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Abstract :

This study reports the discovery of abyssal giant depressions located at the toe of the Bahamian
carbonate platform, along the Blake Bahama structurally-controlled Escarpment (BBE) that exhibits up to
xNP RI VXEPDULQH HOHYDWLRQ DERYH WKH 6D Qy&fobs¥isnticRefle&ifn
and bathymetric data collected during the CARAMBAR 2 cruise revealed the presence of 29 submarine
GHSUHVVLRQV WKHLU ZDWHU GHSWKYV UDQJH IURP xP WR
in shape, range in diametHU IURP xP WR xP DQG LQ GHSWK IURP
alignment trends are parallel to the BBE as well as to structural lineaments of the area, exclusively
EHWZHHQ DQG xP I[URP LWV WRH DQG RYHU QdhH Yigh-ampitude
seismic anomaly has been detected. The depression density interestingly increases where the recognized
structural lineaments intersect the BBE. Based on their physical attributes (i.e. location, jagged
morphologies, water depths), we interpret these depressions as collapse sinkholes rather than pockmarks
or plunge pools. The aforementioned observations suggest an atypical relationship between the spatial
occurrence of the giant abyssal sinkholes, the carbonate platform tectonic structures, the buried carbonate
bench that underlies the hemipelagites in the SSAP and the geomorphology of the area. According to the
wider literature that reports fluid seepages along submarine carbonate escarpments, we propose that the
ground water entrance during low sea-level stands, the dissolution of evaporites by meteoric water, the
platform-scale thermal convection and the seawater entrance at the platform edge most probably
collectively act in concert to favor the circulation of brines and therefore the corrosion within the Bahamian
carbonate platform. These mechanisms are particularly efficient along the structural heterogeneities (e.g.
the Sunniland Fracture Zone, SFZ) which act as fluid conduits localizing the dissolution and control the
physiography of the area by maintaining the location of the sedimentary pathways. The dense fluids would
migrate along the faults towards the BBE free edge and are subsequently trapped into the buried
carbonate bench that laterally disappears below the low-permeability deep-sea hemipelagites of the
SSAP. In consequence, the trapped corrosive fluids dissolve the carbonates preferentially along the
tectonic structures such as the SFZ. They are this way at the origin of the BBE curvature and generate
collapse-structures in the overlying fine-grained deposits finally resulting in the formation of giant abyssal
sinkholes. This structurally-directed process of dissolution seems efficient to provide a brines density head
WR PRYH RXW GRZQ WR ! xNP RI ZDW hae flay&iVd inaprQdte ibh YheEBBO .
xNP HURVLRQDO UHWUHDW
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Graphical abstract
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Highlights

y Study of giant abyssal depressions along the toe of the Bahamian carbonate platform y Analyses
seismic reflection and bathymetric data from the 2016 17 CARAMBAR 2 cruise y 29 elliptical
depressions 255 #1819 m wide, 30 185 m deep, at water depths > i 4500 m y Features aligned to
Blake-Bahama escarpment, concentrated at structural intersections y Interpreted as collapse sinkholes,
linked to brine circulation and dissolution
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1. Introduction

Localizing, describingand understanding ttmonesof the upper crusivhere the fluids enter, flow, are
stored and leagkare critical to discuss and quantify thgeobio-chemical fluxes between the lithosphere, the
hydrosphere and thetraosphereof the Earth(e.g. Dickens,2003) Fluid flow and dynamicshave been
extensively studied at convergent and divergent continental margins whereas transform margins that constitute
16 % of the world continental margins (Mercier de Lépieteal, 2016) havealmostnever been investigated in
detail Focusing orfluid circulationin carbonate marginallows scientiststo interestinglytrace and discuss the
supply the storage and the releasiechemicalelementsimplied in carbonate platforntliagenetic reactions
(Staudigel et al., 2021) as well dscumenthdr geomophologic consequencdsading tosurprising submarine
karstic landscapes (e.g. Land and Paull, 2000).

Since the 1970s,un 4D-conceptiorof the uppercrust fuid circv'_*on. as beermsignificantlyimproved
by the description and the analysisoffishorefluid circulationand relate * fliiecbscape featuredistribution and
geanorphologies €.9. King and Mac Lean, 1970Hornbachet I, 2)07. Most of the marine scientific
community attention has been focused packmarkswhereasofisrore sinkholesppear tchave been poorly
investigatedor even misinterpretedUnderstanding the « fereces between these types of offshore
structures appears necessary at this point In terms of waplications, these offshore fluid-related
collapse/expulsion featurdsave major impacts on s>roe | stabilifynplying potential hazards to offshore
infrastructuresas wellas tocoastal infrastructure~ hy ~hanging tfalure rockmechanicghat potentiallyleads
to geomorphologic evolutiorsubmarine escai, me .1t destabilizatéond possibly tasunamis (e.gOrange et al.,
2002 and herein referencesSecondly tr~ir distrivution affines our knowledge ofthe freshisaline water
distribution, storage and flows in coast.! an.' marine systems wiefeeshwater supplyto cities remains
problematic (Garven and Freeze, 1984; Pr,st et al., 20Hh®dly, subseafloorfluid-circulation markers and
associatedluid-escape featurdistrib. tion patternshave also helpedte oil and gas exploratiogeologists,
which haveused th& presence to utedffshore seepagelated to underlying petroleum systems since the
1930s (Abrams and Segall, 2-7Lasuiy, longterm seeping fluidshrough the seaflodnave beenidentified as
the primarycontrolfor chemsyn hetic benthic ecosystetimatcurrentlylocalizea poorly understoodubmarine
high biomass and proaucu ite.@.pockmarks:Dando et al., 1991; Ondréas et al., 2088kholes: Biddanda et
al.,, 2006; MichelTapping . al.1999.

Pockmarls
King and Mac Lean (1970p. 314) first definedas pockmarkghe structures discovered off Nova
Scotia as follow Pockmarks are con&/ KDSHG GHSUHVVLRQV« SRVVLEO\ IRUPHG E\ DVI
ZDWHU OHDNDJH ITURP X Q @hegeorateelike teaMidBrLsBbin@riveV/depressiosemmonly
occur in finegrained sediments, have circular to ellipsoidal depression shapes and can reach up to 4000 m in
diameter €.g.Cole et al., 2000Michaud et al.2005). They have beeawbservedn all rarges of water depth,
from shallowwater environments (e.g.-15/40m; Baltzeret al.,2014 to deepseawater(~-3160 m Marcon et
al., 2014 and are considered as giant pockmankghe caseavheretheir diameter igreaterthan 250 m foland
et al., 2007;Pilcher and Argent2007). They have been recognized in different settings ssabpenoceanic

environment(e.g Michaud et al., 2005 lakes é.g. Chapron et al., 2004 active margins (e.g. Salmi et al.,



201)), passive margm (e.g. Ondréas et al., 2005 volcanic ridgs (e.g. Michaud et al., 2005)clastic
environments€.g.Sultan et al., 2010xarbonateenvironments€.g.Backshall et al., 197Betzler et al., 2011
and even proposed faxplaining extraterrestrialsurface circular morphologies(e.g. Mars: Komatsu et al.,
2011) Rare outcroppingpalecpockmarks have been describied onshorestudiessuch asthe ones from
Cantabria in Spain dhe southeast basin of Franeeg(Agirrezabala et al., 201&ay et al., 209).

