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ABSTRACT

The depositional record of carbonate slopes provides a valuable archive of

past environmental and climatic changes. Modern carbonate slopes reveal

morphological variabilities (for example, gullies and canyons) shaped by epi-

sodic slope collapses and turbidity currents. Furthermore, climate-induced

fluctuations in sea level regulate sediment availability and delivery to the

deep-sea. Morphological and climatic controls on calciclastic sediment trans-

fer are often complex to decipher. The aim of this study is to link seafloor

morphology and depositional processes in an active carbonate submarine

channel (Exuma Valley, the Bahamas) over the last 40 kyr. The dataset

includes multibeam and seismic surveys, and two sediment cores retrieved

from the valley axis. A series of abrupt slope-breaks, called knickpoints,

occurs along Exuma Valley, and plays a key role in sediment transport and

accumulation. Initiation processes proposed for knickpoint formation

include bank-collapse, side gully erosion and loss of confinement. Slope col-

lapses detected on the bathymetry prevail in the upstream muddy section of

the submarine valley, as attested to by a planktic-rich debrite–turbidite cou-

plet in the first core. In contrast, the second core collected downstream of

the knickpoints train, includes 32 bioclastic sandy event-beds (i.e. tur-

bidites). Hydrodynamic sorting generates grain segregation (for example, Hal-

imeda-rich base versus planktic-rich top) and geochemical contrasts (Sr/Ca)

in turbidites. Turbidite frequency and grain composition within beds reflect

the variation of carbonate sources during glacial–interglacial periods. This

research allows to link slope morphology with deposits of a modern large-

scale carbonate factory, and to deduce sea-level changes over that last 40 kyr

in the Bahamas. These results can provide new perspectives on the under-

standing of ‘source to sink’ mechanisms in carbonate systems.

Keywords Carbonates, flow processes, knickpoints, modern environments,
sediment transfer, the Bahamas.
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INTRODUCTION

Past and present-day carbonate systems provide
an important archive of environmental and cli-
matic changes (Droxler & Schlager, 1985; Roth &
Reijmer, 2004; Schlager, 2005; Counts et al.,
2019). The past fifty years of research in carbon-
ate sedimentology have demonstrated the impor-
tance of slopes as recorders of these past
changes. Due to the complex architecture of car-
bonate slopes, several models were proposed in
the literature (Cook et al., 1972; McIlreath &
James, 1978; Cook & Egbert, 1981; Mullins &
Cook, 1986). Outcrop-based studies conducted
on the southern-Tethyan margin in Italy and
Albania (Bosellini et al., 1993; Eberli et al.,
1993; Hairabian et al., 2015; Le Goff et al., 2015,
2019), on the Pyrenean-Basin margin in Spain
(Payros et al., 1999; Drzewiecki & Simo, 2000),
and on the Vocontian and Provence basins in
France (Everts et al., 1999; Floquet & Hennuy,
2003; Savary & Ferry, 2004; Grosheny et al.,
2015), delivered useful observations to predict
facies distribution and architecture, otherwise
difficult to characterize in the modern ocean
(Vigorito et al., 2005; Payros & Pujalte, 2008).
An increasing number of studies in modern
environments (for example, the Bahamas)
involved a combination of seafloor imaging
(bathymetry and seismic) with sampling tools in
order to refine slope architecture models (Sch-
lager & Ginsburg, 1981; Eberli & Ginsburg, 1987;
Mulder et al., 2012, 2017; Jo et al., 2015; Princi-
paud et al., 2015; Tournadour et al., 2017) and
sedimentary processes along carbonate slopes
(Boardman et al., 1984; Rendle & Reijmer, 2002;
Principaud et al., 2016; Chabaud et al., 2016;
Wunsch et al., 2018). These recent advances
provided a large picture of sediment transfer
processes acting on extensive (hundreds of kilo-
metres) carbonate tropical factories from shallow
waters (<10 m), to ultra-deep settings (>5000 m;
Mulder et al., 2018, 2019).
Sediment transfer from shallow to deep-water

was shown to be related to excess carbonate pro-
duction and slope instabilities (Mullins et al.,
1984; Reijmer et al., 1992; Schlager et al., 1994).
Excess sediment production and slope instabili-
ties can produce sediment density flows moving
downslope with a speed of up to 19 m s�1 (Hee-
zen & Ewing, 1952; Talling et al., 2012). These
short-lived events can either erode the seafloor,
bypass or deposit sediment, shaping submarine
slopes (Macdonald et al., 2011; Heerema et al.,
2020). Two end-products of density flows are

commonly distinguished, namely debrites and
turbidites (Bouma, 1962; Hampton, 1972). Deb-
rites are produced by high-density, laminar and
cohesive flows where matrix strength favours
clast-buoyancy, resulting in poorly sorted depos-
its. In that case, the movement cessation is
assumed to be ‘en masse’, or top-down (Mulder
& Alexander, 2001b). Turbidites consist of clean,
well-sorted (normally or inversely graded), sand-
rich beds revealing horizontal-parallel and
cross-laminations. Deposition of turbidites is
incremental (layer by layer) and results from
bed-load traction combined with suspension
(Kuenen & Migliorini, 1950; Bouma, 1962).
Density flows along carbonate slopes run

through a long-lived network of submarine can-
yons, channels and gullies (Vigorito et al., 2005;
Puga-Bernab�eu et al., 2011, 2013; Mulder et al.,
2014; Tournadour et al., 2017). Sediment preser-
vation in such deep-water channels is controlled
by carbonate production and seafloor morphol-
ogy (see below).

1 Tropical carbonate factories such as in the
Bahamas, are sensitive to climate (Schlager,
2005; Michel et al., 2018; Laugi�e et al., 2019). In
particular, sea-level fluctuations can either
increase or decrease sediment availability, thus
impacting subsequent export basinward (Kendall
& Schlager, 1981; Droxler & Schlager, 1985;
Haak & Schlager, 1989; Counts et al., 2018; Web-
ster et al., 2018). In the Bahamas, sea-level rise
and highstand correlate with excess carbonate
production in shallow waters, enhancing the
export of aragonite and non-skeletal grains to
the basin (Kier & Pilkey, 1971; Hine et al., 1981;
Droxler et al., 1988; Reymer et al., 1988; Pilskaln
et al., 1989; Schlager et al., 1994; Reijmer et al.,
2012, 2015). This light-dependent sediment pro-
duction decreases or ceases when sea level out-
paces the production window (Jorry et al., 2010;
Paul et al., 2012) leading to platform-drowning
(Schlager, 1981; Szulczewski et al., 1996; Ruiz-
Ortiz et al., 2004). Emersion of the platform top
also results in a shutdown of the factory, leading
to karstification and relocation of biogenic pro-
ducers on the slopes (Haak & Schlager, 1989;
Grammer & Ginsburg, 1992; Mindszenty et al.,
1995; Mylroie & Carew, 1995; Fouke et al.,
1996).
2 Seafloor morphology of deep-water channels
can be impacted by litho-structural contrasts
and hydrodynamic processes (Heini€o & Davies,
2007; Mulder et al., 2018). In particular,
steep steps in channel gradient, defined as
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knickpoints, have been observed in siliciclastic
and carbonate systems (Mitchell, 2004, 2006;
Toniolo & Cantelli, 2007; Mulder et al., 2018;
Guiastrennec-Faugas et al., 2020). Such seafloor
irregularities are thought to modify sediment
flow dynamics by governing the erosional and
depositional behaviour of the flow (Komar,
1971; Garcia & Parker, 1989; Mulder & Alexan-
der, 2001a; Pohl, 2019). Hence, knickpoints have
been suggested to induce rapid transformation
of supercritical flows (Fr > 1) into subcritical
flows (Fr < 1), generating local scouring (Komar,
1971; Garcia & Parker, 1989; Hiscott, 1994;
Slootman & Cartigny, 2020). The loss of lateral
confinement leading to flow relaxation has
shown similar scouring effects in channel–lev�ee
transition zones (Pohl et al., 2019).

