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ABSTRACT: The exposed carbonates of the Bahamas consist of late Quaternary limestones that were deposited during glacio-eustatic
highstands of sea level. Each highstand event produced transgressive-phase, stillstand-phase, and regressive-phase units. Because of slow
platfonn subsidence, Pleistocene carbonates deposited on highstands prior to the last interglacial (oxygen isotopesubstage 5e, circa 125,000
years ago) are represented solely by eolianites. The Owl's Hole Formation comprises these eolianites, which are generally fossiliferous
pelsparites. The deposits of the last interglacial fonn the Grotto Beach Formation, and contain a completesequence of subtidal, intertidal,
and eolian carbonates. These deposits are predominantlyoolitic. Holocene deposits are represented by the Rice Bay Formation, which
consists of intertidal and eolian pelsparites deposited during the transgressive-phase and stillstand-phase of the current sea-levelhighstand.
The three formations are separatedfrom one another by wcl1-developed terra-rossa paleosols or other erosionsurfaces that formed predomi
nantly during intervening sea-level lowstands.

The karst landfonns of San Salvador consist of karren, depressions, caves, and blue holes. Karren are small-scale dissolutional
etchings on exposed and soil-covered bedrock that grade downward into the epikarst, the system of tubes and holes that drain the bedrock
surface. Depressions are constructional features, such as swales between eolian ridges, but they have been dissolutionll1ly maintained. Pit
caves are verticalvoids in the vadose zone that link the epikarst to the water table. Flank margin caves are horizontalvoids that formed in
the distal margin of a past fresh-water lens; whereasbanana holes are horizontal voids that developed at the top of a past fresh-water lens,
landward of the lens margin. Lake drains are conduits that connect some flooded depressions to the sea. Blue holes are flooded vertical
shafts, of polygenetic origin, that may lead into caves systems at depth.

The paleokarst of San Salvador is represented by flank margin caves and banana holes formed in a past fresh-water lens elevated
by the last interglacial sea-level highstand, and by epikarst buried under paleosols formed during sea-level lowstands. Both carbonate
deposition and its subsequent karstification is controlledby glacio-eustatic sea-level position. On San Salvador, the geographic isolation of
the island, its small size, and the rapidity of past sea level changes have placed major constraints on the production of the paleokarst

INTRODUCTION

The Paleokarst Field Conference, sponsored by the
KarstWaters Institute, was held February17-21,1995at the
BahamianField Stationon San Salvador Island. The island
was selected as the conference location because the isolated
natureof the island, its small size,and the youthful ageof its
carbonates place strong constraints on any models used to
explainthe abundantpaleokarst features presentthere. Car
bonatedeposition andkarstprocesses havecombined to yield
the landforms seentodayin carbonate islands likeSanSalva
dor. Thepurposeofthispaperis to introduce thereaderto the
geology and karst geomorphology of San Salvador Island,
Bahamas. This paperalso provides background materialfor
threeother papers in this volume (Raeisi and Mylroie 1995;
Harriset al. 1995; Mylroie etal. 1995) that deal withspecific
aspects ofkarst development on San Salvador Islandand the
Bahamas.

This paper is a synopsis of several majorworks on
Bahamiangeology and karst geomorphology that havebeen
recentlypublishedorarecurrentlyinpress(CarewandMylroie
1995a; 1995b; MylroieandCarew1995; Mylroieetal.1995).
The reader is referred to those publications for a more de
tailedanalysis of the themesand ideasbrought forward here.
In addition, Carew and Mylroie (1994a) and Mylroie and
Carew(1994) are fieldguidesto thegeology and karstofSan
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Salvador Island, with detailed descriptions of specific sites
that illustrate the concepts presented in this paper.

REGIONALSETTING

The BahamaIslandsare a 1400km long portion of
a NW-SE trending archipelago that extends from Little
BahamaBankoffthecoastofFloridato Greatlnagua Island,
just off the coastof Cuba (Fig. 1). The archipelago extends
farther southeast as the Turks and Caicos Islands, and
Mouchoir, Silver, and Navidad banks,that are a separatep0

