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ABSTRACT

The mineralogy of periplatform carbonates is well documented in the literature. However, little is written about the grain-
size properties for carbonate rocks. This fundamental property forms a controlling factor for other derived physical properties
such as bulk density, porosity, and permeability. Thus, grain-size distribution and sorting might also steer fluid flow through the
sediments, and combined with the mineralogy, might affect the development of the initial diagenetic pattern, which is signifi-
cant in the interpretation of ancient depositional environments and transport conditions. 

This study, therefore, documents grain-size variations in conjunction with carbonate mineralogy for periplatform oozes of
Sites 1003 (mid-slope) and 1006 (basin) on the leeward side of the Great Bahama Bank. The results reveal some distinct differ-
ences between glacial periods (glacials) and interglacial periods (interglacials) through both time and space. 

The δ18O and aragonite stratigraphy shows an almost complete sedimentary record for Site 1006, which is supported in the
upper section by the U/Th dates assigned to interglacial Stages 1, 5, 9, and 11. However, Site 1003 stratigraphy indicates that
large hiatuses exist within the sedimentary record and that there is evidence for diagenetic overprinting. This interpretation is
further supported by the U/Th dates provided. 

Glacials are represented by sediment dominated by high-Mg calcite (HMC) and low-Mg calcite (LMC). The HMC proba-
bly originates from erosion of magnesium-calcite micrite cements formed in the upper slope deposits or HMC cements formed
during early diagenesis. Detrital dolomite is also present at the distal site (Site 1006). Quartz also occurs preferentially during
these periods. Although the grain-size distribution shows dominance by silts and clays (i.e., fine fraction [<63 µm]) the percent-
age of the coarse fraction (>63 µm) increases markedly during glacials. The latter fraction shows an increased dominance by the
coarse (500–1000 µm) to very coarse (>1000 µm) sand-size fractions.

Interglacials, in contrast, are dominated by aragonite, mainly in the form of fine-grained, bank-top -derived aragonite nee-
dles. This is supported by the grain-size distribution, which again shows dominance by silts and clays (<63 µm). Dolomite is
present at Site 1003, originating from early diagenesis. The coarse fraction (>63 µm) is dominated by the very fine (63–125 µm)
to medium (250–500 µm) sand-sized particles.

Therefore, the fine-grained interglacial deposits will have a low diagenetic potential because of restricted fluid flow and low
permeability, whereas the glacials will show the reverse pattern where the coarse-grained sediment facilitates early diagenesis.
The diagenetic potential of the sediment on the leeward side of the Great Bahama Bank, therefore, varies through both time
(between glacial and interglacials) and space (decreasing in potential with increasing distance from the platform). The compo-
sition of the coarse grains (63 µm) exported from the platform during glacial and interglacials forms the key link in understand-
ing the mineralogy and grain-size data, and thus is the main topic of work in progress.
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INTRODUCTION

Carbonate slopes receive, lose, and store sediments through the
interplay of deposition, erosion, cementation, and dissolution. The
development of accretionary or erosive slopes mainly depends on the
slope angle (Schlager and Camber, 1986). Increase in slope angle will
shift the activity of gravity flows from depositional to erosional, and
thus control the type of sedimentary deposits seen in this environ-
ment. In addition, the type of sediment stored on the slope will con-
trol the slope declivity. 

Kenter (1990) clearly showed that carbonate muds are not able to
maintain a slope that exceeds 5°, whereas coarse-grained deposits
can build slopes with an angle of up to 32°. The grain size of the sed-
iments produced on the platform will, therefore, play an important
role in determining the type of slope that might develop. 

The present-day morphology of the Bahamas shows shallow-wa-
ter platforms that are separated from deep-water areas by relatively
steep slopes. On the leeward side, the slope profile displays a 4-km-
wide gently sloping interval between the platform interior and the
slope break at 55–65 m water depth (Wilber et al., 1990). Seaward of
the slope break, gradients increase to a water depth of 140–180 m,
forming an almost vertical wall. At the base of this wall, a 30-m-wide
trough is present. This is followed by a 100- to 200-m-wide deposi-
tional ridge that shoals for about 40 m. Westward of this elevation,
the slope continues with angles between 15° and 20° (Wilber et al.,
1990). Slopes in the Tongue of the Ocean (windward margin of the
Great Bahama Bank) have a more regular topography (Grammer et
al., 1991; Grammer and Ginsburg, 1992) whereby the profile shows
a platform edge with angles ranging between 20° and 30° down to 60
m water depth, and a 60–120 m near-vertical wall (65°–90°), fol-
lowed by a steeply inclined 32°–38° slope that gradually decreases to
angles of 25°–28° down into the basin (Grammer et al., 1991; Gram-
mer and Ginsburg, 1992).

Grammer et al. (1991) also showed that slope development on the
windward margin differs from that on the leeward margin in the
Tongue of the Ocean. The most striking feature is the variable thick-
ness of the unconsolidated fine-grained sediments onlapping the ce-
mented slope. The leeward slope displays some areas of larger sedi-
ment wedges onlapping the cemented slopes when compared with its
windward counterparts. The extensive sediment wedge present on the
western leeward side of the Great Bahama Bank fits into this model.
High-resolution seismic profiles show large-scale export of bank-top
sediment and rapid progradation of the slope during the Holocene
along the leeward slope of the western Great Bahama Bank (Wilber
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et al., 1990). Variations in the relative position in sea level during the
last 18 k.y. (isotope Stages 1 and 2) played an important role in the
development of the aforementioned slope profiles (Grammer and
Ginsburg, 1992).

Purdy (1963) and Enos (1974) have provided a detailed descrip-
tion of the sediment facies that are found on the present-day Great
Bahama Bank. Neumann and Land (1975) made some gross calcula-
tions on the production potential of the shallow-water realm and
found that large quantities of fine-grained carbonate mud are ex-
ported from the platform into the basin. Studies by Boardman and
Neumann (1984, 1986), Boardman et al. (1986), Milliman et al.
(1993), and Robbins et al. (1997), among others, have demonstrated
the production of the fine-grained sediments on the platform top and
the subsequent export to the basinal realm. Sediment-charged hyper-
pycnal (high density) waters are able to transport the entrapped sedi-
ment over large distances (Wilson and Roberts, 1995); therefore, this
process, called “density cascading,” might enhance the export of
fine-grained, shallow-water material from the platform top. Hyperpy-
cnal waters are generated in shoal waters through thermohyaline pro-
cesses. Climatic changes steer the possibility that rapid water-mass
modifications occur, and thus create variations in the number of den-
sity cascading events that might well evolve through time (Wilson
and Roberts, 1995).

The mineralogy of the sediments on the platform top is mainly
dominated by aragonite (e.g., Pilkey and Rucker, 1966; Milliman,
1974; Droxler, 1984). The variations in sediment export toward the
basin will, therefore, display themselves as variations in the input of
aragonite. Studies by Droxler et al. (1983), Boardman and Neumann
(1984), Droxler et al. (1988), and Reijmer et al. (1988) clearly dem-
onstrated this principle in cores taken in the Tongue of the Ocean and
Exuma Sound. In addition, these periplatform sediments show a good
agreement between the oxygen isotopes and the carbonate mineral-
ogy (e.g., Droxler et al., 1983). This link might then provide us with
a correlation to the observed climatic changes for these surroundings
as described by Kroon et al. (Chap. 2, this volume).

The succession researched in this paper is deposited in a time slice
in which the Great Bahama Bank shows an overall progradation pat-
tern clearly visible in the regional seismic line known as “the Western
Line” (Eberli and Ginsburg, 1987, 1989). Shallowing-upward trends
found in the sediments recovered in the boreholes CLINO and
UNDA (Eberli, Swart, McNeill, et al., 1997) confirm this general
trend. It is, therefore, plausible that Sites 1003 and 1006 described in
this paper were influenced more and more by the advancing platform.
In connection with increased production on the platform top, this
would lead to increased off-bank transport and deposition, which
would invariably play an important role in the sediment development
of the slope.