Despite significant advances in marine
research, the link between sediment transfer
processes, seafloor morphology and deposits is
still poorly constrained in carbonate systems.
This is often due to incomplete datasets on
morphobathymetry, sediment age-control and
preservation. This study uses an unusually com-
plete dataset retrieved from Exuma Valley (the
Bahamas) comprising seafloor bathymetry, sub-
bottom profiles and sediment cores. The main
purpose of this study is to link seafloor mor-
phology and depositional processes in a carbon-
ate submarine channel over the last 40 kyr. The
first aim is to characterize knickpoints and their
depositional products. The second aim is to doc-
ument grain sorting in carbonate gravity flows.
The third aim is to discuss the effect of sea-level
fluctuations related to glacial and interglacial
cycles on carbonate production and export.

GEOLOGICAL SETTING

Exuma Sound (ES), the Tongue of the Ocean
(TOTO) and the Columbus Basin are three intra-
platform basins dissecting Great Bahama Bank
(Fig. 1A). Exuma Sound covers 11 000 km2 and
reveals a bowl-shaped morphology along a
north-west/south-east axis (Ball et al., 1969).
Flat-topped shallow-water lagoons mark the lee-
ward side of low-elevation islands (for example,
Long and Cat islands in Fig. 1B). Episodic sedi-
ment export from these lagoons [<50 metres
below sea level (m b.s.l.)] into the deep basin
(1200 to 2000 m b.s.l.) occurs across a steep
marginal break (up to 65°) and gullies incising
the slope (Crevello & Schlager, 1980; Schlager &

Ginsburg, 1981). The downstream end of ES nar-
rows into a major outlet between Cat and Long
Island, leading to Exuma Valley (EV; Ball et al.,
1969; Mulder et al., 2019).
Slope instabilities were inferred to occur in

ES, based on sediment cores described in previ-
ous studies. For example, three calciclastic beds
were interpreted on the ES basin floor as density
flows originating from point-sources at the shelf
break (i.e. gullies and slope failures associated
with slumping; Crevello & Schlager, 1980).
These beds comprise two graded turbidites and
one debrite topped with a 2 to 3 m thick tur-
bidite (Crevello & Schlager, 1980). Only the old-
est debrite (ca 80 to 120 kyr) reached out to the
southern part of ES. Further south, slumps, deb-
rites and turbidites were identified on the north-
west dipping slope of ES (see IODP – Integrated
Ocean Drilling Program – sites 631 to 633 in
Fig. 1B; Austin et al., 1986a, 1986b, 1986c;
Reymer et al., 1988). Geochemical sediment
signatures pointed to a significant increase of
platform-derived aragonite during interglacial
periods reflecting a highstand shedding of
shallow-water banks (Droxler & Schlager, 1985;
Reymer et al., 1988).
Exuma Valley (EV; 2000 to 3200 m b.s.l.) is

130 km long and prolongs ES towards Exuma
Canyon (3200 to 4500 m b.s.l.), leading to the
San Salvador abyssal plain (>4500 m b.s.l.; Mul-
der et al., 2019). Six knickpoints have been
identified in the EV axis (Mulder et al., 2019).
Sediment sources for EV come from the upper
slopes of islands, cays and relict platforms
(Fig. 1; Mulder et al., 2019). The products of
density flows were collected in the axis of EV
and spill-over lev�ees. Coarse-grained, poorly
sorted deposits and sand-rich deposits interbed-
ded with carbonate ooze were identified in these
environments (Mulder et al., 2019). This study
focuses on the upper 60 km of the valley
(Fig. 1).

METHODOLOGY

The Carambar 2 cruise explored Exuma Sound
(ES) and Exuma Valley (EV) down to the San
Salvador Abyssal Plain (Fig. 1; Mulder et al.,
2019). High-resolution multibeam imaging
[Kongsberg EM122/EM170 (Kongsberg Gruppen
ASA, Kongsberg, Norway)] and sub-bottom seis-
mics were acquired (Chirp profiler, 1.8 to
5.3 kHz). Sediment cores were retrieved with a
K€ullenberg gravity-device and analyzed for grain

© 2020 The Authors. Sedimentology © 2020 International Association of Sedimentologists, Sedimentology, 68, 609–638

Carbonate sediment transfer, Exuma Valley 611



composition, geochemistry [X-ray fluorescence
core scanner (XRF), 10 kV, 30 kV] and acoustics
[Geotek Multi-Sensor Core Logger (MSCL); Geo-
tek Limited, Daventry, UK]. These datasets were
integrated to provide a comprehensive review of
seafloor morphology, sediment transfer and
resulting products in EV.

Seafloor morphology

Geometrical and statistical analyses performed
on seafloor bathymetry, backscatter and slope
data were conducted using ARCGIS 10.5 (Figs 1 to
4). A classification of seismic echofacies was
performed on the study area based on Recou-
vreur (2017). Special attention was given to the
morphology of knickpoints (Mitchell, 2004,
2006). Features described on the knickpoints
include a vertical drop, an average and maxi-
mum inclination of the slope face, and an

upper/lower slope-break angle (alternatively dip-
ping downstream or upstream; Fig. 5A).

Sediment core collection and logging

Sediment cores KS26 (349 cm) and KS24
(587 cm) were retrieved at 2211 m and 2497 m
b.s.l. in the upper part of EV (Fig. 1B). The cores
were positioned on the seismic profiles using a
P-wave velocity of 1600 m s�1 obtained from the
MSCL results on KS24, in accordance with
Anselmetti & Eberli (1993). The cores were split
lengthwise, photographed, described and
X-rayed [Scopix sourced with 160 kV, 19 mA;
Migeon et al., 1998]. Sediment descriptions dis-
tinguished carbonate ooze (O) from sandy
deposits (T) and muddy rubble (D) (Droxler &
Schlager, 1985; Reymer et al., 1988): T-beds and
D-beds were used to infer sediment provenance
and settling processes. Carbonate O-intervals

Fig. 1. Location map of the study area. (A) The Bahamas in the Caribbean Sea, and neighbouring landmasses.
Location of Exuma Valley (EV) indicated with a white square. LBB, Little Bahama Bank; NWP, Northwest Provi-
dence Channel; TOTO, Tongue of the Ocean; GBB, Great Bahama Bank; ES, Exuma Sound; CB, Columbus Basin.
White-coloured area: Carambar cruise research area. (B) Bathymetric map of EV and main physiographic elements.
Location of the study area indicated with a white square. Location of the studied cores (KS26 and KS24) and ODP
cores (631 to 633) are indicated. DWBC, Deep-Water Boundary Current.
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were used to constrain depositional timing. A
decimetre sampling step was applied to T-beds
and D-beds for grain-size and point counting,
whereas O-intervals were sampled at their upper
and lower limit for dating.

Grain-size measurements

Laser diffraction analysis (Malvern Mastersizer
2000G; Malvern Panalytical, Malvern, UK) was
performed to determine grain-size fractions rang-
ing from 0.02 to 2.0 mm. Coarse samples
(>800 µm, typically the T-beds and D-beds) were
further analyzed using eight sieves (mesh size

ranging from 800 to 10 000 µm). Note that the
Malvern Mastersizer 2000G commonly detects
the largest dimension of small particles (x, y, z)
thus leading to an overestimation of elongated
particles (for example, aragonite needles).
Hence, the upper clay-size limit is fixed at
10 µm (Fauquembergue et al., 2018). In total, 33
(KS26) and 82 samples (KS24) were selected in
the T-beds and D-beds, as well as eight
(KS26) and 26 samples (KS24) in the O-inter-
vals. Numerical grain-size integration of laser
diffraction and mechanical sieving was per-
formed following the method described in Dinis
& Castilho (2012).