liticalentity. The northwestern Bahama islandsare isolated
landmasses that projectabove sea level from two large car
bonate platforms, Little Bahama Bank and Great Bahama
Bank. To the southeast, beginning in the area ofSan Salva
dor Island, the Bahamas consist of small isolated platforms
manyofwhich are capped byislandsthat makeupa majority
oftheavailable platform area. TheBahamianplatforms have
been sites of carbonate deposition since at least the Creta
ceous, witha minimum thickness of 5.4 km (Meyerhoff and
Hatten 1974) and perhapsas much as 10 km (Uchupi et al.
1971). The largeplatforms of thenorthwestern Bahamasare
separated by deep channels or troughs, and the smaller is0
latedplatforms of the southeastern Bahamasare surrounded
bydeep water. Waterdepthon theplatforms is generally less
than 10meters. Thereis noevidence ofactivetectonics in the
Bahamas (Carew and Mylroie 1995c).
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The origin of the Bahama platforms has been the
subject of much debate, from which two main theories have
evolved. Mullinsand Lynts (1977) proposed a "graben"hy
pothesis which explains the currentconfiguration of the Ba
hamas as the result of plate tectonic motion associated with
the opening of the North Atlantic Ocean in the Mesozoic.
The patternofbanks,troughs,and basinsis seenas inherited
froman initialhorstand grabenpatternconsistentwithconti
nental rifting. The competing theoryis the"megabank"hy
pothesis (Meyerhoff and Hatten 1974; Sheridan et al. 1981;
LaddandSheridan 1987) which holdsthat themodernBaha
mas are a segmented remnant of a much larger continuous
Mesozoic carbonate platform. Recent work by Eberli and
Ginsburg (1987) has demonstrated that the Bahama banks
are undergoing depositional progradation. However, Mullins
and Hine (1989; 1990) have demonstrated active erosional
segmentation of the banks. It is possible that both original
horst and graben topography, coupled with later bank
progradation and segmentation, are responsible for the con
figuration of the modernBahamaBanks.

Thegeologic literatureon theBahamas isextensive,
but the bulk of that literaturedealswith thecarbonate banks
and related deep water environments. Comparatively little
work has been done on the subaerial geology of individual
islands. The first modem geologic description of a Baha
mian islandwas notpublished untilTitus' workon San Sal
vador in 1980 (Titus 1980; 1983; 1984; 1987). Huttoand
Carew(1984), Carewand Mylroie (1985; 1995a; 1995b), and
HeartyandKindler (1993) onSanSalvador; GarrettandGould
(1984) on New Providence; Wilber (1987; 1991) on Little
San Salvador and WestPlana Cay; Mitchell et al. (1989) on
Conception Island;and Carewand Mylroie (1989a) on South
Androsrepresent someof the initialattempts toprovidegeo
logicdescriptions of Bahamianislands.

SUBAERIAL GEOLOGY OF THE BAHAMAS

DepositionalModel

Theexposed rocksof theBahamas are allLateQua
ternarycarbonates, dominatedby Pleistocene subtidal facies
at low elevations, and eolianites at elevations above 6 m.
Paleosols occurat allelevations. Theglacio-eustatic sea-level
changes of the Quaternary have alternately flooded and ex
posedthe Bahamian banks,subjecting them to cycles of car
bonate deposition and dissolution, respectively. Significant
carbonate deposition on theislandsoccurs onlywhentheplat
form tops are partiallyor totallyflooded. So, the carbonate
rocksofthe Bahamasconsistof sedimentary packages depos
ited during sea-level highstands, that are separated byero
sionalunconformities (usually markedbypaleosols) produced
largelyduringsea-Ievellowstands (Carew and Mylroie 1985;
1995a; 1995b). Eachdepositional package consists of:a trans
gressive phase, a stillstand phase, and a regressive phase.
Thesephaseseachcontaina subtidal, intertidal and eolianite
component However, Holocene sea level is sufficiently high

that theonlymarinedeposits exposed on land todayare those
associated with the stillstand phase of oxygen isotope sub
stage5e(circa125,000 years ago),which was about6 mhigher
than presentsea level. Even the transgressive-phase and re
gressive-phase marinedeposits ofsubstage 5earebelow mod
ern sealevel. Assuming an isostatic subsidence rate of 1-2m
per100,000 years (Mullins andLynts 1977; CarewandMylroie
1985; 1995c), earlierhighstands wereeithernothigh enough
(stage 7), or occurred too long ago (stage 9 and earlier) for
subtidal deposits to existabove modemsealevel (Carew and
Mylroie,1995c). Incootrast,eolianitesform topographichighs
thatextend wellabovepastandmodern sealevels, soeolianites
from several Quaternary highstands are exposed on Baha
mian islands.

The detailsof the following summary of the deposi
tional model of the Bahamas are available in Carew and
Mylroie (1994a; 1995a; 1995b). During each transgressive
phase,carbonate sediments accumulate as thebanktops begin
to flood. As sea levelrisecontinues, the beachsediments are
continuallyre-mobilized bytheshoreline advancing landward
In someareas, largedunesare formed, and theymaybe sub
sequently erodedbywaveaction as sealevelcontinues to rise.
Only the largestor most favorably positioned transgressive
phaseeolianites survive theriseofsealevelto itsacme. Dur
ing the stillstand phaseof the sea-level highstand,abundant
subtidal and intertidal facies are deposited, but eolianite pro
duction is probably less than during the transgressive phase,
because thesystem approaches equilibrium andreefsgrowup
tosealevel. Duringtheregressivephase, someof thestillstand
phase subtidal deposits are re-worked by coastal processes,
and some substantial eolianites may be formed. These re
gressive-phase eolianites are abandoned as their sourceareas
retreatseawardwith falling sea level. As sea leveldescends
below the platform tops, erosional processes become domi
nant on the platform, and soils that will eventually be pre
served as paleosols are produced. The use of paleosols as
stratigraphic markers is veryhelpful in sorting out suites of
Quaternary carbonates. However, because ofspatially-patchy
distribution ofcarbonates duringeachdepositional cycle, and
the complexities of paleosols, there are manypotentialdiffi
culties in the useofpaleosols as stratigraphic markers(Carew
andMylroie 1991). Atypical sequenceofevents fora deposi
tionalcyclein the Bahamas is shownin figure2.

