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FOREWARD

The 2nd Joint Symposium on the Natural History and Geology of The Bahamas was held
at the Gerace Research Centre on the island of San Salvador during June 8-12, 2017. Whereas this
is only the second conference combining both geology and natural history, it follows a long tradi-
tion of over thirty years of scientific symposia hosted on the island. Executive Director, Troy
Dexter, organized the conference with the able assistance of the staff of the Gerace Research Cen-
tre. The program co-chairpersons were Tina M. Niemi from the University of Missouri-Kansas
City and Kathleen Sullivan Sealey from the University of Miami. In all, there were 38 abstracts
submitted to the conference with 18 talks and 20 poster presentations. The more than 40 partici-
pants were welcomed the first evening of the symposium by the opening remarks of Troy Dexter
and kind words from Bahamian administrator, Gilbert Kemp. Participants received a tote bag made
from fabric depicting the islands from the Bahama Hand Print shop in Nassau and voted on entries
in the 9 annual photography contest. In lieu of a pre-meeting field trip, participants had the option
to attend an all-day High Cay Field Trip which included boat ride, snorkeling, hiking, and a lobster
lunch with refillable beverages serviced in a conch shell. It was quite the adventure!

On the first evening of the conference, our keynote speaker, Dr. Kam-biu Liu, gave his
address entitled “Paleotempestology of the Caribbean and Gulf Coast Region: Emerging research
questions and methods.” Dr. Liu is the George William Barineau III Professor in the Department
of Oceanography and Coastal Sciences, College of the Coast and Environment, at Louisiana State
University and is recognized as a pioneer and leader in paleotempestology—a scientific field that
uses the geological record to study past hurricane activity. As a paleoclimatologist and paleoeco-
logist, Professor Liu’s broader research interests include the use of fossil pollen, lake sediments,
and ice cores to reconstruct the global and regional patterns of climate and environmental changes
on timescales of centuries to millennia. During the past three decades, he has been using coastal
sedimentary records to reconstruct past hurricane activities in the U.S. Atlantic and Gulf of Mexico
coasts, the Caribbean region, and the Pacific coast of Mexico. He has published more than 130
research papers and is an editor and author of the book, Hurricanes and Typhoons: Past, Present,
and Future, published by Columbia University Press. In addition, his research has been featured
in numerous newspapers, magazines, documentary films, and TV programs in the U.S. and inter-
nationally. Dr. Liu is a Fellow of the American Association for the Advancement of Science and
had served as a member of the U.S. National Committee for the International Union for Quaternary
Research.

On Saturday evening of the symposium, Mrs. Kathy Gerace gave a moving memorial in
honor of her late husband, Dr. Donald T. Gerace. As the University of The Bahamas Facebook
post states: “Dr. Donald T Gerace, 83, of Port Charlotte, Florida, passed away peacefully on March
6th, 2016 after a brief and sudden illness. Dr. Gerace was an educator whose passion for the marine
sciences, archaeology, geology, and biology of the Caribbean inspired the scholarship of many
students and researchers. A selfless person, Don Gerace dedicated his life to the work of the Gerace
Centre and over the past 40 years, ensured that Bahamian students had access to countless schol-
arship opportunities in the United States.” He will be sorely missed.

The keynote address and eight papers found in this proceedings volume represents some
of the research presented at the 2" Joint Symposium on the Natural Hisotry and Geology of The
Bahamas. We thank all of the authors and reviewers for their contribution.

