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ABSTRACT: Banana holes are circularto ovalvoids with diameters ranging from 2 meters to more than 10 meters, and with depths up to
5 meters, which are found throughout the Bahamas. They are named for a specialty crop sometimes grown in the thick moist soils that
accumulate in them. They commonly have verticalor overhung walls,and exhibitphreatic dissolutional morphology. Occasionally, banana
holes are found with complete or nearly complete roofs.

Banana holes are the result of shallow-phreatic dissolution in the top of a fresh-water lens supported by the last interglacial sea
levelhighstand (ca. 125,000 yearsago). Their current surface expression is the resuh of the partial. or totalcoBapse of their thin roofs. They
did not originate by progradational collapse from depth, or by vadose processes. Once expressed on the surface by roof collapse, however,
banana hole floors are modified by vadose waters with clevated CO

2
concentrations derived from the organic material that collects within

them.

Banana holes pose a significant land use hazard in the Bahamas, especially those with intact roofs. Geophysical techniques such
as ground-penetrating radar are necessary to locate these cryptic banana holes.

INTRODUCTION

The Bahamaislandsare a 1400km long portion of
a NW-SE trending archipelago that extends from Little
BahamaBankoffthecoastofFloridatoGreatInaguaIsland,
justoffthecoast ofCuba. TheBahamaislands consist ofLate
Quaternary carbonate rocks that were deposited during
glacioeustatic highstands, when the bank tops were flooded.
Duringthosehighstands, onlya portion ofthebanktopswere
subaerial islands, as is thecasetoday. Duringtheintervening
glacioeustatic lowstands, the entire banks were subaerially
exposed, and carbonate deposition effectively ceased. These
Quaternarycarbonates havebeensubjected toa varietyofkarst
processes. Fora review ofthe geology andkarstgeomorphol
ogyof the Bahamas, see Mylroie and Carew (1995b).

Regardless of sea-level position, the portion of the
bank that is subaerially exposed collects meteoric precipita
tion, and dissolution of the carbonates occurs at the surface,
in the vadose zone,and in thephreaticzoneofthefresh-water
lens. This dissolution has produced a variety of karst fea
tures, including karren and epikarst, blue holes, and caves.
Karren and epikarstare surface karst features on a scaleof
centimeters to meters. Blueholesaredeepwater-filled shafts
(seeMylroie et al. 1995b). Fourcavetypesare found within
thePleistoceneportion ofthecarbonate rocks: pitcaves, flank
margin caves, lake drain caves, and banana holes (Mylroie
and Carew1995a; 1995b; Mylroie et al. 1995a).

Pit cavesare vertical vadose shafts found predomi
nantly on eolianite ridges. They form from dissolution by
descending meteoric water that is collected in the epikarst
(paceet al. 1993; Mylroie and Carew1995b). Flankmargin
cavesthatare subaerial today formed in thedistalmarginofa
past fresh-waterlens, undertheflankofPleistocene eolianite
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ridges, where vadose fresh water, phreatic fresh water, and
sea water combined to produce dissolutionally-aggressive
mixed water (Mylroie and Carew 1990; Raeisiand Mylroie
1995). Lake drain caves are conduits that carry water into
and out of lakes in a pattern related to ocean tides. Their
presence resultsin lakesthat maintain normal marinesalin
itydespite climaticconditions which mightotherwise create
fresh-wateror hypersaline conditions. The modeoforiginfor
lakedraincaves is poorly understood (Mylroie et al. 1995a).
Bananaholes are isolated voids that are generally circularto
ovalin plan, rangefrom a few toover 10m in diameter, and
from a few to 5 m deep, that are found below seven meters
elevation. Theirorigin hasbeenthe subject ofdebate (paceet
al. 1993; Mylroie and Carew 1995a; Mylroie et al. 1995a),
which this discussion is designed to resolve.