The mostcomplete sequence of deposits seenin the
Bahamas todayformed during the transgression, stillstand,
and regression of the oxygen isotope substage 5e highstand
event. Olderpackages are incomplete, for reasonsgivenear
lier, and theHolocene package does not,as yet,containa true
regressive phase (although it does contain progradationally
regressive deposits). A generalmodelfor the deposition and
stratigraphyofBahamian islands was firstproposed byCarew
andMylroie (1985). Themodelwasdeveloped onSanSalva
dorIsland,but it has beensuccessfully utilizedon numerous
other islands (e.g. Carew and Mylroie 1989a; Carew et al.
1992; Wilber 1987; 1991; Kindler 1991). The model has
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A

B

GEOLOGY AND KARST OF SANSALVADOR, BAHAMAS

LOW-STAND PHASE: THE CARBONATE PLATFORM IS EXPOSED.
THERE IS NO CARBONATE DEPOSITION ON
THE PLATFORM SURFACE. PEDOGENESIS AND
KARST PROCESSES DOMINATE. LEADING TO
DEVELOPMENT OF TERRA-ROSSA PALEOSOLS.

TRANSGRESSIVE PHASE: THE PLATFORM SURFACE IS PARTIALLY FLOODED.
CARBONATE SEDIMENT PRODUCTION INITIATES.
TRANSGRESSIVE EOLIANITES ARE DEPOSITED.

TRANSGRESS I VE EOl I AN I TES

STILL-STAND PHASE: REEFS GROW UP TO SEA LEVEL. AND
LAGOONS FILL WITH CARBONATE SEDIMENT.
THE TRANSGRESSIVE EDLIANITES UNDERGO
ATTACK BY COASTAL PROCESSES.

HARDGROUND COLON I 2AT IO!'c
BY REEf -au ILD I NO CORALS

)
CARBONA TE SED lMENT COLLECTS

AND IS RE-WORKEO I NrQ BEACHES

.s GROW ON WAVE-eUT BENCHES
:0 ON TRANSGRESS I VE EaL I AN I TES

VEGETATED
COAS TAL DUNE

~ ACCRET IOHARY
~ STRANQPLAIN

~ CDRAL$ GROW UP
TO SEA LEVEL

D REGRESSIVE PHASE: SEA LEVEL FALLS. DECREASING THE AMOUNT
OF SUBMERGED BANK. WHILE FORMER SUBTIDAL
DEPOSITS ARE RE-WORKED. ENTOMBING OTHER
SUBTIDAL FEATURES AND PROVIDING SOURCE
MATERIAL FOR REGRESSIVE EOLIANITES.

PALEOTALUS ON ~AVE-eUT

TRANSGRESS I VE EOL I AN I TES

Figure 2. Illustration ofthefour stages ofdepositional development ofBahamian islands during eachglacial/interglacial sea
level fluctuation. During highstands, the islands are thehighest portions ofsteep-walled platforms withquasi-flat tops that
are not inundated. Duringlowstands (below -10m),theentire platforms are islands. PartA.lowstandphase, sea level>10
m belowpresent sealevel. PartB, transgressive phase. sealevel isabove -10m andtheplatform topsare beingprogressively
inundated by the seaas it rises to its acme. PartC. stillstand phase, sea levelhovers around itsmaximum elevation (usually
for 10,000 to 15,000years). PartD, regressive phase. sea levelfalls andeventually descends below theplatform top (from
Carew andMylroie 1995a).
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Table 1. Comparisonof stratigraphiesproposedfor San Salvador Island, and the Bahamas

OXYGEN ntul C.rew Ind Mytroll Tltul Hurty and Klndl., Carewand Mylrol.
AGE ISOTOPE STAGE 1980' 1988 1987 1993 199813

Rice Bay Formation Rice Bay Formation Rice Bay Formation
1 -Recent sand- Hanna Bay Mbr Unnamed East Bay Mbr' Hanna Bay Mbr4

HOLOCENE Holocene Hanna Bay Mbr
North Point Mbr North Point Mbr North Point Mbr

3 no dsposlts recognized 'Granny Lake' Oolite no deposits recognized

P Sa A1mgreen Cay Fonnallon' (no positively Identiflabla
L Grona Beach Formation UpparMbr daposils of these ages)
E Grahama Harbour Dixon Hill Mb~ Dixon Hili Llmeotone2 LowerMbr

I lImeotone Cockburn Town Mbr Grona Boach Formalion Grona Beach Formation
S Grona Beach Fermendoz Bay Mb~ Cockburn Town Mbr5