This paper will concentrate on variations in the mineralogy and
grain-size distribution at two sites on the leeward side of the Great
Bahama Bank. Site 1003, situated proximally to the platform, is po-
sitioned above thick lower slope sections and is, therefore, an ideal
place to evaluate lowstand vs. highstand input signals. The distal site,
Hole 1006A, then provides a more pelagic reference signal for this
lowstand vs. highstand variations. As already demonstrated by West-
phal (1997) and Westphal et al. (1999), the grain size in combination
with the mineralogy plays an important role in the diagenesis pattern
that develops within the sediments. The initial permeability seems to
influence the nature of the diagenesis (Westphal, 1997). Slope sedi-
ments from the Great Bahama Bank (the CLINO core; see Eberli,
Swart, McNeill, et al., 1997) showed that coarse-grained deposits
with their initial high permeabilities were subjected to intense diage-
netic alteration. Unlike the coarse-grained lowstand sediments, the
fine-grained highstand deposits were protected against large initial
fluid-flow alterations because of their low permeability (Westphal,
1997). The way in which the mineralogy and grain-size distribution
is developed through time and space along the platform slope will be
of great interest for later diagenetic studies.
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As will be shown, both mineralogy and grain-size distributions
are good proxies to determine environmental variations through time.
The analysis of the different sedimentation patterns developed during
glacial and interglacial periods (interglacials) might help us to under-
stand in detail the response of the shallow-water production area of
the Great Bahama Bank to changes in climate.

As mentioned above, variations in the mineralogy and the grain
size will modify the diagenetic potential of the sediments. It is impor-
tant to understand what types of patterns develop on a vertical (time)
and a lateral (spacial) scale. Understanding these patterns in the
present-day environment might then help us when analyzing ancient
platform-to-basin transects. 

REGIONAL SETTING

Sites 1003 and 1006 were drilled on the prograding western mar-
gin of the Great Bahama Bank during Ocean Drilling Program (ODP)
Leg 166. Both sites lie along a platform-to-basin transect that con-
nects the shallow bank with the deeper water areas. This transect was
positioned on the “Western Geophysical seismic line” studied previ-
ously by Eberli and Ginsburg (1987, 1989) (Fig. 1). The more proxi-
mal site, Site 1003, represents the middle-slope sediments and is sit-
uated ~4 km from the platform edge at a water depth of 481 meters
below sea level (mbsl). Site 1006, in contrast, is the most distal site
along the transect located basinward in the northern portion of the
Santaren Channel ~30 km from the platform edge at a water depth of
658 mbsl. This site was designed to (1) provide an independent indi-
cator of sea level because of its greater pelagic component, and (2)
through sequence stratigraphy, aid in the dating of the proximal sites
where the chronostratigraphy is occasionally unclear. This lack of
clarity could be the result of missing sequences because of erosion
and/or poor recovery, and diagenesis and/or dilution by neritic sedi-
ments (Eberli, Swart, Malone, et al., 1997). 

The sediments in the interval studied (0–77.5 meters below seaf-
loor [mbsf]) at Site 1003 are Pleistocene to Holocene in age and con-
sist primarily of unlithified to partially lithified mudstones to float-
stones and minor nannofossil oozes, which contain approximately
equal amounts of platform-derived mud and calcareous sand mixed
with pelagic carbonate components (i.e., periplatform ooze; Schlager
and James, 1978). Peloids and aragonite needles are also major com-
ponents through this section. This sediment interval lies within
lithostratigraphic Unit I (0–162.1 mbsf; Eberli, Swart, Malone, et al.,
1997). The upper interval (0–59.9 mbsf) is thought to show a change
from pelagic-dominated input in the lower section of the interval to a
strong input of coarse particles in the middle to upper part that are de-
rived from the shallow carbonate producing area (Eberli, Swart, Ma-
lone, et al., 1997). The lower interval (59.9–162.1 mbsf), in contrast,
consists of an alternation of coarser and finer grained intervals that
are relatively rich in platform-derived components. A downcore dis-
appearance of peloids was also observed.

The sediments in the interval studied at Site 1006 (0–65 mbsf) are
Pliocene to Holocene in age and consist of largely unlithified, biotur-
bated nannofossil ooze (with sand- and silt-sized foraminifers) with
a small component of aragonite needles in the upper section. This lies
within lithostratigraphic Unit I (0–125.95 mbsf; Eberli, Swart, Mal-
one, et al., 1997). The interruption of this unit by a possible hard-
ground (a chalky layer) and a series of silty clay layers allows divi-
sion of Unit I into two subunits. The upper interval (0–7.28 mbsf) is
a nannofossil ooze with small amounts of aragonite needles, where
particle abundance and grain size increases downcore to the base of
this subunit. It is thought to reflect a mix of pelagic and bank-derived
carbonates (Eberli, Swart, Malone, et al., 1997). The lower interval
(7.28–125.95 mbsf) is a nannofossil ooze interbedded with clays re-
flecting erosion from a continental source, probably Cuba and/or His-
paniola (Eberli, Swart, Malone, et al., 1997).
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Figure 1. The top left map shows the position of ODP 
Leg 166 (Sites 1003–1007) and the CLINO and 
UNDA sites, which are situated on the leeward side of 
the Great Bahama Bank (taken from Kindler and 
Hearty, 1996). The main map (after Eberli, Swart, 
Malone, et al., 1997) gives the position of the individ-
ual sites, which run in an east-northeast–west-south-
west direction along seismic Line 106, “The Western 
Line.” Sites 1003 and 1006 are highlighted to indicate 
their positions along the transect.
METHODS

All samples used for analysis consist of 15 cm3 of sediment taken
at a general sampling frequency of 20 cm within each core. However,
additional samples were taken in between to increase the sampling
frequency at significant points (e.g., transitions between glacial peri-
ods [glacials] and interglacials). A total of 454 samples have been
analyzed from Hole 1003A (Sections 166-1003A-1H-01 through 9H-
CC) and a total of 293 samples were taken from Hole 1006A (Sec-
tions 166-1006A-1H-01 through 7H-7). A flow diagram to in Figure
2 shows the laboratory procedures.

Oxygen Isotope Analysis

The samples (5 cm3) were oven dried at 45°C, weighed, and then
washed through a 63-µm stainless steel sieve. The coarse fraction was
then further divided into subfractions (for details, see “Sediment Flux
Analysis”). The 250- to 500-µm fraction was used to pick tests of the
planktonic foraminiferal species Globigerinoides ruber. Care was
taken to select only complete and undamaged tests to reduce the risk
of picking the incorrect species. The tests were then soaked in methyl
alcohol for several minutes and cleaned in an ultrasonic bath to re-
move adherent contaminants. Following ultrasonic cleaning, excess
methyl alcohol was drawn off with tissue paper, and any residual al-
cohol was allowed to evaporate. The foraminiferal sample weights
were typically <0.1 mg and composed of 5–8 planktonic specimens.

After cleaning, the foraminiferal tests were reacted in orthophos-
phoric acid (specific gravity = 1.9) at 90°C, and the resulting CO2 gas
was analyzed using a Precision Isotope Ratio Mass Spectrometer
(PRISM) located at the Geology and Geophysics Department of the
University of Edinburgh. The samples were analyzed using an inter-
nal laboratory standard (marble reference SM1), and the values ob-
tained converted to a PeeDee Belemnite (PDB) standard. Precision
for the oxygen isotope analysis was 0.085° (standard deviation for
100 analyses of an “in-house” standard carbonate [SM1] conducted
over several months) using SM1 sample weights of 0.05–0.1 mg.

X-ray Diffraction Analysis

The analysis was carried out on ~0.5 g of fine-fraction (<63 µm)
sediment, and follows that described in various texts including Milli-
man (1974). Each sample was oven dried at 60°C before being
ground for exactly 4 min in an agate mortar (with analytical grade ac-
etone). This provides a more homogenized sediment, and thus reduc-
es errors that might seriously affect the quality of the results. The
grinding time has been documented as that required to provide an op-
timal peak intensity for X-ray diffraction (XRD) analysis (Milliman,
1974).The individual samples were then drawn up in a pipette, dis-
persed on a glass slide (2-cm diameter), smeared out to produce a
sediment slurry of standard thickness and diameter, and dried at room
temperature before being subjected to X-rays.

The samples were analyzed at the Geology and Geophysics De-
partment of the University of Edinburgh using a Philips PW 1011/
1050 automatic power diffractometer (PW 1808 sample charger) at
40 kV and 50 mA, through a scan from 25° to 45° 2-θ, at a low scan
speed of 0.040° per second for optimal resolution. The peak intensi-
ties were measured for aragonite, HMC, LMC, and dolomite, and the
presence of quartz was also recorded to provide a representative for
terrigenous components within the sediment.