The fluid sources related to pockmark@emmonly originate from shallow subsurface sedimeetg.
Baltzer et al.2014), dewatering and degassing of tvaterfaschargedsedimentqAgirrezabala et al., 2013),
buried salt diapirsg.g.Taylor et al., 2000; Gay et al., 2019), drowned carbonate bark®8€tzler et al., 2011),
buried unconformitiese(g.King and MacLean, 1970), buried sedimentary channelsh&iand Argent, 2007;
Gay et al., 2003; Ondreas et al., 2005), buried Maassport Deposits (Bayon et al., 2009) and/or underlying
petroleum systems (Pilcher and Argent, 2007). The nature of the inviivesl can be of various origins such
as biogenic gas (e.g. Cole et al., 2000; Marcon et al., 28ddidhermoge, ‘gas,gashydratedestabilization
(Pilcher and Argent, 2007), hydrocarbon seeps and/or sand injec ites ‘Cole et al., 2000), freskepatps
(Chapron et al., 2004)s well as brines and sulfidésg. HS; Etiope 2t a. 2006).

Submarine sinkholes

Karstic landscapgeamorphologiesalso commonly exhibisuh c. ~ulardepressions called sinkholes dolines
(e.g. Sauro, 2003Gutiérrez et al., 2008Yechieli et 71, .01 Parise, 2019 Sinkholes are typical surface
expressios RI NDUVW ODQGVFDSHV Ry (DUWK DQG SRWHQWLDQI®@MNeRQ H[WUD
et al., 201% Theseeither onshore or offshos# kin'; feawureoriginate fromunderlying subsurface dissolution
cavities (dissolved origin) in eitrer evaporites, ~arbonates or quartzitesding to surface collapse (e.qg.
Gutiérrezet al., 2014;Sauroet al, 2019 ). A ne ~essary condition for forming largekholesseems to balarge
amount of fluid flow through the system v ni..tows andmaintainghe effective dissolution of the soluble host
rock (Hiller et al., 2014)Submarine sin.."oleand karstic landscapese surprisingly abseritom extensive
reviews (e.g.Klimchouk, 2009;Gu iérre_et al, 2014 Parise, 2019 Submarine sinkholesostly occur in
carbonatesnd have been interpre. ™k (i) subaerial dolinegmeteoric waterelated)that have been drowned
during sea level risee(g.Bar~_"an et a.1979 Rosenberg, 2039(ii) Dissolution derived cratelike features
that originate from ar _nuorhing thermal convection of volcanic or basempdndthermal systems (e.g.
Yubkho and Lygina, 2013~ - 2300 m Michaud et al., 2018)iii) Submarine dolines related the subsurface
mixing of fresh anfbr saine watess that dissole limestonesn coastal zonege.g.~ - 450 m Land and Paull,
200Q ~-575m, Land et al., 1996

Inactive pockmarksnd most of thesubmarinesinkholesare difficult to discriminate because none of them
expelsfluids at the time of data acquisitioim a fewcases, several relatively hot water seeps have diesarved

in sinkholes €.g.groundwaterBiddanda et al., 2006; saline watektitchell-Tappinget al., 1999 However,in
terms offormationmechanism it is generallyadmitted thapockmarks argreferentiallyphysically excavated
by focusedfluid expulsionin comparison teinkholesthat originate fromdissolution anghysical collapsgthis
latter proces$eading to jagged morphologi¢sloviand et al., 2002Judd and Hovland, 20DDetailed studies
of pockmarks did not reveal any systematic ejecta rim around the deprdssijuite the physical excavation
(e.g. Pilcher and Argent, 20Q7)f seems that the venting of fluids preferentially removes thediaaed

sediments by suspending thentoirthe water column (Webb, 2009Jhe fluid movementgiving birth to



pockmarksor sinkholescan be favored along structural surface rocky basemnt (e.g. Shaw et al., 1997
Etiope et al. 2006, through fractures in the sedimenésg. Marcon et al., 2014and through faulzones of
different scalesd.g. pockmarks:Sultan et al.2010; Micdlef et al., 2011 sinkholes: MitcheHTapping et al.,
1999.

In this paper(i) we aim toaddresshetype (sinkholes or pockmarks), thestribution, the morphometry
and the different mechanisms at the origin of dbgssalgiant depressionslignmentlocated at the toe of the
Blake Bahama EscarpmenBEE; Fig. 1). In doing so, we uséhe bathymetric/seismic data order to (ii)
documentand discusghe interactions between tHem-scale structural features of the area, the carbonate
platformscale circulation the circular submarine depressioasd the currentlay geomorphology To our
knowledge, pockmarkand sinkholeshave never been described modernsea floorbelow the Carbonate
Compensation DeptfCCD; ~ - 4000 ), in abyssal carbonate contexts3800 mof water depth), at the toe of
a structurallycontrolled megacarbonate escarpment such as the BBE (> *igh). In addition, we have most
probablylocalized thegeomorphologiadepressions at the toe of the Bah:imian platform wheEeU\L§¥Dtid
seep, asuggestedh thePaull and NeumanfiV P RX98&¥,Ghe figur 2 2 f their publicatign

2. Scientific context andgeologicalsetting

2.1 Tectonic setting and platform establishme: it

The Bahamasre located along @an<orn continenél margin and are underlain bya stretchedpre-
Triassic continental crust (Mullins and Lynts, 1; *Tercier de Lépinay et al., 201 6vherea large carbonate
platform developedin the Late Jurassic anu =arly Cretaceousesponse to high carbonate productiongate
(FreemanLynde et al., 1981Carlo, 1996, Tne clockwise rotation of the North American continental structural
block causd a complex transtensiotal v -~eaontinent transition where -8 striking normal basement faults
(e.g.Blake Plateauhavecoexised.'th E-W striking preJurassic basement Atlantic Ocean fracture zones (e.g.
Blake Spur-Z, Great Abacd-Z: She.dan, 1974)ince thesarly Cenozoic, active faulting occurred in response
to theslighttectonic interact’uni. between the southern Cuban agoged theMesozoicagedtectonic structures
(Masaferro et al.2002 . dle. Z¢ al., 2011)PostOligocenereactivation of vertical basement faultave been
UHSRUWHG E\ OX¥XOOLQV DQG 9DQ %iouhie@ Bahamash®welD &3dNeUgERe ®D \
presenay folding inthe Santareranticline (Masaferro et al.2002 andduring theQuaternary tectonic tilting
using the Sunniland Fracture Zosengthe Bahama escarpme#tindler et al., 2011Fig. 1a).

2.2 Carbonate platform circulation

Presenday carbonate platforms are commonly subject to dissolution, corrosion, dolomitization and
dedolomitization by fresh atar saline groundwater in the first kilometers deep (e.g. Sanford and Konikow,
1989; Hughes etl., 2007; Wierzbicki et al., 2006)his dissolution process can lead to relatively deep
submarine sinkhole formation that are heteregesly distributed, down te 575 m in water depth (Land et al.,

1995), i.e. deeper than the last glacial low stand of sea levi2q m) and much shallower than the CCD (



4000 m).Thesegeomorphologicmarkersof dissolutionare important to characterize in order to address the

archtecture and the scale of fluid circulat®in carbonate platforms.

