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ABSTRACT

Submarine depressions are common fea-
tures on the eastern Bahamian seafloor but 
the genesis of the deepest ones (>4000 m 
in water depth) is not well understood. We 
conducted a morphometric analysis and 
compared them to a worldwide database of 
rounded depressions, whatever their gen-
esis is. The deep Bahamian depressions are 
large elongated structures, among the largest 
on Earth, with a width greater than 1000 m 
and a depth sometimes greater than 200 m. 
They extend at the toe of the Blake Bahama 
Escarpment (BBE), one of the tallest escarp-
ments on Earth. Some of them align parallel 
to the BBE. Other depressions align along 
large submarine canyon axes. When aligned 
along canyon axes, the depressions closest to 
the canyon head are flanked by a topographic 
high interpreted as a slope-break deposit, i.e., 
sediment deposited after flow expansion fol-
lowing a hydraulic jump. Turbidity currents 
in the carbonate canyon system are not per-
manent processes, but are rather triggered 
during sea-level highstands when the car-
bonate platform is flooded. In addition, some 
depressions are not located in canyon axes. 
Consequently, the size and location of the de-
pressions are not likely explained by a simple 
plunge pool mechanical erosion. Rather, our 
data suggest that all depressions could be ini-
tiated by giant karstic dissolution structures 
(dolines or sinkholes). Under interpretation, 
those located in canyon axes are sporadi-
cally refreshed by carbonate-laden turbidity 
currents. The height of the outsized chutes 
marking the crossing of the BBE by the can-
yon mouth generates a hydraulic jump allow-
ing sediment deposition toward the bottom of 
the depression. Large depressions observed 

at this location in the Bahamas were the re-
sult of an initial dissolution phase related 
to retreat of the BBE and the more recent 
sediment-laden flow activity. The depressions 
orientated along canyon axes facilitated the 
regressive erosion that formed the canyons. 
At present, the depressions located at canyon 
mouths act as regular plunge pools.

INTRODUCTION

Depressions are rounded or ellipsoidal struc-
tures with a negative relief that can be related 
to various landforms with different geneses. 
Geneses include purely mechanical erosion pro-
cesses related to potential kinetic energy transfer 
(plunge pools), sediment collapse due to over-
pressure and upward fluid motion (pockmarks), 
and purely dissolution processes (dolines or 
sinkholes). A plunge pool is a special type of 
pot hole (Whitaker, 1974) that is cone-shaped, 
circular to ellipsoidal in a horizontal cross-
section, and has fluvial structures that occur at 
the waterfall toe of immature rivers under the 
action of swirling flow (Gutiérrez and Gutiérrez, 
2016). Plunge pools can be up to 200 m wide 
and 1–90 m deep (Whitaker, 1974). Plunge 
pools flanking large headscarps can occur both 
on Mars and Earth (Lamb et al., 2008), either in 
onshore or offshore environments, and in vari-
ous bedrocks including magmatic rocks (e.g., 
Hawaii; Lamb et al., 2007).

Giant circular plunge pools (diameter ∼2 km 
and depth up to 80 m) with a purely mechanical 
origin have been described in the Dover Strait, 
the narrowest part of the English Channel sepa-
rating Great Britain from continental Europe 
(Gupta et al., 2017) (Fig. 1). These pools were 
formed in Cretaceous carbonates and were 
formed by giant waterfalls created by natural 
dam breaching due to lake overspill. Conse-
quently, they have a subaerial origin, but they are 
submerged at present. Similar pools formed by 

mega-floods have also been described in 45,000 
year-old Box Canyon (Idaho, USA) and on Mars 
(Lamb et al., 2008). Subaerial waterfalls com-
monly retreat due to undercutting. Toppling in 
bedrock related to fracturing can also explain 
the upstream propagation of waterfalls, either 
on Earth or Mars, without undercutting (Lamb 
and Dietrich, 2009).

