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Abstract

Twenty-eight 14C dates were obtained from 90 cores drilled through the tidal flats of western Andros Island, a large area
(2000 km2), mostly covered by mangroves and stromatolitic deposits. These dates are correlated with location of the samples,
sedimentological description, position of the samples at the time of deposition and their present-day sedimentological position.
Measurements were made on bulk algal sediments and location of the relative paleo-sea-level is inferred from paleobathymetric
reconstructions.

On the basis of 14C dates, I conclude that the whole area was flooded about 5000 years BP and then was covered by the subtidal
greyish mud facies, rich in Peneroplids, in the area of Deep Creek (north of the study area), Pelican Creek and Wide Opening
(southeast of the study area). The level of this paleo-Great Bahama Bank Sea continued to rise until 3500 years BP and then slowly
fell asymptotically toward the present-day level.

Thick hurricane marks (aragonitic lime mud with Didemnids spicules, several cm thick), previously defined as hurricane trails,
can be observed throughout the cores, from 2000 years BP onwards. From 2000 years BP onwards it seems that the modern
physiography was already established, including tidal estuaries, channels and stromatolite-bearing swamps.

Paleogeographic maps and sections have been drawn, and accumulation rates calculated in the various sedimentological zones
of the tidal flats of western Andros. These vary between 0.5 to 0.04 mm/yr.

The modern topography of the tidal flats was established by 2000 years BP; similarly, the modern geological features,
controlled by a tropical climate strictly dependent on hurricanes, were already established by 2000 years BP and seem to have been
initiated between 2500 and 2000 years BP.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Objectives

In this paper I will describe additional features of the
Bahama Bank area that can be attributed to the influence
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of tropical cyclones and hurricanes (Bourrouilh-Le Jan,
1998). This influence has been most intense during the
last 2000 years. Building on that, I will also present a
model for the middle to late Holocene (ca. 5000 years)
sedimentary deposition on western Andros Island of the
Great Bahama Bank. This envisions a higher stand of
sea-level at about 3000 years BP followed by a slow fall
to present sea-level. This higher sea-level has been
documented in other parts of the world (Flood and
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Frankel, 1989;Beaman et al., 1994; Baker and Haworth,
1997, in Australia, Fletcher and Jones, 1996; Grossman
and Fletsher, 1998, on Hawaiian Islands, Jedoui et al.,
1998 in Tunisia, Blum et al., 2001 in Texas), despite the
generally accepted curve for North American Atlantic
coast and the Gulf of Mexico (Curray, 1960; Shepard,
1963; Scholl et al., 1969; Frazier, 1974; Belknap and
Kraft, 1977; Parkinson, 1989; Thomas, 1990; Toscano
and Lundberg, 1998; Rodriguez, 1999) and for Australia
(Thom and Roy, 1983; Woodroffe et al., 1990).

The results of radiocarbon dating of a set of cores
collected from carbonates deposited in the mangroves of
western Andros Island adds to a series of studies carried
out in the same region on sedimentology and diagenesis
(dolomitization) of the mangroves, and, of the hydrol-
ogy and diagenesis related to hurricanes (Bourrouilh-Le
Jan, 1973, 1978, 1980, 1982, 1990, 1998).

The questions to be raised are the following: (1) has
the dolomitized supratidal mud been deposited by slow
Holocene sea-level rise, as Bahamian tidal flat histories
are usually presented (Hardie, 1977), under the control
of a sea-level that began lower than the present (Scholl
et al., 1969; Pardi and Newmann, 1987; Gornitz and
Seeber, 1990); or, (2) have they been deposited under
the control of a sea-level higher than the present
followed by a fall to present level and affected by
stronger hydrodynamic agents as a result of intensifica-
tion of hurricanes?

Another objective ofmy paper is to alert workers in the
Bahamian area to the possibility of alternative scenarios
for relative sea-level effects over the Late Holocene.

As shown by Blum et al. (2001), a Mid-Holocene
highstand around many tropical, i. e. low latitude sites
outside North America can have many causes: glacio-
and hydro-isostatic crustal deformation (Clark et al.,
1978; Clark and Ligle, 1979; Nakada and Lambeck,
1988; Tushingham and Peltier, 1991; Lambeck, 1993;
Fleming et al., 1998; Peltier, 1998). In addition, changes
of sea-level during Middle to late Holocene could also
be related with paleoclimate changes during the same
period between 5.7 to 3.2 ka (Denniston et al., 1999), or
as recorded in ice core and other records (Dechamps
et al., 1988; Stuiver et al., 1995; Bond et al., 1997;
Zhang et al., 2000; Moustafa et al., 2000), specially
changes in Antarctic ice volume (Sowers et al., 1993;
Goodwin, 1998; Ingolfsson et al., 1998; Leuschner and
Sirocko, 2000), with thermal expansion of the ocean
waters as revealed by satellite altimetry (Chen et al.,
1998; Minster et al., 1999; Cazenave, 1999). This higher
stand of Mid-Holocene sea-level could explain peculiar
sedimentological observation such as the disappearance
of branching corals (Acropora) between 3030 and
3005 Cal BP in the Caribbean province) demonstrated
by Hubbard et al. (2005) or the bank-top transition from
non-skeletal- to skeletal-dominated deposition around
3.8 ka and a contemporaneous change in the abundance
of transported allochems as observed by Dix and Kyser
(2000). A middle Holocene relative sea-level highstand,
estimated at 2 m above present mean sea-level, has been
also pointed out in Mississippi Delta (Curray, 1961;
Nelson and Bray, 1970; Penland et al., 1991; Törnqvist
et al., 2004).