Fluid circulation into theBahamian platform

The Bahama platform offers within a same succession many reservoir rocks with a wide range of
porosities(thick reefal and shallow water platform limestones and dolomites), organic mmattesource rocks
(restricted marine limestones) as well as the presence of vertical and lateral seagisiiffiee slope carbonate,
pelagites and contourites, thick restricted marinbydrites and halites), all needed for petroleum systems
(Walles, 1993). In addition, the Blake Bahama Escarpment (BBE) offers algknand steepening with depth
submarine topography that increases the vertical interacting section between groundwatawater, where
the structural lineaments shape the submarine physiograplsprovides ai. ideal case study to better constrain
a structurallycontrolled and dissolved carbonate system at the ssd de.li deed, water temperatures around
faults into theBahamiancarbonate platform (depth3300 m to-380C m) can be similar to water surface
temperatures; these data demonstrate the direct and efficint nydrologic relations between surface and great
depths (3500 m) (Walles, 1993). Drilling and core dataws."oat hydrodynamic alteration processes in
carbonates near major fault surfaces create buried dissoli'tic » conduits and caves (e.g. 8 mgierssiigls
100%) at a depth of 4000 meters in the Great Babamra Bank (Walles, 1993). Solution collapsgobretcia
dolomite sequences, in response to the dissolutimmbrudedanhydrites by corrosive fluids along faults, are
suspected to cause those surprising reservoi’ pro Jerties within the platform.

Fluid circulation within the Bahamas c. “honate platform has operated at different times, involving a
wide range of fluid volumes, natures (frec~water, seawater and brines) and mechanisms; this has therefore
needed efficient and loAgrmdriversof ¢ rculcuons (Melim and Masaferro, 1997). The fluid circulatieould
be related to:(i) thermally driven ciicuictiorand density gradients between coddline oceafic waters and
ground waters of the carbonate *lattu.m that are warmed by the geothermal heg@tofioxit et al., 1977,
Whitaker and Smart, 1990 (ii) Law>ral flow due to an acrodise-bank head difference (Whitaker and Smart,
1993; Whitaker et al., 1992} . na e reflux of mesosaline brines along the platform (salinitg®fA88that
also drive circulation (<. m. ~984Whitaker and Smart, 19%90(iii) The topographicalhdriven meteoric
groundwater is probably a ey factfor efficiently driving fluid-circulation into the carbonate platform, in
particular during lowsealevel stands (Wilson,@D5). There-flooding of the banks at the ladeglaciation also
strengthened the thermal convecti@agans and Sawart, 1988; Whitaker et al., 19@4).Jointingoptimizes
the dissolutionprocessby increasing surface areaxposed to corrosive waters (Freertgmde and Ryan,

1985) and most probably enhances the existing circulation by supplying efficient, both porous and permeable
km-scalestructuralpathwaydor fluids. The structural heterogeneitiesapplatform areclearlythe most efficient

entities forfluid entrance, pathway, storage and seepage available spaces in carbonatellovdkg both
episodic and persistent subsurface flifiidvs and overprinting an anisotropy of permeabilitytihe faulted

system i.ethe structural permeability (Sibson, 1996). At the-stale, preexisting fractures and faults control

the distribution, the orientation and the intensity of the carbonate dissolution by the circulating brines (defect
driven kinetic reactions)channelizng the shaps of dissolution target®f fractures and zones of structural

weakness, preferentially along their strikes (Gouze et al., 2003; GRiogeet al., 2015; Privalov et al., 2019).



With the exception obnshore compressive settingsg; La brunaet al., 2021 Pisani et al.2021 Pontes et al.,
2021), the structurallycontrolled dissolution of carbonates, in particutaabyssalsubmarine settingdas not
been describedndis thereforepoorly understoodthis processemains to be documented the kmscale in

particular for the Bahamian platforeystem

2.3 Current-day physiographyand escarpmentbasal erosion

The presentlay steepmorphology of the Blake Bahama Escarpment (BBE) has an erosional origihkmof
retreat,up to 4.2km high), essentially developed during the Cretaceous (Freeymate and Ryan, 1985) and
Tertiary times (Schlager et al., 1987 his probablystill active HURVLRQDO UHWUHDW RYHUSULQW
V K D Sged®orphology exhibiting a relict5-6 kmwide flat carbonate ‘vrface currently buriedMipcene to
Quaternary sediments lying in the San Salvador Abyssal plain (Sc-i~qe. et al., Bigdlarly to the Blake
Escarpment(10-15 km of retreat) an Oligocene unconformity (fAis ~resent at the top of the Cretaceous
carbonates of thburiedbench and predatdébe Miocene massive seql.ences of turbidites #nedQuaternary
hemipelagites(Paull and Dillon, 1980). Contouries are prese:. at the toe of the BRI leastsince the
Oligocenen response to abyssal curreatdivity (Bliefnick et . !, 1:)83; Mulder et al2019).

More generally, thebasalerosion of carbonate escarpmeats sdch as the BBE, the Blake escarpment or the
Floridaescarpmenéppeardo be related tseveralnone x~.ius ive mechanisms(i) the drculating saline waters
and brines that seep from the base of éBear~me. tlissole the carbonates and therefore destabitize
overlying slopes (Walles, 193; Henderson et ~l., 99Paull and Neumam 1987, such as describealongat
least 10% of the Florida carbondiscarpm ~nbase (2aull et al., 1988; Chanton et al., 198hgseare made of
94% of seawater and 6% of dense brinc_ (C,.anton et al., 199ta@arehch temperatures up to 115&@hin

the patform under Florida(Paull and Ne'iriann, 1987). The combination of hydrogen sulfide$ @@
oxygenated seawater (from the pla. gy are suspected tavor acid (H) formation that corrodethe toes

of acarbonateescarpment along 2pu~ vertidalctures +L O O ' §t%a 2019 Che slope of th@BE
escarpment steepens with de,th and inner platform carbonate facies at its base strongk/teaggesapse
dismantlement operatén re ipon. e to brine seefs) Locally, thetectonicactivity related to movements along
fracture zons implies rock ;~inung that increases areas exposed to corrosive watetsslope destabilization
(FreemarnLynde and Rya,. 1985). (iii) The dissolution by oceanic corrosive watewould also imply
escarpment undercutting, leadingoteerying slope destabilization (Paull and Dillon, 1980), in particular for the
anhydrite layers dissolved by ambient waters along the Florida escarffaetitet al., 199). (iv) The removal

of sedimets and the lateral scarp retregtt the base of the slope by abyssal curreniggested for the Blake
escarpment and the BBPaul and Dillon, 1980Schlager et al., 1984; Freemhynde and Ryan, 198% and et

al., 1999, have been excluded by Paull and Neumann (1987 )ooth Florida and Yucatan escarpments where
abyssal currents are absdntaddition, ¢) bioerosion has probably a very limited impact as argued in Freeman
Lynde and Ryan (1985)n contrast,the brinerelateddissolution mechanism for explaining deep submarine
karstic landscapelsas beerstrongly challenged by Rosenberg (2019); the author proposes that all of the deep
Florida and Yucatan sinkholes (water deptB00 mto - 2000 n) are related to & one My-duration subaerial
karstification event. This latter event would imply-2000 m relative sekevel fall related to the isolation of the

Gulf of Mexico at the Paleocene that seems unrealistic for the Bahamas.