Plunge pools have also been described in sub-
marine environments where they usually occur 
at the base of the continental slope when the 
change in slope exceeds 4° (Lee et al., 2002). 
Tectonically induced breaks of slope are impor-
tant in leading to an abrupt termination of a 
canyon (Farre and Ryan, 1985). Such plunge 
pools located at canyon mouths have been 
described in a convergent tectonic environment 
(Makran accretionary prism of the northwest 
India Ocean; Bourget et al., 2011) (Fig. 1). They 
may also be associated with an abrupt change 
in slope (knickpoint). At the slope break located 
at the toe of the slopes, intense scouring leads 
to enhanced erosion (Bourget et  al., 2011). 
There, plunge pools are produced either by the 
decrease in shear stress downslope of hydraulic 
jumps or by the deposition by sediment-laden 
density flows downslope of the pool (Lee et al., 
2002). They are located downslope of a plunge 
pool. The latter have been previously studied 
(Mulder and Alexander, 2001) and called slope-
break deposits (SBD). Such deposits that can be 
interpreted as a type of levee deposit (Bourget 
et al., 2011) located downslope of the pool have 
been observed in multiple locations (Lee et al., 
2002; Bourget et al., 2011). In addition, sedi-
ment waves are frequently observed downslope 
of the pool, suggesting sediment deposition or 
remolding by sediment-laden flows (Bourget 
et al., 2011; Schnyder et al., 2018).

Dissolution by fluid circulation is a typical 
process in carbonates and in particular in pres-
ent-day carbonate platforms (Paull et al., 1990). 
Fluids involved in dissolution processes are †thierry​.mulder@u-bordeaux​.fr.
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efficiently directed by structural heterogeneities 
that form high-permeability structures that drive 
the dissolving fluid to the surface. Dissolution is 
emphasized by circulation of saltwater and fresh/
saltwater mixing (Kohout convection; Kohout, 
1960). Dissolution of anhydrite beds can be 
responsible for intense under-caving with a rate 
of horizontal retreat greater than 1 km/m.y. and 
of only 2 m/m.y. without anhydrite (Paull et al., 
1991). In the Bahamian lithologic section, thick 
restricted marine anhydrites and halites exist and 
form efficient seals (Walles, 1993). Dredging 
along the BBE near the Samana re-entrant shows 
the vertical succession of soft chalk, sometimes 
rich in organic matter overlain by more indurated 
deepwater (turbidites) and finally supratidal 
limestones (Schlager et al., 1984). In a karstic 
environment, dissolution is responsible for very 
large and deep collapse depressions with steep 
sidewalls (close to vertical). These are usually 
called dolines, sinkholes, or tiankeng in China. 
In the Bahamas or in Belize, several landforms 
belong to this category (Mylroie et al., 1995). 
Sinkholes can be found in the submarine envi-
ronment (Land et  al., 1995; Land and Paull, 

2000), however, sinkholes discovered at a water 
depth of greater than 200 m cannot be explained 
by classical karstic dissolution, i.e., corrosion 
by meteoric waters. Deep-sited sinkholes in 
the Bahamas are related to brine-rich deep-
fluid circulation (Paull and Neumann, 1987; 
Cavailhes et al., 2022). Sinkholes emitting H2 
have been recently discovered in intracratonic 
basins (banded iron formation; Moretti et  al., 
2021; Geymond et  al., 2022). Similar-sized 
dissolution structures have been recently dis-
covered on Saturn’s largest moon Titan which 
has a hydrocarbon-dominated atmosphere, sug-
gesting that such dissolution structures exist in 
extra-terrestrial environments such as on Titan 
(Cornet et al., 2015) and on Mars (Parenti et al., 
2020). These structures are related to evaporate 
dissolution. In the Mars case, canyon formation 
by retrogressive erosion is linked to depression 
alignments.

Pockmarks share morphological similarities 
with plunge pools or dissolution depressions. 
They are rounded depressions but are related to 
escaping sub-bottom fluid that leads to physical 
excavation (King and MacLean, 1970). They 

can sometimes be as large as giant plunge pools 
when they are associated with dissolution pro-
cesses (Michaud et al., 2005; Sultan et al., 2010) 
(Fig. 1). Pockmarks on the West African conti-
nental margin can reach a diameter of 1000 m 
and a depth of 100 m (Pilcher and Argent, 2007). 
Those in the Maldives can reach a diameter of 
3000 m and a depth of 180 m (Fig. 1).