The program MacDiff 3.1.5 was then used to determine the
amount of calcite and aragonite within the sediment by measurement
of the total peak intensity, which is directly related to the peak area
(Milliman, 1974). Calcite was composed of HMC and LMC, one
forming the major peak and the other a minor peak on the shoulder of
63
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Figure 2. A flow diagram showing how the laboratory 
procedures were conducted. An initial division of the 
original sample into subsamples was made to provide 
sediment for a mineralogical analysis (X-ray diffrac-
tion), facies analysis (grain-size analysis), and strati-
graphic analysis (oxygen isotope analysis and U/Th 
dating).
the major peak. The intensity of the major peak was measured and
subtracted from the total calcite intensity to provide the intensity of
the second (minor) peak. The relative weight percentage of calcite
and aragonite were then calibrated using an “in-house” calibration
curve formed from a series of measurements carried out on two com-
ponent standards. These consisted of a laboratory-produced synthetic
calcite and a pure aragonite from a Red Sea coral. The relative weight
percentage of dolomite was then calculated using the linear correla-
tion by Milliman (1974). The quartz data was left in peak-height in-
tensities.

U/Th Dating

Thermal ionization U-Th analyses have been applied to sediment
from four horizons in Site 1006 and six from Site 1003 (Henderson
et al., Chap. 3, this volume). These horizons were selected from peaks
in the interglacial aragonite stratigraphies to assign each package of
aragonite-rich sediment to its correct highstand period. In general, U-
Th dating of marine sediment is difficult because they contain appre-
ciable amounts of initial 230Th bound in detrital clay minerals and
scavenged from seawater. This initial 230Th gives the sediment a
nonzero initial age and must either be removed or corrected for in or-
der to arrive at a true age. The aragonite-rich sediments of the Baha-
mas are unusually high in U and low in initial Th so this problem is
less acute than elsewhere (Slowey et al., 1996), but it must still be ad-
dressed. To reduce initial 230Th, analyses were performed on 63- to
250-µm pure-aragonite sediment separates. These procedures quanti-
tatively remove the detrital material and reduce the concentration of
scavenged Th. Remaining scavenged 230Th is corrected for by using
the measured 232Th/230Th ratio and assuming a 232Th/230Th ratio
for seawater. Full details of the sieving and heavy liquid protocols
used for the separation and of blanks, chemical separation, and mass
spectrometry can be found in Henderson et al. (Chap 3, this volume). 

Sediment Flux Analysis

This procedure (Wolf and Thiede, 1991) consisted of freeze-
drying 5-cm3 bulk sediment samples in a vacuum container. The tem-
perature was maintained at –40°C in liquid nitrogen. Dehydrated
sample weights were taken using a digital scale (precision to 0.0001
g). Samples were then left to form a deflocculated suspension in dis-
tilled water prior to sieving.
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Wet-Sieve Analysis

The 5-cm3 suspensions were washed through a 63-µm metal sieve
(U.S. standard) with a spray of distilled water. The coarse fraction
(>63 µm) was drained and rinsed into 10-cm3 containers for drying in
fan-assisted ovens before weighing.

The fine fraction (<63 µm) was collected in large (5 L) beakers
and left to settle. After settling, the water was siphoned off and the
fine fraction was dried in fan-assisted ovens before weighing.

Dry-Sieve Analysis

The dried, weighed coarse fraction (>63 µm) was subsequently
split (using a hand-held sieve set) into five subfractions: 63–125 µm,
125–250 µm, 250–500 µm, 500–1000 µm, and >1000 µm (U.S. Stan-
dard) (Fig. 3). Subfractions were stored in preweighed glass vials and
their weights were measured.

RESULTS

Stratigraphy

Stratigraphy for the proximal site, Site 1003, and the distal site,
Site 1006 (see Kroon et al., Chap. 2, this volume) is based primarily
on oxygen isotope analyses and aragonite stratigraphy. Further age
control is provided by U/Th-TMS-dating (Henderson et al., Chap. 3,
this volume), and by nannofossil data (T. Sato, unpubl. data).

U/Th Dating

U-Th analyses confirmed that the uppermost aragonite-rich sedi-
ment package at both sites is Holocene and indicated that the next
deepest package at Site 1006 was from the marine oxygen isotope
Stage (MIS) 5 (Fig. 3). Samples from deeper in the cores had suffered
perturbation of their U-Th system involving two processes. Samples
have gained small amounts of U, probably because of transport of U
downward in the sediment from oxidizing conditions into more re-
ducing conditions where the U is insoluble. Samples have suffered
progressive loss of 234U because of alpha recoil from the U-rich ara-
gonite grains. These two processes prevent assigning accurate ages to
the samples. However, given the fact that all samples were selected
from high aragonite horizons and are, therefore, expected to be from
sea-level highstands, the diagenetic perturbation can be sufficiently



MINERALOGY AND SEDIMENTOLOGY, GREAT BAHAMA BANK
well understood that each sample can be assigned to a unique inter-
glacial event. A full discussion of this diagenesis and the rationale for
its correction lies outside the scope of this paper but is presented in
Henderson et al. (Chap. 3, this volume). The interglacials assessed
from this U-Th analysis are marked on Figures 3 and 4 as their equiv-
alent MIS. Those for Site 1006 are in good agreement with other age
data (Kroon et al., Chap. 2, this volume). Those for Site 1003 differ
somewhat from biostratigraphic age information and suggest a
marked hiatus between the upper sediment package (MIS 1), and the
package beneath it (MIS 11). Such a hiatus would explain the offset
in δ18O values seen at this depth in the sediment.

Oxygen Isotopes
Hole 1006A

Hole 1006A was chosen to provide an independent indicator of
sea-level variations because of its greater pelagic component and its
continuous record, which would increase its potential to provide a
relatively complete age model. The validity of this age model is dis-
cussed further in the paper by Kroon et al. (Chap. 2, this volume). An
almost complete (missing isotope Stage 7), high-resolution record
extending to isotope Stage 44 was produced (Fig. 3). Good cyclicity
within the isotope curve and a classic “sawtooth” profile is exhibited.
The calcareous nannofossil bioevents constrain the assignment of the
isotope Stages 8, 12, 22, 30, and 34 which are defined by Emiliania
huxleyi, Pseudoemiliania lacunosa, Reticulofenestra asanoi, Gephy-
rocapsa parallela, and Reticulofenestra asanoi, respectively (Fig. 3)
(T. Sato, unpubl. data). The U/Th dates provide further reinforcement
defining the interglacial Stages 1, 5, 9, and 11 (Fig. 3) (Henderson et
al., Chap. 3, this volume). The isotopic signal fluctuates between pos-
itive and negative values, which correspond to glacial and intergla-
cials, respectively (Fig. 3). This cyclicity in the isotope record is rep-
licated in the aragonite curve where drops in the percentage of arago-
nite correspond to the positive isotope values (i.e., glacials). It should
be noted, however, that a slight offset is observed between the oxy-
gen isotope and aragonite curves (indicated by the tie lines that are
not horizontal; Fig. 3). This lag time indicates that the glacial maxima
occurs later in the aragonite curve for some isotope Stages (e.g., 12–
44) and before the maxima seen in the isotope curve for others (e.g.,
Stage 10 to the present). This displacement is by one or two samples
or 20–40 cm. In the upper section of the core, above isotope Stage 12,
the frequency of the isotope curve is lower and the isotope record
shows the lightest isotope values, which are >–1‰ for the interglacial
isotope Stages 1, 5, 9, and 11.