3. Methodology and database

Data set wasollectedduring the Leg 2 of the CARAMBAR 2 cruise from December 2016 to January

RQERDUG WKH &@ded, R8O IEB@VYHovered the southern part of Exuma S@ESY
the Exuma Platea(EP), the Blake Bahama Escarpment (BBE) and the adjacent San SaMayksalPlain
(SSAP) including 20.395 krhof multibeam bathymetry and backscatter and 2149 km of High Resolution (HR)
seismic profiles. Bathymetry and backscatter data have been obtaimgd audKonsberg EM122/EM710
multibeam echo sounder, and the higbolution (HR) multichannel sei.mic system uses a 192 channels /1200
m long steamer (6.25 m group interval) and four 35/35%i@& airguns. e signal dominant frequency is
between20 and ®0 Hz. Streamer and source positioning were der ved from vessierddtial Global
Positioning System{(DGPS)and compass birds. Processing of t is scismic data was performed using SolidQC
software developed by Ifremer. Basic processing flow include . 'fijnsl Move Out (NMO)correction, (ii)24-
fold stacking and (iii) constant velocity gradient migrafion. ‘he obtained data are with vertical resolution
approaching 2 m and usable acoustic imaging to approxir ate. ' ca. 1 to l-dsyviavel time Sinkholesand
structural lineaments have been mapped using thei 1hic Jicexpressions such as depression, local changes

in isobaths trends, as well as their seismic expres. 2n where 2D seismic data were available (Fig. 2).

4. Results

4.1 Submarine presentday physiogr:phy

The studied area is locc'ed ¢in an oeeanmtinent transition that has beshapedas atransform
continentaimarginexhibiting asteep. angharpsubmarinenorphology(Mullins et al., 1992Mercier de Lépinay
et al., 2016Fig. 1a). TheSur...>nu rracture Zone (SFZ) bounding the San Salvador Abyssal Plain is parallel to
the oceanic transform f. 8. facture zonddentified on the sea floor of the North Atlantic Plate (NAFhis
major tectonic corridoof tens of km widdrends perpedicular to the magnetic anomalies of the oceanic crust
andclearly shapeshe easternside of the Bahamas submarine physiography (Fig. 1a). fenlymorphologies
and reliefs of thestudied areare parallel tothe N6 VWULNLQJ WHQVLRQDO EDVHPHQW IDXOW
works (1974) that control thglake Plateau area shape.

Based on the analysis of bathymetric maps Drowned Barrier Reef (DBR), the Exui@anyon (EC),
the SamanaRe-entrant (SR), the Exuma Valley (EVlhe Exuma Plateadhe South Exuma Plateau Valley
(SEPV),the Crooked Canyon (CC)the BBE,the plungepools and the contouritic deposits have beamed
similarly to the work ofMulder et al. (209) (Fig.1b). The generally NS trendingcarbonateBBE can reach up
to 4200 m of submarine elevati@bovethe SSAP ands interestingly curved over a distance~«if8 km at
a f 1: . The BBE curvature isbserved in the areaherethe SFZintersectshe BBE. TheSFZ
appears to be made of different sets of tectonic featsirliéing N110,N145ard E-W (see inset irupper right

corner ofFigure 1b). The 090E structural lineamenéppear tocontrol the shape of the southern part of the



BBE, the northern edge of th®amanaReentrant, the EV and the SEPV. TN&10 andN145 trending
lineaments(mean~N130 direction) controthe submarine morphologies of the southern edge oEthana
Canyon(SanmanaRe-entranf SR), the trandion between the EV and the SR, as vaasltheNW-SE trending
BBE curvature (Fig. ). Regarding the oceanic crust structure in 38AR, the lineaments are mostN160 to
N-S orientedand control the elongation of the distal lows where sediments are preferentially depigied (
part of Figure 1b). In addition the N-S basemeninheritedBBE trend is very similar to the Crooked Canyon
orientation.The contourites are present at tteetof the BBEMulder et al., 2019¢e.g. Fig. 2a and 2hyith the
exception of the BBE curvature ar@dg. 2c)

Summarizingtheseobservations,hte fhysiographic sketas of Figure 1b revealthat oceancontinent
transition inheritedstructural lineamentthat control and shapehe BBE trends and curvatureshe submarine
steepwalled giant canyon orientations (Mulder et al., 29las well Aasthe abyssal topographieslearly
expressed by thstructurallycontrolled isobath contours This structura, . “chitecturés consistent with the
conceptual view of Sheridan (1974yguing forthe presence oétri cturc| blockscompartmentalizinghe

Atlantic continental margin b)-S tensional faults anehajor strikes'.p Te atures accommodatitdpck rotation.

4.2 Regional distribution of submarine depressions

Twenty-nine abyssalsubmarinedepressiondave be :n 1. appeat the toe of the BBEin the western
part of theSSAP lying at~ - 4900 m of depth{Fig.1b ¢ nc’ 3  they occupy~20% of the base of thearbonate
escarpment.e. a total 0of21.5 km / 102 kntong (Fia..:\. Thewaterdepthsof the depressionsange from 4584
m to - 4967 m,exclusively below the Carbor ate Compensation Depth of the area 4500 m; Heath and
Mullins, 1984)(Fig. 2; Tablel). Theyareall locae.' between 2 km ansl km seaward othe be of theBBE
(isobath- 4000m) The meardepressiordiame.~s rangefrom 255 mto 1819 m and form depressions ranging
from 30 m to 185 m of depthwithout anycl 2ai preferential direction of elongatidamefer to the4.4 sectiorfor
detail9. The depressiosof this study 1 = .2) are so calledgiantdepressiosfconsideringhattheir diameters
are wider than250 m, following u.~ pockmark classification of Folancet al. (1999).Depressionsare not
randomly distributed in the strdiea .rea and show a high concentration teettv®\BBE curvature (Fig. 1b and
2c). Depressiordensity incre ase > wherg {he structural lineaments of the SFZ intersect the BBE and (ii) where
contouritic deposits are a.sewmuedepressionbave been classifiedtmtwo families:innerdepressiongn=7; d
escarpmen= 2 - 3 km ZKH!'! 4 pGsfoitegtdidtaaee to the 4000 m isobathind outerdepressiongn=22; d
escarpmen= 3 - 5 km). In order tofacilitate the description of the bathymetric map &igand 2, thedepressions
have been numbered from south to ngRiy. 2a to 2d)In the cassof 14a, 14b, 17a and 17b, each overlapping
depressiorhas the same numbefThis study distinguishes four areas of interest where a detailed analf/sis
abyssabepressionss consideredFig. 2a, b, c andd).

Depressiori is located in contouritideposits andlearly appears isolatdcbm the othedepression§?
km southof depressior®; Fig.2aand 2). It seems aligned with the-W trending structural lineamebbunding
the nortlside of the Exuma Canyorand the southerdepression described asphinge poolin Mulder et al.
(2019)(Fig. 1b) This is alsotogethemwith thedepression23 to 27, one of thdepressiosof the studyareathat
is collapsingcontouriticdeposits.

Depression2, 4, 6, 7and8 appear to b&l-S alignedand located a+3500 m from the BBEFig. 2b).

In contrast, thelepression8 and 5 ard 000m to 2000m closer to the BBEhan 2, 4, 6, and, belonging to the



innerdepressiongFig. 2b). The spacing between thepressionss between 0 nfior the overlappinglepressions
(i.e. #7 and #8) and 1200 m (i.e. #2 and. #4)

Depression®, 10, 11, 12, 13, 14a, 14b, 15, 16, 17a, 17b, 18, 19nd®@1lare locatechearthe BBE
curvature a f 1: ; (Fig. 2¢)). More than half of the studiedepressiong15/29) are therefore
located where structural lineaments cross the BBEpressionsl4a, 14b, 17a and 17b are callgther
depressiondecause they are located &02 m and 2838 m from the BBH4dble ). In contrastthe other
depressiongorm a chain more distant to the BB&rgund 4000 mFig. ). Contouriesseem to be abseim
this arealtig. 1b).