It has been previously noted that dissolution 
combined with unidentified erosional processes 
were active in giant carbonate canyons (Land 
et al., 1999). In this paper, we show that multiple 
processes are necessary for the origin of a giant 
submarine carbonate canyon and describe the 
associated submarine morphologies including 
large depressions bordering the Blake Bahama 
Escarpment (BBE) in the Eastern Bahamas.

GEOLOGICAL SETTING

The Bahamas represent the most unique sili-
ceous-free carbonate depositional environment 
in the world. Only a small quantity of wind-
driven particles reaches the archipelago. The 
present-day Bahamas is composed of several 

Figure 1. World location of subaerial and submarine rounded depressions studied in this paper. Numbers are referenced in Figure 5 captions.
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large carbonate platforms separated by large 
intrashelf basins and giant submarine canyons 
usually aligned parallel to platforms (Fig. 2; Mul-
der et al., 2018, 2019). In the case of the Great 
Abaco Canyon, the faults are oriented parallel 
to the canyon suggesting a structural control of 
canyon orientation (Sheridan et al., 1981, 1988). 
During the Cenozoic, the platform experienced 
significant retreat between 5 and 15 km (Free-
man-Lynde et al., 1981; Paull and Dillon, 1980; 
Land et al., 1999). The retreat of the platform 
created the BBE, a 4 km high submarine topo-
graphic features. Relatively small plunge pools 
in the Bahamas have been described along the 
western Bahama Bank (Schnyder et al., 2018). 
These small pools are associated with sedi-
ment wave fields. Along this area, the observed 
depressions are shallow (average water depth of 
177 m) and have an average depth of 22 m. They 
have an ellipsoidal shape with an average width 
of 211 m and an average length of 283 m. Their 
inferred formation process is density cascad-
ing of dense water at the bank edge. Deep-sea 
sinkholes have been described along the Florida 
Escarpment (e.g., water depth of ∼450 m, Land 
and Paull, 2000; ∼ -575 m water depth, Land 
et al., 1995). They were formed by carbonate 
dissolution under the action of brines circulating 
inside the drowned platform. Brines are made of 
sulphides generated by the dissolution of anhy-
drite sulphates, and their motion is initiated by 
geothermal heating (Paull and Neumann, 1987; 
Paull et al., 1990, 1991).

DATASET

Data were acquired during the CARAM-
BAR and the CARAMBAR 2 cruises (Mulder, 
2010, 2017). We also used data provided by the 
National Oceanic and Atmospheric Administra-
tion (NOAA) for areas around the Great Bahama 
Canyon (UH, 2002; NOAA/AOML, 2002 and 
2003; WHOI, 2003 and 2005; NOAA, 2012). 
The CARAMBAR cruise was conducted from 
31 October to 29 November 2010 by R/V Le 
Suroît along the slopes of the Little Bahama and 
Great Bahama banks. CARAMBAR 2 cruise 
was conducted from 30 November 2016 to 
2 January 2017 by R/V L’Atalante, and it rec-
ognized the north-eastern slope of the Little 
Bahama Bank including the Great Abaco and 
Little Abaco canyons, and the ultra-deep part 
of the carbonate Bahamian system from the 
southern part of the Exuma Sound to the San 
Salvador Abyssal Plain. Onboard equipment 
during CARAMBAR and CARAMBAR 2 
cruises included EM302, EM122, and EM710 
multibeam echosounders (Kongsberg Maritime, 
Horten, Norway), an echo sub-bottom profiler 
(chirp frequency modulation), a high-resolution 
192 channels/fold 24 seismic instrument, and a 
Kullenberg corer (Mulder, 2010, 2017).

METHODOLOGY

Depression identification and spatial analy-
sis (e.g., map algebra and statistics) were per-

formed using ArcGIS®Desktop v10.5 software. 
Depressions were automatically identified using 
the outermost closed isobath of structures with a 
diameter of at least 1 km (Bauer, 2015; Fig. 2). 
Manual quality control was carried out in order 
to invalidate artifacts.

SBD could not be measured automatically 
because their topographic relief is small relative 
to the depression, and consequently represent 
more diffused structures. In addition, SBD are 
only encountered on depressions located close 
to the BBE and in canyon axes. The most promi-
nent SBD occurring immediately downslope of 
the major depressions close to the BBE were 
manually measured (width, length, and height; 
Fig. 3B). Their volumes were estimated assum-
ing that they had a conic structure.