T lImeatone Cockburn Town Mbr
0 50 ...................................
C
E French Bey Mbr French Bay Mbr French Bay Mbr
N Grano Beach
E lImeotone Unnamed Fortune Hili Formalion<

7,9,11,oreartler Owl'o Hole Formation Pr.-Sangamonlan Owl'a Hole Formallon8
Owl'o Hole Formation

Titus racognlzed tha Grahams Harbour and Grollo Beach limestones only as Pleistocene, and ho considored Ihem to lie on en unnamed pre-Pleistocene biomlcrtte.
2 units Identifiable only Ihrough amino acid racemlzallon data - 3 this physical stratigraphy can be applied Ihroughout Ihe Bahamas
4 Includes all matertal assigned 10Ea.t Bay Mbr by Hearty and KIndler, 1993 - 5 Includes rock. a..lgned to A1mgreenCay Fm and Femandez Bay Mbr by Haarty & KIndler, 1993
6 Includes rocks assigned to Fortune Hill Fm by Hearty & KIndler 1993

~IHJY~~~#\IL ~'f~#\'f~~~#\~IHJY

Of 1r1HJ~ ~#\IHJ#\M#\ ~~lJ\~IQ)~

(Carew andMylroie 1989a; 1995a; 1995b;Halleyetal.1991).
The Cockburn Town Member is a complex arrangement of
stillstand-phase subtidal andintertidalfacies sometimes over-

MEMBER

COCKBURN
TOWN

FRENCH BAY

MEMB~R

H
o
l
o
C
E
N
E

P
L
E
I
S
T
o
C
E
N
E

Figure 3. Physical stratigraphic column illustrating thetem
poral relationship between defined stratigraphic units. In
thefield, individual units are not necessarily seen stacked
atop oneanother, butare often lateral to one another. The
thin stippled andblack layers are terra rossa paleosols, and
they separate depositsformed during separate glacio-eustatic
sea-level highstands.

Stratigraphy

beenmodified withtheaccumulation ofnewdata (Carew and
Mylroie 1989b; 1994a; 1995a; 1995b; Carew et al. 1992),
and possible refmement of the stratigraphy was provided by
Hearty and Kindler (1993) using morphostratigraphy and
aminoacidracemization (AAR) geochronology. In ouropin
ion,Heartyand Kindler's(1993) suggested modifications suf
fered from an inadequate sampling regimeandquestions about
the validity of the AAR analyses and morphostratigraphy
(Carew and Mylroie 1994b; 1995d). Thestratigraphy ofBa
hamian surficial geology (Carewand Mylroie 1985; 1995a;
1995b) is basedon field relationships, and does not require
the use of geochronological information (Fig. 3). However,
this stratigraphy has been subsequently substantiated by a
numberofgeochronologic methods (e.g.,Carewand Mylroie
1987a; Boardman et al. 1987). The various stratigraphies
developed for San Salvador and the Bahamasare compared
in table 1. Our geologic map of SanSalvador is presented in
figure4.

AllPleistocene eolianites olderthan oxygen isotope
substage 5ecomprise theOwl'sHoleFormation, because these
eolianite packages cannotbe separated basedon fieldcriteria
(Carew and Mylroie 1994b; 1995a; 1995b). Asnotedearlier,
there are no subtidal units of this formation exposed above
current sea level. Generally the eolianites of this unit are
predominantly peloidal or bioclastic, and ooidsare absentor
rare. The Owl's HoleFormation is usually recognized in the
fieldby its relationship to overlying deposits.

Overlying the Owl's Hole,and separated from it by
apaleosol orothererosion surface, isthelate PleistoceneGrotto
BeachFormation. This formation wasdeposited during the
oxygen isotope substage 5e highstand (circa 125,000 years
ago). Locally itcanbedivided intotwomembers. TheFrench
BayMember consists oftransgressive-phase eolianites (Carew
andMylroie 1985; 1989b; 1995a). In someplaces, thesetrans
gressive-phase eolianites are marked by a coeval erosional
platform on which stillstand-phase fossil corals are found
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GEOLOGIC MAP
SAN SALVADOR ISLAND,

BAHAMAS
e;\

A --OR
(f--OP--O IIV

~

LEGEND

b:Z] Unlithified Holocene

Q R rb II Hanna Bay Mbr.

Q R I'()~ North Point Mbr.

Q G ct~ Cockburn Town Mbr.

Q G lb~ French Bay Mbr.

QG rIim Undiff. Grotto Beach Fm.

QOh §] Owl's Hole Fm.