Depression2, 23, 24, 25, 26 and7 are located in the northern part of the studied area where a
contouritic drift has been mappe(Fig. 1b). Thedepressionsvater depths range fror710 m to-4812 m
whereas the innatepressior26 is located at only 2211 m from the BBE, which contrasts with the others located
at around 4000 m from the BBE (Fig.;2dble J.

4.3 Seismic profileanalysis

2D Seismic profiles and theinterpretationsare giverin F jures 3, 4 and 5 Thesefiguresexhibit two
BBE-perpendiculatrending seismic line¢Fig.3a, 5a) ardoi.~single BBEparallel trending seismitine
(Fig. 3, 5b and 5§ which areall shownin Figures1 2 &nd 3

Sedimentaryeflectors +The dfshore seisn. ~ retlectorare believed t@xhibit respectively from the
subsurface to the surfacthe top of the »sce’.nic crustb@sement the top Kimmeridgian sedimentary
packageand the topof the Tithonian sedime. *arpackage consistentwith the work of ScHager et al.
(19849 (Figs. 3a and3a). Theseinterprete.’ sedimentary packages are westwdifghing and thickening
despitethe fact their clear seismic exf ‘es sianeblurring towardg¢he BBE. The oceanic crustasound0.3
s two-way travel time (TWT)den in ‘he astern part of the profile wheredss 1.2 s TWTdeepin the
western part of the profilOue .~ thishasement structural dgind thehigh sedimentary supply nearby the
platform, the thickness of the s _dimentary packagehes anaximum at the toe of the BB(Fig. 39. The
Oligoceneunconformity (A, hasalso beenidentified accordingto its highamplitude seismic reflections
probably related twa .*roi.y lithologiccontrast,as well asWKH UHFRJQL]JHG 3GRZQODSV™ LQ
Miocenedeepseadepo<i {Figs. 3a Paull and Dillon, 198D

Buried bench- A 6 km wide buried carbonate benclxhibiting a typical blind faciess clearly
identifiablein Figures3a and5aandis similarin size and shapi the onedescribedat the toe of the BBE
in Schlager et al(1984. The top of this structure is located at around 6.5 s TWT isrmverlain by
contouries (Figs. 4a, 41, except in the BBE curvature surrounding where it lies unde? & 0.3 s thick
toe of slope hemipelagic covéfig. 5a 5c, 5aand5c). The seismic expression of the benclalso similar
to thewider one (10-15 km)recognizedat the toe othe BBE (Paull and Dillon, 1980)Subvertical seismic
discontinuities within the bench suggest the presence of @¢l I LQHG OLQHDU DQWLWKHWLF DC
V W\ O ktdllagzéfaults (Figs. 4a, 4b). These faultshave interestingly & V R | \Whdpe in theoverlying
contouritic body this latter being probably less lithified than the bench carbanates

Bright spot A seismic bright spot islefined D \& Segment of a reflection on a neartical seismic

reflection section which exhibits anomalouklgh reflections amplitudes ODNRYVN\ DQG .OQW.PSHUHU



10795. The BBE - parallel seismic line csses the BBEwice and exhibitsdiffuse high amplitude seismic
anomalies (bright spot) between 6.4 s and 7TWg (Fig. 3b) The absolutedepth of this features independent
of the seafloorrelief, the water depthor the vertical distance between the seafloor and &momaly This
independencylemonstratethat none of these parameters imajor controlling one thereforesuggestinghat
this featureprobablyoriginates fromsubsurface processéhe perpendiculatrending seismic line exhibits a-V
Shape structure (cone of deformation) which is locatgu above the buried carbonate bench and termimates
the flank of thedepressior#l. The \AShape structure is given by antithetic normal faults with sub seismic
offsets that form a network apparently accommodating downwards collapse movemefi)(Hige base of the
V-shaped structurés locatedwithin the bench (Fig4b), between 0.6s and 0.9 sunderneath the seafloor
depressionThis bucketshaped seismic bright spot shows a significant contrast betweearightude layered
facies recognized in its upper part, the chaotic facies identified at its hase and the Idudennefiectors in the
surrounding sedimentary rocks (Fig).

Contouritesand depressionstThe finegrained deeyzeasedir. 'ents 2presenthe contouriticdrift and
are crosscut bydepressior#l (fig. 4b). This depression is bounc'éy ~t least four antithetic curved normal
faults and shows a chaotic/disorganized facies in its center The nanks déphessiorare made of at least
three phases of contourite depositiand show increasing se.‘mentary thicknesses at the vicinitythef
depressionKig. 4b). At least the uppegpackage exhibits hyp~ri lized seismic facies interpreted as a potential
flank destabilizatiorof the contourite drif{Fig. 4b).

We made a recoraof the acoustic respons~ in u.«e water colwsimgthe multibeam echosoundéxy
positioning the boat just above depressioro#.he; 3" or December 2016 (20h1:320h23 UT) There was no
evidence for acoustic anomali¢gpward motioi. offluid plume) in the overlying water columns dhis
depressionThe same measurement has bec " repeat2d’af December (15h3415h47 UT), within the water

columnabovedepressio#15with an ideriical » ¢sulfAppendix1).

4.4 Quantitative analysis

Water depths for the stua. ~epressionsire comprised betweed584 m and4967 m (Fig.6a). The
deepst depressionsare loc.uc within the BBE curvature where contesriire absent. The shalloste
depressioris the soutbh =~ ¢.>» (Which isisolated {4584 m)and perched ora contouritic drift. The inner
depressiongn the vicinity of ne BBE curvatureif. 14a, 14b, 17a, 17b) adearly shallower than the outer
ones (9, 10, 11, 12, 13, 15, 16, 18, 19, 20, and 21). Consistently, thelépmessior26 is shallower than the 24,
25 and 2'buterones.

All the gant depressionsf this study are located between 2211 m (#26) and 4648 m (#25) away from
isobath & 4000 m’, within thetoe of BBE (Fig. 6b). The7 innerdepressionare located between 2211 (#26)
and 2894 m (#3) from thBBE whereas the outatepressionsre located betwee?943 m (#9) and4648 m
(#25) (mapping of inner and outer depressianpresentedh Figure 2). The greatest distances between the BBE
and the outedepressionsre systematicallyshorterthan the BBE erosional retreat-§5km) proposed in
FreemarLynde and Ryan, (1985) argthlager et al. (1980).his suggests thategressiongappear to be always

locatedimmediatelyabove the buried carbonate bench.



Depressiormean diameterare related talepressiorshortest distanseto the BBE according to the
positive correlatiorof Figure 6¢c. Two main trends can hdentifiedon ths graph bothincluding inner and outer
depressiond-or both relationsthe closerto the BBE,thesmalleris thedepression

Elongations have been measured for outer and idepressiongFig. 6d). Most of thedepressionare
slightly elongated with the exception of the inmdgpressior#5, which probably originatedrom several
underlying coalescemepressionsThe related rose diagram highlights eSNfrom N020 to N160) and a N095
preferential direction oflight elongation (Fig.6d; nmax elongation = 3 The innerdepressionseemto be
generally smaller than the outer ones.

The depression depths positively correlate withdberessiomean diameters (Fige). The depression
depths seem to be around 1/10 of depressiomrmean diameters. This scaling law is consistent VBBRFNP DU N {V
scaling lawfrom PicherandArgent (2007.