During the CARAMBAR 2 cruise, a classical 
2.26-m-long Kullenberg core (CAR2KS19) was 
collected from the deposits (SBD) flanking the 
most upstream depression of Great Abaco Can-
yon. The core was located at N 23°19.507, W 
74°25.679 at 3860 m water depth. It was glob-
ally made of sticky brown mud with calcareous 
clasts and siliciclastic gravels (Fig. 3D).

RESULTS

A total of 344 depressions have been mea-
sured in the study area including the sinkholes in 
the eastern Bahamas (Cavailhes et al., 2022). Of 
these, 195 depressions are isolated structures and 
149 are coalescent. The depression length varies 

Figure 2. General map of the 
Bahamian seafloor showing the 
distribution of deep-seated de-
pressions at the toe of the Blake 
Bahama Escarpment (BBE). 
Some are aligned along the 
BBE, others are in large canyon 
axes. The depressions located 
farthest seaward of Exuma 
Sound could potentially be re-
lated to oceanic crust morphol-
ogies rather than to carbonate 
morphologies. Dashed line rep-
resents the BBE. White circles 
represents Bahamian depres-
sions analyzed in this paper. 
GAC—Great Abaco Canyon; 
GBC—Great Bahama Canyon; 
EC—Exuma Canyon; LAC—
Little Abaco Canyon.
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between 1167 and 36,235 m and the depres-
sion width varies between 593 and 18,913 m 
(Fig. 4A). The width versus length graph shows 
that the shapes of the depressions follow a linear 
relationship, suggesting that both the coalescent 
and isolated structures can be merged into the 
same data group for analysis. Depressions are 
slightly elongated (elongation factor is defined 
as length/width is 2.67; Fig. 4A), their surface 
area varies from 78 to 327 km2 and their volume 
ranges from 626 × 10−4 to 5.04 km3.

The large depressions studied in this work are 
located both in and out of the axes of giant can-

yons on the seaward side of the BBE (Figs. 2 and 
3). Some of the depressions are aligned along the 
BBE (Fig. 2) (Cavailhes et al., 2022), others are 
located in the axis of canyons. Where this is the 
case, depressions are farther from the BBE. Four 
canyon areas and their tributaries are included in 
this study: The Little Abaco Canyon, the Great 
Abaco Canyon, the Great Bahama Canyon, and 
the Exuma Canyon. They occur where the sub-
marine valleys cross the BBE. In the Bahamas, 
canyons that cross the BBE can be subdivided 
into an upper and lower section, similarly to 
what Harris et  al. (1990) observed along the 
Florida escarpment. The upper canyon is at a 
lower bathymetry than the lower canyon and 
the two section are separated by a chute several 
hundreds of meters high. The upper canyon is 
flat floored and cut by a small thalweg (Mulder 
et al., 2018, 2019) or valley. The presence of this 
thalweg suggests the activity of sediment-laden 
gravity flows. Both upper and lower canyons 
show circular depressions.

When crossing the BBE, canyon profiles show 
two large chutes, upslope and downslope, flank-
ing the deepest depressions (Fig. 3). Each depres-
sion is followed by a topographic high (Fig. 3B). 
The height of the upslope chutes varies between 
78 and 875 m while that of the downslope chutes 
varies between 554 and 2316 m. Chutes along 
the BBE are outsized in the submarine environ-
ment (Mulder et al., 2018). For example, gully 
elevation landward of pools ranges from 280 
to 700 m (Lee et al., 2002). If the pools have a 
purely mechanical origin, this value can be used 
as a proxy for the potential energy of sediment-

laden flows. In addition, canyon sides show 
arcuate or semi-circular sides suggesting that 
rounded structures precede erosion by slumps.

