Because of its generally subaerial nature, the character of the
supratidal zone is controlled by the local climate.
The occurrence of burrows, stromatolites, algal mats, pelletal muds, bioclastic
grainstones, and flat-pebble breccias are considered diagnostic features of peritidal
carbonates in the rock record (Roehl, 1967). These sedimentary textures and
characteristic lithologies, as well as shared facies geometries, are extraordinarily similar
to the present sediment types along the western margin of Andros Island, Bahamas.
Because of these consistencies, it is reasonable to assign the genetic processes observed
along the tidal flats of Andros Island to ancient peritidal carbonate deposits (Roehl,
1967).
9.2. Facies
Although stratigraphic and sedimentologic studies of recent carbonate tidal
environments indicate a wide variety of lithofacies and biofacies, major facies suites can
be identified for ancient carbonate accumulations. Several authors have taken different
approaches to classification of facies types. Laporte (1975) chose a process-oriented
approach by defining genetically controlled facies and related suites of ancient lithofacies
to particular modern depositional environments and energy conditions. Alternatively,
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Roehl (1985) recognized that sediment sources in strand line deposits were generally the
same through time and asserted that lithofacies alone were appropriate for defining the
local environmental and energy parameters of the deposits.
Laporte (1971) recognized similar trends in lithology and faunal content in
peritidal and subtidal carbonates in rocks of disparate temporal and spatial settings in
Paleozoic carbonates of the central Appalachian shelf. He asserted that this represented
similar sedimentologic and biologic responses to broadly similar environmental
conditions. Based on this assertion, he applied a facies classification system based on
large-scale, generalized genetic processes as observed at outcrop, hand sample, and
microfacies scales. In the Devonian Manlius formation (Laporte, 1975), a peritidal
deposit of New York, three facies suites were established and correlated to generalized
peritidal environments. They are referred to as the subtidal, intertidal, and supratidal
facies and reflect the processes associated with these zones.
The supratidal facies is composed of strata with irregular millimeter-thick laminations,
mudcracks, and fenestrae, or birdseyes. The fossil content of the supratidal zone is the
most limited of the three facies belts and is principally composed of scattered ostracods in
a pelletal lime mud matrix and bituminous algal films separating laminations (Fig. 9.1A).
The intertidal facies is characterized by thin-bedded, pelletal lime mudstones and skeletal
grainstones with scour-and-fill structures (Fig. 9.1B). Intertidal faunal content is more
taxonomically restricted indicating harsher environmental conditions than the subtidal.
The principal biological components are ostracods, tentaculids, brachiopods, bryozoans,
algal stromatolites, and biologically mediated oncolites. The subtidal facies consists of
burrowed, pelletal lime wackestone and typical biota consists of small stromatoporoids,
rugose corals, brachiopods, bryozoans, codiacean algae, snails, favositid corals, and
orthocone cephalopods (Fig. 9.1C).
In an alternative method, Roehl (1985) used lithofacies relationships in cores from
Silurian tidalites of the Interlake Formation to define paleoenvironmental conditions and
developed a depositional model for this system based on the sediment textures, fabrics,
and microfacies of modern tidal depositional systems. This classification scheme
identified three major rock types as end-members, laminated mudstones and siltstones,
algal mats and stromatolites, and flat pebble breccias, as well their combinations.
The laminated mudstones and siltstones form thick successions of thin-bedded dolomud
and siltstones, which are interpreted to be analogous to recent laminated sediments of the
Bahamas, that is at or near the strand line, just above or below mean tide (Fig. 9.2A and
B). Additionally, these sediments may occur in the supratidal zone. This facies has
characteristic sedimentary structures of graded laminae, pellets, and faint ripple layers.