5. Interpretations and discussion

The studiedabyssaldepressionshow strong morpho: ~qic similarities (size, depression depth and
shape) with thsubmarinekarstic structures described by L=nd & 1d Paull (2000) along the carbonate continental
slopeof Florida {ig. 6b). In addition, themorphologic sharr nes.* the studied depressioappeargelated to
seafloor collaps€Figs. 5aand ). The depressiond ' r.ot exhibit any evidence fdluid-assisted physical
excavationthat are commonlyeported 6ér pockmat. YFigs. 4b; Appendix1). In consequence, despite being
located in deeper water depths tlihaFlorida «epr :ssions, weamethese structuresabyssalgiant sinkholes’
(Figs. 7 and8). The water depths (> 4500 m) are \. “portaathat we can confidently exclude a subaerial origin
for the studied sinkholes and associated kai_*ic landscHpese newly discovered sinkholes are most probably
related to arunderlying hypogenic spelec geegilimchouk, 2009)that could be relatetb eithera brine-
assisted dissolutioaf carbonatesasp- rtly » uggested by Paull and Neumann (198&7)to the dissolution of an
hypotheticakaltlayer thathas beemt observed on seismic profilesg. Warren, 2016zig. 3).

The physiographic s“etch.. Figure 1 highlights that structural lineaments havenost probably
controlled and localized throuy times persistent and-aeflhed sedimentary pathways from the platform to
the SSAPsuch as the sicat ~waco Canyon (Mulder et al., 2018; 20h@)studiedabyssal sinkholesccupy
20% of the BBE toandare - referentiallylocalizedwhere theinheritedstructural lineamentef the areacross
the BBE(Fig. 14). Theseobservatios demonstrat thata probablestructurallydriven fluid circulation (leading
to carbonate dissolutiorglong the lineaments artlrough the carbonatgatform haslikely played a key role
during the erosional proceskeading to the retreat of the BBEhe deegseasinkholes growtthavemostlikely
destabilizel the platform toe which is supported by thelirect observatios that this type of carbonate
escarpmentgurrently exhibits unstablesubmarine slopesteepening with deptHeading to one of thenost
pronounced topographic configuratioms Earth(Paull and Neumann, 198Fig. 7). The BBE erosional retreat
has therefore preferentially reused the inherited faults initially formed by the existing trarcsfotimental
marginto reach its present shape (Fig).

Herg we (i) hierarchize the importance of the different controlling parameters explainirsintieoles

locations and we discuss (i) thissolvingfluid origin and (iii) the platformscale circulationThe structural,



physical, chemical and time modalities leaditogthe currentlay observedabyssalphysiographyare also

discussed

5.1 Controlling parameters for sinkhole $regional distribution

5.1.1 The dstance to theBBE (first-order)

All of the discoveredsinkholesare locéed at less thad.7 km from the be of theBBE, in this study
expressed by the isobath4000 m (Fig. 6b). 6 km is the width of the buried carbonate bench described in
Schlager et al. (1984) that is consistent with the amount@ks of erosionalretreat proposed in Freeman
Lynde and Ryan (1985). In this study, the 2Pbseismic lines analysis :orroborated that the aforementioned
buried carbonate bench is present all over the area and in particul-«w v derneath theishidiedkholes(e.g.

Fig. 5a). Theseresultshighlight the closerelatiorship between(i) th~ toc Jf the escarpment, (ii) teenkhole
occurrence andiii) the presence othe carbonate benchMorecve- ® N-S elongatedsinkholeunderlying
seismicanomaly(high amplitudelappearso bedevelopednto t+~ bu-iedcarbonate bench (e.g. Figh).

We here propose that dissolutionrelatedcavesystemat the ~ric.n of theoverlying abyssalgiant sinkholes
would becurrently expressed by thecognizedunderlvinraighr-amplitude seismic anomaliesd originate
from the buried carbonate ben(Fig. 48). This bright p.’wo ild represent either a collapse cave system related
to dissolutionsuch as extensively documentec_w. 2t '( 2017 for the Tarim basin deeply buried carbonates
(— 5500 m) or anonunderstoodseismicartifac. ‘" ig. 48). In addition to the carbonate dissolution, the bench
may host evaporite layers that could also ~e easily dissolved antheraforeform largescalecaves (Warren,
2016).No evidence for acoustic anoma'es. ‘n wwerlying-sinkhole water columns (#1 and #1&ppendix )
suggests that either no fluid was pre~. 8y .ingrom the sinkholes #1 and #15, or the fluid was not a gaseous

gas or in adequate concentrations (o .. = detéamguendix 1)

5.1.2 Theregional faults(=z~o:..order)

The higlest densitv of sinkholeshas been identifiedvhere the BBE isstructurally controlledand
shapediy theSunnilandFracture Zone (SEXKindler et al., 201}, leading tothe BBEcurvature(23f T Tifil
Figure 1b, depressios 9 to #21 in Figure 53). This factimplies a causal connectiohetweensinkholelocation
and structural lineaments in which the focused fluid migration is much more effective thafoqusedflow
through matrix porosities dhe carbonatsedimentary colum(Fig. 1; e.g.Pisani et al., 2021 The permeability
of fracture corridors in carbonates® called structural porosijtis commonly higher than the matrix permeability
(e.g. Rotevatn and Bastesen, 201This is consistentwith the preferential pathwayssed by the fluids to
corrode and dissolvihe buried bench (Figib). Strike-slip faults are more efficierthan other faultso allow
fluid flow along a vertical direction (Cavailhes al., 2013) that is consistent with the SFZ inherited architecture
which is considered as an inherited striflip tectonic structure (transform faulp) related to the Atlantic
Oceanopening.For instance, arm saline watersurrentlymigrate upwardérom the basement and through the
SFZ in offshore Florida sinkholes (Mitchdllapping et al, 1999).In addition, Privalov et al. (201$howedthat,



at the petrophysicalsample scale (cm-scale) dissolution and corrosion in carbonate®e both eased and
preferentially localizedlongfractures along whichcavitiesmore easilyform and grow At the karst scale, the
fractures and faults are enlarged by the solutional widemimggKaufmann and Braun, 1999). In our case study,
the structural heterogeneitiesre expressed at tHarge scale by the structural lineamerttsat control the
dissolution distributiorat the platform scalésinkholes and dissolutiederived plunge pools)

The studiedsinkholesshow at least thremorphometric similaritiesi.€. diameter(~ 1 knj, waterdepth
(- 4485 m;-4058 m)and presence along a structural lineament) with phenge poolspreviously mappedin
Mulder et al. 2018 (Fig. 1b). Theselatter only differ in terms of(i) location inthe geological system i,e
located into theplatform incising canyomnd (ii) the depression depth 890 m for plunge pools< 200 m for
sinkholes.

5.1.3 Contourites, oceanic currents and buried sedimentary bodies (th. brder)

Sinkholescan be present whether contouritic deposits ¢ re p. isentover collapse sinkholesy not
(i.e. bedrock collapse sinkholesee Gutiérrez et al. (200 for the onshore terminolpgsherefore
demonstrating thaabyssal contouritic depositid not favor o* inhi it seafloor collapsgat the toe of the BBE
In addition,Figure 4b shows that thainkhole#1 growth and olla, seboth occur duringhe multiple phases of
contourite depositionThis is consistent wittan unde¢ rl incjcarbonatedissolution bybrines that would be
independent of surface sedimentary proce¢B&s .\ The studiedsinkholesare elliptical in shape (Figh)
without any clear relation with the southwar’.s st eam bottom direction of the Deep Western Boundary Current
(Lee et al., 196). This means that based on ou.- data, abyssal currents did not modify the stokirede
geometrés Postsinkholecontourites may hiac some underlying burseakholes not identified neitheon 2D
seismic lines nor othe bathymetric map. Tsa<ed on our 2D seismic analysis, no underlying buried sedimentary
channels have been recognized un- erneath the algyasakinkholef this study. This means that there is no
additional buried sedimentary bog, a.channelshat the oigin of the storagef brines with the exception of the

carbonate bench.