In this study, some depressions are located 
immediately downslope of the chute (e.g., Great 
Abaco and Little Abaco canyons and Exuma 
Canyon), but they are more frequently located 
more than three km away from the chute (Great 
Abaco Canyon) and are aligned along the BBE. 
Consequently, they are not related to the pres-
ent-day chutes. In addition, the deepest point 
of the depression can be located on the side of 
the chute, not in the canyon axis, which is also 
not consistent with a direct link with a plung-
ing sediment-laden flow. A direct mechanical 
erosion necessitates a plunge pool in the flow 
axis like for a classical waterfall. Consistent 
with these observations, the height of the chute 
is not correlated to the depth of the depression. 
In some cases, for example, Great Abaco and 
Little Abaco canyons (Fig.  3A), and Exuma 
Canyon (Fig. 3C) are observed to have succes-
sive depressions with similar shapes. Backscat-
ter data show high-amplitude backscatter in the 
depressions. This suggests presence of coarse or 
indurated sediment filling the depression, similar 
to the strong bottom echo at 3.5 kHz observed in 
the Makran depressions (Bourget et al., 2011). 
These depressions are close to the BBE. Con-
versely, in some cases, depressions show low 
backscatter suggesting recent sediment infilling; 
These depressions are farther from the BBE. The 
upper part of the chute and the side of the canyon 
bordering the depression show numerous arcuate 
structures interpreted as slump scars.

SBD are located immediately downslope of 
major depressions (Fig. 3B). The estimated vol-
ume of SBD correlates to the volume of the large 
depressions (Fig. 4B) that adjoin major chutes in 
the canyons but SBD volume is only 1:100 of the 
depression volume (Fig. 4B). The core collected 
from the deposits of the most upstream Great 
Abaco Canyon depression used in the study had 
a tube length of 5 m and the obtained core was 
2.2 m long. During coring, the tube was twisted, 
suggesting that the thickness of the soft deposit 
was not important. The sediment shows poorly 
sorted carbonate mud with numerous lithoclasts 
caused by seafloor erosion (Fig.  3D). Three 
thin, very fine-grained, and sandy carbonate 
turbidites were found intercalated between the 
poorly sorted mud, indicating sporadic deposi-
tion by sediment-laden flows. The presence of 
SBD containing gravity-flow deposits immedi-
ately downslope of the depression suggests that 
mechanical processes are active at the depression 
location. The shape of the SBD and the collected 
deposits are similar to that obtained through the 
numerical modeling of SBD (Lee et al., 2002). 
The flow excavates the initial depression and 

Figure 4. (A) Width versus 
length of the 344 isolated (blue 
diamonds) and coalescent (red 
squares) depressions of the 
present study (all located east of 
the Bahamas, Atlantic Ocean). 
(B) Slope break deposit (SBD) 
volume versus depression vol-
ume. Note that SBD volume 
is 1:100 of depression volume. 
Number of measurements of 
SBD is small because SBD are 
only observed on the youngest 
depressions close to the BBE.

A

B

Figure 3. (A) Bathymetric map and back-
scatter map at the mouth of Great Abaco 
Canyon, Northeast Bahamas, Atlantic 
Ocean. Deepest depressions are white-cir-
cled. Other depressions are black circled. (B) 
Chirp seismic profile showing fault beneath 
large depressions and slope break deposit 
(SBD). (C) Bathymetric map and backscat-
ter map showing depressions (black-circled 
and yellow-circled, respectively) in Exuma 
Canyon (east of Bahamas, Atlantic Ocean) 
and at its mouth including the location of 
core CAR2KS19 (orange circle) collected in 
the slope break deposits following the most 
upstream Exuma upper Canyon chute. (D) 
Core collected in a depression at the mouth 
of Exuma Canyon, showing three very fine 
sand carbonate turbidites into a slightly to 
moderately carbonated mud. TWT—two-
way time.
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the eroded material is deposited downslope. 
However, despite correlated to the volume of 
the depression, the volume of the SBD is very 
small. An explanation of the missing volume 
(99%) is that the main process explaining the 
size of the depression may not directly relate to 
sediment-laden flow processes. In addition, as 
some depressions are located along the BBE but 
not in the axis of canyons or smaller submarine 
valleys, this suggests that the depression initia-
tion is not mechanical. Consistently, the deepest 
point of depression is sometimes on the side of 
the depression floor and not in the axis of the 
potential plunging flow. Consequently, mechani-
cal erosion appears to be only an additional pro-
cess for depressions located in canyon axis.