Fig. 2. Morphology of Exuma Valley (EV). (A) Location of slope profiles, shown in (B) and (C), and core locations
KS26 and KS24. White dots correspond to ODP cores (see Fig. 1). Study area marked by white square. ‘B’, bend;
‘C’, constriction. (B) Three-dimensional view of bathymetric slope sections in EV. (C) Slope profiles oriented nor-
mal to the valley axis and location of each section of EV. Active valley width indicated as well as the location of
the sediment cores (KS26 and KS24) and knickpoints (K1 to K6).
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Point counting

Point counting was focused on T-beds and D-
beds which included particles larger than 2 mm
to facilitate the identification. Up to nine
fractions were obtained for each sample and
examined under a binocular reflected light
microscope (eight and 21 samples for KS26 and
KS24, respectively). For example, D1 in KS26
was studied at four stratigraphic positions to
understand particle sorting at the bed scale. The
total number of grains for each fraction was
counted except for the fraction <800 µm. Skele-
tal grains were identified to the group level (co-
rals, ostracods, bivalves, planktic foraminifera,
benthic foraminifera, pteropods, etc). For non-
skeletal grains (for example, mud clasts and
aggregates), a few representative constituents
were routinely identified in order to determine
their provenance. For example, an aggregate
consisting of ooids or planktic foraminifera
would indicate an outer shelf versus basinal
environment, respectively. Grain composition
was normalized for each stratigraphic position,

and presented in a single plot for each sediment
core. Additionally, a semi-quantitative evalua-
tion of the grain-composition (for example,
shelf-derived or slope-derived) was performed
for 14 (KS26) and 24 samples (KS24) retrieved
from O-intervals.

Micropalaeontological analyses

Micropalaeontology was performed on O-intervals
after washing with deionized water over a sieve
of 150 µm, drying and counting. Particular inter-
est was given to the Globorotalia menardii
complex (i.e. menardii d’Orbigny, tumida Brady,
1877; and flexuosa Koch, 1923) to determine
interglacial (for example, Marine Isotopic Stage
1 – MIS1) and glacial intervals (for example,
MIS2–MIS3; Ericson et al., 1964; Ericson & Wol-
lin, 1968). In addition, identification and count-
ing of Globorotalia truncatulinoides (dextral and
sinistral, d’Orbigny, 1839) and Pulleniatina
obliquiloculata (Parker & Jones, 1865) helped to
refine time-constraints. The glacial–interglacial

Fig. 3. Backscatter imaging of the study area. Active valley width is highlighted with white dash-lines. Red dots
correspond to sediment cores KS26 and KS24. The first bend (B1) separates section 1 (upslope) from section 2
(downslope).
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Fig. 4. (A) Morphobathymetry study area. Sediment cores and knickpoint locations are indicated. Black lines
show the slope profiles presented in Fig. 5 while red lines show the seismic lines presented in Fig. 6. (B) Close-
up on the spoon-shaped morphology of K2 at the loss of confinement of the valley. (C) Close-up on a gully-related
knickpoint (K5). Figure produced with ARCSCENE 10.5 (ESRI, 2020).
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nature of the deposits was analyzed using the
dextral versus sinistral occurrences of Globoro-
talia truncatulinoides (Chabaud, 2016). The
absence of Pulleniatina obliquiloculata during
Marine Isotopic Stage 3 (MIS3; Rama-Corredor
et al., 2015) improved the stratigraphic time-
frame of the studied cores.

Age of sediment

Radiocarbon dating was performed for three sam-
ples collected from each core. Sampling was
focused on O-intervals showing a dominant
planktic signal (foraminifera and pteropods). Glo-
bigerinoides sp. were preferentially targeted in
order to avoid foraminifera species living below
the thermocline, hence not in equilibrium with
atmospheric carbon (Rebotim et al., 2017). Analy-
ses were performed by Beta Analytics (Miami,
FL, USA). A reservoir age of 400 years was
applied to the results. Conventional ages were
calibrated using CALIB 7.0.4 (Stuiver et al., 2013)
and the MARINE13 curve (Reimer et al., 2013).

Strontium to calcium ratios

Strontium (Sr) and calcium (Ca) concentrations
were acquired at a centimetre-scale resolution
with an XRF core scanner for KS24. Strontium
was demonstrated as a proxy for aragonite con-
tent in tropical carbonate factories (Counts et al.,
2019). Aragonite content is widely used as a
proxy for glacial and interglacial cyclicity (Drox-
ler & Schlager, 1985; Roth & Reijmer, 2005). In
this study, Sr/Ca ratios were thus used to distin-
guish carbonates deposited during interglacial
periods (i.e. aragonite, Sr-rich) versus glacial peri-
ods (i.e. aragonite, Sr-poor; Boardman & Neu-
mann, 1984; Droxler & Schlager, 1985; Reymer
et al., 1988). Diagenetic dissolution of aragonite is
discarded in the studied sediments (collected at
2211 m b.s.l. and 2497 m b.s.l.) given their young
age (<42 kyr) and the particularly deep aragonite

compensation depth in the Bahamas (ca 4000 m
b.s.l.; Droxler et al., 1988).

RESULTS

Geomorphology

The following section focuses on the morphol-
ogy of Exuma Valley (EV), with a particular
focus on the knickpoints covering the valley
floor.

General overview
Major constrictions and inflexions punctuate the
130 km long course of Exuma Valley (EV;
Fig. 1B). Constrictions C1 and C2 are located to
the north-west and south-west of Conception
Island and Rum Cay, respectively, and match
two of the three major bends in EV (B1, B2 and
B3; Fig. 2A). These bends subdivide EV into
four morphological sections (Table 1; Fig. 2B
and C). Average sinuosity in the main axis of EV
is very low and decreases progressively down-
slope (Table 1). Sinuosity ranges from ca 1.2 for
section 1 situated in the curvy outlet of ES,
down to ca 1.0 for sections 3 and 4 in the down-
slope part of EV (Table 1; Fig. 2). Slope profiles
across EV show a flat bottom confined between
>2° slope angle lev�ees (Fig. 2B and C). The flat
portion in the axis defines the active valley
width as opposed to the extended valley width
which extends from the lev�ees to the outer rim
of flat-topped platforms (Figs 1 and 2). The ac-
tive valley widens downslope from 1.9 km (sec-
tion 1) to 4.7 km (section 2). It narrows to
3.7 km at the second constriction (C2), and
widens to 6.3 km and 5.8 km (sections 3 and 4;
Table 1; Fig. 2). The absence of confinement and
low-angle slopes inclined towards the EV-axis
in sections 3 and 4 coincides with a significant
enlargement of the extended valley width
(Table 1; Fig. 2).

Table 1. Morphological characterization of Exuma Valley.

Morphology
Location along
the valley (km)

Active valley
width (km)

Extended valley
width (km) Sinuosity

Incremental
sinuosity

Section 1 0–10 1.9 ˃20 1.21 1.21
Section 2 10–57 1.9–4.7 1.9–4.7 1.06 1.10
Section 3 57–120 3.7–6.3 ˃20 1.03 1.07
Section 4 ˃120 3.7–5.8 ˃20 1.04 1.07
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Backscatter imaging display contrasted mor-
phological features between section 1 and sec-
tion 2 (Fig. 3). Section 1 comprises gently
dipping flanks (<5° angles) incised by a few
headwall scarps (16° slope angle, and up to
302 m high) resulting from slope collapses
(Fig. 3). Section 2 shows straight-lined gullies
incising the steep slopes (>25°) of Long Island,
Conception Island and Rum Cay.