Tina M. Niemi (UMKC) and Kathleen Sullivan Sealey (University of Miami)

vil



Keynote Address

PALEOTEMPESTOLOGY OF THE CARIBBEAN AND GULF COAST REGION:
EMERGING RESEARCH QUESTIONS AND METHODS

Kam-biu Liu

Department of Oceanography and Coastal Sciences
Louisiana State University
Baton Rouge, LA 70803 USA

ABSTRACT

The application of novel methods in paleotem-
pestology has permitted the development of new
insights into some key research questions funda-
mental to understanding the processes of storm
sedimentation and the spatio-temporal dynamics of
paleohurricane activities in the Caribbean and Gulf
Coast region. This paper uses several examples
from the Gulf Coast, the Dominican Republic, and
Belize to illustrate this point. The application of X-
ray florescence (XRF) analysis on sediment cores
taken from coastal backbarrier lakes can reveal the
chemical elemental composition of storm versus
non-storm deposits, which can also provide a
means to assess the relative contribution between
freshwater and saltwater inputs to storm sedimen-
tation. Coupled with palynological data, the results
of XRF analysis from the sedimentary records of
Bay Champagne, Louisiana, suggest that fluvial
processes may have played a significant role in
storm deposition from Hurricane lke relative to
that from Hurricane Gustav. Another example,
based on oxygen isotopic analysis of coastal sedi-
ment cores from the Dominican Republic, suggests
that freshwater input from fluvial processes may
have played an even bigger role in the storm depo-
sition in a hypersaline lake, which occurs com-
monly in the semi-arid areas of subtropical coasts.
The application of stable isotopic techniques on a
Belizean stalagmite has yielded a high-resolution,
450-year reconstruction of Caribbean hurricane ac-
tivity. A remarkable change in hurricane activity
after AD 1870 has been interpreted in terms of a
shift in hurricane tracks caused by changes in the

ITCZ, the Bermuda High, and the Hadley cell
driven by global climate changes. The develop-
ment of novel multi-proxy techniques, and their ap-
plication to a variety of paleoenvironmental ar-
chives including coastal sediments and speleo-
thems, have advanced the frontiers of paleotem-
pestology by shedding new light on some key con-
cepts such as the processes of storm deposition and
the spatio-temporal patterns of Caribbean paleo-
hurricane activity.

INTRODUCTION

The basic principle of paleotempestology
involves the detection of hurricane events in the
sedimentary record retrieved from coastal lakes
and marshes. While the identification of overwash
sand layers in sediment cores collected from back-
barrier lakes and marshes remains the most widely
used method in paleotempestology, new proxies
and new archives have been added to the “tool box”
at the disposal of paleotempestology researchers
for the reconstruction of paleo-storm events in a
variety of environmental settings. The application
of these relatively new tools, in turn, have resulted
in novel discoveries and findings that have led to
the formulation of new research questions and hy-
potheses. In this review paper I will use a few ex-
amples from my work to illustrate these points.

THE ROLE OF FRESHWATER IN STORM
DEPOSITION

The classical model of storm deposition in
a backbarrier lake assumes that a clastic (usually
sand) layer—taken as a proxy for a hurricane
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strike—is the product of seawater intrusion associ-
ated with overwash or storm surge processes (Liu,
2004, 2007). This assumption is undoubtedly true
in many situations where storm surge is high (as in
the case of a coastal site located close to the path of
a landfalling intense hurricane) or where fluvial in-
put to the site is low. However, there are increasing
evidences to show that in many instances freshwa-
ter from fluvial flooding may play an important, yet
under-appreciated, role in storm deposition. A case
in point is Hurricane Harvey, a Category 4 hurri-
cane that made landfall in coastal Texas in late-Au-
gust 2017. While Harvey caused 0.3 to 3.0 m of
storm surge to coastal Texas, extensive areas of
southeastern Texas were flooded due to the 500-
1539 mm precipitation that it brought, resulting in
many rivers overflowing their banks (Blake and
Zelinsky, 2017).  Hurricane-generated fluvial

flooding can have significant geological impacts
on coastal landforms. An example comes from the
Mosquitia (Mosquito Coast) of eastern Honduras
(Cochran et al., 2009). During the extraordinarily
active 2005 hurricane season, three late-season
(October-November) tropical cyclones (Hurri-
canes Wilma and Beta, Tropical Storm Gamma)
brought a combined total of 549 mm (21.6 inches)
to this coastal region, causing major overbank
flooding of the rivers. Freshwater outbursts from
the overflowing rivers in turn led to the breaching
of the barrier beaches along the Caribbean coast
(Cochran et al., 2009) (Figure 1). It is therefore
reasonable to expect that storm-generated fluvial
flooding and freshwater outbursts must have
changed the hydrology, chemistry, and sedimen-
tary patterns in the backbarrier lagoons which the
rivers emptied into.