Hole 1003A

The interpretation given to the isotope curve at Site 1006 was used
to help determine the age of the sediment at the more proximal hole
(Hole 1003A), where the data lacks the classic sawtooth profile fa-
miliar to many deep-sea oxygen isotope records (e.g., Shackleton and
Opdyke, 1973; Emiliani, 1978) (Fig. 4). Calcareous nannofossil bio-
events and U/Th dates were once again used to constrain the assign-
ment of the isotope stages. E. huxleyi and P. lacunosa define isotope
Stages 8 and 12; however, the next nannofossil datum (R. asanoi) at
isotope Stage 22 lies at a depth beyond the scope of this work (Fig.
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Figure 3. Comparison of the relative percentage of Aragonite in the fine frac-
tion (<63 µm) with the planktonic foraminifer oxygen isotope stratigraphy
for Site 1006 (Hole 1006A). The broken lines indicate the ties between the
two records, and the numbers given to the lines depict the even (glacial) iso-
tope stages. The position of the seismic stratigraphic boundaries (SSBs), cal-
careous nannofossil bioevents, and the U/Th dates are also marked. The U/Th
dates are given as marine oxygen isotope stages (MIS). For details of how
they were assigned to the raw U/Th dates see Henderson et al. (Chap. 3, this
volume). PDB = PeeDee belemnite standard.
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Figure 4. Comparison of the relative percentage of Aragonite in the fine frac-
tion (<63 µm) with the planktonic foraminifer oxygen isotope stratigraphy
for Site 1003 (Hole 1003A). The broken lines indicate the ties between the
two records, and the numbers given to the lines depict the even (glacial) iso-
tope stages. In addition, the position of the seismic stratigraphic boundaries
(SSBs), calcareous nannofossil bioevents, and the U/Th dates are marked.
The U/Th dates are given as marine oxygen isotope stages (MIS). For details
of how they were assigned to the raw U/Th dates see Henderson et al. (Chap.
3, this volume). PDB = PeeDee belemnite standard. 
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4). Of the five samples measured using U/Th-dating, only the upper
two lie within the U/Th methods limits of ~450 k.y. (Henderson et al.,
Chap. 3, this volume). These two samples define the interglacial
Stages 1 and 11, implying that the interglacial Stages 3–9 are missing
(Fig. 4). However, the lower U/Th-date assigned to isotope Stage 11
lies within the core section, which is isotopically heavy. Its accuracy
could, therefore, be questionable, particularly because three of the
lower U/Th measurements provide no ages and the fourth gives a
value older than the measurement limits of U/Th dating (Fig. 4). The
upper 12 mbsf of this core has an isotopic signal that fluctuates about
–2‰. At 12 mbsf, there is a sharp shift to +1‰, which marks a glacial
period and the base of the Holocene sediment wedge. The nannofos-
sil bioevents assign the sediment at 12 mbsf to isotope Stage 8, as in-
dicated by the presence of E. huxleyi (T. Sato, unpubl. data). This in-
dicates the presence of a large hiatus at this depth (Fig. 4). Below, the
remainder of the record becomes isotopically heavy, with low-
amplitude fluctuations around +0.5‰. However, at 19 and 27 mbsf,
slightly higher amplitudinal changes occur. With the aid of the arago-
nite curve and nannofossil datum, we established a stratigraphic
record that reaches isotope Stage 21. Another hiatus below isotope
Stage 12 is present that is marked by the top of P. lacunosa (57 mbsf).

Mineralogy

The abundances of aragonite, HMC, LMC, and dolomite are rep-
resentative of the fine fraction (<63 µm). The percentages are calcu-
lated for their relative concentrations within the calcium carbonate
fraction. The trends described are based on the average percentages
for the extreme values within the glacials and interglacials.
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Hole 1006A

At Hole 1006A, the cyclicity shown in the aragonite curve is mir-
rored in the LMC curve (Fig. 5). The dominant mineral at this site is
aragonite, which represents ~86% of the carbonate phase during in-
terglacial times and 48% during glacials (Figs. 6B, 6C). This shows
that although the maximum input of aragonite occurs constantly dur-
ing interglacials, its production and deposition on the platform is not
entirely switched off during glacials. Most of the remaining mineral
assemblage in the carbonate phase is represented by calcite, primarily
LMC, which forms 11% of the carbonate phase during interglacials
and 41% during glacials (Figs. 6B, 6C). Thus, the reverse pattern of
that in the aragonite curve is seen and maximum LMC input occurs
during the glacials. Although HMC represents the smallest concen-
tration of the calcite phase (~3% during interglacials and 5% during
glacials), it occurs predominantly in the upper 17 m (isotope Stage 12
to the present) (Fig. 5). Below this depth, the intensity of HMC di-
minishes and appears only sporadically, whereas the LMC concentra-
tion shows a continued increase with depth downcore. The dolomite
curve indicates an almost total absence down to 37 mbsf (isotope
Stage 28) although its first appearance is at 17 mbsf (isotope Stage
12), where it represents <1% of the carbonate phase (Fig. 5). At 18
mbsf (isotope Stage 14), it forms 33% of the total carbonate phase.
Below this it only appears sporadically in very low concentrations
down to 37 mbsf, below which its occurrence increases with depth
downcore. Dolomite concentrations are generally <1% during inter-
glacials, and average ~6% during glacials (Figs. 6B, 6C). Quartz
shows average peak-height intensities of 250 with maximum intensi-
ties during glacials, following a steady increase during the intergla-
21

19

17

15

13

31

37

39

41

43

9

11

1

5
3

Hiatus+7

23
25
27
29

33
35

Isotope
stages

0 20 40 60 80 100 0 10 20 30 40 500 20 40 60 80
0

5

10

15

20

25

30

35

40

45

50

55

60

65

HMC

LMC

Aragonite (%)

D
e
p
th

 (
m

b
s
f)

 HMC and LMC (%) Dolomite (%)
0 1000 2000

Quartz (peak intensity)

Figure 5. Downcore variations in the relative percentage of Aragonite, high-magnesium calcite (HMC), low-magnesium calcite (LMC), and dolomite for the
fine fraction (<63 µm) for Site 1006. Downcore variations in the presence of quartz are given as peak intensity. The grey lines indicate the ties between the
records and represent the glacial periods. The isotope stages are also shown, with the odd numbers indicating the interglacial periods (sea-level highstands).



MINERALOGY AND SEDIMENTOLOGY, GREAT BAHAMA BANK
cials after an almost total or total absence at the onset of the intergla-
cials (Fig. 5). However, quartz appears only a few times, with very
low intensities in the upper part of the core (down to isotope Stage
10), below which it shows a continuous presence downcore. Thus, it
shows a similar trend to that seen in the LMC curve with highest con-
centrations during the glacials. 

Hole 1003A

At Hole 1003A, clear variations occur within the carbonate phase
(Fig. 7). Aragonite is the dominant mineral in the succession with an
average concentration of 85% during the interglacials and 58% dur-
ing glacials (Figs. 6E, 6F). Distinct decreases in aragonite content are
observed at 12, 17, 21, 27, 48, 54, 57, and 62 mbsf. These decreases
most likely represent cool periods or glacials. The remainder of the
sediment in the calcium carbonate fraction is made up of LMC and
HMC. LMC represents the largest portion with maximum concentra-
tions during the glacials (29%) (Figs. 6E, 6F). HMC, although in
lower concentrations forms 2% during the interglacials and 13% dur-
ing the glacials (Figs. 6E, 6F). Both calcite minerals therefore favor
the glacials. Dolomite is in very low concentrations (average <1%) at
this site and represents 0%–2.5% of the carbonate fraction (Fig. 7). It
is absent down to 17 mbsf, below which it increases at regular inter-
vals with depth downcore. It shows a tendency (upcore) to occur di-
rectly after the maximum LMC and minimum aragonite concentra-
tions, and shows a gradual depletion in concentration with continued
high aragonite input (Fig. 7). At ~57 mbsf, dolomite generally in-
creases in abundance downcore to 72 mbsf. Quartz appears, with low
intensities, at 12 and 57 mbsf which correspond to isotope Stages 8
and 12, respectively. 

Grain Size

Grain-size analysis is based on the subdivision of the sediment
into subordinate grain-size fractions equivalent to the Udden-
Wentworth grain-size classification of terrigenous sediments (Went-
worth, 1922). This includes an initial division of the sediment into its
coarse (>63 µm) and fine (<63 µm) components, which separates the
silts and clays from the sand-sized sediment. Then five subsequent
divisions of the coarse fraction separate the sediment into very fine
sand (63–25 µm), fine sand (125–50 µm), medium sand (250–500
µm), coarse sand (500–1000 µm), and very coarse sand, granules,
pebbles, and larger (>1000 µm). The trends described are based on
average percentages derived from the extreme values within the gla-
cials and interglacials.