Knickpoints
The prevailing flat longitudinal profile of EV is
characterized by slope irregularities, called
knickpoints (Figs 4 and 5). Major knickpoints
occur at six locations along the course of EV (K1
to K6; Mulder et al., 2019), among which five are
identified in the study area, in the upper part of
the valley (K1 to K5; Fig. 4A). In section 1, K1
and K2 are respectively located 0.3 km upslope
and 12.8 km downslope of KS26 (Fig. 2C). In sec-
tion 2, K3 to K5 are all situated upslope of KS24,
K5 being the closest to the core location (ca
2.5 km; Fig. 2C). The bathymetric drop of the sea-
floor in the valley axis is ca 350 m between K1 at
2170 m b.s.l. to K5 at 2520 m b.s.l. Individual
knickpoints have a bathymetric drop ranging
from 7 m for K2 to 50 m for K5 (Fig. 5).
In plan-view, K2 displays a crescentic spoon

shape, favouring flow convergence, followed by
an enlargement of the active valley (Fig. 3).
Kilometre-scale seafloor lineations along the val-
ley axis are visible upstream of K2 (Fig. 4A).
Other knickpoints show an irregular (K1 and
K3) to slightly crescentic shape (K4 and K5) in
plan-view (Fig. 4A and B). The slope angle of
knickpoint faces is ca 7° for K3, K4 and K5, and
ca 3 to 4° for K1 and K2 (Table 2). The upper
slope is similar for all knickpoints (2.5 to 3.7°;
Table 2), while the lower slope ranges between
1.6° (K1, dipping downstream) and 1.7° (K2 to
K5, dipping upstream; Table 2; Fig. 5A and B).
Three categories of knickpoints are recognized

based on their: (i) direct; (ii) partial; or (iii)

absence of connection with flank-adjacent gul-
lies transiting perpendicular to the valley axis
(Fig. 4). The first category includes K5, which is
directly connected to a gully incising the slope
of Long Island (Fig. 4C). The second category
comprises K3 and K4 showing a less pro-
nounced connection to gullies. The third cate-
gory includes K1 and K2 because there is no
link between the gully and their morphology
(Fig. 4A).

Sedimentary record

Sub-bottom profiles and two sediment cores
were collected to characterize the composition
of the seabed described above. The first core
(KS26) is located 0.3 km downstream of knick-
point K1 while the second core (KS24) is located
2.5 km downstream of knickpoint K5 (Fig. 4A).

Seismic echofacies and depositional
architecture
Core KS26 is located in a topographic depres-
sion (Fig. 6A) while KS24 is situated at the top
of a topographic high (Fig. 6B). Three echofacies
were tied to three types of sediment facies in
the cores (Fig. 6).

1 High-amplitude, continuous reflection char-
acterizing the uppermost metre in both cores
corresponds to sediment facies dominated by
O-intervals (Fig. 6).
2 Low-amplitude, semi-continuous to discon-
tinuous reflection is seen from 1.0 to 2.6 m in
KS26 and 1.0 to 5.9 m in KS24, which corre-
sponds to O-intervals and sandy T-beds (Fig. 6).
3 Diffuse acoustic facies characterizes a rubble
D-bed in KS26, from 2.6 m down to the core bot-
tom (Fig. 6A). This diffuse acoustic facies
exceeds the core length by far, and is limited
below by a ca 500 m long, semi-continuous
reflection positioned at an estimated depth of
14 m (Fig. 6A).

Table 2. Morphological characteristics of knickpoints (KN) K1 to K5.

K1 K2 K3 K4 K5

Upper slope-break (°) 2.50 3.64 3.61 3.96 3.73

KN drop (m) 15 7 25 28 50

KN face average slope (°) 2.5 3.6 3.6 4.0 3.7

KN face max slope (°) 3.1 4.1 7.0 6.8 6.9

Lower slope-break (°) 1.59 �1.45 �1.54 �1.27 �1.69
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Sedimentological descriptions
The depositional record of KS26 and KS24 com-
prises ooze intervals (O), as well as sand-rich and
rubble-rich beds (T-beds and D-beds, respec-
tively) incrementally numbered from the top
(younger deposits) to the base (older deposits).

Depositional record of KS26
Core KS26 comprises five stratigraphic divisions
here described from the oldest (D1 at the base)
to the youngest (O1 at the top; Fig. 7). D1 shows
a crude fining-upward trend ranging from sub-

rounded boulder-sized clasts at the core bottom,
to pebble-sized clasts at the top (Figs 7 and 8A).
These boulder and pebble-sized clasts are sur-
rounded by smaller clasts (ca 1 cm ø, making up
65 to 78% of the grains) and loose skeletal
grains (Figs 8A and 9). All clasts consist of
planktic biota (foraminifera and pteropods, ca
63 to 150 µm) embedded in carbonate silts and
mud (0 to 63 µm) (Fig. 8A). Combined fractions
of bivalve shells, Halimeda, benthic foraminifera
(for example, Amphistegina lessonii, d’Orbigny
in Gu�erin-M�eneville, 1832) and echinoderm

Fig. 6. Very high-resolution seismic (Chirp) imaging and associated core sediment calibration for KS26 (A) and
KS24 (B). Large-scale inset at the bottom left and close-up to the right. Black and white scales to the left of each
core are in metres. P-wave velocity (m s�1) is plotted next to KS24.
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fragments become substantial at the top of D1
and base of T2 (6 to 12%; Fig. 9).
The transition from D1 to T2 is picked at the

grain-size break occurring within a narrow inter-
val (257.5 to 251.5 cm; Fig. 7) showing no evi-
dence for erosion or colour variation (Fig. 8B).
Loose planktic grains and very-fine sands
become progressively dominant in T2 at the
expense of mud clasts, which become smaller
and form only 5% of the grains at the top of T2
(centimetre to millimetre size; Figs 8B, 8C and
9). Coarser sediments (i.e. >1 cm) abruptly dis-
appear from the assemblage at the base of T2
while they form ca 40% of the cumulative grain
frequencies at the top of D1 (Fig. 7). The number
of aggregates is negligible in D1 (<2%) and reach
up to 12% in the upper part of T2 (Fig. 9).

Grain-size analyses along T2 (94 cm thick)
reveal two 40 to 50 cm thick upward-fining
sequences (Fig. 7). Mud-size and silt-size propor-
tions (<63 µm) increase towards the top of each
sequence, while coarser fractions decrease
(Fig. 7). These two sequences are abruptly segre-
gated by a grain-size pulse with very-coarse to
pebble-sized particles making up 60% of the total
grain-size assemblage (210 cm; Fig. 7). Smaller
grain-size pulses appear between 245.5 cm and
172.5 cm along the core (Fig. 7). Horizontal paral-
lel laminations occur in the upper part of T2, as
shown in X-ray photographs (Fig. 8C).
Intervals O1 and O2 at the upper part of KS26

show two metre-thick intervals mainly consist-
ing of planktic grains and carbonate mud, sepa-
rated by a centimetre-thick sandy bed (T1;

Fig. 7. Sediment core KS26. Left to
right: proposed age model of the
deposits according to
biostratigraphy and radiocarbon
dating (red arrows); core
photograph with black boxes
referring to Fig. 8, scale (in metres);
simplified representation of the core
with interval coding; cumulative
grain-size frequencies for each
sample (grain-size pulses
represented with black arrows);
median grain-size (D50, red squares)
and micropalaeontology. MC, mud
clasts.
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Fig. 7). O-intervals reveal a D50 grain size of ca
63 µm (Fig. 7), a bimodal distribution matching
mud-sized to silt-sized particles (0 to 63 µm),
and loose foraminifera and pteropods (63 to
150 µm) (Fig. 8B and C). T1 has a similar com-
position to O1 and O2, with a significant pro-
portion of loose planktic grains at the expense
of the mud content (Fig. 7).

Depositional record of KS24
Core KS24 is made of alternating T-beds and O-
intervals (32 in total) with a sand to mud ratio of
ca 60% (Fig. 10). The core bottom shows the
thickest sandy beds, i.e. 54 cm and 60 cm thick
for T31 and T32, respectively (Fig. 9). The coring

device could not reach the base of T32, likely
because of coarse skeletal particles (>1 cm;
Figs 10 and 11A) obstructing further penetration.
Carbonate O-intervals are generally thinner than
T-beds, the thickest one reaching 29.5 cm (O21).
Grain-size analyses show unimodal distributions
for T-beds with a negligible amount of silt and
mud, while bimodal distributions characterize
O-intervals. The latter are mainly composed of
planktic biota combining silt and mud fractions,
and with variable, minor occurrences of shelf
derived skeletal debris (Fig. 11B and C).
A general upward-fining trend is observed in

all T-beds as shown by the D50 trend (Fig. 10).
The thickest T-beds show regular grain-size

Fig. 8. High-resolution photographs of KS26 for stratigraphic positions shown in Fig. 7. Particle diameter and their
respective percentage within the total assemblage. Blue and red squares show the location each sample. Differences
between grain-size classes are inherent to the measurement method, laser or sieving. Planktic biota includes planktic
foraminifera and pteropods. MC, mud clasts; Pk, planktic. The panels on the far-left hand-side are 20 cm across.
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pulses of coarse and very coarse sand-sized frac-
tions (T31–32; T21–23; T10; Fig. 10). Mud clasts
are rare, centimetre-sized and only occur in T32,
T24, T18 and T10–11. Mud clasts have a pelagic
signature (mainly planktic foraminifera, ptero-
pods and mud), with a bimodal grain-size distri-
bution rarely exceeding 150 µm.
Point counting of T-beds reveals skeletal and

non-skeletal grains derived from a continuum of
shallow to deep-depositional environments. From
the base to the top of KS24, three assemblages are
depicted from nine studied beds (Fig. 12).