Q p 0 Undiff. Pleistocene

A OGd OGIb

o 2, ,

Kilometers

jan .jft:
mJ

Figure 4. PartA, Geologic mapofSanSalvador Island, Bahamas. Thepatternsshown alongthecoastofthe islandrepresents
therockunitsexposedalongthatportion ofthe shore. The width ofthepatternis necessary to depict thedistribution ofthe
various rockunits,but it doesnotnecessarily reflect theactual distributive width ofthose rocks. For example, in manyplaces
Pleistocene deposits arefound immediately inlandofHolocene rocks thatform a thin outcrop along the shore. This map
depicts only information that the authors actually have seenandwhere the unitassignment is supported byfield andpetro
logicrelationships. Becauseofthe complexities thatexistamong paleosols andvarious deposits, there is no extension ofthe
data intoareas where the authors havenot,or cannot, definitively determine theappropriate stratigraphic unit. Thus, much
oftheislandismappedas undifferentiatedPleistocene. Those rocks maybelongto eithertheOwl'sHoleFormation, orGrotto
BeachFormation. See Carew andMylroie (1995a; 1995b)fora reviewofthecomplexitiesofgeologic mapping inthissetting.
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lain by regressive-phase eolianites. During "Grotto Beach
time" throughout the Bahamas ooidswere producedin great
numbers, and thevastmajorityofeolianites in theGrottoBeach
Formation are either oolitic (up to 80-90%ooids)or contain
appreciableooids.

In earlierversionsofour stratigraphic model(Carew
and Mylroie 1985; 1989b) the GrottoBeach Formation also
contained the DixonHill Member,whichwas thought to rep
resent eolianitesdepositedduring oxygenisotopesubstage5a
about 85,000 yearsago. This memberwas incorrectlybased
solelyon amino acid racemization (AAR)data (Carewet al.
1984), sincebrought into question (Mirecki et al. 1993). No
field relationships establish this unit as a substage 5a unit,
and the Dixon Hill has therefore been eliminated from the
stratigraphy (Carewet al. 1992; Carewand Mylroie 1995a).
Wenowrecognizethat therocksofDixonHillconsistofOwl's
HoleFormation eolianites mantled byyoungerGrotto Beach
Formation eolianites (Schwabe et al. 1993). Hearty and
Kindler (1993) report AAR valuesfor somedepositson San
Salvadorthat suggesta substage5a age,but thesedata are not
as yet substantiatedbyfieldrelationships(Carewand Mylroie
1994b; 1995d).

Overlying the Grotto Beach Formation, and sepa
rated from it by a paleosolor other erosionsurfaceis the H0
loceneRiceBay Formation. In places, the Rice BayForma
tion can be dividedinto two membersbased on their deposi
tional historyrelativeto Holocenesea level. The North Point
Member consists entirelyof eolianiteswith foresetbeds that
commonlyextendat least2 m belowmodernsealevel. Whole
rock 1"C measurements from the North Point Memberindi
cate allochem ages centered around 5,000 yBP (Carew and
Mylroie 1987a; 1995a). These data indicate that by 5,000
years ago, the platform top was partially flooded, in order to
produce the carbonate sediment, but sea level had not yet
reached its modem elevation. Laterally adjacent, but rarely

in an overlying position, is the youngerHanna BayMember.
This unitconsistsof intertidalthrougheolian faciesdeposited
in equilibrium with modem sea level. Whole-rockradiocar
bon ages-for the Hanna Bay Member range from approxi
mately3,300 yBPto 400 yBP, with an average age less than
2,500yBP (Carewand Mylroie 1987a; 1995a; Boardman et
al. 1987). While weakly-developed ooidshave beenreported
fromtheearlystagesofNorthPointMemberdeposition (Hutto
and Carew 1984; Carney and Boardman 1991; White and
White 1991), the Rice Bay Formation is predominantly
peloidaland bioclasticon San Salvador (Holoceneooids are
commonin some localesin the Bahamas, e.g. JoulterCays).
The North Point Member rocks have been or currently are
being attacked by wave erosion, and sea caves, inland cliff
line talus,and coral-encrusted wave-cut benchesof the North
Point Memberexist. Similar relationshipscan be seen in the
transgressive-phaseFrenchBayMemberof the latePleistoeene
GrottoBeachFormation,as mentionedabove. The ageof the
allochems in the North Point and Hanna 'Bay members, in
conjunction withthebedform relationships tomodernsealevel,
indicatethat sea levelreachedits modem elevationsometime
between 5,000 and 3,000 yearsago or later.

KARST AND LANDFORM DEVELOPMENT
IN THE BAHAMAS

The Bahama islandshavelandscapesthat are domi
natedby original depositional features, and are only slightly
modifiedby subsequentdissolutional (karst) processes. The
high porosityofthe limestones that formthe islandsresultsin
rapid infiltration of meteoric water, and the absence of sur
face streams and related erosional features such as valleys
andchannels. Surfacekarstlandformssuchas sinkingstreams,
blind valleys, and towerkarst are absent The karst features
of the Bahamasfall intofourmain categories: karren, depres
sions,caves,and blue holes.

1"';.:""1 Unlithified Holocene

ORhb~ Hanna Bay Mbr.

ORnp~ North Point Mbr. 0 2

OGct~ Cockburn Town Mbr. I I
con

OGfb~ French Bay Mbr. Kilometers

OG ~ Undiff. Grotto Beach Fm.

B OOh 1+++1 Owl's Hole Fm.