The algal mat and stromatolites facies are interpreted as depositional and diagenetic relics
of blue-green filamentous algae (Fig. 9.2C and D). They occur as distinctive columnar or
linear stromatolites, isolated cabbage heads, undulating encrustations or widespread, flat
mat up to several centimeters in thickness. These algal structures bind fine sediments in
shore zone and interior areas of restricted zones. The flat pebble breccia facies is
composed of debris from desiccated algal mats and stromatolites, which exfoliate during
periods of subaerial exposure (Fig. 9.2E and F). These facies of the intertidal and
supratidal zones serve as sedimentary end-members and are commonly mixed and form
combined fabrics.
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Figure 10.1. Peritidal facies from Laporte (1975). A) The supratidal facies
is characterized by irregular laminations, which are disturbed by dessication
features and algal growth. B) the intertidal facies are lithified mudstones,
which are eroded and overlain by laminated dolomites and skeletal layers.
C) The subtidal facies is a burrowed wackestone with skeletal debris.
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Figure 10.2. Peritidal facies from Roehl (1985). A) and B) show the laminated
mudstone and siltstone facies. A) is from Williams Island, Bahamas, and B) is
inferred to be its ancient analog from the Silurian Interlake Formation. C) and D)
illustrate the algal mat and stromalolite facies. C) Linear stromatolite from the
Interlake Formation. D) Large algal stromatolite (left) and flat pebble derived from
it. E) and F) are representative of the pebble breccia facies.
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9.3. Dolomite and evaporites
Dolomite is a common component in ancient peritidal carbonates as well as
modern sediments of Andros Island, the Trucial Coast and Florida (Tucker and Wright,
1990). Primary dolomite is a product of diagenesis by brines, which form due to
evaporation along the tidal flats. These fluids have high Mg/Ca ratios and precipitate
dolomite that is very fine grained and poorly ordered and is often referred to as
protodolomite. Supratidal dolomites are common and are readily broken up into
intraclasts, which are then redeposited and form textures common in the ancient (Roehl,
1985). Additionally, ancient peritidal carbonates are often pervasively dolomitized during
diagenesis.
Evaporites are common in ancient peritidal carbonates as well as the modern,
especially in the supratidal zone and in arid or semi-arid areas. They form a variety of
mineral species, with the most common being gypsum, anhydrite, and halite. Gypsum is
the first mineral precipitated from the brine, and it is common for it to occur in thick
accumulations as a crystal mush. Anhydrite, however, occurs more commonly in a
chicken-wire texture with layer of anhydrite separated by layers of sediment. Halite
occurs sparingly as ephemeral crusts and is often redissolved soon after deposition, rarely
being preserved (Tucker and Wright, 1988).
9.4. Tidal origins: comparison with modern Andros tidal flat sedimentation
Roehl (1967) explored the relationship between Ordovician and Silurian
carbonates and those deposited today at Andros Island. He posits that the low-energy
tidal environment at Andros is an excellent analog for much of the interior of the North
American continent during the early Paleozoic. In this model, the sediments of the early
Paleozoic possess fabrics that result from hydraulic and organic processes and are
commonly modified by periods of subaerial exposure. Under the current hydrologic,
energy, and biologic regimes at Andros, the resultant sedimentary fabrics and textures
provide a good model for facies development in ancient low-energy tidal environments.
As discussed above, lime mud and pelletal sediments with lesser amounts of skeletal
debris and intraclasts dominate the sediments of the ancient peritidal carbonates reviewed
here. Additionally as discussed by Roehl (1985), analog facies fabrics exist in all three
peritidal energy zones. These are features shared with the modern sediments of Andros
and support the low-energy depositional model of Roehl (1967).
9.5. Conclusions
Facies of ancient peritidal deposits have been subdivided based on genetic
relationships and inferred changes in energy and biologic conditions as evidenced in the
sedimentary textures. Laporte (1971) put forth a depositional based on three distinct
energy zones within the peritidal setting, the supratidal, intertidal, and subtidal.