1 The first assemblage (T31 and T32) com-
prises significant proportions (>30%) of aggre-
gates, Halimeda, and benthic foraminifera.
Benthic foraminifera are dominantly shallow-
water species, for example, Archaias angulatus
(Fichtel & Moll, 1798) and Amphistegina lesso-
nii to a lesser extent. The tests of many
specimens show strong abrasion. Halimeda fre-
quently occur in association with serpulids.
Both bryozoan and coral grains are more abun-
dant in T32 than T31.
2 The second assemblage (T14, T20 and T23)
reveals significant percentages (up to 90%) of
planktic foraminifera, pteropods and associated
debris. Aggregates appear in various proportions
(1 to 24%) in T-beds. Halimeda and benthic fora-
minifera (Archaias angulatus and Amphistegina
lessonii) are in larger proportions in T23 (ca 10%)
than in T14 and T20 (ca 1 to 3%).
3 The third assemblage (T1, T5, T8 and T10) is
typified by ooids ranging from 15% (in T1) to
85% (in T8). Most of the remaining grains are
planktics in variable amounts (6 to 43%) and
pellets in fair proportions (3 to 10%). Benthic
foraminifera identified in T1 and T10 include
Archaias angulatus, Archaias var. angulatus and
a few specimens of Miliolidae sp.

Point counting at several stratigraphic positions
within T-beds determined compositional varia-
tions at the bed scale (Fig. 12). For T32, seven
samples collected from base to top show varying

Fig. 9. Normalized point counting for KS26. A sim-
plified representation of the core is shown to the left.
Stratigraphic position and number of counts (n) is
indicated for each sample. Primary depositional envi-
ronments are intentionally vague, because species of
the same group may occupy various settings.
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Fig. 10. Sediment core KS24. Left
to right: proposed age model of the
deposits according to
biostratigraphy and radiocarbon
dating (red arrows); core
photograph with black boxes
referring to Fig. 11, scale (in
metres); simplified representation of
the core with interval coding;
cumulative grain-size frequencies
for each sample (grain-size pulses
represented with black arrows);
median grain-size (D50, red squares)
and micropalaeontology. MC, mud
clasts. From 0 to 1 m, interval
thicknesses and sedimentary
features may be slightly disrupted
due to coring disturbance.
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grain-type trends. The first trend corresponds to
an increased fraction of pteropods and associated
debris (<1% at the base and 25% at the top). The
second trend shows a planktic foraminifera
increase from base to top (1 to 30%). The third
trend consists of a progressive increase of benthic
foraminifera to the top (3 to 16%). Conversely,
Halimeda and coral fragments decrease from 36
to 5% and 3% to zero, respectively. Similar
though less pronounced decreasing upward
trends are observed for bryozoans, gastropods
and calcareous sponges. For T31, grains were
counted at four stratigraphic positions (Fig. 12).
Combined planktic fractions (i.e. foraminifera,

pteropods and debris) increase from 32% at the
base to 45% at the top of the bed. Conversely, per-
centages for Halimeda and serpulids, bryozoans
and ooids decrease upward. T23, T14 and T1
were only sampled at two stratigraphic positions.
Combined planktics show a decrease upward for
T23 and T14, while T1 suggests a reverse trend.
For both T23 and T14, the aggregate proportion
strongly increases upward (three-fold for T23 and
two-fold for T14).
The O-intervals reveal varied proportions of

planktic foraminifera (for example, Globorotalia
inflata, Neogloboquadrina dutertrei and Pulleni-
atina obliquiloculata) along the sedimentary

Fig. 11. High-resolution photographs of KS24 for stratigraphic positions shown in Fig. 10. Particle diameters and
their respective percentage within the total assemblage. Blue and red squares show the location each sample. Dif-
ferences between grain-size classes are inherent to the measurement method, laser or sieving. Planktic biota
includes planktic foraminifera and pteropods. MC, mud clasts; Pk., planktic. The panels on the far-left hand-side
are 20 cm across.
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succession. This suggests a unique pelagic sig-
nature for each stratigraphic position. O-inter-
vals O31 to O14 reveal a planktic content
(foraminifera and pteropods), that is often mixed
with ostracods and sponge spicules. Only four
out of 20 samples show limited quantities of
shelf-derived grains (for example, Halimeda). In
contrast, all samples collected from O10 to O1
contain shelf-derived grains (for example, pellets
and ooids), often in significant proportions (30
to 50%) when compared with the planktic
assemblage.

Timing of deposition and strontium
concentrations

In order to evaluate the effect of sea level on
the sedimentary record of Exuma Valley, preserva-
tion rates are calculated in relation to interglacial
and glacial marine isotopic stages (MIS1 to MIS3)
using radiocarbon isotopes and micropalaeontol-
ogy. Strontium/calcium ratios are then used as a
proxy of aragonite to allow a detailed reconstruc-
tion of glacial versus interglacial periods (Counts
et al., 2019).

Timing of deposition
Core KS24 reveals sharp contacts between
coarse-grained T-beds and muddy O-intervals
(Fig. 10). T-beds show a shallow-water signature
whereas O-intervals are predominantly charac-
terized by a deep-water pelagic signal (Fig. 12).
These characteristics point to allogenic carbon-
ate grains quickly-emplaced in T-beds (i.e.
event-beds), followed by longer periods of pela-
gic fall-out in O-intervals. Similar O-intervals
dominated by a deep-water signal are found at
the top of KS26 (O1 to O2; Fig. 7).
Radiocarbon dating performed in O-intervals

yielded ages ranging from present to 37 ka for
KS26 (137.5 cm) and to 42 ka for KS24
(525.0 cm; Table 3). The bases of these two
cores could not be dated due to the presence of
event-beds. Besides radiocarbon dating, the
occurrence of Globorotalia menardii and the
absence of Pulleniatina obliquiloculata were
used to infer the extent of the interglacial period
MIS1 and glacial period MIS3, respectively
(Figs 7 and 10). MIS1 covers 210 cm in KS24
and only 65 cm in KS26. This difference in
thickness is partially due to the absence of
sandy event-beds in KS26 during MIS1, while
many event-beds occur in KS24 (Figs 7 and 10).
Moreover, the cumulative amount of carbonate
ooze (i.e. when T-beds are removed) in KS24 is

still two times thicker than in KS26 during
MIS1. Similar observations were made for MIS2.
A comparison for MIS3 could not be made due
to incompleteness of the sedimentary record in
both cores (Figs 7 and 10).
The interglacial MIS1 is associated with 20

event-beds in KS24 (i.e. one event each 725 years
on average) while no event-bed occurred at the
location of KS26 during MIS1. During glacial
periods (MIS2–MIS3), 12 event-beds are recorded
in KS24 (i.e. one event each 2300 years) while
only two event-beds are recorded in KS26 (i.e.
one event each 11 250 years). Aforementioned
numbers are minimum estimates that do not con-
sider potential bypass or erosion.
In KS24, bulk accumulation rates are similar for

both the last interglacial (MIS1) and the glacial
period (MIS2–MIS3; Fig. 13A). However, when
distinguishing allochthonous T-beds from auto-
chthonous O-intervals, unambiguous trends
appear: first, accumulation rates of carbonate ooze
in EV during MIS1 exceed those calculated for
MIS2–MIS3 by 11% (Fig. 13B); second, there are
three times more events reaching the seafloor of
EV during interglacial MIS1 (Fig. 13C), but those
accumulate less sediment (by 19%) than their gla-
cial counterparts (i.e. MIS2–MIS3; Fig. 13D).