Grain size has been used as a fundamental attribute of siliciclastic
sedimentary rocks and, therefore, is one of the most important de-
scriptive properties of such rocks, along with grain shape and fabric
(Boggs, 1987). However, little is documented about these properties
for carbonate rocks. These parameters together form the sedimentary
texture that is produced primarily by the physical processes of sedi-
mentation and, therefore, is thought to reflect sedimentation mecha-
nisms and depositional conditions. It is the interrelationship of these
primary textural properties that controls other derived textural prop-
erties such as bulk density, porosity, and permeability. Thus, grain-
size distribution and sorting might also steer the fluid flow through
the sediments and, therefore, combined with the mineralogy, affect
the development of the initial diagenetic pattern. Extensive recrystal-
lization or other diagenetic changes that may follow could destroy
these original textures producing textural fabrics that are largely of
secondary origin. Although much uncertainty still exists in the ge-
netic interpretation of such textural data, a thorough understanding of
the nature and significance of sedimentary textures is fundamental to
the interpretation of ancient depositional environments and transport
conditions. And, although these relationships are known, the relation-
ship between grain-size characteristics and depositional environ-
ments is still little understood. Thus, here we document grain-size
variations through both time and space to provide further insight into
the importance of grain size as an aid to our understanding the sedi-
mentary environment and as a proxy for stratigraphic work.

Hole 1006A, Bulk Sediment

At Hole 1006A, the first important observation is that the sedi-
ment at this site is dominated by the fine fraction (Fig. 8), which on
average forms ~75% of the sediment (Fig. 9A). Fluctuations in the
amount of fine fraction occur at regularly spaced intervals downcore
that switch from high concentrations of fine fraction to higher con-
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Figure 6. Trends in the relative percentages of the car-
bonate mineralogy for the fine fraction (<63 µm) at the 
distal site (Hole 1006A) and the proximal site (Hole 
1003A). Histograms A and D show the overall (inter-
glacial and glacial combined) average mineralogical 
trends for Hole 1006A and Hole 1003A, respectively. 
Histograms B and E show the interglacial trends, 
whereas histograms C and F show the glacial trends for 
each of the holes. These trends are based on averages 
for the extreme values in both the interglacial and gla-
cial periods.
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Figure 7. Downcore variations in the relative percentage of aragonite, high-magnesium calcite (HMC), low-magnesium calcite (LMC), and dolomite for the fine
fraction (<63 µm) for Site 1003. Downcore variations in the presence of quartz are given as peak intensity. The blocked grey areas represent gaps in the record,
and the grey lines indicate the ties between the records and the glacial periods. The isotope stages are also shown, with the odd numbers indicating the intergla-
cial periods (sea-level highstands).
centrations of coarse fraction (Fig. 8). If we look at these switches we
can see that the sediment during interglacials is dominated by the fine
fraction, which forms on average 88% of the total sediment (Figs. 8,
9B). In the glacials however, although the fine fraction is still the
dominant grain size, forming 62% of the sediment, the coarse fraction
is much more important here, forming 38% of the sediment (Fig. 9C).
Thus, although there is in general a dominance by the fine fraction,
the biggest contrast between the glacials and interglacials exists in the
coarse fraction (Figs. 9B, 9C). A final point of interest is the general
increase in the percentage of coarse fraction in the upper part of the
core which is represented by isotope Stage 9 to the present (Fig. 8).

Hole 1003A, Bulk Sediment

The trend observed at Hole 1006A is also seen at Hole 1003A
(i.e., the sediment is dominated by the fine fraction [70%]) (Figs. 9D,
10). During interglacials, the fine fraction dominates and on average
represents 86% of the sediment (Fig. 9E). In the glacials, although the
fine fraction is still the dominant grain size (54%), this is only mar-
ginally so while the coarse fraction forms ~46% of the sediment (Fig.
68
9F). Therefore, there is again a sharp reduction in the coarse fraction
input during interglacials and a relatively sharp increase during gla-
cials. The increase in the coarse-fraction percentage at 17, 21.5, and
47 mbsf (Fig. 10) probably represents cool periods within the inter-
glacials, possibly isotope Stages 8.6, 9.2, and 11.2, respectively. In
addition, there is a marked increase in the concentration of the coarse
fraction at 37 and 54 mbsf, and a general increase can be seen at 60
mbsf where, on average, it represents 35% of the total sediment (Fig.
10).

Hole 1006A, Coarse Fraction (>63 µm)

If we now look at the subdivisions of the total coarse fraction at
the distal hole (Hole 1006A), the 63- to 125-µm fraction represents
the highest proportion of the coarse fraction, representing 36% of the
total sediment (Fig. 11). This is followed by the other subfractions
that show a general decrease in input with increasing grain size (Fig.
12A). Thus, it is the very fine to medium sand fraction that dominates
the coarse fraction. However, we find that during the interglacials the
sediment is dominated by the 63- to 125-µm fraction (very fine sand
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fraction), representing 50% of the total sediment (Fig. 12B), and that
with each consecutive increase in grain size there is a decrease in in-
put (Fig. 12B). In contrast, during the glacials the larger subfractions
form a higher percentage of the coarse sediment (i.e., 250- to 500-µm
fraction [28%], 500- to 1000-µm fraction [14%], >1000-µm fraction
[18%]). These represent the medium to very coarse sand fractions
(Fig. 12C). Thus, the interglacials show an increase in the two small-
est subfractions and a decrease in the three larger subfractions when
compared to the glacials (Figs. 13B, 13C). However, because the
grain-size distribution pattern during interglacials exhibits decreas-
ing input with increasing grain size (i.e., “normal sorting”) (Fig.
12B), it must be the variations in the glacial trend (Fig. 12C) that in-
fluence the general pattern seen for the total coarse fraction (Fig.
12A). 

Hole 1003A, Coarse Fraction (>63 µm)

At Hole 1003A, the patterns and concentrations seen in the subdi-
visions of the coarse fraction are slightly different from those seen at
the distal site (Fig. 13). The 63- to 125-µm fraction again represents
the highest proportion of the sediment (52%) while the second high-
est concentration is represented by the 125- to 250-µm fraction (21%)
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(Fig. 12D). Thus, it is once more the smallest subfractions that dom-
inate the grain size of the coarse fraction. During the interglacials, the
average percentages of the subfractions decrease with increases in the
grain sizes from 71% for the 63- to 125-µm fraction to 2% for the
>1000-µm fraction (Fig. 12E). This pattern is similar to that seen at
the distal site during the interglacials. However, during the glacials,
the order is slightly modified so that the >1000-µm fraction (very
coarse sand fraction) represents the second largest percentage con-
centration within the coarse fraction (25%) while the 63- to 125-µm
fraction (33%) is the most abundant (Fig. 12F). This is very different
from that seen at the distal site. If we compare the percentages of the
different grain sizes between the glacials and interglacials we find
that, during the interglacials, there is an increase in the volume of the
63- to 125-µm fraction, while all the other fractions show a distinct
decrease (Figs. 12, 12F). Therefore, as with Hole 1006A, the general
grain-size distribution within the coarse fraction at Hole 1003A shifts
remarkably going from an interglacial to a glacial and vice versa. 

DISCUSSION

Stratigraphy

The δ18O records for both sites along the leeward side of the Great
Bahama Bank show that there have been numerous periods during the
past 1.4 Ma where changes in sea level have occurred in response to
climatic variability. In turn, the way in which the Bahama Platform
has responded to these changes has been recorded in the mineralogy
and grain-size distribution of the sediment. The δ18O record for the
distal hole (Hole 1006A) has shown that there has also been a general
climatic warming during the late Pleistocene (after isotope Stage 11).
This is indicated by the lightest δ18O values that were interpreted as
surface-water warming by Kroon et al. (Chap. 2, this volume). How-
ever, at the more proximal hole (Hole 1003A), this warming trend is
more difficult to observe because of missing sequences in the strati-
graphic record and an isotopically “heavy” record, which indicates
diagenetic overprinting below the Holocene (>12 mbsf). This is
marked by a 3‰ shift in the oxygen isotope values. A possible reason
for this shift could be diagenetic overprinting caused by early diagen-
esis. This is supported by evidence found in the mineralogy, dis-
cussed later. Further discussion concerning the isotope curve at the
distal site (Site 1006) in terms of its paleoceanographic and climato-
logic significance can be found in the paper by Kroon et al. (Chap. 2,
this volume). 

