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Preface
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The book has benefited from discussions with numerous colleagues, and numer-
ous colleagues have provided us with unpublished data and information. Without
this support, this book would not have been possible.

Numerous colleagues have reviewed parts of the manuscript. Gerald Friedman
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Paul Enos, Pascal Kindler, André Strasser, and Peter Swart. The Belize chapter has
been reviewed by lan MacIntyre, Ed Purdy, and Eberhard Gischler. The Persian
Gulf chapter has been reviewed by Tony Lomando and Christopher Kendall.
Further reviews of various parts of the book were done by Paul Wright, Fred Read,
Mitch Harris, and Bob Ginsburg. To all these colleagues we would like to extend
our gratefulness. Sonja Felder and Anastasios Stathakopoulos are acknowledged
for proof-reading and formatting the manuscript.

We would also like to gratefully acknowledge the support by the late Wolfgang
Engel of Springer Verlag who accompanied the first preparation of this book and
who did not live to see it finalized. Suzanne Mekking and Martine van Bezooijen
then accompanied the project from the manuscript to the book you hold in your
hands now.

January 2010 Hildegard Westphal
Bernhard Riegl
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Chapter 1
Parameters Controlling Modern Carbonate
Depositional Environments: Approach

Hildegard Westphal, Gregor P. Eberli, and Bernhard Riegl

First research on carbonate depositional environments dates back to the middle of
the nineteenth century, when Nelson (1853) described the general morphology of the
Bahamas and realized the origin of calcareous eolianites. However, systematic studies
on carbonate sediments and particularly their modern analogues remained scarce
until the 1950th and 1960th. Then, pioneer work on the modern (sub-) tropical carbo-
nate depositional environment, that was triggered by research groups of several
large petroleum companies, ignited a boom in carbonate research (among others:
Ginsburg 1956, 1957; Ginsburg and Lloyd 1956; Lowenstam and Epstein 1957,
Newell and Rigby 1957; Wells 1957; Purdy 1961, 1963; Imbrie and Purdy 1962).

Despite a great increase in knowledge on carbonate despositional environments,
understanding ancient carbonate rocks still remains challenging for the simple reason
that the carbonate depositional environment is a dynamic system that responds to a
variety of parameters such as climate (humidity, temperature), nutrient availability,
productivity, sea level changes, tectonic movements, changes in water and wind
energy, and biological determinants. Within this dynamic system, the multitude of
parameters is interdependent and superimposed upon each other, and individual
processes cannot be easily separated in the rock record. As a result, although exten-
sively studied, the relative importance of the various parameters on the stratigraphic
architecture of carbonates is still poorly understood.

The goal of this book is to add to the understanding of the carbonate depositional
environment and to close some of the still existing gaps in our understanding of the
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2 H. Westphal et al.

influence and interplay of individual parameters. It is written by geologists for
geologists in order to provide an easily accessible overview over the large amount
of relevant information provided by the neighboring sciences. Therefore, our view
is strongly biased towards what we considered helpful for the interpretation of the
sedimentary record. We do not claim the book to be a complete oceanographic,
biological and geological review. For our task we concentrate on modern carbonate
deposition, because separating the individual parameters is easiest in the modern
environment where physical and biological parameters can be measured and directly
compared with the actual properties of a depositional body. The approach of this book
is to construct an image of modern depositional environments of three classical areas
of carbonate deposition, in order to assess both, the range of physical, biological and
chemical parameters, and their sedimentary response. This book presents a compre-
hensive compilation based on data from published work and from unpublished
theses, and the integration of these data in order to extract previously undiscovered
relationships between the discussed parameters and carbonate deposition.

This book concentrates on classical (sub-)tropical carbonate and mixed carbon-
ate-siliciclastic depositional environments. Today there is growing awareness of
the presence of other types of carbonate producing environments such as the cool-
to cold-water realm (e.g., Lees and Buller 1972; Nelson et al. 1988; James and
Clarke 1997; Freiwald 1998; Hageman et al. 2000; James et al. 2005) and the deep
sea (e.g., Lazier et al. 1999; Freiwald and Roberts 2005), but also of the influence
of nutrient levels on the development of different types of carbonate platforms
(e.g., Pomar 2001). The (sub-)tropical environments presented here are under-
stood as end-members of the wide range of carbonate platform types of the
present-day world and the rock record. To expand this approach to the other
carbonate depositional environments remains for the future.

The three study areas described here were chosen to represent different environ-
mental settings of (sub-)tropical carbonate deposition:

1. The Bahamian Archipelago consists of several isolated carbonate platforms on
a passive continental margin in a humid climate.

2. The Belize Lagoon is a rimmed carbonate shelf with various amounts of sili-
ciclastics admixed. It is located in a strike-slip tectonic regime in a humid
climate.

3. The Gulfis a flooded foreland basin, but is often considered a classical carbonate
ramp. It is situated in an arid climate, contains evaporites and is influenced by
siliciclastics.

For each study area the following parameters are investigated:

— Tectonic setting: structural constraints, terrestrial influence

— Physical environmental parameters: wave energy and direction, tidal range,
currents, wind, water temperature, water clarity, depth of photic zone

— Chemical parameters: nutrient supply, ocean chemistry, carbonate saturation
state, salinity
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— Biological parameters: richness of calcifying fauna, ecological reaction to
physical and chemical parameters

— Geometries of various facies belts: width, length, height, grain size, distribution,
dominant organisms, slope gradients.

In addition to assessing the influence of these parameters within each of the three
depositional environments, a comparison of the three study areas provides new
insights in their relevance for carbonates in general. This comparison reveals inter-
esting similarities and differences between the three sites.
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Chapter 2

Controlling Parameters on Facies Geometries
of the Bahamas, an Isolated Carbonate
Platform Environment

Kelly L. Bergman, Hildegard Westphal, Xavier Janson,
Anthony Poiriez, and Gregor P. Eberli

2.1 Introduction and Research History

The Bahamas are among the most extensively studied carbonate regions in the
world, and a number of phenomena typical of calcareous environments have been
first observed in the Bahamas. Early geological research in the Bahamas was under-
taken by Nelson (1853) who surveyed their geography and topography. He noticed
the “remarkable lowness of profile” and the dynamics of construction and destruction
of the islands, outlined the biota and lithologies, described the formation of the
carbonate rocks, and noticed the eolian origin of many Bahamian islands. Forty
years later, the examination of modern carbonate environments rapidly progressed
with the expedition of L. and A. Agassiz in 1893 (Agassiz 1894). Their explora-
tions focused mainly on the fringing reefs of GE Great Bahama Bank. Research on
abiotic carbonate components followed, by Vaughan (1914) who emphasized that
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carbonate constituents can originate from both skeletal secretion and chemical
precipitation, and introduced the terms “organic” and “inorganic” limestones. Black
(1933) first characterized the sedimentary facies on Great Bahama Bank and noted
the significance of the widespread aragonitic mud. The sand-sized calcareous
components of the Bahamas and their origin, including ooid sands, were described
in detail in the classic papers by Illing (1954) and Newell et al. (1960).

In the 1960s, the Shell research group led by Robert Ginsburg significantly
advanced our understanding of carbonate systems. Important work coming out of
this research group included publications by Dunham (1962) who established the
first classification of carbonate rocks, and Ball (1967) who classified sand bodies
according to their geometry and setting. At the same time, Purdy (1963a, b) made a
thorough petrological study of the carbonate facies on GBB addressing the distribution,
origin and composition of carbonate sediments. The paleoclimatic significance of
humid versus arid tidal flats was recognized by Shinn et al. (1969) and Ginsburg
(1976). Enos (1974) compiled available data to produce a facies classification and
map of surface sediments of the banks (see Section 2.5).

Work in the 1970s and 1980s incorporated the slope and basins surrounding the shal-
low banks and the effect of sea-level on platform growth. Hine and Neumann (1977)
characterized the energy balance associated with platform margins and used subsurface
data to reveal the internal structure and growth of the banks. Mullins and Neumann (1979)
classified bank margins and characteristics of leeward and windward margins. Schlager
and Chermak (1979) described the platform-basin transition while Schlager and Ginsburg
(1981) elaborated on slope and deep-water trough evolution surrounding the Bahamas.
Mullins et al. (1984) used geophysical and coring tools to capture comprehensively the
anatomy of the open-ocean platform slope north of Little Bahama Bank.

Many questions surrounding the long-term evolution of Great Bahama Bank
were revealed on the first deep-penetrating seismic profiles. Eberli and Ginsburg
(1987, 1989) recognized the internal structure of the Bahamas and the role of lateral
progradation in their growth. Subsequent drilling of the margins documented the
influence of relative sea-level on the prograding pulses and the diagenesis in the
shallow subsurface (Schlager et al. 1994; Eberli et al. 1997a; Ginsburg 2001).

The well-studied Bahamian platforms have long been considered the type setting
of platform carbonates and are the basis of now classical depositional models for car-
bonate deposition in general. However, there still is surprisingly little process-oriented
understanding about the effect and interaction of different parameters influencing
carbonate production and deposition. Here a comprehensive compilation of data is
attempted in order to unravel some of the potential interrelationships between the dif-
ferent parameters and to provide a useful database for further research.

2.1.1 Morphology

The remarkable flat and shallow morphology of the Bahamas was noticed by Spanish
explorers. Herrera (1601; in the English translation by Stevens 1726) wrote about the



2 Controlling Parameters on Facies Geometries of the Bahamas 7

100 km

Atlantic Ocean
25° '

%\.‘ '_/\_E\

) = Hispaniola

20°

I I
80° 75° 70°

Fig. 2.1 Setting of the modern Bahamas at the western margin of the tropical North Atlantic, to
the north of the Caribbean. LBB = Little Bahama Bank and GBB = Great Bahama Bank are the
major platforms of the Bahamian system that also includes the smaller Turks and Caicos plat-
forms. Other islands and platforms: AC = Acklins; Al = Andros Island; BI = Berry Islands; BM
= Bimini; CC = Cat Cay; CI = Cat Island; CR = Crooked Island; CSB = Cay Sal Bank; ELI =
Eleuthera Island; EI = Exuma Islands; GAI = Great Abaco Island; GBI = Great Bahama Island;
IN = Great and Little Inagua; JC = Joulters Cays; LI = Long Island; MA = Mayaguana; MO =
Mouchoir; NP = New Providence; SS = San Salvador. Oceanographic features: BBE = Blake-
Bahama Escarpment; ES = Exuma Sound; FS = Florida Straits; NEPC = Northeast Providence
Channel; NWPC = Northwest Providence Channel; OBC = Old Bahama Channel; SC = Santaren
Channel; TOTO = Tongue of the Ocean; WP = Windward Passage

reconnaissance of Ponce de Leon in 1513: “... they went out from the islets (...),
navigating among some islands he took to be overflowed and found it to be
Bahama”. Craton (1986) remarks that “it is an interesting fact that bajamar means
shallow (strictly “low tide”) in Spanish. Herrera was probably quoting the name
given to the islands by the Spanish between 1513 and 1601”. The name of the
Bahamian archipelago thus refers to a morphological description.

The Bahamian archipelago extends from the Straits of Florida to the Puerto Rico
Trench (Fig. 2.1). It is located between 20° and 28° N at the southeastern continental
margin of the North American plate, which formed during the Jurassic when
Laurasia broke up and the North Atlantic started to form. The Bahamas presently
receive virtually no siliciclastic input, except in the form of windblown dust, due to
the deep channels surrounding the platforms, resulting in a pure carbonate system
that is considered the classical example for an isolated carbonate environment.
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The Bahamian archipelago consists of several isolated carbonate platforms of
which the largest are Great Bahama Bank (GBB) and Little Bahama Bank (LBB)
(Fig. 2.1). The modern topography of the Bahamas is characterized by two distinct
realms; the shallow-water banks and the deep-water areas. GBB is separated from
LBB by the Providence Channel and is further dissected by Exuma Sound and
Tongue of the Ocean. The shallow-water areas (<200 m water depth) are composed
of several flat-topped, steep-sided carbonate platforms that sum up to 125,000 km?
(Meyerhoff and Hatten 1974). The shallow-water realm of GBB 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 windward, eastern
margins. They are mainly composed of lithified Pleistocene and Holocene carbonate
sand, largely eolian, and some reefal material and cover about 11,400 km? in area (Doran
1955; Milliman 1967; Meyerhoff and Hatten 1974; Harris, 1979, 1983). With 60 m
above sea-level, Mt. Alvernia on Cat Island is the highest elevation on the Bahamas.

Channels and re-entrants, together with the periplatform deep ocean, make up the
deep-water realm. In Exuma Sound and Tongue of the Ocean (TOTO), the two
embayments within GBB (Fig. 2.1), water depths exceed 2,000 m. These deep-water
areas are separated from the shallow-water 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. Below the platform edge at 25-60 m
below sea-level, the slopes dip almost vertically down to depths of around 135-145 m
below sea-level (Ginsburg et al. 1991; Grammer and Ginsburg 1992; Grammer et al.
1993), where the slope angle decreases again. Where facing the open Atlantic Ocean
(Bahama Escarpment), the slopes reach depths greater than 4,000 m below sea-level.
With angles exceeding 40°, these slopes belong to the steepest sustained modern
continental slopes world-wide (Emiliani 1965; Freeman-Lynde et al. 1981).

2.1.2 Origin and Tectonic Setting

Until recently the tectonic setting of the Bahamas was controversial (Meyerhoff and
Hatten 1974; Mullins 1975; Mullins and Lynts 1977). Early workers assumed a con-
tinental basement. Nelson (1853) thought the Bahamas to be based on a huge delta
formed by The Gulf Stream. Hilgard (1871, 1881), Gabb (1873), and Suess (1885-
1909) proposed the Bahamas to be isolated fragments of The Gulf of Mexico-Florida
crust. The hypothesis of a continental basement of the Bahamas was questioned by a
plate-tectonic reconstruction of the continents prior to rifting (Bullard et al. 1965),
wherein the area of the Bahamas entirely overlaps the African continent. Based on
this observation the hypothesis formed that the Bahamas were underlain by oceanic
crust (Dietz et al. 1970; Le Pichon and Fox 1971; Glockhoff 1973; Sheridan 1974).
Meyerhoff and Hatten (1974) provide strong evidence that the underlying crust
was continental based on seismic, gravimetric, and magnetic data and the geological
similarity to the adjacent areas of Yucatdn and Florida. Their concept was corroborated



2 Controlling Parameters on Facies Geometries of the Bahamas 9

by Mullins and Lynts (1977) who resolved the overlap problem by a pre-rift recon-
struction involving rotation of the region, thus obtaining a perfect fit.

Connected to the question of the nature of the underlying crust, the striking
present-day morphology of the Bahamas was subject to a second long-lasting
controversy. Three general concepts were proposed in the literature: (1) the concept
of an inherited tectonic structure, (2) the concept of an inherited erosional morphol-
ogy, and (3) the concept of a constructional Cretaceous carbonate system:

1. It was long believed that the recent morphology reflects an underlying, buried
relief inherited from basement structures like folds or faults (e.g. Talwani et al.
1960; Ball et al. 1969; Lynts 1970; Sheridan 1971, 1974, 1976; Uchupi et al.
1971; Glockhoff 1973; Mullins and Lynts 1977). These fault structures were
thought to be related to the Jurassic rifting (Mullins and Lynts 1977) or a volcanic
precursor topography (Schuchert 1935). Rifting would have produced a horst and
graben topography whereby the horsts formed the foundation for the platforms.

2. Hess (1933, 1960) assumed a subaerial erosional relief like a drainage pattern as
precursor morphology. Ericsson et al. (1952), Gibson and Schlee (1967), and
Andrews et al. (1970) suggested the deep Bahama channels to be essentially val-
leys eroded in the submarine environment by slumping and turbidity currents.

3. The concept of a constructional origin of the morphology was based on a com-
parison of the steep marginal profiles to the vertical growth of Pacific atolls
(Newell 1955). Dietz et al. (1970), Paulus (1972), and Dietz and Holden (1973)
thought the present-day morphology is inherited from reef development in the
early Late Cretaceous. The so-called “megabank” concept states that the modern
patterns result from disintegration of a much larger carbonate platform in the
Cretaceous (Paulus 1972; Schlager and Ginsburg 1981; Sheridan et al. 1981).
The megabank is thought to have drowned during the Mid-Cretaceous. According
to this concept, the modern platform configuration are isolated remanents on the
drowned platform (Schlager and Ginsburg 1981).