BANANA HOLE DESCRIPTION

Caves and otherdissolutional features of the Baha
mas havelong beenrecognized in the scientific community
(Nelson 1853; Agassiz 1893; Shattuck and Miller 1905).
Abundant circularand shallow cave-like features werenoted
to collect fresh waterand organic material to produce a rich
soil (Nelson 1853). Thesesmalldepressions and open cav
erns were termed "pot-holes" by Nelson (1853), who com
mented on the variety of specialty crops grown in them,
.....fruit-trees. pine-apples, Indiancorn, sugarcane, &C. grow
luxuriantly.." (Nelson 1853, p. 203). Shattuck and Miller
(1905) called thesefeatures "banana-holes", TheGlossary of
Geology (Bates and Jackson 1987) defines banana holesas,
"A term used in the Bahamas for a sinkhole, in which it is
customary tocultivate bananas and sugarcane." The termis
used in a similar sensein Sealey (1994). However, important
reviews of earlyBahamian geological studies (Sealey 1991)
and early Bahamian cave exploration (Shaw 1993) fail to
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..... Figure 1. TheLineHolearea, SanSalvador Island, Bahamas, showing three banana holesites(see alsoFig. 5). A -Location
mapoftheLineHole areaonSanSalvador Island; B - Banana Hole SiteOne; C - Banana Hole SitesT»\? andThree. Linear
dottedbands arethe trails at thesites,' three diverging lines indicates a slope down in thedirection ofdivergence; collapse
material shown diagrammatically as blockshapes; sloping banana hole boundaries shown by dip symbols; vertical drops
shown by solid linewithhachures (on down side); thinlines joininghachured linesdisplay partial cavechambers; diagonal
ruling iswater.

mention banana holes. Banana hole is the name currently
usedbyBahamiansforthesecommonlyvertical-walledvoids,
thereforethe term banana hole is adopted for this paper.

Banana holesare commonly ovoidin plan, and al
thoughtheirdiameters are usuallyfrom 2 to 10metersacross,
and theyare from2 to5 metersdeep, theyconsistently showa
widthtodepthratio> 1. Bananaholeconfigurations (Figs.1
4) range from slopingdepressions closely resembling classic
sinkholes seen in continental settings (Fig. 1), to vertical
walleddepressions (Fig.2), to holeswithan over-hanging lip
or partial ceiling(Figs.3 & 4), to voidswitha complete ceil
ing (enteredlaterallyfrom an adjacent banana hole, e.g. fig
ure2). Bananaholescontaincurvilineardissolution surfaces,
bedrockspans, thin wall-partitions, and wallpockets indica
tiveof a phreaticorigin. Usually, bananaholescontainlarge
blocks of rock and other debris, some of which has clearly
fallen fromthe wallsor ceilings.

OnSan Salvador Island,banana holes are found in
the Sangamonterrace, a lowbench 1 to 6 m above sea level.
This terrace comprises 49% of San Salvador (Wilson et al.
1995). Banana holes can be extremely common, as in the
Line Hole and Hard Bargain areas of San Salvador Island
(Figs. 1 and 5). Initial studiesofcave density on San Salva
dor Island indicate that there are 0.54 banana holesper km2

(Wilson et al. 1995). These data, however, are basedon in
formation in published reportsthat werenot specifically con
cerned with banana holes. Wilson et al. (1995) recognized
that theirdata representeda minimumfigurebecause thepub
lisheddatadid not takeintoaccountknownbananaholesthat
had not been catalogued, or areas that had not as yet been
explored for banana holes. Banana holes are common on
mostBahamianislands(e.g. NewProvidence Island,Fig.4).

Aspart ofresearchin progress for the MScthesisof
oneof theauthors(Harris),detailedsurveys on San Salvador,
such as that of the Line Hole area (Figs. 1, 2 and 5), and the
Hard Bargainarea (Figs.3 and 5) yielded a banana holeden
sityof> I,OOO/km2. Clearly, bananaholesare importantsur
face features in the Bahamas,and land use decisions should
notbemadewithoutconsidering therisk represented bythem.
As somebanana holes havecomplete roofs (Fig.2), theycan
be a hidden or cryptic, as well as an obvious, hazard to land
use. Accuratepredictions concerning banana hole presence
and densityrequiresunderstanding howtheyformed, as some
ofthe theories presented below underestimate truebananahole
abundance.
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BANANA HOLE ORIGIN

The origin of banana holes has been the subject of
debate. Three processes have been proposed to accountfor
them: 1) surfaceand vadose dissolution, 2) collapseof deep
seatedvoids, and 3) shallow phreatic dissolution. Shattuck
and Miller(1905)felt that the holesdeveloped byvadosedis
solution processes, and that this dissolution occurred prima
rily during glacioeustatic lowstands. Smart and Whitaker
(1989) suggested that bananaholesdevelop as an outcome of
weathering inducedby vegetation and the resultingaccumu
lationoforganic-rich soilsin them,whichaccelerated thedis
solution process. Paceet al. (1993)arguedforphreaticdiss0
lutionwithina shallowfresh-water lens,followed byroofcol
lapse,as the origin ofbananaholes.