1.2. Previous work

Detailed sedimentological studies of the Andros
Island area were carried out by Ginsburg and Hardie
(1975), and then by Hardie (1977). Lowenstam and
Epstein (1957), Neumann and Land (1975), Steinen
et al. (1988), Macintyre and Reid (1992), Milliman et al.
(1993), Friedman (1994), Milliman (1994), Robbins
et al. (1997), concentrated their discussions on Baha-
mian aragonite mud origins. Gebelein and Hoffman
(1973), and Gebelein (1974, 1975, 1977, 1978),
Gebelein et al. (1980) and Rankey (2002) focused on
the tidal flat of western Andros.

In other studies of the Bahamas, Newell and Rigby
(1957), Newell et al. (1959), Cloud (1962), Shinn et al.
(1965), Traverse and Ginsburg (1966) and Boardman
et al. (1989) used bulk material for radiocarbon dating
with success. Their work tabulated sedimentation rates
on the Great Bahama Bank, and also recorded a number
of ancient Holocene dates for the supratidal and
intertidal sediments of the tidal flats.

The author has studied Bahamian carbonate environ-
ments and deposits for a number of years (Bourrouilh-
Le Jan, 1974a,b, 1976, 1978, 1980, 1982, 1990, 1998),
and that work forms part of the basis for the present
paper. Some terms used below are detailed in her
previous work as noted in the discussion.

1.3. Location, climate and environments discussed

Located between 24°20 N and 24°50 N, and 78° W
and 78°30 W, the tidal flat covers an area of
approximately 50 km×40 km (Figs. 1, 2). Rainfall can
exceed 50 mm per day during eight months of the year
and up to 160 mm per day during four months. It causes
important dilution in the surficial water bodies of the
tidal flat (Bourrouilh-Le Jan, 1979, 1980, 1981).

Around Andros Island, several broad sedimentary
zones have been recognized, and are described in
Table 1 after Bourrouilh-Le Jan (1990). Six present-day
sedimentary facies can be identified in the area. These



Fig. 1. Location of Andros Island on the Bahama Bank and areas illustrated in various figures in the text.

Fig. 2. Locations of stations, sections, and geographic localities in the northwestern portion of Andros Island. A: Main statistical trends and lengths of
hurricane trails (hummocks), grouped at 5° intervals. B: Patterns of hurricane trails, drawn from vertical aerial photographs. C: Wind rose shows
range of directions of hurricane tracks (from Cry, 1965) since 1873, centered on the western cape of Andros on a 100–200 km diameter area
(Bourrouilh-Le Jan, 1998).
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Table 1
Sedimentary zones of Andros Island (after Bourrouilh-Le Jan, 1978,
1990, 1998)

Zone Description

Middle and southern zone,
Great Bahama Bank

“Carbonate factory”, mainly biological
carbonate production (Lowenstam and
Epstein, 1957, Purdy, 1963, etc., see
text).

Southwest coastal subtidal
talus zone

Lime mud, the zone of mud storage.

South-southwest coastal
band

50 km wide, the zone of accumulation,
numerous filled estuaries.

North-northwest coast The zone of draining of cyclonic
overflow, numerous channels and inlets
(see Bourrouilh-Le Jan, 1998).

See also Figs. 2 and 3.
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and their characteristics are tabulated in Table 2.
Identification of these various zones and facies in
sediment cores (Fig. 2) provides the data upon which
this paper is based.

The deposits of the various zones are altered by the
chemistry of the water saturating or adjacent to them.
The character of these fluids can induce early dissolu-
tion of aragonite (Bourrouilh-Le Jan, 1980, 1998). The
deposits are also altered by marine currents and cyclonic
overflow that erodes earlier deposits of the north-
northwest zone, which themselves are no longer built-up
by hurricanes because of their position in the lee of the
typical hurricane's path.

The tidal flat acts as a sediment filter during high-
energy sedimentary events, such as hurricanes and
tropical cyclones (Bourrouilh-Le Jan, 1978, 1998).
These are common features of the Bahamian climatic
regime.
Table 2
Present-day sedimentary facies which have been identified in the subject are

Facies Description

(1) Subtidal estuarine
facies

Grey or bluish muds (wackestone), numerous u
be subtidal on Andros Island and in Florida Bay
absence of dessication features, lack of diagene

(2) Intertidal estuary bank
facies

Grey or bluish muds of estuarine facies, planar

(3) Supratidal estuarine
bank facies

Increase of planar stromatolitic laminations, fi
lithoclasts.

(4) Facies of cyclonic
levees

Located several km from the Great Bahama Ba
continental zone; thick lime mud beds (a few m
Didemnids spicules (Tunicates, Urocordea) from

(5) Bank facies of
hyperalkaline lakes

Stacked stromatolites, pelletal beds with numer
with Didemnids spicules, dessication cracks (hu

(6) Dry supratidal zone
facies

Situated at great distances from the water line,
1.4. Tropical cyclones and hurricanes

The Bahama archipelago is in the pathway of
hurricanes and tropical cyclones of the North Atlantic.
Hurricanes differ in scale from tropical cyclones and are
defined as tropical depressions with winds higher than
118 km/h (74 mph) acting on a 1600 km diameter, and
with heavy rainfall. Tropical cyclones and hurricanes are
initiated in the equatorial zone, near the west coast of
Africa (Cry, 1965; Neumann et al., 1978). Fig. 2
includes a wind rose for hurricane tracks which have
been listed and drawn from the meteorological Bureau
of Great Britain and the U. S. Weather Bureau,
Washington D.C., in previous papers (Bourrouilh-Le
Jan, 1978, 1980, 1982). In addition, this wind rose for
hurricane tracks on the western part of Andros island
explains the distribution of Pine pollens (Traverse and
Ginsburg, 1966) and of whitings (Robbins et al., 1997)
on the Great Bahama Bank, which are both localized
north and northwest of Andros Island.

