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CHAPTER I
INTRODUCTION

In December 2004, cave diver, Brian Kakuk discovered the well-preserved
remains of a tortoise while cave diving in an inland blue hole, known as Sawmill Sink, on
Great Abaco Island in the northern Bahamas. Today tortoises are extinct in the Bahamas.
Continuing investigations in Sawmill Sink revealed a diverse assemblage of bones from
reptiles, mammals, birds, fish and humans in association with organic sediments of plant
macrofossils and microfossils along with bark, twigs, leaves, seeds, and pollen (Steadman
et al., 2007).
Peat deposits in Sawmill Sink have yielded thousands of vertebrate fossils
including two extinct species, the tortoise Chelonoidis alburyorum (Franz and Franz,
2009) and caracara Caracara creightoni, and two extant species that no longer occur in
The Bahamas, the Cuban crocodile, Crocodylus rhombifer, Cooper’s or Gundlach’s
Hawk Accipiter cooperii or A. gundlachii. Numerous other reptiles and birds from these
deposits are part of the modern extant Abaco fauna.
A rich accumulation of fossil birds, lizards, snakes, and bats also occurs in a
deeper inorganic deposit that represents a second fossil fauna (Steadman et al., 2007). In
the deepest areas of Sawmill Sink a third fossil fauna is represented by well mineralized
fossil tortoise, sea turtle, and crocodiles that occur as isolated remains in fine-grained
1

inorganic substrate. In all, 14 of the 45 species found thus far in Sawmill Sink are either
extinct or extirpated from The Bahamas. The Sawmill Sink fossil assemblages represent
the first occurrence of a well-preserved vertebrate fossil assemblages from a blue hole
environment.
The staggering quantity and exceptional quality of animal and plant fossils in
Sawmill Sink, led to the following questions regarding the unique environment in which
the fossils were deposited: What conditions exist in Sawmill Sink and certain blue hole
environments that promote exceptional preservation of both plant and animal fossils? Are
those conditions consistent in all inland blue holes? To understand the mechanisms of
preservation at Sawmill Sink, the following hypotheses were examined:
1) The geographic location, surface topography, and geologic conformation of
Sawmill Sink have a major affect on accumulation and preservation of fossil
plants and animals.
2) Water quality, stratification, and movement are of consequence to deposition
and preservation of the peat and fossil animals in Sawmill Sink.
3) Sediment composition in Sawmill Sink has an important effect on vertebrate
fossil preservation.
The goals of this study were to investigate aspects of the hydrology, geology,
bottom substrates, and the fossil assemblages in Sawmill Sink and other blue holes of
The Bahamas. Together with my efforts, a team of divers and scientists mounted surveys,
mapped the associated fossils, established underwater collecting techniques, developed
post-collection stabilization and preparation of the fossils, collected and analyzed
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sediment and water quality profiles, recorded tidal data, and developed a management
plan for the protection of Sawmill Sink and the interred fossils.

1.1

Geography, Climate, Vegetation
The Bahamas (Figure 1) consists of 700 islands, 2400 cays (pronounced “keys”),

and some 2,400 exposed rocks (Albury, 1975). The majority of this archipelago lies
within The Commonwealth of The Bahamas, officially known as “The Bahamas.” The
southeast portion of the archipelago lies within the politically separate Turks and Caicos
Islands. While the total land mass of The Bahamas is estimated to be >14,000 km2 the
greatest elevation is only 63 m above sea level on Mount Alvernia, Cat Island (Correll,
1979). The northwest-southeast orientation extends for 1,400 km, from the stable Florida
peninsula to the tectonically active Caribbean Plate boundary near Hispaniola (Carew and
Mylroie, 1995).

3

Figure 1

Map of the Commonwealth of the Bahamas (from Carew and Mylroie, 1995,
as modified by Walker, 2006).

In 1973 The Bahamas achieved independence from the British Crown, and is
today a self-governing member of the British Commonwealth with a political system that
is based on the British parliamentary system. The currency of The Bahamas is pegged to
the US dollar allowing Bahamian and US dollars to be used interchangeably. The
economy of The Bahamas is heavily dependent on tourism with 80% of the visitors
arriving from the US. Income from tourism accounts for approximately 60% of the gross
domestic product (GDP) that directly or indirectly employs half of the labor force (World
Factbook, 2008). The population of The Bahamas was estimated to be 303,610 during the
2000 census, of which two-thirds live in Nassau, the capital of The Bahamas, on New
Providence Island. Grand Bahama Island is the second most populous island with
4

approximately 46,994, and the remaining population lives on the “Out Islands”, all of the
other islands combined (Brinkhoff, 2003).
Great Abaco Island is the most northeastern island in The Bahamas and is situated
on the eastern edge of the Little Bahama Bank (Figure 1). The islands collectively known
as “Abaco” include the two main islands of Great Abaco Island and Little Abaco Island,
and numerous offshore cays (Figure 2). Abaco stretches for 209 km from Walker’s Cay
in the northwest to Hole-in-the-Wall at the extreme southeastern tip (Bahamas.gov.bs,
2005). The Atlantic Ocean basin delineates the north and east margins of Abaco; a
shallow subtidal region dominated by mangroves (known as “The Marls”) defines the
south and west margins. In the north an extensive body of water known as “The Sea of
Abaco” lies between the main island of Great Abaco and outlying cays, which are in turn
protected by the world’s third largest reef (United Nations Environment Programme,
1997). Abaco is the second largest island in The Bahamas with a landmass comprising
1,681 km2 with a maximum elevation of 44 m, 90% of which lies below 10 m elevation
(Sealey, 1994).

5

Figure 2

Map of Abaco (from Walker, 2006).

Settlements on offshore cays include Walker's Cay, Green Turtle Cay, Great
Guana Cay, Man-O-War Cay, and Elbow Cay. In recent decades, the cays have become
popular destinations for yachtsmen and visitors due to the availability of sheltered
harbors, plentiful beaches, and unique cultures and histories dating back to the 1700’s.
6

Marsh Harbour is the centrally-located capital of Abaco and the third largest city in The
Bahamas with a population of approximately 13,170 (Bahamas Government, 2005).
Other settlements of importance on Abaco include Cherokee, Crossing Rocks, and Sandy
Point in the south and Crown Haven, Fox Town, Mount Hope, Coopers Town, Fire Road,
and Treasure Cay in the north.
The Bahamas archipelago is located at the boundary of the temperate and tropical
zones at a transitional subtropical zone (Sealey, 2006). The subtropical marine climate is
characterized by warm winter temperatures and tropical summers with mean annual
temperatures from 24 to 27o C (Whitaker and Smart, 1997a). Oceanic water surrounding
the islands produces a maritime climate, high humidity, and rainfall in every month. The
prevailing northeast trade winds dominate the climate throughout the year, suppressing
temperature extremes but also bringing tropical disturbances such as hurricanes from
June through October. The effects of these storms often result in storm surge, intense
rainfall, sustained wind speed exceeding 120 kph (75 mph), widespread flooding, and
environmental damage (Sealey, 1994).
Most of the rainfall in The Bahamas is convectional that intensifies during
the summer months with both higher temperatures and humidity. During the winter, when
stable conditions and lower humidity prevail, the periodic passage of cold fronts from the
North American continent provides an important source of rain (Sealey, 1994). During
mid-summer, however, drought conditions prevail as the North Atlantic High Pressure
blocks frontal storms and weak convection provides only localized rainfall (Gamble,
2006). Rainfall averages in the northern Bahamas on Abaco and Grand Bahama are
almost twice the average of Inagua in the south, ranging from more than 1500 mm per
7

annum in the northern Bahamas to less than 750 mm per annum in the southern Bahamas
(Whitaker and Smart, 1997a; Figure 3). Regardless of the amount of rainfall, meteoric
water is delivered rapidly to underground environments through the porous limestone
bedrock, resulting in an absence of surface freshwater rivers and streams in The
Bahamas. While Abaco is the wettest Bahamian Island, frequent forest fires have been
implicated in the erosional segmentation of dune ridges into cone-shaped hills (Walker et
al., 2008).
Two modern upland plant communities survive on a thin but fertile mantle of soil.
Tropical dry hardwood forests locally known as “coppice” occur throughout The
Bahamas with variably dominant woody species, Metopium (Poisonwood), Cocccoloba,
Exothea, Bursera, Acacia, Bumelia, Eugenia, and Ficus (Correll, 1979). A second plant
community, a tropical Caribbean pine woodland, is found today on only four large
islands in the northern Bahamas. This community is locally known as or “pineyard” or
“pineland” and is characterized by Pinus caribaea with a shrubby understory of ferns and
poisonwood (Steadman et al., 2007; Correll, 1979).

8

Figure 3

1.2

Climate map of the Bahamas: yearly rainfall and P.E.T. (from Whitaker and
Smart, 1997a, as modified by Walker, 2006).

Geology
The Bahamas Platform is one of the most stable modern carbonate platforms in

the world and provides geologists with a reliable analog of carbonate platform deposition
and dissolution. Chemical precipitation and deposition of skeletal remains of marine
organisms create a limestone bedrock composed of three carbonate materials: calcium
carbonate, CaCO3, in the form of calcite and aragonite, and calcium magnesium
carbonate in the form of dolomite, CaMg(CO3)2 a rarity in Bahamian surface rocks
(Mylroie and Mylroie, 2007). The carbonate sediments of The Bahamas are largely of
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organic origin, which means they may also serve as indicators of environmental
conditions at the time of deposition.
Carbonate deposition in the Bahamas has occurred at a rate of 1 to 2 meters per
hundred thousand years and is consistent with the rate of subsidence (Carew and Mylroie,
1995). Core samples from depths exceeding 6 km have shown similar shallow-water
carbonate minerals that are forming today on The Bahamas Bank also formed in the past
(Meyerhoff and Hatten, 1974). Other studies show sedimentary cover to be as thick as 10
km (Uchupi et al., 1971) suggesting that shallow-water carbonates have been produced
continuously during the formation of The Bahamas platforms in passive water
environments.
Two main competing theories exist to explain the formation of The Bahamas
platforms in the current literature. Mullins and Lynts (1977) proposed that horst and
graben development on The Bahamas platform occurred as a result of plate tectonic
movement during the development of the Atlantic basin in the Mesozoic to explain the
current configuration of the Bahamian Archipelago. A competing idea is the “megabank”
hypothesis proposed by Meyerhoff and Hatten (1974) and Sheridan et al., (1988) that The
Bahamas platforms are segmented remnants of a much larger platform that developed
during formation of the Atlantic basin in the Mesozoic. Although ancient tectonic activity
may account for some deformation in The Bahamas platform during its origin, current
research suggests modern tectonic stability and relatively minor platform deformation
resulted in vertical failure during mass-wasting events in the Late Quaternary (Carew and
Mylroie, 1995).
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Glacio-eustatic oscillations have been an important factor in the formation of
Bahamian geological record (Figure 4). Marine transgressions initiate depositional cycles
as sea levels flood the tops of the platforms, and voluminous carbonate production
begins. Transgressive eolianites form large dunes as a result of rising sea levels by
continually remobilizing beach sediments (Figure 4-A). A still-stand phase follows the
transgressive phase in which corals grow to the wave base and quiescent lagoon
environments no longer supply calcarenites to build dunes (Figure 4-B). As interglacial
periods ended and sea levels fell, regressive phase eolianites developed as the wave base
passed through the stored lagoonal calcarenites (Figure 4-C). Completion of the
regression exposed the carbonate banks to terrestrial processes (Figure 4-D) and
vegemorphs occur in abundance (Mylroie and Carew, 2008).
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Figure 4

The Bahamas depositional model and associated glacioeustatic sea-level
fluctuations (modified from Carew and Mylroie, 1997).
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During glacial maxima, sea levels fell up to 130 m (Clark and Mix, 2002) and
large areas of the exposed carbonate platform were subjected to extensive subaerial
meteoric dissolution, widespread karst development and mechanical failure along the
platform margins (Figure 4-D). Fractures enhance secondary porosity with increased
water to bedrock contact and accelerated flow rates. Although carbonate deposition does
not occur during the low-stand phase, terra-rossa paleosols develop and karst processes
dominate (Carew and Mylroie, 1997).
Abaco is the primary study area with more than 90% of its landmass below 10 m
elevation. Most of Abaco was submerged during interglacial MIS 11 and 5e, 420 ka and
125 ka, respectively (Sealey, 1994). By contrast, at the peak of the last glacial maxima 25
to 19 ka, the Little Bahama Bank (including Abaco, Mores Island, and Grand Bahama)
was a single island comprising >12,000 km2 with elevations exceeding 170 m (Sealey,
1994).

1.3

Hydrology
The landscape of The Bahamas has been modified through time as a result of

meteoric water that rapidly infiltrates the highly porous limestone bedrock, creating
dissolutional features, and also results in the absence of freshwater streams (Mylroie and
Carew, 2008). On larger islands with positive water budgets, meteoric water is stored in
the unconfined freshwater lens that floats on the deeper underlying seawater which
permeates the base of the platforms (Figure 5). The contrasting density of saltwater
(1.025 g/cm3) and freshwater (1.000 g/cm3), is an influential component in island
hydrology and geology (Vacher, 1988). While the thickness of the freshwater lens is
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dependent on the amount of meteoric recharge and permeability of the carbonate
bedrock, the position and depth of the freshwater-seawater interface is a function of
height of the freshwater lens above sea level as described by the Dupuit-GhybenHerzberg principle. Variations in bedrock density and permeability may, however, locally
distort the ideal freshwater lens configuration (e.g. Vacher and Bengtsson, 1989).

Figure 5

Freshwater lens on a carbonate island (Mylroie and Carew, 1995).

On the islands with a negative water budget, the freshwater lens may be absent or
reduced due to higher levels of evaporation and consequent upconing of underlying
seawater. Islands with a positive water budget, such as Abaco, Grand Bahama, and
Andros, have a continuous freshwater lens that is thicker in the interior of the islands but
is nearly absent closer to the margins of the island where it discharges directly into the
sea.
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1.4

Karst and Caves
Landforms of The Bahamas are largely constructional features of the original

carbonate deposition, but erosion and dissolutional processes have modified the
landscape in complex ways (Figure 6). Mechanical erosion occurs more aggressively in
coastline development due to wave action in high-energy marine environments. Erosion
of coastline cliffs are further enhanced by the development of caves at points where the
freshwater lens discharges into the sea, and also through bioerosion on exposed surfaces.
Although classic karst landforms such as sinking streams and blind valleys do not exist in
The Bahamas, karst features of The Bahamas include karren, depressions, caves, and blue
holes (Mylroie and Carew, 2008).
Dissolutional features known as karren are surface sculpturing of the carbonate
bedrock that have developed on a centimeters to meters scale (Carew and Mylroie, 1997).
Karren, also referred to as phytokarst (Folk et al., 1973), biokarst (Viles, 1988), and
eogenetic karren (Mylroie and Carew, 2008), are characterized by sharp, jagged features
that are a result of etching and dissolutional processes on eogenetic carbonate islands.
Coastal karren may be especially jagged due to the inorganic mixing of seawater and
freshwater, invertebrate grazers, endolithic boring algae, and differing allochems and
cements that make up the porous limestone rock, whereas karren features within the
interior of islands are covered by a mantle of soil and loose rock on smoother surfaces
and are more gently sculptured than coastal karren (Taboroši, et al., 2004).
Terrestrial pit caves are small (five to ten meters deep) vertical shafts that occur in
the vadose zone (Figure 6), are open to the ground surface, extend from, and may occur
in clusters on hillsides (Mylroie and Carew, 2008). Pit Caves rarely intersect other cave
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types and often do not penetrate to the freshwater lens but efficiently conduct vadose
water downwards, forming independently of both the freshwater lens and the position of
sea level.

Figure 6

Dissolutional features on simple carbonate islands (Mylroie and Carew,
1995)

In addition to dissolution within the vadose zone, large-scale porosity occurs at
the freshwater lens interface (Figure 6) where dissolutional features such as banana holes,
flank margin caves, and blue holes may develop (Mylroie and Mylroie, 2007). Dry flank
margin caves tend to be located near the edge of hills that would have been island coasts
during past sea-level highstands (Figure 6). While the chambers may be large, they are
usually wider than they are high with numerous ramifying passages that pinch out or end
abruptly on the inland side of the chamber. They develop near the distal margins of the
freshwater lens where water discharging from the freshwater lens mixes with seawater
and the mixed water chemistry of the overlapping upper and lower lens interfaces drives
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dissolution beyond what either interface could do alone (Mylroie and Carew, 2008). At
the margins of the lens, thinning of the lens increases the flow velocity that moves
reactants in and products out faster than other points along on the lens (Raeisi and
Mylroie, 1995). In addition, oxidation of organic particles that are trapped at the top of
the freshwater lens and the halocline create anoxic water conditions and further drives
H2S-mediated dissolution (Mylroie and Carew, 2008). Some literature suggests that the
genesis of flank margin caves may be due solely to biogeochemistry (Schwabe and
Carew, 2006).
Inland from the margins of the lens smaller voids called banana holes may be
produced at the top of the freshwater lens (Figure 6) where dissolution is driven by mixed
water chemistries and biogeochemical processes. Banana holes develop in low elevations
from one to seven m above sea level as small circular to oval chambers from 5 to 10 m in
diameter with low ceilings from one to three m high (Mylroie and Carew, 2008). When
the roof above the void collapses, organic debris and water may fill the chambers that are
then used by local farmers growing bananas and other crops. In banana holes large
enough to attract roosting bats, guano may further enrich soil fertility.

1.5

Blue Holes
Scattered throughout The Bahamas are flooded caves known as blue holes. Blue

holes can range in size from small quiet openings in ponds to extensive underwater cave
systems of stunning beauty with spectacularly deep vertical shafts. Blue holes have
polygenetic origins (Figure 7), that are related to many sea-level oscillations during the
Quaternary (Mylroie and Carew, 2007). Suggestions concerning their origins include: 1).
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Pit caves formed during sea level low stands were flooded with rising sea levels during
interglacial high stands (Figure 7-A). 2) Progradational collapse of deep dissolutional
voids that developed within the platforms during sea level lowstands may reach the
surface and provide an opening to the cave system (Figure 7-B). 3) Vertical failure at the
bank margins during sea level lowstands produced fractures that flooded during
interglacial high stands (Figure 7-D). Lateral cave development in blue holes is subject to
the position of sea level (Figure 7-C) and caves at depth may represent the cumulative
effects and overprinting of deposition and dissolutional cycles during many Quaternary
glacioeustatic oscillations. The complex passages in blue holes are therefore the result of
repeated flooding of marine water, freshwater, mixed water chemistries, and subaerial
conditions (Mylroie and Carew, 2008).
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Figure 7

Formation of blue holes; A) Vadose karst features such as banana holes and
pit caves become flooded during interglacial high sea level stands. B)
Progradational collapse of deep voids creates blue holes when sea levels rise
during interglacial high stands. C) Phreatic dissolution is shown to occur
along a descending halocline (note vertical exaggeration of the freshwater
lens creates an incorrect impression of a steeply dipping conduit discharging
directly into the sea); D) Mechanical failure along the steep bank margins
(Adapted from Mylroie et al., 1995).
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Blue holes are defined as “subsurface voids that are developed in carbonate
banks and islands; are open to the earth’s surface; contain tidally influenced waters of
fresh, marine, or mixed chemistry; extend below sea level for a majority of their depth;
and may provide access to submerged cave passages” (Mylroie et al., 1995, p. 231). Blue
holes may further be defined by the two geographic settings in which they occur. “An
ocean hole is a blue hole that opens directly into present marine environment and usually
contains marine water with tidal flow. An inland blue hole is a blue hole isolated by
present topography from surface marine conditions, which opens directly onto the land
surface or into an isolated pond or lake, and which contains tidally-influenced water of a
variety of chemistries from fresh to marine” (Mylroie et al., 1995, p.231). Lake drains
may be mistaken on the surface for blue holes but lack extensive conduits, water flow,
and mixed water chemistry typical of blue holes (Mylroie and Carew, 2008). Inland blue
holes are also referred to as “anchialine” cave systems (Iliffe, 2009).
Schwabe and Carew (2006) took a different approach and described all caves and
blue holes in The Bahamas within three contexts according to their speleogenesis,
regardless of the modern geographic setting in which they occur: 1) horizontal caves
developed through phreatic dissolution; 2) fracture-guided caves adjacent to steep bank
margins; 3) vertical caves that are the result of fracturing, enhanced vadose pathways,
mechanical and chemical weathering, and organic dissolution of the bedrock.
Water chemistries of inland blue holes often exhibit stratified profiles that are
unique to each site in which the attendant mixed water layers can produce strong density
interfaces that are devoid of oxygen (Bishop et al., 2004). Surface water of inland blue
holes captures organic debris directly from the surface that decomposes in the water
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column. In the stratified water chemistry of inland blue holes, the density interface at the
top of the freshwater lens and at the halocline traps the decomposing organic material
(Figure 8). Carbon dioxide, a byproduct of microbial decomposition of the organic
compounds, increases dissolution of the carbonate bedrock (Mylroie and Mylroie, 2007).
As excessive organic material decays, anoxic conditions and H2S further drives
dissolution (Bottrell et al., 1993). Water chemistry can vary seasonally with fluctuations
in rainfall, temperature, and tidal flow of anoxic marine water that flushes the deeper
sections of any cave system that is present.

Figure 8

Density interface at the halocline (Photo credit: Brian Kakuk)

Tidally-influenced water in blue holes may exhibit strong reversing flow as water
passes through the underground conduits (Mylroie et al., 1995). Direct observations on
Abaco indicate that some blue holes do not flow in reversing patterns and instead may
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flow continuously in one direction with a barely discernable current, or none at all
(Figure 9). While tidal fluctuations and reversing flow are important factors in blue hole
ecology and geochemistry, flow patterns are also a significant consideration in blue hole
exploration. Some blue holes exhibit strong currents, thermal gradients, mixed water
chemistry, and turbid conditions that can change in a matter of minutes as tides reverse,
causing problems for cave divers.