5.2 Fluid origin and platf~r.n-scale circulation

5.2.1 Relation between theunderlying cavedepth and thesinkhole diameter

The inner sinkholesmeandiameters are smaller than the owuerkholes(Fig. 6¢). This observation
suggestsa geometricrelatiorship between thesinkholediameters and their distancesthe BBE Indeed,for a
similar buried cave sizehe shallower theburiedsinkhole cavethe smallerthe diameterof the sinkhole should
EH EHFDXVH LW L H 3WlIkHhodn&ed GyDnsrvhbl fallls UBghWoeXitieitnez et al., 2094 In
consequence, we propose that the top of the buried bench, trapping the fluids, exhibits itdwardsdipping
slope, probably acquired during the Oligocene erosion phase (Paull and Dillon, AS80Ging a similar
sinkholecollapse fault dipsor all case (either 60°,70° or 80° inFigure 7¢) and using théythagorasheorem ,
we propose tquantitatively estimate the depth of thiederlying dissolutiomrelated cavédocationfor theinner

sinkholes The base of the seismic anomdyight spot) where thesinkholel roots is locatedt ~0.9 s below



the seafloor i.e882 m- 1035m in depth assumingvp velocitiesin therange of 196-2.30km/s (Hollister et al.,
1972a; 1972h)Theseestimationsseemconsistent witta depth of- 1 km inferred fromthe 60°dipping normal
faults and a sinkhole radiuaround600 m (Anderson, 195; Fig. 7c) commonlyboundingcollaps-sinkholes
(Al-Halbouniet al, 2017).

5.2.2Fluid circulation at the Platform scale

At this stage, we do not have atiyectevidence regarding thavolved fluid nature, whichwould be
responsibldor suchcarbonate bench dissolutitgading tosinkholeformation However,based on the literature,
the best candidate in terms of fliddemistrywould be the denderine whichis expected to seep at the toe of the
BBE according to3DX0OO0O DQG 1HXPRIBN.QrnstudR sliphesthat hese brineswould be present
down to 49 km of water deptlaccording to the recognized geomorpt logical dissolutiankers (sinkholes)
Whatever the fluid fchemistry theseinferenceslemonstrate that fluid circu, ~tion is actjwgnificantand able
to dissove the carbonate@iller et al., 2014)through the entire thict ness of the platfo(s.5 km of water
depth. This fluid circulation is active and efficient in the anga yably in response to the chemical/thermal
fluids gradients as well ake high density o&vailablestructural \ athwaysn particular the Sunniland Fracture
Zone (SFZ Fig.]). The purpose of this section is to qua.itati elgscribe synthesizeand speculate orthe
architecture and the mechanisms of the fluid circulatidBal 1na- “lorida Carbonate Platform (Fi@) such as
proposed in Paull and Neumann (1983yrface seav atr and meteoric waters lofiftrate into faults and
fracture corridors of th@latform hosting carbonate. (limestone, dolomisad evaporites (anhydrite$alites)
(Fig. 8). Theymayform a~1 km-deep aquifer fre<h/sea water mixtutie which part of the storage is matrix
located whereasvater suplies aremost nrobabiy, structurally guidedindeed, relatively cold fresh water
entrancehas beerfor instancerecognized atc500 m of depthinto the Great Bahama Bar{iValles, 1993;
Fig.8). Anhydritessuch aghe Cedakey furria i1on(Chantoret al., 1991) can blecated at-1 km depth into the
platform Hughes et al., 2007 and kave o transitory barrier effect on ttmwvrwardsfluid flow, efficiently
compartmentalizing most of ttfees.” watercirculation irto the first kilometer. A fraction of this watevould
dissolvetheseanhydritestherefarere .2wingits aggressiveness lbiycorporating acidic fluids (GQ H,S, SQ),
by increasingsulfatecontent inv. ters as well awaterdensities(Ford and Williams2013) this consequently
promotesdownward wate. mu.ementwithin the platform. Thesebrinerich waters (SG) would migrate

horizontally eastwards to *“.e free edge of the platformi0.6 cm &; Henderson et gl.1999) along the

relatively high-permeability fault and fracture system@d-ig. 8; e.g. sinkholes and seeps along tB&Z in
Mitchell-Tapping et al.(2009). The brines would keep on flowing through the structural heterogeneities
towardsthe benchdueto their abnormal high densityrhey would besubsequently* W U D S $HH8 behc)

where the hostock platform carbonatesfacies laterally and vertically changes tolow-permeability
hemipelagifcontouritedeposits. This phenomenon results firidentified areawhere thedissolutionis probably
focused(Corbella et al., 2004)n particular along the faults and fracturds upward bounded solution feature
forms at the top of e carbonate bendi®ligocene A-unconformity, inducing the formation oén overlying
sinkholeasa surface expression abllapsein fine-graired sedimentgFig. 8; cover collapse sinkhadg Energy

rich fluids mayseep from the sinkholes arfidel chemosynthetic food chairf€hanton et a].199% Mitchell-

Tapping et al., 199P Fluid-escape features that have been recognized by Paull and Neumann (1987) are

decametric in scale whereas the meikholesof this study are 10 to 100 times larger. This is consistitht



Mitchell-Tapping HW DO TV REVHU Y Widdel @VGay\et ZIH@®) sBowing sporadic
decametric seeps within a giastibmarinedepressiorthat act at different times as a function of available

pathwaysn the sedimentary column amdply fluids lateral migration.

6. Conclusions

This work detailsand quantifieghe distribution, themorphologyand the vertical architecture @0
newly discoveredabyssal giansubmarine depressiogcated at the toe of the BBHheir origins and the
mechanisms leading ® karstic landscapaevelopmentre discussedogether withthe tectonic setting and the
geomorphologyf the areaThe resultand interpretationaresummarizeelow.

- The studied submarine depressians all giant (>250 m), -byssal 8000 m of water depth) and

atypically occur in carbonate settings below the GQER500 m L * water depth)

- The water depths (> 4500 m) clearly exclude a subaeri.' ori/jin for the studied sinkholes.

- Based on their bathymetrig¢heir seismic profile ex ress'onas well as their similarities with
submarine Floridasinkholes,we propose that the studied submarine depressionsekated to
carbonate dissolutioand carthereforebe name-:olla yse ginkholesy Sinkholesare preferentiaj
located where theransform continental marrmnorited structural lineaments controlling the
Blake Bahama Escarpment morphology in‘ersect the > 4high and steesubmarine carbonate
escarpment (BBE)The erosional retr. 2t has preferentially reutieel inherited faults, initially
formed during the activity of th - tre asforoontinental margin(such as the Sunniland Fracture
zZone).

- Sinkholesare all located alonn tr,.c BBE, at less than 5 km from its-td800 m) andmmediately
above a buried carbonate be' stti\ped duringhe BBE erosional retreat.

- The dissolution of the c+rboi.ate buried beradbng faults and fracturesnplied several stages of
overlying collapse sti. ~tusein the finegrained deposits (contourites) and proleaburied cave
systems expressed by -ecognized underlyirggismic anomalies.

