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Abstract  26 

Banana holes are karst depressions that have primarily been reported from strandplains 27 

within the Bahamian archipelago. Banana holes have been hypothesized to form by downward 28 

dissolution in the vadose zone and in the phreatic zone by mixing dissolution and/or spatial 29 

variability in organic carbon inputs to the water table. While vadose models have been unable to 30 

explain overhanging roofs common in banana holes, phreatic models require anomalously high 31 

dissolution rates. In this study, we develop a new model for banana hole formation based on 32 

field observations, an airborne LIDAR survey, and published geochemical data on San Salvador 33 

Island, Bahamas. We detected 3356 depressions in LIDAR data consistent with banana hole 34 

morphologies in MIS 5e and MIS 9/11 strand plains. No banana holes were detected in 35 

Holocene strandplains. All banana holes were found in swales between ridges. Of the banana 36 

holes found in MIS 5e strandplains, 109 had floor elevations between 6 and 19 meters above 37 

sea level. These banana holes could not have formed in the phreatic zone because the MIS 5e 38 

freshwater lens reached a maximum elevation of 6 meters above modern sea level. We also 39 

observed banana holes filled with water during wet seasons. While wells next to banana holes 40 

were tidal, pools in the banana holes were not, indicating pools were perched. Our 41 

observations, supported by hydrological models, suggest banana holes may form in the vadose 42 

zone in transient, perched aquifers on exposure zones. Runoff from ridges infiltrates through 43 

vadose fast-flow routes until encountering low permeability exposure zones, where flow is 44 

directed laterally. Dissolution by perching on exposure zones would create thin, laterally-45 

extensive chambers radiating from injection points. Subsequent roof collapse results in their 46 

surface expression. Because dissolution occurs when waters become perched, chambers could 47 

form throughout low stands and may therefore not reflect rapid phreatic dissolution. 48 



Introduction 49 

Banana holes are karst depressions which form in limestone host rock primarily in the 50 

Bahamian archipelago ( Pace and Mylroie, 1993; Whitaker and Smart, 1989 Harris et al., 1995; 51 

Mylroie et al., 2016). Banana holes are oval to circular in plan view, usually between one and six 52 

meters deep, have width to depth ratios greater than one, are meters to tens of meters wide, 53 

and are hypothesized to form within timeframes of several hundred to a few thousand years 54 

(Harris et al., 1995; Mylroie et al., 2016). Unlike many karst depressions, where surface runoff 55 

creates funnel-shaped pits ( Wilson and Beck, 1992;  Gutierrez et al., 2014), banana holes have 56 

sub-vertical to overhung walls, and often have partially to fully intact roofs (Pace and Mylroie, 57 

1993; Harris et al., 1995;). The unique morphology and abundant occurrence of banana holes in 58 

the Bahamas has led to a number of conflicting models for their formation over the last several 59 

decades.  60 

An early model regarding banana hole formation introduced them as simple vadose 61 

dissolution pits ( Whitaker and Smart, 1989). According to the vadose origin hypothesis, surficial 62 

calcretes and paleosols (Rossinsky and Wanless, 1992; Wright, 1994) funneled surface runoff 63 

to local topographic lows (Figure 1), which collected debris and plant materials. Topographic 64 

lows filled with organic rich soils, which facilitated microbial oxidation and reduction reactions 65 

that increased pCO2 in the soil zone. Water descending though the soil zone accumulated CO2, 66 

became undersaturated with respect to aragonite (and/or calcite) and dissolved underlying 67 

bedrock to deepen the surface pits (Figure 1) (Whitaker and Smart, 1989). Soils also promoted 68 

colonization by large rooting plants that further increased soil CO2 and drove fracturing of the 69 

limestone. Positive feedbacks between depression deepening, focusing of runoff, soil 70 

accumulation, rooting, and dissolution resulted in biogeochemical drilling down from the land 71 

surface (Figure 1). While top-down drilling described the morphologies of some karst 72 

depressions, the hypothesis did not explain the occurrence of banana holes which have small 73 



openings leading to large chambers and overhanging roofs. In addition, vadose processes 74 

would occur continuously during both high stand and low stand time periods, yet most banana 75 

holes extend less than 7 meters downward from the land surface indicating some vertical 76 

control on their position, or that dissolution rates are slower than previously postulated.  77 

To address morphological conflicts with vadose hypotheses, explanations for banana 78 

hole formation shifted to phreatic models (Pace and Mylroie, 1993, Harris et al., 1995; Gulley et 79 

al., 2015; Mylroie et al., 2016). Under phreatic models, dissolution within a freshwater lens 80 

would create isolated voids below the land surface, and subsequent collapse of thin bedrock 81 

roofs create entrances. Overhanging roofs are therefore explained by partial collapse of pre-82 

existing voids (Figure 2).  83 

Void formation within freshwater lenses has been suggested to result from mixing of 84 

vadose and phreatic waters at the water table (Harris et al., 1995) and biogeochemical 85 

processes (Bottrell et al., 1993), possibly occurring at or near the water table (Whitaker and 86 

Smart, 1989; Whitaker and Smart, 2007; Gulley et al., 2015).  Mixing models suggest that 87 

dissolution occurs because the change in ion activity which governs saturation state varies by a 88 

power law while reactant concentrations of the two waters vary linearly (Plummer, 1975). As a 89 

result, calcite or aragonite undersaturation can occur even when both waters are saturated with 90 

respect to calcite or aragonite. More recent work has emphasized dissolution at water tables 91 

driven by variability in CO2 produced  near the water table (Whitaker and Smart, 2007; Gulley et 92 

al., 2013, 2014 and 2016). Soil-derived organic matter transported to the water table during 93 

recharge events fuels microbial oxidation reduction reactions that drive dissolution (Bottrell et 94 

al., 1993; Gulley et al., 2015; Cooper et al., 2016). In coastal aquifers, such oxidation-reduction 95 

processes could be further promoted by tidal fluctuation of water tables that oxygenate the 96 

vadose zone and lens top (Gulley et al., 2020).  97 



While water table models describe many of the geomorphic features observed in banana 98 

holes, some workers have suggested that other formation mechanisms more adequately 99 

describe their distributions (Mylroie et al., 2008; Mylroie et al., 2016). Firstly, voids forming at 100 

water tables should be randomly distributed, yet banana holes have been preferentially found in 101 

strandplains along trends parallel to adjacent dune ridges (Mylroie et al., 2016). Secondly, 102 

banana holes forming at water tables during MIS 5e should be found in numerous analogous 103 

settings, yet, banana holes have been reported almost exclusively in the Bahamas (Mylroie et 104 

al., 2016).  105 

To describe the reported facies selectivity of banana holes and their dune parallel 106 

distributions, Mylroie et al. (2008 and 2016) proposed a third model for banana hole formation - 107 

mixing of fresh and saline water in prograding strandplains. Under this model, banana holes 108 

form in the fresh-saline mixing zone of the lens near the shoreline of strandplains. Locations of 109 

dissolution shift seaward as deposition and the creation of new landmass cause the mixing zone 110 

to migrate towards the ocean (Mylroie et al., 2015). Shifting in the mixing zone largely concludes 111 

void growth in the previous strandplain generation while simultaneously initiating void 112 

development at the new shoreline (Figure 3). The dune parallel trends of banana holes 113 

observed today would thus be a product of episodic void formation at prograding paleo-114 

shorefaces (Figure 3) and banana holes would essentially be immature flank margin caves 115 

(Mylroie et al., 2015). Because cave formation would be restricted to coastal mixing zones, the 116 

absence of banana holes observed in other facies such as tidal flats and lagoons is less 117 

problematic for the prograding strandplain model (Mylroie et al., 2015). 118 

The different models for banana hole formation imply different timescales for dissolution and 119 

void development. Banana holes occur in the highest density within bedrock deposited during 120 

the last interglacial highstand, thereby limiting their formation to time periods during and after 121 

Marine isotope substage (MIS) 5e circa 124,000 -115,000 years ago (Thompson et al., 2011). If 122 



banana holes formed due to vadose processes, they could have formed at any time between 123 

the deposition of MIS 5e bedrock and the present, suggesting dissolution over 10 to 100 124 

thousand year timescales. If banana holes formed at water tables during the MIS5e highstand, 125 

dissolution would have occurred during the narrow time window following deposition of host 126 

sediment and emplacement of a freshwater lens. In this case, dissolution would have occurred 127 

over only a portion of the 9 ka interglacial highstand after enough sediment had accumulated on 128 

the platform to create new land mass. Dissolution at the distal margin of the freshwater lens in a 129 

prograding strandplain requires the most rapid dissolution, as dissolution ceases when new land 130 

accretes and the distal margin moves seaward.  131 

In this study, we use hydrologic, geomorphic, and geospatial data to propose a new 132 

model for the formation of banana holes that explains overhanging roofs and has more 133 

reasonable timescales for dissolution. We use a digital elevation model (DEM) derived from an 134 

airborne light detection and ranging (LiDAR) survey to investigate banana hole distributions and 135 

densities in Holocene, MIS 5e, and MIS9/11 strandplains (and foredune plains (Hesp, 2011)) on 136 

San Salvador Island, Bahamas. We evaluate the assumptions of past models by comparing 137 

banana hole distributions and abundance to topographic controls, and by investigating the 138 

potential formation of banana holes in facies other than strandplains. In addition, we use 139 

hydrological data from the most densely karstified strandplain on San Salvador to investigate 140 

the connections between pools that form in banana holes during the rainy season and the 141 

aquifer. We utilize  these datasets to formulate a novel interpretation on the formation of these 142 

curious and unique landforms.   143 

Location and Geologic Setting 144 

San Salvador Island is an isolated carbonate platform located in the Bahamian 145 

archipelago (Figure 4). Because platform subsidence since the early Pleistocene has recently 146 

been suggested to be minimal (Godefroid et al., 2019; Mylroie et al., 2020), the first order 147 



control on deposition and karstification of bedrock is glacioeustatic fluctuations in sea level 148 