In contrast to the three aforementioned concepts that assume an upward growth
after the establishment of the platform without considerable lateral migration of the
margins, Ball (1967, 1972) suggested that the basement structure probably did not
contribute much to vertical relief. He stated that any precursor structure most likely
has been significantly modified. The existence of a Cretaceous megabank underlying
LBB was corroborated by ODP Leg 101 but also showed that the Providence
Channel was a long-lived deep-water re-entrant (Leg 101 Scientific Party 1988).
Additionally, the results of ODP Leg 101 and a re-evaluation of core Great Isaac-1
revealed that in contrast to the more static concepts, some margins of the Northwest
Bahamas have migrated laterally over 10 km since the Miocene (Schlager et al.
1985; Leg 101 Scientific Party 1988; Schlager et al. 1988).

In the mid-eighties, a high-quality seismic reflection profile across GBB, showed
that the modern topography is the result of much more dynamic processes even
than inferred from ODP Leg 101, including significant bank migration (Fig. 2.2;
Eberli and Ginsburg (1987, 1989). The modern topography thus reflects neither
inherited rift-graben structures nor the morphology of a Cretaceous megabank.
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Fig. 2.2 Interpretation of seismic section through Great Bahama Bank displaying the compli-
cated internal architecture of the bank. Two nuclear banks, Andros and Bimini Banks, coalesced
by the infilling of an intraplatform seaway, the Straits of Andros. Progradation of the western
margin of the platform during the Neogene expanded the bank more than 25 km into the Straits
of Florida (Modified after Eberli et al. 1994)

The modern northwest GBB evolved from a process of repeated tectonic segmenta-
tion, related to rifting and reactivation of tectonic movements associated with the
collision of the North American plate with Cuba, and subsequent coalescence by
progradation (Eberli and Ginsburg 1987; Masaferro and Eberli 1999; Masaferro
et al. 1999). For example, a former deep channel termed the Straits of Andros by
Eberli and Ginsburg (1987) had similar dimensions as the Tongue of the Ocean and
was completely filled and incorporated into the GBB. Similar infilled seaways exist
in the southern GBB where a left-lateral strike-slip fault system had created several
depressions in the Late Cretaceous and Early Tertiary (Masaferro and Eberli 1999).
In addition, lateral growth on the leeward side of GBB led to progradation of more
than 25 km westward into the Straits of Florida since the Miocene. 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 GBB. Thus, coalescence and progradation are the
most striking features governing the development of this carbonate platform.

Oftbank sedimentation, which is a basic process of progradational deposition, is
observed on the present-day Bahamas. Even though the environmental conditions
on the Bahamas have not been the same for the entire history of the archipelago, an
understanding of the present-day system is crucial for an understanding of the past.
In the following, parameters controlling carbonate production and deposition in the
present-day environment are described and discussed.

2.2 Physical Parameters

Physical parameters that directly or indirectly affect the carbonate depositional
system include wave energy, direction of wave propagation, tidal range, currents,
wind, and temperature. Generally, in the Bahamas, the physical parameters that
influence water energy are most influential at the bank margins (Illing 1954).
There, the highest degree of kinetic energy interacts with existing topography and
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biological barriers (e.g. sand shoals, reefs). Variability in exposure to water energy
along the bank margins is responsible for the differences in margin architecture and
the distribution of facies belts, especially carbonate sand bodies (Ball 1967; Hine
and Neumann 1977; Hine et al. 1981b).

2.2.1 Climate

The Bahamas have a subtropical, humid, marine climate. The annual average air
temperature is 25°C (Table 2.1). The annual temperature range is larger in the
northern Bahamas, with a deviation of almost 8°C, than in the South with only 4°C.
The north-south gradient disappears during midsummer, when the 28°C isotherm
extends from within The Gulf of Mexico and envelops the region entirely (Isemer
and Hasse 1985).

The average yearly rainfall is 85.7 cm (Table 2.2; Bosart and Schwartz 1979).
Regional variations in average yearly rainfall range from 10 to 150 cm per year
(Newell et al. 1959). Average seasonal rainfall increases from south to the north
(Table 2.2). Seasons are characterized by warm, wet summers and cooler, dry winters.
Most precipitation occurs between May and October (Table 2.3 and Fig. 2.3;
Gebelein 1974).

2.2.2 Prevailing Currents

The current system around the Bahamas is dominated by the North Atlantic gyre to
the east of the Bahamas, and the Florida Current to the west. The Florida Current
is composed of waters from the Caribbean Sea and Gulf of Mexico that flow into

Table 2.1 Monthly temperature recorded at the Nassau
International Meteorological station, at 25°03N and 77°28W from
1973 to 1993 (Data from www.hpc.ncep.noaaa.gov)

Temperature (°C) Maximum Minimum Average
January 25 18 22
February 25 18 22
March 26 19 23
April 27 21 24
May 29 22 26
June 31 24 28
July 32 25 28
August 32 25 28
September 31 24 28
October 29 23 27
November 28 22 25
December 26 19 23

Yearly average 28 22 25
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Table 2.2 Seasonal precipitation (cm) from various locations in the Bahamas recorded from
1935-1967 and 1968-1975 (From Bosart and Schwartz 1979)

Station Winter Spring  Summer  Fall Yearly total
Mangrove Cay (Abacos, E 3.2 11.2 10.3 14.8 129.7
LBB)
Nassau (N GBB) 43 8.2 15.0 18.6 138.2
Dunmoretown Harbour 4.2 7.5 10.7 13.0 106.1
(Eleuthera, NE GBB)
The Bight (Cat Island, E GBB) 4.1 7.1 8.3 12.2 95.4
Georgetown (Exumas, SE GBB) 2.4 7.0 9.8 11.3 914
Duncan Town (Ragged Island) 23 5.0 5.0 11.7 71.7
Riding Rock (San Salvador) 2.6 4.6 4.4 7.6 57.6
Albert Town (Acklins) 33 4.9 6.3 9.9 73.2
Matthew Town (Great Inagua) 1.4 2.6 2.5 4.5 33.1
Grand Turk (Turks Islands) 5.6 4.3 5.0 10.4 76.4
All stations (average) 3.1 6.6 7.6 11.3 85.7

Table 2.3 Total precipitation recorded at the Nassau International
Meteorological station, at 25°03N and 77°28W from 1855 to 1989 (Data from
www.hpc.ncep.noaaa.gov)

Total Precipitation (cm)

Maximum Minimum Average

January 29.7 0 4.8
February 18.3 0 1.3
March 19.3 0 4.1
April 429 0 6.6
May 45.5 0 13.2
June 50.8 0 17.8
July 37.1 0.8 15.2
August 27.7 0.3 17

September 559 0.8 18

October 594 0 17

November 26.4 0 7.1
December 27.2 0 43
Yearly total 232.4 52.1 128.5

the Straits of Florida and, north of LBB, become a major component of The Gulf
Stream, the surface-flowing limb of the North Atlantic gyre (Fig. 2.4). The mean
total transport through the Florida Straits is around 32 Sverdrups (SV; 1 SV = 10°
m?/s) and total transport in the upper 200 m is between 15.5 and 16.5 SV (Table 2.4;
Johns et al. 1999). With the decreasing cross-sectional area of the Florida Straits in
the northward direction, current velocities increase (Fig. 2.5). Thus, the surface
velocities of the Florida Current accelerate from 180 cm/s in the Southern Florida
Straits to up to 200 cm/s in the Northern Florida Straits (Wang and Mooers 1997).
As the Florida Current wraps around Florida, the highest flow velocities of about
200 cm/s are found along the western side of the straits (Richardson et al. 1969).
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Fig. 2.4 The ocean currents
around the Bahama Islands
flow into the Florida Straits
where they join the Florida
Current. North of the
Bahamas, the Florida Current
joins the Antilles Current

to become The Gulf Stream.
NWPC = Northwest
Providence Channel,

SC = Santaren Channel,
OBC = Old Bahama Channel;
GIP = Great Inagua Passage;
WP = Windward Passage
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Current
‘\sc
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Surface flow velocities along the eastern side of the channel are considerably lower
at 20-60 cm/s (Richardson et al 1969; Wang and Mooers 1997).

Overall flow from the Santaren Channel and Northwest Providence Channel is
directed toward the Florida Current. Flow in the upper 200 m through the Northwest
Providence Channel is primarily westward with a maximum flow of 30 cm/s and
measuring 0.4 SV in volume (Johns et al. 1999). The Santaren Channel transports


http://www.hpc.ncep.noaa.gov

K.L. Bergman et al.

14

dnipioag = AS
(pdop
(r't-)-99 6’1 WwQgT) S/Wo €61 S/Wd 9¢~ MN [puueyd seweyed pjO
(pdop
- 8’1 wOOr—00€) $/1d OF S/Wd 0T 01 01— N [ouuRyD UsIeIUES
7SS0 ST1FCT s/ ()7< - MS J3esseq enJeu] jeaIn
(S0-)-L1 80F¥0 - S/WD Og< M [ouueyd 2ouapIA0ld MN
gol-1¢l YCFS9I1 S/Wd 091< - N NoLT 8 Jualing epLof
9LI-L¢l A5 2! S/WS OLI< - MNN No9C e JuaLing epLIO[]
(AS) (w 9oz 12ddn) (AS) (w gog Toddn) K)10070A K)JTOO9A MO[J UBIIN uondAIIp KemaJessed 10 juarIn))
9Suel oWIN[OA MO[] QWIN[OA MO[J UBIIA MO[J 90BJINS WNWIXBIA MO[J UBIIA

nop 2Ane3aN (6661

UOT)OAIIP MO UBAW JO [BSIOAI SAIBIIPUI AJIO0[A PUB dWIN[OA

‘T8 19 Suyof ‘GHe1 T8 10 UBWEBYT GH6[ T8 10 UOSUD)Y WOL]) SJUSLINd Uelweyeq JO QWIN[OA Pue AJIOO[A ‘UONJAIP MO[] $°T dqEL



2 Controlling Parameters on Facies Geometries of the Bahamas 15

a Distance (ki) b Distance (km?

40 60 80 40 60

E T 2N E
£ The Northern =
g Straits of Florida I3
= Florida en 2
4 e e—
1000 25°N
: C-\'
c Distance (km) == D‘ﬁen 2N Distance (km)
40 60 80 -TheSouthern = K | 40 60
Straits of Florida NN
e S L — |

a2°w B1*W BO"W ToW

Depth (m)
Depth (m)

Fig. 2.5 Cross-sections and downstream current velocity contours in cm/s of the Florida Straits
((a—c); Richardson et al. 1969) and Santaren Channel ((d); Leaman et al. 1995). For locations
see map

about 1.8 Sv of water northward at a maximum velocity of 20 cm/s (Leaman et al.
1995). Flow velocities in the Old Bahama Channel are on average 26 cm/s with
transport of 1.9 SV northwestward (Atkinson et al. 1995). Flow through the Great
Inagua Passage is to the southwest totaling 2.2 SV in the uppermost 200 m and has
a maximum velocity of 30-40 cm/s (Johns et al. 1999). A summary of current flow
direction, velocity, and water volume around the Bahamas is listed in Table 2.4.

2.2.3 Wind Energy

The northeasterly tradewinds of the region are modified by the North American
low-pressure system which results in a wind regime dominated by southeasterly
winds (Fig. 2.6). The easterly wind regime of the Bahamas crosses the region at an
average speed of 67 m/s (Table 2.5). Easterly winds (from NE, E, and SE) account
for 77% of the wind frequency in August, and for 46% in February, averaging 63%
over the whole year (Fig. 2.6; Table 2.6; Sealey 1994). Additionally, in winter
(February) cold northwesterly winds account for 30% of the wind, whereas warm
southerly winds occur at 9% of the time (Fig. 2.6; Sealey 1994). This general wind
pattern is fairly consistent throughout the Bahamas, with the exception that the
northwest wind accompanying cold fronts affects the northern Bahamas more than
the southern Bahamas (Sealey 1994).
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Fig. 2.6 Wind direction in days per month recorded in 1939 from the Nassau Meteorological
Station records (see Table 2.6 for quantitative data from Smith 1940)

Table 2.5 Mean monthly wind speed in m/s (+1.25) (From Young and
Holland 1996)

Month Wind speed Exceedence (%) Wind speed
January 9.0 10 11.7
February 8.5 50 7.0
March 8.0 90 2.5
April 6.0

May 6.8

June 4.0

July 3.8

August 4.0

September 8.5

October 7.0

November 9.0

December 9.5

Table 2.6 Wind direction in days per month recorded in 1939 from the Nassau Meteorological
Station records (From Smith 1940)

Wind direction

Month N NE E SE S SW W NW
January 3 6 5 7 1 1 0 2
February 1 7 4 12 1 2 0 0
March 1 9 7 10 2 1 0 0
April 1 5 5 11 3 3 1 1
May 3 3 6 10 3 5 0 0
June 0 4 8 10 2 1 1 1
July 0 0 5 14 5 5 0 0
August 0 3 7 12 3 4 0 0
September 1 7 2 7 2 1 0 0
October 0 21 4 1 2 0 0 0
November 6 12 3 3 1 0 1 4
December 5 5 5 5 2 2 0 7
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These persistent wind patterns influence sediment production and accumulation in
the long term while tropical storms and hurricanes may also influence sediment redis-
tribution in the short term. Depending on intensity, duration, and circulation pattern,
storms can erode or deposit sediment (Perkins and Enos 1968). The greatest influence
of storms is on non-vegetated, unstabilized environments such as sand bodies. The
Tongue of the Ocean is subject to an average of two tropical storms per year, whereas
approximately eight tropical storms pass over central LBB during 10 years (Cry
1965). Of all tropical disturbances affecting LBB, 67% pass to the north and east,
traveling in a northerly, northwesterly, or westerly direction. They generate dominant
winds from the northwest, north, and northeast. The result is a net bankward energy
and sediment flux along the northeast bank margin, and a net offbank transport along
the leeward margin on LBB (See Section 2.5.1.2; Crutcher and Quayle 1974; Hine
and Neumann 1977). Some sand belts might only be active during hurricanes (e.g.,
tidal-bar belts in the Lily Bank area, Hine 1977; Hine et al. 1981b).

Yet storm influence on facies distribution are generally limited to the superficial
and the short-term as ambient energy conditions reestablish pre-storm facies configu-
rations (Perkins and Enos 1968; Boss and Neumann 1993; Major et al. 1996; Rankey
et al. 2004). A re-examination of deposits on northern GBB after the passage of
Hurricane Andrew in 1992 showed minor effects on sand bodies, hard bottom
communities, and low-lying islands (Boss and Neumann 1993). In addition, biotur-
bation by organisms in vulnerable facies such as lagoonal sediments may destroy
any record of winnowed deposits left behind by storms (Perkins and Enos 1968;
Boss and Neumann 1993). Shinn et al. (1993) observed that muddy storm layers
were preserved in high-energy channel sediments, because migrating ooids prevented
obliteration by bioturbation.

Geologists disagree on the degree of impact storms have on the off-bank transport
of sediment, because background (not storm-related) currents rarely exceed sediment
transport threshold velocity (Cry 1965; Smith and Hopkins 1972). Hine et al.
(1981a) suggest that storms are the primary transport mechanism of shallow-water
sands found in 200—400 m water depth off the leeward margin of GBB and LBB and
cite evidence of offbank oriented sand waves along the bank margins that are only
active during storms. They concluded that normal tidal and current flow could not
be responsible for carrying the sand to the deep (Hine et al. 1981a). Yet, observations
after the passage of Hurricane Andrew over GBB in 1992 and Frances and Jeanne
over LBB in 2004 showed that surprisingly little sediment transport was induced by
the storm (Major et al. 1996; Reeder and Rankey, 2008).