Strontium concentrations
Ratios of strontium (Sr) to calcium (Ca) derived
from XRF-core scanning are plotted for KS24 in
Fig. 14. There is a sharp contrast between the Sr/
Ca trend in glacial (MIS2–MIS3) versus inter-
glacial (MIS1) periods. During MIS2–MIS3, Sr/Ca
are lower (average ca 0.10) in O-intervals com-
pared to T-beds (average ca 0.16; Fig. 14). Sr/Ca
ratios within T-beds are grain-size-dependent
during MIS2–MIS3, i.e. the smaller the grain-size,
the lower the Sr/Ca ratio (Fig. 14). In contrast,
during MIS1, Sr/Ca ratios show similar values
between O-intervals and T-beds, with a general
increase from 250.0 to 107.0 cm followed by a
decrease from 107.0 cm to the core top.

INTERPRETATIONS AND DISCUSSION

Seafloor morphology and sediment cores cover-
ing the last ca 40 kyr provide an integrated
archive of carbonate sediment transfer onto the
submarine slopes of Exuma Valley (EV). Three
diagnostic deposits are inferred from the sedi-
ment cores (Figs 7 and 10). First, the D-bed clas-
sifies as a debrite based on poor sorting of the
reworked boulder-size clasts embedded in a
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sandy matrix (Fig. 8A). Frictional freezing and
‘en masse’ deposition by a debris flow are pro-
posed for the settling of this debrite (Mulder &
Alexander, 2001b). Second, sandy T-beds clas-
sify as turbidites owing to the presence of: (i)
abraded allochems (for example, Halimeda
flakes and shallow-water benthic foraminifera);
(ii) a fining-upward trend (Fig. 10); (iii) horizon-
tal parallel laminations (Fig. 8C); and (iv) ero-
sional features (for example, mud clasts
interpreted as rip-up clasts; Fig. 11A). These
characteristics point to incremental deposition
and occasional seafloor erosion by turbidity

currents (Kuenen & Migliorini, 1950; Bouma,
1962). Third, carbonate ooze (O-intervals) classi-
fies as background and peri-platform deposits
due to: (i) their fine-grained (D50 = 5 to 120 µm;
Figs 7 and 10), planktic-dominated composition;
(ii) their sharp contacts (in grain size and col-
our) with T-beds; and (iii) the absence of flow
indices such as sorting or laminations (Bornhold
& Pilkey, 1971). Based on this classification, the
following sections aim at linking: (i) seafloor
morphology and depositional processes; (ii) sort-
ing mechanisms in event-beds; and (iii) sea-level
variations and sediment export.

Table 3. Radiocarbon dating for six samples picked along the sediment cores KS26 and KS24 (Pk., planktic; Pt.,
pteropods).

Core
Depth
(cm) Material Lab code

Conventional
14C age (BP)

2-sigma cal yr
BP age ranges

Cal yr BP age
median
probability

CAR2KS26 7.5 Pk. foraminifera 519198 1450 � 30 917–1075 994
CAR2KS26 89.5 Pk. foraminifera 519199 18 230 � 70 21 356–21 841 21 600
CAR2KS26 137.5 Pk. foraminifera 519200 33 380 � 210 36 375–37 885 37 047
CAR2KS24 102.5 Pk. foraminifera & Pt. 519201 7990 � 30 8375–8527 8443
CAR2KS24 276.5 Pk. foraminifera 519202 13 450 � 40 15 376–15 821 15 635
CAR2KS24 525.0 Pk. foraminifera 519203 38 260 � 350 41 637–42 630 42 140

Fig. 13. Accumulation rates calculated for KS24. Calculation for each interval (dots) are averaged on each time
period (bands): (A) bulk accumulation rate; (B) peri-platform ooze accumulation rate; (C) turbidite frequency; and
(D) turbidite accumulation rate.
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Knickpoints and depositional products

Origin of knickpoints
Knickpoints can be formed by litho-structural
contrasts (Mulder et al., 2018, 2019), hydrody-
namic processes (Toniolo & Cantelli, 2007) or a

combination of both. Three processes are pro-
posed for Exuma Valley (EV) based on morpho-
logical and deposit-based observations (Figs 3, 4
and 5). First, slope-collapse of the active valley-
flank is proposed for knickpoint K1, because of
the oblique orientation of the knickpoint lip with

Fig. 14. Strontium to calcium ratios
for KS24 derived from the XRF core
logger. From left to right: age model
of the deposits with Marine Isotope
Stages (MIS), time-constraints from
radiocarbon dating (red) and
calculated ages (black), scale in
metres, Sr/Ca ratios for O-intervals
(blue) and T-beds (orange), name for
some T-beds (bold for those
presented in Fig. 12) and
cumulative grain-size frequencies.

© 2020 The Authors. Sedimentology © 2020 International Association of Sedimentologists, Sedimentology, 68, 609–638

628 J. Le Goff et al.



respect to the valley axis. K1 shares morphomet-
ric similarities with slope collapses on the sur-
rounding flanks in Exuma Sound (for example,
kilometre-scale extension of the headwall scarps;
Figs 3 and 4A). Second, flow relaxation is
defined as the rapid expansion of a turbidity cur-
rent leaving a confinement, inducing seafloor
erosion by increased turbulence and basal shear-
ing (Gray et al., 2005; Hofstra et al., 2015; Pohl
et al., 2019). This mechanism is proposed for the
inception of K2, based on the narrowing and sub-
sequent enlargement of the valley at the K2 loca-
tion (Figs 2C and 4B). Additionally, K2 shows a
crescentic lip and a spoon-shaped lower slope.
Similar crescentic, spoon-shaped scours (up to
2.5 km wide and 20 m deep) were observed in
channel–lev�ee transition zones elsewhere (Wynn
et al., 2002). Third, erosional side gullies pro-
longing into the main axis of EV are inferred for
the initiation of K3, K4 and K5 (Fig. 4A and C).
These side gullies flank the slopes of Conception
and Long Island (Fig. 1). Similar relations
between lateral gullies and knickpoints inception
were proposed in section 3 of EV for K6 (Fig. 2;
Mulder et al., 2019). The offset of K4 and K5
with their respective gully axis likely relates to
the upstream-migration of the knickpoint lip that
was attributed to a hydraulic jump in other sedi-
mentary systems (Fig. 4A; Zhang et al., 2019;
Slootman & Cartigny, 2020).

Deposits in section 1 (Knickpoint K1, core
KS26)
Core KS26 is located within a depression 0.3 km
downstream of K1 and composed of a debrite (D1),
turbidites (T2 and T1) and two carbonate ooze
intervals (O2 and O1; Figs 6A and 7). Both poor
sorting and planktic content in D1 suggest a rela-
tively short sediment transport distance, likely
related to slope collapse at/or adjacent to K1
(Figs 4 and 6A). Mud clasts in D1 and T2 (Figs 7
and 9) are provided by the mud-dominated sub-
marine slopes in the South of Exuma Sound (ES)
(Droxler et al., 1988; Reymer et al., 1988; Rendle-
B€uhring & Reijmer, 2005). Slumps, debrites and
turbidites were interpreted as the products of mar-
gin and slope collapses for the Plio-Pleistocene
deposits in this area (Austin et al., 1986a, 1986b,
1986c; Reymer et al., 1988; Reijmer et al., 1992,
2012). Scars on the seafloor also support the occur-
rence of slope collapses and associated deposits
(see Fig. 3; Fabregas et al., 2018; Mulder et al.,
2019). Similar deposits such as slumps, debrites or
thick shale-clast lag deposits were associated with
an incising channel initiation stage in siliciclastic

systems (Posamentier & Kolla, 2003; Mayall et al.,
2006; Fildani et al., 2013; Hubbard et al., 2014;
Bell et al., 2018). The slope features and deposits
observed in EV section 1 could agree with an
upstream, retrogradational incision of the main
axis into ES (i.e. initiation stage; Fig. 2). Addi-
tional bathymetric and core data in ES are needed
to fully constrain this process.