Detailed analysis of the western Andros Island tidal
flats permitted identification of hummocks as hurri-
cane-generated features, or “hurricane trails” (Bour-
rouilh-Le Jan, 1976, 1978, 1980, 1982, location of
sections and samples in Fig. 2). The hurricane tracks
wind rose (Fig. 2) coincides with statistical directions
of morphologic axes of low hills colonized by Sabal
palm trees (palm hummocks) of the tidal flats
(Bourrouilh-Le Jan, 1978, 1982; Fig. 3), and covered
by continental fauna and flora. Viewed from space,
these weak topographic undulations appear as “V”-
shaped sedimentary bodies, opening towards the
northwest and northeast quadrant, and correspond
statistically to hurricane paths that pass over Andros
(see Fig. 11 later in text). Such features have been
a

nlayered peneroplids (Androsina lucasi, Lévy, 1977), demonstrated to
(Lévy et al., 1988; Lévy, 1991). Never emerged because of their color,
tic alteration (85% of aragonite, 15% of high Mg-calcite).
stromatolitic laminations, pellet layers or stromatolitic intraclasts.

rst occurrence of very small cushion dome stromatolites, Mg-calcite

nk sea shore, surrounding fresh water ponds and the Sabal palm tree
m to many cm), 4% Ca-dolomite, dessication cracks, characterized by
subtidal zone transported by hurricanes.

ous mangrove leaves, interrupted by thick lime mud layers (5 to 8 cm)
rricane marks).
stromatolitic laminations, intraclasts, bioturbation, pisoliths.



Fig. 3. A — Geometry of the sedimentary system of the western Andros tidal flats: a sub- to supratidal carbonate mud environment controlled by
hurricanes. Bathymetry from hydrographic maps and satellite imagery. Dotted zone inside 0.2 m contour indicates zone of inter-hurricane stages with
formation of subtidal mud banks. B — Schematic cross section of the Great Bahama Bank and the tidal flats of western Andros Island.
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recently observed in the Pleistocene Bahamian inter-
glacial substage 5e in different locations of the
banks or in Bermuda (Hearty et al., 1998; Kindler
and Strasser, 2000). These V-shaped sedimentary
bodies are made by the pile-up of centimetric layers
of cryptocrystalline aragonitic mud which become
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dolomitized with time (Fig. 4). So, the hurricane
sedimentary action is scattered, scarce, discontinuous,
with patches of few centimetric white mud layer on
few square meters across the tidal flats and in relation
with reworking of scattered ponds and tidal basins
where cyanobacterial mats cannot develop and protect
the mud from a hurricane disturbance. These supratidal
muddy patches are visible in field (Bourrouilh-Le Jan,
1982, Figs. 3 and 4, and 1990) but cannot be seen
through remote-sensing data (Rankey et al., 2004).
Fig. 4. Schematic cross section of hurricane trails, part of the predominant sup
from Bourrouilh-Le Jan, 1990).
2. Control and accretion of supratidal sedimentary
bodies in a carbonate environment by hurricanes

2.1. General statement

Geomorphic features of the Andros Island tidal flat
which are controlled by high-energy climatic events,
include “tidal estuaries", according to local English
vocabulary, (Wide Opening, Pelican Creek, Deep Creek,
etc.), tidal channels and basins, beach levees, lakes and
ratidal facies zone (example of cross sections 7, 8, 8 bis and 10 in Fig. 2;
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ponds, swamps and hurricane trails (Fig. 4). The tidal
flat is covered by two main types of vegetation:
continental Sabal palm forest and mangrove forests
(Rhizophora and Avicenia) cover more than 80% of the
tidal flat. The term “tidal basin” (Bourrouilh-Le Jan,
1978) refers to the vast mesohaline water tables of the
tidal flat, linked to the sea by tidal channels of the Turner
Sound type (Fig. 2). This term is synonymous with tidal
lagoon used by Posamentier and Allen (1999).

Tropical hurricane marks, on Andros tidal flats, are
made of several centimeters thick white aragonitic
cryptocrystalline layers intercalated into stromatolite
laminated sequences. Observed under polarized mi-
croscope and M.E.B, tiny calcitic spheroids can be
recognized that have been identified as Didemnids
spicules, belonging to the Urocordate or Tunicate
phylum (Purdy, 1963). These spicules seem to have
been interpreted in the literature, as calcitic precipi-
tated crystals in the Bahamian whitings (Robbins and
Blackwelder, 1992, D. Winston, personal communi-
cation 2005), or as spheroids produced by nannobac-
teria (Folk, personal communication, 1993, in
Milliman, 1994).

Tropical hurricane marks are well developed on the
stoss side of the hurricane paths (i.e., the southwest
coast of Andros), and are altered by oligohaline and/or
mesohaline waters in the northern area. Lines, tangen-
tially traced from the points of the “V” shaped bodies
formed by the cyclone tracks, correspond to morpho-
logic lines inherited from Pleistocene sedimentary
accretion, already observed on the east coast of Andros
(Bourrouilh-Le Jan, 1974a,b). Therefore, the Pleisto-
cene substratum has also influenced Holocene sedimen-
tation during the initiation and the growth of hurricane
marks.

On the stoss side of the hurricane paths, hurricane
sedimentary trails are well-developed and preserved on
the tidal flat, whereas, on the lee side of the hurricane
paths, hurricane trails undergo erosion. Mechanical
erosion occurs in the northwest direction due to the
cyclonic outgoing surge, and chemical and biochemical
erosion by dissolution takes place because of the mixing
of fresh and salt waters on the tidal flat.