Figure 9

Tidal flow at Big Mangrove Blue Hole, Cherokee Sound, Abaco.

Sea level low stands profoundly affected the speleogenesis of blue holes and have
left their mark in the stalagmites that formed when the caves were dry (Figure10).
Uranium/thorium (U/Th) dates obtained from stalagmites collected from blue holes on
Andros Island on the Great Bahama Bank and Grand Bahama Island on the Little
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Bahama Bank range from 15 ka to 350 ka. These dates show that subsurface voids were
in place >350 ka and that many oscillations in sea levels are recorded in the speleothems
during the Quaternary as caves were alternately flooded and drained (Carew and Mylroie,
1995).

Figure 10 Stalagmites from Lost Reel Cave, Abaco. (Photo credit: Peter Swart).

Although the longest underwater caves in the world are cenotes in the Yucatán,
underwater caves in the Bahamas currently hold two records. Deans Blue Hole on Long
Island is the deepest blue hole in the world at 202 m (663 feet) and Conch Sound Blue
Hole on North Andros is the longest ocean cave or offshore cave system in the world,
with 1900 lateral meters (6,233 feet) from the entrance to the furthest survey point
(Kakuk, pers. comm.).
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A distinction between blue holes and cenotes is mostly due to geographic
differences (Mylroie et al., 1995). In the Yucatán, elevations that may exceed 15 meters
provide more vertical relief and greater distances to the surface of the water. The
freshwater in cenotes comes from the large catchment under Yucatán peninsula and from
water originating in the western highlands flowing into the Yucatán (Mylroie and Carew,
1995). In The Bahamas where the elevation averages less than 7 meters, vertical relief is
lower and it is <6 m to the surface of the water. In addition, the source of freshwater in
the inland blue holes is the local freshwater lens that occurs on larger islands (Mylroie et
al., 1995).

1.6

Microbial Communities
To investigate the interaction of bacterial communities that may co-exist at the

density interface in Sawmill Sink, microbial samples were taken at the halocline in
Sawmill Sink by Jennifer Macalady (Penn State). Her in-progress research found that
stratified phototrophic and chemotrophic microbial communities at the halocline form a
distinct chemocline in Sawmill Sink. Macalady reported that in certain blue holes,
photosynthetic bacteria that specialize in low light levels decompose organic matter,
metabolize oxygen, and produce carbon dioxide and hydrogen sulfide in concentrations
that can reach 100 ppm (Macalady, pers. comm.). Macalady’s preliminary analyses
showed an abundance of photosynthetic bacteria that specialize in low light levels.
Photosynthesizing chloribi bacteria identified in the upper levels of the density interface
produce sulfuric acid as a metabolic byproduct. A second major lineage of bacteria,
Deltaproteobacteria, were identified in the deeper levels of the density interface.
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1.7

Living Biology
Worldwide, 122 stygobitic (obligate aquatic cave dwelling) species have been

identified from anchialine caves worldwide (Iliffe, 2009). Remipedes are a new class of
Crustacea discovered in 1982 by cave divers in the Bahamas and are found only in fully
marine waters below the halocline that are generally very low in dissolved oxygen.
There are 17 described species of remipedes in the Bahamas and 6 from the rest of the
world including the Yucatan, Cuba, Dominican Republic, and Western Australia with one
each and two in the Canary Islands. Development of cave adapted animals in mixed
water chemistry suggests that the conditions in blue holes today have been in place
globally for an extended period of time (Iliffe, 2009), despite sea level changes. A strong
correlation exists between isolated island banks and species diversity with isolation as a
key factor for evolution. Living cave biotas represent modern analogs to conditions that
prevailed when the fossils were deposited (Iliffe, 2009).

1.8

Previous Investigations of Vertebrate Fossil Assemblages in The Bahamas
In the West Indies, vertebrate fossil assemblages are known from primarily

terrestrial cave deposits that accumulated beneath owl roosts and in pit cave and fissure
fill deposits (McFarlane and Lundberg, 2004). Owl roost deposits are rich accumulations
of small vertebrates with a proportionately larger representation of bird remains, whereas
accumulations in pitfall cave deposits are generally recognized as death traps where there
is an over abundance of large vertebrates; small vertebrates are usually less common
(McFarlane and Lundberg, 2004).
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During the 20th Century, fossils from The Bahamas were collected from
sediments in subaerial caves, solution holes, banana holes and late Holocene
archaeological sites (Auffenberg 1967, Campbell, 1978; Olsen, 1982). By the middle of
the 20th century, most of the laterally extensive subaerial caves had been thoroughly
excavated of their sediments by local inhabitants who subsidized their income by
aggressively collecting and selling cave dirt containing bat guano for use as fertilizer
(Olsen, 1982; Keegan, 1992). With the sediments depleted, so too were the rich fossil
records of the Bahamas. As early as 1953, Max Hecht from Queens College in New York
noted that caves in Great Exuma were so completely cleared of cave sediments that even
the walls of the caves appeared to be brushed clean (Campbell, 1978). Olsen (1982)
described a subaerial sinkhole known as the Banana Hole on the island of New
Providence on the Great Bahama Bank as the most important fossil locality in the
Bahamas representing a natural faunal assemblage, and which comprised the entire fossil
herpetofauna and most of the fossil birds known until that time.
While subaerial cave sediments may represent a more comprehensive account of
prehistoric natural assemblages, faunal remains collected from archaeological sites
should not be discounted as evidence of past life, and both contexts may be helpful in
recording species extinctions (Whittaker and Fernandez-Palacios, 2007). Although
archaeological sites may include domesticated species, they may also include
representative species from natural faunal communities. Prehistoric inhabitants of The
Bahamas, known as Lucayans, kept domestic animals, dog, agouti, and possibly, hutia,
but few mammals are represented in faunal samples from Lucayan archaeological sites,
whereas fish and marine animals comprised the bulk of their nutritional requirements and
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tend to be more numerous in archaeological sites (Keegan, 1997). Faunal records from
archaeological sites suggest that prehistoric human populations significantly impacted
island ecosystems by overexploiting the natural resources and reducing species diversity
(Blick, 2007; Whittaker and Fernandez-Palacios, 2007).
The first archaeological remains from blue holes in The Bahamas were those of
early Lucayan Amerindians that were recovered by Palmer (1987) from Andros Island in
the southwestern Bahamas. Cave divers Rob Palmer and Parker Turner discovered the
bones of Lucayan Amerindians and noted the remains of two predatory bird roosts
(Palmer, 1987). The human bones generated great interest as they were thought to predate
the arrival of Europeans in the Americas and were recovered for research. Public interest
in the human remains overshadowed the fossil fauna from the roost sites, which remain
unstudied. Although Palmer (1987) “collected some of the fragile bones for proper
analysis,” no published papers containing descriptions or interpretations of this material
were found. Less than ten years later, Franz et al. (1995) was the first to describe and date
faunal remains from an inland blue hole known as Dan’s Cave on Great Abaco Island.
The discovery of fossils from Sawmill Sink did not occur until almost a decade later
(Steadman et al, 2007).

1.8.1

Crocodiles
Early records of fossil crocodiles in The Bahamas are relatively uncommon and

non-diagnostic because identifications require the preservation of specific skull elements.
Vertebrae, limb bones, and teeth are not diagnostic for species recognition (Morgan, pers.
comm.). These long bones may represent the Cuban crocodile, Crocodylus rhombifer, or
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the American crocodile, Crocodylus acutus, an occasional vagrant in the Bahamian
waters (Neill, 1971), or other crocodilian species.
In 1958 a crocodile vertebra was excavated from the New Providence Banana
Hole by J.C. Dickinson and W. Auffenberg (Pregill, 1982). In 1965 Dora Weyer found a
crocodile jawbone (MCZ 85546) in black swamp muck at the Bell Channel Site, Lucaya,
Grand Bahama (Reported by John Thorbjarnason: Figure 11). Keegan (1988) recorded a
crocodile femur from Pittstown Landing, Crooked Island, and a single crocodile tooth
excavated from an archaeological site in Delectable Bay, Acklins Island. A partial
heavily mineralized left jugal and single osteoderm were collected from a banana hole on
San Salvador by Olson et al. (1990). Robert Carr (2006) and his team found two
crocodile teeth in an archaeological site at Preacher's Cave on Eleuthera.
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Figure 11 Grand Bahama crocodile jawbone, collected by Dora Weyer in 1965 at
Channel Site, Lucaya (Photo credit: John Thorbjarnason).

In 1993, a crocodile skull and associated skeleton were discovered in bottom
sediments of an inland blue hole on Abaco, known as “Dan’s Cave.” The fossils included
diagnostic features of the skull, cranial roof, and maxilla, as well as a few limb bones and
were referred to as the Cuban crocodile, Crocodylus rhombifer (Franz et al., 1995).
Similar fossil remains were also recovered from Grand Cayman Island in 1993 from an
organic bog environment locally known as “Cow Wells” (Morgan et al., 1993). While
evidence of crocodiles in Cayman and Abaco suggests that C. rhombifer were more
widespread in West Indies in the distant past (Olsen and Pregill, 1982), today the Cuban
crocodile does not occur on those islands. Two remnant populations are restricted to the
Zapata Swamp on the Cuba mainland and Lanier Swamp on the Isle of Youth in southern
Cuba (Steadman et al., 2007).
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1.8.2

Tortoise
Tortoises do not occur in The Bahamas today. Fossil tortoises have been

documented from Cuba and the West Indies (Leidy 1868, Williams 1950; Williams 1952;
Auffenberg 1967; Franz and Woods 1983) and from The Bahamas (Auffenberg 1967).
Tortoise fossils from the West Indies are typically rare and most specimens have been
difficult to diagnose due to their fragmentary nature (Auffenberg, 1967; Pregill, 1982;
Steadman et al., 2007). In 1967 Auffenberg studied fragments of the tortoise carapace
and plastron from the Banana Hole on New Providence Island and a cave at Morgan’s
Point (Bluff), Andros, but did not attempt to classify them further than to place them in
the genus Geochelone sp. (Olsen and Pregill, 1982). In 1990, Olson et al. collected a
mineralized postorbital specimen of an indeterminate species of tortoise from a cave in
San Salvador.
A tortoise discovered in Sawmill Sink blue hole is described as Chelonoidis
alburyorum (Franz and Franz, 2009; Figure 12). Currently, the generic name Chelonoidis
is preferred for neotropical tortoises and is the genus name applied to the Abaco species
based on synapamorphies (Meylan and Sterrer, 2000; Franz and Franz, 2009). AMS
radiocarbon dates (2,580-3,820 yrs BP) of bones from Sawmill Sink indicate that
tortoises and crocodiles belonged to a late Holocene fauna (Steadman et al., 2007; Franz
and Franz, 2009). Recent research suggests a second, much larger species of tortoise
occurred on Abaco in the distant past prior to C. alburyorum.
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Figure 12 Holotype, Chelonoidis alburyorum, from Sawmill Sink, Abaco (Franz and
Franz, 2009).
1.8.3

Fossil Amphibians and Reptiles
Except for tortoise and crocodile, the herpetofauna in The Bahamas survived the

Late Quaternary extinctions relatively intact (Pregill, 1982). A comprehensive list of
reptiles and amphibians from The Bahamas was compiled by Pregill (1982) of specimens
obtained from the Banana Hole deposits on New Providence Island in the central
Bahamas. He noted that an earlier collection of frogs and lizards from Great Exuma were
now lost and stressed the importance of the faunal remains from the Banana Hole as the
only available collection of fossil reptiles and amphibians from The Bahamas. In addition
to the first occurrence of an unidentified Crocodylus (1 vertebral fragment) and
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Geochelone, collected by Auffenberg (1967), 16 other species were identified including
two frogs, four snakes and ten lizards.
Crocodile, tortoise and emidid turtle fragments (not identified to species) were
also found in pit caves and banana holes on San Salvador Island in the eastern Bahamas
(Olson et al., 1990). Other species included one frog, four lizards, four bats, 31 birds, one
rodent, Geocapromys (Olson and Pregill, 1982). While both hutia, Geocapromys
ingrahami, and the San Salvador rock iguana, Cyclura rileyi, were previously recorded
from Amerndian middens by Elizabeth Wing (1969) in San Salvador, the hutia no longer
occurs on San Salvador.

1.8.4

Mammals
Throughout the West Indies, land mammals suffered the greatest extinctions

during the Late Quaternary compared to other groups (Morgan, 1989). Remnant nonvolant mammals are not considered a natural fauna but represent species that escaped
extinction as a result of their morphology or ecology, geographic characteristics of the
islands on which they survived, or the absence of introduced species that would have
otherwise competed for survival (Morgan and Woods, 1986). By the late Holocene,
extinctions of non-volant mammals were probably affected by the arrival of humans in
the region and resulting habitat destruction, predation as food resources, and introduction
of exotic species (Morgan, 1989).
During interglacial fragmentation of The Bahamas banks, obligate cave dwelling
bats were particularly susceptible and suffered the greatest extinctions as caves were
flooded with rising sea levels in the Late Pleistocene in which habitats were decimated,
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and microclimates changed (Morgan, 1989). Two general microclimates in West Indian
caves are recognized as: 1) caves on small islands that are dimly lit with variable
temperature and humidity, and 2) deep recesses in large caves with high stable
temperatures and high humidity. Today bats that preferentially inhabit these hot cave
microenvironments no longer occur in The Bahamas but are known from the fossil
records (Morgan, 1989)
In The Bahamas, native mammals are an especially depauperate group
represented only by bats and a remnant population of capromyid rodent Geocapromys
ingrahami (Morgan, 1989). During the late Pleistocene, capromyids were a diverse group
of rodents throughout the West Indies. Today in The Bahamas, G. ingrahami is only
known from East Plana Cay, a tiny island in the southeastern Bahamas and an introduced
population on Little Wax Cay and Warderick Wells in the central Exumas (Morgan,
1989). Amerindian archaeological and paleontological sites in The Bahamas contain rich
accumulations of G. ingrahami and attest to their once wide distribution; their near
disappearance is most certainly a result of human influences (Morgan, 1989).
The Bahamian raccoon, Procyon lotor, is thought to be a recent introduction to
The Bahamas based on its absence from paleontological and archaeological sites
(Morgan, 1989) and its presence on only 3 islands; New Providence, Grand Bahama, and
most recently, on the island of Abaco through human introduction. With the arrival of
Europeans, Rattus became a successful mammal whose bones dominate modern owl
roost deposits, and like the raccoon, are absent from paleontological and archaeological
sites that predate European colonization.
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1.8.5

Birds
Prior to the discovery of the Banana Hole on New Providence Island, only two

papers reviewed the avifauna of The Bahamas; one was a Pleistocene deposit from a cave
on Little Exuma (Wetmore, 1937), and the second was from an archaeological site on
Crooked Island (Wetmore, 1938). The archaeological remains are of particular interest
since they recorded species that no longer occur on Crooked Island, including the Rosethroated Parrot (Amazona leucocephala). Brodkorb (1959) reviewed avifauna from the
Banana Hole that included a sample of 65 specimens of which 15 species were identified.
When Olson and Hilgartner (1982) later reported on more extensive collections
from the Banana Hole, they also reviewed Wetmore and Brodkorb’s lists. Olson and
Hilgartner’s collection from Banana Hole more than doubled the previously known from
Bahamian fossil avifauna to 32 species, three extinct species (all large raptors, the
Bahamas Caracara Polyborus creightoni, the Giant Barn Owl, Tyto pollens, and an
accipiter, Titanohierax gloveralleni), and 16-18 extant species. However they suggested
that, given the probable bias toward larger species in collecting methods, a greater
number of small species would probably add to the list of extant bird species using
different collecting methods.
Olson et al. (1990) reported the collection vertebrate remains from several sites on
San Salvador Island that were largely the remains of owl pellets. A distinction was made
regarding bones that were “obviously of some antiquity” appeared to be mineralized and
were discussed as genuine fossils (Olson et al., 1990).
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1.9

Vertebrate Fossil Assemblages from Bahamian Blue Holes
The fossilized remains from a variety of taxa and various levels of preservation

have been found in blue holes throughout The Bahamas. Although fossils are often
thought of as the mineralized remains of organisms, the American Heritage Science
Dictionary (2005) defines fossils as “the remains or imprint of an organism from a
previous geologic time; fossils can consist of the preserved tissues of an organism, as
when encased in amber, ice, or pitch, or more commonly of the hardened relic of such
tissues, as when organic matter is replaced by dissolved minerals”. The Random House
Dictionary of the English Language (1987) and Dictionary.com (2009) define fossils as
“any remains, impression, or trace of a living thing of a former geologic age, as a
skeleton, footprint, etc”. Therefore, this paper refers to “fossils” as the remains or traces
of living organisms from a previous geologic time, regardless of the quality of
preservation.
While blue holes in The Bahamas may be considered unusually effective animal
traps and preservational sites, until recently they have remained largely unexplored
because significant technical cave diving training and experience is required in order to
conduct investigations. Blue holes occur widely throughout The Bahamas and yet they
share similar geologic and geographic features. However, comparisons can be made
using water quality profiles, sediment composition, and the fossil assemblages
themselves. By comparing vertebrate fossil accumulations, their relative abundance,
spatial distribution, and bone modification within the environmental context of each blue
hole, the team has shown that certain blue holes have greater potential for preserving
vertebrate fossil assemblages.
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This project involved the analyses of six inland blue holes on Abaco: Sawmill
Sink, Lost Reel, Cherokee Road Extension, Dan’s Cave, Ralph’s Cave, and Nancy’s
Cave. In order to investigate these sites, cave divers and scientists developed new
scientific tools and techniques. Because of the interest generated by these discoveries The
Bahamian Government initiated an archipelago wide survey for potential fossil sites.
Island visited were Grand Bahama, Eleuthera, Andros, Acklins, Crooked, and
Mayaguana. Chapter 2 will discuss site descriptions in Abaco, methodology of
investigation and sampling techniques will appear in Chapter 3, and Chapter 4 will
provide results.
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CHAPTER II
SITE DESCRIPTIONS

2.1

What Makes Sawmill Sink Unique?
Sawmill Sink was the first blue hole in which a notable accumulation of well-

preserved vertebrate remains was found (Steadman et al., 2007). Unique environmental
characteristics may influence the type of organisms that were captured and contribute to
the preservation of fossil assemblages. All of the sites have been variously referred to as
caves or by simply the first name.
Six blue holes on Abaco (Sawmill Sink, Lost Reel, Cherokee Road Extension,
Dan’s Cave, Ralph’s Cave, and Nancy’s Cave) were investigated for physical and
biological attributes that may influence fossil preservation (Figure 13). Investigated
attributes include: topography associated with the cave entrance; surrounding plant
communities; size and configuration of cave entrance; direct sunlight on the cave
sediments; presence of a littoral zone; water quality; microbial activity; deposition of
organic debris in the cave; composition of cave sediments; vertical migration of sediment
on the talus cone; physical and biological agents of decomposition; tidal influence and
water movement; physical condition of the fossils; faunal assemblage composition; and
human disturbance.
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Figure 13 Site map of Abaco blue holes (Adapted from Walker, 2006).
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2.2

Sawmill Sink
In The Bahamas, a land surrounded by salt water, inland blue holes are an

attraction to humans and animals alike because of the accumulation of freshwater. During
the early 1900’s a flourishing lumber industry was of great economic importance in
Abaco beginning with Wilson City at Spencer’s Point in central Abaco in 1908. Steam
locomotives utilized the freshwater from blue holes as they reached far into the pineyards
for timber. As the pine resources were depleted the mills were moved from one locale to
another and each time houses were dismantled and most of the equipment was moved to
new sites but invariably some artifacts were left behind. Seven abandoned sawmill sites
are known from Abaco, one of which is located in central Abaco at an area formerly
known as Cornwall Point. This inland blue hole, known today as Sawmill Sink, is littered
with the remains of the former logging industry and from which derives its name.
“Sawmill Sink” is located 37 km south of Marsh Harbour and 1.9 km west of the
Great Abaco Highway at 26°13' N and 77°12' W (Figure 14). Sawmill Sink is located 1.1
km from the nearest marine-influenced mangrove environment and 2.5 km from the
nearest open marine conditions (Figure 15). While the surrounding pineyard and
poisonwood grow within 1 m of the blue hole, the smooth vertical walls surrounding the
sinkhole lack littoral vegetation. The nearly circular water-filled entrance is 15.5 m in
diameter with sheer undercut walls that intersect the top of the freshwater lens from 1 m
to 3 m below ground level.
Tidally-fluctuating freshwater extends to 9 m depth. At 9 m, the top of the
halocline interfaces with the top of a well-developed talus cone (Figure 16). At this point,
the diameter of the uppermost portion of the talus cone is 19 m diameter. The surface
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sediment is composed entirely of organic plant matter (peat) and human generated
artifacts from the sawmill operation. While direct sunlight strikes the top surface of the
talus, a dense layer of mixed water chemistry enriched with hydrogen sulfide shrouds the
talus cone from 9 – 14 m depth and blocks all ambient light from penetrating into deeper
areas of the talus. The bell-shaped talus cone broadens out with depth (max depth 34 m)
to a diameter exceeding 90 m and a surface area estimated to encompass ~3,375 m2.

Figure 14 Sawmill Sink is surrounded by tropical pine-dominated vegetation, locally
known as “pinelands” or “pineyards” (Photo credit: Curt Bowen).
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Figure 15 Sawmill Sink (arrow) is located 1.1 km from the nearest body of marine
water, facing southwest.
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Figure 16 Sawmill Sink, profile of talus cone and associated water layers and deposits
(Graphics by Curt Bowen, modified by Nancy Albury).