(Mullins and Lynts, 1977; Mylroie and Carew, 1995; Godefroid et al., 2019) followed closely by 149 

glacioisostatic adjustments. Exposed bedrock is composed of subtidal, reef, beach and dune 150 

facies that were deposited during the Holocene, Marine isotope substage (MIS) 5a, 5e, 9, and 151 

11 (Hearty and Kindler, 1993; Mylroie and Carew, 1995; Kerans et al., 2019a). Stratigraphic 152 

units (with the exception of the Holocene) are capped by zones of lower permeability, exposure 153 

modified bedrock which often contains one or more paleosols, breccias, or calcretes (Carew 154 

and Mylroie, 1991; Beach, 1995; Mylroie and Carew, 1995; Breithaupt, 2020). For the purposes 155 

of this manuscript, we refer to the assemblage of exposure-modified fabrics as the “exposure 156 

zone” as our primary interest is the hydrologic impact (Figure 5C). The thickest and most 157 

diagenetically mature exposure zones form in valleys where irreducible residues sourced form 158 

Saharan aerosols become embedded in carbonate laminates which form in transient ponds 159 

(Carew and Mylroie, 1991; Wright, 1994; Boardman et al., 1995). On ridges, exposure zones 160 

are thinner or non-existent because downslope mass wasting strips them from the land surface 161 

and deposits them in brecciated debris aprons at the toe of the ridge (Rossinsky and Wanless, 162 

1992; Wright, 1994; Mylroie and Carew, 2008; Breithaupt, 2020). While exposure zones can be 163 

thin or discontinuous, they can act as aquitards (Tarbox, 1987), and have been suggested to 164 

perch lakes and wetlands (Gentry and Davis, 2006) due to their anomalously low permeabilities 165 

compared to the host limestones (Figure 5). As a result, dissolution has been suggested to 166 

occur along exposure zones in perched aquifers (Beach, 1995; Breithaupt, 2020). 167 

The climate on San Salvador is semi-arid with evapotranspiration rates creating an 168 

annual water budget which is negative by ~200 mm/year (Crump and Gamble, 2006). Recharge 169 

occurs during two wet seasons from May-June, and September-November, when monthly 170 

rainfall can exceed monthly evapotranspiration. Freshwater lenses are discontinuous across the 171 

island and are concentrated within ridges in Holocene and MIS5 bedrock which have lower 172 



permeability relative to older pre-MIS5 deposits (Breithaupt et. al, 2021). Older bedrock on the 173 

island typically contains saltwater because permeabilities are too high to support lens formation 174 

in San Salvador Island’s arid climate (Vacher, 1988; Davis and Johnson, 1989; Vacher and 175 

Wallis, 1992). Measurements from monitoring wells and resistivity surveys in the Line Hole 176 

(Figure 6), Sandy Point, and Cockburntown well fields suggest the thickest lenses on the island 177 

range between 7 and 13 meters (Davis and Johnson, 1989; Kunze and Sauter, 1989; USACE, 178 

2004).  179 

Banana holes on San Salvador have been previously reported to occur at elevations 180 

between +1 and +7 meters relative to modern sea level (RSL), have spatial densities, by 181 

extrapolation of small surveys, of more than  1000/km2 (Harris et al., 1995), and are prevalent in 182 

MIS5e strandplains across San Salvador (Mylroie et al., 2016). Researchers have previously 183 

measured a number of parameters for banana holes near Line Hole, Jake Jones Road, South 184 

Victoria Hill and Hard Bargain trail (Infante, 2012; Mylroie et al., 2016). Surveyed banana holes 185 

in San Salvador typically range from approximately 0.5 to 7 meters in depth, have areas greater 186 

than 5 square meters, and length to width ratios less than 3 (Figure 6). Vertical dissolutional 187 

shafts known as pit caves are also reported on San Salvador (Moore and Seale, 2004; Mylroie 188 

and Carew, 2008), and typically occur in highest density at elevations above +7 meters RSL on 189 

dune ridges. The key difference between banana holes and pit caves is the width to depth ratio 190 

of banana holes is consistently greater than one, while pit caves consistently have width to 191 

depth ratios of less than one (Harris et al., 1995).  192 

Methods 193 

 Evaluating Banana Hole Size, Distribution and Abundance 194 

To evaluate potential controls on banana hole formation we considered the size, 195 

distribution, and density of banana holes on San Salvador Island. We used a bare-earth digital 196 

elevation model to identify all depressions and used a series of morphological filters to extract 197 



depressions fitting the description of banana holes (Figure 6). The bare earth model is derived 198 

from an aerial LiDAR survey collected and processed by the National Center for Airborne Laser 199 

Mapping (NCALM) during the summer of 2016 (Figure 4B). Raw data were processed using a 200 

static differential base station corrected in relation to the Continuous Operating Reference 201 

Station (CORS) network. The LIDAR DEM has a 0.2 meter horizontal resolution and the vertical 202 

resolution of 5-15 cm depending on the beam angle. We verified selected karst depressions 203 

observed on the LiDAR in the field during the summer of 2017, 2018, and 2019. 204 

To collect depression metrics, we used a pattern recognition algorithm adapted from 205 

Jasiewicz and Stepinski, 2013, which defines landforms known as “geomorphons” and extracts 206 

morphometrics within polygon enclosures. Because our study is designed to capture circular to 207 

oval karst pits, we used a series of filters which excluded depressions less than ½ meter in 208 

elevation range (depth), less than 5 meters in area, and with length to width ratios greater than 209 

3 (Figure 6). We also apply a slope filter requiring the maximum slope to be greater than 15 210 

degrees to preclude flagging of a large number of natural enclosed depressions which form due 211 

to the natural dune morphology rather than collapse. Finally, we exclude depressions with width 212 

depth ratios >1 to avoid including pit caves in our data set (Harris et al., 1995). While this 213 

method can be used to detect open pits, it cannot detect pit areas under overhangs or void 214 

areas below small entrances, and thus, some banana hole areas are inevitably underestimated 215 

or were not detected using the DEM extraction (Figure 8).  216 

Because several locations have received nicknames which have changed over the 217 

years, we use an age and numbering convention (e.g. Holocene (H#), MIS 5e (E#), and 218 

MIS9/11 (P#)) to reference strandplains and statistical data collected therein (Table 1).  219 

Evaluating Hydraulic Connection Between Banana Holes and the Aquifer  220 

 To evaluate the degree of connectivity between banana holes, the aquifer, and the 221 

ocean, we recorded time series of water level data in ephemeral banana hole pools (BH1 and 222 



BH2), a deep borehole (LH-Deep: -96.5 m RSL) drilled during a past field season, the Line Hole 223 

well field (LH1, LH4, LH8, and LH13: Approx. -2 to -7 m RSL), and Grahams Harbor (Figure 7 224 

and Table 2). We collected pressure records using HOBO U20L-04 loggers over sampling trips 225 

in July of 2015, July of 2018, and November of 2018.  A 1-minute sampling interval was applied 226 

in the Line Hole wells during the first sampling trip, and a 5-minute sampling interval in the 227 

remaining sample locations during subsequent trips (Figure 5 and Table 2). Barometric pressure 228 

was removed from all signals and changes in water level were calculated to evaluate the degree 229 

of connection between the ocean and inland sample sites. The ratio between the ocean and 230 

sample site signal is termed the efficiency, 𝐸𝐸,  231 

𝐸𝐸 = 𝑅𝑅𝑎𝑎
𝐹𝐹𝑎𝑎

 (1), 232 

Where 𝐹𝐹𝑎𝑎 is the tidal amplitude measured at the forcing boundary (e.g. the coast) and 𝑅𝑅𝑎𝑎 is the 233 

tidal amplitude measured at the responding boundary (e.g. the well, borehole, or banana hole). 234 

Where efficiency can be measured, we can quantify ocean connection, yet, where efficiency 235 

cannot be measured due to a lack in tidal variation, no connection to the ocean can be resolved 236 

over tidal timescales.  237 

Modeling perched aquifer conditions 238 

We evaluate the potential for banana holes to form in aquifers perched on exposure 239 

zones. The 1-D flow rate which would result in water accumulating on the exposure zone (𝑄𝑄𝑖𝑖𝑖𝑖) 240 

must be greater than the flow rate across the zone (𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜) to result in perching. Flow to the 241 

aquifer can be estimated as,  242 

𝑄𝑄𝑖𝑖𝑖𝑖 = 𝑅𝑅𝑅𝑅 (2), 243 

where 𝑅𝑅 is the recharge in m/year and 𝐴𝐴 is the catchment area. Flow out of the aquifer can be 244 

estimated assuming Darcy’s law and constant head, 245 



𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐾𝐾𝐾𝐾𝐾𝐾 (3), 246 

where 𝑖𝑖 is the hydraulic gradient and K is the hydraulic conductivity. The hydraulic gradient can 247 

be calculated using the thickness of the exposure zone (𝐿𝐿), and the height of the water column 248 

above the exposure zone (e.g. the aquifer thickness, ∆ℎ). Steady state would be achieved for a 249 

given set of constants where the Q-ratio is equal to one, and assuming that the area of the 250 

exposure zone and the aquifer are the same (e.g. no leakage over the sides), the thickness-251 

permeability pair which would result in a static water level can be calculated by,  252 