OP ~ Undiff. Pleistocene

Figure 4. PartB, enlargement ofthesouth coast ofSanSalvador illustrating thecomplexity ofthegeology there, which may
be hardto discern onPartA (Carew andMylroie, 1995a).
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Karren

Karrencomprise dissolutional sculpturing at thecen
timeter tometerscalethatarepart of theepikarst, the surface
weathered zone on limestones. The epikarstconsists of soil
and looseblocksof limestone, whichovera vertical distance
of usually less than a meter grade into solid rock that is
dissolutionallyetched, and fretted withnumerous smallholes
and tubes. Withina few meters,theseholesand tubesin tum
consolidate into widely-spaced discrete flowpaths that trans
mitwaterdownward into the rockmass.

Karren includea varietyof etchedand fretted sur
faces; on exposed surfaces this etchingis sharp and jagged,
whereas on soil-mantled surfaces it tends to be smooth and
curvilinear. Coastal karren, improperly called phytokarst,
commonlyoccursin coastalareas thatarewettedby seaspray.
While biological activityplaysan importantpart in coastal
karrendevelopment, itsrolehasbeenoverstated (Viles 1988).

Depressions

Depressions arelargebasinscompletely enclosed by
surrounding topography. In the Bahamas, large closed de
pressions, as viewed on topographic maps or on air photo
graphs, represent constructional depressions maintained by
subsequent dissolutional processes. These depressions have
notbeenexcavated by dissolution. The influence of climate
on depression development on carbonate islandsis reviewed
byVacher and Mylroie (1991). In the Bahamas,these large
constructional depressions originated as swales between
eolianite (dune) ridges or other deposits. Depressions that
extendbelow sea level contain lakes with salinities ranging
from fresh tohypersaline. Lakewatersalinitydepends onthe
waterbudgetof a givenisland, lakesurface area, and subsur
facehydrology. On San Salvador, yearlyevapotranspiration
exceeds precipitation, so thelakessuffer an annualnet loss of
water. This negative water budget causes the underlying
marinewaterto upcone, and further evaporative losses make
the lakes hypersaline (Vacher and Mylroie 1991; Mylroie et
al. 1995). Someof these water-filled constructional depres
sionsare linked to caves that connect to the sea (Davis and
Johnson 1989). In thoselakes, tidalpumpingcauses exchange
of waters that keeps some of these lakes at or near normal
marine salinity(35°/,J. Lake margins are little modified by
dissolutional processes when lake waters are hypersaline, or
fluctuate frommarine to hypersaline.

Caves

Therearefour main typesofcavesin the Bahamas:
pit caves, flankmargincaves,bananaholes, and lakedrains.
Therelationships between pit caves, flankmargincaves, and
banana holesare shownin figure 5. Pit cavesare formed as
a resultofdissolution bydescending meteoric watercollected
in the epikarst (pace et al. 1993; Mylroie and Carew 1995;
Mylroie et al. 1995). Pit cavesarevertical shaftswitha width

to depthratio lessthan one that oftendescend in a stair-step
fashion, with occasional small lateral chambers. They are
rarelyopen all the wayto the fresh-water lens. Pit cavesare
located preferentially on Pleistocene eolianite ridges,and are
not foundin Holocene rocks.

Flankmargincaves are formed in thedistalmargin
of a fresh-water lens located under the flank of an eolianite
ridge. At that location freshwaterand seawatermix to pro
ducedissolutionally-aggressive brackish water. Flank mar
gin caves are found primarily in rocks of pre-Grotto Beach
age(Schwabeetal. 1993),andareabsentfromHolocenerocks.
Thesecavesarediscussed morecompletely in the up-coming
section on fresh-water lens hydrology and karst processes.

Banana holes are isolated globularchambers that
dissolved at the top of a past fresh-water lens. Manyof those
with thin roofshave collapsed to produce small depressions
that collect soilandprovide excellentconditions for growing
specialty cropssuchasbananas, hencethenamegiven tothem
by Bahamians. Banana holes have a width to depth ratio
greaterthan one,and are foundprimarilyon lowlandplains
at elevations of 2 to 7 m, in a varietyof Pleistocene facies
(eolianites, lagoonal deposits, etc.). A thorough discussion of
banana holedevelopment is includedin this volume (Harris
et al. 1995).

Lake drains are conduits that carry water into and
out of lakes in a pattern related to tides. Their presence re
sults in lakes that maintain marine salinity despite climatic
conditions thatwould otherwise favor eitherfresh-water lakes,
such as in the northwestern Bahamas,or hypersaline lakes,
such as in the more arid southeastern Bahamas (including
SanSalvador). Unlike flankmargincavesand bananaholes,
lakedrainsaretrueconduits. Their modeoforiginis notwell
understood, but their influence is important (Davis and
Johnson 1989). Pleistocene lagoon and lacustrine deposits
indicate that lakedrainsmayhavebeenactiveduringtheoxy
gen isotope substage 5e sea-level highstand (Hagey and
Mylroie 1995).