The Bahamian depressions are outsized 
because of their combined depth and width. 
Figure 5 shows that the Bahamian depressions 
are among the largest in width when compared 
with other the rounded depressions on Earth 
(Fig. 1), including the giant pockmarks on the 
west African margin (Pilcher and Argent, 2007), 
the plunge pools and pockmarks in siliciclastic 
environments (Lee et  al., 2002; Sultan et  al., 
2010; Cole et  al., 2000), and the giant disso-
lution structure in a mixed oceanic ridge-car-
bonate drape (Michaud et al., 2005). They are 
also larger than the plunge pools of the Dover 
Strait that were formed by a lake outburst in a 
subaerial environment (Gupta et al., 2017). The 
Bahamian depressions are also as large as or 

even larger than all subaerial structures including 
dissolution mega-dolines and classical waterfall-
related plunge pools. Only the largest terrestrial 
meteoric-water related megadolines are deeper 
than the Bahamian depressions for an equivalent 
diameter.

DISCUSSION

Most papers that have dealt with such sub-
marine depressions interpreted them as plunge 
pools (Gupta et  al., 2017; Lee et  al., 2002; 
Bourget et  al., 2011; Schnyder et  al., 2018), 
that is, the depression is located immediately 
downslope of the chute, which is consis-
tent with mechanical erosion. The remaining 
papers interpret them as pockmarks (King and 
MacLean, 1970; MacDonald et al., 1990; Cole 
et al., 2000; Betzler et al., 2011; Hovland et al., 
2005; Pilcher and Argent, 2007; Sultan et al., 
2010). The location of the pool just down a val-
ley marks a significant difference in the char-
acteristics of the Bahamian depressions. Some 
are downslope of the valley but a large amount 
of depressions are dissociated from valleys. In 
most cases, there is a large distance between 
the valley, the chutes, and the depressions sug-
gesting the relatively minor role of mechanical 
erosion in initiating the depressions. However, 
the largest depressions are the closest to the 
chute suggesting the mechanical impact is not 
negligible.

Figure 5 shows the depth versus width plot for 
a large published data set of subcircular natural 
depressions in the world. All the points scatter 
around a line in the log-log graph indicating 
that the depth:width of the depression is con-
stant irrespective of the nature of the depression 
(pockmark, plunge pool, and sinkholes), envi-
ronment (subaerial or submarine), and lithol-
ogy (siliciclastic, carbonate, and volcanic). This 
represents the mean slope between the edge and 
the middle of the depression. The asymmetry is 
2.73, slightly higher than values published by 
Land and Paull (2000) (1.1–2.15).

These observations strongly suggest that spo-
radic sediment-laden flow cannot be the only 
origin of such large depressions and that depres-
sions are anterior to the sediment-laden flows. 
In addition, the spatial distribution of depres-
sions (Fig. 3A) suggests that they are not strictly 
related to the present-day chutes. The deepest 
present-day depressions are located close to the 
chutes (Fig. 3), but other well expressed depres-
sions are away from the chutes and sometimes 
at the edge of the abyssal plain (Fig. 2; Cavail-
hes et al., 2022). However, the presence of SBD 
proves that sporadic sediment-laden flows are 
driven into the depressions when the depressions 
are located in a valley.

Orientations of canyons along structural lin-
eaments (Cavailhes et al., 2022) suggest that 
backstepping erosion followed these weak 
zones during the retreat of the BBE and oriented 
the canyons parallel to the bank’s margin (Paull 
and Dillon, 1980). In addition, depressions 
are located at the intersection of canyons and 
faults. Field evidence suggests that mesh struc-
tures including faults form important conduits 
for the flow of a large volume of hydrothermal 
fluids (Sibson, 1996). A strong directional per-
meability develops in the direction parallel to 
fault-fracture intersections. These fault inter-
sections (structural permeability) would there-
fore drain the saline brines, aided by thermal 
convection. The presence of pre-existing faults 
suggests that sulphide-rich fluids can be driven 
to the surface along structural weaknesses 
and that depression formation could be initi-
ated in a similar way as sinkholes (Cavailhes 
et al., 2022). In addition, semi-circular sides of 
canyons suggest that canyon erosion rooted on 
depressions. No depression is observed on the 
shelf suggesting that depressions developing 
upside of a canyon head are buried and form 
by hypogenic processes.