Lateral sedimentary cross sections (Fig. 4) have been
compiled for several cores taken from several hurricane
sedimentary trails (Bourrouilh-Le Jan, 1982, 1990). The
cores characteristically show a subtidal facies at the
base, followed by alternating lake and tidal basin
deposits with thick laminations of hurricane and/or
tropical cyclone origin whose diagenetic conditions vary
from a humid (lacustrine or marine) to a dry environ-
ment (Table 2, Fig. 4). The surface and the internal
structure of the “V” shaped sedimentary bodies are also
characterized by various sedimentary features: teepees,
stromatolites and pisoids. Paleosols are interbedded
with the other facies.

The deposits of the mangrove environment may
evolve as a result of either complete dessication (south-
southwest coast, close to the source), or be eroded by
dissolution or mechanically by hurricane flood retreat
(north-northwest coast).

2.2. Tropical high-rainfall tidal flats and early diagen-
esis of dolomite

Two types of water exist which may, or may not, be
linked to the Great Bahama Bank Sea: (1) a tidal basin
water body, linked to the Bank by an estuary and a tidal
channel, as in the Turner Sound type (Figs. 2 and 3) with
a salinity typically of 10–15 g/l (mesohaline water
tables), and (2) permanent lakes, due to the high rainfall
and accumulation between the hummocks, with sali-
nities between 0 and 6 g/l (oligohaline water tables;
Fig. 4). Analysis showed that these waters are alkaline
and hypersodic with concentrations of Na+ and Ca+ nine
times higher than seawater diluted to the same salinity
(Bourrouilh-Le Jan, 1980); Sr+ content could not be
analyzed because sample volume were insufficient; (Sr+

content presents a high concentration in the Andros
Island East coast ponds, coming from the dissolution of
the Pleistocene outcrops, Bourrouilh-Le Jan, 1998).

Climatic and hydrologic conditions lead to solution
of aragonite deposits. They also lead to the hyperalk-
alinity of closed water systems related to dolomitization
that takes place at the surface of the tidal flats
(Bourrouilh-Le Jan, 1990).

3. Methods

Sedimentological analyses include core x-radiographs,
thin sections (cores were sectioned and resin-impregnat-
ed), mineralogy (XRD) and geochemistry (UV emission
spectrography, for 23 elements). Twenty-eight 14C dates
(Table 3) were obtained on inter- to supratidal facies of the
tidal flat ofwesternAndros Island. In order to compare the
results with those of a more unequivocal marine
environment, a date was obtained from a core located in
one of the large tidal straits (Middle Bight) that cuts the
island in two parts, allowing flow between surface waters
of the Great Bahama Bank and seawater from the Tongue
of the Ocean.

In a previous version of this paper two points were
the focus of reviewers' comments and should be
addressed before presenting the discussion of this study.



Table 3
General results: 14Carbon dates of the cored sediments in the mangrove swamps of the tidal flats of western Andros Island (for localization see Figs. 1 and 2) with the following information: core
number, depth in cm in the core, station number, 14Carbon age B.P., sedimentological description with the corresponding fossil sedimentological location and modern sedimentological position of the
core

Core N° Depth in
core in cm

Station 14C
dates in
years
BP

Sedimentological
description

14C dates facies Modern sedimentological location Average
value of
sediment
thickness
in cm

Rate of
sedimentation
cm/103 yrs

Laboratory
N°

58 186 −71/−78 25 (70) 5160±
140

Stomatolitic laminations
with mangrove leaves

Intertidal mangrove
marsh

In the tidal basin of the turner Sound, depth: −1.20 m 74 14.3 Ly-3104

58 183 −257/
−263

18(70) 5050±
100

Mud with pellets, numerous
gastropods and pelecypods

Estuarine subtidal Wet mangrove marsh with black
cyanobacterial mats. North Bank Wide Opening mouth

260 51.4 Ly-3102

58 190 −185/
−190

30 (70) 5010±
120

Roots knotwork giving a
peat (cf modern peat in
East Andros coast ponds)

Brackish to lacustrine Intertidal, south bank of Wide Opening, at the entrance
of the tidal channel of the Turner Sound

187.5 37.4 Ly-3106

58 183 −150/
−158

18 (70) 4080±
120

Pellets thin laminations Intertidal estuarine
bank

On the sandy levee on the N bank of the mouth of Wide
Opening

154 37.7 Ly-3101

58 826 −67/−75 2bis 3000±
110

Gastropods mud Subtidal Paleo-great
Bahama Bank Sea?

In the wet mangrove marsh of Casuarina Cape (WNW
cape)

70 23.3 MC-2584

58 186 −9/−19 25 (70) 2450±
110

Mud with pellets and
Peneroplids

Modern sediments of
the tidal basin of the
Turner Sound

In the Turner Sound, water depth: −1.20 m 14 5.7 Ly-3103

58 372 −120/
−123

32 (70) 2300±
120

Mud with fine marine
bioclasts (spicules and small
Foraminifera)

Same as now: “Tidal
bight" of Middle Bight

Subtidal in a shallow tidal bight (Middle Bight) 122 53.0 Ly-3107

58 762 −28/−34 55 2180±
140

Grey mud Estuarine subtidal Estuarine intertidal bank (Deep Creek) 31 14.2 Ly-3113

58 726 b −160/
−185

22 2110±
60

Grey mud with Peneroplids Estuarine subtidal Estuarine intertidal bank (Pelican Creek) 170 80.5 MC-2586

58 732 −65/−75 28 2050±
60

Grey mud with Perieroplids Estuarine subtidal Mangrove marsh with fresh water
hyperalkaline lakes (North Pelican ponds)