Fossils occur in Sawmill Sink in three deposits; two main deposits on the talus
cone, and one peripheral deep inorganic deposit. For the following discussion, refer to
Figure 16. Organic peat sediments (9-25 m) occur on the talus cone from the uppermost
layers extending almost to the bottom of the talus cone. In the lower areas of the talus
cone (25-29 m) organic peat sediments occur variably as isolated deposits interspersed
between boulders, inorganic rock, and silt; in this provenience, a rich accumulation of
bird bones occur as an isolated deposit that is interpreted as an owl roost (Steadman et al.,
2007). In the deepest areas peripheral to the talus cone (29-36 m) yellow inorganic rock
and silt bottom sediments occur on a relatively flat circumference passage. Organic peat
sediments also occur as an isolated densely packed deep deposit in the northwest
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quadrant of Sawmill Sink’s talus cone (20-36 m), an area known as the “Peat Cave”.
Beyond the talus cone, lateral cave passages extend toward the south >600 m to depths of
54 m and northwestwardly for >500 m (Steadman et al, 2007).

2.3

Lost Reel
“Lost Reel” blue hole is located 10 km south of Marsh Harbour at 26°25' N and

77°05' W. Lost Reel is 3.4 km from the nearest marine-influenced mangrove
environment and 3.4 km from open marine conditions (Figure 17). Situated just 3 m east
of the Great Abaco Highway, the 50 m wide sinkhole is filled with littoral vegetation that
covers the more than three-quarters of the sinkhole’s exposed surface area. Tidallycontrolled surface water intersects a single vertical wall 1.5 m below ground level and
extends outward 5 m to bordering vegetation. A steep talus extends from the littoral zone
through the cave’s small entrance (2 m high by 1 m wide) to depths of 30 m. The
sediments on the talus are composed of organic matter that has flowed in through the
narrow vertical cave entrance. The surface area of the talus cone and the organic peat
sediment in Lost Reel is estimated to encompass ~1,500 m2. Direct sunlight does not
penetrate beyond the cave’s entrance. From the bottom of the talus, lateral cave passages
continue westward under the Great Abaco Highway >120 m to depths of 39 m. The
modern plant communities in the immediate vicinity of Lost Reel were altered in 1960
when the area was cleared for sugar cane. The surrounding area is now used for livestock
(sheep and goat) production. Road construction in the last two decades has contributed a
thin layer of gray silt to the upper talus cone. Fossils occur in Lost Reel in two main
deposits, a peat deposit on the talus cone and one peripheral deposit.
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Figure 17 Lost Reel blue hole
2.4

Cherokee Road Extension
“Cherokee Road Extension” blue hole (Cherokee Rx) is located 15 km south of

Marsh Harbour and is situated 1.0 km west of the Great Abaco Highway at 26°22' N and
77°06' W (Figure 18). Cherokee Rx is 2.2 km from the nearest marine-influenced
mangrove environment and 5.0 km from open marine conditions. Direct sunlight only
penetrates into the cave at noon. A narrow littoral zone borders the edges of the entire 10
m wide surface opening. The distinctly circular entrance is undercut beneath the surface
of the water (Figure 19); the blue hole has a bell-shaped profile and extends vertically to
a depth of 103 m. Extreme depths of the talus cone and attendant bottom sediments has
limited investigations of vertebrate fossil remains mainly to wall crevasses above 30 m.
The surface area of the talus cone and the organic peat sediment in Cherokee Rx is
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unknown. The modern plant communities in the immediate vicinity of Cherokee Rx were
altered in 1960’s when the area was cleared for sugar cane production. Today pineyards
lie within 0.1 km of the south side of the blue hole entrance, but the vegetation is largely
feral sugarcane grasslands. The recent introduction of Channel Catfish have put the cave
adapted fish, Lucifuga, at risk; since that time Lucifuga are rarely seen in Cherokee Rx.
Cave divers in the past 20 years have given this blue hole various names including
“Magical”, “Far Side”, and “Mystery”.

Figure 18 Cherokee Road Extension (Cherokee Rx).
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Figure 19 Cherokee Rx, looking up at the undercut surface entrance from 5 m depth
(Photo credit: Brian Kakuk).
2.5

Ralphs Cave
“Ralphs Cave” is a small blue hole located 34 km south of Marsh Harbour and 1.6

km west of the Great Abaco Highway at 26°15' N and 77°11' W. Ralph’s Cave is 1.1 km
from the nearest marine-influenced mangrove environment and 1.5 km from open
marine conditions. While the surrounding plant community is pineyard, the small
entrance is obscured by a narrow ring of dense coppice vegetation (Figure 20). The small
surface opening (3 m by 5 m in plan view) resembles a banana hole with an entrance that
is a collapsed ceiling of a shallow dissolutional void. From the edges of the surface
opening the thin roofed cave is dramatically undercut giving the cave a subaerial zone in
which bats occasionally roost (Figure 21). Two meters below ground level, the subaerial
breakdown is covered with leather fern (Acrostichum aureum) vegetation that is
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submerged during high tide. Underwater, black organic sediment covers the entire talus
as it drops off steeply just a few meters from the littoral zone. A deeper cave system is
accessed from two small openings on the talus at 10 m but through which few organic
sediments flow. The surface area of the talus cone and the organic peat sediment in
Ralph’s Cave is estimated to encompass ~500 m2. Direct sunlight does not penetrate into
the entrance of Ralph’s Cave. Vertebrate fossil remains are found within the black
organic sediments above 10 m but few bones have filtered down to the deeper cave
system. Bat bones and guano encrustations on the roof at 6 m indicate an active bat
colony once existed in Ralph’s when sea levels were lower than 6 m. Further into the
cave system, several bats are entombed in clear calcite flowstone at a depth of 15 m and
approximately 300 m from the nearest entrance.

Figure 20 Ralph’s Cave is largely obscured by coppice vegetation.
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Figure 21 Ralph’s Cave; the thin roofed cave is dramatically undercut to the top of the
fresh water lens.
2.6

Dan’s Cave
“Dan’s Cave” is located 34 km south of Marsh Harbour and 1.1 km west of the

Great Abaco Highway at 26°14' N and 77°11' W. Dan’s Cave is 1.7 km from the nearest
marine-influenced mangrove environment and 2.2 km from open marine conditions. A
distance of 0.7 km separates Dan’s Cave and Ralph’s Cave. Dan’s Cave lies within a
collapsed sinkhole 15 m in diameter, more than three-quarters filled with rocky
breakdown (Figure 22). A small section along a steep vertical wall is filled with tidally
influenced water and bordered by littoral vegetation. The cave’s entrance is at the base of
this wall that rises 3 m from the surface of the water to surrounding ground level.
Underwater, the littoral zone ends abruptly at a vertical face of compressed plant
sediments. Plant debris cascades through the cave opening and covers the talus with black
organic sediment to a depth of 23 m (Figure 23). The surface area of the talus cone and
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the organic peat sediment in Dan’s Cave is estimated to encompass ~575 m2. Direct
sunlight penetrates the cave’s entrance for a brief period of time during the morning
hours. Dan’s Cave is currently the longest in the Bahamas with >10 km of underwater
passages. This cave is used extensively as a dive site for visitors. The first diagnostic
fossil remains of Bahamian crocodiles were found in this cave in 1994 and described by
Franz et al., (1995).

Figure 22 Dan’s Cave steep-sided walls undercut the northwest side of the sinkhole.
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Figure 23 Dan’s Cave: organic debris cascades from the littoral zone through the cave
entrance to a depth of 23 m (Photo credit: Brian Kakuk).
2.7

Nancy’s Cave
“Nancy’s Cave” is located 34 km south of Marsh Harbour and 1.3 km west of the

Great Abaco Highway at 26°14' N and 77°11' W. Nancy’s Cave is 1.5 km from the
nearest marine-influenced mangrove environment and 2.8 km from open marine
conditions. A distance of 0.5 km separates Nancy’s Cave from Dan’s Cave; a distance of
1.0 km separates Nancy’s Cave from Ralph’s Cave. Most of the 40 m wide sinkhole is
filled with a wet, spongy peat bog substrate that is covered with cattail vegetation (Figure
24). A small pond (2 m by 5 m) with tidally-controlled surface water intersects a single
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vertical wall 1.5 m below ground level (Figure 25). A steep talus composed of organic
sediment extends from the littoral zone through the cave’s small entrance (2 m high by 2
m wide) to depths of 30 m. The surface area of the talus cone and the organic peat
sediment in Nancy’s Cave is estimated to encompass ~750 m2. Direct sunlight does not
penetrate beyond the cave’s entrance. From the bottom of the talus a lateral cave passage
(9 m wide by 2-3 m high) continues northwest for nearly 400 m with the terminal passage
reaching 48 m depth.

Figure 24 Nancy’s Cave; the cave entrance lies on the northwest side of sinkhole that is
filled with littoral vegetation.
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Figure 25

2.8

Nancy’s Cave: an inconspicuous cave opening is situated at the northwest
edge of the sinkhole.

Blue Holes from the Archipelago-wide Reconnaissance
The interest raised as a result of fossil finds on Abaco initiated a Bahamas-wide

investigation of other blue holes. Identification of fossils has enabled scientists to gain a
better understanding of Bahamian biogeography and identify sites for historic
preservation. Isolated fossil deposits from inland blue holes were documented on a
growing number of islands throughout the archipelago (Table 1).
Abaco; Prophet’s Cave: located near the western margin of Mores Island (Figure
26).
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Abaco; Randy’s Cave: central Mores Island, probably associated with a fracture
line that runs through Mores Island (Figure 27).
Grand Bahama: an unnamed inland blue hole in central Grand Bahama.
Eleuthera; Wymmes Bight: located in south-central Eleuthera.
Eleuthera; Black Hole: associated with a lake drain cave in south central
Eleuthera.
Eleuthera; Duck Pond: associated with a lake drain cave in south central
Eleuthera.
Mayaguana; The Fountain: located adjacent to the airport runway within 30 m
(Figure 28). The blue hole is filled with fine-grained industrial silt that
covers a talus cone immediately beneath the surface opening. A cave
passage leads directly under the runway at 30 m depth.
Acklins; Rupert’s Pond is a circular inland blue hole, bordered with littoral
vegetation, located in western-central Acklins near Spring Point (Figure
29).
Andros; Arieto, is an inland blue hole located in north Andros; the small cave
opening is situated against the edges of a collapsed sinkhole that is nearly
filled in with rocky breakdown. Coppice vegetation surrounds the site
except for a thin border of leather ferns (Figure 30).
Andros; Stargate is an inland blue hole located in south Andros near The Bluff
associated with a fracture (Figure 31).
Andros; Sanctuary is an inland blue hole located on the south Andros fracture
zone near The Bluff.
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In addition, one fossil site was found at Gilpin Point on Abaco within the active
splash zone of an exposed sandy beach (Figure 32). A number of tortoise shell fragments
were obtained from a layer of fine-grained, sandy organic sediments with rotted, water
soaked wood, about 60 cm in thickness. This layer is covered by layers of black organic
sands with abundant tree stumps, limbs, branches and root fragments, and soft sandy
limestone rubble embedded with shells of terrestrial Cerion and tree snails.
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Figure 26 Prophet’s Cave, Mores Island, Abaco (Photo credit: Tim Calver).
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Figure 27 Randy’s Cave, Mores Island, Abaco.
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Figure 28 The Fountain, Mayaguana, is located within 30 m of the airport runway.

Figure 29 Rupert’s Pond, Acklins Island is centrally located near Delectable Bay,
Acklins.
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Figure 30 Arieto, North Andros is a small cave opening located in the side of a
sinkhole.
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Figure 31 Stargate, South Andros is part of the fracture zone through the island.
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Figure 32 Gilpin Point, Abaco is the first site that is situated directly on the open beach
zone facing the Atlantic Ocean.
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CHAPTER III
METHODS

Collections of vertebrate fossils at Sawmill Sink began in February, 2005.
Recovery of the fossils and associated data was a collective effort of recovery and
documentation between a multidisciplinary team of scientists, experienced cave divers,
and the Bahamian government. All investigations required cave diving for data
collection. All of the divers involved in the project are certified cave divers with
thousands of hours diving in overhead environments. The project and divers were
featured in a Nova-National Geographic documentary film “Extreme Cave Diving”
released in February 2010.
Plant and vertebrate fossils were outsourced to taxonomic specialists; Richard
Franz (Florida Museum of Natural History at University of Florida), turtles, lizards, and
snakes; Gary Morgan (New Mexico Museum of Natural History), crocodiles and
mammals: David Steadman (Florida Museum of Natural History at University of
Florida), birds; Michael Pateman (The National Museum of The Bahamas / The
Antiquities, Monuments and Museums Corporation), human artifacts; Terry Lott and
David Jarzen (Florida Museum of Natural History at University of Florida), paleobotany
and palynology; John Mylroie (Mississippi State University), geologic setting and
speleogenesis. Geologic samples were interpreted by Peter Swart (Rosenstiel School of
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Marine and Atmospheric Science / University of Miami), speleothem analysis; Robert
Folk (University of Texas), micite analysis and Claude-alain Hasler (University of
Geneva), micrite analysis. Independent water quality profiles were analyzed by The
Bahamas Water and Sewerage Corporation and Thomas Iliffe (Texas A & M University).
Bacteria from the hydrogen sulfide layer were collected and currently under study by
Jennifer Macalady (Pennsylvania State Astrobiology Research Center) and Thomas
Hanson (Delaware Biotechnology Institute). Living cave-adapted biota was collected and
sorted by Thomas Iliffe and outsourced to specialized biologists for specific
identification.
Abbreviations and Acronyms: AMMC, The Antiquities, Monuments and
Museums Corporation; NMB, The National Museum of The Bahamas (AMMC);
FLMNH, Florida Museum of Natural History; UF, University of Florida; NMMNH, New
Mexico Museum of Natural History. Other abbreviations: Directional: E, east; N, north;
NE, northeast; NW, northwest; S, south; SE, southeast; SW, southwest; W, west.

3.1

Diving Activities - Hazards, Training and Equipment
Sawmill Sink is an underwater, overhead cave environment. All diving activities

were conducted following standards for cave diving in accordance with the National
Association of Cave Divers (NACD) and other internationally-recognized guidelines.
When the study began, standards or protocols did not exist for underwater collection of
fossils from blue hole environments. Brian Kakuk and Nancy Albury (Appendix A), the
team’s primary divers, established collection and diving safety procedures specific to the
project’s diving needs that are now standard protocol for excavations and research
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activities in blue hole environments conducted by the AMMC. Together we
photographed fossil deposits in place, established grids, documented fossil collection
techniques, surveyed and mapped the talus cone and in situ fossil deposits in Sawmill
Sink, and collected fossils, sediment, and rock samples.
Fossils at Sawmill Sink are often buried in black, flocculent sediment that results in
excavations being completed in conditions of near zero visibility. In the last few decades,
the development of sophisticated diving equipment and training procedures have allowed
cave divers to explore farther, and deeper, often in conditions of limited to zero visibility,
without compromising diver safety.
Closed-circuit rebreathers are used for normal collecting and surveying (Figure
33). Rebreathers re-circulate the diver’s exhaled gas and do not release air via exhaled
bubbles into the water, thereby maintaining stratification and balance of anoxic and
mixed water chemistries. Thick bacterial mats that line the walls and ceiling of the cave
also remain relatively undisturbed and visibility does not deteriorate, which gives the
divers a higher degree of safety. Rebreathers require considerable time and training to
operate thus ensuring that highly experienced divers would be conducting the collections.
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Figure 33 Closed-circuit rebreather configuration

Side-mount, open-circuit scuba configuration (Figure 34) is used for exploration
in passages leading beyond the talus mound or while collecting in restricted sites where
material is not accessible with closed-circuit rebreathers. At the end of each dive pure
oxygen is used during decompression, which reduces decompression time and increases
the safety factor for decompression sickness.
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Figure 34 Open-circuit sidemount configuration.
3.2

Fossil Documentation
Aside from the inherent safety issues of cave diving, minimizing diver impact on

the cave environment and the interred artifacts is one of the biggest conservation
concerns of the project. While highly-trained cave divers often work in conditions of low
or no visibility, lengthy collections in reduced visibility requires divers to excavate by
touch recognition. To avoid collecting in conditions of low visibility, a specific agenda is
designed for each dive that enables divers to work at several localities within the
sinkhole. As data, photographs, and fossil material are collected, decreased visibility
gradually prevents efficient collection, and divers then move to a new location and a new
task.
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The unfortunate result of a multi-faceted dive agenda is diver task-loading. In
addition to the technical gear required for cave diving, every task on the agenda demands
specific equipment. It is often necessary to carry camera gear, slates for survey and
communication, weighted markers for fossil identification, tape measures, and plastic
zipper locking bags and boxes for collecting fossil material. While the bottom time for
each dive averages one hour, the time at each collection site rarely exceeds ten minutes
before visibility is reduced to zero and divers proceed to the next site and task.
Commonly 24 to 48 hours was necessary to allow visibility to return so the site could be
worked again.
Prior to collecting any material, fossils are tagged, photographed, and surveyed.
As new fossil deposits are identified associated skeletal elements are noted for location,
depth, and bottom sediment characteristics. A field number is assigned and written in
bold letters on non-directional identification markers known as “cookies”. Cookies are
then tied onto a short nylon line, weighted with a one-ounce fishing weight, and placed
next to the fossil (Figure 35). Photographs are taken of fossils in situ and the site is
surveyed.
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Figure 35 Diver’s cookie and scale are used for reference and baseline data (Photo
credit: Brian Kakuk).

In areas with significant accumulations of fossil material such as the Roost site in
Sawmill Sink, a movable 1 x 2 meter grid structure was constructed with one-inch (2.5
cm) white PVC pipe, subdivided in eight one-half meter sections with nylon, braided
(#24) line (Figure 36). The grid was labeled with non-directional markers and placed over
the collecting area. Independent posts were inserted into the sediment at the top of the
collecting area on which the grid was hung. Each collection is taken from a one-half by
one-half meter section of the grid in 10 cm deep increments, placed in one gallon plastic
zipper bags, and labeled according to the point location within the grid and sediment
depth (Figure 37). The temporary grid arrangement allowed the same grid to be removed
and replaced on several material sites without losing the exact locations or orientation of
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any particular collecting site. A temporary grid was used throughout the underwater
collections to avoid disrupting bottom sediments and to keep attention from being drawn
to the collecting sites in the event other divers went into the site.

Figure 36 One by two meter grid was hung on PVC posts placed over areas with
significant fossil accumulations such as Roost 1 (Photo credit: Brian Kakuk).
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Figure 37 Grid at Roost 1 before collections (Photo credit: Brian Kakuk).

Grids are, however, are not suitable in many areas. Large rocks, tight spaces,
steep slopes, unstable flocculent sediments, and rocky substrates often restricts grid
placement and compromises working conditions. At sites adjacent to or within steep
vertical walls of compacted peat (Figure 38), additional care is taken to reduce diver’s
movement and contact with the substrate due to the ever-present threat of collapse of the
peat.
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Figure 38 Fossils embedded in an unstable face of organic peat sediment are unsuitable
for grid placement due to disruption of the sediments (Photo credit: Brian
Kakuk).
3.3

Photographic Documentation
A Canon® XTi 10.1 Megapixel SLR Camera and standard 18-55mm lens was

donated to the project by the Florida Museum of Natural History. For underwater
photography, the camera is equipped with a 10-22 mm wide-angle lens and dome port, an
Ikelite® underwater camera housing, and an external Ikelite® sub-strobe DS-200 was
purchased by the National Museum of The Bahamas (Figure 39).
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Figure 39 Preparing Canon XTi and Ikelite underwater camera housing.

Digital still photographs are taken of the fossils to document the fossil deposits
prior to collection, aid in reconstruction of the fossils during preparation, and allow nondiving scientists to evaluate the depositional environment. Digital still images are
submitted to taxonomists for identification and allow detailed enlargement and
assessment of the collecting areas by non-divers. Images are also used in papers, posters,
videos, and presentations and enable government officials to visualize objectives and
value for government approvals, permitting, funding, and conservation of the site.
Photographic documentation of fossils that are situated in tight restrictions, under low
overhanging rocks, or in sediments within the hydrogen sulfide zone is problematic due
to tight spaces and rapidly reduced visibility from cave sediments. In such cases
photographs and survey points are taken at the periphery of the fossil site.
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3.4

Survey and Mapping
Two and three-dimensional mapping of the talus mound and correlating digital

images were developed to enable non-diving scientists to interpret that data without the
time constraints and safety issues inherent to the underwater/underground environment.
Blue holes of The Bahamas have remained largely unexplored due in part to the
inherently dangerous conditions that exist while diving in overhead environments.
Challenges are presented as a result of unstable conditions on steep talus cone sediments,
variable water quality, and gas requirements for diving in deep cave systems. Few
scientists are sufficiently trained or experienced in cave diving procedures to allow them
to focus on the science while being ever-mindful of significant safety issues.
As new fossils were found during each successive dive, a map of the talus cone
was developed to spatially document of the depth and distribution of fossil deposits, and
configuration of the cave and talus cone (Figure 40). Three-dimensional data (depth,
distance from known points, and compass azimuth) are put into Compass 32® cave
mapping software program. Latitudinal and longitudinal reference lines are laid to
traverse the talus cone and intersect a point at the center of the surface opening directly
above the top of the talus cone at 9 m depth (Figure 41).
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Figure 40 Plan view survey of Sawmill Sink talus cone, in Compass 32 overlaying a
Google Earth map, plan view.

Figure 41 Center point intersection of North, South, East, West reference survey lines
at 9 meters depth.
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Circumference lines encircling the talus cone are laid at 20 m and 30 m depths
(Figure 42). Azimuth, depth, and distance measurements are taken at each fossil site to
the nearest reference point on a circumference line and recorded on Rite in the Rain® allweather writing paper taped to slates (Figures 43 and 44). The water resistant paper is
removed from the slate and filed by date. The survey in Sawmill Sink is considered a
Class B survey, in which front and back azimuth angle and inclination are measured
using depth and distance within +/- 0.5 m accuracy. Measured data, as well as estimated
details and features are recorded to meet the British Cave Association (BCA) mapping
standards of the Class B survey.