The analysis of giant depressions in the 
Bahamas presented in this paper supports an 
original five-phase hypothetical formation 
model and several processes. Steepness and 
morphology of the canyon walls both suggest 
that unidentified erosional processes occurred 

Figure 5. (A) Depth versus 
width of selected representa-
tive subaerial and submarine 
depressions worldwide. Data 
from (A) Niagara Falls, USA, 
(B) Taughannock Falls, USA, 
(C) Hawaii, Homokane Valley; 
subaerial dolines (5); Gupta 
et al., 2017 (6); Lee et al., 2002 
(7); Bourget et  al. (2011) (11); 
Schnyder et al., 2018 (12); Land 
and Paull, 2000 (18); Cavailhes 
et al., 2022 (19); Michaud et al., 
2018 (20), King and MacLean, 
1970 (21); Michaud et al., 2005 
(22); Sultan et  al., 2010 (23); 
Pilcher and Argent, 2007 (24); 
Cole et al., 2000 (25); Mitchell 

et al., 2013, Erasthostene seamount (26); Chapron et al., 2004 (27); Parenti et al., Mars, 2020 
(35); Betzler et al., 2011 (36); Backshall et al., 1979, Blue Holes–Great Barrier, Australia 
(37); Hovland et al., 2005 (38); Paull et al., 1996 (39); MacDonald et al., 1990 (40); Zhang 
et al., 2020 (41); Ruberg et al., 2008, Lake Huron, North America (42); Moretti et al., 2021; 
Geymond et al., 2022, banded iron formation (43); this is number 5: moved upside; subaer-
ial doline morphometry https://fr​.wikipedia​.org​/wiki​/Liste_des_méga-dolines(44). Dean’s 
Blue Hole, Bahamas (45). For references presenting a cloud of dots, only extreme values are 
plotted to generate the cloud envelope.

https://fr.wikipedia.org/wiki/Liste_des_méga-dolines(44
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at the canyon heads in addition to dissolution. 
The first phase represents the initial location of 
the BBE. Early canyon erosion occurred along 
structural lineaments and related depressions. 

Dashed circles upward in the canyon heads sug-
gest that subbottom depressions were formed 
by hypogenic dissolution along lineaments and 
orientate canyon backward erosion. (Fig. 6A). 

The second phase was marked by intensified 
focused dissolution. Brines moved toward the 
lowest point of the system (growing canyon) 
due to their relative high density compared to 

A B C

A B C

D E

D E

Figure 6. Synthetic sketch showing the five steps in the formation of depressions. For each step, there is a map view and a cross-section 
into the canyon. Figure not to scale. (A) Initial position of the Blake Bahama Escarpment (BBE) and early dissolution. (B) Focused dissolu-
tion begins by brine circulation along faults during Cretaceous. (C) Focused dissolution and canyon growth by retrogressive erosion (D) 
Backward erosion stabilization and canyon maturity phase. (E) Present-day state with sporadic turbidity currents using the depressions as 
plunge pools. SBD—slope-break deposits.
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seawater, preferentially along the structural 
heterogeneities. BBE retreat began during Late 
Cretaceous and early Cenozoic. Erosion could 
thus be partly driven by the presence of resis-
tant carbonate levels. This retreat signifies the 
start of undercutting related to the initiation of 
dissolution by brine motion under the action 
of thermal heat, brine-hydraulic-head gradi-
ent, and Kohout convection. Brine motion was 
still driven along the faults. This phase is sup-
posed to be related to brine circulation along 
with the increase in heat flow (Fig. 6B). Brines 
generated from evaporites first flew downward, 
and then upward along faults and fractures 
(Chanton et al., 1991). Fluids escaped through 
surface-created dissolution depressions with a 
steep angle (close to vertical) that are similar 
to that in hypogenic dolines. During the third 
phase, hypogenic dissolution and BBE retreat 
intensified. Chutes progressively retreated from 
the edge of the BBE to form the present-day 
canyons (Fig. 6C). This phase represents the 
most intense period of retrogressive erosion. 
Undercutting based on the levels where anhy-
drites occurred probably played a major role in 
directing and enhancing retrogressive erosion 
(Paull and Neumann, 1987; Chanton et  al., 
1991). At present day, canyons are aligned 
along depressions and have semi-circular edges 
enhanced by slumping. Oldest outcropping 
depressions are far from the canyon head while 
recently outcropping depressions are close to 
the canyon head. In other words, the formation 
of dissolution structures controls the direction 
of retrogressive erosion. Consequently, the can-
yon mouth moved from the initial BBE edge to 
its present-day location. The fourth stage rep-
resents the mature phase of a canyon (Fig. 6D). 
Regressive erosion decreases and canyon mor-
phology stabilized. Total BBE retreat comprises 
between 5 and 15 km (Paull and Dillon 1980; 
Freeman-Lynde at al., 1981, Freeman-Lynde, 
1983, Dillon et al., 1987). Backward erosion 
still occurred along areas of weakness defined 
by both structural lineaments and dissolution 
structures. Formation of re-entrant and large 
canyons began during this phase. Failure scars 
indicate initial erosion in this phase and the 
semi-circular morphology of the canyon side 
suggests that canyon erosion rooted on depres-
sions. Steps in the chute are related to the litho-
logically hard layers (Fig. 6D).