Vadose Hypotheses

Pit cavesare cavesthat form in the vadosezone by
collection of meteoric waterfrom the epikarst (Mylroie and
Carew 1995a; 1995b; Mylroie et al. 1995a). Some of these
pit cavescan reach diameters of >5 m (Pace et al. 1993), a
sizesimilar to that of bananaholes. Couldpit cavesbecome
banana holes? Todo so,pit cavesthat are characterized bya
width to depth ratio 1<, the opposite of what is observed in
banana holes, wouldhave to be largely filled with debris to
achieve the banana holewidth to depth ratio of>1. Prelimi
naryresultsfromground-penetrating radar showthat banana
holeshaveonly a thin layerof debris on their floors (Fig.6),
therefore, theyare not infilledpit caves.

SmartandWhitaker (1989) arguedthatbananaholes
weresurface karst features similartosinkholesin continental
settings. Their modelbeginswith an initial undulatingbed
rock surfacewith smalldepressions and hollows that prefer
entiallycollectmeteoric water andorganic debris. Therewould
be more collected water available to drain downward from
these small depressions, and the water would also have en
hancedCO2 partialpressures derivedfrombiological activity
in the organic-rich soilof these depressions. The extraCO2
enhances dissolution, thereby enlargingthedepression. With
enlargement, a positive feedback effect leadsto greatermois
tureandorganicdebris,and stillmoredissolution. The mois
ture and organic-rich soil available encourages colonization
by rooting plants, which drives the production of CO

2
even

higher. Over time, as envisioned by Smart and Whitaker
(1989), the end result is a steep-walled depression, or a ba
nana hole.
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Figure 2. Amphitheater Cave, Line Hole area, San Salvador Island (located 800 m southwest ofBananaHole Site Three
shown infigure 1). Symbols same asforfigure 1; blacktriangles indicate stalactite andstalagmite deposits. Theeastsideof
Amphitheater Caveis an openbanana hole, it leads west to severalchambers with very thin roofs (see cross section B-B').
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Figure 4. Clifton Banana Hole, NewProvidence Island, Bahamas, one of the larger banana holesin the
Bahamas; symbols same asfor figure 1 (from Mylroie et al. 1991).
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Figure 3. Tl-W banana holesfromtheHard Bargain area ofeast-central San Salvador Island (see Fig. 5); symbols same asfor
figures 1 and2. Note collapse debris, overhung roofs, andside chambers. Typical vegetation types encountered inBahamian
banana holes has beenrepresented in thecross sections.
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The idea of a "downward-drilling" organicmat is
veryattractive, and to a certain extent it doesexplain some
banana hole morphology. However, this method fails toac
countfor bananaholesthatare not yetopento the surface, or
whichhavea nearly-intact roofwith onlya smallopeningto
the surface. In addition, as notedin thedescription ofbanana
holes, theycontaincurvilinear dissolution surfaces, bedrock
spans, thin wallpartitions, and wallpockets. Thesemorpho
logical features are typical of phreatic dissolution, and are
inconsistent with the vadose environment required for the
organicmathypothesis. Organic-rich soilandincreased mois
ture does playa role in enlarging banana holes that are al
readyopen to the surface; however, the Smartand Whitaker
(1989) modelcannotexplain the initial development of ba
nana holes as enclosed voids.

Progradational Collapse Hypothesis

Couldbananaholesbeprogradational collapse struc
turesthat are the surface expression ofdeep-seated voids that
have stopedupwardto the surface? Sucha mechanism has
beenproposed as one methodof forming blueholes(Mylroie
et al. 1995b), which tend tobemanytensof meters in diam
eter, on average an order of magnitude larger than banana
holes. Ifprogradational collapse explained the originof ba-

nana holes, they would have a thick collapse-breccia infill
thatextends deepbelow presentsealevel. As mentioned pre
viously, preliminary ground-penetrating radar studyhas shown
thatbananaholeson SanSalvador Islandhavebedrock floors
with a thin veneer of debris (Fig.6). In addition, ifbanana
holesare the topof breccia-pipe type collapse, theywouldbe
expected to extend to a variety of depths; however, banana
holesare less than 5 m deep, and onlyrarelydo theyextend
below sealevelfor a meteror two.