70 34.1 MC-2587
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58 739 −22/−32 35 2030±
70

White mud with Didemnids
spicules

Hurricane mark Dolomitization zone around hummocks 27 13.3 MC-2589

58 826 −1/−8 2bis 1810±
70

Stromatolitic laminations
with mangrove leaves

Mangrove marsh Wet mangrove marsh with cyanobacterial ats 8 4.4 MC-2583

58 303 0 29 (70) 1700±
90

White dolomitized dry
polygons of mud

Supratidal: white mud
with Didemnids
spicules

Hurricane trail GIF-3941

58 302 0 29 (70) 1630±
100

White dolomitized dry
polygons of mud

Supratidal: white mud
with Didemnids
spicules

Hurricane trail GIF-2966

58 744 b −44/−54 40 1575±
60

Alternating mud with
ostracods or gastropods

Estuarine subtidal Intertidal: Remain of an estuary (Serpent reek) 50 31.7 MC-2590

58 760 −20/−27 54 1460±
110

Mud alternating with
stromatolitic laminations

Estuarine intertidal Supratidal (Deep Creek) 24 16.4 Ly-3111

58 747 −22/−26 43 1390±
90

Supratidal, with dolomitic
intraclasts

Supratidal Supratidal (Serpent Creek) 24 17.2 Ly-3109

58 762 −2/−11 55 1310±
110

Mud with Peneroplids and
gastropods

Estuarine intertidal
bank

Estuarine intertidal bank 7 5.3 Ly-3112

58 723 b −65 19 1210±
60

Grey mud with Peneroplids Estuarine subtidal Infilled estuarine bank 65 54.1 MC-2585

58 323 0 54 1090±
90

White dolomitized polygons
mud with Didemnids
spicules

Supratidal Supratidal in karstic small depression. Ea coast GIF-3082

58 760 −2/−10 54 820±
160

Stromatolitic laminations Supratidal Supratidal (Deep Creek) 6 7.3 Ly-3110

58 190 −1/−5 30 (70) 760±
130

Mud with pelecypods and
Peneroplids

Estuarine intertidal Intertidal, Wide Opening, South bank at e beginning
of the tidal channel to the Turner sound

3 3.9 Ly-3105

58 747 −2/−5 43 650±
130

Stromatolitic laminations
with dolomitized intraclasts

Supratidal Supratidal (Serpent Creek) 3.5 5.3 Ly-3108

58 735 b −40/−50 30 600±60 Grey mud with Perieroplids Estuarine subtidal Estuarine intertidal bank (Pelican Creek) 45 75 MC-2588
58 744 s −6/−15 40 Modern

(2,4%
modern)

Mud with Peneroplids Remains of estuary Infilled estuary (Serpent Creek) 10 MC-2591
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First, the validity of the dating which used bulk samples
of aragonitic mud. In this study, the bulk samples were
muds of a common algal or inorganically precipitated
source and did not contain shell fragments, roots or
other carbon sources. Therefore, the dates are based on
essentially unit sources. These sampled materials are
homogeneous and provide a common basis for dating
and have previously been accepted for similar deposits
(Macintyre et al., 1996). The pattern of the resulting
dates also gave a coherent picture of age, depth and
environment and did not produce scatter plots which
would have been expected if significant mixtures of
different source materials were present. Following Bard
et al., 1998, a coincidence exists between calendar and
noncalendar ages for the period 0 and 5000 years BP; in
consequence the ages have been presented as non-
calendar years, in years BP.

As noted earlier, additional radiometric dates were
previously obtained in the same zone by Newell and
Rigby (1957), Newell et al. (1959), Cloud (1962), Shinn
et al. (1965), Traverse and Ginsburg (1966), and
Boardman et al. (1989). These are examined together
with my dates in the discussion.

Second, there were concerns that some of the
materials in the carbonate muds, for example the
Didemnid spicules (Tunicates) and Peneroplid tests
(Foraminifera), live in a range of environments. This
missed the point which is that the importance of these
materials is in the fact that they were displaced and
transported to higher levels. The author agrees that the
importance of hurricane or tropical cyclone transport is
primary and, in fact, is a key part of the paper. The
Fig. 5. Sea-level curve for the western Andros Island tidal flats. Original depo
x-axis, and in space along the y-axis referenced to modern sea-level with err
question of the driving force that gave the effect of
higher sea-level about 2000 years BP is an open one. It
may have been an actual eustatic change, or the
cumulative effect of a period of increased hurricane or
tropical cyclone frequency, and perhaps intensity, that
produced a stacking of hurricane tracks and the net
movement of materials to physiographically higher
positions.

4. Results

4.1. Mid-Holocene sea-level highstand

Radiocarbon-dated sediments (Table 3) from the tidal
flat of western Andros Island were correlated with
sample location, sedimentological description, position
at the time of deposition and present-day sedimentologic
position. The facies have changed little vertically and
the dominant estuarine facies consists of grey mud with
numerous subtidal Peneroplids (Androsina lucasi, Lévy,
1977), e.g. deposits in the estuaries of Deep Creek,
Pelican Creek and Wide Opening. The physiography
has changed greatly between 6000 years BP and
2000 years BP because of rapid relative sea-level rise,
but shows little change from 2000 years BP onward.

The sample located 65–75 cm down-core (Fig. 4)
taken from the fresh water ponds in the North Pelican
ponds zone, yielded an age of 2050+/−60 years BP,
whereas the top of the core (i.e. present topographic
surface) is between 1 and 2 m in altitude. Therefore, if
the 65–75 cm is subtracted from the present-day
elevation, a value of +0.35 to +1.35 m above the
sitional facies are indicated and each sample is placed in time along the
or bar.