2.2.4 Wave Energy

Wave energy in the Bahamas is highest along the windward (eastern) margins of the
platforms, e.g. at eastern Abaco on LBB, and at Long Island on GBB (Table 2.7).
Wave and swell energy arrive along these margins unimpeded from the open Atlantic
Ocean. The rest of the Bahamas are exposed to lower wave energy due to either
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limited fetch, infrequency of onshore wind (leeward margin, e.g. Bimini) or because
they are shielded by energy-absorbing environments, such as the platform interior of
southwest GBB. Wave energy also shows a seasonal trend with the highest waves
occurring during winter months (Table 2.7). The easterly tradewinds result in a gener-
ally westward movement of water in summer (Smith 1940). A decrease in tradewind
influence in the winter results in a southward movement of water (Smith 1940).

Wave-energy dissipates rapidly on the platform edges. A study of wave height
changes in a shallow reef-crest environment indicates that energy loss from fore-reef
to back-reef averaged through a tidal cycle is approximately 67%. Correspondingly,
coral species associations vary from fore-reef to back-reef according to their toler-
ance to wave-energy exposure (Roberts 1979; Lugo-Fernandez 1989).

Wave energy greatly influences sediment composition and accumulation. Wave-
dominated shorelines are characterized by grainy facies, whereas the most protected
areas are sites of mud accumulation. Where shorelines are exposed to even a limited
amount of wave or storm influence and under conditions of low sediment supply, the
coastline will undergo erosion; this is the case along the coast of northwest Andros
Island. In contrast, the protected southwest coast of the island is prograding (Shinn
et al. 1969). The direction of wave propagation is an important factor in sediment
distribution because transport direction is dependent upon direction of wave incidence,
which is essentially a response to wind direction. Seasonal shifts in wind patterns
from the east-northeast in the winter to east-southeast in the summer cause variations
in the direction of swell-propagation (see Table 2.6) (Sealey 1994). Under extreme
conditions such as a hurricane, waves can arrive from any direction and may reach
heights of 15 m, even on the western banks (Abel et al. 1989).

2.2.5 Tides and Tidal Currents

Tides in the Bahamas are semidiurnal and microtidal with a mean range of about 0.7 m
(Table 2.8). The tides are amplified where resonance takes place, for example in the
deep-water embayments of the Tongue of the Ocean and Exuma Sound (Ball 1967),
resulting in tidal currents reaching up to 200 cm/s (Halley et al 1983). On GBB, tidal
currents generally are radially oriented and sweep bankward (0.32 m/s) during flood
tide and offbank during ebb tide (Sealey 1994). On LBB, radial near-bottom currents
rarely exceed 0.2 m/s. Here, the strongest currents are oriented alongbank, as opposed
to the on-bank — off-bank direction on GBB (Hine et al. 1981b).

2.2.6 Energy, Water Depth, and Distance from Platform Edge

In the shallow-water environment, wave energy, tidal force, and currents dissipate
from the platform margin to the platform interior with little to no significant change
in water depth. Consequently, circulation is poor in the platform interior as indicated
by the increase in salinity from 36-37 to 46.5 ppt from the western margin of GBB
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to the interior near Andros Island (Cloud 1962). This has consequences for the
distribution and prediction of sediment composition and grain size. In contrast to
carbonate depositional environments elsewhere, in the Bahamian shallow water
environment, facies is not related to depth but is controlled to a large extent by
energy level. For example, ooid sediments are deposited in the high-energy setting
at Joulters Cays, whereas carbonate mud is deposited in the same water depth on
the tidal flats of Andros Island.

Based on the assumption that the distribution of facies is energy-controlled and
energy decreases towards the platform interior, Purdy (1963b) and Wilson (1974)
proposed a generalized facies zonation from the margin to the platform interior.
These assumptions are generally valid for cases where no restrictions and no ante-
cedent topography exist at the platform margin. Islands at the platform margin and
reefs significantly influence the energy distribution and facies belts can widen
along strike. Consequently, distance from the platform margin is not always a good
indicator of either energy or facies. In the Joulters Cays area, for example, ooids are
found at the same distance from the margin as some kilometers further south mud
accumulates near Andros Island (see Section 2.5.1.1).

2.2.7 Sea-Surface Temperatures

Generally, the sea-surface temperatures in the Bahamas are warm and stable, in part
due to the prevailing surface current regime. The Antilles Current and the Florida
Current dominate the regional flow pattern and serve as a source of seawater exchange
between the shallow banks and surrounding seaways (Fig. 2.4; Mullins et al. 1980).

Sea-surface temperatures west of Andros Island average 28.5°C in late spring
(maximum 29.5°C; minimum 27°C) (Cloud 1962). The seasonal temperature maximum
and minimum in Middle Bight, Andros Island is 29.7°C and 21.6°C, respectively
(Smith 1940). Temperatures as high as 36°C have been recorded on the bank near
Bimini (Table 2.9; Shore and Beach 1972). During the passage of cold fronts,
platform interiors occasionally exhibit large fluctuations in temperature (Wilson
and Roberts 1992).

Fluctuations of sea-surface temperatures affect the carbonate system in two ways.
Most tropical organisms found in the Bahamas (especially zooxanthellate corals) are
sensitive to temperature changes (see Section 2.4.1). Corals will die in just a few
days if exposed to water colder than 14°C (Roberts et al. 1982). Corals are also

Table 2.9 Sea-surface temperatures of four Bahama localities (From Shore and Beach 1972)

Location Maximum (°C) Minimum (°C) Mean (°C)
North Bimini 28-36 18-23 26.8-27.3
Gold Rock Creek, G.B.1. 32 18 -
North Riding Point, G.B.I. 32-33 16-17 -
San Salvador 29-30 22-24 -

G.B.I. = Grand Bahama Island
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adversely affected by water warmer than 31°C, however, with significant local vari-
ability (Reaka-Kulda et al. 1994). The other major effect of fluctuating sea-surface
temperatures is the production of hyperpycnal density flows. Both evaporation in
summer (see Section 2.3.1) and rapid cooling of platform top water during the passage
of winter storms result in denser bank-top water relative to adjacent surface water.
The denser water flows off bank and contains entrained sediment (Wilson and
Roberts 1995). These density-driven flows are potentially an important mechanism
for offbank transport of fine-grained sediment and slope erosion. They can also
affect platform-edge biota, where lethally heated or cooled bankwater can cause
bleaching and death of reef corals at variable depths (see Section 2.5.1.2; Lang et al.
1988; Wilson and Roberts 1992; Riegl and Piller 2003).

2.2.8 Light and Radiation

Due to its low latitude position, the Bahamas experience little variation in daylight
during the year (11-13 h/day; Hidore and Oliver 1993). The 1% light penetration
level is at around 90 m in winter and 70 m in summer (Liddell et al. 1997). Certain
photosynthetic organisms such as Halimeda and even hermatypic corals occur even
below this depth (Liddell et al. 1997).

2.3 Chemical Parameters

The large-scale and shallow-water nature of the Bahama banks has a significant
impact on water chemistry. The size of the banks causes circulation to be sluggish,
particularly in the calmer summer months. Waters experience a high residence time
that, combined with the high evaporation rate in the subtropical climate, controls
salinity, alkalinity, and carbonate chemistry.

2.3.1 Water Chemistry

Bahama waters originate in the deep channels surrounding the platforms. Waters
flow from the Florida Straits, TOTO and Exuma Sound onto the shallow banks
(Fig. 2.1). Salinities on GBB typically range from 36-46.5 ppt (Cloud 1962;
Traverse and Ginsburg 1966; Fig. 2.7). Salinities exceeding 80 ppt have been
reported from restricted regions close to the shore of Andros (Fig. 2.7; Queen 1978;
Bourrouilh-le-Jan 1980). Highest salinities occur during the summer months when
evaporation is at a maximum. Salinity increases with distance from the bank edge,
and salinity on GBB exhibits a linear relationship with residence time (Fig. 2.8).
This relationship was observed early on by Maurice Black during his 1930 expedi-
tion (as cited by Jeans and Rawson 1980). The longest residence time on the bank
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Fig. 2.8 Relation between salinity and residence time (From Broecker and Takahashi 1966)

has been estimated at 240 days in waters with the highest salinities (Broecker and
Takahashi 1966; Morse et al. 1984). However, salinities do not reach a concentra-
tion that would result in the precipitation of evaporites except in the drier tidal flat
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environments of the southern Bahamas and in saline ponds of the island interiors
(such as on Lee Stocking Island, central Exumas; Dix et al. 1999). In the Turks and
Caicos, evaporites such as dolomite, gypsum and halite may precipitate in enclosed
tidal ponds where water is isolated (Perkins et al. 1994).

Waters on the Bahamas Banks are supersaturated with respect to aragonite and
high-Mg calcite (Morse et al. 1984; Morse et al. 2003). On GBB, the waters with the
highest residence time and salinities, i.e. near the bank center in the lee of Andros
Island, have had a higher net loss of CaCO, (Cloud 1962; Broecker and Takahashi,
1966). Cloud (1962) estimated a loss of 50 mg CaCO,/L from the bank edge to the
inner bank. As a result of this loss, the inner bank waters have lower levels of CaCO,
supersaturation and lower rates of CaCO, removal (Smith 1940; Morse et al. 1984).
CaCO, removal rates decrease from 60 mg CaCO,/cm?/year in 50 day old water to
15 mg CaCO,/cm?/year in 200 day old water (Broecker and Takahashi 1966). Inner
bank waters also show a decline in total inorganic CO, and specific alkalinity with
increasing salinity as the oldest waters have had the most CaCO, removed (Broecker
and Takahashi 1966; Morse et al. 1984; Morse et al. 2003).

2.3.2 Inorganic Precipitation and Whitings

Mud sediment composed of aragonite needles is abundant on the Bahama banks,
particularly on GBB. The debate over the inorganic versus organic origin of this mud
is not resolved. Neumann and Land (1975) estimate that calcareous algae could
produce 1.5-3 times as much mud as has accumulated on the bank top. However,
two lines of evidence suggest the mud does not have only an algal source. First, the
strontium content of the mud is different from that derived from codiacean algae and
is similar to other inorganically precipitated sediment (Milliman et al. 1993).
Second, algally-produced aragonite needles are morphologically different compared
to GBB mud aragonite (Macintyre and Reid 1992). Aragonite precipitation on resus-
pended sediment may be the primary source of aragonite mud (Morse et al. 2003).
Milliman et al. (1993) estimated using Sr concentrations of sediment that chemically
precipitated aragonite contributes 55-78% of the clay-sized aragonite.

A phenomenon relevant to the origin of aragonite mud is whitings, also known
as “fish muds” by local fisherman. Whitings are white clouds of suspended fine-
grained carbonate mud that drift across shallow platforms. Bahamian whitings are
generally elongate and can exist for days to weeks (Shinn et al. 1989). They tend to
be most abundant northwest and west of Andros Island concentrating around 25°N
and 78°50’W, occupying around 1.24% of the area on GBB and occurring over the
mud and pellet-mud facies on GBB (Table 2.10; Shinn et al. 1989; Robbins et al.
1997; Morse et al. 2003). Typical whiting material consists of 86% aragonite, 12%
high-Mg calcite, and 2% low-Mg calcite (Shinn et al. 1989). Space shuttle and satellite
image analysis by Robbins et al. (1997) found the highest frequency of whitings in
the months of April and October with a frequency index of 72 to 75 km*/day and
the lowest in summer and winter months ranging from 15 to 30 km?/day.
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Table 2.10 Monthly variation of whiting frequency calculated and
normalized from photographs taken during the NASA manned spacecraft
program from 1965 to 1993 (From Robbins et al. 1997)

Whitings on Great Bahama Bank

Month Frequency index (km?%day)
January 29
February n/a
March 28
April 75
May 28
June 32
July 33
August 31
September 16
October 72
November 50
December 52

The origin of whitings is controversial and three main hypotheses have been
proposed: (1) sediment stir-up by biologic activity, (2) direct chemical precipitation
on resuspended sediment, and (3) biologically-induced precipitation. Some geo-
chemical measurements have suggested material in whitings may be stirred up
bottom sediment. To determine whether whiting sediment was in equilibrium with
the surrounding water Shinn et al. (1989) estimated from stable isotopes that 90%
of whiting CaCO, could be resuspended sediment. Using the partial pressure of
CO, as a measure of potential precipitation and C'* age estimates, Broecker and
Takahashi (1966) estimated that only 25% of the whiting material could be derived
from precipitation within the whiting itself and the average age of whiting material
was ~200 year. Similarly, Broecker et al. (2000) demonstrated that whiting sedi-
ment is not in equilibrium with the “C content of the water, but is similar to that of
older bottom sediment indicating the whiting material did not precipitate in situ.
In addition, there is no apparent mechanism for resuspending sediment, as no fish
have been observed associated with whitings (Shinn et al. 1989).

The above hypothesis leaves room for a second possibility in that direct chemical
precipitation may occur on resuspended pre-existing carbonate nuclei which is sup-
ported by geochemical evidence of ongoing precipitation of CaCO, in bank waters
(Shinn et al. 1989; Morse and Mackenzie 1990). Morse et al. (1984) observed that
whitings form outside high-salinity waters where precipitation of calcium carbonate
is 1.5 times higher than within the high-salinity waters. The whiting area is also the
site of higher rates of specific alkalinity removal in comparison to the highest salinity
waters (Fig. 2.9; Morse et al. 1984). In addition, due to high precipitation rates all over
the bank, bank waters are less supersaturated with respect to calcium carbonate than
adjacent Gulf Stream and bank-edge waters (Morse and He 1993). Yet, no significant
differences in pH, total alkalinity and total CO, between water inside and adjacent
to whitings has been observed (Broecker and Takahashi 1966; Morse et al. 1984).
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76°N
1

-25°W

Fig. 2.9 Precipitation rate of calcium carbonate in pmols of CaCO; per kg of seawater and whit-
ing distribution on northern Great Bahama Bank based on 1975 cumulative satellite photographs
compiled by Harris (unpublished) (From Morse et al. 1984)

Morse et al. (2003) attempted to resolve this paradox using calculated reaction
kinetics between calcite, bank waters and resuspended sediment. They concluded
whitings represent precipitation on resuspended sediments, a major portion of
which, however, can also take place outside the visually dramatic whitings. They
estimate that single aragonite needles may be resuspended in a whiting about 80
times over a 30-year period during which they experience repeated overgrowth.

A third hypothesis suggested by Robbins and Blackwelder (1992) and Thompson
(2000) is that whitings are biologically induced precipitation by algal, picoplankton
or bacterial blooms. These authors found larger amounts of organic components
within whitings than outside whitings. Yet, bank waters are nutrient poor and no
detectable difference in chlorophyll levels inside and outside of whitings, indicating
algal productivity, have been observed (Morse et al. 2003).

2.4 Fauna and Flora

This section focuses on basic parameters controlling eight major groups of organ-
isms that contribute directly or indirectly to carbonate sediment production. These
groups include: (1) corals, (2) red algae, (3) green algae, (4) foraminifers, (5) sponges,
(6) molluscs (including bivalves and gastropods), (7) echinoderms, and (8) microbial
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mats. For each of these groups an attempt is made to characterize their growth rate,
their contribution to calcareous sediment production and destruction, and the
factors controlling those parameters. Temperature, salinity, light (depth/turbidity),
nutrient level (nitrate and phosphate), and water motion all play a significant role
in the distribution of the various organisms. An additional important source of
fine-grained sediment is bioerosion that destroys framework-building skeletons
(compare Hassan 1998).

2.4.1 Hermatypic Corals

Compared to the size of Great Bahama Bank, and the amount of apparently suitable
habitat, hermatypic corals and reefs are not developed to their full, theoretical
potential. Even though volumetrically not among the most important groups, zoox-
anthellate hermatypic corals are the best-studied carbonate-producing organisms in
the Bahamas. Typical Caribbean reef types that occur in the Bahamas are: (1) shelf-edge
reefs, framework buildups situated close to the shelf edge, typically between 15 and
30 m (2) mid-shelf reefs, more or less well-developed framework buildups in around
10 m depth (3) fringing reefs, i.e. frameworks close to shore, usually Acropora palmata
dominated, between the water level and about 5 m depth (4) barrier reefs, i.e. similar
framework type as fringing reefs, but forming a lagoon, usually >1 km to coastline
(5) patch reefs, i.e. small, circular or elongate frameworks on the bank, and (6)
coral covered hardgrounds, i.e. more or less dense coral growth without framework
development (Riegl and Piller 2003). Chiappone et al. (1997a) cite four morpho-
logical categories: (1) patch reefs, (2) channel reefs, (3) windward hard-bottom reefs,
and (4) fringing reefs (Table 2.11). Relatively few fringing reefs and barrier reefs
occur along edges of platforms, predominantly along windward margins and in
front of islands where they are protected from bank waters (Ginsburg and Shinn 1964,
1994) e.g., on the eastern side of GBB, the northeastern side of LBB, and the western
margin of TOTO. Well-developed fringing reefs are mainly found in the southern
Bahamas (Mayaguana, Inagua) and Turks and Caicos; Riegl et al. 2003). Very few
patch reefs in relation to the amount of available habitat are scattered within the
platform interiors and in the lee of fringing reefs. Hardbottom reefs, i.e., hard-
bottom areas that are scattered with coral cover, are found in windward shelf areas
(Chiappone et al. 1997a). Linear channel reefs occur in tidal channels primarily in the
Exuma Cays.