The mechanics of collapse into voids has been well
studied (White 1988), andbananaholediameters are too small
to consistently represent collapse prograding upward from
depth. The thickness of theoverburden, the spanof the void,
and therockproperties control collapse of theceilingofvoids
(White 1988). Deepvoids can supporta larger ceilingspan
than shallow voids because of their greater overburden. As
deepvoids collapse, theirceilings progradeupwardin an arch
ofever-decreasing spanuntila stableconfiguration relativeto
overburden is achieved. Sometimes this occursjust as the
collapse reachesthe surface, producing a smalldiameter sur
faceopeningthat reflects a far deeper, breccia-filled voidbe
low. It is extremely unlikely that all such deep-seated voids
would propagate to the surface in a manner that consistently
(> l000/km2 on San Salvador) produced small-diameter sur-
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faceopenings, or banana holes. It is much more likelythat
the voids originatedin very shallow setting, with very thin
roofs. Over time, theseroofsreadilycollapse to formbanana
holeswithsizesfrom2 to 10m, withthecollapse debris from
a thinroofforming a minorlayeron thesolidbedrock floor of
thebananahole. Progradational collapseofdeep-seated voids
is a viable mechanism for the development of large-diameter
features like blue holes, but it is not a viable mechanism for
formation of small-diameter features suchas bananaholes.

Shallow-Phreatic Hypothesis

Pace et al. (1993)examinedand compared pit caves
andbananaholes. Theyconcluded thatbananaholesareshal
low-phreatic caveswhoseroofs had collapsed to createa sur
face opening. They emphasized the phreatic nature of the
dissolutional morphologyofbananaholes, andnotedthatmany
banana holeshad partial roofs. The largeblocksand rubble
found in many banana holes are consistent with this roof
collapse.

Somebananaholescontainsecondary subaerial cal
cite deposits (speleothems) such as stalactites, stalagmites,
dripstone, and flowstone. The precipitation of these calcite
deposits indicates that the chambers containing them were
air-filled, and wereisolatedfrom the dryingeffects of theat
mosphere, because CO2 diffusion from drip water into air of
nearly 100% humidity dominates CaC03 precipitation as
speleothems. In a similarfashion, secondary calciteevidence
hasalso beenusedto identify thenoteh-likeremnants offlank
margincaves, wherethe outerwallsof thesecaveshavebeen
completely erodedaway after calcitespeleothem deposition
(Mylroie and Carew 1991). Secondary subaerial calcite in
bananaholesis consistentwithphreatic development ofsealed
cavechambers, followed bylowering of the fresh-water lens,
and development of vadose conditions within banana holes
with little or no direct communication to the surface atmo
sphere. Finally, partial or complete collapse of the banana
holeroofproduced the open holescommonly seen today.

The presenceof dolomite in the wall rock of flank
margincaveshasbeen associated withthecomplex mixingof
marineand freshwater that occurs in the distalmarginof the
fresh-water lens whereflankmargincavesdevelop (Vogel et
al. 1990; Schwabe et al. 1993). Wallrockfrom bananaholes
of the Line Hole region of San Salvador Island have been
analyzed using x-ray diffraction (pace et al. 1993). Those
samples consistof low Mg-calcite, small amounts of arago
nite,and nodolomite. So,the lackofdolomite in bananahole
samples may indicate a lack of marine influence in banana
holedevelopment

We suggestthat banana holesdeveloped in a shal
low-phreatic settingnear the top of thefresh-water lensaway
from the lens margin. Dissolution in the top of the fresh
water lens is enhanced, because there, vadose and phreatic
fresh-water mixing occurs, whichrenewswateraggressivity

withrespect to CaC03• Thismixingmodelisconsistent with
the location of bananaholeson the Sangamon terrace, away
from the marginof anypast fresh-water lens. In addition, if
organic loadingof descending vadose water is sufficient, the
organics collectat thedensity interface represented by thetop
ofthelens. The topof thelensmaybecome anoxic withtime,
thereby allowing complex oxidation and reduction (redox)
reactions that enhance CaC0

3
dissolution to occur. These

reactions havebeendocumented tooccurat density interfaces
in blueholes(Bottrell et al. 1991) and has beenimplicated in
the development of flank margin caveson San Salvador Is
land (Bottrell et al. 1993). Such redoxreactions greatlyin
crease the dissolutional potential of the top of a fresh-water
lens,and maytheyhaveplayed a similar role in the produc
tion of banana holes of the shape and abundance seen today
in the Bahamas.