Mineralogy

It has been noted that the aragonite cycles at Site 1006 display the
same sawtooth pattern as the δ18O record, while at Site 1003 only the
aragonite curve shows this pattern. However, the reason for this ara-
gonite pattern is still under debate since the Bahama Bank has a flat-
topped morphology; thus the aragonite variations should resemble a
more “square wave” pattern (Droxler et al., 1983; Haddad and Drox-
ler, 1996). It has been suggested that these unexpected differences be-
tween the predicted and actual aragonite patterns could be the result
of seafloor aragonite dissolution (Droxler et al., 1983; Droxler,
1985). The idea for dissolution was first put forward by Lynts et al.
(1973) as a potentially important factor controlling the periplatform
carbonate mineralogy of the Great Bahama Bank. However, the two
cores at Holes 1006A and 1003A were recovered at 658 and 481 mbsl
respectively, and are, therefore, too shallow to adequately discuss
possible changes that could result from seafloor aragonite dissolu-
tion. This seems to support the observation by Boardman and Neu-
mann (1984) that stated that carbonate dissolution would not occur at
shallow water depths (e.g., 200–2000 mbsl; Providence Channel, Ba-
hamas) and that the aragonite content is solely an input signal. Within
the periplatform ooze (Schlager and James, 1978), aragonite was
found to be the most abundant mineral on the leeward side of the
69
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Great Bahama Bank. As known from literature, its main sources are
neritic, bank-top aragonite needles and pelagic-derived pteropods
(e.g. Neumann and Land, 1975; Droxler et al., 1983; Boardman and
Neumann, 1984, 1986; Boardman et al., 1986; Macintyre and Reid,
1992; Milliman et al., 1993). However, a small decrease in the arago-
nite content of these periplatform sediments was found to occur with
increasing distance and water depth from the platform top (Figs. 6A,
6D). Boardman and Neumann (1984) found a similar pattern for
Northwest Providence Channel. These observations were also made
for sediments from the Bahama Channels (Droxler et al., 1988;
Reijmer et al., 1988; Haddad and Droxler, 1996) and the Bermuda
Pedestal (Berner et al., 1976), as well as for the Nicaragua Rise
(Droxler et al., 1991). If the decrease observed is solely the result of
input variations or if minor diagenesis might have modified the signal
remains to be seen (deMol et al., 1998). We found that, although this
general off-bank decrease occurred, the general fluctuations in arago-
nite concentrations, coupled with the δ18O records, indicate that ara-
gonite is in its highest concentrations at both sites during sea-level
highstands and in its lowest concentrations during sea-level low-
stands (Fig. 6). This difference related to sea level also occurs in a
spacial context. It seems that sediment deposited during sea-level
highstands does not vary spatially between Holes 1003A and 1006A,
but it is the lowstand concentrations that vary (Fig. 6). Therefore,
with increasing proximity to the shallow-water platform realm, the
difference between the highstand and lowstand aragonite concentra-
tions is less pronounced (Fig. 6). For example, at the distal site (Hole
1006A), there was a 77% increase in aragonite concentration during
sea-level highstands, whereas this difference was only 50% at the
more proximal site (Hole 1003A). Thus, the decrease in the aragonite
content of these periplatform sediments with increasing distance
from the platform top seems to be controlled by changes within the
aragonite content of the sediment deposited during sea-level low-
stands. These results further support the idea that the aragonite signal
is an input signal at these shallow depths and not a dissolution modi-
fied signal.

In the literature, it is described that HMC input occurs preferen-
tially during interglacials and shows a positive correlation to arago-
nite (Boardman et al., 1986; Glaser and Droxler, 1993; Emery, 1996;
Haddad and Droxler, 1996) or a negative correlation (Droxler, 1985,
1986). At both sites along the platform slope, HMC is in highest con-
70
centrations during glacials (e.g., 5% at Hole 1006A and 13% at Hole
1003A; Fig. 6) and, therefore, runs reverse to the aragonite input pat-
tern. Grammer et al. (1993a, 1993b) demonstrated that, where botry-
oidal aragonite cements form on steep marginal slopes (Tongue of
Ocean, Bahamas), discontinuity horizons exist that consist of thin
layers of magnesium-calcite micrite. Similar observations were made
at the Belize Barrier Reef (Ginsburg and James, 1976). If these then
form part of the eroded slope debris that is deposited during glacials
(see “Glacials” and “Grain Size” sections), this could account for the
higher HMC concentrations in these intervals. In addition, as ob-
served at Site 1005 (deMol et al., 1998), at CLINO and UNDA
(Westphal, 1997; Westphal et al., 1999), and at the deep seafloor of
Tongue of the Ocean (Schlager and James, 1978), HMC cements are
formed during early diagenesis that would also increase its relative
concentration, especially at the more proximal hole (Hole 1003A),
where early diagenesis has been implied by the isotope curve. This
would also account for the proximal site having higher HMC concen-
trations when compared to the distal site (i.e., a spacial discontinui-
ty), whereby HMC decreases in concentration with increasing dis-
tance from the platform (Fig. 6). A final reason for this spacial dis-
continuity is that the more proximal site is closer to the source area of
the magnesium-calcite micrite. 

Along the leeward flanks of the Great Bahama Banks, LMC is
found to be in highest concentrations during sea-level lowstands
(e.g., 29% at Hole 1006A, and 41% at Hole 1003A; Fig. 6). The high-
stand shedding theory states that during sea-level lowstands there is
relatively little neritic carbonate production and low aragonite con-
tent (Schlager et al., 1994; Droxler and Schlager, 1985; Haddad and
Droxler, 1996). Thus, the sediments are dominated by pelagic input
such as pelagic foraminifers and coccoliths that are high in LMC
(Johnson, 1961; Scholle et al., 1983; Tucker and Wright, 1990). In
addition, the lowstand deposits are dominated by coarse-grained,
eroded, slope debris (see “Glacials” and “Grain Size” sections) which
could contain lithified rock (i.e., calcite cements). During sea-level
highstands, the LMC signal is diluted by the high influx of aragonite-
rich sediment. However, this neritic input is drastically reduced dur-
ing lowstands allowing the LMC signal to be relatively enriched dur-
ing these periods. The spacial discontinuity in the concentration of
LMC in the sediment shows that LMC increases preferentially with
increasing distance from the platform, showing a negative correlation
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to the HMC (Fig. 6). For example, the average LMC concentration at
Hole 1006A equates to 26%, compared to only 20.5% seen at Hole
1003A (Fig. 6). This is probably connected to the pelagic input,
which increases with increasing distance from the platform. This
would also account for the difference between the interglacial and
glacial concentrations at the distal site being greater than that seen at
the proximal site (Fig. 6).

Dolomite, as a whole, shows very little relationship to the other
carbonate minerals. However it does show some trends in terms of
glacial/interglacial interplay and spacial variations. At both sites, the
first appearance of dolomite is at 17 mbsf, which implies that its pres-
ence could be depth dependent; however, that is where the similarity
ends. It appears during sea-level lowstands at Hole 1006A, thereby
showing a positive correlation to LMC, HMC (Fig. 6), and also to
quartz, which appears during these periods. Because quartz repre-
sents terrigenous material, this suggests that the dolomite could be of
detrital origin. This was also seen in Hole 632A of ODP Leg 101 on
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Figure 10. Downcore variations in the percentage of fine and coarse sediment
at Site 1003. The dotted pattern represents the coarse (>63 µm) fraction, and
the grey pattern represents the fine (<63 µm) fraction. The blocked grey areas
represent gaps in the record. The broken black lines tie the peaks to the isoto-
pic “age” model. The numbers between the lines depict the odd (interglacial)
isotope stages. The hiatuses are also marked.
the windward side of the Great Bahama Bank (Reijmer et al., 1988).
In contrast, at Hole 1003A, dolomite appears in almost every sample
from isotope Stage 9 down (with the exception of the upper part of
isotope Stage 11 (11.1)), which suggests that its formation is caused
by early diagenesis (Mullins et al., 1985). Droxler et al. (1988) and
Reijmer et al. (1988) observed a similar pattern. Quartz at the proxi-
mal site only appears at two intervals that correspond to sea-level
lowstands (isotope Stages 2 and 12).