𝑄𝑄𝑖𝑖𝑖𝑖
𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜

= 𝑅𝑅
𝑖𝑖∗𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  

= 1 (4a), 253 

and rearranged to  254 

𝐾𝐾𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = �𝑅𝑅
𝑖𝑖
 �  (4b), 255 

thereby solving for the steady state hydraulic conductivity. Hydraulic conductivity is converted to 256 

permeability, k, by, 257 

𝐾𝐾 = 𝑘𝑘𝑘𝑘𝑘𝑘
𝜇𝜇

 (5), 258 

where 𝜌𝜌 is the water density of freshwater (1000 kg m-3),  𝜇𝜇 is the dynamic viscosity of 259 

freshwater (8.9x10-4 pa*s), and g is the gravitational constant. Given that previous studies in the 260 

central Bahamas estimate 15-35% (188-438 mm/year) of the annual precipitation (~1250 261 

mm/year) ( Wallis et al., 1991; Crump and Gamble, 2004, 2006) is recharged to the aquifer, we 262 

can forecast the thickness and permeability pair of an exposure zone required for an aquifer to 263 

be perched throughout the year (assuming temporally uniform recharge). Similarly, we can 264 

reverse the process by holding aquifer thickness (h) constant and forecasting thickness and 265 

permeability pair required for different recharge scenarios.  266 



Dissolution Timescales 267 

Dissolution Estimates from Banana Hole Volumes 268 

We calculated dissolution timescales required to generate banana hole volumes in MIS 269 

5e strandplains for three conceptual models: vadose formation (Whitaker and Smart, 1989), 270 

dissolution at water tables (Harris et al., 1995; Gulley et al., 2020, 2015) and prograding 271 

strandplains (Mylroie et al., 2016). While some banana holes also occur in MIS9/11 bedrock, we 272 

do not estimate timescales for their formation due to the lack of constraints on the timing of 273 

bedrock deposition. Using the minimum bounding geometry of each banana hole (2918 in total), 274 

we calculated the linear dissolution rates for the P10, P50 and P90 of the calculated banana hole 275 

volumes over timeframes ranging from 100 to 125,000 years. The volume of carbonate removal 276 

was calculated within the minimum bounding geometry (e.g. m3/km2 Figure 6) for all detected 277 

MIS 5e banana holes providing the dissolution rate required for a given timeframe. 278 

For models suggesting banana holes formed by vadose processes, we assume that 279 

banana holes could have formed at any time after bedrock was deposited (e.g. ~ 125 ka). For 280 

the water table cave model, we assume banana holes could have formed at any time during the 281 

MIS 5e highstand after bedrock deposition. While we use the full length of the 5e highstand, 282 

sufficient sediment accumulation would have to occur on the platform to create the subaerially 283 

exposed dunes and strandplains, and thus, only part of the highstand would be suitable for 284 

dissolution to occur. As a result, our estimates of dissolution rates represent minimum values. 285 

The length of the MIS 5e high stand has been a topic of debate (Hearty and Kindler, 1993; 286 

Mylroie and Carew, 1995; Thompson et al., 2011; Kerans et al., 2019b), however, most of these 287 

estimates range between 7 and 10 thousand years. For the prograding strandplain model, we 288 

assume dissolution would only have occurred in the distal margin of the freshwater lens and 289 

stopped as new strandplain accreted. We provide minimum and maximum timeframes for void 290 

formation by dividing the length of MIS5e (~7-10 ka) by the number of ridge generations in each 291 



strandplain as observed on the LiDAR DEM. This assumes equal duration for void growth in 292 

each new mixing zone over the MIS 5e highstand.  293 

Dissolution Estimates from Excess Calcium Concentrations 294 

We also calculated dissolution timescales using previously published estimates of 295 

dissolution resulting from mixing of fresh and saline waters, and heterogeneous distributions of 296 

PCO2 in ideal systems, which we define as excess Ca2+ (Gulley et al., 2015). We used excess 297 

Ca2+ for the most efficient fresh-seawater ratios to provide maximum rates of dissolution for 298 

mixing scenarios (see Gulley et al., 2015, Figure 12). Excess Ca2+ from mixing was reported to 299 

range between ~0.1 mmol/l and 0.9 mmol/l while excess Ca2+ from heterogeneous distributions 300 

of PCO2 was reported between ~0.9 to 2.25 mmol/l (Gulley et al., 2015). Using these values and 301 

an average bedrock porosity of 30%, we estimated the volume of carbonate bedrock removal 302 

using the molar volume of aragonite (37.32 cm3 mol-1), and the following assumptions: 1) All 303 

waters within the aquifer would reach the assigned  Ca2+ concentration before being discharged 304 

to the ocean 2) Because a freshwater lens at steady state has discharge rates equal to 305 

recharge rates (Vacher et al., 1990), the amount of annual carbonate removal from an island of 306 

a given catchment area can be estimated using recharge rates 3) While spatial focusing of 307 

dissolution will occur within a given platform, the bulk dissolution volumes can be calculated, 308 

normalized to area, and applied to an island of any size. We calculated dissolution volumes 309 

using recharge values ranging from 100 to 500 mm/year which exceeds the full range of values 310 

reported in the central Bahama Islands (188 mm/year: Vacher and Wallis, 1992, and 438 311 

mm/year: Crump and Gamble, 2004). Because our analysis assumes all waters moving through 312 

the aquifer would reach the assigned excess Ca2+ concentrations before being discharged, the 313 

dissolution estimates presented herein represent maximum values. 314 



Results 315 

Banana Hole Size, Distribution, and Abundance 316 

Holocene strandplains cover approximately 15.5 km2 of San Salvador Island. All 317 

depressions detected in Holocene strandplains were anthropogenic or reflected circular to oval 318 

enclosures generated by high angle dune morphologies. Most features falsely identified as 319 

collapse features were observed near the airport, Club Med resort, and in high relief Holocene 320 

dune ridges on the eastern coast of the island (Figure 4). After verifying detections and 321 

eliminating false positives from the data set, not a single banana hole was observed in 322 

Holocene strandplains (Figure 9, Figure 10 and Table 3).  323 

MIS 5e strandplains cover approximately 18.5 km2 of San Salvador Island (Figure 9 and 324 

Figure 10) and contain 2918 banana holes. Most banana holes (2330) were detected in the E1 325 

(or Line Hole) strandplain while a minimum of five banana holes observed in the E5 strandplain 326 

(Figure 10 and Table 3). The largest banana hole was 897 m2 and the deepest banana hole was 327 

just over 6 meters (Figure 10 and Figure 11). Banana hole floors (minimum elevations) were 328 

rarely observed below 1-meter elevation and reached a maximum elevation of just below 19 329 

meters RSL in the ridges of E7 (Figure 11A), which is better described as a foredune plain 330 

(Hesp, 2011) than a true strandplain. We observed a strong positive correlation between 331 

maximum slope angle and banana hole thickness, with the max slope angle reaching about 70 332 

degrees in a 6-meter-deep banana hole (Figure 11B). It is important to recognize that numerous 333 

small banana hole features have likely been filtered out of the data set in an attempt to strictly 334 

adhere to the field verified parameters (Figure 4).  335 

MIS9/11 strandplains cover approximately 3.9 km2 of San Salvador Island (Figure 10). 336 

Within MIS9/11 strandplains, 438 banana holes were detected (Figure 10 and Figure 11) with a 337 

maximum of 138 observed in the partially flooded P1 strandplain (Figure 4) and a minimum of 338 

11 banana holes observed in the P3 strandplain (Figure 10). Banana hole area reached a 339 



maximum of 647 m2, while the maximum depth from the lip to the floor of the banana hole was 340 

observed at just over 3.6 meters (Figure 10 and Figure 11). Banana hole floors were rarely 341 

observed below 0.5 meters RSL and reached a maximum elevation of up to 11 meters RSL 342 

(Figure 11C). The correlation between maximum slope angle and banana hole thickness is 343 

nearly identical to that of MIS5 strandplains, yet, the max slope angle only reached 55 degrees 344 

in a 3.6-meter-deep banana hole (Figure 11D).  345 

Banana holes in all strandplains fell along dune parallel trends (Figure 12A and B). 346 

Higher relief strandplains contained banana holes in restricted linear trends while broader and 347 

lower relief strandplains had more variability in banana hole locations (Figure 12). While not 348 

currently verified as banana holes, multiple depressions with the same dimensions as banana 349 

holes were observed in the valleys of other facies such as tidal flats (Figure 12C). However, we 350 

verified the banana hole formed in a dune ridge in the Sandy Point area during the summer of 351 

2017 (Figure 12D).  352 

Connectivity Between Banana Holes and the Aquifer 353 

At the Line Hole strandplain, banana holes partially to completely fill with water during 354 

wet seasons (Figure 13A) and are dry during dry seasons (Figure 13B). Neither of the 355 

monitored banana holes (BH1 and BH2) showed tidal periodicity in water levels, and thus, 356 

efficiency values could not be calculated for either banana hole (Figure 14C and Table 2). 357 

However, water levels declined by approximately 5 cm in BH1 and by 7 cm in BH2 over the two-358 

day collection period (Figure 14C). Tidal efficiencies for wells in the Linehole well field varied 359 

between 30 and 51 percent and the LH- Deep borehole had an efficiency of 60 percent (Figure 360 

14A and Table 2).  361 

Modeling Perched Aquifer Conditions. 362 

 Based on the median exposure zone thickness (0.42 m) and permeability (10-16.5 m2), 363 

aquifers less than 6 meters in thickness (the maximum relief of observed water filled banana 364 



holes) could become permanently perched on exposure zones given the current recharge 365 

estimates (Figure 15A). Holding the aquifer thickness constant (at 3 meters), perched aquifers 366 

are possible for all but the most pessimistic recharge scenarios (e.g. less than 5% of 367 

precipitation). Given the recharge rates and median exposure thickness, exposure zone 368 

permeabilities of about 10-15.9 and 10-16.3 m2 result in perched aquifers (Figure 15B).  369 