Blue Holes

Blueholesare flooded karst features ofpolygenetic
origin. Theyarevertical shaftsthatextendbelow sealevelfor
a majority of their depthand havea width to depth ratio less
thanone. Thenameis derivedfrom the distinctive dark blue
color of these water-filled features. Blue holes are divided
into two types (Burkeen and Mylroie 1992): 1) oceanholes
thatopendirectly intoa lagoonor the ocean,are tidallyinflu
enced, and contain only marine waten.and 2) inland blue
holes which open onto the land surfaceor isolated pond or
lake, maybe tidally influenced, andexhibit surfacewater chem
istries from fresh to marine. Inland blue holes commonly
contain surface freshwater(especially in thenorthwest Baha
mas) overlying marine water. The transition from fresh to
marinewater maybe a sharpor gradational halocline.
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Figure 5. Diagrammatic representation of thefreshwater lens within a Quaternary carbonate island, showing epikarst, pit
caves, banana holes, andflank margin caves. Former versus current sealevel positions, andtheresultant products, shown
(from Mylroie etal.1995)

Blueholeshavedeveloped ina varietyofways. Some
arepitcaves thatformed duringsea-levellowstandsandwhich
are flooded duringsea-level highstands likeat present. Oth
ers occur where failure of the steepmargins of the Bahama
banksproduces bank-margin fractures. Alongthesefractures
enlargedgaps can result in blue holes (palmer 1986; Carew
and Mylroie 1989a; Carewet al. 1992). Stillothersresultby
stopingfrom largedissolutional voids at depth that werepro
ducedduring sea-levellowstands, or voids produced during
pre-Pleistocene highstands thatare nowat depthas a resultof
platform subsidence. Someblueholes openlaterally intohori
zontalcavesystems at a varietyof depths. Someof theseblue
hole-to-eave connections appear to be the result of random
intersection of pre-existing cavesby the blue hole. The his
tory of the term "blue hole", and its application to various
subaqueous karst features, is reviewed in another paper in
this volume (Mylroie et al. 1995).

Sea Leveland Landform
Origin: Construction Versus Dissolution

levelwasmuchlowerthan today(Carew and Mylroie 1987b).
Pit caves, karren, and epikarst form on the subaerially ex
posed portions of the platforms during sea-level highstands,
and on the entire platform surface when sea level is lowand
the platforms are completely exposed.

Freshwater Lens Hydrology and Karst Processes

In any essentially homogeneous body of rock like
thatof theBahamaislands, the fresh-water lens floats on un
derlying denserseawaterthatpermeates thesubsurface. The
model for the ideal behavior of these water masses is the
Ghyben-Herzberg model. In reality, however, variable rock
permeability andotherfactors resultin distortion of that ideal
lens shape(Vacher and Bengtsson 1989). None-the-less the
Ghyben-Herzberg model serves as a useful first approxima
tion of the relationship between the fresh water and the un
derlying marinegroundwater in an island. A diagrammatic
representation of a fresh-water lens and relevant karst fea
tures is shownin figure 5.

During past higher stands of sea level, the fresh
groundwater lensin eachislandwas as high or higherthan it
is today. Beneath thesurface of thosepast fresh-water lenses,
in the phreaticzone, flank margin caves and banana holes
were produced by dissolution. Because of a past sea level
higherthan at present,we can enter dryphreaticcavestoday
in the Bahamas. In contrast, the blue holesof the Bahamas
commonly lead into cavesthat are now flooded, both repre
sentthecumulative dissolution thathasoccurred duringmany
sea-level fluctuations. Thecomplexityofcavepassages found
in blueholesis the resultof overprinting of repeated marine,
fresh-water, and subaerial conditions during the Quaternary
or longer.

The landforms of the islands of the Bahamashave
originsthat are dependent on the position of sealevelat their
time of formation. During sea-level highstands, abundant
carbonatesediments are formed. Some of those sediments
aredepositedas eolian dunes,and theintervening swales form
theconstructional depressions. Bananaholesand flank mar
gincavesdevelop in thefresh-water lens,theposition ofwhich
is tied to sea level (Fig. 5). When sea level falls, carbonate
deposition stops, andphreatic caves abovesealevel aredrained.
Bananaholes andflankmargin caves thataredrytodayformed
during thelast interglacial, circa 125,000 years ago,whensea
level and the fresh-water lens were about 6 m higher than
today. Far belowmodern sea level, blue holesoften connect
tobananaholesand flankmargincaves thatformed whensea
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Conversely, thecurrentlydry flank margincaves and
banana holes of the Bahamas formed during the relatively
shorttimes of the late Pleistocene when sea level washigher
than at present. Anyflank margin caves that fanned above
modernsea levelelevation beforeoxygen isotope substage 5e
have,by today, isostatically subsided belowmodem sea level
(Mylroie et aI. 1991;Carew and Mylroie 1995c;Mylroie et
al. 1995). Takingisostaticsubsidence into account, sea level
was high enough to producethe observed subaerial caves for
a maximum of about 15,000yearsof the oxygen isotope sub
stage5e highstand (Mylroie et al. 1991; Carewand Mylroie
1995c). In addition, in the Bahamas during that sea-level
highstand, only the eolian ridgesand a fewbeach and shoal
deposits stood abovesea level,and island size was dramati
callyreducedcomparedtotoday'sislands. Asa consequence,
fresh-water lens volumes and discharges were comparably
reduced. Thus, the dry flank margincavesand banana holes

representdevelopment duringa veryshorttimeperiodwithin
smallfresh-water lenses, and theyhavebeenaffectedby mini
mal overprinting from later dissolutional events. Anymodel
that attemptstoexplaindevelopment of thesecavesmustop
erate under these severe constraints of time, water budget,
and space.