Fig. 6. Consequence of the Mid-Holocene highstand position: the
position of the dolomitized zone: (A) interpretation and location of
dolomitized zones according to Shinn et al. (1965). The dolomitic dry
polygonal layer is continuous and overlain discontinuously by channel
sediments. (B) New interpretation of this paper: the facies are
continuous. The dolomitized polygon layer is the result of local
supratidal diagenesis, located on the hummocks and their periphery,
which are themselves controlled by high-energy sedimentation
(hurricane trails, Bourrouilh-Le Jan, 1978). 14Carbon dates as in (A).
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present-day level is obtained. The facies of this sample
is a subtidal grey mud with Androsina (estuarine facies),
which demonstrates that at the present-day location
+0.35 to +1.35 m, there was in the past an estuary into
which a subtidal facies was deposited about 2050 years
BP, and which corresponds to a Mid-Holocene relative
sea-level higher than at present. Quaternary workers
have documented evidence for a higher Mid-Holocene
stand in other areas (Beaman et al., 1994; Baker and
Haworth, 1997, in Australia, Fletcher and Jones, 1996;
Grossman and Fletcher, 1998, on Hawaiian Islands,
Jedoui et al., 1998 in Tunisia, Blum et al., 2001 in
Texas).

Similarly, a core sample (#58723b, Table 3) was
dated at 1210 years BP for an estuary facies. This
sample was taken 65 cm down-core, at which the
present topographic surface is situated between 1 and
2 m, and this indicates the presence of a Mid-Holocene
highstand sea-level situated from +1.35 to +0.35 m
above present-day sea-level (Bourrouilh-Le Jan, 1993,
1996). These sedimentological observations allow the
construction of the sea-level curve for western Andros
tidal flats (Fig. 5), which points to a Mid-Holocene sea-
level highstand around 3000 years BP.

4.2. Geomorphological stability, hurricanes and phrea-
tic lens level

Fig. 5 shows that around 5000 years BP, sea-level
was 2 m below the present-day sea-level. The geo-
morphologic features of the zone were already those of
the present-day.

The oldest dates were obtained from areas of Wide
Opening and Turner Sound and correspond to a typical
marine facies. They indicate that near 5000 years BP
Wide Opening already existed as an estuary, perhaps
with a small displacement towards the south. Similar
dates were obtained by Lidz et al. (1997) for the marine
flood of the Floridan reef platform. Fauna included
Foraminifera (Rotalids), Pelecypods and Gastropods
without any evidence of inherited reworking, whereas
the far end of Wide Opening was occupied by a peat
lake, and Turner Sound was occupied by marine to
brackish swamps with stromatolites.

In the middle of the tidal basin of the Turner Sound,
the higher present-day upper surface of the sediment
(−1.5 m) and the age of 5000 years BP for this facies at
−0.71 to −0.78 m down-core, indicate that sea-level at
that time was at approximately −2 m (Fig. 5).

The eustatic curve shows that around 5000 years BP,
the hydrostatic level of the water table initiated the
formation of the surficial peat, situated around −2 m to
−2.5 m and that sea-level was probably close to that
elevation.

Supratidal, dolomitized, thick polygons of lime mud
with dessication cracks were dated at 1700 and
1630 years BP (Fig. 5). Their position on the curve
confirms that these levels were in the intertidal zone or
slightly supratidal during their genesis (they are in the
upper level of the supratidal zone today).

This conclusion concerning date of formation and
paleoenvironment of the dolomitic crusts is important in
order to understand their diagenesis.

5. Consequences

5.1. Lateral variations in intertidal to supratidal facies

Shinn et al. (1965) dated nine samples: – a Cerion,
gastropod shell, and – eight sediment samples
(dolomite and a mixture of carbonates). But the date
obtained on the gastropod shell (1690 years BP) that
occurs below one of the sediment samples, was not
taken into account by these authors. The following
new interpretation (Fig. 6) is that: (a) there is a
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continuity between the sediments and the dolomitic
crust, and (b) — there are lateral variations of facies
that are repeated vertically, the hummocks having
always been in a high zone of the supratidal deposits
(Fig. 6).
Fig. 7. Thickness of accumulated sediments versus 14Carbon dates and paleo
1: Estuarine facies with Peneroplid Androsina lucasi (Lévy, 1977); 2: Paleo-s
3: Mangrove marshes facies: laminated stromatolites with mangrove leaves
energy mud accumulation from the Bights (Middle Bight); 5: Peat; 6: Tidal
dessication cracks; 8: 14Carbon dates with error bars.
5.2. Rate of sedimentation: reduction of accommodation

According to Cloud (1962), the rate of sedimentation
is 0.8 mm/yr for subaquatic muds of the Great Bahama
Bank. The sedimentation rates in Fig. 7 appear as
facies, considering cores one by one. Facies symbols are identified as:
ea deposits of the Bahama Bank: wackestone with marine gastropods;
; 4: Mudstone with nannofossils (Didemnid spicules) from the high-
estuarine bank facies; 7: Supratidal facies: thick dolomitized mud with
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straight segments because only two points are known for
each curve of sedimentation rate according to each
environment.

(1) All core data have the same general trend.
(2) The slope of each straight segment varies as a

function of the position of the cores in the
sedimentary system. In absolute values, the
slope of the lines is steep, indicating a high
sedimentation rate for core samples from estuarine
deposits (e.g. Wide Opening, Deep Creek and
from several remnants of estuaries). The cores
from northern and southern Pelican ponds present
the same types of rates and represent ancient
estuary banks.