Deposits in section 2 (Knickpoint K5, core
KS24)

In EV section 2, knickpoints consist of slope
breaks followed by topographic highs (K2 to K5;
Fig. 15A): K5 shows upstream-dipping beds
(Fig. 6B) of alternating sand-mud facies (Figs 10
and 15B). These slope breaks and upstream-
dipping beds suggest an erosional versus deposi-
tional character of density flows (Fig. 5). Field
and experimental studies related this alternating
behaviour to Froude supercritical flows (over
the knickpoint face) transitioning into subcriti-
cal flows (at the lower slope break) through a
hydraulic jump (Komar, 1971; Postma & Car-
tigny, 2014). Erosion of the steep face followed
by deposition on the lower slope results in
upstream bedform migration (Parker & Izumi,
2000; Cartigny et al., 2011; Hughes Clarke, 2016;
Slootman & Cartigny, 2020), which is expressed
in EV at the lower slope-break of knickpoints K2
to K5. It is proposed that turbidites in KS24
(Fig. 10) are the depositional expression of epi-
sodic subcritical flows downstream of knick-
point K5 (Fig. 15C). Hence, the oldest coarse
and thick turbidites would result from high-
density flows close to the hydraulic jump (for
example, T31 and T32; Figs 10 and 15C; Postma
& Cartigny, 2014). Conversely, younger event-
beds would reflect lower density flows settling
away from the hydraulic jump (for example, T10
to T1; Figs 10 and 15C; Postma & Cartigny,
2014). Carbonate ooze intervals in KS24 are
interpreted as longer periods of hemipelagic
sedimentation between events (Fig. 11).
Long-wavelength bedforms such as those inter-
preted in EV (i.e. >1 km) are challenging to rec-
ognize in cores and outcrops due to the
difficulty in reconstructing depositional angles.
Thinning and fining-upward beds are often
interpreted as channel filling-up sequences in
outcrops (Hubbard et al., 2014; Covault et al.,
2016; Bell et al., 2018). Integrated bathymetry
and sediment cores proposed here allows to
refine recognition of such sequences in the
depositional record.
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Sorting mechanisms in event-beds

The debrite–turbidite couplet in KS26 is consid-
ered as the product of a single hybrid event flow
(D1–T2; Figs 7 and 8). Debrite–turbidite cou-
plets, also called hybrid event-beds, are reported
from modern (Crevello & Schlager, 1980; Haugh-
ton et al., 2003; Talling et al., 2004) and ancient
submarine environments (Kleverlaan, 1987;
Labaume et al., 1987; Haughton et al., 2009;
Fallgatter et al., 2017). Vertical partitioning of
debrite–turbidite couplets was shown to result
from coexisting mechanisms within a single
density flow (Hampton, 1972; Krause &

Oldershaw, 1979). Experiments by Hampton
(1972) point to sediment ejection from the snout
of the debris flow at the base and concomitant
incorporation into an overlying, dilute turbulent
cloud at the top. The end-product was identified
in lower Cambrian rocks (Krause & Oldershaw,
1979) and in Pleistocene deposits of ES (Crev-
ello & Schlager, 1980). Sedimentary features
supporting the hybrid-bed interpretation in
KS26 include: (i) the poorly-sorted outsized
mud clasts in debrite D1 grading upward into a
clean sandy turbidite T2 (Fig. 7); (ii) grain types
with similar sources; and (iii) a vertical sorting
of grain type proportions throughout the bed

Fig. 15. Integrated scales of observation of deep-water processes and products in Exuma Valley. (A) Schematic
representation of the morphological attributes of the study area. (B) Simplified slope profile of Exuma Valley
derived from Fig. 5A and knickpoint location (tens of kilometres). (C) Real seafloor profile of K5 with scaled sedi-
ment core KS24 combined with an interpreted sequence of deposits and density flow (kilometre-scale). (D) Hypo-
thetical density flow showing in-flow grain-size segregation and flow-pulses. (E) Representative biogenic grains
and grain-size sorting within a density flow governing strontium concentration within turbidites (orange colour
reflects a shallow-water origin, blue colour reflects a deep-water origin).
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(Fig. 9). A general fining-upward trend in T2
records the waning phase of the turbidity cur-
rent. Deviations of the general fining-upward
trend (i.e. grain-size pulses; Fig. 7) suggest inter-
nal flow-pulses formed by successive trains of
billows related to flow unsteadiness (Fig. 15D;
Kelvin-Helmholtz instabilities; Simpson, 1969;
Kneller & Buckee, 2000).
Grain sorting at the bed scale is now dis-

cussed for event-beds observed in KS26 and
KS24. Grain sorting is controlled by the size,
density and shape of individual grains (Maik-
lem, 1968; Braithwaite, 1973; Herbig & Mamet,
1994; Ferguson & Church, 2004; Hodson &
Alexander, 2010; de Boer et al., 2018; Reijmer
et al., 2019; Slootman et al., 2019). Size-control
is evidenced in the hybrid event-bed (D1–T2;
KS26) by the predominance of mud clasts at the
base of the deposit, while planktic biota become
more abundant towards the top (Fig. 9). Mud
clasts may cover much larger grain-size ranges
as opposed to small (<500 µm) skeletal organ-
isms such as pteropods or planktic foraminifera.
The latter are thus logically more abundant in
the upper, smaller grain-size fractions of the tur-
bidite. A similar reasoning explains the increas-
ing upward planktic proportions in the
turbidites T31 and T32 (KS24; Fig. 12), where
very coarse and pebble-size sand fractions are
dominant at the base. Density control is demon-
strated by the mud clast versus aggregate propor-
tions in the D1–T2 couplet for similar grain
sizes. The interval revealed an increasing pro-
portion of porous aggregates upward at the
expense of tight mud clasts (Fig. 9). Grain-shape
control on the sorting of carbonate grains is diffi-
cult to quantify in this dataset, although the
variations in grain shapes of individual compo-
nents (for example, conical pteropods versus
globular planktic foraminifera) offer further
research perspectives (Caromel et al., 2014).
Grain-size sorting in turbidites is strongly cor-

related with Sr/Ca variations at the bed-scale,
i.e. the coarser the grain size, the higher Sr/Ca
ratio (see T31 and T23–T21 in KS24; Fig. 14).
Coarsest grain-size fractions are dominated by
shallow-water, strontium-rich skeletal debris (for
example, Halimeda), while the upper, finer part
is increasingly composed of planktic, strontium-
depleted organisms (Fig. 15D and E).

Sea-level variations and carbonate export

The sediment record in EV is controlled by sea-
floor morphology and grain sources (see Results

section). In this section, climatic control on the
Bahamian carbonate system is discussed using
the 40 kyr long record preserved in KS26 and
KS24. First, event-bed frequency is discussed in
relation to glacial–interglacial cycles and hurri-
canes. Second, inundation stages (i.e. emersion
and re-flooding) of shallow-water banks induced
by glacial–interglacial cycles are discussed.

Event-bed frequency
Climate-induced changes (for example, sea level)
and extreme events (for example, hurricanes)
control carbonate production and export (Hine
et al., 1981; Kendall & Schlager, 1981; Droxler &
Schlager, 1985; Roth & Reijmer, 2004, 2005). For
example, glacial periods were responsible for
sea-level falls of 80 to 150 m in the Bahamas
during the Quaternary, decreasing carbonate
export and density-flow event frequency (Fair-
banks & Matthews, 1978; Boardman et al., 1988;
Haak & Schlager, 1989).
Previous studies derived turbidite frequencies

from sediment cores in different locations of the
Bahamas (Fig. 1A).