Supratidal deposits consist largely of laminated muds, while intertidal sediments contain
more skeletal debris and evidence of scour-and-fill process. Subtidal zone sediments
contain higher faunal diversity and are characteristically bioturbated.
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In contrast, Roehl (1985) chose to define peritidal facies based on sedimentary
textures as defined from core data. These facies were the laminated mudstones and
siltstones, the algal mat and stromatolite, the flat pebble breccia, and mixtures of the endmembers. Roehl attributed the laminated and algal facies to zones surrounding mean tide
as well as the supratidal zone. Flat pebble breccias are interpreted to be desiccated algal
mats, which have been redeposited during storm events.
Another important feature of ancient peritidal carbonates that must be considered
is mineralogy. In the modern, calcite species and aragonite are the most common
mineralogies, but this is not always observed in the ancient. Many fossil deposits are
pervasively dolomitized during diagenesis, and primary dolomite is observed in many
modern supratidal carbonate settings. Evaporites are also an important component in the
peritidal carbonate system. Although gypsum is the first mineral to be precipitated from a
brine, anhydrite is also common due to the dewatering of gypsum. Gypsum often occurs
in thick beds, but anhydrite more commonly occurs interbedded with other sediments,
forming chicken-wire structures.
Finally, is it reasonable to consider ancient peritidal carbonates kin of the modern
deposits seen at Andros Island? Evidence from sedimentary fabrics seems to suggest that
this is a reasonable conclusion. Energy and biologic conditions observed today at Andros
produce sedimentary fabrics and textures, which bear an uncanny resemblance to those
observed in fossil carbonates. This evidence bears out the conclusion that the low-energy
tidal flat model developed by observations at Andros Island is applicable to a wide
variety of systems, which vary both temporally and spatially.
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10. Cyanobacterial mats and algal laminated sediments
Tiina Manne

Cyanobacterial mats and algal laminated sediments are one of the most dramatic
examples of geology and biology working hand in hand. Cyanobacteria, or blue-green
algae, are prokaryotes that can produce an array of calcified microfossils (Riding 1991).
Though the organisms themselves are minute, the deposits that they produce may be
extensive in size. These structures include stromatolites and algal laminated sediments
(Riding 1991).
10.1. Stromatolites
Stromatolites can be defined as attached, lithified sedimentary growth structures,
which accrete away from a point or limited surface of initiation (Grotzinger and Knoll,
1999). They are composed of alternating lithified layers of organic-rich and mineral-rich
material. The organic material is composed of microbial mats. Microbial mats are
communities of microorganisms that occupy the sediment/water interface. Sediment
layers get deposited over the entire structure and the microorganisms cope by growing
upwards through the layers, escaping suffocation and death. The communities that form
stromatolites trap and bind sediment particles. Precipitating minerals cement the particles
together and strengthen the entire structure. This causes the distinctive layered
appearance of most stromatolites.
Stromatolites have been present in the geological record for 3500 million years,
which equates to 83% of the earth’s history (; Awramik, 1991; Golubic 1992a). During
the Proterozoic, stromatolites became increasingly abundant with a wide diversity in form
(Awramik, 1991). This diversity is unparalleled and appearances included simple to
elaborate branching columns, domes, cones and wavy laminated structures. Some of the
stromatolites had such a distinctive form, that they could be used as index fossils in the
geological record. During the late Proterozoic (< 675 Ma), stromatolites underwent a
dramatic decline (Awramik, 1991). This decline is believed to have been a result of the
increased dominance of marine invertebrates. The increased populations of metazoans
caused amplified predation rates (through grazing) as well as elevated sediment
disturbance (Arwamik, 1991).