Figure 42 The lower talus cone was surveyed using circumference lines at 20 meters
and 30 meters depth. The 30 meter line is shown.
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Figure 43 Survey slate, front view.

Figure 44 Survey slate, notations and measurement data, back view.
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3.5

Fossil Collecting Techniques
Fossils were collected in appropriately-sized Ziploc® bags and plastic boxes were

used to hold the fossils. Small fossil accumulations and associated sediments were
collected in zipper bags, placed in plastic boxes, and secured with lids. Larger fossils
such as tortoise shells and crocodile skulls were carefully lifted from the substrate into
plastic recovery boxes that were lined with cloth towels along with associated sediments
and secured with lids and straps (Figure 45). This arrangement limited movement and
damage to the fossils, retained the original water, prevented contamination by water with
different chemistries, and reduced oxygen exposure to the bones until processing in the
laboratory. At the surface, the sediment was allowed to settle and three-quarters of the
water was removed from the boxes and stored in plastic bags. The fossils were then
secured in the boxes with additional cloth towels (Figure 46). This reduced the weight of
the container and damage to the fossil by sloshing water as they were moved from the site
to the preparation laboratory.
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Figure 45 Collections; crocodile and tortoise (Photo credit: Wes C. Skiles).
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Figure 46 At the surface three-quarters of the water was removed and fossils were
secured in their respective boxes with wet cloth towels for transport to the
lab.
3.6

Plant Sampling
Core samples were taken from Sawmill Sink talus cone using polycarbonate pipes

of six-foot (1.8 m) lengths and 1.76 inch (4.5 cm) outside diameter at depths of 14.3 m
(Core 1), 22.9 m (Core 2), and 27-30 m (Core 3) (Steadman et. al., 2007). (Core 3 was
subsequently determined to have been collected from a depth of 28 m.) Two grab
samples were taken from Sawmill Sink, one from the eastern side of the talus cone (27
m) and a second from the Peat Cave (30 m) located on the northwest side of the talus.
Leaf samples were collected from the surface vegetation and dried as herbarium
specimens for comparative material. Plant and pollen fossils were analyzed by Terry Lott
and David Jarzen (FLMNH).
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3.7

Composition of the Sediments
Bottom sediments and geology at Sawmill Sink were described from visual

observations of large scale morphological features while diving, collected hand samples,
and measured samples of bottom sediments in Sawmill Sink that were analyzed for plant,
animal and inorganic carbonate components. Nine boxed samples of bottom sediments
from Sawmill Sink were collected from the talus cone at depths ranging between 10.7
meters and 36 meters (Figure 40). Plastic collection boxes were prepared by drilling
several two mm diameter holes in the bottom and sides of plastic containers to allow dewatering of the sediment at the surface while leaving the bulk of the sediments and
stratigraphy of the sample in place (Figure 47).

Figure 47 Sawmill Sink sediment sample #4, 10.7 meters depth.

Each sediment sample was sub-divided for two separate analyses and a third
sample was sent to the FLMNH for freezing and future studies. From each of the nine
collection sites, small samples were completely de-watered and air-dried to 9 to 14 gram
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samples for stable isotopes testing by Dr. Jennifer Macalady at Pennsylvania State
Astrobiology Research Center (PSARC), Department of Geosciences, Pennsylvania State
University (Figure 48).

Figure 48 Sediment samples sent to Jennifer Macalady for stable isotopes testing.

From six collection sites a 1000 ml de-watered sample was wet screened in onehalf inch, one-quarter inch, one-sixteenth inch, and one-thirty-second inch screens. The
material was picked and recorded by volume and content as; 1) organic plant material; 2)
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vertebrate fossils, identified to species when possible; 3) invertebrate fossils, and; 4)
inorganic rock and sand (Table 3). Particles smaller than one-thirty-second inch were
simply designated as “organic” or “inorganic”, based on its reaction to dilute acetic acid.

3.8

Sediment Migration
Stratigraphic disorder of fossil accumulations may arise through several

processes; slump of sediments on the talus cone especially on steeply graded sections,
collapse of overlying bedrock, as well as biologic processes such as scavenging and
bioturbation (Martin, 1999). Carbonate bottom sediments may be transported by phreatic
processes or collapse of the overlying bedrock within the cave system while organic
debris may accumulate within the cave entrance over long periods of time through
flooding and windblown surface conditions.
In late 2006, the remains of three tortoises were discovered in black organic
sediments in Sawmill Sink. At that time they were noted to be situated on the talus cone
at 14 meters within an unstable steep-sided cliff face composed of peat sediments.
Immediately below the three tortoises was a small but deep hole through which diver’s
lights could not penetrate to see the sides or bottom. A rigid net was made with PVC and
nylon line and placed over the opening of hole in the event the collecting activity caused
a collapse of the sediment. Tortoise T7 was collected in February, 2007 and the
remaining tortoises, T8 and T9, were collected in boxes and placed on a broad and
presumably more stable platform nearby at the same depth and water quality for future
collection. One month after their removal, the cliff face from which they were collected
had collapsed onto the net. In addition, sediment slumping around the new location on the
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talus mound was noted. Prior to this event, vertical migration of bottom sediments was
suspected but undocumented. It is now believed that sediment migration occurs with
some regularity and most likely has subjected the fossils to disarticulation, mixing, and
stratigraphic disorder. Areas that were formerly thought to be stratigraphically stable
may have experienced movement originating upslope. Fossils embedded in vertically
migrating sediment may be disarticulated and mixed.
A sediment migration experiment documented the rate of vertically migrating
sediments on the talus cone. Lost Reel blue hole was chosen for a sediment experiment
for three reasons; 1) Lost Reel blue hole has similar water chemistry to Sawmill Sink but
the fossils are rarely found as exceptionally well preserved or articulated. Disarticulated
bones on Lost Reel’s talus cone were initially thought to represent a single tortoise but
are now known to be scattered bones from at least five individuals (Franz, pers. comm.).
Therefore no important fossils were compromised in the experiment. 2) Immediately
inside the cave entrance is a broad steeply sloping talus composed of soft organic
sediment that is similar to the organic sediments in Sawmill Sink. 3) Lost Reel blue hole
is only ten minutes drive from our lab site.
METHODS - At 23 m depth, four pairs of PVC posts (1.2 m and 0.91 m lengths)
were cut (Figure 49) and placed three m apart across the talus slope; the 1.2 m post was
inserted 0.6 m into bottom sediment of the talus cone; the 0.9 m post was inserted 0.3 m
into bottom sediments leaving a 10 cm gap between each pair of posts (Figure 50). Both
posts had 0.6 m remaining above the surface. On the opposing cave wall facing the talus
cone, two PVC stations were fixed to the cave wall to serve as fixed reference points with
a single stainless steel ring (Figure 51). From these two reference points, azimuth,
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distance and depth were taken to each of the eight PVC posts. Downslope movement
would be evident as posts moved or tilted. Measurements were taken at three to six
month intervals.

Figure 49 Lengths of PVC were used to monitor sediment migration in Lost Reel Cave.
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Figure 50 Four pairs of posts were inserted into bottom sediments on Lost Reel talus
cone. Each pair consisted of one longer post (1.2 m – left) and one shorter
post (0.91 m – right). Posts in each pair were separated by 10 cm (Photo
credit: Brian Kakuk).
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Figure 51 A steel ring affixed to a tie wrap was secured to the opposite cave wall as a
fixed reference point (Photo credit: Brian Kakuk).
3.9

Stable Isotopes
Carbon/nitrogen stable isotopes were analyzed for organic and inorganic

components. Sediments on the talus cone and in the deeper areas of Sawmill Sink were
collected in plastic box samples 24 x 36 x 16 cm. Boxed sediment samples were then
subdivided for composition analyses and testing for stable isotopes. From each collection,
dried (3-14 gram) samples and sent to Jennifer Macalady (Pennsylvania State
Astrobiology Research Center) for processing. (Peedee Belemnite (pdb) is derived from
a Cretaceous formation in South Carolina containing the Belemnitella americana (Sharp,
2007)).
86

3.10

Tidal Influence and Water Movement
Tidal fluctuations were monitored concurrently at three sites in Abaco in order to

calculate tidal range (Figure 52). Using three water data loggers on loan from Craig
Layman of Florida International University, one logger was tied to a stalactite at 9 m in
Sawmill Sink, one logger was tied to a rock at one m depth in an open marine setting on
the east side of Abaco in Cherokee Sound and one logger was secured at one m in an
open marine setting on the west side of Abaco. All loggers were removed after two
months. The water logger installed in Cherokee Sound on the east side of Abaco resulted
in loss of the device during a storm. Therefore tidal data on the eastern margins of Abaco
were taken from the public website www.mobilegeographics.com (2005) at Pelican
Harbour, 20 km northwest of Sawmill at 26.3833° N, 76.9667° W.
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Figure 52 Hobo Water loggers and reader: on loan from Craig Layman.
3.11

Water Chemistry
Water quality data were initially obtained through direct sampling from Sawmill

Sink and Dan’s Cave in pre-labeled, sterile 120 ml specimen jars from depths of 9 feet (3
m), 29 feet (9 m), 50 feet (15 m), and 90 feet (27 m). Samples were analyzed by The
Bahamas Water and Sewerage Corporation for chemistry and microbiology.

3.12

Water Quality Profiles
Water quality profiles were obtained from five inland blue holes by Thomas Iliffe

(2006) using a hand-held YSI 6000 multi-parameter water quality monitor (Figure 53).
Iliffe measured depth, salinity, temperature, dissolved oxygen, pH and ORP (oxygen
reduction potential). Water quality data are summarized in Table 6. Water quality data
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were not collected from Nancy’s Cave since this cave was unknown at the time of Iliffe’s
visits. Iliffe’s data uses the name “Magical” for Cherokee Rx.

Figure 53 Water chemistry profiles were calculated by Tom Iliffe using a Sonde YSI
600 XLM.
3.13

Fossil Abundance
Bone accumulations were recorded for abundance from three grid sites in Sawmill

Sink. Two 1 x 2 m grids were placed in peat deposits at 17 m and 14 m depth (Grid A and
Grid B, respectively), from which a 20 cm layer of sediment and the associated fossils
were collected. The third grid was placed over the owl roost deposit at 26 m depth
(Chapter 2.2); sediment and the associated fossils were recorded from three separate a 0.5
m2 sections (Roost 1: K1, K4, and K5); each collection was taken from placed over Roost
1. See Chapter 3.2 for grid construction and placement.
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All samples (Grid A, Grid B, K1, K4, and K5) were counted for number of bone
pieces regardless of size or completeness (Behrensmeyer, 1991, p. 296), and represents
the number of documented bones or bone fragments and density of the accumulation, not
the minimum number of individuals. Minimum Number of Individuals (MNI) and
number of species were calculated from Grids A and B based on the most abundant
identifiable element of each species (Behrensmeyer, 1991). Species identifications were
compiled from Roost 1 (combined samples K1, K4, and K5) and reported in Appendix B
(Steadman et al, 2007).

3.14

Preservation Scale to Describe Bone Quality
Bone modification includes any alteration to the individual bones including

cracking, breakage, pitting and abrasion. Bones that have been exposed to air crack in
patterns that follow the original structure and lead to total disintegration (Behrensmeyer,
1999). Abrasion occurs as a result of physical and chemical erosion in aquatic settings in
which surface features and projections are lost (Behrensmeyer, 1999). Mechanical
abrasion may occur as a result of tidal influences coupled with high energy environments.
Toxic pore waters enriched with hydrogen sulfide inhibit growth of certain bacteria,
scavenging organisms, and bioturbation. Disarticulation and scattering occurs instead
from movement in the sediments on the steeply graded talus cones. Bones that are
exposed to surface conditions become unstable soon after death and trace elements may
undergo crystallization or permineralization (Behrensmeyer, 1999). Bones decompose as
a result of burial in soils of low pH that are depleted of calcium and phosphorus unless
they are “buffered” by local concentrations of calcium (Behrensmeyer, 1999).
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A preservation scale was developed to identify the degree of bone modification in
the vertebrate fossils. While identifying the degree of bone modification is quantitative, a
qualitative assessment of the physical characteristics of bone specimens required large
sample sizes ≥100 in order to proportionately establish a form of modification
(Behrensmeyer, 1991). Bones were characterized and graded according to breakage,
cracking, surface marks and changes in the original composition of the bone as defined
by Behrensmeyer’s (1991) description.: 1) No breakage, cracking, abrasion or surface
marks; skeletons may be articulated; 2) Broken, small cracks, abraded, surface marks
present; 3) Fragments, wide range of cracking, highly abraded, extensive surface marks,
fragmented; 4) Bones may be articulated or complete but loss of organic matter in which
crystallization or permineralization has altered the original composition and the bones are
fragmentary. Level 4 is not part of Behrensmeyer’s scale but is a common alteration to
bones in blue holes from deep water settings >25 m.

3.15

Fossil Conservation and Curation
Procedures for collecting from underwater environments were challenged during

the collection of the Abaco crocodile in 1993 (Franz et al., 1995). The recovery and
preparation of the specimen resulted in a number of insights relating to the handling of
fossil vertebrates from blue hole environments. Significant deterioration occurred during
the transport of the first crocodile skull from Abaco to the FLMNH at UF (Franz et al.,
1995), as a result, all subsequent fossil material was processed at the NMB Abaco
facility.
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Following collection and transport to the laboratory, the fossils and the associated
sediments are separated. The remaining loose sediment is washed off the fossils and the
original water is replaced. Over the course of two weeks, the salt water is gradually
replaced with freshwater (Figure 54). The freshwater is replaced daily for two to four
additional weeks until the salts are completely removed. During long periods of
immersion in freshwater baths, bones immersed for periods longer than one week
developed an unidentified bacterial growth. Larger specimens collected from organic peat
sediment generated bacterial scum more readily than smaller specimens. In tortoises that
retained scute (keratin) material on the tortoises, bacterial growth was greatly accelerated.

Figure 54 Fossils are kept immersed in fresh water baths for six weeks.

When the salinity level in the water was reduced to zero parts per thousand (~six
weeks later) the water was completely drained from the boxes and the fossils are slowly
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air dried to prevent cracking and splintering (Figure 55). Lids were initially removed
from the boxes for several hours each day, with increasing times each day. Fossils were
turned twice daily to prevent cracking due to uneven drying and to monitor possible
bacterial growth. When the fossils were completely dry selected specimens are preserved
with Butvar 76®, Polyvinyl Butyral (PVB), to prevent long-term deterioration. Other
specimens remained untreated for use in chemical analyses. Fossils were kept in air
conditioned environment maintained at 75 degrees F (24 degrees C) to control humidity
levels and damage from fluctuating temperatures and condensation. Sediment samples
were refrigerated, and direct sunlight was blocked out of the room.

Figure 55 he drying process proceeded slowly to prevent cracking.
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Fossils were assigned field numbers based on their site, specimen, and date of
collection, photographed for documentation (Figure 56), and cataloged as specimens of
The National Museum of The Bahamas. Most fossils were stored in plastic boxes with
tags that identify data including, water quality, and method of preparation.

Figure 56 Photographs document each fossil and provides a visual baseline for
comparative assessments of deterioration.
3.16

Site Security
A platform was installed at Sawmill Sink to facilitate diving operations and

scientific research. The platform provided a stable surface upon which divers and
scientists could prepare for dives, assemble equipment, conduct scientific research, and
prepare material for transport to the lab. The platform further provided a safety deck for
visitors and non-swimmers.
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A security camera was installed at the site an effort to monitor the activities of
visitors and potential security problems. The site does not have access to electricity, so it
was necessary to use battery operated surveillance camera. A 5.0 megapixel Stealth Cam
Prowler® digital surveillance camera was purchased by AMMC that records date and
time on each image and provides infrared images at night, with an auxiliary 12 volt lead
acid battery. A protective steel housing was made from an electrical box that allowed
easy access for servicing and the unit was mounted in a tree (Figure 57).
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Figure 57 A security camera was set up to monitor activity at Sawmill Sink. The first
camera was destroyed in a fire in 2008 and a second one was purchased
(shown).
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CHAPTER IV
RESULTS

4.1

Comparative Site Descriptions
Six inland blue holes were reviewed for geographic attributes and compared. The

six blue holes shared the following characteristics: 1) The entrances are associated with
circular sink hole features; 2) Plant and animal fossils are found in all the blue holes; and
3) Surface water in all the blue holes is freshwater. All six inland blue holes are located
>1 km from the nearest body of coastal marine water; Lost Reel is the farthest site,
located >3 km from marine water; Ralph’s Cave is nearest (1.1 km) to coastal marine
water.
The modern vegetation surrounding four of the blue holes is characterized as
pineyard (Sawmill Sink, Dan’s Cave, Nancy’s Cave, and Ralph’s Cave); the other two
(Lost Reel and Cherokee Rx) were originally in pineyards but the areas surrounding them
were recently cleared for agricultural purposes.
The central depressions in two blue holes (Lost Reel and Nancy’s Cave) are
nearly filled with poorly-drained soils and littoral vegetation (Figures 17 and 24).
Cherokee Rx is thinly bordered by freshwater vegetation (Figure 18). Three-quarters of
the central sinkhole in Dan’s Cave is filled with boulders and rocky soils that are covered
with stunted coppice vegetation; one-quarter of the depression is water-filled and
bordered by leather fern, Acrostichum aureum (Figure 22). Only the central upper talus of
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Ralph’s Cave is able to support freshwater leather fern vegetation (Figure 21). Sawmill
Sink is the only cave without some form of freshwater surface vegetation (Figure 14).
The entrances of five blue holes lie within 0.2 of inland limestone ridges; only Sawmill
Sink lies farther than 0.2 km from a ridge at 0.6 m from the nearest limestone ridge. None
of the six blue holes lie within a ridge feature.
Cherokee Rx and Sawmill Sink are open vertical sinkhole shafts. The 10 m wide
entrance to Cherokee Rx lies at the water table; Sawmill Sink’s 15 m wide entrance lies
beneath the sheer aerially exposed walls of the sinkhole; both of the caves form a
subaqueous bell-shaped profile. The cave entrance of Dan’s Cave, Nancy’s Cave, and
Lost Reel are 2-4 m wide openings in the side walls of the sinkhole; secondary cave
entrances occur on opposite sides of the sinkholes but are not developed sufficiently to
allow divers to enter. Ralph’s Cave entrance (4 m wide) begins as a shallow dissolutional
void that resembles a banana hole.
Only Sawmill Sink and Cherokee Rx allow sunlight to penetrate the cave; while
in Sawmill Sink, sunlight directly strikes the organic deposits on the top of the talus cone
during >4 hours each day (Figure 58), sunlight does not strike the talus cone debris in
Cherokee Rx at 103 m depth. Sunlight that penetrates the small opening of Dan’s Cave
(oriented to the east) is limited to the early hours of the day for a maximum of 2 hours
and is seasonally fluctuating. Sunlight does not penetrate and strike the talus cone in Lost
Reel, Nancy’s Cave, or Ralph’s Cave.
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Figure 58 At 9 m, the top of the talus cone in Sawmill Sink is bathed in sunlight for >
four hours each day (Photo credit: Brian Kakuk).

By comparison to the other five blue holes, Sawmill Sink’s wide opening allows
large amounts of organic debris to accumulate which settles to the bottom and is
incorporated into the peat sediments on the talus cone. Sawmill Sink was the only cave
without some form of freshwater surface vegetation. Without such surface topography,
the steep-sided walls of the sinkhole shaft may create pitfall trap conditions (Figure 59).
The top of the water table that lies 1-3 m below ground level creates an added barrier for
animals that have become trapped in the sink that would otherwise attempt escape. The
surface area of Sawmill Sink’s talus cone (~3,375 m2) is substantially larger than the
talus cone surface area of the other blue holes that fall within the range of ~1,500-500 m2.
Whereas, Lost Reel’s talus is less than half (~1,500 m2) of Sawmill Sink’s, it is still
larger than the others which are approximately half the surface area of Lost Reel and one99

quarter the surface area of Sawmill Sink. The talus size in Cherokee Rx is unknown
because of its great depth.

Figure 59 Vertical to undercut walls in Sawmill Sink create conditions that may trap
animals that fall into the water.

Rounded filled-in depressions are common throughout low lying areas of The
Bahamas. The ground cover forms concentric rings around a depression that may be
filled with marsh vegetation. These features are also known as depression marshes
(Florida Department of Environmental Protection, 2007). Our findings show that cave
openings in these depressions, if they are present, are more commonly found against the
solid rock edges of the depression. However, many depressions may be relict sinkhole
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features or banana holes and are sometimes mistaken for blue holes but do not have
associated flooded cave features.
Other blue holes in which fossils were found were also inland blue holes with
fresh surface water. In Mores Island, Abaco, both of the blue holes with fossils were
probably associated with a nearly filled-in fracture; Prophet’s Cave and Randy’s Cave
were small and shallow and were not associated with the sinkholes or marsh depressions.
Little is known about the inland blue hole in Grand Bahama, but it would seem
reasonable that fossil crocodiles would be present since they were found as relics at
Channel Site, Lucaya in 1965. In Eleuthera, the blue holes from which fossils were
collected were located well inland of the coast and do not seem to be associated with a
fracture but resemble more of a marsh depression.
The Fountain in Mayaguana is an historic blue hole that was once the source of
freshwater for the community of Abrahams Bay. The land surrounding The Fountain has
been so dramatically altered that it is impossible to know its original state. A runway was
built within 30 m of the site and like many blue holes in The Bahamas, an attempt was
made to “fill it in” with discarded construction equipment for the sake of safety, which
was ultimately unsuccessful. A single piece of tortoise shell was discovered by Brian
Kakuk but low visibility prevented him from searching further except by touch
recognition. In the process Kakuk discovered a coprolite such as those found in Abaco
blue holes which accounted for the first occurrence of crocodile and tortoise on
Mayaguana. In addition, he found that a cave passage extends past the talus and under the
runway at a depth of ~25 m.
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4.2

Plant Sampling
Plant and pollen fossils were analyzed by Terry Lott and David Jarzen. Based on

diagnostic characters (leaves, seeds, wood, and pollen) 65 plant morphotypes were found
in the peat sediments in Sawmill Sink and are recorded in Table 2 (Steadman et al.,
2007). Three cores and two grab samples were taken as part of that work. The shallowest
samples (Core 1 from 14.3 m and a grab sample from 27 m near C10) were dominated by
pineyard taxa, especially Caribbean Pine, Pinus caribaea, whereas Cores 2 and 3 taken
from deeper depths (22.9 and 28 m respectively) and a grab sample from the Peat Cave
(30 m) recorded the dominance of hardwood coppice species. While pine was common in
Core 1 and the eastern grab sample, it was absent in Cores 2 and 3 and from one grab
sample taken from deep peat deposits in Sawmill Sink (Steadman et al., 2007).
Table 2

From Steadman et al. (2007), preliminary plant list of common and
conspicuous plant macrofossils and pollen identified from Cores 1-3 and grab
samples (C-10, Peat Cave) from Sawmill Sink, Abaco, The Bahamas.