The following support the shallow phreatichypoth
esisfor the originofbananaholes. Preliminary ground-pen
etratingradar studyindicates that the floors of bananaholes
are solid bedrock and are mantledwith only a thin layer of
soilandrockdebris. The low, widechambers ofbananaholes
are consistent with development in a thin vadose-phreatic
mixingzoneat the topof a fresh-water lens. The occurrence
of banana holes with intactand nearly intact roofs (Fig. 2),
and the presence of subaerial calcite speleothems in banana
holes also supports their origin as enclosed cave chambers.
The lackof dolomite in the wallrockofbananaholes,and its
common presence in flank margin caves, may indicate that
dissolution did not occurat the margin or base of the fresh
water lens, where mixing with sea water is common. The
location of bananaholesat shallow depthson low-lying inte
rior plains in the Bahamas also arguesfor dissolution at the
top of the lens awayfrom the lens margin.

In this shallow-phreatic model, banana holesmust
have formed during a past sea-level highstand, most likely
during the last interglacial (Sangamon; oxygen isotope sub
stage5e,circa125,000 years ago). Earliersealevel highstands
wereeithernot highenough, or as a resultof isostatic subsid
enceof the Bahamas, occurred too long ago to leavefeatures
such as banana holes above modern sea level (Carew and
Mylroie 1995). In this scenario, as sea-level fellon the sub
stage5e regression, the Sangamon terrace rocksbecame ex
posed, a fresh-water lensdeveloped withinthem,andphreatic
caves (bananaholes) formed alongthe topof thelens. Subse
quently, sea-level fellfarther, the voiddrained, subaerial cal
citedeposits formed in someof them,and the lackofbuoyant
support eventually contributed toroofcollapse, which contin
ues to the present. The breaching of the roof has allowed
organic matter and surface water to enter the banana hole.
This influx of organics and surface watermay contribute to
further deepening and enlargement of the void in a manner
similarto that suggested by Smartand Whitaker(1989).

Bananaholes are an abundant landform in the Ba
hamas. That abundance maybe the resultof the relationship
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of the land elevation to the fresh-water lenselevation at the
time of banana holeformation, Bananaholesare foundal
mostentirelyin the low-lying areasof the Bahamas at 4 to 7
m elevation, which has been labeled the Sangamon Terrace
(Wilson et al. 1995). The Sangamon Terrace isa depositional
feature, made up primarily of carbonates laid down during
the last interglacial or Sangamon, circa 125,000 years ago
(Mylroie and Carew 1995b). As previously noted, banana
holes formed as sea level fell in response to glaciation that
ended the Sangamon, and a fresh-water lens became estab
lishedat very shallow depthsin the Terrace. Theresultwas a
large numberof veryshallowvoids. Witha thickeroverbur
den, as occurs where eolianite ridges are present, the voids
arerarelylargeenough toexpress themselves ascollapse struc
tures. The Sangamon Terrace provides sucha thin overbur
den that the bananaholesroutinely havea surface expression
as a resultof collapse. The absence of bananaholesin some
other carbonate islandsettings, such as Isla de Mona,Puerto
Rico,has beenattributed to the greaterthickness of overbur
den compared to the Bahamas(Mylroie et al. 1995c).

SUMMARY

Banana holesare cavechambers that resultedfrom
dissolution near the topofpast fresh-water lenses thatunder
lay low, flat terraces on Bahamian islandsduring later por
tionsof the last interglacial sea-level highstand. The current
expression ofbananaholesas circular, vertical-walleddepres
sions results from a combination of roof collapse, and later
vadose dissolution drivenby thecollection oforganic-rich soil
and moisture withinthebreached bananaholes. Bananaholes
are neithertheresultofvadose dissolution alone, nor are they
partially-inftlled pit caves, or the resultofprogradational col
lapse fromdeep-seated voids. Their wide-spread expression
in the Bahamasis in part a resultof their development under
conditions that left a very thin overburden above these
phreatically-developed voids.

Bananaholesare a land usehazard. This hazard is
especially acute for banana holes with intact roofs, because
these roofs are thin, and vulnerable to collapse. It is likely
that manybananaholeswithentirelyintactroofs exist,which
makes thema cryptic or"invisible" cave-collapse hazard. Only
the shallow phreatichypothesis forbananaholedevelopment
provides a prediction of abundantuncollapsed bananaholes;
the other hypotheses requireall banana holes to becurrently
opento the surface. Geophysical techniques suchas ground
penetrating radar are necessary to discover the location of
banana holeswith intactroofs.
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