The major reef building corals are dominated by 18 species. Most abundant are
the shallow water species Acropora palmata (with a maximum at about 3 m water
depth) that are now increasingly rare at several sites due to significant, disease-
related mortality (Kramer 2003) and the deeper water species Montastrea annularis
(with a maximum at about 10 m water depth) (Linton et al. 2002). A. palmata has
since been significantly reduced in abundance and is missing in much of its former
range (Kramer et al. 2003). Other abundant species include Acropora cervicornis,
Diploria sp., Porites porites, Porites astreoides, Agaricia agaricites, Montastrea
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cavernosa, and Siderastrea siderea (Smith 1948; Tucker and Wright 1990;
Chiappone et al. 1996, 1997a). On the fringing reef along the windward side of
Andros Island, the so-called Andros Barrier Reef, corals exhibit a clear zonation
according to energy. The reef crest is dominated by A. palmata, seaward to 3 m
depth A. palmata, A. cervicornis and Diploria dominate, and below 3 m Montastrea,
A. palmata and P. porites dominate (Bathurst 1975; Kramer et al. 2003).

The latitudinal distribution of coral species in the Bahamas is homogenous and
does not express a latitudinal zonation (Chiappone et al. 1997b). Live coral cover
on coralgal reefs is highly variable ranging from 4% near San Salvador to over 30%
on the Turks and Caicos Banks (Linton et al. 2002).

Corals are warm-water oligotrophic organisms adapted to normal marine salinities.
The mean maximum summer temperature of the Bahamas, 27°C, corresponds to
the optimum temperature for coral growth (Table 2.12). Due to the stable surface-
current regime, water temperatures in the Bahamas rarely exceed the upper
temperature limit of coral growth (between 30°C and 34°C). Corals show optimum
growth rates in normal open-ocean salinities of 35-36 ppt, but can tolerate a range
of 25-40 ppt (Table 2.12; Wood 1999). Most areas on the Bahamas platform do not
exceed this upper salinity limit (Fig. 2.7). Reasons why the platform areas of the
Bahamas are relatively poorly settled by corals, are recurrent cold and warm
anomalies. In winter, due to their position close to the North American continent,
the Bahamas are under the influence of northerly cold-fronts. These cause rapid
cooling of the shallow bank waters as well as increase in salinity, due to evaporative
moisture loss to the dry, cold air (Roberts et al. 1982). In summer, during doldrums
conditions (which can be mediated by ENSO) bank waters heat up and also become
hyperpycnal due to moisture loss, this time to the hot atmosphere. Both in summer
and winter, the cooled or heated, but in both cases hyperpycnal waters, form
density-cascades flowing over the bank margin (Wilson and Roberts 1992, 1995).
Thus, not only reef growth on the banks, but also on their edges is negatively
influenced (Riegl and Piller 2003), which is the reason why the banks are relatively
poor in coral buildups and well-developed fringing-, barrier-, and shelf-edge reefs
only occur where the margins are protected from bank waters by islands (Ginsburg
and Shinn 1994).

Coral reefs are among the most active producers of calcium carbonate in the
present-day world. Vertical accretion rates of Holocene reefs are on the order of
10 mm/year in the Caribbean (Macintyre et al. 1977). Calcification rates vary for
different coral species. In the Caribbean the growth rate of the massive Montastrea
annularis is around 0.6 mm/year, whereas Acropora cervicornis exceeds 100 mm/year
(Enos 1991; for growth rates of other species see Table 2.13). Coral-reef growth is
preferentially initiated on topographic highs or open settings where wave energy and
circulation are high. High water energy equates better oxygen availabiliy to the corals
and removes sediment and waste products that can damage the corals and decrease
light penetration. A steady sedimentation rate exceeding 0.2 g/cm?day is lethal for
certain coral species (Stafford-Smith 1992). The minimum water velocity that
prevents sediment deposition onto corals is about 0.6 m/s. The upper limit of water
motion for sustained coral growth is 5-7 m/s, beyond which algal pavements or
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Table 2.13 Coral growth rates for the Caribbean, Florida and the
Bahamas (From Enos 1991)

Individual coral growth rates (mm/y)

Massive corals 4.0
Montastrea annularis (Caribbean) 3.0-12.0
Acropora palmata (Caribbean) 100-120
Porites porites (Caribbean) 21-36
Porites astreoides (Florida, Bahamas) 5.7-13

Bottom wave velocity (m/s)
0.6 1.0 3.0 5.0 7.0
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Fig. 2.10 Relationship between water depth and bottom water velocity and their influence on reef
composition. Mil = Millepora (From Graus et al. 1984)

ridges begin to dominate (Fig. 2.10; Graus et al. 1984). Although the calcification rate
decreases with depth, rates of injury to the colonies and bioerosion are much higher
in shallow water.

2.4.2 Red Algae

Red algae (Rhodophyta) are important primary sediment producers, sediment binders,
and reef builders in carbonate systems in general (Steneck and Testa 1997) and in
the Bahamas in particular (Woelkerling 1976). The growth rate of red algae ranges
from 0.3 to 22 mm/year, and CaCO, production reaches up to 3,600 g/m*/year
(Table 2.12; Payri 1997). Because red algae are phototrophic, their growth rates
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depend on light. Red algae cover only a few percent of seafloor in the Bahamas to
a depth of 50 m (Littler et al. 1991). On GBB, red algae contribute up to 2% to the
sediment in skeletal grainstone facies (Purdy 1963b). Below 50 m red algae become
locally dominant and are found to 290 m water depth reflecting their oligophotic
nature (Littler et al. 1991). In the tropical Atlantic, most red algae belong to the
genera Neogoniolithon, Porolithon and Lithophyllum (Adey and Macintyre 1973).
Red algae favor high water energy and nutrient-rich waters (Table 2.12; Littler and
Littler 1984). Under laboratory conditions, growth of red algae has been promoted
by either, high temperatures and normal UV conditions, or low temperatures and
high UV conditions. For the same experimental conditions, corals experience strong
bleaching (expulsion of their algal symbionts) (Reaka-Kulda et al. 1994).

2.4.3 Green Algae

Green algae (Chlorophyta) are among the most important groups of primary
calcium carbonate producers in modern coral reefs, lagoons, fore reefs and on
slopes (e.g., Neumann and Land 1975). Udoteaceae, including the genera Halimeda,
Penicillus, and Udotea, are the most common green algae in the Bahamas. On GBB,
Halimeda remains compose up to 10% of the sediment in the skeletal grainstone
facies and around 1-3% elsewhere on the bank (Purdy 1963b). The light limit for
Halimeda is 0.05% of surface irradiance (Hillis 1997, Freile et al. 1995). On the
leeward side of GBB, Halimeda occurs to 150 m water depth but shows highest
abundance between 20 and 50 m where it represents 30-65% of the sediment cover
(Freile et al. 1995). Similarly, on the San Salvador platform, Halimeda reaches 150
m depth (Blair and Norris 1988). Halimeda contributes 2.4 g/m*/year total to
Bahamian sediments (Table 2.12; Freile et al. 1995).

Whereas Halimeda produces predominantly sand fraction sediment (e.g., Hoskin
et al. 1986), Penicillus is a major producer of lime mud. In the inner reef tract of
Florida, Penicillus reaches a production rate of 25 g/m*/year, whereas in Florida Bay
values of only 3 g/m*year are common (Stockman et al. 1967). In Bahamian lagoons,
the algal mud production from the green algae Penicillus, Halimeda, Ripocephalus,
and Udotea amounts to a total of 90 g/m*/year which exceeds the observed sediment
accumulation rates in these lagoons (Neumann and Land 1975). The difference is
balanced by off-bank transport (see Section 2.5.2.1). Large amounts of algal debris are
exported off-bank and become an important component of mud- and sand-size sedi-
ment on the slope and in the deep sea (Neumann and Land 1975; Freile et al. 1995).

2.4.4 Foraminifers

Foraminifers are a ubiquitous group in the carbonate system of the Bahamas. About
50 species make up the bulk of the benthic foraminifers present in the Bahamas
(Rose and Lidz 1977). Foraminifers belonging to the families Soritidae and
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Miliolidae compose 60—80% of the total foraminifer fauna (Rose and Lidz 1977).
Other important foraminifer families include Peneroplidae and Homotrematidae, in
particular the genus Homotrema. Although the ecological distribution of
Homotrematidae is well known for the modern environment (Rose and Lidz 1977),
few studies have looked at their contribution as sediment producers. On GBB, they
make up 1-7% of the sediment, whereas peneroplids amount to 0.5-3.5% (Purdy
1963b). At southern GBB near Ragged Island, 2-5% of the sediment consists of
benthic foraminifers with a higher percentage in vegetated and reefal areas (Illing
1952). Whereas no estimates for the Bahamas are available, benthic foraminifer
production rates of southern Florida are estimated at 60 g of CaCO,/m*/year cor-
responding to 4.9% of outer margin sands and 6.6% of inner margin sand (Enos and
Perkins 1977; Hallock et al. 1986). Planktonic foraminifers amount to 20% of the
sediment at periplatform settings of Northwest Providence Channel in the Bahamas
(Pilskaln et al. 1989).

2.4.5 Sponges

Sponges are present in low numbers to depths exceeding 400 m (Maldonado and
Young 1996). While zooxanthellate corals decrease in abundance and diversity
below 50 m water depth, at the same depth sponge abundance and diversity
increases (Liddell et al. 1997). Sponges are conspicuous as primary colonizers of
the deeper slope to more than 500 m water depth (Maldonado and Young 1996).
In the Caribbean, sponges of the class Sclerospongiae are the most active calcium
carbonate framework constructors below depths of 70 m (e.g., Lang 1974).

In the shallow-water environment, some endolithic sponge species, especially of
the family Clionidae (class Demospongiae) are important bioeroders especially in
reef systems. The product of sponge erosion (“Cliona chips”) can represent up to
30% of the total sediment in lagoonal carbonate environments in general (Flitterer
1974). In a subtidal setting on Grand Cayman Island, the species Cliona caribbaea
makes up 5% of the total bottom areal cover between 1 and 10 m water depth and
is responsible for destruction of the coral carbonate framework, producing 8 kg/m?%
year of sediment (Acker and Risk 1985).

2.4.6 Molluscs and Echinoderms

Molluscs and echinoderms are moderate contributors to calcium carbonate sediment
production but are important bioeroders (see Section 2.4.8; Moore 1972). Abundance
in the sediment varies strongly. In nearshore areas of Smuggler’s Cove and Rod
Bay, St. Croix, they make up around 1.2% of the sediment fraction; similarly, 1.2%
of the >2 mm fraction near Andros Island are composed of molluscs and echinoderms
(Greenstein and Meyer 1990; Greenstein 1993). In the platform interior near Ragged
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Table 2.14 Most common occurrence of sea urchin and sand dollar species and their density in a
high energy lagoon, Fernandez Bay, San Salvador Island (From Greenstein 1993) and the intertidal
zone of Black Rock, Little Bahama Bank (Hoskin and Reed 1985)

Distance from  Density

Species Shore zone shore (m) (individuals/m?)
Sea urchins
-  Allseaurchins Reef/near-reef - 60

o E Echinometra lucunter Nearshore 0-18 35.6

53 'f Tripneustes ventricosus Nearshore 0-18 5.4

§ -{8‘s Diadema antillarum Offshore 28-138 0.3

S = Eucidaris tribuloides Offshore 28-138 1.2

g 3 Sand dollars

= E Mellita quinquesperforata  Farshore 46-156 -
Leodia sexiesperforata Farshore 46-156 -

Sea urchins
Echinometra lucunter Intertidal to 7 m 37
water depth

Black Rock,
LBB

Island and southwest of New Providence Island, they make up 6% of the sediment
fraction and 18% on the bank edge near Ragged Island (Illing 1954). A study of
their sensitivity to light and temperature shows that both groups are tolerant to a
temperature range of 27-31°C associated with a 20% increase in incoming ambient
UV light (Reaka-Kulda et al. 1994). Echinoid distribution is partly dependent on
substrate. For example, in the high-energy lagoon of Fernandez Bay, San Salvador
Island, regular echinoid species (sea urchins) prefer hard rubbly substrates, whereas
irregular species (sand dollars) prefer soft sand in which they burrow (Greenstein
1993). The density of living sea urchins is strongly dependent on the distance from
shore and the environment (Table 2.14).

2.4.7 Microbial Mats

Microbial mats containing cyanobacteria are found on sediment surfaces through-
out the Bahamas. Microbial activity is thought to be responsible for stabilizing,
altering and even creating sediment grains (i.e. ooids, grapestones; Fabricius 1977).
Two types of microbial mats are distinguished: (1) the lithified, mostly subtidal
stromatolites made up of sandy sediments (that are focused on below); (2) the
Scytonema-Schizothrix mats of supratidal to subtidal mud (see, e.g. Monty 1976;
Hardie 1977; Shinn et al. 1969; Neumann et al. 1970) that are effective sediment
binders, but are not lithified.

Microbial deposits can take on unlayered thrombolitic and massive forms or can
be layered to form stromatolites (Monty 1976). Bahamian microbial mats contain
a bacterial bioassemblage dominated by the cyanobacteria Schizothrix and
Scytonema (Reid et al. 2000). The bioassemblage produces biofilms, which trap



2 Controlling Parameters on Facies Geometries of the Bahamas 35

Stromatolite

Algal Ridge

Fig. 2.11 (a) Intertidal thrombolites; Highborne Cay, Exuma Cays; (b) Aerial view of intertidal
fringing reef consisting of a red algal ridge and backreef intertidal stromatolites, Stocking Island,
Exuma Cays; (¢) Subtidal columnar stromatolites around 5 m in height. Little Darby Island,
Exuma Cays (Photographs courtesy of R.P. Reid, RSMAS, University of Miami)

and bind sediment and are the site of carbonate precipitation leading to stromatolite
lithification (Macintyre et al. 2000; Reid et al. 2000). Microbial mats can adopt
various non-planar morphologies to form attached buildups, such as stromatolites,
and unattached nodules, such as oncolites (Fig. 2.11; Table 2.15; Monty 1976).
Before the discovery of modern stromatolites in the Bahamas, stromatolites were
thought to represent anactualistic, mostly Precambrian buildups that only survived
in extreme environments such as hypersaline lagoons; e.g. Shark Bay, Australia
(Logan 1961). Modern stromatolites living in normal-saline marine waters were first
described in the Bahamas by Dravis (1982) (Schooner Cays in Eleuthera Bight).
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In the Bahamas, stromatolites occur where high stress from high sediment flux in
high-energy environments inhibits the colonization of competing eukaryotic algae
(Reid et al. 1995). Even though stromatolites are geologically important sediment
binders and reef builders in the modern environment of the Bahamas, they are an
insignificant part of the total carbonate system and their contribution to the sedi-
ment budget is minor.

Modern stromatolites occur in depths ranging from O to 10 m in the intertidal
and subtidal zones (Fig. 2.10). They are found along the margin of Exuma Sound in
areas of high current energy and are usually associated with migrating sand dunes
(Dravis 1982; Dill et al. 1986). They form a range of large-scale morphologies
including domes, columns, and mounds up to 2 m in height. Growth rates of
stromatolite heads in hypersaline ponds in San Salvador were measured at 0.16
mm/year (Paull et al. 1992). Stromatolites along the east coast of Stocking Island
occur in the back-reef and reef-flat zone of an algal fringing reef and reach a
thickness of up to 1 m (Macintyre et al. 1996).