Dissolution Rates for Banana Hole Formation. 370 

 Estimates from Banana Hole Volumes 371 

Using banana hole volumes ranging between the P10 and P90 of the data, we calculated  372 

dissolution rates in MIS 5e strandplains which range between ~2 and 200 m3/km2 yr (over 125 373 

ka) for vadose dissolution models (Figure 16). Dissolution rates for voids forming at the water 374 

table or mixing zone of the MIS 5e freshwater lens (6-10 ka) range between 40 and 1,000 375 

m3/km2 yr (Figure 16). Assuming voids formed in the mixing zone of prograding MIS 5e 376 

strandplains, dissolution would occur within each shoreface generated during the MIS 5e high 377 

stand. Using the LiDAR data, we estimated MIS 5e strandplains contain between 5 and 18 ridge 378 

generations (Figure 4B) thereby subdividing the timeframe for dissolution to occur in each 379 

shoreface to between ~ 300 and 2,000 years during the  MIS 5e high stand (7-10 ka). As a 380 

result, dissolution rates required to form banana hole volumes between the P10 and P90 of the 381 

data would range from 200 and 7,000 m3/km2 yr (Figure 16).  382 

Estimates from Excess Calcium Concentrations 383 

Mixing of pure freshwaters equilibrated to a PCO2 of log (-1.0) resulted in excess Ca2+ 384 

concentrations of 0.1 mmol/l, translating to dissolution rates between 0.48 m3/km2 yr and 2.4 385 

m3/km2 yr using recharge rates varying from 100 to 500 mm/year respectively. Mixing of fresh 386 

and saline end members equilibrated to the same PCO2 resulted in excess Ca2+ concentrations 387 

of approximately 0.9 mmol/l, translating to dissolution rates between 4.0 and 20.5 m3/km2 per 388 

year using the same recharge range (Figure 16). Heterogeneous PCO2 models overlap with 389 



mixing models at 0.9 mmol/l (Dissolution rate: 4.0 to 20.5 m3/km per year) when PCO2 increases 390 

from log (-2.0) to log (-1.5) along a flow path (Gulley et al., 2015). When PCO2 Increases from 391 

log (-2.0) to log(-1.0) along a flow path, dissolution rates range from 10.1 to 50.4 m3/km2 of 392 

carbonate per year assuming the same range of recharge values (Figure 16) 393 

Discussion 394 

In the following paragraphs, we discuss the implications of banana hole distributions, their 395 

lack of connectivity to the aquifer, and propose a new model for banana hole formation. Our 396 

analyses from the LiDAR and hydrologic data suggest that previous interpretations of banana 397 

holes as simple vadose pits, water table caves, and syndepositional flank margin caves are at 398 

least partially correct. We speculate that surface runoff to discrete recharge points drives 399 

dissolution in transient, perched aquifers during sea level low stands. This formation mechanism 400 

allows banana holes to form over tens of thousands to hundreds of thousands of years rather 401 

than several hundred to a few thousand years as previously suggested.  402 

Size, Distribution and Abundance of Banana holes 403 

Our data support the assessment that banana holes are neither traditional vadose pits 404 

nor small collapsed water table caves ( Whitaker and Smart, 1989; Harris et al., 1995; Gulley et 405 

al., 2015) (Figure 1 and Figure 2). The vadose pit model cannot explain the fully to partially 406 

roofed morphologies, and neither model can explain their non-random distributions (Pace and 407 

Mylroie, 1993; Harris et al., 1995). In addition, the LiDAR data indicate 61 banana holes with 408 

floors at elevations between +8 and +19 meters elevation in dune ridges within the strandplain 409 

polygons, which is higher than the frequently reported maximum sea level (+6) occurring during 410 

MIS 5e (Figure 11A and Figure 12) and thus, higher than any plausible water table elevation. 411 

Consequently, banana holes at high elevations could not have formed at the water table or 412 

mixing zone of the MIS 5e freshwater lens. While previous studies have argued that karst 413 

features above +6 meters on San Salvador are exclusively pit caves (Harris et al., 1995), the 414 



morphologies of field-verified depressions above +6 meters elevation (Figure 12) are 415 

indistinguishable from those of banana holes at lower elevations. For example, the banana hole 416 

observed in Sandy Point (Figure 12D) has a width to depth ratio of about 8, an exposed floor 417 

area of about 165 m2, and an overhung roof along the west-northwest side.   418 

Our data also suggest banana holes are unlikely to be forming syndepositionally within 419 

prograding strandplains (Mylroie et al., 2016). Under the syndepositional model, voids would be 420 

required to reach their full volumes before the mixing zone shifted, and thus, at least some 421 

collapse should have occurred in the oldest generations of a strandplain while new generations 422 

were still forming (Figure 3). Consequently, banana hole development should be observed in 423 

the oldest parts of Holocene strandplains, yet, not a single banana hole is found in the more 424 

than 15.5 km2 of strandplains (Figure 4B and Figure 10). One could argue that voids exist in the 425 

subsurface of Holocene strandplains and have simply not yet collapsed. However, this 426 

assumption is only plausible if voids within Holocene strandplains are significantly smaller than 427 

MIS 5e banana holes to preclude roof failures. To test this hypothesis, we used estimates of 428 

dissolution rate consistent with the prograding strandplain model in MIS 5e and applied them to 429 

timescales in Holocene strandplains. In Holocene strandplains, between 6 and 20 (Figure 4B) 430 

strand generations have been deposited in 3-5 thousand years, and thus, void formation within 431 

each shoreface would have occurred between 150 and 800 years. Using a dissolution rate of 432 

541 m3/km2 yr (minimum for prograding strands in MIS5e), 81,150 m3 to 432,800 m3 of 433 

carbonate would be dissolved per km2 in Holocene bedrock. If we use the average bounding 434 

geometry (Figure 6) form MIS5e banana holes (0.00011 km2), void volumes between 8.9 and 48 435 

m3 should have formed in Holocene bedrock. Given that 75% of MIS 5e banana holes are less 436 

than 48 m3, and that dissolution rates are likely higher than the value used, we should observe 437 

numerous collapsed banana holes in Holocene strandplains if the prograding strandplain model 438 

is valid. Further doubt is cast on the existence of Holocene caves because none have been 439 



breached by heavy equipment during road or building developments, and none have been 440 

detected in any of the GPR surveys performed in Holocene strand plains (Carney et al., 1993; 441 

Markert, 2019). On the contrary, several caves had been breached or geophysically detected in 442 

MIS 5e Bedrock during the airport runway extension project (Mylroie, Personal communication, 443 

September 23rd, 2021). Conflicts with the syndepositional flank margin caves also arise because 444 

banana holes have been found forming within facies other than strandplains (Figure 11C). While 445 

not all of these depressions are currently field verified, the banana hole in the Sandy Point is 446 

verified in Dune ridge (Figure 12D) and others have been verified with tidal flat facies evident by 447 

crenulations in the walls of banana holes in Hard Bargain. Multiple depressions in tidal flats, and 448 

lagoons will need to be physically verified (Figure 12C), however, their morphologies on the lidar 449 

provide evidence that banana holes are not facies selective karst features.  450 

Evaluating Hydraulic Connectivity Between Banana Holes and the Aquifer 451 

The hydrologic data collected from banana holes suggest that they are disconnected 452 

from the modern aquifer. In the Line Hole strandplain, standing water reaches elevations of up 453 

to 4 to 5 meters above sea level during the wet seasons (Figure 12A) which is higher than can 454 

be explained by a regionally-increased freshwater lens elevation (Figure 13). In addition, 455 

strandplains such as P3 contain banana holes which fill with water to 6 plus meters above sea 456 

level during wet seasons. Because concurrent water level elevations have not been made in the 457 

Line Hole well field and the banana holes, we cannot directly establish that banana holes are 458 

disconnected from the aquifer using elevation data alone, even if a 3-5 meter rise in water table 459 

elevation is very unlikely. However, the lack of tidal variability in ephemeral banana hole pools 460 

cannot be explained by attenuation of the tidal signal between the banana hole and the 461 

shoreline (Figure 13). Tidal amplitudes in LH-Deep and the Line hole wells suggest they have 462 

efficient ocean connections, yet, BH1 and BH2 show no connection to the ocean (Figure 14). 463 

The pressure wave driving water level variations in wells could not travel laterally across the 464 



water table and selectively bypass the banana holes (Figure 5 and Figure 14). Therefore, 465 

perching is the only mechanism which can describe water filled banana holes lacking tidal 466 

periodicity.  467 

Our data indicate banana holes are perched storage tanks that form preferentially in 468 

local topographic lows. Runoff from intense rain events flows downslope and into banana holes 469 

where higher heads in the banana holes drive water flow laterally into the surrounding bedrock 470 

porosity above the perching surface. Within fully roofed chambers, little evaporation would occur 471 

and water level declines would thus reflect slow drainage through the low permeability interval, 472 

and discontinuities in the low permeability surface. Where roof collapse has exposed banana 473 

holes to the atmosphere, evaporation would account for part of the drainage.  474 