Pinelands
PTER: bracken fern, Pteris sp.‡
GYMNO: Caribbean pine, Pinus cf. P. caribaea†
DICOT: gumbo-limbo, Bursera cf. B. simaruba†;
red powderpuff (stickpea), Calliandra cf. C.haematomma*;
holly, Ilex sp.‡;
wax myrtle,Myrica cf. M. cerifera†;
grape, cf. Vitis sp.*
Scrublands
DICOT: Calliandra cf. C. haematomma*;
stopper,Eugenia sp.*;
hibiscus, Hibiscus sp.‡;
Ilex sp.‡
Coppice
PTER: swordfern, Nephrolepis sp.‡;
Goldback fern, cf. Pityrogramma sp.‡
DICOT: mallow, cf. Abutilon sp.‡;
Bursera cf. B. simaruba†;
Calliandra cf. C. haematomma*;
lignum vitae, Guaiacum cf. G. sanctum*;
Eugenia sp.*;
Hibiscus sp.‡;
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Table 2 (continued)
Ilex sp.‡;
Myrica cf. M. cerifera†;
pouteria, Pouteria sp.‡; cf. Vitis sp.*
Wetlands/ponds
FELA: Eaton’s spikemoss, Selaginella cf.S. eatonii*
PTER: leatherfern, Acrostichum sp.‡
MONO: pickerelweed, cf. Pontederia‡;
bulltongue arrowweed, Sagittaria cf. S.lancifolia‡
DICOT: pond apple-type, Annona type‡;
waterhyssop, cf. Bacopa sp.‡;
Hibiscus sp.‡;
Ilex sp.‡
Disturbed lands
DICOT: cf. Abutilon sp.‡; peppertree, Schinus sp.‡
General/unknown
FUNG: Dictyosporites sp‡; Fusiformisporites sp.‡;
Meliolinites sp.‡;
Microthyriacites spp.‡;
Palaeomycites sp.‡;
Quilonia sp.‡
PTER: antlerfern, Ceratopteris sp.‡;
polypody, Polypodiaceae‡
GYMNO: cycads, Cycadaceae sp.?‡
MONO: grasses, Poaceae†;
palms, Arecaceae†
DICOT: cashews, Anacardiaceae‡;
composites, Asteraceae‡;
goosefoot/amaranths, Chenopodiaceae/Amaranthaceae‡;
legumes, Fabaceae†;
mallows, cf. Malvales†;
myrtles/Stoppers, Myrtaceae‡;
soapberries, Sapindaceae‡
Identification based on palynomorphs only (‡), macrofossils only (*), or both macrofosils and
palynomorphs (†). Common names are given at first mention. General/unknown, habitat unidentified and
indeterminate until more resolved identifications are available. Plants are in habitat lists divided into Fungi
(FUNG), Pteridophyta (PTER), Fern-Like Allies (FELA), Gymnospermae (GYMNO), Monocotyledoneae
(MONO), and Dicotyledoneae (DICOT).

4.3

Composition of the Sediments
Additional samples were collected from Sawmill Sink and analyzed for sediment

composition (Table 3). As described in Chapter 3.7, each 1000 mL sample (measured by
volume) was sorted for organic plant matter, vertebrate and invertebrate fossil fragments,
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and inorganic rock and sand particles. When possible, vertebrate fossils are identified to
species; invertebrate remains are unidentified mollusks and gastropods.
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SS - Northwest
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20.3

5.1

33.49 13.2

33.48 13.1

31.8

26.61

24.89

24.89

11.53 54.9

0.38

0.92

0.92

0.51

0.24

0.24

0.24

4.24

4.24

DO sat
DO mg/L
%

11.53 54.9

Temp C Sal ppt

6.52

6.79

6.78

6.67

6.56

6.54

6.54

6.54

6.54

pH

1000

1000

1000

1000

1000

1000

1000

1000

1000

990

998

0

0

970

984

990

990

999

0

0

976

877

10

14

0

10

1

10

2

22

75

20

0

10

0

0

n/a

n/a

0

0

TORT

TORT

1

3

4

4

1

BIRD,
LIZARD,
5 SNAKE, BAT
2 TORT, BAT

NOTES

GELATENOUS

BEETLE, BUTTERFLY
WINGS

GREEN LEAVES

GREEN LEAVES,
GREEN BEETLE,
1 BUTTERFLY WINGS

1

n/a

n/a

n/a

CROC

0

2

0 CROC, TORT

0

0

Rock &
Bone
Total
Peat
Vert Vol. Inverts
sand,
Vert Species quality *1
Vol. mL Vol. mL
mL
Vol. mL
Vol. mL
ID
-4

*Preservation Quality: 1) Free of breaks, cracks, abrasion, and surface marks; skeletons may be articulated. 2) Broken, small cracks, abraded, surface marks present; disarticulated. 3) Cancellous,
cracked, surface abrasion, extensive surface marks; disarticulated, fragmentary. 4) Permineralized; may be articulated or fragmentary; complete but loss of organic matter; crystallization has altered
the original bone composition.

15

13 SS - Below Peat Cave

SS - Roost 1

11

6 SS - Below Grid A, "B"

SS - C29

1-14 cm
14-22 cm

5 SS - Below Grid A, "A"

8

11-14 cm

4 SS - Above Grid B, "2B"

Sediment
Sample
Depth
4-7 cm

** Site (SS=Sawmill
Sink)

Sediment collections, associated depth (m), temperature (⁰C), salinity (ppt), dissolved oxygen (%), dissolved oxygen
(mg/L), pH. 1000 mL sediment samples (2, 4, 5, 6, 8, 11, 12, 13, and 15) were sorted and measured by volume for:
peat, rock and sand, vertebrate bone fragments, invertebrate remains, identified to bone quality, species, and notes of
interest. *Bone quality scale is discussed below.

2 SS - Above Grid B, "1B"

Table 3
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Samples 2 and 4 were taken from a box that was collected from 10.7 m depth. The
sediment was subdivided into 4 stratified layers; 2 layers were analyzed for organic and
inorganic components. Sample 2 was subsurface sediment from 4-7 cm deep; Sample 4
was sediment sampled from 11-14 cm deep. Sample 2 was black in color and contained
999 mL of organic plant matter and 1 mL of inorganic carbonate sand. Sample 4 was
black in color and contained from 990 mL of organic plant matter and 10 mL of inorganic
carbonate sand. Neither sample contained identifiable fossil remains.
Samples 5 and 6 were taken from a box that was collected from a depth of 17.4 m.
The sediment was subdivided into 2 stratified layers and analyzed for organic and
inorganic components. Both samples contained well-preserved leaves and seeds. Sample
5 was subsurface sediment from 1-14 cm deep, black in color, contained 990 mL of
organic plant matter, 10 mL of vertebrate fossil fragments in excellent condition, and
insect remains including beetle wings (Figure 60). Sample 6 was sediment taken from
14-22 cm deep, black in color, contained 984 mL of organic plant matter, 14 mL of
inorganic carbonate sand, and 2 mL of invertebrate fossils. Insect wings were noted but
vertebrate fossil fragments were absent.
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Figure 60 Peat sediment from 17.4 m includes wood, twigs, seeds, and iridescent beetle
wings.

Sample 8 was collected from a depth of 18.6 m and contained 970 mL of organic
plant matter, 10 mL of rock and sand, and 20 mL of vertebrate fossil remains.
Throughout the sample, leaves were well-preserved and blue and green insect wings were
noted. The vertebrate fossil remains were identified as crocodile osteoderms.
Sample 11 was a reddish brown deposit collected from Roost 1 at a depth of 25.9
m. It contained no organic plant matter, 877 mL of rock and sand, 75 mL of vertebrate
fossil remains, 5 mL of invertebrate fossils (Figure 61). While the numerous vertebrate
fossil remains (bird, lizard, snake, and bat) were morphologically well-preserved, they no
longer contained organic matter based on their reaction to dilute acetic acid.
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Figure 61 Roost 1 sediment contained >10% vertebrate fossils.

Sample 12 was a reddish brown deposit collected from a depth of 25.9 m, well
beyond the lower periphery of the talus cone. It contained no organic plant matter, 22 mL
of vertebrate fossil remains (tortoise and bat), 2 mL of invertebrate remains, and 976 mL
of rock and sand (Figure 62). The fragmentary vertebrate fossils no longer contained
organic matter based on their reaction to dilute acetic acid.
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Figure 62 Several tortoise shell fragments were found in the Northwest Passage
sediment.

Sample 13 was a black deposit collected from a depth of 36 m beneath an
overlying organic peat deposit known as the Peat Cave (see Chapter 2.2). It contained
998 mL of highly degraded gelatinous organic plant matter and 2 mL of vertebrate fossil
remains (tortoise) (Figure 63). The vertebrate fossil remains were cancellous and poorly
preserved.
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Figure 63 A gelatinous organic deposit was collected from an area beneath a peat
deposit from 36 m depth.

Sample 15, collected from a depth of 13.7 m, contained 990 mL of black organic
plant matter and 10 mL of well-preserved tortoise fragments.
Organic plant material was the major component in samples 2, 4, 5, 6, 8, and 15;
these were collected from the talus cone (10.7-18.6 m depths); fossil fragments in the
organic deposits are non-cancellous and well-preserved. Plant material in the organic
deposits on the talus cone (2, 4, 5, 6, 8, and 15) is well-preserved; leaves retained their
structure and green pigments and seeds were preserved sufficiently to be identified by
plant taxonomists (Steadman et al., 2007). Plant material in sample 13 (36 m depth below
the Peat Cave) was highly degraded; despite the greater depth of this sample, the organic
components suggest it originated in the overlying peat sediment. Iridescent blue and
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green insect wings were identified in samples 5, 6, and 8. Well-preserved tortoise and
crocodile bone fragments were included in samples 5, 8, 12, 13, and 15. Tortoise fossils
in sample 12 are highly mineralized and fragmentary. Morphologically, fossils from
sample 11 (bird, lizard, snake, and bat) were beautifully preserved for identification;
however the organic components were no longer present.
No sediment data was available from the interior of the talus except for the short
core samples of Steadman et al, (2007). Similar depositional environments also occur in
Lost Reel, Dan’s Cave, and Nancy’s Cave. From the preceding results, bone
accumulations are found in three different deposits in Sawmill Sink. They are identified
and described here as; 1) Peat Deposit, 2) Roost Deposit, and 3) Deep Deposit.

4.3.1

Peat Deposit
Organic bottom sediments in inland blue holes are derived from terrestrial

vegetation that is transported into the blue holes. Densely packed organic peat nearly fills
the entry shaft of Sawmill Sink’s bell-shaped profile. Black peat sediment, rich with wellpreserved leaves, twigs, seeds, bark and pollen, covers most of the upper talus cone from
depths of 9 m to 26 m. Leaves and seeds remain intact and have retained their structure
and natural pigments (Figure 60). Insect wings of unidentified beetles and butterflies are
common in the peat sediments (samples 5, 6, and 8) as green and blue fragments (Figure
60).
Large vertebrate fossils are most numerous in the black, organic peat deposits and
often occur in an exceptional state of preservation (Figure 64). The fossil assemblages
include complete skeletons of crocodiles and tortoise (Figures 64 and 65). Skulls and
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long bones are common while smaller bones are less common. Tortoise shells found in
organic sediments, often retain scute keratin (Figure 66) and intact soft tissues in wounds
(Figure 67). Fossil tortoise and crocodile that were collected previously from the peat
sediments range in age from 2,520 + 50 yrs BP to 3,680 + 50 yrs BP and suggest a
similar age for the enclosing plant fossils (Steadman et al., 2007).

Figure 64 Crocodile C29 from the Peat deposit at 18.6 m. Skull length is 27 cm. (Photo
credit: Brian Kakuk).
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Figure 65 Tortoise T1 (holotype) nestled in organic sediment at 13.7 m. Carapace
length 45 cm. (Photo: Curt Bowen).

Figure 66 Scute keratin is often preserved on complete tortoise shells from the peat.
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Figure 67

Soft tissue was found in wounds on tortoise T7.

Sediments and associated fossils in Lost Reel, Cherokee Rx, Ralph’s Cave, Dan’s
Cave, and Nancy’s Cave, are soft and fragmentary, and are shown to lack sufficient
organic material for 14C radiocarbon analysis.

4.3.2

Roost Deposit
Reddish brown inorganic sand, rock, and silt occurs variably in the deeper areas

of the talus cone (Samples 9 and 10). Reddish brown bone and limestone gravel cascades
from a rocky ledge at 27 m to a depth of 29 m. are the dominant substrate below 30
meters. The roost deposits are isolated accumulations of a rich and diverse fauna from
what is interpreted to be the remains of an owl roost (Figure 68) in the middle to lower
depths of Sawmill Sink’s talus cone (Steadman et al., 2009). Of the numerous fossils that
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have been identified from the roost deposit, vertebrate species include more than 25
species of birds, six reptiles, and five mammals (Steadman et al., 2009). Large vertebrates
are not represented in the roost deposit; it is instead characterized by abundant small
vertebrate fossils (Figures 69 and 70).
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Figure 68 Roost 1 site in Sawmill Sink from 27-29 m depth (Photo credit: Brian
Kakuk).
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Figure 69 Sediment and bone accumulation at Roost 1 (Photo credit: Brian Kakuk).

Figure 70 Roost 1, Sediment sample (K4) produced 877 bones.
117

4.3.3

Deep Deposit
Preservation is ephemeral and when conditions that promote preservation cease,

the decay process can be reactivated. Fossils that are preserved in the peat deposits high
in a blue hole may not survive at depths down to the last glacial low stand unless
mineralization has occurred. In the deep deposit, well-mineralized fossils are scattered
across the flat, deep areas of Sawmill Sink (>30 m depth) where fine-grained inorganic
bottom sediment in the deepest portion of the talus cone extends into adjacent cave
passages (Figure 71). Mineral encrustations coat the surface of some fossils found in the
deeper areas of Sawmill Sink and Lost Reel (Figures 72 and 73). While the encrustations
are composed of white sedimentary carbonate deposits, the surrounding substrates are
typically colored reddish brown and are easily disturbed by diver activities. Beyond the
deepest outer periphery of the talus cone, the lowered gradient presumably results in
lower rates of deposition of the migrating organic debris from the upper talus cone.
Deposits in these areas are continuously immersed in salt water that floods the cave
system that is supersaturated with CaCO3. Conditions in the deep deposits have not
preserved the bone collagen sufficiently to provide radiocarbon dates.
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Figure 71 Sawmill Sink Deep deposit is composed of inorganic sand and rock
(“cookie” 5 cm across).

Figure 72 Tortoise femur found in the deep deposit.
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Figure 73 A mineralized piece of a tortoise shell carapace was found a deep deposit
Lost Reel.
4.4

Sediment Migration
While no quantitative data exist for talus cone destabilizing processes in blue

holes, any movement may be dependent upon substrate, angle of the slope, or human
interference initiating rolling, overturning, slumping, creeping, or flow of sediments. The
sediment migration measurements described in Chapter 3.8 over a period of nearly three
years show that unlike the previously observed relatively massive peat slumps that
occurred in Sawmill Sink, Lost Reel showed tremendous stability over an extended
period, once again emphasizing the variability among these sites. The results were in
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stark contrast to the slope instability and mobility observed in Sawmill Sink. Talus slope
stability therefore appears to be a more complex problem than originally thought.

4.5

Stable Isotopes
Sediment samples were processed for carbon (δ 13C) and nitrogen (δ15N) stable

isotopes by Jennifer Macalady (Penn State). Samples 1, 3, and 9 were too disrupted by
the collection to be analyzed. All values reported below are as per mil.
Samples 2, 4, 5, 6, 8, and 15 were collected from the mid to upper talus cone Peat
deposit in Sawmill Sink, at depths between 10.7 m and 18.6 m (Table 4). Nitrogen
values (δ15N) range from 1.27 to 2.16. Nitrogen percentage values range from 0.65 to
2.22. Carbon (δ 13C) values range from -21.3 to -29.3. Carbon percentage values range
from to 22.0 to 58.7. C/N ratios range from 24.7 to 32.9.
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Table 4

Sediment collections, associated depth (m), temperature (⁰C), salinity (ppt),
dissolved oxygen (%), dissolved oxygen (mg/L), pH. Stable isotopic results:
nitrogen ( 15N, air), nitrogen (%), carbon ( 13C), carbon (%), and
carbon/nitrogen ratio.

** Site
Sediment
Depth
(SS=Sawmill Sample
Depth
Meters
Sample
Sink)

Temp
C
Sal ppt DO sat % DO mg/L

pH

Orp mV

d15N(air)

%N

d13C
(pdb)

%C

C/N

SS - Above
2 Grid B, "1B"

4-7 cm

10.7 25.05 11.53

54.9

4.24

6.54

-223.3

1.72

0.65

-21.3

22.0

33.9

SS - Above
4 Grid B, "2B"

11-14 cm

10.7 25.05 11.53

54.9

4.24

6.54

-223.3

1.27

0.71

-21.4

23.4

32.9

SS - Below
5 Grid A, "A"

1-14 cm

17.4 24.62 24.89

3.3

0.24

6.54

-288

1.91

2.26

-29.1

58.7

26.0

14-22 cm

17.4 24.62 24.89

3.3

0.24

6.54

-288

2.16

1.29

-25.9

32.1

24.9
31.5

SS - Below
6 Grid A, "B"
SS - Below
7
Grid B
8

SS - C29

15 24.93 22.38

4

0.29

6.52

-295.3

1.65

1.52

-28.1

47.9

18.6 24.49 26.61

3.3

0.24

6.56

-283

2.03

2.22

-29.3

54.8

24.7

10 SS - Roost 1

L2.1

25.9 24.07

31.8

7.2

0.51

6.67

-187.6

0.20

0.01

-1.1

5.0

503.0

11 SS - Roost 1
SS Northwest
12 Passage, ST3

K5.1

25.9 24.07

31.8

7.2

0.51

6.67

-187.6

3.72

0.05

-8.9

2.9

57.4

0-10 cm

34.1 23.67 33.48

13.1

0.92

6.78

-57.8

3.30

0.03

-21.8

0.5

15.0

SS - Below
13 Peat Cave

sediment

36 23.66 33.49

13.2

0.92

6.79

-47.4

5.73

1.67

-27.2

38.6

23.1

SS - Below
14 Peat Cave

"jelloball"

36 23.66 33.49

15

SS - T8

16 Lost Reel

13.2

0.92

6.79

-47.4

6.35

1.40

-26.6

32.8

23.4

20.3

5.1

0.38

6.52

-298.2

2.01

1.14

-24.6

28.4

24.9

n/a

n/a

n/a

n/a

n/a

3.43

1.62

-28.3

26.3

16.2

25.3 24.83 18.77

4

0.3

6.74

-204.5

1.44

0.16

-24.9

6.5

40.8
20.9

13.7 25.16
coprolite

17 Lost Reel T6

n/a

n/a

18 Dan's Cave

9.1 24.06

0.41

78.4

6.57

7.48

20.8

2.82

2.26

-29.1

47.3

19 Dan's Cave

12.2 23.98

0.9

77.1

6.46

7.22

26.1

2.12

1.66

-28.1

39.5

23.8

-28.0

21 Nancy's Cave

6.1

n/a

n/a

n/a

n/a

n/a

n/a

0.74

2.01

57.5

28.58

22 Nancy's Cave

18.3

n/a

n/a

n/a

n/a

n/a

n/a

1.55

2.71 -29.40 59.99

22.1

Samples 10 and 11 were collected from the lower talus Roost deposit (Chapter
4.3) in Sawmill Sink at a depth of 25.9 m. Nitrogen values (δ15N) range from 0.20 to
3.72. Nitrogen percentage values range from 0.01 to 0.05. Carbon (δ 13C) values range
from -1.1 to -8.9. Carbon percentage values range from to 2.9 to 5.0. C/N ratios range
from 57.4 to 503.0.
Sample 12 was collected from the Deep deposit (Chapter 4.3) at a depth of 25.9
m. Nitrogen values (δ15N) were 3.30; nitrogen percentage value was 0.03; carbon (δ 13C)
value was -21.8; carbon percentage value was 0.5; C/N ratio was 15.0. While samples 10,
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11, and 13 share comparable percent nitrogen and percent carbon values as sample 12,
the actual carbon (δ 13C) values and carbon/nitrogen ratios were more similar to samples
collected from the Peat deposits (2, 4,5, 6, 8, and 15). These values suggest that sample
12 had organic origins; decay (biotic or abiotic) has removed the organic signature.
Samples 13 and 14 were derived from a single collection with slightly different
sediment qualities that were analyzed separately. The sample was collected from a depth
of 36 m below the Peat Cave (Chapters 2.2 and 4.3). Nitrogen values (δ15N) range from
5.73 to 6.63. Percent nitrogen values range from 1.40 to 1.67. Carbon (δ 13C) values range
from -26.6 to -27.2. Percent carbon values range from 32.8 to 38.6. C/N ratios range from
23.1 to 23.4. High nitrogen values (δ15N) and low carbon (δ 13C) values suggest this
sample was derived from organic peat sediments, probably having its origins in the
overlying Peat Cave (Chapter 2.2).
Carbon (δ 13C) values ranging from -21.3 to -29.4 in samples 2-8, and 13-15
suggest terrestrially derived plant components. C/N values <34 in these same samples are
also interpreted as originating from terrestrially derived plant components. While
samples 13 and 14 were collected from a deep area of Sawmill Sink (36 m depth) their
C/N ratios also suggest organic origins, probably from the overlying peat deposit known
as the “Peat Cave”.
Carbon (δ 13C) values (8.9 to 9.1) and C/N ratios (57.4 to 503.0) from Roost
samples 10 and 11, are interpreted as predominately inorganic calcium carbonate and
shows very little organic background. While a numerous bones occur in this deposit,
isotopic values suggest that any organics that were present at the time of deposition have
been removed.
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Samples from other caves (Lost Reel, Dan’s Cave, and Nancy’s Cave) suggest
similar deposits occur in these caves as also occurs in Sawmill Sink (Table 4). The very
low C/N values of the coprolite from Lost Reel suggest a high organic content.
Stable isotopic analyses of Jennifer Macalady recorded that sediment deposits that
occur in the middle to upper talus cone of Sawmill Sink are composed of predominantly
organic matter. Deposits in the deeper regions tend to be inorganic (Table 4). While these
deep inorganic deposits may have their origins in organically-derived sediments, those
organic components have decayed away.