Eventhoughthemarine groundwater and thefresh
water (or brackish-water) lens may both be saturated with
CaC03, where they mix, the resultant chemistryoften per
mits more CaC03 to be dissolved (plummer 1975). The p0

tencyof this dissolution mechanism has been demonstrated
in the Bahamas (Smartet aI. 1988). Therefore, it is evident
that cavesshoulddevelop preferentially at the bottom of the
fresh-waterlens, in themixingzoneorhalocline. Smallcaves
may also form at the top of the fresh-water lens (or water
table) wherevadose waterpercolatingdownfromthe surface

A
SALT POND CAVE
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Figure 6. Maps with cross sections of Bahamian flank margin caves. PartA, Salt PondCave, LongIsland, and Part B,
Bahamas West Cave, New Providence Island, Bahamas. The maps showtypical flank margin cave development which
includes a large central chamber, or chambers, with maze-like passage development toward the interior oftheridge contain
ing them. Surficial erosion andcollapse provide entry intothe caves. Note themanyisolated bedrock pillars andthinrock
partitions separating some passages and chambers, and the abrupt termination ofsome passages that trend into the ridge.
Hachured lines indicate connections of the caves to the surface; rectangular blocks and open triangles indicate areas of
collapse debris; solid triangles joined at theirapex indicate stalactites and stalagmites; sets of three short diverging lines
indicate a slope, downward in the direction ofdivergence (from Mylroie et al. 1991).
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mixes with the fresh-water lens (Mylroie and Carew 1988; PALEOKARST AND QUATERNARY
Mylroie et al. 1995). CARBONATEISLANDS
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At the distal margin of the lens, near the shoreline
of an island, the vadose/phreatic mixing zone and the ma
rine/fresh-water mixingzoneare superimposed (Fig.5). It is
in this setting,at the distal marginofpast fresh-water lenses,
just underthe flankofthe eolianridges,that wereat that time
individual islands, that the largestsubaerial caves of the Ba
hamas were formed, These caves are referred to as flank
margincaves(Mylroie and Carew 1990). Kineticdissolution
models (Sanford and Konikow 1989) indicate that in small
islandslike San Salvadorit shouldnotbepossible toproduce
largedissolution voids in the short timeframe(15,000 years)
and limited water budgets mentioned above. Recently, mi
crobial activity has been suggested as a means to help over
cometheseconstraints (Mylroie and Balcerzak 1992;Bottrell
et al. 1993). The collection of organicmatteron densityin
terfaces atthe topofthe fresh-waterlens,andat the halocline,
provides the substrate necessary forbacteriological processes
that createanoxia and subsequent redoxreactions. Thesere
actionsresult in increaseddissolution (Bottrell et al. 1991).

Flank margin caveshave a limitedvarietyof mor
phologies. Theyconsistofovalor globular chambers that are
orientedparallel to the longitudinal trend of,and just under
the flank of, the ridge in which they have formed, Small
radiatingtubesextendfromtheselargechambers intotheridge
interior where they end abruptly. Many cavepassages loop
backinto oneanotheror into the main chamber, and isolated
bedrockpillarsand thin wall-partitions are common (Fig.6).
Theradiatingpassages representindividual diffuse flowpaths
that delivered fresh water into the mixing area. The abrupt
end of thesepassages reflectsthe positionof the mixingfront
when sea levelfell and the cavesbecamesubaerial (Mylroie
and Carew 1990; 1995). An interesting aspectof flank mar
gin cavesis that theyoccuron scalesfromsmallchambersup
to immensecaveswithoutlossof theirgeneralmorphology or
position with respect to the land surface. Erosion of these
flankmargincavescan leavereentrantson hillsides that may
appeartobeabandonedbioerosion notches (MylroieandCarew
1991).

The general morphology of flank margin caves is
similar to that of other caves formed under different mixed
water conditions (Mylroie 1991),suchasthatoftheGuadalupe
caves of New Mexico. This pattern of globular chambers,
maze-likepassageconnections, thinwallpartitions, anddead
endpassagesarecalledspongeworkorramifonncaves. Their
development independent of surface conditions is termed
hypogenic (Palmer 1991). More complete discussion of the
fresh-water lens, cave development, and the flank margin
model can be found in Mylroie (1988), Mylroie and Carew
(1988),Mylroieand Carew(1990;1995), Vogel et al. (1990),
Mylroie(1991), and Mylroieet al. (1991; 1995).
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