- $FFRUGL7YJy WR 3DXOO DQG 1HXPDQQYV ZRUN WKH EHVW FI
dissolutior a. *he we of the BBE would the brines. Téesé brines most prably circulate along
the structural h.cerogeneities of the entire Bahamian platiorinally occur at >4.5 km of water

depth in this studied area
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Figure 1. (a) Structural Sketch of the Bahames, “'uba and Hispaniola region. G@Bt Bahama Bank, TO

Tongue of the Ocean, EExuma SoundSFZ: Sunnila'... “ra.*ure Zone; NAP: North America Plate; Cl Crooked Islands; Ca
I: Caicos IslandsSSAP: San Salvador Abyss#&lain. ”R™: Puerto Rico Trench. Dark grey is used for both platform water
depth < 100 m, and the emerged areas.B@ghymetric Jatan the Exuma Canyon area where all tiant submarine
depression®f this study have been recogniz=8p>1 m isobaths located within the BBE slopé&he main structural
lineamentgdashed straight lines)ave been 1.1 pp 2d according to their bathymetric, magnetic and gravimetric expressions.
DBR: Drowned Barrier ReeDSDR99: Dr2p & ~a Drilling Project, Site 99 (Hollis& al., 1972a).



Figure 2. (a) Details of the.'ibmarine depressioh area where contourites are present. (b) Details of the
depressiong to 8 area where ir~er (~ains and outer chains appear. (c) Détddpressiond to 21 area within the BBE
curvature where inner anc aut.r chiins have been identified. (d) Detailsdefttession22 to 27 area. Slope maps are also
provided for each bathymetric \ »ap.



Figure 3: 2D seismic lines Wo-Way Travel Time (TWT) of the study areand associated interpretatioiia) NO8O
trending line respectively showing from the west (left) to the east (right) the BBHefiressio#1 and the San Salvador
Abyssal Plain.The top basement, the top Kimmeridgian, the top Tithgniae A' unconformity and the post Miocene
deposits have been interpretéol) N170 trending line respectively showing respectively from the south (left) to the north
(right), the Exuma Canyon, tltepressiowl, the BBE, thelepressios##2 and the layered northern contouritic deposits.



Figure 4: (a) Details ofFigure 3\." showing thedepressiontl with its underlying seismic anomal§n) Details of
the contourit drift architectureoverlying *he depression #1 and exhibiting sevstadies of collapsey brittle faulting The

vertical exaggeration in (b) is aro''nd 2._.



Figure 5: (a) N080trending 2D seismic line and its interpretation crossing the depression #13 in the BBE curvature
area. (b) Details of th&igure 3(b), 2D seismic line and its interpretation showing the depression #1 with its related
underlying seismic anomaly. (c) Details of ffigure 3(b). 2D seismic line and its interpretation showing the depression #20
near the BBE curvature area. Theempiretation shows the normal faults probably related to the depression formation. The

aforementioned seismic lines are also reported in Fiduaad 2.



Figure 6: Quantitative data:rgphs showing (a) the water depth for thed2Bressionsf this study and a related S
N bathymetric profile crossing the outarbmarine depression®) SN depressionsumbering as a function of the distance
to the BBE, here expressed by the isobadB0 m). (c)Depressiommean diameter as a functiontbe shortest distance to
the BBE dotted lines indicate twpossiblescenarios fodatafitting. (d) Depressiorwidth as a function oflepressioength.
Related rose diagram showing thkght elongation trend in the study area. (@¢pressiondepth as &dunction of the

depressiommean diameter.



Figure 7: (a) Conceptual sketch showing how the BBE erosional rdlike.* exploitsthe structural lineaments
related to the TOC transitidn to reach its presertay geomorphologal confi¢ iratic n (b) Conceptual sketch showing the
relationdips between the depth ahe dissolvedrock volume (cave)an the radius of outer and innginkholes(c)
Quantitative estimation of thmavedepth in the case sinkholel (radius = 60v ..1)

Figure 8: 3D block diagram expressing the general understanding &léke Bahama Escarpmentluding our
observations and the previous literature understar{dioglified from Paull and Neumann, 198The brines are denser than
sea water and would flow toward gal of platform. They would be trapped into the buried carbonate bench where the

massive dissolution and related collapses both create the overlying observed sinkholes



Table 1: Quantification ofsinkholesgeomorphologi@attributes

DISTAN
SINKHQ SINKHQ sinkHd SE M| sinkHg LENGTH | sinkHd wipTH | SINKHO
LE LE e | ToTHE ZTE ) e N) LE
NUMBE| WATER hepry| ISOBAT | ENGTH ORIENTAT WIDTH| ORIENTAT MEAN
R (From| DEPTH| = 07| H* | = O oN (m) on | DIAMET
NtoS)| (m) 4000 ER (m)

o
1 | 4584 | 184 | 2965 | 1213 42 1115 132 1164
2 | -ar22 | a7 | 3428 | 548 20 357 110 452.5
3 | 4739 | 39 | 2894 | 1045 159 697 249 871
4 | ar72 | 47 | 3650 | 940 25 520 115 730
5 | -ar7a | 49 | 2474 | 1461 179 454 269 957.5
6 | -4803 | 80 | 3087 | 1433 24 | 1008 114 | 12205
7 | 4841 | 130 | 3563 | 756 176 | 153 266 754.5
8 | -4824 | 109 | 3538 | 489 85 %' 396 175 4425
9 | 4834 | 30 | 2043 | 255 154 183 244 219
10 | -4871 | 47 | 3307 | 487 L0 455 260 471
11 | 4851 | 46 | 3336 | 288 51 223 241 255.5
12 | 4933 | 96 | 3341 | 1733 22 1125 112 1429
13 | 4950 | 176 | 3638 | 1712 | 144 1599 234 | 16555
14a | 4830 | 58 | 2709 | 247 | 151 312 241 3795
14b | -4866 | 43 | 2842 | 373 145 288 235 338
15 | 4966 | 151 | 4268 | 1520 93 1034 183 1182
16 | 4967 | 138 | 3898 | 643 36 500 126 571.5
17a | -4835 | 87 | 2735 | 37 162 198 252 284.5
17b | -4857 | 97 | 2500 | 495 72 470 162 4825
18 | 4909 | 118 | 4114 | 1819 168 1765 258 1792
19 | 4886 | 61 | 41 | 710 93 680 183 695
20 | -4891 | 133 ! 3648 | 1584 172 1038 262 1311
21 | 4897 | 111 ' 3339 | 1552 22 1273 112 | 14125
22 | 4757 | 7 | 3525 | 547 60 527 150 537
23 | -4797 | 1'» | 4171 | 748 90 385 180 566.5
24 | 4812 | 118 | 3928 | 741 95 581 185 661
25 | -4785 | 185 | 4648 | 1075 118 993 208 1034
26 | -4681 | 81 | 2211 | 381 8 266 98 323.5
27 | 4710 | 50 | 4079 | 762 152 630 242 696
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Appendix 1: Acoustic responses in the water column above (a) the sinkhole #1 and ¢bkihele#15 that is
located near the BBE curvature.
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Graphical abstract



Highlights
f Study of giant abyssal depressions along the toe of the Bahamian carbonate platform

f Analyses seismic reflection and bathymetric data from the 2ZD0E€ARAMBAR 2 cruise
f 29 elliptical depressions 28819 m wide, 3€L85 m deep, at water depths-4500 m
f Features aligned to Blak&ahama escarpment, concentrated at structural intersections

f Interpreted as collapse sinkholes, linked to brine circulation and dissolution.
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