4.6

Geology Samples
A sample of “brown coal” was collected from Sawmill Sink at a depth of 30m

(Figure 74). Analysis of the sample by Terry Lott and David Jarzen (FLMNH) revealed
that the dark yellow brown sample was full of kerogen and contained small fragments of
limestone made of fine amorphous material, some microscopic cuticle of fibrous material
and fungal spores. They noted a possible insect piece and possible but no distinct pollen
(Lott, pers. comm, 2008).
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Figure 74 A deposit of brown coal was found at a depth of 36 m.

Deposits of micrite were widespread in Dan’s Cave and in Sawmill Sink at depths
of 27 m to 38 m. Samples were given to Robert Folk (2008) and Claude-Alain Hassler for
analysis. Both researchers found the microporosity to be extremely high. Hassler (pers.
com., 2008) noted that the micrite sample was low Mg calcite with extremely high
microporosity and wide microporous intercrystalline network. Calcite crystals were well
developed euhedral rhombs with seldom, but possible, aragonitic acicular crystals
ranging in size from 1 to 4 microns. A partial skeleton of a crocodile was found
protruding from a massive micrite deposit in Dan’s Cave at a depth of 28 m and 275 m
from the cave entrance (Figure 75). Several bones that were eroded from the original
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micrite deposit were collected for positive identification along with hand samples of
micrite.

Figure 75 Micrite deposit with crocodile vertebra (on left, 5 cm in length), 30 m depth
(Photo credit: Brian Kakuk).

Permineralized tortoise fossils collected from the bottom of the talus cone in Lost
Reel Cave and Sawmill Sink were heavily encrusted with sedimentary deposits (Figure
73). The organic bone material was no longer available for dating, so a sample of the
mineral encrustation was sent for U/Th dating by Peter Swart. Swart was unable to isolate
sufficient calcite cements to obtain a date (Swart, pers. comm.). The composition and
origin of the deposits on the bones remains unclear.

126

4.7

Tidal Influence
From 25 April to 27 April, 2009, tidal peaks in Sawmill Sink lagged behind

Pelican Harbour by 29 minutes but the Sawmill Sink peeks precede the peaks at The
Marls by 158 minutes while tidal peaks in The Marls lagged behind Pelican Harbour by
187 minutes (Figure 76).
Correlating times and tidal range of the inland blue holes and nearby surface
marine localities suggests that the inland blue holes are connected to the eastern and
western margins through seawater flowing through deep subplatform conduits and cave
systems. Inland blue holes in Abaco demonsrate tidal coupling, but the tidal peaks are
temporally offset from those observed at the shoreline. Tides on the west side of the
Marls, however, are often buffered by wind conditions and the dampening effect of the
broad, shallow lagoon. In addition, the Marl records may have artifacts from localized
storms in which strong, steady northeasterly winds depress the returning higher tides, and
steady southwesterly winds can maintain abnormally high tides. Ocean blue holes, as
expected, tend to have high tidal flow, but flow rates of inland blue holes is low and may
be imperceptible. These conditions prevail in the six inland blue hole sites of this study.
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Figure 76 Tidal Range for Pelican Harbour, Sawmill Sink, and the Marls on Abaco;
April 20, 2009 to April 29, 2009. Hobo® Data Loggers were on loan from
Craig Layman, Florida International University. Data graph was created by
Jonathan B. Sumrall, Mississippi State University.

Subterranean flow is important in identifying Sawmill and other inland blue holes
in the study as low energy environments. Studies by Whitaker and Smart (1997b) found
minimal tidal efficiency of inland blue holes (6.3% of the tidal range that occurs in open
marine conditions) which is also observed from diving activities during some of our
investigations. The tide gauge data in Sawmill Sink indicate a much more efficient and
effective connection to the open sea, but flow in Sawmill Sink is still almost
imperceptible to divers. Exceptional preservation is recognized from low energy
environments that lack erosive currents that transport of sediments and mix fossil
deposits (Martin, 1999). Inland blue holes tend to have low flow rates and lack the high
energy that ocean blue holes experience as a result of rapid exchange of water.
Tidal influences in open marine settings can create high energy environments in
which currents continually remobilize sediments and break up fossil assemblages.
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Currents of inland blue holes cannot be accurately accessed by surface observations.
While tidal flow in Sawmill Sink is nearly imperceptible, tidal amplitude in Sawmill Sink
is nearly the same as tidal amplitudes recorded from the eastern margins of the Little
Bahama Bank at Pelican Harbour. Furthermore, closely lagging tidal peaks between
Pelican Harbour and Sawmill Sink (29 minutes) suggests a fairly direct subterranean
connection exists between Sawmill Sink and open marine conditions at the bank margins.
In other words, amplitude and timing of the tidal peaks do not necessarily indicate an
inland blue hole will have a high energy, turbulent flow environment capable of
redistributing fossil remains.

4.8

Water Chemistry
Initial water quality data were compiled and analyzed by The Bahamas Water and

Sewerage Corporation for chemistry and microbiology (Table 5). Results indicated the
sample from 29' (9 m) had a strong foul odor and the hydrogen sulfide content was 5
mg/l. Samples from all depths were free of faecal coliform bacteria and had very low
total bacteria levels. The Bahamas Water and Sewerage Corporation operate the
freshwater well fields, distribute potable water, and monitor water quality for The
Bahamas. The bacteria counts therefore pertain only to microbiology that affects potable
water for human consumption.
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Table 5

Water Quality Report for Sawmill Sink, analyzed by The Bahamas Water
and Sewerage Corporation, June 26, 2005.
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4.9

Water Quality Profiles
Water quality profiles were obtained from five inland blue holes by Thomas Iliffe

(2006) using a hand-held YSI 6000 multi-parameter water quality monitor. Iliffe
measured depth, salinity, temperature, dissolved oxygen, pH and ORP (oxygen reduction
potential). Water quality data are summarized in Table 6. Water quality data were not
collected from Nancy’s Cave since this cave was unknown at the time of Iliffe’s visits.
Iliffe’s data uses the name “Magical” for Cherokee Rx (Ref. Chapter 3.12).
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Table 6

Water Quality Comparisons between Abaco caves – March 2006. Compiled
by Dr. Thomas Iliffe

Surface salinity
Deep salinity
Halocline top
Halocline
bottom
Halocline width
Surface temp
Deep temp
Temp min
Temp max
Salinity @ temp
min
Salinity @ temp
max
Temp range
Surface DO
Deep DO
Min DO
Surface pH
Deep pH
pH minimum
Salinity @ pH
min
Redox min
Max depth

Lost Reel

Dan's

Ralph's

Sawmill

Magical

Avg.

St. Dev.

1.06
32.91
17.5

0.41
33.59
11.98

0.63
33.23
8.74

0.84
33.5
9.41

0.77
34.05
13.48

0.742
33.456
12.222

0.242012396
0.424829378
3.518880504

32.6

17.8

19.32

27.09

25.63

24.488

6.027368414

15.1
23
24.06
21.27
24.84

5.82
25.69
23.6
23.52
24.08

10.58
23.85
23.73
23.73
24.25

17.68
25.71
23.64
23.69
25.35

12.15
22.44
24.38
21.43
24.38

12.266
24.138
23.882
22.728
24.58

4.520783118
1.511710951
0.331993976
1.261673492
0.514635794

1.17

33.3

33.23

0.87

0.84

13.882

17.69466502

17.4

10.93

10.69

17.4

34.05

18.094

9.509197127

3.57
5.76
0.24
0.23
7.56
7.03
6.62

0.56
6.8
1.97
1.74
7.49
6.89
5.92

0.52
5.55
1.75
1.75
7.64
7.14
6.56

1.66
7.35
0.96
0.23
7.67
6.8
6.5

2.95
5.5
0.38
0.39
7.56
6.57
6.26

1.852
6.192
1.06
0.868
7.584
6.886
6.372

1.381799551
0.83490718
0.782464057
0.803255875
0.071624018
0.219385505
0.287262946

12.03

10.93

31.6

17.3

31.97

20.766

10.34387403

-248.8
42.2

20.4
45

19.2
45.6

-297.9
51.3

-200.6
56

-141.54
48.02

151.2474396
5.551756479

Iliffe found that the surface and bottom salinities were similar in the five caves
sampled, averaging 0.94 ppt on the surface to 33.84 ppt on the bottom. The depth at the
top of the halocline varied greatly from 8.7 m in Ralph’s to17.5 m in Lost Reel.
Thickness of the halocline ranged from 5.8 m in Dan’s to 17.7 m in Sawmill. In two
caves (Dan’s, Sawmill), surface water was significantly warmer than bottom waters; in
two caves (Lost Reel, Magical), surface water was cooler than bottom waters; in one cave
(Ralph’s), surface and bottom temperatures were the same. Temperature profiles from
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within the cave water column showed relative maximums (up to 25.4°C in Sawmill) and
minimums (down to 21.3°C in Lost Reel). Three caves (Lost Reel, Sawmill, Magical)
had temperature minimums at the top of the halocline, while in two caves (Dan’s,
Ralph’s), the temperature minimums occurred in the bottom waters. In all caves except
Magical, temperature maximums were in the middle of the halocline. Salinities at the
temperature maximum ranged from 10.7 in Ralph’s to 34.0 in Magical. Dissolved oxygen
(DO) levels were high (above 5.5 mg/l) in surface waters of all caves and decreased with
depth, especially across the halocline. Two of the caves (Lost Reel, Magical) had very
low (less than 0.4 mg/l) DO in bottom waters, while Dan’s, Ralph’s, Sawmill had bottom
DO at or above 1 mg/l. In all caves, pH decreased with depth from an average of 7.6 at
the surface to 6.8 at the bottom. A pH minimum occurred within the halocline in all
caves, occurring at salinities from 10.9 in Dan’s to 32.0 in Magical. All caves except
Dan’s and Ralph’s had dense hydrogen sulfide zones, as indicted by large negative Redox
Potentials extending to around -300 mV in Sawmill Sink.
Iliffe further noted unique values in Sawmill Sink (Table 6). A double halocline
occurs in Sawmill Sink; the primary halocline occurs between 9.4 to 23.5 m with salinity
values to 31 ppt; the second halocline which is quite sharp where salinity increases from
31.9 to 33.5 over a distance of only 70 cm. Maximum temperature, minimum DO, and
minimum pH occur within the hydrogen sulfide zone of the primary halocline. DO in the
surface waters (maximum 7.42 mg/l at 0.67 m) sharply decreases in the mixing zone to
0.26 mg/l from depths of 9-15 m. Below the halocline, temperature drops, while DO and
pH increase slightly. The similar shapes of the DO and pH curves suggest that similar
pressures are influencing both parameters.
133

4.10

Abundance and Preservation
The accumulation of bones in a given area provides evidence for the spatial

density and arrangement of bones at the time the deposit was formed. Investigations of
bone assemblages suggest factors influencing their origins and depositional environment,
attritional verses catastrophic burial, and may also provide information on the postmortem dispersal and selective destruction of skeletal elements (Behrensmeyer, 1999).
Dense concentrations of bones suggest factors that may promote exceptional preservation
(Allison and Briggs, 1991). By comparing vertebrate fossil accumulations, their relative
abundance, spatial distribution, and bone modification, it was attempted to show that
some deposits have preserved vertebrate fossil assemblages more completely.
Five fossil deposits in Sawmill Sink (Grid A, Grid B, K1, K4, and K5; Table 7)
were counted for number of bone pieces regardless of size or completeness. This value
represents the number of documented bones or bone fragments within a specified area,
not the minimum number of individuals (Behrensmeyer, 1991, p. 296). Minimum
Number of Individuals (MNI) and number of species were calculated from Grid A and
Grid B based on the most abundant identifiable element of each species (Behrensmeyer,
1991, p. 296-297). In this case, articulated crocodile skulls and tortoise shells were wellpreserved. For instance, each tortoise shell was counted as one individual and each
crocodile skull was counted as one individual. Total area of each grid encompassed one
m by two m and was collected to a depth of 20 cm. Each Roost 1 collection was taken
from 0.5 by 0.5 m section of a larger one m by two m grid and collected to a depth of 10
cm. Preliminary species identifications were compiled from Roost 1 by Steadman et al.
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(2007) and reported in Table 7. Total bone accumulation counts were subsequently
conducted during this research and are reported in Table 8.
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Table 7

Preliminary list, Sawmill Sink vertebrate species (Steadman et al., 2007).
Peat Owl roost

REPTILES
Alsophis sp. - colubrid snake
Anolis sagrei - anole
Chelonoidis alburyorum - Abaco tortoise†
Crocodylus rhombifer - Cuban crocodile*
Epicrates striatus - boa
Typhlops sp. - blind snake

--++
++
---

+
+
+
+
++
+

BIRDS
Puffinus lherminieri - Audubon’s Shearwater
Nyctanassa violacea - Yellow-crowned Night-heron
Eudocimus albus - White Ibis
Pandion haliaetus - Osprey
Accipiter cooperii/gundlachii - Cooper’s/Gundlach’s Hawk*
Buteo swainsonii – Swainson’s Hawk*
Falco sparverius - American Kestrel
Caracara creightoni - Bahamas Caracara†
Rallus undescribed sp. - Abaco flightless rail†
Gallinago sp. - snipe
Patagioenas leucocephala -White-crowned Pigeon
Patagioenas large sp. – large pigeon*
Zenaida aurita - Zenaida Dove
Geotrygon chrysia - Bridled Quail-dove
Columbina passerina – Common Ground-Dove
Forpus sp. - parrotlet*
Amazona leucocephala - Rose-throated (Bahamas) Parrot
Tyto sp. -Barn Owl
Athene cunicularia - Burrowing Owl
Caprimulgus cf. vociferus – Whip-poor-will*
Colaptes sp. - flicker*
Contopus caribaeus - Cuban Pewee
Tyrannus dominicensis – Gray Kingbird
Tyrannus caudifasciatus – Loggerhead Kingbird
Petrochelidon fulva - Cave Swallow*

-++
++
+
+
--++
--+
-+
+
---+
--------

+
+
+
+
+
+
+
-++
+
+
+
+
-+
+
+
+
++
+
+
+
+
+
+
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Table 7 (continued)
BIRDS (cont.)
Margarops fuscatus - Pearly-eyed Thrasher
Geothlypis rostrata - Bahamas Yellowthroat
Spizella passerina - Chipping Sparrow
Tiaris bicolor - Black-faced Grassquit
Sturnella magna - Eastern Meadowlark†
Passeriformes spp. - unidentified songbirds (4+ spp.)

Peat Owl roost
-+
-+
-+
-+
-++
+
++

MAMMALS
Macrotus waterhousii - Waterhouse’s Leaf-nosed Bat
Eptesicus fuscus - Big Brown Bat
Myotis sp. - unidentified myotis*
Tadarida brasiliensis - Mexican Free-tailed Bat
Geocapromys ingrahami - Bahamian Hutia*

----+

SPECIES TOTALS
Reptiles
Birds
Mammals
Species totals (all species vs. †/*)

2/2
10/2
1/1
14/6

++, common fossil
+, uncommon fossil
-- , not recorded from this
*, extant species, no longer occurs on Abaco, i.e., extirpated
†, extinct species
Marine species (sea turtles and fish) were excluded
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+
+
+
+
--

6/2
29+/9
4/1
39+/12

Table 8

Bone accumulation count

Specimen

Description

GRID A

C6

Crocodile Long Bones

28

C6

Crocodile Long Bones

20

C6

Crocodile Long Bones

25

C6

Crocodile Osteoderms

113

C6

Crocodile Rib Bones

65

T6

Totoise Carapace Fragments

11

C6

Crocodile Chevrons

14

T6

Micro Fossils

51

GRID B

Crocodile Rib Bones and Post Cranials

82

Crocodile Osteoderms

107

Long Bone

1

Phalanges

12

C6

Crocodile Vertebra

C19/20

Crocodile Vertebra

C19/20

Misc. Crocodile Bones

14

Crocodile Vertebra

104

ROOST K5

19

Crocodile Skull

1

C16

Crocodile Skull

1

C17

Crocodile Skull

1

C18

Crocodile Skull

1

C19

Crocodile Skull

1

C20

Crocodile Skull

1

T3

Tortoise Shell

1

T3

Tortoise Long Bones

11

T1

Tortoise Shell

1

T1

Tortoise Skull

1

T1, T6

Tortoise Post Cranial Bones

68

T2

Tortoise Shell

1

T4

Tortoise Shell

1

Tortoise Post Cranial Bones
Geocapromys

ROOST K4

40

C15

T4

ROOST K1

2
1

K1

Roost Fossils

K4

Roost Fossils (Bird, Snake, Fish…)

K5

Roost Fossils (Bird, Snake, Fish, Bat)

659

K5

Flightless Rail

19

K5

Cave Swallow

1

K5

Snake

20

K5

Bat

1

K5

Burrowing Owl

33

K5

Meadowlark

35

K5

Lizard sp.