Because banana holes in this study contained about 30-40 cm of water when pressure 475 

records were collected (-0.5 meters), we speculate that heads had likely equilibrated with the 476 

surrounding matrix and that the 5 to 7 cm decline over the two-day period in BH1 and BH2 477 

reflects drainage across the perching surface (Figure 11C). Correcting for the average daily 478 

evaporation (3 mm/day, Crump and Gamble, 2006), and neglecting the 5-7 cm change falling 479 

head, we approximate the 1-D hydraulic conductivity of the perching surface to be about 10-1.5 480 

m/day, or on the order of 10-15.5 m2 (Eq. 5). This value is consistent with the upper quartile of 481 

permeabilities collected from exposure zones (Figure 5) and is well below permeability values 482 

reported for MIS5 bedrock (Breithaupt et al., 2021). 483 

Modeling Perched Aquifer Conditions 484 

Estimates of vertical permeability from pressure records in banana holes are consistent 485 

with permeabilities required for perching from our numerical forecasts (Figure 12). Given that 486 

the elevation of the land surface around BH1 and BH2 is about +6 to +7 meters above sea level, 487 

and the banana hole floors are about 1-2 meters above sea level, the maximum height of the 488 

water column would be about 6 meters. Assuming the minimum annual recharge to the perching 489 



surface (188 m/year, Vacher and Wallis 1992) and the permeability estimated from the draining 490 

banana holes (10-15.5 m2), the thickness of an exposure zone required to perch a 3 meter thick 491 

aquifer is about 20 cm (Figure 15A). If the true recharge to the aquifer is closer to the maximum 492 

value (35% = 438 mm/year), the perching surface would be required to be about 10 cm thick 493 

(Figure 15B). However, the exposure zone thickness required for ephemeral perching is likely 494 

overestimated for two reasons: 1) The perching model assumes steady state, which would 495 

maintain the water levels throughout the year and 2) surface runoff flowing into banana holes 496 

results in locally higher recharge values than diffuse infiltration from rainfall. As a result, an 497 

exposure zone could be just a few cm in thickness and still result in temporary perching (Figure 498 

15). Islands like San Salvador contain numerous exposure zones which could act as perching 499 

interfaces (Boardman et al., 1995; Mylroie and Carew, 1995; Breithaupt, 2020 Chapter 2). 500 

Aquifer perching on exposure zones can describe banana hole formation at high elevations, 501 

where the MIS 5e sea levels would not have reached to emplace a freshwater lens. As a result, 502 

higher elevation banana holes observed in this study are likely controlled by the position of an 503 

underlying exposure zone rather than paleo lenses (Figure 11). While our numerical models for 504 

perching conditions are a simplification, they demonstrate that perching can occur above sea 505 

level under a number of different recharge, and by extension, climate scenarios well above sea 506 

level elevations. Under San Salvador’s current climate, both seasonal and permanent 507 

freshwater wetlands exist, and have been interpreted to form at least in part due to underlying 508 

exposure fabrics which can perch, and isolate them from saline groundwater (Gentry and Davis, 509 

2006; Breithaupt, 2020). In the subsurface, a similar permeability contrast between exposure 510 

zones and the host limestone would promote filling and draining cycles during sea level 511 

lowstands, thereby dissolving the bedrock and removing solutes multiple times during a wet 512 

season.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        513 



A Perched Aquifer Model for Banana Hole Formation  514 

Here we propose our new model for banana holes formation within transient perched 515 

aquifers. Shortly after bedrock deposition, surficial calcretes, and paleosols form on the land 516 

surface. These low permeability surfaces focus runoff from surrounding dune ridges to local 517 

topographic lows (Figure 17 and 18). Waters flowing through high permeability matrix porosity 518 

or vadose fast flow routes, such as fractures, root casts and pit caves, in topographic lows 519 

would create the initial entry points for water through the exposure zone (Figure 18A and 18B) 520 

and accumulation of organic rich soils in shallow surface pits would fuel CO2 respiration 521 

resulting in biogeochemical drilling downward from the surface (Figure 18C and 18D). When 522 

dissolution shafts intersect low permeability horizons or exposure zones, downward drilling 523 

ceases, and waters are forced laterally into the bedrock porosity above the perching interface 524 

(Figure 18E and 18F). Dissolution enlarges the void radially from the injection point during 525 

recharge events (Figure 18 C,G,E,I and K). Between rainfall events, water that has equilibrated 526 

with carbonate minerals drains through perforations in the exposure zone, emptying the banana 527 

hole and the perched aquifer of water and priming the system for dissolution during each 528 

subsequent recharge event (Figure 18 D,F,H,J and L). As the void radius increases, the 529 

bedrock would become undercut, creating void morphologies which are fully to partially roofed 530 

except for the small openings to the surface which deliver waters (Figure 18G). Banana holes 531 

which are cut off from supplies of recharge, such as where runoff becomes intercepted by 532 

another newly formed banana hole, could support growth of speleothems (Figure 18H and 18J) 533 

until ceiling collapse completes the process of banana hole formation (Figure 18K) . Assuming 534 

banana holes form in perched aquifers would still qualify them as phreatic features, however, 535 

these phreatic conditions are decoupled from the main freshwater lens (an epiphreatic 536 

condition).  537 



Dissolution Rates: Limitations for Banana Hole Formation.  538 

  Banana hole formation in transient perched aquifers is also more consistent with 539 

limestone dissolution rates estimated from excess Ca2+ concentrations. Phreatic models for 540 

banana hole formation have largely assumed that a freshwater lens must be present to dissolve 541 

bedrock and form their pre-collapse voids ( Mylroie and Carew, 1995; Gulley et al., 2015; 542 

Mylroie et al., 2016). Because the position of the freshwater lens tracks with sea levels, 543 

opportunities for dissolution to occur at, and above, modern sea levels are limited to short lived 544 

sea level high stands ( Harris et al., 1995: Florea et al., 2007; Mylroie et al., 2015; Breithaupt et 545 

al., 2021).While the biological and geochemical processes proposed above may contribute to 546 

cave formation in environments where water tables and/or mixing zones are stable over >10 ka 547 

timescales, the dissolution rates required for banana hole formation during the MIS 5e 548 

highstand in the Bahamas are orders of magnitude greater than those calculated from the most 549 

optimistic mixing and PCO2 models (Figure 16). Banana hole formation in shifting mixing zones 550 

are yet another order of magnitude higher than suggested by mixing and PCO2 models.  551 

 Our proposed model of dissolution within ephemeral perched aquifers results in more 552 

reasonable dissolution timescales (Figure 16). Given modern climate conditions, ephermeral 553 

perching could occur during the wet seasons for 3-6 months/year, allowing dissolution to occur 554 

over more than 30,000-60,000 years since the deposition of MIS 5e bedrock. Although, the 555 

exact timeframes for ephemeral perching would be impacted by the climate conditions following 556 

the last interglacial. Given the additional timeframe for formation, dissolution rates in the 557 

Bahamas more closely align with those published in other settings (Gunn, 1981; Palmer, 1991; 558 

Gulley et al., 2014). As a result, there is no need to invoke special circumstances which could 559 

result in rapid dissolution to describe the presence of large caves in MIS 5e (and older) bedrock 560 

in the Bahamas.  561 



Implications for the Formation of Flank Margin Caves 562 

 Parallels between flank margin caves and the chambers which collapse to form banana 563 

holes have been drawn in the literature on several occasions (Harris et al., 1995; Mylroie and 564 

Carew, 1995; Gulley et al., 2015; Mylroie et al., 2016, 2020). Extending our ephemeral perched 565 

aquifer model for banana hole formation to flank margin caves would resolve a number of 566 

issues for the flank margin cave model. For example, numerous flank margin caves occur at 567 

elevations higher than any mid-late Pleistocene sea levels (Mylroie et al., 2020). A prime 568 

example is “Big Cave” in Mt Alvernia in Cat Island (Mylroie and Mylroie, 2013), which is about 569 

63 meters above modern sea level and has been speculated to have formed on a paleosol in a 570 

perched aquifer system (Mylroie and Mylroie 2013). Caves between +8 meters and +24 meters 571 

RSL, however, have been interpreted to from within one or more freshwater lenses, and 572 

speculated to have been uplifted to their present position  rendering their utility as sea level 573 

indicators suspect (Mylroie et al., 2020). Uplift could be driven by denudation and removal of 574 

surficial deposits, thereby resulting in isostatic rebound while simultaneously accounting for the 575 

reported lack in subtidal facies older than MIS 5e across the Bahamas (Mylroie  et al., 2020). 576 

However, a paradigm shift in the archipelago-wide tectonic regime is not necessary to describe 577 

caves at higher elevations if they formed in perched aquifers. In addition, the large volumes of 578 

some flank margin caves,  which have been attributed to multiple lens emplacements during 579 

more than one sea level highstand (Mylroie et al., 2020), would not be required. If caves form in 580 

an epiphreatic aquifer perched above sea levels, they could be the result of hundreds of 581 

thousands of years of episodic growth rather than forming within one or more freshwater lenses 582 

over tens of thousands of years or less (Figure 16). Evidence for the formation of caves in 583 

perched aquifers is strong in San Salvador, and in several cases  paleosols and calcretes have 584 

been observed constraining the vertical position of flank margin caves across the Bahamas 585 

(See Mylroie et al., 2020; Figure 6) 586 



The development of the perched aquifer model is not to suggest that freshwater lenses 587 

do not contribute to dissolution and cave formation. The distinct expression of freshwater lenses 588 

can be observed in the Danian karst where the stable position of paleo-lenses on the order of 589 

millions of years has resulted in spectacular vug and cave networks extending over 10 590 

kilometers (e.g. Baceta et al., 2001, 2007). However, future work should address the hydraulic 591 

properties of perching zones directly beneath cave chambers to assess the potential for 592 

formation within perched aquifer systems, particularly in settings where formation timescales are 593 

short.  594 

6.0 Conclusion   595 

Banana holes are dissolutional voids which form within ephemeral aquifers perched in 596 

the vadose zone. Geospatial and hydrologic data indicate banana holes form along dune 597 

parallel trends when runoff focused to catchments is delivered to the subsurface through fast 598 

flow routes and becomes forced laterally into the bedrock above exposure zones. Episodic 599 

undercutting of the bedrock during wet seasons enlarges voids below the land surface creating 600 

fully roofed cave morphologies. Enlargement eventually leads to collapse and exposure to the 601 

atmosphere, thereby resulting in the partially roofed pits observed in the Bahamas today. Past 602 

models have suggested that banana holes could only form within paleo-freshwater lenses 603 

during sea level high stands. However, our data demonstrate that phreatic diagenesis and the 604 

formation of dissolutional voids can occur in perched aquifers during sea level low stands. 605 