(3) The sedimentation rate decreases with time, for
example in Section 1, dates were obtained on a
Fig. 8. Lateral evolution of the sedimentary system of the tidal flats of western
the carbonate body, but also of its diagenesis. The evolution for the tidal
1: Hurricane trails or hummocks, indicating continental and supratidal condi
core from mangrove swamps. The sedimentation
rate for the period from 0–3000 years BP is
23 cm/1000 yr, and for the period from 0–
1810 years BP, the sedimentation rate is 4 cm/
1000 yr.

At the mouth of the Wide Opening tidal estuary
on its north shore, the sedimentation rate is 51 cm/
1000 yr at 5050 years BP and 38 cm/1000 yr at
4080 years BP. In the middle of Wide Opening,
the rate is 37 cm/1000 yr at 5010 years BP and
4 cm/1000 yr at 760 years BP. Finally, in the
middle of Turner Sound tidal basin, the rate of
sedimentation is 14 cm/1000 yr at 5150 years BP
and 6 cm/1000 yr at 2450 years BP.

Therefore, on the tidal flats of western Andros
Island, there is a decrease in the rate of sedi-
mentation through time that might be related with
Andros Island. This evolution is not only responsible for the building of
basins is identical. Drawn from aerial photographs. Facies symbols:
tions. 2: Dolomitization zone. 3: Lakes, ponds and tidal basins.
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the reduction of accommodation space due to a
higher sea-level stand several hundred years
before.

(4) For a given environment, this decrease is constant.
(5) The rate of sedimentation is much higher in

estuaries and bights when the water level
is linked to the sea (e.g. Pelican estuary and
Fig. 9. Vertical evolution of the sedimentological system of the tidal flats of w
channels and lakes, and the superposition of the corresponding facies. 1: Est
Lévy, 1977). 2: Dry and wet mangroves with hyperalkaline lakes and stro
4: Position of the fresh water phreatic lens (DGHL : Dupuit–Ghyben–Herzb
upper level (Dupuit, 1848-1863; Ghyben, 1888–1889; Herzberg, 1901).
Middle Bight), confirming the major role of
marine sources and not in situ precipitation of
carbonates.

The main sedimentological observations are: (1) the
sediments originate from the Great Bahama Bank, i.e.
from the south and southwest; (2) the sediments are
estern Andros Island with lateral migration of the tidal basin, estuaries,
uarine subtidal facies with Peneroplid foraminifera (Androsina lucasi,
matolites. 3: Continental zone with hurricane sedimentary deposits.
erg lens). The depth of the DGH lens is forty times the altitude of its
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trapped along the coast of the tidal flat, just behind this
coast, after being accumulated as a subtidal mud bank
along this coast during inter-hurricane periods; (3) in
consequence, there is only a small net quantity of
aragonitic mud transported into Turner Sound tidal
basin, despite the small marine deltas visible on aerial
photographs.

5.3. Space and time evolution

5.3.1. Horizontal evolution of the tidal flat:
The sedimentological reconstruction from 18 hori-

zontal cross sections throughout the tidal flats based on
90 cores shows that the general direction of evolution of
the tidal flats is towards the south-southeast (Fig. 8). The
sedimentological system of the tidal flats evolves
through the following stages: first, they are functional
and open (A); second, they become closed with waters
of various salinities (B); and, finally, become totally
filled (C). This evolution occurs for both estuary and
Fig. 10. Paleogeography and location of 14Carbon dates of western Andros
lacustrine facies; (2) Subtidal estuarine facies; (3) Recent 1.8 m thick sediment
subtidal facies (Paleosea of the Bahama Bank); (5) Fossil coastline. Detailed
tidal basin (Fig. 8). It can continue by returning to Stage
A because of the influx of marine waters from the
northwest. This result is new and disagrees with
conclusions of previous authors. It confirms the general
sedimentation map (Fig. 3). The general direction of
sediment accretion is, therefore, south-southeast, where-
as destruction and reworking take place to the north-
northwest as indicated by relict zones or buttes such as
Billy and William's Islands.

5.3.2. Vertical evolution (Fig. 9):
Facies location and evolution are also seen vertically:

cores between hurricane trails present the following
facies successions: estuarine facies (muds with Rotalids,
aragonite and Mg-calcite), pond facies (stromatolitic
laminations, pisoids, pellet beds, dissolution of arago-
nite), and supratidal facies (stromatolitic laminations
with Mg-calcite). If the basin is flooded again, the influx
of marine waters will logically lead to the reappearance
of the estuarine facies (Fig. 9).
Island tidal flats based on the following main facies: (1) Marshy to
s, depositing as early as 2000 years BP, absence of dolomite; (4) Marine
explanations in text. Dates on Fig. 4 and Table 3.



Fig. 11. Details of satellite imagery of Andros Island. False color images, channel IV, kindly contributed by TOTAL. (A) Northern part of the Bahama
Bank and northwestern part of Andros Island: the carbonate mangrove exhibits an inter- to supratidal position. (B) Wide Opening area, the bights and
the southern portion of Andros Island: modern carbonate mangrove zone with a sub- to intertidal position illustrating the geomorphology of the
previous northwestern mangrove between 2000–3000 years BP. See Fig. 1 for area locations.
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5.3.3. Mid-Holocene paleogeography of the tidal flats
of Andros (Fig. 10):

The modern tidal basin of the Turner Sound area
(Fig. 10, A) was marshy to lacustrine at 5160 years
BP, while its channel mouth (B) was filled with
brackish to lacustrine water at 5010 years BP. The
northern bank of Wide Opening (F) shows subtidal
estuarine facies at 5050 years BP and 4080 years BP.
The Paleo-Sea of the Great Bahama Bank occupied
the Casuarina Cape (west-northwest Andros Cape)
with marine subtidal deposits at 3000 years BP (D in
Fig. 10). In Turner Sound (E), the tidal basin regime
(10 g/l) was formed with pellets and Rotalids, at
2450 years BP. Casuarina Cape area (D) became
marshy to lacustrine at 1810 years BP. The far end of
Deep Creek (H) was an active estuary at 1310 years
BP, as was the northern area of Pelican Creek (G) at
1210 years BP. The area north and south of Pelican
Fig. 12. Late Holocene evolution of the tidal flats, western Andros Islan
northwestern Andros Island, at 4000 years BP. (Middle) the same area is cove
3000 years BP. (Bottom) Modern mangrove swamp carbonates in an inter- t
Creek pond zone (I) was filled with 1.8 m-thick
sediments starting at 2000 years BP, and does not
exhibit any dolomite. The modern sediment-filled and
dry paleo-estuary of Serpent Creek (C) was marshy to
lacustrine at 600 years BP.