Bahamian stromatolites are built primarily by prokaryotic communities that
alternate between filamentous cyanobacteria, a bacterial biofilm community, and
endolithic cyanobacteria (Reid et al. 2000). Stromatolite surfaces that are not
actively growing may be colonized by a variety of eukaryotic organisms, such as
macroalgae, diatoms, and sponges. Table 2.15 summarizes the types of stromatolites
found in the Bahamas and the environments in which they form.

2.4.8 Bioerosion

Bioerosion is the most important factor in reef destruction and rocky shore erosion
on the Bahamas and is a major source of loose sediment in intertidal and shallow
subtidal environments (Hoskin et al. 1986). Bioerosion rates in carbonate environ-
ments are on the same order as the rate of reefal growth (Hein and Risk 1975;
compare Hassan 1998).

In general, the most important boring organisms in today’s reefs are sponges,
specifically those of the family Clionidae (see Section 2.4.5). For example in the
Florida reef tract, Hein and Risk (1975) attribute the bulk of destruction on coral
heads to boring sponges. Other volumetrically important bioeroders are parrotfish
(Scaridae). Bioerosion rates by Scaridae are highest for dead coral substrate inhabited
by endolithic algae and for Bonaire reach rates of up to 12,000 g/m*year for the
shallow reef and 1,900 g/m?/year for the reef slope (Bruggemann et al. 1996).

Important bioeroders in the Bahamas include sponges, echinoderms, bivalves,
grazing fish, gastropods, polychaete worms, barnacles, and microorganisms such as
bacteria, fungi and algae (Hutchings 1986). In the shallow subtidal zone of LBB,
Hoskin et al. (1986) measured bioerosion rates by rock infauna excluding sea
urchins of 1,830 g/m?/year (see Table 2.16 for bioerosion rates).

Microbioerosion is about one order of magnitude lower than macrobioerosion.
Experimental data of Hoskin et al. (1986) show that microbioerosion is most
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Table 2.16 Example of erosion rates in Black Rock, Little Bahama Bank (From Hoskin
et al. 1986)

Average erosion

Environment Process rate (g/m*/year)

Intertidal Bioerosion by microborers (unprotected limestone cubes) 259
Bioerosion by the chiton Acanthopleura granulata 104

(calculated from fecal pellet production)

Physical abrasion (tethered, unprotected limestone plates) 55
Chemical solution (filter-protected limestone cubes) 13

Shallow subtidal Bioerosion by Echinometra lucunter (sea urchin) 6,670
Bioerosion by all other rock infauna 1,830

Table 2.17 Bioerosion rates of microborers in various environments near Lee Stocking Island,
Bahamas (From Vogel et al. 2000)

Bioerosion rates

Environment (g/m*/year) Microborers

Lagoonal patch reef 80-300 Red algae, green algae, cyanobacteria,
heterotrophic bacteria, hyellids

Sea grass meadow 100420 Green algae, cyanobacteria, heterotrophic bacteria,
hyellids

Stromatolite reef 120-510 Green algae, cyanobacteria, heterotrophic bacteria,
hyellids

A. palmata reef 200-280 Red algae, green algae, cyanobacteria, heterotrophic
bacteria, hyellids

Shelf edge reef 90-160 Red algae, green algae, cyanobacteria, heterotrophic
bacteria, hyellids

Slope, 30-130 m depth  10-20 Green algae, cyanobacteria, heterotrophic bacteria

intense in the intertidal zone (259 g/m*y) and decreases with increasing depth.
Vogel et al. (2000) found that rates of microbioerosion are lower in shelf edge and
slope environments compared to other shallow water environments (Table 2.17).

Chemical and physical erosion play a secondary role in eroding the submarine
substrate (Table 2.16). Chemical dissolution rates reported for the Bahamas are
fairly constant with depth and are about 13 g/m*year (Hoskin et al. 1986). Physical
abrasion depends on water motion and for an experiment above the intertidal zone
averages at 55 g/m?*/year (Hoskin et al. 1986).

2.5 Geometries of Facies Belts

Relatively simple facies relationships, so called “level-bottom” or “facies prosaic”
geometries, are typical for the Bahamas (Fig. 2.12; Enos 1974, 1983; Enos and
Perkins 1977). This is in contrast to the compartmentalized “facies mosaics” of,
e.g., Florida Bay or the Belize Lagoon. Bahamian sedimentary facies distribution
reflects the control by antecedent topography and energy flux. For example, facies
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Fig. 2.12 Sedimentary facies distribution on GBB and LBB, and locations mentioned in text
(Modified after Enos 1974; with data from Purdy 1963b; Reijmers et al. 2008)

distribution is distinct on the windward and leeward sides of the margins (Hine
et al. 1981b). More extensive grainstone belts are present on the higher energy
windward side, whereas packstone and wackestone belts dominate the lee side,
especially where Pleistocene bedrock islands are present.
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The following dominant depositional environments are described below in
detail: Sand bodies are the most variable facies and dominate along the platform
margins, but also blanket the platform interior on GBB. The restricted interior of
northwestern GBB mostly consists of muddy sediment and is dominated by two
distinct facies, the muddy interior and the tidal-flat environment. The high-energy
systems of coralgal reef are found along bank margins. Slope and deep-water
deposits occur as linear belts around each bank. The shallow-water facies dimen-
sions of several transects across GBB and LBB are shown in Table 2.18.

2.5.1 Controls on Facies Geometries

2.5.1.1 Antecedent Topography

Antecedent topography is a major control on the facies geometries of the Bahamas
by providing large-scale energy barriers that result in a distinctive windward and
leeward facies configuration. In addition, variations in underlying topography influ-
ence localized deposition. Antecedent topography of the present-day depositional
system of the Bahamas is composed of Pleistocene eolianite ridge and beach depos-
its, partially lithified Holocene eolian and beach deposits, and modern sediments
(Carew and Mylroie 1995). The Pleistocene deposits provide a topographic base for
Holocene deposition of eolian dunes, intertidal beach and tidal-flat sediments, and
reefs (Fig. 2.13). On a large scale, the islands and associated subtidal ridges are bar-
riers to the energy flux onto the Bahamian platforms and create a depositional wind-
ward and leeward side (Fig. 2.11). In general, higher energy deposits such as skeletal
grainstones and oolitic grainstones are found on the windward sides of islands and
elsewhere along the platform edges. For example, the Joulters ooid shoal of northern
Andros Island is a mobile sand fringe that follows the windward margin of GBB,
along a highly agitated environment (Harris 1979). Lower energy deposits including
pelletal wackestones and packstones are found in the lee of islands (Fig. 2.11).

Variations in Pleistocene topography also control sedimentation on a localized
level. In the Joulters Cays, areas of thick deposits of pelletal wackestones are found
in small depressions, whereas areas of higher relief are associated with high-energy
ooid grainstones (Harris 1979). In addition, preexisting topography controls sedi-
ment thickness in the Joulters Cays area. Accumulated sediment is thickest in areas
of low preexisting topography and thinnest where topography was higher. Any
paleo-high, such as ridges and relict reefs, can act as an energy barrier and a sediment
trap (Table 2.19; Hine et al. 1981b). Hardgrounds may provide a substrate for
modern patch reef growth (Palmer 1979). Localized influence on deposition is least
in the lee of islands where underlying topography has been buried by high sedimen-
tation rates of the low energy area such as in the tidal flat environment (Table 2.19;
Hine et al. 1981b).

During the earliest part of the Holocene as sea-level began to rise, variations in the
underlying Pleistocene surface may have had a larger control on facies development
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a Leeward margin, sand-shoal dominated

[] Reef
<«——— Offbank sand transport Sand

b Leeward margin, prograding tidal flats
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Fig. 2.13 Growth history of carbonate margin settings. (a) Leeward margin, LBB. With sea-level
rise, margin reefs develop then are buried by sand transported offbank as sea-level continues to
rise (From Hine and Neumann, 1977). (b) Leeward margin, GBB. (¢) Windward margin, Joulters
Cay, Northern Andros. As the margin is initially flooded, the antecedent topography controls the
initial accumulation of pelletal mud and sand. With increasing sea-level, ooid formation begins, a
marine sand belt develops along the margin edge and creates its own hydrodynamic regime that
controls further shoal development. The Marine sand belt eventually grows bankward and mar-
ginal sands grow up to sea-level forming islands that restrict energy moving across the platform
(From Harris 1979). (d) Windward margin, Exuma Sound
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Table 2.19 Influence of antecedent topography on localized facies (From Hine et al. 1981b)

Bank-margin type Influence of antecedent topography

Windward, open Accumulation of sands in low-energy zones, which form
behind relict reef ridges

Windward, protected Pleistocene rock ridges provide a substrate for shallow, linear
reefs and control their morphology

Leeward, open None, underlying topography buried by off-bank transport
of sand

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 off-bank sand transport allowing reefs to grow

Tidal dominated Very little along open margins, water flows unrestricted,
subaerial highs accumulate sediment

than at the present. Local Holocene features, however, had a larger influence on
modern localized deposition. For example, along the high-energy platform edge of
the Tongue of the Ocean, a 70 km long sand belt produces an obstacle to wave-
energy, behind which lower energy deposits accumulate (Palmer 1979). Rapid fresh-
water diagenesis is important in creating Holocene islands that influence sediment
deposition (Strasser and Davaud 1986). In addition, modern reefs locally act as
sediment dams where sand bodies accumulate.

2.5.1.2 Energy Flux

Sedimentation on the leeward western margin and slope differs in several respects
from sedimentation at the windward eastern side. A reduction in energy from east
to west is the combined product of damping of waves, shorter fetch, blocking of the
ocean swell by windward barriers, and reduction of tidal resonance. On the modern
GBB, the orientation of energy flux controls the growth position of reefs and the
sediment accumulation rates and composition on the adjacent slope. Wind direction
is another major parameter controlling sediment distribution. Wind velocity and
direction remain virtually unchanged across the platforms (Hine et al. 1981b).
“Leeward” does not necessarily imply that a wind shadow exists, but that a net off-bank
energy flux is observed as a result of offshore-directed wind. Net on-bank
(windward) versus net off-bank (leeward) energy flux is determined by wind direction
in combination with the exposure at any given locality (Table 2.20).

Reefs grow preferentially on the windward sides of the platforms, where on-bank
energy flux provides low nutrient, clear water and prevents sedimentation on the
reef. In addition, the windward sides of the banks contain more grainstones than the
leeward sides (Table 2.20). Large sand belts also develop preferentially on the wind-
ward margins. On GBB, the mud content in the sediment increases by approximately
20-30% towards the western (leeward) side. Another effect of this net leeward transport
on the bank top is the burial of early Holocene reefs that formed during the initial
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transgression on the bank (Hine et al. 1981a). Consequently, windward reef margins
are vertically aggrading while leeward reefs are intercalating with platform-derived
sediment and are prograding basinward (Eberli et al. 2001).

Sediment produced on the platform top is continuously exported to adjacent deep-
water areas. Neumann and Land (1975) estimated that green-algal production was
1.5-3 times the mass of aragonite mud and Halimeda sand present in the Bight of
Abaco — the excess material being subject to export. Fine-grained, bank-derived car-
bonate sediment is transported as far as 120 km into the adjacent basin, creating a
halo of periplatform sediments (i.e. mixtures of bank derived and pelagic sediments)
around the isolated banks (Kier and Pilkey 1971; Boardman and Neumann 1984).
Along western GBB, a 5-90 m thick Holocene mud package has accumulated
(Wilber et al. 1990). This thick package documents the high volume of fine-grained
sediment that is exported to the deeper water regions. Wilber et al. (1990) calculated
that the amount of Holocene sediment transported and deposited offbank is volu-
metrically 40-80% as large as the sediment presently found on the bank. Sedimentation
rates on the windward slopes are lower than on the leeward slopes. Grammer et al.
(1993) observed using submersible observations and high-resolution seismic data
around the Tongue of the Ocean that the Holocene sediment thickness is up to 80 m
on the leeward slopes and only 20 m on windward slopes, indicating a fourfold higher
sedimentation rate on the lee side of Tongue of the Ocean. The leeward side sediment
wedge onlaps the slope from 240 m to over 360 m water depth.

Storms and density currents are the two of the possible mechanisms for off-bank
transport. Storms, generally coming from the northwest, are capable of transporting
sediment off bank and hurricanes can transport sediment in variable directions
depending on the direction of movement of the hurricane.

Density currents flowing off the bank-top is another mechanism responsible for
carrying sediment or even eroding sediment (Wilson and Roberts 1992; Wilber et al.
1993). Density currents can form during winter cold fronts that lower temperatures
of bank-top water below that of surface waters of adjacent deeper water areas. Density
currents also form in the summer when evaporation is high and bank-top waters
become more saline thus raising water density (Wilson and Roberts 1992; Smith
2001). These density plumes entrain ambient water as they flow off the bank and
descend to just below the mixed layer at which point they spread laterally along
isopycnals (Hickey et al. 2000). Density plumes in Exuma Sound flow off the shelf
via tidal channels and reach water depths of around 45-75 m (Hickey et al. 2000).

Tidal currents affect sediment transport, offbank shedding, island erosion and
accretion, and the shape and orientation of sand bodies in the Bahamas. The thresh-
old of motion for moderately sorted carbonate sands with a mean grain diameter of
0.35 mm is 16 cm/s (similar for leeward sand bodies of Hine et al. 1981b). Where
peak tidal currents exceed 100 cm/s, parallel-to-flow sand bodies (tidal-bar belts)
will form, and where peak tidal currents exceed 50 cm/s but are less than 100 cm/s,
normal-to-flow sand bodies, i. e. parallel to bank edge (marine sand belt), will form
(Halley et al. 1983).

Increased tidal range at the heads of embayments results in an increase in the
size of the sand belts and the individual sand bars, and in an increase in grain size
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(Table 2.21). On the Bahamas, the fastest currents produced by the tides (200 cm/s)
are found in the Schooner Cays just north of Exuma Sound and at the southern end
of TOTO (Table 2.21). In these areas, both sand belts and individual sand bars reach
their largest dimensions (Table 2.21). The ooid sand belt at TOTO is characterized
by longitudinal dunes that run parallel to the tidal flow and roughly perpendicular
to the platform margin. There is clearly a direct relationship between tidal strength
and size of sand bodies. In addition, the orientation of the belts is related to the
nature of the margin. At the end of narrow straits, e.g., the southern end of the
TOTO, the tidal bulge will produce a radial arrangement of tidal bars, while along
open margins, sand belts are linear features running parallel to the margin with the
internal bars perpendicular to the margin.