Because waters can become perched on exposure zones, dissolution rates calculated using 606 

banana hole volumes are more consistent with dissolution rates derived from thermodynamic 607 

and kinematic methods. As a result, no accelerated dissolution mechanism is needed to 608 

describe their occurrence. We suggest banana holes, and flank margin caves alike represent 609 

hundreds of thousands of years of episodic dissolution within perched aquifers rather than 610 

dissolution during one or more freshwater lens emplacements.  611 
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Table 1: Strand Plain Name, Age, And Location 
Polygon Age Location 
(Name) (Name) (Name) 

H1 Holocene Barkers Point 
H2 Holocene Bonefish Bay 
H3 Holocene Cockburntown 
H4 Holocene Fernandez bay 
H5 Holocene Snow bay 
H6 Holocene sandy hooke 
H7 Holocene N. crab cay 
H8 Holocene S. Crab cay 
H9 Holocene Halls landing 
H10 Holocene Grotto beach 
H11 Holocene Greens Harbor 

      H12 Holocene Hanna bay 
      H13 Holocene Grahams Harbor 
      E1 MIS 5e Linehole 
      E2 MIS 5e Airport 
      E3 MIS 5e Sugar Loaf 
      E4 MIS 5e Fernandez bay 
      E5 MIS 5e Grotto beach 
      E6 MIS 5e Frenchbay E 
      E7 MIS 5e Hard Bargain 
      E8 MIS 5e N hard bargain 
      E9 MIS 5e Six Pack 
      E10 MIS 5e Granny Lake 
      P1 MIS 9/11 Great Lake 
      P2 MIS 9/11 Duck pond 
      P3 MiS 9/11 Old Place 
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Table 2: Location of borehole, wells, and banana holes sampled for tidal periodicity 
Location Relative age X Collection Dates Latitude Longitude 
(Name) (Well Bottom) (Distance) (MM/DD/YY) (degrees) (degrees) 

BH1 Paleosol 239 7/26/2018-7/27/2018 24.1144 -74.4876 
BH2 Paleosol 523 7/26/2018-7/27/2018 24.1123 -74.4895 

LH1 MIS 5 180 07/24/25-07/27/15 24.1149 -74.4878 

LH4 MIS 5 302 07/24/25-07/27/15 24.1138 -74.4882 

LH8 MIS 5 424 07/24/25-07/27/15 24.1130 -74.4888 

LH13 MIS 5 544 07/24/25-07/27/15 24.1119 -74.4893 
LH-Deep Pre-MIS 5 154 7/26/2018-7/27/2018 24.1151 -74.4873 
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Table 3: Banana Hole Density By Strand Plain 

Polygon Polygon area polygon area # banana holes Density 

(Name) (m2) (km2) (#) (#/km2) 

H1 2833635 2.8 0 0 
H2 1053974 1.1 0 0 

H3 413996 0.4 0 0 

H4 796164 0.8 0 0 

H5 371710 0.4 0 0 

H6 380122 0.4 0 0 

H7 1754198 1.8 0 0 

H8 2070436 2.1 0 0 

H9 1235396 1.2 0 0 

H10 947804 0.9 0 0 

H11 1305646 1.3 0 0 

H12 1782162 1.8 0 0 

H13 579276 0.6 0 0 

E1 4706735 4.7 2330 495 

E2 2824996 2.8 157 56 

E3 1262677 1.3 60 48 

E4 1231304 1.2 74 60 

E5 362844 0.4 5 14 

E6 2145915 2.1 73 34 

E7 4997510 5.0 114 23 

E8 480609 0.5 6 12 

E9 246443 0.2 84 341 

E10 285546 0.3 15 53 

P1 2738377 2.7 377 138 

P2 417406 0.4 11 6868 

P3 740000 0.74 50 68 
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Figure 1: Conceptual model for banana hole formation in the vadose zone. (A) An undulating bedrock 838 
surface collects organic debris which breaks down to form organic rich soils and focuses runoff to 839 
topographic lows. (B) Microbial oxidation elevates soil CO2 which acidifies waters percolating though 840 
the soil zone and deepens initial surface depressions. (C) Continued accumulation of soils promotes the 841 
colonization of depressions with vegetation which increase soil CO2 though root respiration. (D) 842 
Denudation, and rock fatigue introduce fracturing into banana hole walls which later collapse as the pit 843 
continues to deepen. (E) Large trees with extensive root systems brecciate the host rock as they drill to 844 
the water table. (F) Substantial brecciation and rooting leads to soil loss. Illustrations are modified from 845 
Whitaker and Smart (1989). 846 

 847 

Figure 2: Conceptual models for phreatic origin of banana holes. (A1) Mixing of meteoric and phreatic 848 
waters or (A2) diffusion of vadose CO2 gas to the water table initiates the growth of dissolution voids at 849 
the water table. Void growth continues in the same locations because fast flow routes cause (B1) 850 
repeated mixing or (B2) repeated elevation of CO2 when organic matter delivered to the water table is 851 
oxidized. Individual voids grow together through increasing of (C1) the mixing radius or (C2) increasing 852 
durations of CO2 injection to the water table. (D) Dropping sea level places caves in the vadose zone and 853 
halts cave enlargement. In the vadose zone humid cave chambers promote the growth of speleothems. 854 
(E) Loss of buoyant support, denudation, and rock fatigue induce varying degrees of collapse, forming 855 
banana holes. Illustrations are based on concepts described in Harris et. al., (1995) and Gulley et. al., 856 
(2015). 857 

 858 

Figure 3: Conceptual model for banana holes as syndepositional flank margin caves forming within an 859 
advancing strand plain. (A) A freshwater lens invades newly deposited land placing a mixing zone near 860 
the shoreface. (B) Pausing of the mixing zone at the shoreface drives dissolution, thereby creating a 861 
small flank margin cave. (C) Deposition of the next strandplain generation results in the mixing zone 862 
shifting, and thus, dissolution is halted in the original cave chamber and is initiated at the new 863 
shoreface. (D) The new mixing zone results in another immature flank margin cave. Continued 864 
progradation of the strand plain and episodic shifting of the mixing zone (E) creates multiple cave 865 
chambers advancing toward the shoreline. (F) Older generations of these caves may collapse as new 866 
caves are still forming. (G) Falling sea levels place cave chambers in the vadose zone where they 867 
accumulate speleothems before (H) some collape to form banana holes. Illustrations are based on 868 
concepts described in Mylroie et. al., (2016). 869 

 870 

Figure 4: (A) Satellite photo from digital globe modified from Kerans et. al., 2018 (B) airborne LiDAR 871 
derived digital elevation model collected and processed by NCALM and (C) geologic map of San Salvador 872 
Island Bahamas modified from Kerans et. al (2018). Our study focuses on Holocene, MIS 5e and MIS 873 
9/11 strand plains. 874 
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Figure 5: (A) Exposure zone thicknesses and (B) permeabilities from the Sandy Point region of San 876 
Salvador Island Bahamas. Diagram illustrating compositional elements commonly found in exposure 877 
zones. Exposure Zone Data From: Breithaupt 2020., Chapter 2 878 

 879 

Figure 6: Field validated data from 71 banana holes near Line Hole well field, Jake Jones road, Hard 880 
Bargain, and Victoria Hill. (A) Banana hole areas, (B) length to width ratio, (C) and elevation ranges used 881 
to constrain LiDAR detections to banana hole morphologies. Field validated data from Infante et. al., 882 
(2012). 883 

 884 

Figure 7: Location of sample sites at the Line Hole well field on the LIDAR derived digital elevation 885 
model. Hot colors represent higher elevations while cool colors represent lower elevations. We 886 
collected pressure records in each of the labeled locations over several trips. Several banana holes 887 
(similar to those labeled BH1 and BH2) are observed surrounding the sample locations. The floor 888 
elevations of banana holes are about 1-2 meters RSL (e.g. the color bar). 889 

 890 

Figure 8: Illustration of parameters collected from banana holes and limitations of the LiDAR guided 891 
analysis of banana hole distributions. The maximum scan angle of the lidar is 60 degrees, however 892 
steeper slopes can be calculated when opposite side of depressions are intersected by the laser. The 893 
minimum elevation represents the floor of the banana hole, the maximum elevation represents the lip, 894 
and the elevation range represents the total thickness. The total thickness will overestimate the 895 
dissolutional cave height, which is the distance between the floor and overhang. The minimum 896 
bounding length (MBL) and width are used to calculate minimum bounding area (MBA) of the banana 897 
hole. Banana hole areas correspond to the exposed floor area while portions under overhangs cannot be 898 
quantified with LiDAR data. 899 

 900 

Figure 9: (A) Comparison between detection of depressions in low relief strand plains at E1 and H1 and 901 
(B) high relief strand plains at H7 and H11. A high density of banana holes were observed in (C) 902 
Pleistocene strand plains while all detections of depressions in (D) Holocene strand plains were 903 
determined to be false positives. Most false positives were due to anthropogenic enclosures, such as 904 
pools, pits and rubble piles, however, some natural dune morphology resulted in steep walled circular 905 
pits which were removed manually given their similarity to the filtering scheme. 906 