Grain Size

Sediments from different environments tend to have distinctive
grain-size characteristics. The ultimate characteristic of the sediment
grain-size distribution is a function of several interacting processes,
beginning with growth/production and subsequent erosion in the
source area. Thus, the ultimate size distribution of grains in the site
of deposition is a function of (1) availability of grains of different
sizes at the source, (2) transport and depositional processes, and (3)
postdepositional diagenetic changes (Boggs, 1987). To date, the ma-
jority of research into grain-size analysis has been based in siliciclas-
tic environments. In carbonate environments, grain size usually only
classifies the sediment broadly using terms which combine grain type
and depositional texture (e.g., boundstone, grainstone, packstone,
etc. [Dunham, 1962]). Therefore, we have attempted to look at the
grain-size distribution to provide further insight into its importance as
a proxy to aid in understanding the carbonate sedimentary environ-
ment. Although this may be relatively premature, we find that it is
possible to use grain-size characteristics as “fingerprints” of certain
environments. In the carbonate regime, the highest, most variable
off-bank sediment transport occurs during interglacials (sea-level
highstands), as shown by numerous authors like Mullins (1983),
Droxler and Schlager (1985), Reijmer et al. (1988), and Eberli,
Swart, Malone, et al. (1997), whereas evidence for low sedimentation
rates during glacials was shown by Kendall and Schlager (1981) and
Handford and Loucks (1993). Emery and Myers (1996) stated that in
both siliciclastic and carbonate environments this variability in sedi-
mentation rate between interglacials and glacials is probably caused
by gravity-controlled sedimentation, rather than by a uniform, con-
tinuous rain of pelagic sediment. The grain size results will show that
this is true for the glacials, but not the interglacials.

Although we find that both sites on the leeward side of the Great
Bahama Bank are dominated by the fine fraction (<63 µm), there is
some spacial variation (Figs. 9A, 9D). Furthermore, the difference in
the percentage of coarse to fine sediment is greater at the distal site
than at the proximal site, which indicates that less coarse-grained sed-
iment is deposited at the distal site, thus confirming dominance by the
fine fraction. These spacial variations could be related to the site lo-
cations in relation to their position on the leeward side of the Great
Bahama Bank. 

On windward margins of carbonate platforms, wave activity tends
to push most of the fine sediment onto the platform, leaving the
coarser fraction to accumulate on the windward side (e.g. Emery and
Myers, 1996). Hine et al. (1981a, 1981b) and Tucker (1985) found
that accumulation of the finer sediment tends to occur on the leeward
margins. The large-scale westward progradation of the Great Bahama
Bank as shown by Eberli and Ginsburg (1989) and Eberli, Swart, Ma-
lone, et al. (1997) demonstrates this sedimentary process. Similar ob-
servations were made for the Devonian Iberg Reef (Gischler, 1995),
Pedro Bank (northern Nicaragua Rise; Glaser and Droxler, 1993) and
the Queensland Plateau (northeastern Australia; Betzler et al., 1995).
The fine-fraction dominance at both sites (Figs. 9A, 9D) confirms
these observations. The proximal site lies on the slope, which forms
a progradational wedge, whereas the distal site is located more basin-
ward in the Santaren Channel. This progradational phase of the plat-
form described by Eberli and Ginsburg (1987), Wilber et al. (1990),
and Eberli et al. (1994) was found to contain a high concentration of
fine (<63 µm) aragonite needles, which, although originating from
71
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Figure 12. Trends in the relative percentages of the 
coarse fraction (>63 µm) subdivisions; very fine sand 
(63–125 µm), fine sand (125–250 µm), medium sand 
(250–500 µm), coarse sand (500–1000 µm), and very 
coarse sand, and pebbles (>1000 µm). Histograms A 
and D show the overall (interglacial and glacial com-
bined) grain-size distributions for the distal site (Hole 
1006A) and the proximal site (Hole 1003A), respec-
tively. Histograms B and E show the interglacial trends, 
whereas histograms C and F show the glacial trends for 
each of the holes. These trends are based on averages 
for the extreme values in both the interglacial and gla-
cial periods.
the platform top, can nevertheless be deposited well into the basin
(Wilber et al., 1990; Droxler et al., 1991; Glaser and Droxler, 1993;
Milliman et al., 1993). In other words, the sediment grain sizes sup-
plied to the slope are dependent on the orientation of the slope with
respect to the wind regime. Depending on their velocity and their po-
sition within the basin, surface and bottom currents might modify this
input signal (Mullins et al., 1980).
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Work carried out by Kenter (1990) researched the relationship be-
tween slope angle and dominant sediment fabric. The resultant model
showed that coarse-grained sediment could maintain much higher an-
gles of repose and hence steeper slopes than fine-grained deposits.
Thus, at Site 1003 where the slope angle is low (= 3.5°), fine-grained
mud would be the representative sediment type. This environment is
also characterized by reorganization of the slope deposits that could
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Figure 13. Site 1003 variations in the distribution of the subfractions within the coarse-grained sediment (>63 µm), which is subdivided into five component
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record are not marked here so that the fluctuations in the graph can be seen clearly.
explain the observed hiatuses seen at this proximal site. The slightly
marked increase in the average percentage concentration of fine frac-
tion (Fig. 9A) and the decrease in slope angle at the distal site could
be the result of higher pelagic input of fine-grained material com-
pared to the steeper slope and coarser grained deposits seen at the
proximal site (Fig. 9D). The high percentage of aragonite of these de-
posits, however, points to a more platform-related input pattern. The
dominance of the fine fraction at the basinal site could result from (1)
resedimentation of fine-grained sediment originally deposited at the
slope, (2) the fine end-tails of platform-derived turbidites, or (3) re-
sult from normal off-bank transport (Wilson and Roberts, 1995).

Interglacials

During the interglacials or sea-level highstands, the proportions of
fine (<63 µm) to coarse (>63 µm) sediment seen at both sites (Holes
1006A and 1003A) are very similar (Figs. 9B, 9E). This is probably
caused by large export of aragonite-rich muds from the platform top
by “density cascading,” whereby waters are released from the plat-
form together with entrained sediments that later fall out of suspen-
sion as pelagic rain to form “pelagic draping” of the slope and basin
(Wilson and Roberts, 1995). In addition, even though the coarse frac-
tion forms the smallest percentage concentration of the sediment
(Figs. 9B, 9E), normal sorting occurs within this fraction so that with
increases in the grain size there is a decrease in percentage concen-
tration of each consecutive grain-size subdivision (Figs. 12B, 12E).
This indicates that all grain sizes are being eroded from the platform
top and transported downslope to be deposited across the entire plat-
form-to-basin transect during sea-level highstands and that sorting
increases with increasing distance from the source. Therefore, the
differences seen in the average coarse/fine grain-size distribution
(Figs. 9A, 9D) and within the coarse-fraction subdivisions for the two
sites (Figs. 12A, 12D) is solely effected by the volume of the coarse
fraction (>63 µm). In addition, Westphal (1997) found that fine-
grained, highstand slope sediments from the Great Bahama Bank (the
CLINO Core) were protected against large initial fluid-flow alter-
ations because of their low permeability, and thus were subjected to
less diagenetic alteration. Therefore, diagenesis within these depos-
its, as well as being affected on a vertical scale (i.e., through time), is
also affected spatially (if to a lesser extent) so that with increasing
distance from the platform, and thus decreasing grain size, the diage-
netic potential of the sediment is reduced. 