2.5.1.3 Holocene Rise in Sea-level

The modern sediment facies geometries are partially controlled by the Holocene
sea-level rise and the rate of the rise. As sea-level began to rise in the Holocene, the
amount of accommodation space available for carbonate sediment production
increased, and as the platforms of the Bahamas flooded the energy regime became
highly variable across the platform. Consequently, the Holocene succession of sedi-
ment varies widely in different locations on the bank. This variability is illustrated
in Fig. 2.13. Figure 2.13a illustrates a leeward open margin at the northern margin
of LBB, where reefs formed only to be flooded by offbank transported sediments.
Seismic and drilling data document that Holocene sands up to 25 m thick lie on top
of early Holocene fringing reefs (Hine et al. 1981a). Figure 2.13b is a cross section of
GBB at Andros, showing persistant reef-development at the windward margin and
the muddy tidal-flat deposits in the lee of an aeolianite island, consisting of biotur-
bated, unlayered, pelleted mud and silt (Shinn et al. 1965; Hardie 1977). Only a thin
cap of layered sediments exists over the bioturbated sediment in the channel belt.
Figure 2.13c shows the cross-section of the Holocene sandshoal at Joulter’s
Cays. The ooid shoal grew in three stages: (1) an early bank-flooding stage in which
muddy sands of fine peloids and pellets accumulated in protected Pleistocene lows,
(2) a shoal forming stage during which ooid production began on bedrock highs
where bottom-agitation was focused, (3) the shoal development to the present size
and physiography. During this stage ooid sands were transported further bankwards
as the bank of active bars broadened. Eventually the exchange of water between the
seaward and bankward side of the shoal was increasingly restricted by three mecha-
nisms: (1) widespread sediment build-up approaching sea-level, (2) restriction of tidal
channel flow, (3) island formation along the shoal’s ocean-facing margin. As a
result, the series of bars and channels became an intertidal sandflat where sediments
are a mixture of ooid and peloid sands (Harris 1979). Figure 2.13d is the situation at
the Exuma Cays margin, with some windward reef development and sandy tidal flats
in the lee of the aeolianite islands. The platform interior in this place shows a progres-
sive coarsening-upwards succession from mudstone at 6,700 year bp, grapestone/
packstone at 4,460 year bp, grainstone at 4,170 year bp. Since then, lithified grain-
stone and skeletal debris cover most of the platform interior (Taft et al. 1968).
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Fig. 2.14 Holocene sea-level curve and rate of rise for the past 8,000 year (BP) compiled by
Kindler (1995) from various regional eustatic curves of the Bahamas

2.5.2 Facies Geometries

2.5.2.1 Islands

Islands cover about 11,400 km?, which is about 3% of the total area of the Bahamas
or about 6% of the shallow-water areas (Meyerhoff and Hatten 1974). Islands are
found predominantly on the windward, eastern side of the platforms and are ori-
ented parallel to the margins (Table 2.21). They are primarily composed of
Pleistocene and Holocene eolianite ridges, beach and intertidal deposits, partially
lithified Holocene eolian and beach deposits, and modern sediments including
supratidal and intertidal deposits, eolian dunes, and piles of shallow marine reef
talus (e.g., Doran 1955; Milliman 1967; Garrett and Gould 1984; Strasser and
Davaud 1986; Carew and Mylroie 1995; Kindler and Hearty 1995; Hearty and
Kindler 1997). Island deposits can be divided into eight stratigraphic units, two of
which are Holocene in age (Kindler and Hearty 1996). The Holocene units include
an older partially lithified, oolitic-peloidal limestone, eolian in origin and formed
when sea-level was lower. The second unit is Late Holocene in age, partially lith-
ified skeletal grainstone, marine to eolian in origin.

The eolianite ridges that formed during the Pleistocene reach an elevation as
high as 60 m, but most are 10-20 m high (Fig. 2.13; Carew and Mylroie 1995,
1997; Wilson et al. 1995). Holocene eolianites often cap Pleistocene eolianites and
reach elevations over 40 m such as on Lee Stocking Island (Kindler 1995). Parabolic
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dunes on the NW Bahamas indicates that the formation of these islands during the
Pleistocene (stage Se) occurred under dryer conditions than at present, but most
dunes are not parabolic and pre-date stage Se (Kindler and Strasser 2000).
Bahamian island morphology and associated deposits are controlled by their plat-
form and oceanic setting which ultimately controls the energy regime of modern
depositional facies (Kindler and Hearty 1997; Table 2.22). For example, Andros
Island, the largest island of the Bahamian archipelago, is situated on the eastern
margin of GBB along the TOTO. It is 153 km long and 29-64 km wide and is pre-
dominantly composed of Pleistocene oolites that form low hills on the windward
side of the island (Vaughan 1914; Smith 1940). The leeward side, in contrast, is
dominated by modern low-energy facies, tidal flats and mangrove swamps (Smith
1940; Shinn et al. 1969; Gebelein 1974).

The islands are also a controlling factor on the distribution of modern sand
deposits (Section 2.5.1). 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 extend-
ing onto the bank between islands (Reid et al. 1995; Gonzalez and Eberli 1997).

The interior of the islands in some cases is occupied by marine and hypersaline
lakes. For example, on San Salvador Island, the low areas between dune ridges are
occupied by lakes and ponds that cover an area of 26% of the island, whereby sur-
face streams are absent (Wilson et al. 1995). These lakes and ponds are less than
1-3 m deep and in some cases are connected to caves that form passages to the
ocean. On San Salvador, the salinity of these lakes varies strongly with the seasons
and between the lakes and can reach up to 200 ppt (Wilson et al. 1995). On Lee
Stocking Island, a 1,500-year old pond preserves coastal and lacustrine sedimenta-
tion (Dix et al. 1999). This pond started as a coastal embayment that was probably
closed off by a change in alongshore deposition about 700 year bp. It is likely that
several ponds are remnants of earlier embayments. In contrast to the numerous
sinkholes that are located on larger islands, these ponds are shallow and usually
have muddy shorelines and evaporative sediments.

2.5.2.2 Sand Bodies

The prerequisites for the formation of sand bodies on carbonate platforms are an
autochthonous sediment source and a mechanism to remove fine material (sorting).
Several other factors influence the development of sand bodies: the antecedent
topography, oceanic setting (physical processes that include wind, tidal, and wave-
generated currents), sea-level fluctuations, and early diagenesis. The antecedent
topography and oceanic setting are the most important factors in determining the
geometry, internal structure, composition, and texture of a sand body (Table 2.22).
Sand bodies are subdivided into five types as described by Ball (1967) and Halley
et al. (1983): marine sand belts, tidal bar belts, eolian ridges, platform-interior sand
blankets, and tidal deltas (Table 2.23).
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Marine Sand Belts

Marine sand belts are generally found along open, leeward bank margins but they
also occur on windward margins (Hine et al. 1981b). They are oriented roughly
parallel to the bank edge and have dimensions of 1-4 km in width and 25-75 km
in length but vary widely in size and geometry (Fig. 2.15; Halley et al. 1983).
Channels cut the sand belt normal to the sand body axis (Fig. 2.16; Ball 1967).
Tidal deltas develop at both ends of the channels and are controlled by tidal
flow. As Ball (1967) pointed out, geometry and internal structure of bars reflect
both ebb and flood currents, but flood currents are by far dominant. Channels are
usually well-developed features with little fine-grained sediment but with abundant
coarse-grained biocastic and cemented cobbles (Ball 1967). Sediment transport in
channels may be most active during storms that generate off-bank currents (Hine
et al. 1981a).

Along windward margins, particularly those fronting large islands sand waves
can form in water depths to 30-50 m. The sand bodies are composed of sand
waves 10-100 m in spacing and heights of 0.5-4 m with smaller-scale ripples
superimposed on the sand waves (Fig. 2.17; Halley et al. 1983; see also Boothroyd
and Hubbard 1975). Even though significant areas of sand-wave crests emerge
at low tide, the sand waves and ripples do not necessarily fill up to sea-level even
during low tide.

Lily Bank is an active tide-dominated ooid shoal system on the northeastern side
of LBB, 27 km long and 2—4 km wide, with its long axis generally parllel to the shelf
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Fig. 2.15 Comparison of dimensions of marine sand belts and tidal bar belts of the Bahamas.
Tidal bar belts have a larger range in size (includes data from TOTO, the Exumas, Joulters Cays
and Schooner’s Cay) while the range in width of marine sand belts is small (includes data from
the Cat Cays, Lily Bank and the Berry Islands) (Sources of quantitative data: Ball 1967; Hine
1977; Harris 1979, 1983; Halley et al. 1983)
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Fig. 2.16 Satellite data of Bahamian sand bodies. (a) The Cat Cay ooid belt is a marine sand belt
along the leeward margin of GBB. The axis of the sand body is parallel to the margin and is cut
by channels perpendicular to the margin. (b) The ooid belt at the southern end of Tongue of the
Ocean is a tidal bar belt containing individual sand bars perpendicular to the margin (Courtesy of
NASA ISS Earthkam
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Fig. 2.17 Comparison of dimensions of individual bars in marine sand belts and tidal bar belts.
Bars in tidal bar belts have a much larger variety in length (includes data from TOTO, the Exumas,
and Schooner’s Cay) in comparison to marine bar belts (includes data from the Cat Cays and Lily
Bank). The sources of quantitative data are from Ball 1967; Hine 1977; Halley et al. 1983, and the
data are listed in the text

break (Hine 1977; Rankey et al. 2006). Tidal range is about 1 m and tidal flow
velocities in shallow areas can exceed 80 cm/s (Rankey et al. 2006). Flood-oriented
tidal deltas dominate over ebb-oriented tidal deltas reflecting the high energy of the
windward margin. Ooidal sediment is about 4 m thick and lies on top of 1-2 m
of mud (Hine 1977). A typical bar measures about 4 km by 2 km. Migrating sand
waves (spacing >6 m) covered with dunes are abundant on the tidal deltas and zones
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Fig. 2.18 Height and spacing relationships of bedforms. (a) Subtidal ripples on Lily Bank and
subtidal bedforms on Walker’s Cay; (b) intertidal sand waves on Lily Bank; (¢) subtidal active
sand waves on Lily Bank; (d) relict sand waves on Lily Bank (After Hine 1977)

between the lobes and shoals (Hine 1977). Figure 2.18 shows the various bedforms
found on Lily Bank and their height/space relationship.

Tidal Bar Belts

Belts of tidal sand bars are found along high-energy, tide-dominated bank margins
and at open embayments without island rims. Tidal energy is the dominant control-
ling factor on geometry, so sand bars are oriented perpendicular to the bank margin
(Fig. 2.16). Compared to marine sand belts, tidal bar belts show a wider range in
both, width and length (Fig. 2.15), while individual bars in tidal bar belts have a
wider range in length (Fig. 2.17). Tidal bar belts reach up to 100 km in length and
45 km in width (Halley et al. 1983). Individual tidal bars range from 0.5-1.5 km in
width, 12-20 km in length and around 3-9 m in thickness. They usually are covered
by sand waves oriented obliquely to bars (Halley et al. 1983; Fig. 2.17). Channels
between sand bars, through which tidal energy travels to form lobes, are between
1-3 km wide and 2-7 m deep (Halley et al. 1983).

While well-sorted ooids dominate the composition of tidal bar belts, skeletal,
peloidal, and aggregate grains increase toward the bank interior. The grain sizes vary
according to the flow velocities acting on the sand belts. For example, on the wind-
ward side of GBB at Joulters Cays, the ooids are considerably larger (300—500 pm)
than the ooids on the leeward side of GBB at Cat Cay (200400 pm; Table 2.22).
At the southern end of the Tongue of the Ocean, where flow velocities are highest
in the Bahamas, the ooids are the largest (up to 1 mm).

Tidal bar belts are found in the areas of Joulters Cays, Schooners Cay, the southern
end of TOTO, and Frazers Hog Cay (southern Berry Islands). The most prominent
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tidal bar belt in the Bahamas is located at the southern end of TOTO and extends
for nearly 150 km along the bank margin and is 13-20 km wide (Newell 1955;
Newell and Rigby 1957; Ball 1967; Dravis 1977; Palmer 1979; Harris and Kowalik
1994). Within this area, broad sand ridges parallel to tidal flow generally radiate
from around the curving shelf margin (Fig. 2.16).

The Joulters Cays area, immediately north of Andros Island on GBB, displays a
variety of environments in which ooid sands accumulate. The Joulters Cays shoal
is a 400 km? sand flat cut by numerous tidal channels and fringed by mobile sands
along the margin edge (Harris 1979, 1983). The mobile sand belt is 0.5-2 km wide
and 2-3 m thick and extends 25 km, terminating abruptly at the shelf margin
(Harris 1979, Major et al. 1996). Well-sorted ooid sands occur in the center of the
sand complex (Major et al. 1996). Platform-ward the tidal bar belt grades into a
stabilized sand flat (Harris 1979). The Joulters Cays are three Holocene islands that
lie within the active area of the shoal.

In the Schooners Cays area, at the northern end of Exuma Sound, the tidal bar
belt is 56 km long and 20 km wide (Budd and Land 1989). The individual bars
composing the belt are 8 km long, 400-800 m wide and are asymmetrical and
convex-shaped reaching 7 m thick (Ball 1967; Harris and Kowalik 1994). Bar crests
are covered by medium scale ripples subparallel to the trends of the bars (Dravis
1979). Channels between sand bars reach depths of 5-8 m and contain little sedi-
ment except in spillover lobes (Dravis 1979; Harris and Kowalik 1994). Sediment
accumulation rates are around 0.73 mm/year (Dravis 1979).

Eolian Ridges

Eolian ridges compose the highlands of most Bahamian islands and extend
parallel to the bank margin. For eolian dunes to develop, a sediment source and
appropriate wind energy is needed to carry carbonate sand onto the bank (McKee
and Ward 1983). Sediment sources for the carbonate eolian dunes in the Bahamas
are marine sands inform tidal bars and beaches. Holocene dune height is highly
variable but can reach up to 40 m (McKee and Ward 1983; Kindler 1995). Carbonate
eolian dune ridges develop almost exclusively as coastal dune ridges at a relatively
short distance (1-3 km) from the shelfbreak (Abegg et al. 2001). However, a dune
ridge might be composed of several generations of Pleistocene and eolian
deposits. The internal structure of eolian ridges is dominated by large-scale foreset
cross-beds dipping toward the bank interiors, indicating that the material within
the dune was/is generated in the narrow marine belt in front of the eaolian dune ridge.
Finer-scale sedimentary structures include distinctive, millimeter scale, inversely-
graded laminations couplets. The carbonate eolianites typically also contain a diverse
assemblage of ichnocoensis and animal trace fossils (Curran and White 2001).
Eolian dune composition depends on the source of the marine sands and includes
well-sorted skeletal grains, ooids, or pellets. Kindler and Hearty (1996) have argued
that a distinctive allochem composition exists for each Pleistocene sea-level
highstand while Carew and Mylroie (1995, 1997, 2001) question such a clear
relationship because eolianites may be deposited during all phases of a highstand.
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Lee Stocking Island is composed of two types of Holocene eolian dune ridges.
The first type are oolitic-peloidal dunes 6—8 m high; the second type reach up to 43 m
in height and contain predominantly skeletal grains, but also reworked ooids
(Kindler 1995). Modern eolian sedimentation on Lee Stocking Island is limited due
to the combination of high sea-level and reefal growth that cuts off sediment supply
(Kindler 1995). Lithified Holocene eolianites on San Salvador are elongate trans-
verse dunes oriented perpendicular to the wind and composed of coalesced dunes
(White and Curran 1988). They contain typical eolian features including paleosols,
subaerial crusts, terrestrial fossils, and vadose cements (Caputo 1993).

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. Because water depths on bank tops are consistently shallow (about 2—10
m), and energy is low, sand blankets show a relatively constant thickness of about
6 m, thinning out above highs of antecedent topography. They extend over long
distances, and in many cases are limited in size only by the size of the carbonate
platform. The largest sand blanket covers most of GBB. Sand blanket composition
grades from muddy sand (grainstone, higher energy) to sandy mud (packstone,
lower energy) and is dominated by peloidal and aggregate grains (grapestone) (Ball
1967; Hine et al. 1981b). Interior sands of GBB average at ~27% peloids, 32%
grapestones, 15% ooids, 5% pellets and 7% mud (Purdy 1963b). The interior sands
near Ragged Island and southwest of New Providence Island contain over 50%
aggregate grains and 26% peloids (Illing 1954). The remaining percentages are a
mix of skeletal grains and pellets (Illing 1954). Burrowing is widespread in this
facies. In particular, the burrowing of the shrimp Callianassa is abundant and is
expressed by mounds up to half a meter in height that can be densely crowded or
spaced several meters apart (Bathurst 1975). Algal and sea grass cover (Thalassia
being the most common) varies from sparse to dense. Some active bank-interior
shoals form bathymetric highs and are created by wind-generated currents.

Tidal Deltas

Tidal deltas are lobate or fan-shaped sand bodies formed by tidal currents
flowing between barriers such as islands (Halley et al. 1983; Reeder and Rankey
2009). The constriction of the currents funnels sand into a lobe-shaped feature,
which forms where the current slows down (Ball 1967). A variety of bedforms is
found within tidal deltas including sand waves and ripples. Bedform migration is
controlled by tidal range and strength (Gonzalez and Eberli 1997). Gonzalez and
Eberli (1997) observed sand-wave migration on the order of 4 m during monthly
tidal cycle (Table 2.24). The inter-island channels in some examples are scoured
free of sediment (Illing 1954). Transport of sediment is assumed to be highest
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Table 2.24 Characteristics of a tidal-inlet sand body; Lee Stocking Island (From Gonzalez and
Eberli 1997)

Length 4.0 km
Width 0.25 km
Volume of sand body 5.5-6.0 x 10° m?
Distance from margin 0.5 km
Water depth 2.0-10.0 m
Tidal range (neap-spring) 0.6-1.1 m
Current speed 0.6—-1 m/s, 1.5 m/s maximum in shallow areas
Height of sand waves (maximum) <4.0m
Sand wave migration in monthly tidal 4 m/cycle
cycle (maximum)
Maximum grain size 0.5 mm
Minimum grain size 0.25 mm
Sediment type Ooid sand (<90% ooids) and mixed ooids with
bioclasts (up to 45% bioclasts)
Wind velocity 0.8-7.2 m/s
Exposure Leeward protected shelf edge at deep-water

embayment (exuma sound)

during storm events (Halley et al. 1983). Grain composition consists of skeletal
grains, ooids and rare aggregate grains. A tidal delta located in Gun Point
Channel in the southeast of GBB, the skeletal content drops from nearly 100%
on the marginal shelf to less than 25% on the tidal delta located opposite the
channel, and the remaining sediment is composed of ooids and composite ooids
(grapestones) (Illing 1954).