Phase five represents the present-day status 
(Fig. 6E) (Lamb et al., 2008). Sediment-laden 
flows are channeled by canyons or valleys and 
contribute to maintaining the freshness of the 
morphology of the canyon and depressions. In 
such depressions, flows experience enhanced 
turbulence (hydraulic jump) and the result-
ing deposits are well-sorted sediments in the 

size range of fine sand to silt. Excavation and 
sediment laden flows would thus be sporadic 
(during highstands) whereas the dissolution 
process would be continuous as suggested by 
the freshness of the depressions that have been 
recognized out of the canyon axes. Dissolution 
might be enhanced during sea-level lowstands 
because of the reactivation of the exokarstic 
system. Either flow inertia or the formation of 
hydraulic jumps contributed to the formation of 
SBD. A deeper depression leads to a higher tur-
bid cloud resulting from the jump, and conse-
quently, a thicker SBD. Considering the depth 
of the depression, erosion rate within it is prob-
ably low because the turbulent flow encounters 
lithified rocks rather than soft sediments. A 
part of the SBD is deposited downslope of the 
depression, but when the height of the SBD 
is sufficient, the deposit progrades toward the 
depression. The bottom of the depressions is 
thus progressively filled by deposits, reducing 
the depression depth.

Our work can be placed in worldwide lit-
erature on large depressions: Three groups of 
depressions were identified in the literature: (1) 
Purely karstic sinkholes formed by carbonate 
dissolution during the emergence of the car-
bonate platform. These are usually submerged 
at present in shallow waters (<120 m water 
depth) and were included in this study for the 
comparison of structures. (2) Brine-related dis-
solution depressions that form the present-day 
sinkholes. These are concentrated at the toe of 
the BBE and have been extensively studied. (3) 
Sinkhole-derived plunge-pools. Plunge pools 
can be either active or inactive, and mechani-
cal erosion maintains the freshness of these 
depressions. In all cases, dissolution seems to 
be the prominent mechanism that initiates the 
depression.

CONCLUSIONS

In this study, we performed a morphometric 
analysis of giant depressions located in east-
ern Bahamas, either at the toe of the BBE, or 
across the BBE, in the axes of canyons. When 
they are in canyon axes, they usually form align-
ments. The depression closest to the canyon 
head is flanked with SBD. When they are not 
in a canyon axis, they may be aligned along the 
BBE. Comparison of these submarine depres-
sions with worldwide, subaerial and submarine 
depressions shows they are among the largest on 
Earth. The results suggest that Bahamian depres-
sions are firstly formed by underwater carbonate 
dissolution just after BBE retreat and later used 
as plunge pools thus experiencing mechanical 
erosion. As dissolution is related to the upward 
drainage of brines (hypogenic karstification), 

tectonic control by structural lineaments is also 
important for explaining the genesis of a depres-
sion. Brine-related dissolution depressions and 
sinkhole-derived plunge-pools are deep struc-
tures that can be observed up to a water depth 
of 5000 m along one of the steepest large-scale 
landforms on Earth. Submarine depressions in 
the Bahamas are complex structures belonging 
to sinkhole-derived plunge-pools. They play an 
important role in shaping submarine geomor-
phology and box-shape canyons. In the Baha-
mian case, they orientate canyon direction by 
controlling retrogressive erosion.
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