5

K5

Gastropods

21

TOTAL (includes shells and skulls)

685
877

442

138

357

685

877

794

Grid A was located at a depth of 17.4 m on the eastern side of the talus (Figure
16). The bottom substrate was a deep peat deposit (Chapter 4.3) in which the first
tortoise, T1, was found. Collections included; two tortoises (T1 and T6) and associated
elements, one skull, 11 shell fragments, and 68 post cranial bones. Four crocodiles (C15,
C16, C17, and C18) were identified in Grid A along with associated elements, 40
vertebrae, 73 post cranial long bones, 65 rib bones, 14 chevrons, 113 crocodile
osteoderms, and 51 assorted phalanges. One radius of a hutia was also embedded in the
peat deposit Grid A. The total bone count from Grid A was 442 bones or bone pieces.
The fossils were exceptionally well-preserved, and therefore most of the counted
elements were complete and identifiable bones and were classified as 1 in the
preservation scale (Chapter 3.13).
Grid B was located at a depth of 14 m (Figure 16). The bottom substrate was a
deep peat deposit (Chapter 4.3) in which three tortoises were found as full shells (T2, T3,
and T4); T3 included 11 associated skeletal elements; T4 included two associated long
bones. Two crocodiles as skulls (C19 and C20) were identified in Grid B along with
associated elements, 23 vertebrae, 83 post cranial long bones, 12 phalanges, 107
crocodile osteoderms, and 51 assorted phalanges. The total bone count from Grid B was
357 bones or bone pieces. The fossils were again exceptionally well-preserved, therefore
most of the counted elements were complete and identifiable bones and were classified as
1 in the preservation scale (Chapter 3.13).
Roost 1 grid was located at a depth of 26 m (Figure 16). The bottom substrate was
composed of gravelly sand and clay (Chapter 4.3) that was covered with an extraordinary
accumulation of tiny bones, identified in Table 8. Morphologically, the bones were
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exceptionally well-preserved and majority of the elements were complete and
identifiable. The bones are extremely fragile and have lost their organic collagen, such
that they were classified as 4 in the preservation scale (Chapter 3.13).
Bones were counted from Roost 1 by 0.5 m by 0.5 m collections as follows; (K1
= 685); (K4 = 877); (K5 = 794). The total bone count from the three sub-sections was
2,356. Using values for K1 (685) and K4 (877), bone densities were calculated for an
equivalent one by two m grid. (K5 was collected outside the grid shown in Figure 36 and
is therefore not used in this calculation). Total calculated density equivalent for Roost 1 is
12,456 bones per one m by two m grid collected to a depth of 20 cm.
In Sawmill Sink, post cranial bones were collected from inside the shells of
tortoises T1, T2, T7, T8, and T9. One skull was collected from beneath tortoise T1.
Crocodile skulls and post cranial bones were abundant throughout the deposit but were
not associated to individual. The dense bone concentrations were mixed and complete
skeletal articulation was not indicated. A diverse age spectrum (adult, subadult, and
juveniles) were represented in the bone accumulations of Grid A and Grid B. Skulls of
crocodiles (measured as head length, from the anterior tip of the premaxilla to the
posterior of the parietal) range in size from 182 mm to 282 mm and indicate a broad age
spectra. While the maximum carapace length of tortoises from Sawmill Sink is 466 mm,
a subadult (estimated carapace length 345 mm) was the smallest complete shell and a
juvenile (T6) was represented by limb and girdle bones that were flushed from the shell
of T1 during cleaning (Franz and Franz, 2009).
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4.11

Radiocarbon Dates
A radiocarbon date was obtained from the crocodile collected in Dan’s Cave on

Great Abaco Island in 1993 (Franz et al., 1995). While the skeletal fragments were
cancellous and not well-preserved, the collagen was sufficiently preserved to give an
AMS radiocarbon (14C) date of 2780+/-60 yr BP (13C adjusted age 2840 + 60 yr BP;
Lab numbers: Beta 71576 and ETH-12243).
Ten bone samples were dated from Sawmill Sink (Steadman et al, 2007). The
specimens were analyzed by Beta Analytic and funded from sources through the Florida
Museum of Natural History at University of Florida and The National Museum of The
Bahamas (Table 9). The bones selected for dating were derived from several depths on
the talus cone that reflected varying water qualities and sediment chemistries.
Chronology of the fossil deposits in Sawmill Sink is based on six accelerator-mass
spectrometer (AMS) radiocarbon (14C) dates from individual bones identified to species
and associated sediments (Steadman et al., 2007). The remaining four samples, two
crocodiles (C21 and C24) and two birds (Rail and Meadowlark), were collected from 2628 m; these samples did not have sufficient collagen to give us dates.
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PROVENIENCE

PEAT

PEAT

PEAT

PEAT

PEAT

PEAT

PEAT

PEAT

OWL ROOST

OWL ROOST

228852

225509

225508

230221

230223

230222

230224

230225

229507

229508

RAIL: TIBIOTARSUS
MEADOWLARK:
TIBIOTARSUS

CROCODILE C24: HUMERUS

CROCODILE CB1: FEMUR
CROCODILE C21: THOR
VERTEBRA

CROCODILE G.A: HUMERUS
CROCODILE C6; LUMB
VERTEBRA

TORTOISE T3: SCAPULA
TORTOISE T1: THOR
VERTEBRA

HUMAN: TIBIA

SPECIES AND SKELETAL
ELEMENT

3,680 ± 50
NOT DATABLE; NO
COLLAGEN
NOT DATABLE; NO
COLLAGEN
NOT DATABLE; NO
COLLAGEN
NOT DATABLE; NO
COLLAGEN

3,680 ± 50

2,900 ± 50

2,660 ± 40

2,520 ± 50

870 ± 30

MEASURED 14C AGE, YR
BP
RATIO

N/A

N/A

N/A

N/A

-16.4

-19.0

-19.3

-21.2

-21.1

-14.7

13C/12C

N/A

N/A

N/A

N/A

3,820 ± 50

3,780 ± 50

2,990 ± 50

2,720 ± 40

2,580 ± 50

1,040 ± 40

CONVENTIONAL 14C AGE, YR
BP

N/A

N/A

N/A

N/A

4,410-4,080

4,340-4,340; 4,290-4,060; 4,050-3,990

3,340-3,000

2,880-2,750

2,770-2,690; 2,640-2,610; 2,590-2,500

1,050-1,030; 1,000-920

CALIBRATED AGE, 2σ (CAL BP)

Radiocarbon 14C date sampled from the bones; 6 dates were obtained from bones in peat deposits; 4 bones tested from
the deep deposit were not datable.

BETA LAB NO

Table 9
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The radiocarbon data support two ideas: 1) decomposition of organic collagen in
the bone matrix has occurred by hydrolysis (Martin, 1999, p. 155); or 2) the bones are
much older faunal remains than the fossils that retained sufficient datable collagen, or
both. Although human remains have been found in blue holes in the vicinity of crocodile
and tortoise fossils, radiocarbon dates from human remains (~1,000 cal BP) do not
overlap those of the other fossils (~2,500 to 3,900 cal BP).
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CHAPTER V
DISCUSSION

5.1

Blue Holes as Preservation Traps
Environmental conditions of certain inland blue holes can make them natural

repositories for well-preserved human, animal and plant remains, and the conditions that
prevail in the surrounding environment may influence fossil preservation. Previous
studies have shown that complex processes are involved with the development of fossilrich formations (Pratt, 1990; Allison and Briggs, 1991; Martin, 1999). The fossils in
Sawmill Sink predate historic Amerindian occupation in the northern Bahamas, therefore
early human populations are not implicated in affecting the faunal preservation in
Abaco’s inland blue holes.
Physical attributes of a cave entrance can exert strong controls on the types of
fossils that occur in a deposit, and a variety of mechanisms are responsible for
transporting fossils from the surface to the area of deposition. Accumulations in sinkholes
and caves are often the result of animals falling or being transported into the cave by
other mechanisms (Pratt, 1990; McFarlane and Lundberg, 2004). Thus, the steep-sided
walls that characterize some inland blue holes also create a natural animal trap and
whatever falls in, can’t climb out. Blue holes that resemble banana holes (e.g., New
Providence Banana Hole and Ralph’s Cave) are an example of a natural animal trap
created by karst processes.
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Talus slope configuration may also enhance fossil preservation by creating a zone
within the mixing zone, without disrupting that zone, on and in which fossils can
accumulate. Non-mineralized soft tissues are relatively rare in the fossil record because
they are readily consumed or degraded by predators, scavengers, or microbes. The
exceptional fossil preservation seen in Sawmill Sink supports previous evidence that
anoxic and mixed-water chemistries affect taphonomic processes by delaying necrolysis
(Allison and Briggs, 1991).
Macdonald (1992) also suggested that a depositional environment at the density
interface in mixed water chemistries enhances fossil preservation. Seilacher et al. (1985)
recognized that vertebrate fossil preservation is promoted by sulfate reducing bacterial
communities (cyanobacterial sealing) and anoxic water. Exceptional preservation
recognized in Solnhofen Limestone Konservat-Lagerstätte is a product of rapid burial in
smothering sediments in low energy environments, in the presence of stratified anoxic
water at a halocline, and the absence of scavengers and bioturbators (Allison and Briggs,
1991). Survival of bodies in bogs and other organic material may be due in part to anoxic
conditions but precise details of how such fossils are preserved continues to be
controversial (Painter, 2000). Anoxic environments may significantly limit scavenging of
organic material and turnover of sediments by bioturbators (Allison and Briggs, 1991).
The water of inland blue holes often consists of an upper oxic freshwater layer
and deeper anoxic marine water, creating a mixing zone between the two layers at the
halocline and a density interface with strong chemical gradients in the presence of
organic bottom sediments. As reviewed by Whitaker and Smart (1997b), the water of
inland blue holes reflect geochemical differences from the adjacent freshwater aquifer
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caused by higher tidal flow, enhanced mixing processes, open entrances that
accommodate surface-driven organic matter, and sunlight in the immediate entrance of
the blue hole. Organic matter from the surface provides an important source of carbon
that sustains bacterial communities at the density interface and influences the
geochemistry of inland blue holes. Where surrounding cliffs are absent or low and the
blue hole is open to direct sunlight, photosynthesizing bacteria may also contribute to the
water quality of inland blue holes. Oxic/anoxic gradients in inland blue holes host
microbial communities that are in turn controlled by the depth of the freshwater lens,
width of the halocline, and tidal influences. Their metabolic activity can be observed in
ranges of temperature, pH, dissolved oxygen, Redox potential, and hydrogen sulfide
production. Thus, the greatest negative Redox potential in Sawmill Sink is also the most
dense hydrogen sulfide layer.
Fossil remains in blue holes that are continuously immersed in quiescent anoxic
water with stable temperatures and neutral to high pH are therefore not subjected to
climate, humidity or alternating wet and dry conditions that typically weaken and erode
fossil material, especially vertebrate remains, in tropical regions. Additionally, reduced
tidal currents of the inland blue holes make erosion, breakage, and disarticulation less
likely. The hydrogen sulfide layer contributes to the preservation of faunal remains in a
variety of ways. Decomposing plant material in the organic sediments create anoxic
conditions that inhibit scavengers and promote fossil preservation, similar to the peat
bogs of Northern Europe from which well-preserved human remains have been found
(Allison and Briggs, 1991). Finally, the hydrogen sulfide layer makes environmental
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conditions extremely dangerous for the average cave diver; consequently, human
interference in blue holes is very low.
Living cave biotas have undoubtedly played a role in the mechanical decay of the
bodies as scavengers and bioturbators, although it is unclear to what degree they
influence degradation of the remains. Scavenging may be minimized or prevented if the
animal is deposited in an environment that is inhospitable, such as anoxic conditions,
rapid burial, or toxic pore waters (Allison and Briggs, 1991).

5.2

The Fossil Fauna
Over the course of five years the fossils from Abaco have been studied and

photographed from the extensive collection taken from Sawmill Sink and other inland
blue holes in Abaco. As the study expands to include the entire Bahamian archipelago, a
more complete picture of the natural history of The Bahamas is emerging.
The Sawmill Sink area once hosted numerous species of flora and fauna
evidenced by the vast assemblage well-preserved fossils. Of the 40+ species of reptiles,
mammals, birds and fish identified from the talus breakdown area, more than 25 species
of birds have been documented from the Roost deposit alone (Steadman et al, 2007), and
ongoing collections have significantly added to the growing list of avifauna (Steadman,
pers. comm.). Fossil fauna identified from the Sawmill Sink include 7 compete shells of
an extinct species of tortoise, Chelonoidis alburyorum (Franz and Franz, 2009) and at
least four isolated long bones that probably represent a second, much larger species of
tortoise (Franz and Franz, 2009); 54 associated skeletons of the extirpated Cuban
crocodile, Crocodylus rhombifer; hutia (Geocapromys ingrahami); four sea turtles from a
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deep inorganic deposit, and numerous birds, bats, snakes, and lizards from the Roost
deposit (Steadman et al, 2007). The tortoises represent the most complete skeletons of
tortoise species found in the West Indies to date (Franz and Franz, 2009; Steadman et al.,
2007). A preliminary list of vertebrate fauna from Sawmill Sink is presented in Table 7.
While other blue holes in The Bahamas have also produced vertebrate fossils, no other
site has produced the quantity or quality of fossils as Sawmill Sink.
Ichnofossils were associated with Grid A and Grid B. Circular punctures that occur on
tortoise shells (Figure 76) are interpreted as bite marks from C. rhombifer (Franz and
Franz, 2009). Coprolites are also found in the peat deposit (Figure 77).
Tortoise scute keratin remained on the shell of tortoises T1, T2, T7, T8, and T9
(Figure 66). Numerous seeds were collected from the body cavity of tortoises T1 and T3.
Seeds were otherwise uncommon in this deposit and were identified as (146) wild mastic
(Sapotaceae, Mastichodendron foetidissium) and (80) satinleaf (or saffron) (Sapotaceae,
Chrysophyllum oliviforme). Franz and Franz (2009) suggest that these were the remains
from the tortoises’ last meals since the fruit of the wild mastic and satinleaf tree are sweet
when ripe, and available to foraging animals as the seeds drop to the ground in the late
winter to early summer; this observation also suggests the tortoises died in the
springtime.
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Figure 77 Circular puncture wounds on the shell of tortoise T7 from Sawmill Sink are
interpreted as wounds inflicted by a crocodile.

Figure 78 Crocodile coprolites are numerous in peat deposits in Lost Reel and Nancy’s
Cave.
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The two major upland plant communities in The Bahamas today (tropical
hardwood species and pineyard vegetation) are reflected in the bottom sediments of
Sawmill Sink. The variable composition of bottom sediments from Sawmill Sink
suggests that plant communities have changed over time. Stratified peat on the middle to
upper talus cone contains the well-preserved remains of plants; bark, twigs, leaves, seeds,
and pollen in association with numerous crocodile and tortoise fossils (Steadman et al.,
2007). Radiocarbon 14C dates support late Holocene origins of the peat deposits and
fossil accumulations in the upper talus cone and give supporting evidence for long-term
attritional fossil accumulations in the peat deposit that span nearly 1,500 years. Peat
deposits are heavily dominated by large vertebrate taxa with few birds.
Sediment studies showed that while pine dominates the peat sediments in
shallower depths of the talus cone, coppice vegetation (tropical dry evergreen forest)
dominates the deeper layers. The absence of organic collagen for 14C radiocarbon dating
in the Roost bone deposits lends some support to the idea that the Roost fauna were
deposited before the peat fauna. Its deep depositional placement on the talus (>25 m)
suggests it was deposited during the last glacial interval >12,000 yrs BP (Steadman et al.,
2007), when the cave was dry and owls could fly in and roost. While the Roost deposits
are heavily dominated by bird fauna, they represent significantly greater species richness
and number of individuals. Identification of numerous extinct and extant species in the
fossil deposits from the deepest areas of Sawmill Sink supports the idea that the oldest
fossil fauna would be found at the greater depths.
The most common species recorded from the Roost were the extinct flightless
Rail (Rallus undescribed sp.), Burrowing Owl (Athene cunicularia), and the Eastern
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Meadowlark (Sturnella magna) (Steadman et al., 2007). The Eastern Meadowlark, a
grassland indicator species, is extant in The Bahamas and the Burrowing Owl is rare in
Abaco. Other extirpated birds from the Roost are the Cooper’s/Gundlach’s Hawk
(Accipiter cooperii/gundlachii), a flicker (Colaptes sp.), and a Cave Swallow
(Petrochelidon fulva) (Steadman et al., 2007).
While the indigenous Rose-throated Parrot, Amazona leucocephala (also
represented in the Roost avifauna), is a current resident species on Abaco, this population
represents only one of two remnant populations in The Bahamas; Abaco and Great
Inagua (the most northern and southern islands in The Bahamas). The presence of A.
leucocephala in the Roost fauna show its antiquity on Abaco. The presence of A.
leucocephala in the fossil records from Crooked Island in the southern Bahamas, the New
Providence Banana Hole on the Great Bahama Bank, and now from Sawmill Sink in
Abaco in the northern Bahamas show this species was once broadly distributed
throughout the Bahamas.
The deep bottom sediments in many inland blue holes reflect repeated sea level
oscillations in the Quaternary. In depths >35 m, laminated layers of fine grained clay
sediment cover the floor of broad flat conduits that, at some point, dried sufficiently to
erode into peaks and valleys and dessicate into blocks revealing multihued layers of clay
(Figure 77).
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Figure 79 Ralph’s Cave, bottom sediment covers a deep passage at 30 m; width of
image is1 m (Photo credit: Brian Kakuk).

Blue holes provide access to subterranean systems, and they also expose ancient
sedimentary horizons that often include facies entirely composed of the remains of
marine organisms. Exposed bedrock layers reveal unstudied invertebrate fossil
gastropods, mollusks, and coral reef communities from 20 m to 25 m depths (Figure 78).
Primary carbonate deposits are covered by secondary deposits of calcite flowstone
deposited after sea level fall and the introduction of air-filled conditions (Figure 79).
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Figure 80 Dan’s Cave, marine invertebrates are numerous in the a facies at 23 m.
Width of shell is 6 cm.
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Figure 81 Dan’s Cave, calcite layering 6 cm thick at 25 m (Photo Credit: Brian Kakuk).

In three caves on Abaco, the skeletal remains of 5 species of bats were identified
in association with guano crusts at depths of 15 m to 43 m with horizontal distances
exceeding 275 m. In two caves (Dan’s Cave and Ralph’s Cave) complete skeletons are
embedded in calcite flowstone (Figure 80 and 81). Several elements were collected (skull
and humerii) for identification were identified by Gary Morgan as a Ghost-faced bat,
Mormoops blalinvillii. M. blainbillii preferentially inhabit deep, hot, humid caves of
Cuba, but are unknown today in Abaco. The presence of M. blainvillii fossils found in
this study deep within blue hole passages of Abaco attest to their former residency.
Clearly, the caves were once a part of an extensive, subaerial cave system that was open
to the earth’s surface during low sea level stands of the Pleistocene glaciations.
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Figure 82 Ralph’s Cave, flowstone at 15 m (Photo Credit: Brian Kakuk).

Figure 83 Ralph’s Cave, bat in flowstone at 15 m (Photo Credit: Brian Kakuk).
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5.3

Geologic History
Fossil data can assist in the determination of the age of Sawmill Sink and how it

formed. The surface rocks of the broad inland plains of Abaco are subtidal lagoonal
deposits from the last interglacial, MIS 5e, ~125 ka (Walker et al, 2008). If these units
also form the surface rock at the Sawmill Sink site, then the expression of the blue hole as
a surface feature post dates the last interglacial. Blue holes as round, deep circular
features open to the surface are most likely the result of progradational collapse from
deep-seated dissolutional caves (Mylroie et al., 1995). The cave that accepted the
collapse material must be older than the collapse itself. Stalagmites in blue holes go back
in time to >350 ka (Carew and Mylroie, 1995), but such subaerial calcite deposits do not
need to form in an open but dry blue hole, they can develop in caves anytime sea level is
low and the cave is dry. As the roof collapses, and progrades upward, stalagmites can
still continue to grow, both in the collapsing chamber and in the surrounding dissolutional
cave passages. Stalagmite growth would cease when sea level rose during deglaciation
cycles, but would resume after sea level fall into the subsequent glaciation.
The trigger of the final collapse episode that exposed Sawmill Sink to the surface
could well be the result of loss of buoyant support as sea level, and the freshwater lens,
dropped at the end of MIS 5e, the last interglacial. In addition to loss of buoyant support,
the cave roof would have been loaded with the new lagoonal sediments from that
highstand. So while the cave passages within Sawmill Sink could be more than 350 ka in
age, the final expression of Sawmill Sink could easily be only about 120 ka old.
Dessicated peat layers from 30 m at the base of the talus slope, the “brown coal”,
suggest a high stand occurred in Sawmill Sink after the last interglacial 125 ka. A
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highstand would be necessary to flood the cave at -30 m elevation and to provide the
water chemistry essential to turn trapped organic matter into peat. The cave would have
to be open to the surface to collect the amount of organic material needed to create a peat
layer. A subsequent fall in sea level would create dry, oxidizing conditions to produce
the “brown coal” deposit as seen today. If a post MIS 5e collapse is accepted as the
oldest time for the opening of Sawmill Sink to the land surface, then there are three
events in the Late Pleistocene when phreatic water could have invaded the cave to -30 m.
MIS 5c, ~105 ka, MIS 5a ~ 85 ka, and MIS 3 ~35 ka are the available candidates. Of
these events, MIS 5a came close to modern levels (Carew and Mylroie, 1997), MIS 5c
the next closest at ~ -20 m, and MIS 3 to a depth of ~ -50 m, although this depth is highly
controversial and some authors say it reached a much shallower depth (see Carew and
Mylroie, 1995).
The owl roost material is a subaerial deposit and does not appear to have been
through more than the current high sea level stand and probably dates to the last glacial
maxima (LGM). As the bones are free of oxidized peat, they most likely collected after
the high stand that produced the “brown coal”. The lack of permineralization of these
bones suggests a relatively young age, but the absence of collagen suggests sufficient
time for full decay of organic tissue. The last glacial maximum (LGM), ~20 ka, would
be a low stand after any sea-level event that could have emplaced the “brown coal” layer,
and would be a time when air-filled conditions would support an owl roost. Two of the
most common birds in the Roost deposit, the Eastern Meadowlark (extant in the Bahamas
today) and the Burrowing Owl, (a vagrant in Abaco but more common in the southern,
drier Bahamas), argue for a dryer climate and savannah grassland vegetation. The dryer
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cooler climate during the Late Pleistocene would have influenced plant and animal
communities and expanded their geographical distribution as landmasses were
significantly enlarged. The total absence of pine in the deep peat sediments in Sawmill
Sink also supports the idea that a mixture of grassland and coppice vegetation dominated
Abaco’s landscape during the LGM.
As sea level rose at the end of the LGM, it did so very rapidly, such that stable
peat producing conditions did not become established until sea level reached its
approximate elevation at modern levels about ~ 4 ka. For this reason the Roost does not
show a peat cover. The rise in sea level also flooded the “brown coal” layer. As sea
level rose to nearly modern levels, the sea-level curve (Carew and Mylroie, 1997) began
to flatten out. The surface plains of Abaco, which had stood over 125 m above the water
table at the LGM 20 ka, now had the water table within reach of plants. The vegetation
began a transition from xeric coppice to pinelands, which is seen in the peat on the talus
pile. The completion of that vegetation transitions sets the stage for the proliferation of
tortoise and crocodiles, and accessory species, in the ecosystem on land. Their sudden
abundance is reflected in the fossils of the talus cone.
Once sea level returned to the current position, the pine vegetation became
reestablished as seen by the changing composition of peat sediments and dominance of
pine in the upper talus cone. The tortoise, crocodile and associated fossils in the peat of
the talus cone represent the latest time in the history of Sawmill Sink. Radiocarbon 14C
dates support their presence during the Holocene. Although radiocarbon 14C dates of
tortoises and crocodiles do not overlap, their remains occur together as intermingled
assemblages in the same peat deposits and the species almost certainly interacted.
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Crocodile bite marks (a common feature on excavated tortoise shells) further support
predator-prey relationships. Unlike continental settings that support mammal-based
predator-prey food webs, the prehistoric Bahamas hosted a large reptile-based food chain.
In the absence of humans, crocodiles filled the position of the apex predators and
tortoises would likely have been their main large prey.
A remnant population of Cuban crocodiles survives today in the freshwater
swamps of Cuba (the Zapata Swamp and Lanier Swamp). These animals are intelligent
and quick; their upright stance allows them great agility; their intelligence make them a
formidable predator. Morphologically, their teeth are suitable for crushing turtles, which
they do with some frequency (John Thorbjarnason, pers. comm.). Abaco’s former reptile
community may well have shared similar relationships.
Predating the arrival of Europeans, the Lucayan people that inhabited the
Bahamas between A.D. ~600-1500 are believed to have buried their dead in caves and
blue holes and their well-preserved remains have been found in blue holes throughout the
Bahamas. In Sawmill Sink, a human tibia and sacrum were found which represents the
earliest human occupation in the northern Bahamas, 1040 years before present, and the
oldest direct 14C date on human bone in the entire Bahamian Archipelago including the
Turks & Caicos Islands. A period of 1500 years separates the human tibia from the
youngest dates for Abaco’s extinct fauna, the tortoise.
While no real evidence exists, it can be surmised that when humans first arrived
in the Bahamas, tortoise were a likely sustainable food source. Once the early inhabitants
depleted the natural tortoise communities, they probably also wiped out the main food
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source of the crocodiles, and within a short period of time the large reptile based food
web was gone. Whether there is a cause and effect cannot be determined at this time.
Associated fossil vertebrate, plants, ichnofossils, and radiocarbon dates support
paleoenvironmental relationships such as the coeval presence of tortoise and crocodiles.
Although marine fossils are uncommon in inland blue hole deposits their presence may
be a result of more recent human introductions, however, their origins are unclear and
unstudied.