2.5.2.3 Muddy Environments

Despite the large size of the Bahama platforms muddy sediments are found only at
some sheltered locations on the platform where energy is lowest. Depth in the muddy
interior is slightly less than that of the platform interior sand blankets, averaging at
2 m, and vegetation is sparse. The areas on GBB of mud-dominated sediments are
for example in the lee of Andros and Eleuthera Islands. On LBB, muddy sediments
are found in the interior of the platform as well as in leeward positions of Great
Abaco and Grand Bahama Islands. The grain composition consists of moderately
to poorly sorted fecal pellets, peloids, skeletal grains, and aragonite needles. In the
lee of Andros Island, within the pelletal wackestone facies, the sediment is
composed of 66% mud, 17% skeletal grains, 12.5% pellets, 2% each of peloids and
skeletal grains (Purdy 1963b). The pelletal packstone facies is 48% mud, 33%
pellets, 11% skeletal grains, 6% ooids and 2% peloids (Purdy 1963b).

The muddy environment is commonly referred to as the “‘carbonate mud factory”,
and the origin of the mud is widely debated. The large quantities of mud produced
there may originate from the breakdown of calcareous algae and direct precipita-
tion on resuspended sediment (see Section 2.3.2 for more detailed discussion).



58 K.L. Bergman et al.

Many authors have attempted to estimate how much mud is being produced on GBB
through various means. Neumann and Land (1975) estimate that the breakdown of
calcareous algae produces 1.5-3 times the amount of mud found on the bank today.
Shinn et al. (1989) estimate mud production in whitings at three times that of
calcareous algae. Whatever the source of mud (see Section 2.3.2), the numbers illus-
trate the large quantities being produced. Most of this mud is being exported to the
deep water areas surrounding the banks (Wilber et al. 1990; Wilson and Roberts
1992). The pelletization of mud may be a primary control in the stabilization of the
muddy facies, reducing the transport of fine-grained mud to other locations during
high-energy events.

2.5.2.4 Tidal Flats

Tidal flats are located predominantly on the western, leeward side of islands
and form belts oriented parallel to the islands. Tidal flats are composed of three
geomorphic zones: (1) a high algal (or microbial) marsh zone that is entirely
supratidal and brackish, (2) a channel belt which includes subtidal (channels, ponds),
intertidal (algal mat zone), and supratidal depositional facies (levees and beach
ridges), and (3) a marginal marine zone (Fig. 2.19; Shinn et al. 1969; Hardie 1977;
Hardie and Shinn 1986). Aragonitic mud, pellets and some skeletal grains,
especially miliolid foraminifers, compose sediment in both zones. The aragonitic
mud is produced offshore and is transported by storms and spring tides to the
interior of the tidal flats. The high algal marsh is exposed for prolonged periods and

Marginal Marine Channelized Belt Inland Algal Marsh

Il Dolomite -Z-] Algal Marsh
I Levee BB Beach Ridge

Pond

Fig. 2.19 Facies and geomorphic features of the tidal flats environment of Andros Island (After
Hardie 1977)
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covered by water only during storm events. Organisms dominating these supratidal
settings are cyanobacteria, primarily Scyfonema and Schizothrix. Sedimentary
structures in the supratidal zone include desiccation cracks, storm laminae, algal
structures, and fenestrae (Shinn 1983).

Environments in the channel belt zone include tidal channels, levees, ponds,
and microbial mats. The portion of the channel belt is exposed two times a
day during low tide. This zone contains a network of meander-shaped channels
up to 3 m deep and active and stabilized channel bars (Shinn 1983; Rankey and
Morgan 2002). The meanders do not migrate laterally but exhibit headward
erosion and landward progradation toward the pond facies at around 2 m/year
(Rankey and Morgan 2002). Channel levees are laminated due to the intermittent
sedimentation and the subsequent colonization of cyaonbacteria (Schizothrix).
Sedimentary structures in the channel belt zone include mangrove roots, halophyte
grass roots, fiddler crab burrows, and worm burrows (Shinn 1983). Gastropods that
graze on microbial mats are common. Mangroves are concentrated in margins and
shallower areas of ponds. Beach ridges develop where tidal flats meet the subtidal.
They generally consist of coarse-grained skeletal material.

The tidal flats on the leeside of Andros Island are cited as classical tidal flat
example in a humid environment (Shinn 1983). The supratidal marsh has a width of
2 km and is several tens of kilometers long. Total length of the tidal flats is over 70 km
and width reaches 5 km (Rankey 2002). Quantitative analysis of remote sensing data
covering the Three Creeks area along northwest Andros Island shows a quantitative
breakdown into the following morphological subfacies within the channelized belt:
high and low algal marsh 54%; open pond 23%; mangrove ponds 20%; levee 1-2%;
beach ridge 1%. Although the lateral facies distribution in these tidal flats are highly
complex, they are not random (Rankey 2002). Crusts of aragonite, high-Mg calcite,
and dolomite form in the supratidal adjacent to the hammocks and ponds (Shinn
et al. 1965; Gebelein et al. 1980). The fractal nature of northwest Andros Island
suggest a self-organizing system that is the result of the absence of a template or
external forcing (Rankey 2002). The absence of external forcing is further illustrated
by the minimum ipact of extreme events such hurricanes (Rankey et al. 2004).

Tidal flats on the southern flanks of North Caicos, Middle Caicos, and East
Caicos extend 60 km in length and 10 km in width. Sediment thickness usually
reaches 3—4 m, although some areas even reach 5-6 m (Gebelein et al. 1980;
Wanless and Dravis 1989). Caicos tidal flats receive significantly less rainfall than
Andros Island tidal flats; 50-75 cm/year versus 165 cm/year, respectively, and only
half as many cold fronts pass over Caicos in contrast to Andros (Wanless and
Dravis 1989). Due to the drier climate on the Caicos tidal flats, more evaporation
takes place, and gypsum-cemented crusts form (Wanless and Dravis 1989).

2.5.2.5 Coralgal Reefs

Reefs are a subordinate feature of the present-day Bahamas. Coral reefs
cover 324 km? of LBB, and 1,832 km? (2.2%) of GBB (Linton et al. 2002).



60 K.L. Bergman et al.

On GBB, discontinuous shelf-edge reefs are found predominantly on the windward
sides of the platforms. Where the shelf-edge reefs form an energy barrier patch
reefs develop in the quieter lagoon. Patch reefs are also found scattered in the bank
interior and are most abundant west of the southern end of TOTO. Other examples
include the Yellow Banks southeast of New Providence Island. Channels reefs
occur within the tidal channels of the Exuma Cays (Table 2.11). Few reefs occur at
the leeward margin of GBB, e.g., along the Cuba Channel. Leeward reefs are more
common in the Turks and Caicos Islands.

The Andros reef system is a barrier reef of 217 km length, making it one of the
longest reef systems in the Western Atlantic. It is situated 1-5 km from the Andros
shoreline and separated by a shallow 2-4 m deep lagoon (Harris and Kowalik
1994). The Andros Barrier Reef has a fore-reef and backreef zone and sediments
are composed of clean coralgal skeletal sand (Kramer et al. 2003). The post-mor-
tem breakdown of reefal organisms is the source for the skeletal sand of the reef
facies. Organisms boring or grazing on the reef produce fecal pellets and other sand
to mud-sized grains within the reef system (James 1983). The reef exhibits spur-
and-groove structures. The spurs that are colonized by active coral reefs are around
60 m wide and are cut by grooves measuring 3—6 m wide and 3 m deep (Kramer et al.
2003). In the grooves, sediment movement inhibits coral growth. Toward the open
ocean, the reef is characterized by a vertical wall at 40-50 m water depth that is
characterized by irregular features such as caves and notches (Eberli et al. 1998).

Other barrier reefs occur along the northern edge of the Caicos platform (130 km
in length; Harris and Kowalik 1994) and along southern Eleuthera, the latter being
the most luxuriant coral reef in the Bahamas (70 km in length). Small and infre-
quent fringing reefs occur in the Exumas; they are at best hundreds of meters long
and about 40 m wide (Chiappone et al. 1997a).

On northeastern LBB, a deep shelf-edge reef complex in 30 m water depth and a
shallow reef-veneered rock ridge measure up to 175 km long (Storr 1964; Macintyre
1972; Hine and Neumann 1977). This deep reef is a Holocene reef that did not keep
up with sea-level rise and subsequently drowned (Hine and Neumann 1977).
Fore-reef talus is virtually absent and sand accumulation takes place in the back-reef
and inter-reef zones preventing the deep reef from being covered by sediment (Hine
and Neumann 1977).

In the Exuma Islands, patch reefs are circular with a relief of typically 1-3 m
(Table 2.11; Chiappone et al. 1997a). On the windward side of the island chain
individual patch reefs reach up to 1,000 m? in area while leeward patch reefs reach
only areas of up to 700 m? (Chiappone et al. 1997a).

2.5.2.6 Adjacent Slopes

Generally, the slopes of the present-day Bahamas are characterized by high angles
that decrease with depth. The slopes encompass the area of transition between the
shallow-water platform and the deep-water environment and can be divided into an
upper slope, lower slope and toe-of slope. The upper slope, as described from the
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Fig. 2.20 Windward and leeward upper slopes of TOTO are be divided into three regions, the
wall, cemented slope, and soft sediment slope (Modified from Grammer et al. 1993)

windward and leeward slopes of TOTO, is composed of three parts: (1) the wall,
(2) the cemented slope, and (3) the soft-sediment slope (Fig. 2.20; Grammer and
Ginsburg 1992). The uppermost slope or wall has angles of 70-90° begins at
depths around 40-60 m and extends down to 130-140 m (Grammer et al. 1993).
The wall contains caves, ledges, and overhangs, as well as encrusted vertical sur-
faces. The encrusting biota consist of platy growth forms of zooxanthellate corals,
coralline algae, Halimeda, and sponges (Figs. 2.20 and 2.21; Grammer et al. 1993).
The cemented slopes have angles of 35-34° and extend to depths of about 365 m
(Grammer et al. 1993). They have a thin veneer of sediment, ridges and swales,
often described as a gullied slope, and localized slope-failure scarps (Mullins and
Neumann 1979). Talus debris in the lowermost portion of the cemented slope con-
tains large blocks and rubble (Grammer et al. 1993). The soft-sediment slope has
angles of 25-28° and consists of a wedge of sand and mud derived from both the
slope wall and the platform (Grammer et al. 1993). Sedimentation processes along
the upper slope include slumps and turbidity currents, the latter being responsible
for the development of incised channels or gullies (Betzler et al. 1999). Average slope
angles in the Exuma Sound on the upper slope are 30-35° and channels range from
1-3 m in width and 80-100 m in depth (Crevello and Schlager 1980).

The lower slope begins at around 400 m and exhibits gentler angles than the
upper slope, averaging at 3.5° on the leeward side of GBB, 3-5° in the Exuma Sound,
and 6-9° in the TOTO (Schlager and Chermak 1979; Crevello and Schlager 1980;
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Fig. 2.21 Depth ranges of organisms on the slopes of the TOTO (After Ginsburg et al. 1991 and
Grammer et al. 1993)

Betzler et al. 1999). Sediments consist of prograding turbidite sequences and
slump deposits similar to the upper slope, and exhibit turbidite channels and
gullies (Schlager and Chermak 1979; Betzler et al. 1999). The gullies in TOTO
measure tens to hundreds meters wide and 20-100 m deep and contain erosional
cliffs (Schlager and Chermak 1979). The gully floors contain coarse sand and
boulders and are often lined with erosional limestone outcrops (Schlager and
Chermak 1979).

The toe-of-slope, or continental rise, is the area of transition between the slope
and basin (Crevello and Schlager 1980). The toe-of-slope exhibits angles of 0.5-2.5°
in Exuma Sound, 2.4° in the lee of GBB, and 0.5° in the southern TOTO (Schlager
and Chermak 1979; Crevello and Schlager 1980). In Exuma Sound, the toe-of-slope
is 1.8-4.6 km in width and is cut by some gullies with a relief of 10-220 m that
extend down from the lower slope (Crevello and Schlager 1980). In the southern
TOTO, the toe-of-slope begins around 1,150 m, and sediments are composed of
carbonate ooze, turbidites, and debris flow and slump deposits that originate on the
upper slope (Schlager and Chermak 1979).

The slopes are loci of voluminous deposition of carbonate material from the
shallow-water carbonate factory. The excess of fine-grained material that is
produced on the platform interior is swept off the banks by waves and currents,
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especially during storm events (Neumann and Land 1975). The off-bank transport and
deposition of shallow-marine material on the slopes is the main process responsible
for the rapid lateral progradation of the Bahama banks (Eberli and Ginsburg 1987,
1989). Downslope processes include turbidity currents and mass wasting which are
strong enough to produce channels on the upper and lower slope (’gullied slope”;
Mullins and Neumann 1979; Anselmetti et al. 2000), but also density cascading
of fine-grained material (Wilson and Roberts 1995). Lateral growth on the leeward
side of GBB led to the progradation of more than 25 km westward into the present-
day Straits of Florida since the Miocene; thus, progradation is one of the most
striking features governing the development of this carbonate platform (Fig. 2.2;
(Eberli and Ginsburg 1987, 1989); Eberli 2000; McNeill et al. 2001).

The slopes of the Bahamas are characterized by a strong asymmetry between
windward and leeward slopes with respect to sediment accumulation rates and
geometries (Mullins and Neumann 1979; Eberli and Ginsburg 1989). On the wind-
ward side of the Bahamas Escarpment, the slope has a very narrow width of about
5 km; in contrast, the slope northwest of LBB is about 100 km wide (Mullins and
Neumann 1979). The dominant direction of winds, currents, and consequent trans-
port of sediment is towards the west; therefore, accumulation and progradation
rates are much higher on the western, leeward sides of the platforms. Accumulation
rates 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). Grammer and Ginsburg (1993)
observed a Holocene sediment wedge 80 m thick along leeward slopes of TOTO,
whereas the wedge on the windward slopes, measures 20 m in thickness.

Deposition on slopes adjacent to the platform is a combination of pelagic and
platform-derived sediments. Fine-grained periplatform ooze is characterized by a
mixture of fine-grained shallow-water constituents such as aragonite needles and
small benthic foraminifers and pelagic grains such as Globigerinids and coccoliths,
whereas coarser-grained turbidites and other gravity-displaced deposits contain
platform-derived grains such as Halimeda plates and typically contain only
sparse pelagic components (e.g. Westphal 1998; Westphal et al. 1999; Rendle
2000; Kenter et al. 2002; Betzler et al. 1999). Slope sediment at 500 m depth in
the Northwest Providence Channel is composed of 80% bank-derived and 20%
planktic-derived material (Pilskaln et al. 1989).

While most Bahamian slopes are depositional in style, some are dominated by
erosional processes and exhibit limited amounts of progradation. For example, the
windward slope along the eastern margin of LBB (the Bahama Escarpment) is one
of the steepest margins in the world with slope angles over 40° that drop down to
over 4,000 m into the Atlantic Ocean (Emiliani 1965). The margin exhibits high
amounts of mass wasting along the upper and lower slope with talus sediments that
accumulate along the toe-of-slope (Mullins and Neumann 1979). Erosional slopes
are also found along the northeast margin of GBB (seaward of the Berry Islands)
and southeast margin of LBB. The slopes measure over 20° and are less than 5 km
wide (Mullins and Neumann 1979). Slopes observed off the Blake-Bahama
Escarpment near Cat Island have an average angle of 25° and extend below 2,000 m
water depth (Freeman-Lynde et al. 1981).
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2.5.2.7 Deep-Water Environment

Deep-water sediments around the Bahamian platforms consist of a mixture of
pelagic sediments and material derived from the bank top, the so-called periplatform
ooze (Schlager and James 1978). Sediments are transported to the deep-water
environment episodically via turbidity currents, debris flows, and density driven
flows (Crevello and Schlager 1980; Wilson and Roberts 1995), but also as a
continuous rain of fine-grained sediment through the water column.