1 In the Columbus Basin, one event was
recorded every 3 to 6 kyr during the last ca
25 kyr (Bornhold & Pilkey, 1971).
2 In the Tongue of the Ocean (TOTO), estima-
tions vary from 0.5 to 10 kyr depending on the
sub-basin location (Rusnak & Nesteroff, 1964).
Turbidites were further shown to occur more fre-
quently (i.e. up to 14 times) in interglacial than in
glacial periods (Droxler & Schlager, 1985).
3 In ES, the frequency of flows reaching the
basin floor is about one every 10 to 13 kyr during
the last ca 120 kyr (Crevello & Schlager, 1980). In
this study, flow frequency calculated for KS26
(i.e. one every 11 kyr) confirms those previously
reported in ES (Crevello & Schlager, 1980).
4 For the first time, flow frequencies are shown
in EV (KS24), where interglacial turbidites are
three times more frequent than the glacial ones
(i.e. 1 event each 725 years versus 1 event each
2300 years, respectively; Fig. 13C). However,
interglacial turbidites are thinner (i.e. lower
preservation potential) than the glacial ones.
(Fig. 13D). Seafloor erosion associated with
knickpoint upstream migration is suggested to
explain the changes of accumulation potential
downstream of K5 (Fig. 15C).

Besides sea-level changes, hurricanes that fre-
quently strike the platform top are thought to
modulate off-bank shedding (Pilskaln et al., 1989;

© 2020 The Authors. Sedimentology © 2020 International Association of Sedimentologists, Sedimentology, 68, 609–638

Carbonate sediment transfer, Exuma Valley 631



Rankey et al., 2004; Toomey et al., 2013). Tur-
bidite frequency estimated in this study appears
much lower compared to previous estimates for
hurricane frequency in the Bahamas (i.e. eight to
ten hurricanes every ten years; Pilskaln et al.,
1989). It is hypothesized that hurricanes can pro-
duce either powerful, long run-out density flows
(recorded by the turbidites in KS24 for example)
or smaller flows (Reeder & Rankey, 2009) that are
not/poorly expressed in the cores.

Emersion of shallow-water banks during
MIS2–MIS3
Emersion and subaerial exposure of the GBB
prevailed from the end of the last interglacial
(MIS5e, 120 ka) up to the onset of the Holocene
flooding during MIS1 (ca 7.6 ka; Fairbanks &
Matthews, 1978; Boardman et al., 1988; Haak &
Schlager, 1989; Roth & Reijmer, 2004; Fauquem-
bergue et al., 2018). Skeletal-dominated grains
are observed in turbidites of KS24 during this
period (for example, Halimeda, bryozoans and
corals; Fig. 12). Skeletal particles (Sr-rich) were
produced by coralgal belts and possibly seagrass
meadows which were relocated along the fringe
of carbonate banks following sea-level fall
(Purdy, 1963; Enos, 1974; Haak & Schlager,
1989; Grammer & Ginsburg, 1992; Reijmer et al.,
2009). At the same time, the mud dominated
platform tops (also Sr-rich) and oolitic shoal
complexes were switched off. A strong contrast
between Sr-rich turbidites and Sr-poor ooze
intervals suggests that ooze intervals originate
from pelagic fall-out (Fig. 14). Sea-level falls
have also been invoked to create slope instabili-
ties, favouring a release of pore-water overpres-
sure (Spence & Tucker, 1997) which could
explain the triggering of the D1–T2 (KS26) and
its exclusive deep-water assemblage (Fig. 9).

Re-flooding of shallow-water banks during
Marine Isotope Stage 1
Re-flooding of shallow-water banks in the Baha-
mas was inferred to meltwater pulses 1A, 1B and
1C (MWP; ca 14.6 ka, 11.5 ka and 9.5 ka, respec-
tively; Mullins et al., 1984; Roth & Reijmer, 2004,
2005; Fauquembergue et al., 2018). These pulses
are major triggers of the sea-level rise acceleration
worldwide (Liu & Milliman, 2004; Lambeck
et al., 2011; Deschamps et al., 2012). Off the Little
Bahama Bank, these events are recorded by car-
bonate ‘terraces’, feeding a peri-platform wedge
(Rankey & Doolittle, 2012; Mulder et al., 2017;
Fauquembergue et al., 2018). The flooding

initiation of carbonate banks surrounding North-
west Providence Channel is estimated at 6.0 ka
(Pilskaln et al., 1989) and ca 7.6 ka on the GBB
(Fig. 1A; Wilber et al., 1990; Roth & Reijmer,
2004). In EV, a progressive input of Sr-rich fine-
grained particles at ca 14.5 ka (Fig. 14) matches
with the meltwater pulse 1A. The presence of re-
sedimented ooids at ca 10 ka (Fig. 14) reflects the
activation of the ooid shoal complexes when the
outer shelf was re-flooded (Rankey & Reeder,
2011). The maximum input of Sr-rich particles in
turbidites can be correlated with the ooid peak at
ca 8.4 ka (Figs 12 and 14).
The maximum flooding is reached around 4.0

or 5.0 ka in the Bahamas and corresponds to a
complete inundation of the carbonate banks
massively exporting aragonite needles (Hine
et al., 1981; Roth & Reijmer, 2004; Fauquember-
gue et al., 2018). Density cascading triggered by
the passage of cold fronts over carbonate shelves
(McCave, 1972; Wilson & Roberts, 1992, 1995)
could explain the export of aragonite, Sr-rich
material to EV (Figs 10 and 14). This is attested
to by the mixed planktic (i.e. deep) and shelf-
derived signature of the carbonate ooze in the
studied cores during MIS1.

CONCLUSIONS

Exuma Valley is a huge (130 km long, 5 km
wide) sediment conduit linking Exuma Sound to
the Atlantic Ocean floor in the Bahamas. Integra-
tion of seafloor imaging (bathymetry and seis-
mic) and sediment core analysis (point counting
and geochemical signatures) provides a 40 kyr
sedimentary record of a 60 km long transect in
Exuma Valley. Seafloor morphology, flow
dynamics and sea-level influence depositional
processes and products in carbonate systems, as
illustrated in Exuma Valley.

1 Knickpoints and their depositional products:
Knickpoints (i.e. upstream-migrating slope
breaks) in Exuma Valley are related to surround-
ing morphology (for example, bank collapse and
lateral gullies) and/or shaped by turbidity cur-
rents in the valley axis. Knickpoint deposits
generated by bank collapse reveal a debrite–tur-
bidite couplet with abundant mud clasts. In con-
trast, knickpoint deposits in the valley axis
consist of numerous thinning and fining-upward
sandy turbidites.
2 Grain sorting in carbonate gravity flows: Each
turbidite showed a vertical sorting of grain type
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proportions (for example, skeletal planktics at
the top of the bed, mud clasts at the base), sug-
gesting hydrodynamic sorting of carbonate
grains in turbidity currents. Hydrodynamic sort-
ing in sandy turbidites produces geochemical
contrasts (strontium/calcium ratio) within event-
beds that can be used to infer sediment sources:
fine-grained deep-water particles (strontium-
poor) rest on coarse-grained shallow-water parti-
cles (strontium-rich).
3 Effect of sea level on carbonate production
and export: Three times more turbidites occur
during interglacial (marine isotopic stage 1) than
glacial (for example, marine isotopic stages 2 and
3) periods in Exuma Valley at ca 2500 m water
depth. Grain composition and geochemical signa-
tures allow for a reconstruction of climate-driven
emersion, re-flooding and highstand shedding of
shallow-water banks for the last ca 40 kyr. During
glacial intervals, coralgal belts located on the rim-
ming slopes of Long and Conception islands
nourished Exuma Valley. In contrast, the progres-
sive re-flooding of shallow-water banks during
the latest interglacial favoured the offbank export
of carbonate mud and sands (for example, ooid-
rich turbidites).

The sedimentary record of modern deep-water
carbonate systems can be unravelled by linking
seafloor morphology and resulting deposits. This
integrated approach helps to refine understand-
ing of the production, transfer and preservation
of carbonate sediments from source to sink.
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