Assuming a sea-level slightly higher than present-
day, the tidal flat on western Andros Island 2000 years
ago should have exhibited a paleogeography resembling
the zone of present-day central Andros (aerial and
satellite reconnaissance, Fig. 11A, B), i.e. the islands
that form a “V” shaped body in a brackish environment
where the estuarine facies are deposited.

Since 2000 years BP slow and progressive lowering
of the sea-level, i. e. reducing accommodation space,
has allowed the emersion of all the previously deposited
facies while accumulation of a great quantity of mud
was going on along the southwest coast of Andros. Very
high energy events (hurricanes and tropical cyclones)
d deduced from Fig. 11. (Top) Mid-Holocene transgression of the
red by carbonate mangroves in a sub- to intertidal zone between 2000–
o supratidal zone.
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permitted the trapping of this mud in the tidal flats
(Fig. 12).

5.3.4. Development of the present-day cyclonic system
in the Bahamas:

The supratidal Bahamian hummocks are formed by
the pile-up of intercalated marks left by hurricanes.
For Casuarina Cape (altitude about 1.5 m), these
occur from 1670 years BP at −0.7 m from a core top
dated by Cloud (1962), and dated in this work from
2030 years BP at station 35 at −0.22 to −0.32 m from
core top in an infilled estuary.

On the north bank of Wide Opening, a core taken
from the wet mangrove with cyanobacterial mats was
dated between 3000 to 3500 years BP, corresponding
to the beginning of a tropical climate undergoing
disturbances such as tropical cyclones and hurricanes.
In addition, in the zone of the Pelican estuary, a
number of dates indicate an important sedimentary
influx; more than 80 cm in the last 2000 years. The age
of core #58735, in particular, seems to indicate a rapid
influx that took place recently. This could be a record
of a rapid accretion by sediment transport and
deposition linked to very high-energy mechanisms
(hurricanes and cyclones), confirming our conclusions
about the evolution of geomorphologic and sedimen-
tologic features. But the stagnation of water tables
(almost fresh water) causes biochemical and mostly
chemical alteration of the far north hurricane trails of
the tidal flats.

Detailed sedimentological analysis of the Andros
model allows calculation of the age of the present-
day high-energy climatic system development in the
Bahamas. The oldest cyclonic marks that can be
recognized so far seem to indicate that this climatic
system was already in place about 2000 years BP.

Therefore, the general geomorphological features
are constant throughout this time, i.e. (a) — the
development of cyclonic levees initiated by Pleisto-
cene sedimentary alignments; (b) — the continuing
presence of zones in vertical series that have been
affected by lacustrine environment; (c) — the thinning
of each laminae representing a hurricane on the side
opposite to its origin; (d) — a low and undulating
substratum, and finally (e) — the sediment source of
the tidal flat from the subtidal talus, on the border and
the lee side of the tidal flat, but on the stoss side of
hurricane tracks.

The maximum rate of 0.5 mm/yr has allowed the
build-up of this “V” shaped sedimentary deposit with
a hurricane-transported Didemnid micritic facies, first
in intertidal depths between 3500 and 2000 years BP
and then in a supratidal regime, related to the slow
lowering of the marine level.

6. Conclusions

The climatic consequences show that the sedimen-
tary processes (accretion and diagenesis) controlled by
high-energy phenomena (tropical cyclones and hurri-
canes), seem to have followed a Mid-Holocene
transgression culminating about 3000 years BP and
have become established in the Bahama archipelago
beginning between 2500 and 2000 years BP.

Contrary to the generally accepted ideas, the Mid-
Holocene sea-level on the Great Bahama Bank was
higher than the present-day and situated at about
+1.5 m. The present-day geomorphological system of
the tidal flat on western Andros Island has existed since
about 5000 years BP with paleo-estuaries in the same
place as those of today.

The geological consequences are important because
this Mid-Holocene sea-level highstand shows that the
present-day zones affected by dolomitization are being
slowly emerged by relative sea-level fall and at a
constant rate, more or less, in hurricane or tropical
cyclones frequency, illustrating a new dolomitization
model in a wet tropical environment in relation to
evaporation and emergence.

The radiocarbon dates from different cores allow
calculation of sedimentation rates and show that on the
tidal flat: (1) the sedimentary material is brought in and
not precipitated in situ; (2) the sedimentation rate is low
in a tidal basin (most distant sedimentological feature
from the marine environment), and the rate of maximum
accretion takes place on the banks of the estuaries; (3)
this sedimentary deposit comes from a marine environ-
ment; (4) the constant decrease in carbonate sedimen-
tation rate from 5000 years BP to 0 year BP is in relation
with the diminution of accommodation because of the
existence of a higher Mid-Holocene sea-level on the
Great Bahama Bank.

The data presented herein suggest that the tidal flats
are being eroded on the northwest coast and have
vertically accreted, not prograded.
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