 907 

Figure 10: Summary of (A) area, (B) elevation range (thickness) and (C) densities of banana holes by 908 
strand plain. Yellow polygons represent Holocene  strandplains, orange represent MIS 5e strandplains 909 
and gray represent MIS 9/11 strandplains. Note the large number of outliers in E1 which has the highest 910 
karst density of all strand plains on San Salvador island. All box plots use a different sample population 911 
based on their strand location. BH = Banana Hole. 912 
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Figure 11: (A) Elevation of MIS 5e banana hole floors vs area and (B) banana hole elevation range vs. 914 
maximum slope angle. (C) Elevation of MIS9/11 banana hole floors vs area and (D) banana hole 915 
elevation range vs. maximum slope angle. See Figure 8 for key to measurement types. Banana hole 916 
floors are observed above 6 meters elevation in MIS 5e strand plains and thus could not have formed at 917 
past water tables. We observe a large number of banana hole floors which are between 1 and 6 meters 918 
RSL but very few below 1 meter suggesting a possible horizon or contact controlling banana hole 919 
elevations. High slope angles in banana holes likely represent more recently collapsed pits while 920 
shallower angles represent banana holes which have undergone denudation thereby reducing their 921 
slope angles as pits partially fill in. The impact of denudation can be observed between MIS 5e and MIS 922 
9/11 banana given the general shallowing of banana holes with time. The post-collapse down wasting 923 
has likely removed many banana holes from the MIS9/11 surface or made them undetectable due to 924 
infilling. Thus, the density of MIS 9/11 banana holes is likely underestimated. 925 

 926 

Figure 12: (A) Examples of banana holes observed in the E2 Strandplain (B) the E7 foredune plain, (C) 927 
tidal flat facies, and (D) dune facies. The elevations of several banana hole floors (white numbers) are 928 
above the +6 meter sea level elevation reported for the MIS 5e highstand and thus could not have 929 
formed in the MIS 5e freshwater lens. 930 

 931 

Figure 13: Satellite images of banana holes in the Line Hole strand plain during (A) wet and (B) dry 932 
seasons. During wet seasons banana holes become almost entirely filled with rainwater while they are 933 
usually empty during the dry seasons. Elevations near the tops of banana holes are between 4 and 5 934 
meters above sea level, and thus, water levels must be elevated above the rest of the water table. 935 

 936 

Figure 14: Tidal records in the Line hole well field (A), LH-Deep (B), and two banana holes (C). Strong 937 
tidal periodicity is observed in the Line Hole wells and LH-Deep, yet, no tidal signal is observed in BH1 or 938 
BH2. We suggest the lack in tidal periodicity indicates the banana holes are disconnected from the 939 
underlying aquifer. The decrease in water level in BH1 and BH2 indicate slow drainage of water from the 940 
banana hole across the perching interface. 941 

 942 

Figure 15: One dimensional perched aquifer model assuming no lateral flow and constant head. (A) 943 
Estimates for exposure surface thickness and permeabilities required to maintain perched aquifers 944 
between 1 and 25 meters assuming a constant recharge of 188 mm/year or 15% of annual precipitation. 945 
(B) Estimates of exposure thickness and permeability required to maintain an aquifer 3 meters in 946 
thickness for varying recharge magnitudes. We include the 1st quartile, median and 3rd quartile values 947 
for exposure surface thickness and permeabilities as measured from core plugs and core descriptions 948 
(Breithaupt 2020, Chapter 2). Recharge between 15 and 35% of annual precipitation have been 949 
estimated for islands such as San Salvador (Crump and Gamble, 2006) and Exuma (Vacher and Wallis 950 
1991) and are used to bracket the likely magnitudes. 951 

 952 



Figure 16: (A) Dissolution rates estimated given different time-frames for banana hole and flank margin 953 
cave formation on San Salvador Island. The dissolution rate is calculated for the P90, P50, and P10 of 954 
2918 banana hole volumes in MIS 5e bedrock. We also estimate dissolution rates for some of the largest 955 
flank margin caves (Altar, Majors and Lighthouse) in both MIS 5e and MIS9/11 bedrock. Dissolution rates 956 
required to create banana holes in a prograding strand plain are highlighted in blue, within the 957 
freshwater lens during MIS 5e are highlighted in green, and in perched aquifers are highlighted in 958 
yellow. The gray shaded area represents dissolution rates for Altar, Major's and Lighthouse caves, while 959 
the arrow shows the cumulative time frame freshwater lenses could have occupied MIS 9/11 bedrock 960 
and the corresponding dissolution rate required to create Majors and Lighthouse caves. (B) Dissolution 961 
rates derived from excess Ca2+ in water samples on San Salvador plotted against recharge. Excess Ca2+ 962 
values are from published data in the Sandy Point and Line hole well fields (Gulley et al., 2015) and 963 
recharge rates are bracketed from previously published values (e.g. Vacher and Wallis 1991 and Crump 964 
and Gamble (2006)). Dissolution rates required to create banana holes in 300 to 2000 years 965 
(progradational FMC model) are about 2 orders of magnitude greater than values calculated from both 966 
heterogeneous PCO2 and mixing models. Banana holes forming between 2 and 10 thousand years 967 
require dissolution rates an order of magnitude greater than those from heterogeneous PCO2 and 968 
mixing models. Only the perched aquifer model yields dissolution rates consistent with models 969 
calibrated to measured excess Ca2+ in San Salvador. 970 

 971 

Figure 17: Map view conceptualization of topographic controls on banana hole formation. (A) Strand 972 
plains are deposited on the platform. Due to high matrix porosity and lack of surface induration, 973 
meteoric waters rapidly infiltrate though the matrix porosity, and little runoff is focused to topographic 974 
lows. (B) Calcretes and paleosols begin developing immediately after bedrock deposition as cementation 975 
creates indurated surfaces. Over longer durations of exposure, thick calcretes and paleosols form. 976 
Indurated crusts on the land surface allow recharge to flow to catchments between ridges, where 977 
heterogeneities deliver aragonite and calcite undersaturated waters to the subsurface driving void 978 
formation. (C) Voids initially are completely enclosed beneath the land surface, forming large single 979 
chambered caves before collapse. Continued denudation and weathering result in more collapse over 980 
time and once open to the atmosphere banana holes accumulate soils. 981 

 982 

Figure 18: Perched aquifer model for banana hole formation in San Salvador Island, Bahamas. (A) 983 
Bedrock deposited during MIS 5e is exposed on the platform entering the low stand. (B) Initial formation 984 
of heterogeneities in the topographic lows are driven by fracturing and roots boring through bedrock to 985 
ephemerally perched water tables. (C) Regular exposure to meteoric recharge causes surficial calcretes 986 
and paleosols to form on the land surface, driving runoff to topographic lows where infiltration occurs 987 
through high permeability matrix porosity, fractures, and root casts. (D) Preferred pathways for recharge 988 
are dissolutionally enlarged by descending waters, and progressively deepen with each rainfall event.  989 
until intersecting a permeability interface. (E) As waters intersect the low permeability surface, they are 990 
forced laterally along the interface thereby under-cutting bedrock and resulting in thin lateral chambers 991 
above the permeability interface. (F) During dry seasons, waters slowly drain across the surface and 992 
dissolution ceases, and thin chambers become air-filled. (G) Repeated filling and draining cycles result in 993 
thin, laterally extensive chambers, which begin to collapse due to wide spans thereby vertically 994 