The deep-water environment surrounding the Bahamian platforms include the
deep-water reentrants of TOTO and Exuma Sound, open seaways including the
Straits of Florida, Santaren Channel and Providence Channel, and the open Atlantic
Ocean. The deep reentrants are flat-floored, u-shaped basins (Schlager and Chermak
1979). The TOTO is around 1,300-2,000 m deep whereas Exuma Sound reaches
800 m to over 900 m water depth (Schlager and Chermak 1979; Crevello and
Schlager 1980). In the Exuma Sound, 25% of the sediment is composed of
gravity-displaced sediment and 75% of periplatform ooze with open-marine compo-
nents such as pteropod shells (Crevello and Schlager 1980). The gravity-displaced
sediment consists of 50-70% components derived from shallow water and 30-50%
derived from slope and basin. Turbidites, debris flows and other mass-transport
deposits thin towards the basin axis and have areal extents up to 400 km? (Crevello
and Schlager 1980). Gravity-flow frequency in Exuma Sound is estimated at one in
10,000-13,000 year, while for the TOTO a range of one in 500-10,000 year is
assumed (Rusnak and Nesteroff 1964; Crevello and Schlager 1980).

Sedimentation is further influenced by offshore currents that form drift deposits
and other features such as sediment waves and erosional channels on the basin
floor. The convergence of currents northwest of LBB and GBB has formed two
streamlined mounds of sediment extending northward from the northwest extremi-
ties of LBB and GBB (Fig. 2.22; Mullins et al. 1980). The Great Bahama Drift
covers an area of about 85 km in length and 60 km in width; and the Little Bahama
Drift covers an area of about 100 km in length and 60 km in width (Mullins et al.
1980). The surface currents flowing through the Santaren Channel off the west
slope of GBB have formed the Santaren Drift, a symmetrical mound that reaches a
thickness of 1,000 m (Fig. 2.22; Anselmetti et al. 2000). Submersible observations
in the Straits of Florida have revealed other modern current features including sand
waves up to 1-2 m high between 538 and 222 m water depth off the coast of Bimini
and north-south oriented sand ridges up to 12—15 m high at around 719 m depth off
the Miami Terrace Escarpment (Neumann and Ball 1970).

2.5.3 Sea-Level Fluctuations

Fluctuating sea-level is one of the major controlling factors for sediment produc-
tion, distribution and accumulation on the modern Bahama platforms. Sediment
production on the flooded platform is very high; in fact more sediment is produced
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Fig. 2.22 Depositional facies map showing the location of drift deposits and other current fea-
tures in the Florida Straits. The Pourtales and Santaren drifts are formed by surface currents
associated with The Gulf Stream while the Great Bahama Drift forms due to converging currents
along the northwest corner of GBB (From Bergman 2005)

than can be accumulated on the platform top (Schlager 2005). On the present-day
Bahamas, the area available for carbonate production during highstands is two
orders of magnitude larger than the area that is productive during lowstands
(Schlager et al. 1994). A sea-level drop of 10 m is sufficient to expose most of the
present-day GBB, restricting production to a narrow rim on the slope (Traverse and
Ginsburg 1966; Burchette and Wright 1992). Consequently, sedimentation rates of
interglacial periods exceed that of the glacials by a factor of 4-6. This increased
sediment export during sea-level highstand was termed highstand shedding (Droxler
and Schlager 1985). This highstand shedding puts the shallow-water carbonates
180° out of phase with the siliciclastics environment where most of the sediment
export into the deepwater areas occurs during sea-level lowstands. During sea-level
highstand, fine-grained carbonate mud that is produced in the vast shallow-water
areas are exported to form fine-grained, aragonite-rich periplatform sedimentation.
In contrast, lowstand sediment is coarser-grained and shows a lower percentage of
aragonite mud (Droxler et al. 1983; Droxler and Schlager 1985; Reijmer et al. 1988,
Haak and Schlager 1989; Westphal 1998; Westphal et al. 1999).
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The Holocene sea-level rise in the Bahamas allows for the evaluation of
the process of sedimentation during a transgression and sea-level highstand, i.e.
the process of filling accommodation space created during the last sea-level rise.
Important aspects regarding the dynamics of flooding and sediment production are
discussed below.

2.53.1 Lag Time

On flat-topped isolated platforms like the modern Bahamas, sea-level rise may
result in a lag time or startup phase before the platform resumes full production. In
the Holocene this lag time is in the order of 2,000-5,000 years (Fig. 2.23; Schlager
1981; Harris et al. 1993). Backstepping of margins, as observed in many ancient
examples, suggests that such a lag time also occurs during long-term (third-order)
sea-level rises (Schlager 2005).

2.5.3.2 Unfilled Accommodation Space

In the Bahamas/Florida region, carbonate production should be sufficient to fill the
accommodation space that is created by the Holocene sea-level rise (Neumann and
Land 1975; Nelsen and Ginsburg 1986; Bosence 1989). Nevertheless, there is
strong indication that accommodation space of most of the modern platforms will
never be filled. The amount of filling of accommodation space is controlled by
facies and location. Reefs, for example, easily fill the available accommodation
space. Other facies, such as ooids accumulating in high-energy areas fill accom-
modation space or even overfill it to create islands. In protected areas where sedi-
ment accumulates in muddy tidal flats, e.g. behind the Andros Island paleo-high,
Holocene sediment is also above sea-level. Most areas of Great Bahama Bank,
however, are not filled with modern sediments and probably never will, because
base level is lower than the current mean sea-level. Currently, water depth is 7 m in
the platform interior whereas the Holocene sediment thickness is about 2.5 m.

unfilled accommodation space

fall
g \lag time
relative
sediment accumulation curve sea-level
curve

Fig. 2.23 Sedimentation during a sea-level rise. Sedimentation lags behind the flooding of the
platform by 2-5 ky. Accommodation space created by the rise is filled differently on different
locations on the platform. In addition, most of the platform is never filled completely
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Biogenic production during the last 6,000 years, when the platform was flooded,
would have been enough to fill this space.

Unfilled accommodation space is not a function of sediment production but
rather of sediment accumulation. The energy of waves, tides and winds across the
platform prevents filling of accommodation space in many places. Only in pro-
tected areas, such as behind topographic highs or in high accumulation areas, is
complete filling or overfilling of accommodation space possible. Consequently,
sediment accumulation is probably not occurring in the top 5 m on a carbonate
platform. If the present is a key to the past, 2/3 of the accommodation space on
flat-topped isolated platforms remain unfilled in each sea-level cycle.

Boss and Rasmussen (1995) concluded, based on the Holocene sediment
thickness, that there is no correlation between accommodation space and sediment
thickness. Similarly, accommodation space remained unfilled during the last
interglacial when sea-level is estimated to have been about 6 m higher than
at present. If accommodation space would have been filled completely and
uniformly across GBB during the last interglacial, the bank still would be above
modern sea-level.

Unfilled accommodation space is not a function of sediment production but
rather of prevented sediment accumulation. The energy across the platform pre-
vents filling of accommodation space in many places. Thus, on modern GBB, the
amount of filling of accommodation space is controlled by facies and location.
Reefs, for example, have a growth potential of approximately 10 mm/year (Bosscher
and Schlager 1992), which easily fills the available accommodation space. In addi-
tion, reefs are preserved even in high-energy environments. This is in contrast to
other facies where sedimentation rate is generally less than production rate. Other
facies, such as ooids accumulating in high-energy areas, fill accommodation space
and locally overfill it to create strom beach ridges. Overfill also occurs in protected
areas such as in the muddy tidal flats behind the Andros Island paleo-high.

2.5.3.3 Stratigraphic Evolution

Changing amplitudes and durations of sea-level changes result in variations in the
rate of progradation and the architecture of platforms (Eberli and Ginsburg 1987,
1989; Pomar 1993). For the late Tertiary and the Quaternary, seismic sequences as
well as morphology modifications can be related to sea-level changes (see various
chapters in Ginsburg 2001; Eberli et al. 1997b; Swart et al. 2000).

Cores from seven sites drilled during ODP Leg 166 along western Great
Bahama Bank retrieved the sedimentary record and the timing of high and low-
frequency sea-level changes throughout the Neogene (Eberli et al. 1997b). Facies
successions within the cores contain indications of sea-level changes on two
different scales. First, there are high-frequency alternations between meter thick
layers with platform-derived material and thin layers with more pelagic sediments.
Carbonate-rich intervals are interpreted to reflect periods of high sea-level while
the thin intervals correspond to times of increased pelagic and siliciclastic input
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Fig. 2.24 Detail of the Western Line showing the leeward clinoforms that prograde westward
from the Bimini Bank (From Eberli et al. 1997b)

during sea-level lowstands. The duration of these alternations (20—40 ky.) correlates
to orbitally induced high-frequency climate and sea-level changes (Bernet et al.
1998; Kievman 1998).

Longer-term sea-level changes with duration of 0.5-2 Ma are recorded by
alternating high (up to 20 cm/ky) and low sedimentation rates (<2 cm/ky) that
document a long-term pattern of bank flooding with concomitant shedding to the
slope, and periods of bank exposure with reduced shallow-water carbonate pro-
duction and largely pelagic sedimentation in the basin (Eberli 2000). The longer-
term changes coincide with progradation pulses that are imaged on the seismic
data as depositional sequences (Fig. 2.24). These carbonate depositional sequences
display five major elements. On the platform top, the sediments are arranged in
shallow-water packages separated by exposure horizons (Beach 1982; Kievman
1998). On the upper slope, the prograding pulses are characterized by fine-
grained platform-derived material. The middle to lower slope has a variable
facies assemblage consisting of periplatform, pelagic and redeposited carbonates.
Small-scale channeling and lobes of turbidites produce irregular depositional
surfaces. At the toe-of-slope, redeposited carbonates accumulate during both sea-
level highstand and sea-level lowstands. These carbonate turbidite series are
arranged in mounded lobes with feeder channels. The distal portion of the
sequences is dominated by cyclic marl/limestone alternations with few turbidites.
Highstand shedding is recognized in the thickness of the entire sedimentary
package rather than in the number of turbidites (Bernet et al. 2000).

The morphological evolution of GBB is, however, not solely determined by
fluctuating sea-level. For example, the upper Pliocene record shows prograding
geometries and a steepening of the flanks of the platform. In Pliocene-Pleistocene
platform-top sediments, Beach and Ginsburg (1980) and Beach (1982) observed
a change in composition from a dominance of skeletal to non-skeletal grains. This
change is interpreted to reflect the morphologic evolution from an open bank
with gentle slopes into a flat-topped bank that resembled the modern morphology
(see also Schlager and Ginsburg 1981; McNeill et al. 1988; Reijmer et al. 1992;
Westphal 1998; Westphal et al. 2000). The upper, dominantly non-skeletal, formation
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represents a major change in sediment deposition due to changed circulation and
shallowing of the bank (Beach and Ginsburg 1980). This change in depositional
style from skeletal to non-skeletal observed in the platform interior is also
reflected in the composition of adjacent toe-of-slope turbidites from ODP Leg
101 (Reijmer et al. 1992).

The Pliocene-Pleistocene limestone is bounded above by an upper Pleistocene
unconformity that forms the present-day surface of many islands along the margin
of the banks, and underlies unlithified Holocene sediments in the interior of GBB.
The onset of glaciation on the northern hemisphere in the Pliocene resulted in
high-frequency sea-level fluctuations with rises that only slightly overstepped the
platform top (flooding during isotope stages 13, 9, 7, Se).
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Chapter 3
Belize: A Modern Example of a Mixed
Carbonate-Siliciclastic Shelf

Donald F. McNeill, Xavier Janson, Kelly L. Bergman, and Gregor P. Eberli

3.1 Introduction

The Belize shelf is located on the eastern side of the Yucatan Peninsula (Fig. 3.1).
It extends along approximately 300 km in a north-south direction and 10—40 km in
an east-west direction. The Belize shelf lagoon is a mixed carbonate-siliciclastic
rimmed platform developed under a humid tropical climate. The southern shelf
lagoon depositional system is attached to a mountainous mainland of the Yucatan
peninsula. The main relief features are the Maya Mountains that culminate at a
height approximating 1,000 m above sea level.

The Belize shelf is composed of a more or less continuous reefal barrier that
separates a lagoon from the deep open-ocean to the east. The shelf can be subdi-
vided into five main regions based on water depth and morphology (Fig 3.1). The
five subdivisions include: (1) Chetumal Bay, a shallow (2 m or less), restricted
embayment at the northern end of the Belize Lagoon and southern Mexico; (2)
Northern Shelf Lagoon, the northern lagoon ranging from Belize City to Ambergris
Cay with water depths up to 6 m; (3) Central Shelf Lagoon, from the latitude of
Belize City to that around the Settee River with water depths up to 22 m; (4)
Southern Shelf Lagoon, from the latitude of the Settee River and the start of the
abundant lagoon reefs, southward to the end of the barrier reef at Sapodilla Cays,
water depths up to 40 m; and (5) Gulf of Honduras, the area comprising the south-
ernmost part of the Belize lagoon and ranging into open water (>50 m) where no
shallow reefs occur. Seaward of the Belize shelf three atoll platforms lie offshore
(Turneffe, Lighthouse, and Glovers) (Fig. 3.1).
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The non-carbonate mountain relief associated with the humid climate is responsible
for the drainage of siliciclastic into the near-shore shallow-water area. A well-estab-
lished long-shore current has confined this bedload siliciclastic deposit to the coastal
area. Suspended siliciclastic mud are transported further offshore, mostly during the
wet season (June—October). These mud plumes often reach the central part of the
lagoon, and sometimes as far as the barrier reef. Mud plumes that originate from
drainage around The Gulf of Honduras have also been observed to carry mud-laden
water and cover much of the lagoon southward from the latitude of Placencia.

Pure carbonate sedimentation occurs at several different settings on the shelf
lagoon. The carbonate deposits consist of reefal build-ups and skeletal sand near the
barrier reef and the inner lagoon build-ups; carbonate marl in the deeper lagoon and
sandy mud and carbonate mud in the more restricted lagoon area. The facies
organization in Belize is the result of the combined influence of the structural
background of the shelf and the antecedent morphology, the geographical setting
and the climate, the oceanographic condition and the type of sediment produced. In
the following section, each of these controlling parameters will be shortly described
and the resulting facies organization of the shelf will be presented in detail. The aim
is to illustrate the numerous physical and biological processes associated with feed-
back mechanism that control the carbonate deposition in such a setting.

3.2 Geography, Climate, and Oceanographic Setting

3.2.1 Climate

The Belize shelf lies within the tropical climate belt and the marine environment is
tropical to subtropical (Portig 1976). The climate has been summarized by Wright
et al. (1959) and is characterized by a pronounced wet and dry season. The rainy
season lasts from June to October with yearly rainfall averages ranging from ~125
cm in northern Belize (at Chetumal) to 450 cm in the south (near the Guatemala
border) (Fig. 3.1). Humidity averages 78% between March and June with a range
of 58-96% (Riitzler and Macintyre 1982a). Figure 3.2 shows monthly rainfall aver-
ages at Carrie Bow Cay and Table 3.1 shows hurricanes that have passed within a
50 km radius of Carrie Bow Cay between the years of 1960 and 1980.

Stoddart (1963, 1969) showed that the Belize reefs were affected by a major
hurricane on the average of once per every 6-years based on storm frequency
between 1931 and 1961.

3.2.2 Air and Water Temperature

Air temperatures in Belize average 27°C in summer and 24°C in winter (Wright
et al. 1959). The range of air temperatures is from 10°C to 36°C; the average range
in Belize City is from 23°C to 33°C (Riitzler and Macintyre 1982a).