Glacials

When considering the glacial sediments deposited during sea-
level lowstands, it was observed that the coarse fraction (>63 µm)
constituted 38% of the sediment at the distal site and 46% of the sed-
iment at the proximal site (Figs. 9C, 9F). Thus, the concentration of
the coarse fraction is of greater significance at both sites during sea-
level lowstands. Mullins et al. (1980) showed that maximum bottom-
current strengths in the Straits of Florida correlate with glacials. They
propose that the system responds to compressed worldwide climatic
belts and increased wind regimes, which intensify ocean circulation
during these times. The pattern in the grain-size distributions ob-
served in our cores is in full agreement with these observations. Gla-
ser and Droxler (1993) found a similar pattern for the Walton Basin
north of Pedro Bank. However, there is a change in the coarse/fine
proportions across the platform during glacials that was not so prom-
inent during the interglacials. This decrease in coarse fraction from
the proximal to distal site during the glacials is caused by the types,
frequencies, and strength of the mechanisms that transport the sedi-
ment away from the platform. Normally, with increasing distance
from the source, these gravity-induced transport mechanisms lose en-
ergy and are unable to support the larger particles in suspension, thus
depositing them nearer to the platform (e.g. Boardman and Neumann,
1984; Boggs, 1987). This would account for the reduced concentra-
tion of both the bulk coarse fraction (Fig. 9C) and the larger subfrac-
tions (Fig. 12C) at the distal site, which is supported by the reduced
input of turbidites at this site (Eberli, Swart, Malone, et al., 1997).
Another important point is that carbonate systems do not experience
the same type of physical erosion as seen in siliciclastic environ-
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ments. For example, subaerial exposure of the carbonate platform top
will tend to cause chemical erosion, resulting in grain and cement dis-
solution and reprecipitation of dissolved material (Emery and Myers,
1996). Westphal (1997) found that these coarse glacial deposits, with
their higher permeabilities, were subjected to intense diagenetic alter-
ation. They also contained high HMC cements which, together with
the eroded slope deposits containing magnesium-calcite micrite
(Grammer et al., 1993a, 1993b), would explain the high HMC con-
centrations during sea-level lowstands. Diagenesis would once again
be effected spatially in the same way as during interglacials (i.e., the
diagenetic potential of the sediments would be reduced [not to the
same degree] with distance from the platform.).

The facies distribution pattern of the Great Bahama Bank of
Purdy (1963) clearly showed the grain-size differences across the
platform top. Relatively coarse-grained sediments are found at the
platform edge, both on the windward and leeward side, whereas mud-
size sediment dominates the platform interior facies. Thus, flooding
and exposure of the platform will introduce variability in the grain
sizes that can be produced and subsequently exported. Dravis (1996)
clearly demonstrated that fresh-water calcite cementation will rapidly
freeze platform interior deposits, while Grammer et al. (1993b)
showed that rapid lithification also occurs at the steep marginal
slopes of Great Bahama Bank. Sea-level fluctuations will, therefore,
automatically cause variations in the availability of certain grain
types for export (as demonstrated for the Bahamas by Haak and
Schlager, 1989) and the amount of certain grain sizes within the sys-
tem (highstand shedding, Schlager et al., 1994; turbidite bundling,
Droxler and Schlager, 1985, and Reijmer et al., 1988). Therefore, the
way in which the different grain sizes are precisely distributed along
the platform-to-basin transect from Site 1005 to Site 1006 during gla-
cials and interglacials, forms the topic of ongoing research.

In addition, the composition of the coarse grains (>63 µm) ex-
ported from the platform during glacials and interglacials form the
topic of further work in progress. However, first results confirm to a
large extent the compositional variations within slope deposits of the
Great Bahama Bank presented by Westphal et al. (1999) and within
turbidites deposited in the Tongue of the Ocean (Haak and Schlager,
1989). The interglacial sediments are dominated by planktonic and
benthic foraminifers and pteropods. The foraminifers present include
Globigerinina, Miliolina, and, to a lesser extent, Textulariina, Lagen-
ina, and Rotaliina, while the pteropods represented lie within the sub-
order Eutheocosomata. Also present are minor amounts of Echino-
derm and Bryozoan fragments and some cortoids. In contrast, the gla-
cial sediments are characterized by cortoids, whereby the bioclasts,
peloids, and other particles are coated with a relatively thin micrite
envelope. The cortoid grains consist typically of peloids, various
planktonic foraminifers such as Globigerinina and Miliolina, and
subangular quartz grains. These preliminary findings in composi-
tional variations seen in interglacial and glacial sediments form the
basis for a more detailed analysis, which is still in progress.

Kroon et al. (Chap. 2, this volume) observed a distinct difference
in the isotope stratigraphy for the upper (>isotope Stage 11) and
lower (= isotope Stage 11) part of Site 1006 and attributed these
changes to increased sea-surface temperatures. The carbonate miner-
alogy and the grain-size distribution also seem to register this pale-
oceanographic change. The aragonite values show reduced values for
Stages 9 and 11. In the upper-core section, the HMC percentages
show a marked increase while the LMC percentages show a decrease.
The grain-size distribution shows a sharp increase in the input of
coarse (>63 µm) sediment since Stage 11. However, a more detailed
analysis is needed to clarify the origin of these changes in greater de-
tail. 

CONCLUSIONS

Variations in the mineralogy and grain size of the sediment on the
leeward side of the Great Bahama Bank have proved to be valuable
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in determining the platform response to climate changes. Trends
characteristic of different environmental regimes through both time
and space have become evident:

1. At the distal site (Hole 1006A), the δ18O record and the arago-
nite record are well preserved and are in good agreement with
each other. The proximal site, Hole 1003A, shows gaps in the
sedimentary record, implying an erosional depositional re-
gime on the platform slope. The δ18O record here is also dis-
torted because of diagenetic overprinting. 

2. The interglacials (sea-level highstands) are dominated by the
fine fraction (<63 µm), which shows no spacial variation in
concentration. These sediments are predominantly neritic,
bank-top derived aragonite needles exported off the platform.
The carbonate mineralogy is dominated by aragonite, which
decreases in concentration with increasing distance from the
platform top. Within the subordinate coarse fraction (>63 µm),
the very fine to medium sand-size fractions dominate. Dolo-
mite appears as a product of early diagenesis at the proximal
site. The terrigenous input (quartz) is very low. With increas-
ing distance from the platform top, HMC and dolomite de-
crease in concentration, whereas LMC and quartz increase.
These interglacial sediments have a low diagenetic potential
because of low permeability and restricted fluid flow.

3. The glacials (sea-level lowstands) are clearly coarser grained
but show a general decrease in coarse-sediment abundance
with increasing distance from the platform top. The carbonate
mineralogy for the fine fraction indicates that a mix of finer
LMC-rich sediment was derived from pelagic input, and
coarser HMC-rich sediment dominates these sediments. The
HMC-rich sediment is derived from HMC-rich cements
formed during early diagenesis and magnesium-calcite micrite
cements from eroded upper slope material. Thus, with increas-
ing distance from the platform, the LMC concentrations in-
crease and the HMC concentrations decrease. Within the
coarse fraction, the coarse to very coarse sand-size fractions
dominate. Aragonite is in low concentrations because of rela-
tively little neritic carbonate production and decreases in con-
centration with increasing distance from the platform top.
Dolomite occurs in slightly higher concentrations, as does
quartz. The dolomite shows the reverse spacial variation as
seen during the interglacials, appearing in highest concentra-
tions with quartz at the distal site, thus suggesting that glacial
dolomite is of detrital origin. These glacial sediments have a
high diagenetic potential because of high initial fluid flow and
high permeability.

4. Because diagenesis has been shown to occur preferentially
within coarse-grained sediments, it shows discontinuities both
vertically and laterally within the sediment column because it
is also dependent on the grain size of the sediment. Thus, it oc-
curs on a vertical scale preferentially during glacials. As the
grain size of the sediment decreases with increasing distance
from the platform top, the diagenetic potential also decreases.

5. Grain size and mineralogy do not adequately describe coarse-
grained, periplatform sediments. It is important to know the
composition of the grains and whether they are pelagic or bank
derived, skeletal or nonskeletal. Glacial sediments are charac-
terized by cortoids, whereas planktonic and benthic foramini-
fers and pteropods dominate interglacial sediments. Further
research is needed to see how these different types of grains
are related to the observed grain size and mineralogical data. 

6. Kroon et al. (Chap. 2, this volume) observed a period of possi-
ble surface-water warming during the Late Pleistocene at Site
1006 recorded in planktonic foraminifers. In our study, a dis-
tinct change in the mineralogy and grain size of the sediments
was also observed at the same level. Since isotope Stage 11,
the input of aragonite and HMC increases, whereas LMC de-
creases. The grain-size distribution shows that coarser sedi-
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ments are deposited. Paleoceanographic changes might have
been the cause for this shift in the overall sedimentation pat-
tern on the Great Bahama Bank during this period.
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