5.4

Site Protection and Resource Education
Currently, The Bahamas do not have regulations that specifically address the

preservation of blue hole environments or the negligent use of inland blue holes.
Although there is growing awareness of environmental concerns among Bahamians, the
dumping of trash and effluents into blue holes is a continuing problem. Human
interference has caused permanent damage to a number of inland blue holes that were
investigated during this study. Human-generated debris carpeted the bottom of the Ocean
Hole in Rock Sound, Eleuthera. In Mermaid’s blue hole on Mores Island, a talus of used
diapers cascades from the adjacent road into the blue hole. Discarded vehicles and
industrial debris fills most of the blue hole at the Old Place on Abaco. In one blue hole,
the bottom sediments were a mixture of plant and human debris that included a box of
undetonated explosives. In each case, the freshwater quality was compromised.
While the subsurface environments are often neglected and misunderstood, it was
my intention to inform local communities of their resources. I directed a DVD, “Sawmill
Sink: A Window to the Past” that was funded by AMMC and used in public educational
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presentations. In February, 2010, I was a consulting producer when Nova Television and
the National Geographic Society released a documentary film on the project entitled
“Extreme Cave Diving “. Aired throughout the United States and The Bahamas, the film
brought a tremendous amount of awareness and understanding to the public about the
blue holes, their unique environments, and the Bahamian natural history that was
formerly unknown.
Field trips were conducted each summer for summer camps in conjunction with
an Abaco-based NGO, Friends of the Environment and throughout the year for private
groups. Blue hole conservation efforts were proposed to the College of the Bahamas and
the Ministry of Education as an addition to the general curriculum in Bahamian schools.
The Bahamas Ministry of Tourism was encouraged to promote blue holes as a destination
for visitors wishing to experience an environment that is very different from the typical
tourist activities in The Bahamas, while giving the local communities another a source of
revenue.
Clean-up of the sites is an additional benefit as communities have begun to
understand the consequences of dumping debris and effluents into these sites.
Presentations were given on islands the team visited to inform the public and encourage
community involvement, awareness, and pride by giving Bahamians a sense of
ownership of their blue holes and natural resources. Changes in government policies have
been recommended for the protection of blue holes and land management usage. The
AMMC, The Bahamas National Trust, and Friends of the Environment are currently
proposing the area surrounding Sawmill Sink, Dan’s Cave, Nancy’s Cave, and Ralph’s
Cave as a Blue Holes National Park.
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Although human pollutants are a growing modern health concern, our history is
also at risk. As a result of our investigations, we have observed that blue holes which are
subjected to substantial modern human influences have provided neither evidence of
historic artifacts nor a healthy ecosystem. Results of this study have informed island
communities and government planners in the protection of poorly understood
paleontological resources, freshwater resources, and unique blue hole environments.
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CHAPTER VI
CONCLUSION

6.1

Hypotheses and Answers
The sheer numbers of well-preserved fossils from Sawmill Sink create questions

that required answers. What conditions would have prevailed, or currently exist in
Sawmill Sink that may have promoted exceptional preservation of both plant and animal
fossils? Are those conditions consistent in all inland blue holes? The following
hypotheses and their answers were presented to explain the mechanisms for preserving
fossils in Sawmill Sink that would enable the identification of other blue holes in which
fossils may be found.

6.1.1

Hypothesis 1
The geographic location, surface topography, and geologic conformation of

Sawmill Sink have a major affect on accumulation and preservation of fossil plants and
animals.

6.1.2

Answer 1:
The geographic locality and physical characteristics of a blue hole’s entrance will

bias fossil fauna diversity, relative abundance of taxa, and the composition of sediments.
The surface openings of some inland blues holes are pitfalls in which certain types of
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animals may be trapped, and subaerial conditions during glacial lowstands allowed owls
to roost in a safe environment, such that small vertebrate fossil deposits formed. Blue
holes in which sunlight can strike the organic debris cone may sustain photosynthesizing
microbial communities that in turn decompose the organic debris and create various
water chemistries. Paleohabitats are implicated by the faunal diversity and the sediment
composition. Blue holes are variously affected by the surface vegetation and types of
surface-driven organic matter that produce the depositional environment.

6.1.3

Hypothesis 2
Water quality, stratification, and movement are of consequence to deposition and

preservation of the peat and fossil animals in Sawmill Sink

6.1.4

Answer 2:
Water quality is affected by the location of the blue hole in relation to marine

conditions, the depth of the freshwater lens, the quantity and quality of organic
sediments, and the rainfall-evapotranspiration water budget. Microbial communities
decompose the organics at the water density interface. In Sawmill Sink the talus cone
within the halocline acts as a substrate on which sufficient organics collect to drive
elaborate microbe ecology. Their metabolic byproducts (hydrogen sulfide and anoxia)
create a stratified toxic environment that inhibits large decomposers, scavengers, and
bioturbators. Low tidal flow and quiescent water conditions within inland blue holes
further enhance the stability of the depositional environment.
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6.1.5

Hypothesis 3
Sediment composition in Sawmill Sink has an important effect on vertebrate fossil

preservation.

6.1.6

Answer 3:
Sediment composition is a reflection of bedrock materials, the surface-driven

plant matter, and attendant water chemistries. Steep talus cones with deep organic
sediment experience episodic slumping in which decomposing bodies may be buried
beyond the range of scavengers and bioturbators. While sediment migration events may
cause mechanical degradation and disarticulation of skeletal material, the enclosing peat
sediments and anoxic water maintain stable temperatures, pH that prevent degrdation of
bone material.

6.2

Conclusions
The exceptional fossil preservation seen in Sawmill Sink and the other blue holes

supports previous evidence that anoxic and mixed-water chemistries affect taphonomic
processes by delaying necrolysis. The lack of human disturbance, biological destruction,
and mechanical agents of deterioration have further enhanced preservation potential in
blue hole environments. The fossils are shown to predate historic Amerindian occupation
in the northern Bahamas; therefore, the early human populations are not implicated in
affecting the faunal preservation in Sawmill Sink.
In addition to proving the hypotheses and therefore demonstrating that
preservation has occurred we can also use the evidence from these dives to begin to work
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out a sequence of the history of Sawmill Sink. Sawmill Sink displays evidence of
opening to the surface at the end of the last interglacial, MIS 5e, and at least one
subsequent interstadial sea-level highstand (MIS 5c, 5a or 3), as well as subaerial
conditions associated with the LGM. The rise of sea level in the Holocene changed the
ecology of the surface plains of Abaco, and that change to wetter and more verdant
conditions is found in the floral and faunal material found in the Sawmill Sink talus cone.
The appearance of pre-Columbian human materials in the cave suggests that humans
were the last consequential ecological phenomena acting on Sawmill Sink.
Inland blue holes may favor the capture and preservation of biotic remains and are
historic treasure troves of Bahamian natural history. While public awareness supports
scientific endeavors and a sense of community ownership, it conversely removes
anonymity and amplifies site degradation whereby fossils interred for millennia may be
inadvertently or intentionally destroyed. The information gathered in this study has
shown that Bahamian blue holes are windows into our past. They provide information of
our distant geologic history. As the study continues, a more complete picture of the
natural history and biogeography of the Bahamian archipelago is emerging.
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DIVING RELATEED CERTIFICATIONS
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BRIAN KAKUK
2008
2007
2005
2005
2004
2002
2001
1999
1996
1997
1996
1994
1993
1991
1989
1988
1988
1986
1985
1983
1980

Certified as NSS-CDS Full Cave, Side Mount, and CCR Cave Instructor
Certified as a Expedition Closed Circuit Rebreather Trimix Instructor (IANTD)
Certified as Rebreather Instructor for ISC Megalodon Closed Circuit Rebreather
Certified by NACD as Full Cave, Stage, Sidemount and Survey Instructor
Certified by IANTD as Megalodon Closed Circuit Rebreather Diver
Certified by NSS-CDS as Recovery Diver
Certified as Technical Cave and Trimix Instructor (IANTD).
Qualified as Underwater Cave Rescue and Recovery Diver (IUCRR).
Certified Open Water Instructor, Medic First Aid Instructor, NITROX Instructor
(PADI).
Qualified as Cis-Lunar Mk5-P Close Circuit Rebreather Diver for mixed gas
operations.
Certified DAN Oxygen Instructor.
Certified Mixed Gas Diver (Trimix, Heliox, NITROX) by DEEP INC. (Sheck
Exley) and International Association of NITROX and Trimix Divers (IANTD).
Certified as Full Cave Diver by National Speleological Society (NSS), and
National Association of Cave Divers (NACD)
Certified as US Navy Recompression Chamber Supervisor – AUTEC
Certified as US Navy Helicopter Diving Operations Supervisor
Certified as US Navy Chamber Operator/Tender - AUTEC
U.S. Coast Guard 100 Ton Master’s Captains License
Certified PADI Rescue Diver and Dive Master
Qualified as U.S. Navy trained RADCON diver (radiation diver / worker).
U.S. Navy Diver, second class; trained in diving systems, diving physics,
diving medicine, and hyperbaric chamber operations
Certified as PADI Open Water Diver

NANCY ALBURY
2008
2008
2007
2007
2006
1974
1974.

Heartsaver AED, American Heart Association CPR and AED Certification
National Speleological Society (NSS-CDS), Survey cave diving course
International Association of Nitrox Divers (IAND) TRIMIX Diver
National Association of Cave Divers (NACD) Cave Diving
Heartsaver AED, American Heart Association CPR and AED Certification
National Association of Scuba Diving Schools (NASDS) Cave Diving
National Association of Scuba Diving Schools (NASDS) Open Water
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APPENDIX B
COLLECTIONS
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Sawmill Sink Collections: Includes fossils of associated specimens, depth (m), water quality profiles (temp,
sal. Ppt, dissolved saturation (%), dissolved oxygen (mg/L); pH, Redox potential (Orp mV); Bone quality is
described below, radiocarbon 14C age, and provenience (Peat, Roost, Deep - see Chapter 4.3).

Species
Field # Depth m Temp C

Sal ppt

DO sat
%

DO mg/L

Calibrated (14C)
Bone Quality age in calendar
years before
1=best
pH Orp mV
4=poor
present (Cal BP)

Provenience

Crocodylus rhombifer:
C1

25.9

24.05

34.27

10.2

0.7

7.02

-183.2

1

Peat

C2

25.9

24.05

34.27

10.2

0.7

7.02

-183.2

1

Peat

C3

21.9

24.21

33.57

4.5

0.31

6.99

-347.2

2

Deep

C4

29.3

23.64

35.29

17.2

1.19

6.96

-66.8

1

Peat

C5

27.4

23.65

35.24

15.6

1.08

6.98

-83.9

C6

17.4

24.57

27.38

6

0.43

6.93

-375.7

C7

28.3

23.64

35.28

16.6

1.15

6.98

-80.1

C8

28.7

23.64

35.28

16.8

1.16

6.98

-77.5

1

Cal BP 4340-4340,
4290-4060, 40503990

3

Peat
Deep

C9

25.3

24.06

34.26

5.1

0.36

7.02

-276.2

2

Deep

C10

25.3

24.06

34.26

5.1

0.36

7.02

-276.2

2

Deep

C11

22.9

24.15

33.94

4

0.28

7

-322.1

2

Peat

C12

4.6

29.83

0.76

131.8

9.95

7.76

-19.8

2

Rock

C13

29

23.65

35.28

17.2

1.19

6.96

-68.4

3

Deep

C14

28

23.65

35.27

16

1.11

6.98

-82.1

2

Peat

C15

17.4

24.57

27.38

6

0.43

6.93

-375.7

1

C16

17.4

24.57

27.38

6

0.43

6.93

-375.7

1

Peat

C17

17.4

24.57

27.38

6

0.43

6.93

-375.7

1

Peat

C18

17.4

24.57

27.38

6

0.43

6.93

-375.7

1

Peat

C19

14.3

25.03

23.46

8

0.58

6.9

-387

1

Peat

C20

14.3

25.03

23.46

8

0.58

6.9

-387

1

Peat

C21

27.7

23.65

35.24

15.6

1.08

6.98

-83.9

3

C22

31.7

23.64

35.3

17.8

1.23

6.94

-48.9

2

C23

18.9

24.45

28.52

5.4

0.38

6.95

-370.8

1

Cal BP 3340 - 3000

Not datable; no
collagen

Peat

Deep
Deep
Peat

Not datable; no
collagen

C24

28

23.65

35.27

16

1.11

6.98

-82.1

2

C25

25.9

24.05

34.27

10.2

0.7

7.02

-183.2

3

Deep

C26

18.9

24.45

28.52

5.4

0.38

6.95

-370.8

1

Peat

177

Peat

Sawmill Sink Collections: Includes fossils of associated specimens, depth (m), water quality profiles (temp,
sal. Ppt, dissolved saturation (%), dissolved oxygen (mg/L), ; pH, Redox potential (Orp mV); Bone quality
is described below, radiocarbon 14C age, and provenience (Peat, Roost, Deep - see Chapter 4.3).

Species
Field # Depth m

Temp
C

Sal ppt

Calibrated (14C)
Bone Quality age in calendar
years before
1=best
pH Orp mV
4=poor
present (Cal BP) Provenience

DO sat % DO mg/L

C28

26.8

23.86

34.61

13.1

0.91

7.01

-95.8

3

Deep

C29

18.6

24.48

28.17

5.4

0.38

6.95

-372.3

1

Peat

C30

19.2

24.44

29.25

5.2

0.36

6.95

-370.2

1

Peat

C31

25.6

24.06

34.27

6

0.41

7.02

-273.1

2

Peat

C32

26.2

24.04

34.28

6.6

0.45

7.02

-264.8

2

Deep

C33

28

23.65

35.27

16

1.11

6.98

-82.1

3

C34

21

24.29

32.12

4.6

0.32

6.97

-360.2

3

Deep

C35

29

23.65

35.28

17.2

1.19

6.96

-68.4

2

Deep

C36

28.7

23.64

35.28

16.8

1.16

6.98

-77.5

3

Deep

C37

28.3

23.64

35.28

16.6

1.15

6.98

-80.1

3

Deep

C38

30.8

23.63

35.3

17.4

1.21

6.95

-53.3

3

Deep

C39

30.8

23.63

35.3

17.4

1.21

6.95

-53.3

2

Deep

C40

14.3

25.03

23.46

8

0.58

6.9

-387

1

Peat

C41

21

24.31

31.62

4.7

0.33

6.97

-361.9

1

Deep

C42

26.5

24

34.34

6.6

0.46

7.02

-259.2

3

Deep

C43

28

23.65

35.27

16

-82.1

3

Deep

C44

25.3

24.06

34.26

5.1

0.36

7.02

-276.2

1

Peat

C45

27.7

23.65

35.24

15.6

1.08

6.98

-83.9

3

Deep

C46

29

23.64

35.29

17.4

1.2

6.96

-62.7

3

Deep

1.11 6.98

Cal BP 4410-4080

Peat

C47

19.2

24.44

29.25

5.2

0.36

6.95

-370.2

1

Peat

C48

14.3

25.03

23.46

8

0.58

6.9

-387

1

Peat

C49

22.9

24.15

33.94

4

0.28

7

-322.1

2

Peat

C50

31.7

23.64

35.3

17.8

1.23

6.94

-48.9

2

Deep

C51

34.1

23.67

33.48

13.1

0.92

6.78

-57.8

3

Deep

C52

19.8

24.39

29.65

4.9

0.35

6.96

-367.7

1

Peat

C53

14.3

25.03

23.46

8

0.58

6.9

-387

1

Peat

C54

22.9

24.15

33.94

4

0.28

7

-322.1

2

Deep
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Sawmill Sink Collections: Includes fossils of associated specimens, depth (m), water quality profiles (temp,
sal. Ppt, dissolved saturation (%), dissolved oxygen (mg/L), ; pH, Redox potential (Orp mV); Bone quality
is described below, radiocarbon 14C age, and provenience (Peat, Roost, Deep - see Chapter 4.3).

Species
Field #

DO
sat % DO mg/L

Calibrated
(14C)
age in
calendar
Bone Quality years before
present (Cal
1=best
BP)
pH Orp mV
4=poor

Depth m

Temp C

Sal ppt

T1*

17.4

24.57

27.38

6

0.43

6.93

-375.7

1

T2*

14.3

25.03

23.46

8

0.58

6.9

-387

1

Tortoise

Cal BP 28802750

Provenience

Peat
Peat

Cal BP 27702690, 26402610, 25902500

T3*

14.3

25.03

23.46

8

0.58

6.9

-387

1

T4*

14.3

25.03

23.46

8

0.58

6.9

-387

1

Peat
Peat

T5**

26.5

24

34.34

6.6

0.46

7.02

-259.2

2

Deep

T6**

17.4

24.57

27.38

6

0.43

6.93

-375.7

1

Peat

T7*

14.3

25.03

23.46

8

0.58

6.9

-387

1

Peat

T8*

13.7

25.13

21.39

8.7

0.63

6.9

-387.9

1

Peat

T9*

14.6

24.96

24.48

8

0.57

6.9

-385.7

1

Peat

T10**

24.1

24.06

34.21

4

0.28

7.01

-295.2

2

Deep

T11

27.4

23.72

35.04

9.7

0.67

7

-238.2

2

Deep

T12**

24.4

24.06

34.23

4.4

0.3

7.01

-291.6

2

Deep

T13

25

24.06

34.25

5.1

0.36

7.02

-281.9

2

Deep

T14**

31.1

23.63

35.3

17.4

1.21

6.95

-53.3

2

Deep

Birds
B1*

28

23.65

35.27

16

1.11

6.98

-82.1

1

Peat

B2**

14.3

25.03

23.46

8

0.58

6.9

-387

1

Peat

B3**

14.3

25.03

23.46

8

0.58

6.9

-387

1

Peat

B4**

29.6

23.64

35.29

17.4

1.2

6.96

-64.3

3

Deep

B5

29

23.65

35.28

17.2

1.19

6.96

-68.4

B6*

27.1

23.81

34.76

13.5

0.93

7

-90.4

1

Peat

B7

29

23.65

35.28

17.2

1.19

6.96

-68.4

1

Peat

B8

28

23.65

35.27

16

1.11

6.98

-82.1

B9**

28.3

23.64

35.28

16.6

1.15

6.98

-80.1

3

Deep

B10**

25

24.06

34.25

5.1

0.36

7.02

-281.9

2

Deep

B11*

13.7

25.13

21.39

8.7

0.63

6.9

-387.9

1

Peat
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Sawmill Sink Collections: Includes fossils of associated specimens, depth (m), water quality profiles (temp,
sal. Ppt, dissolved saturation (%), dissolved oxygen (mg/L), ; pH, Redox potential (Orp mV); Bone quality
is described below, radiocarbon 14C age, and provenience (Peat, Roost, Deep - see Chapter 4.3).

Species
Field #

DO sat
%
DO mg/L

pH

Calibrated
(14C)
age in
Bone Quality calendar years
before present
1=best
Orp mV
4=poor
(Cal BP)
Provenience

Depth m

Temp C

Sal ppt

ST1**

30.8

23.63

35.3

17.4

1.21

6.95

-53.3

1

Deep

ST2*

30.8

23.63

35.3

17.4

1.21

6.95

-53.3

3

Deep

ST3**

34.1

23.67

33.48

13.1

0.92

6.78

-57.8

4

Deep

ST4

34.1

23.67

33.48

13.1

0.92

6.78

-57.8

4

Deep

29

23.7

35.3

17.2

1.19

6.96

-68

4

Deep

Sea Turtle

Fish
F1

Owl Roost, identified by site
Roost 1

24.4

24.06

34.23

4.4

0.3

7.01

-291.6

1

29

23.65

35.28

17.2

1.19

6.96

-68.4

1

28

23.65

35.27

16

1.11

6.98

-82.1

30.8

23.63

35.3

17.4

1.21

6.95

-53.3

1

H1**

26.2

24.04

34.28

6.6

0.45

7.02

-264.8

1

H2**

19.8

24.39

29.65

4.9

0.35

6.96

-367.7

1

Roost 2

Not datable; no
collagen
Not datable; no
collagen

Roost
Roost

Bat Roost
Bell Hole

Deep

Homo sapien
Cal BP 10501030, 1000-920

Specimen Collected: *Skull & Associated Postcranial Elements / **Postcranial Elements Only
Preservation Quality: 1) Free of breaks, cracks, abrasion, and surface marks; skeletons may be articulated
2) Broken, small cracks, abraded, surface marks present; disarticulated
3) Cancellous, cracked, surface abrasion, extensive surface marks; disarticulated, fragmentary
4) Permineralized; articulated or fragmentary; loss of organic matter; crystallization has altered the original composition
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Deep
Peat