migrating the void space. Collapse blocks may become encased in organic rich soils which act to increase 995 
CO2 concentrations and more efficiently dissolve blocks during filling and draining cycles. H) Air filled 996 
chambers may grow speleothems on their roof and walls. (I) Continued collapse begins to expose voids 997 
to the atmosphere allowing larger vegetation to grow in organic rich soils. (J) Pit caves which had been 998 
forming simultaneously, yet at a slower rate due to lower runoff volumes, begin to reach the low 999 
permeability interface and enlarge voids. (K) Modern day banana holes have overhung to collapsed 1000 
roofs, contain soil mats in their floors, and of course, often contain banana trees. (L) During modern wet 1001 
seasons, banana holes become filled with waters perched on permeability boundaries and are 1002 
disconnected from the underlying aquifer. Permeability boundaries may be composed of exposure 1003 
zones, facies boundaries, or mineralogical contacts. 1004 
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Figure 1: Conceptual model for banana hole formation 
in the vadose zone. (A) An undulating bedrock surface 
collects organic debris which breaks down to form 
organic rich soils and focuses runoff to topographic 
lows. (B) Microbial oxidation elevates soil CO2 which 
acidifies waters percolating though the soil zone and 
deepens initial surface depressions. (C) Continued 
accumulation of soils promotes the colonization of 
depressions with vegetation which increase soil CO2 
though root respiration. (D) Denudation, and rock 
fatigue introduce fracturing into banana hole walls 
which later collapse as the pit continues to deepen. (E) 
Large trees with extensive root systems brecciate the 
host rock as they drill to the water table. (F) Substantial 
brecciation and rooting leads to soil loss. Illustrations 
are modified from Whitaker and Smart (1989).
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Figure 2: Conceptual models for phreatic origin of banana holes. (A) Mixing of meteoric and phreatic waters or (B) diffusion of 
vadose CO2 gas to the water table initiates the growth of dissolution voids at the water table. Void growth continues in the 
same locations because fast flow routes cause (C) repeated mixing or (D) repeated elevation of CO2 when organic matter 
delivered to the water table is oxidized. Individual voids grow together through increasing of (E) the mixing radius or (F) 
increasing durations of CO2 injection to the water table. (G) Dropping sea level places caves in the vadose zone and halts 
cave enlargement. In the vadose zone humid cave chambers promote the growth of speleothems. (H) Loss of buoyant support, 
denudation, and rock fatigue induce varying degrees of collapse, forming banana holes. Illustrations are based on concepts 
described in Harris et. al., (1995) and Gulley et. al., (2015).
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Figure 3: Conceptual model for banana holes as 
syndepositional flank margin caves forming within an 
advancing strand plain. (A) A freshwater lens invades 
newly deposited land pacing a mixing zone near the 
shoreface. (B) Pausing of the mixing zone at the 
shoreface drives dissolution, thereby creating a small 
flank margin cave. (C) Deposition of the next 
strandplain generation results in the mixing zone 
shifting, and thus, dissolution is halted in the original 
cave chamber and is initiated at the new shoreface. (D) 
The new mixing zone results in another immature flank 
margin cave. Continued progradation of the strand plain 
and episodic shifting of the mixing zone (E) creates 
multiple cave chambers advancing toward the 
shoreline. (F) Older generations of these caves may 
collapse as new caves are still forming. (G) Falling sea 
levels place cave chambers in the vadose zone where 
they accumulate speleothems before (H) collapsing to 
form banana holes. Illustrations are based on concepts 
described in Mylroie et. al., (2016).
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modified from Kerans et. al (2018). Our study focuses on Holocene, MIS 5e and MIS 9/11 strand plains.
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Figure 6: Field validated data from 71 banana holes 
near Line Hole well field, Jake Jones road, Hard 
Bargain, and Victoria Hill. (A) Banana hole areas, (B) 
length to width ratio, (C) and elevation ranges used to 
constrain LiDAR detections to banana hole 
morphologies. Field validated data from Infante et. al., 
(2012).
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Figure 7: Location of sample sites at the Line Hole well field on 
the LIDAR derived digital elevation model. Hot colors represent 
higher elevations while cool colors represent lower elevations. 
We collected pressure records in each of the labeled locations 
over several trips. Several banana holes (similar to those 
labeled BH1 and BH2) are observed surrounding the sample 
locations. The floor elevations of banana holes are about 1-2 
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Figure 8: Illustration of parameters collected from 
banana holes and limitations of the LiDAR guided 
analysis of banana hole distributions. The maximum 
scan angle of the lidar is 60 degrees, however steeper 
slopes can be calculated when opposite side of 
depressions are intersected by the laser. The minimum 
elevation represents the floor of the banana hole, the 
maximum elevation represents the lip, and the elevation 
range represents the total thickness.The total thickness 
includes will  overestimate the dissolutional cave height 
which is the distance between the floor and overhang. 
The minimum bounding length (MBL) and width are 
used to calculate minimum bounding area (MBA) of the 
banana hole. Banana hole areas correspond to the 
exposed floor area while portions under overhangs 
cannot be quantified with LiDAR data.
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Figure 10: Summary of (A) area, (B) elevation range (thickness) and (C) densities of banana holes by strand plain. 
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Figure 11: (A) Elevation of MIS 5e banana hole floors vs area and (B) banana hole 
elevation range vs. maximum slope angle. (C) Elevation of MIS9/11 banana hole floors 
vs area and (D) banana hole elevation range vs. maximum slope angle. See Figure 8 
for key to measurement types. Banana hole floors are observed above 6 meters 
elevation in MIS 5e strand plains and thus could not have formed at past water tables. 
We observe a large number of banana hole floors which are between 1 and 6 meters 
RSL but very few below 1 meter suggesting a possible horizon or contact controlling 
banana hole elevations. High slope angles in banana holes likely represent more 
recently collapsed pits while shallower angles represent banana holes which have 
undergone denudation thereby reducing their slope angles as pits partially fill in. The 
impact of denudation can be observed between MIS 5e and MIS 9/11 banana given the 
general shallowing of banana holes with time. The post-collapse down wasting has 
likely removed many banana holes from the MIS9/11 surface or made them 
undetectable due to infilling. Thus, the density of MIS 9/11 banana holes is likely 
underestimated.
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Figure 12: (A) Examples of banana holes observed in the E2 Strandplain (B) the E7 foredune plain, (C) tidal flat 
facies, and (D) dune facies. The elevations of several banana hole floors (white numbers) are above the +6 meter 
sea level elevation reported for the MIS 5e highstand and thus could not have formed in the MIS 5e freshwater 
lens.
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Figure 14: Tidal records in the Line hole well field (A), LH-
Deep (B), and two banana holes (C). Strong tidal 
periodicity is observed in the Line Hole wells and LH-
Deep, yet, no tidal signal is observed in BH1 or BH2. We 
suggest the lack in tidal periodicity indicates the banana 
holes are disconnected from the underlying aquifer. The 
decrease in water level in BH1 and BH2 indicate slow 
drainage of water from the banana hole across the 
perching interface.
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Figure 15: One dimensional perched aquifer model assuming no lateral flow and constant head. (A) Estimates for exposure 
surface thickness and permeabilities required to maintain perched aquifers between 1 and 25 meters assuming a constant 
recharge of 188 mm/year or 15% of annual precipitation. (B) Estimates of exposure thickness and permeability required to 
maintain an aquifer 3 meters in thickness for varying recharge magnitudes. We include the 1st quartile, median and 3rd 
quartile values for exposure surface thickness and permeabilities as measured from core plugs and core descriptions 
(Breithaupt 2020, Chapter 2). Recharge between 15 and 35% of annual precipitation have been estimated for islands such 
as San Salvador (Crump and Gamble, 2006) and Exuma (Vacher and Wallis 1991) and are used to bracket the likely 
magnitudes.
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Figure 16: (A) Dissolution rates estimated given different time-frames for banana hole and flank margin cave formation on 
San Salvador Island. The dissolution rate is calculated for the P90, P50, and P10 of 2918 banana hole volumes in MIS 5e 
bedrock. We also estimate dissolution rates for the three largest flank margin caves (Altar, Majors and Lighthouse) in both 
MIS 5e and MIS9/11 bedrock. Dissolution rates required to create banana holes in a prograding strand plain are highlighted in 
blue, within the freshwater lens during MIS 5e are highlighted in green, and in perched aquifers are highlighted in yellow. The 
gray shaded area represents dissolution rates for Altar, Major's and Lighthouse caves, while the arrow shows the cumulative 
time frame freshwater lenses could have occupied MIS 9/11 bedrock and the corresponding dissolution rate required to 
create Majors and Lighthouse caves. (B) Dissolution rates derived from excess Ca2+ in water samples on San Salvador 
plotted against recharge. Excess Ca2+ values are from published data in the Sandy Point and Line hole well fields (Gulley et 
al., 2015) and recharge rates are bracketed from previously published values (e.g. Vacher and Wallis 1991 and Crump and 
Gamble (2006)). Dissolution rates required to create banana holes in 300 to 2000 years (progradational FMC model) are 
about 2 orders of magnitude greater than values calculated from both heterogeneous PCO2 and mixing models. Banana 
holes forming between 2 and 10 thousand years require dissolution rates an order of magnitude greater than those from 
heterogeneous PCO2 and mixing models. Only the perched aquifer model yields dissolution rates consistent with models 
calibrated to measured excess Ca2+ in San Salvador.
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Figure 17: Map view conceptualization of topographic controls on banana hole formation. (A) Strand plains are deposited on the 
platform. Due to high matrix porosity and lack of surface induration, meteoric waters rapidly infiltrate though the matrix porosity, and 
little runoff is focused to topographic lows. (B) Calcretes and paleosols begin developing immediately after bedrock deposition as 
cementation creates indurated surfaces. Over longer durations of exposure, thick calcretes and paleosols form. Indurated crusts on 
the land surface allow recharge to flow to catchments between ridges, where heterogeneities deliver aragonite and calcite 
undersaturated waters to the subsurface driving void formation. (C) Voids initially are completely enclosed beneath the land surface, 
forming large single chambered caves before collapse. Continued denudation and weathering result in more collapse over time and 
once open to the atmosphere banana holes accumulate soils.
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Figure 18: Perched aquifer model for banana hole formation in San Salvador Island, Bahamas. (A) Bedrock deposited during MIS 5e is exposed on the 
platform entering the low stand. (B) Initial formation of heterogeneities in the topographic lows are driven by fracturing and roots boring through bedrock to 
ephemerally perched water tables. (C) Regular exposure to meteoric recharge causes surficial calcretes and paleosols to form on the land surface, driving 
runoff to topographic lows where infiltration occurs through high permeability matrix porosity, fractures, and root casts. (D) Preferred pathways for recharge 
are dissolutionally enlarged by descending waters, and progressively deepen with each rainfall event.  until intersecting a permeability interface. (E) As 
waters intersect the low permeability surface, they are forced laterally along the interface thereby under-cutting bedrock and resulting in thin lateral 
chambers above the permeability interface. (F) During dry seasons, waters slowly drain across the surface and dissolution ceases, and thin chambers 
become air-filled. (G) Repeated filling and draining cycles result in thin, laterally extensive chambers, which begin to collapse due to wide spans thereby 
vertically migrating the void space. Collapse blocks may become encased in organic rich soils which act to increase CO2 concentrations and more 
efficiently dissolve blocks during filling and draining cycles. H) Air filled chambers may grow speleothems depending on their roof and walls. (I) Continued 
collapse begins to expose voids to the atmosphere allowing larger vegetation to grow in organic rich soils. (J) Pit caves which had been forming 
simultaneously, yet at a slower rate due to lower runoff volumes, begin to reach the low permeability interface and enlarge voids. (K) Modern day banana 
holes have overhung to collapsed roofs, contain soil mats in their floors, and of course, often contain banana trees. (L) During modern wet seasons, banana 
holes become filled with waters perched on permeability boundaries and are disconnected from the underlying aquifer. Permeability boundaries may be 
composed of exposure zones, facies boundaries, or mineralogical contacts.
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