To understand conditions of the past, modern environments that represent similar
conditions, can be studied (Golubic, 1992b; Krumbein, 1977). Since the 1970s, living
stromatolites have been identified in a variety of environments, such as freshwater
(Cuatro Cienegas, Mexico), thermal springs (Yellowstone National park) and marine
environments (Shark Bay, Western Australia; Exuma Sound, Bahamas; Golubic, 1992a;
Kendall et al., 1989). The tidal flat environments of Andros Island contain thick
microbial mats and algal laminated sediments. The lack of cementation does not produce
a permanent lithified structure and therefore cannot be termed a stromatolite in the
classical sense (Dill et al., 1989; Golubic, 1992b). However similarities do exist, as they
have a substantial stabilizing effect on the sediments that they occupy.

81

The tidal flats occur on the central-west side of Andros Island. The cyanobacterial
mats found on the tidal flats at Andros are composed primarily of two blue green algaes,
Schizothrix n. sp. and Scytonema n. sp. (Fig. 9.1; Ginsburg et al., 1972). Schizothrix is a
rubbery mat of prostrate filamentous hairs, which inhabits the area affected by tides
(Ginsburg et al., 1972). It requires good drainage and a regular oxygen supply, which it
receives in the intertidal zone (Golubic, 1992b). Schizothrix has periodic rapid growth
(e.g. Schizothrix calcicola has been observed to grow 1mm in 24 hours; Ginsburg et al.,
1972). The intertwining of filaments creates a firm, rubbery mat. Each individual
Schizothrix has a sheath with a sticky outer coating that traps and binds the fine silt and
sand-sized carbonate grains that fall on its surface (Browne, 1993). The sediments where
Schizothrix is found are laminated and will peal apart easily by hand. Mineral-rich layers
(lighter colored) are produced from episodes such as storm surges. As a sediment layer is
deposited on the microbial mat, the microorganisms struggle to crawl on top of the layer.
They do this by a gliding movement out of their sheaths (Golubic, 1992b). Those that are
unable to reach the surface are incorporated as part of the organic-rich layer (Golubic,
1992b). The organic-rich layers are darker in color.
When Schizothrix peters out, the blue-green algae Scytonema takes over.
Scytonema is a major primary producer and sediment stabilizer (Pentecost, 1988).
Andros Island exhibits some of the more widespread and fertile Scytonema mats in the
Bahamas. The microorganisms create a cushion-like tufted growth, with erect filaments.
(Ginsburg et al., 1972). It grows best in brackish and freshwater environments and is
therefore found further from the shore. These zones experience prolonged exposure with
periods of desiccation.

Figure 9.1. Scytonema microbial mats. From Austin 1998.

During this period the Scytonema dries out and becomes dormant. Once water is
re-introduced to the environment, the microorganisms are able to continue growth.
Scytonema is however rarely seen submerged in water. The large, erect filaments and
dark coloration of the mats cause increased evaporation rates and the accumulation of
salts (Pentecost, 1988).
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The lithification of the mats into stromatolites, depends on a follow-up process to
the photosynthetic production by cyanobateria (Reid et al., 2000). This crucial process is
the heterotrophic respiration of bacteria. During periods where sedimentation ceases,
biofilms form on the surface of the layer. These surficial films have been found to
support heterotrophic activity of both aerobic and anaerobic bacteria. This activity
promotes the growth of aragonite needles, allowing the fusion of the carbonate grains and
the formation of a layer of micritic cement (Reid et al., 2000).
Both the Schizothrix and Scytonema laminated sediments are good environmental
indicators of storm disturbance (Krumbein, 1977). By examining the thickness of the
sediment layers interleaving the organic-rich deposits, the extent of sediment disturbance
can be gauged.
Bird’s-eye structures are also visible in the algal laminated sediments of Andros
Island. Bird’s-eye or fenestrae are shrinkage pores which are small millimeter-sized
bubbles (Shinn, 1983). They form due to a number of processes including gas bubble
formation and wrinkles in algal mats. Fenestrae form parallel to the laminations and may
be filled or partially filled with calcite (Shinn, 1983). In the tidal flats of Andros they can
be seen as small empty spaces within the laminations.
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