Figure 1. Satellite images
showing the breaching of
coastal sand barriers due to
the outburst of fluvially-fed
freshwater ~ from  Laguna
Bacalar (square) and an
adjacent meander bend of the
Rio Tinto (circle) in the
Mosquito  Coast, eastern
Honduras. This breaching
and freshwater outburst event
occurred as a result of the
heavy  precipitation  and
fluvial flooding caused by
Tropical Storm Gamma in
November 2005. See
Cochran et al. (2009) for
details.
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Figure 2. Core 21 from Bay Champagne, taken
after Hurricanes Gustav and lke, contains a 17
cm-thick layer of unconsolidated sandy clay at
the top that represents a storm deposit caused
by these hurricanes (From Liu et al., 2011).

FRESHWATER VERSUS SALTWATER INPUTS:

A CASE STUDY FROM COASTAL LOUSIANA

Here I use a case study from coastal Loui-
siana to illustrate the importance of freshwater in-
put in storm deposition, as well as its detection by
means of X-ray fluorescence (XRF) techniques in
the sedimentary record. Bay Champagne is a
brackish water backbarrier lake near Port Four-
chon, situated in a rapidly retreating part of the
Louisiana coastal region that has experienced the
highest rate of shoreline recession in the whole
Gulf of Mexico (Dietz et al., 2018). In September
2008, coastal Louisiana was affected by two hurri-
canes consecutively within a two-week period.
Hurricane Gustav made landfall in southern Loui-
siana as a high Category 2 hurricane, followed by
Hurricane Ike which made landfall in southeastern
Texas but its high storm surge caused significant
coastal flooding in southern Louisiana. Cores
taken after these two hurricane events from Bay
Champagne contain a fresh sand layer at the top di-
rectly overlying finer sediments that are more con-
solidated and more clearly laminated (Liu et al.,
2011). This sand layer has been interpreted to be
the combined storm deposition attributed to Hurri-
canes Gustav and Ike (Liu et al., 2011). Accord-
ingly, the lower part of this storm deposit was pre-
sumed to be caused by Hurricane Gustav, and the
upper part by Hurricane Ike. In core 21, this storm
deposit is 17 cm thick and contains a sloppy, un-
consolidated section in the middle (8-13 cm)

(Figure 2). We interpret this sloppy section to be
the top of the Gustav deposit that was subsequently
reworked by Ike. Loss-on-ignition (LOI) analysis
of core 21 suggests that the Gustav-lke sand layer
at the top of each core contained low percentages
of water and organic matter. In addition, it also re-
veals the presence of three thinner sand layers
marked by low water and organic percentages in
the lower part of the core, which were probably
formed by older hurricanes prior to Gustav and Ike
(Figure 3). X-ray fluorescence (XRF) analysis in-
dicates that the storm deposits and the normal (non-
storm) deposits have different elemental chemical
characteristics. The storm deposits tend to have
higher Cl/Br and Ca/Fe ratios than the finer-
grained normal deposits, and typically contain
lower Ti, Fe, and Mn concentrations (Liu et al.,
2017). Itis notable that Cl and Ca are typically en-
riched in seawater and the CI/Br and Ca/Fe ratios
have been used as indicators of marine incursions
in coastal paleoenvironmental research, whereas
Ti, Fe, and Mn are widely used as indicators of ter-
restrial sediment sources (Liu et al., 2014; Bian-
chette et al.,, 2016, 2017; Yao and Liu, 2018;
McCloskey et al., 2015, 2018a, 2018b). Therefore,
these elemental chemical characteristics suggest
that the sandy storm deposits were formed by the
incursion of seawater during storm surges, while
the more organic, finer-grained sediments were de-
posited under less marine-dominated conditions.
Remarkably, within the thick sandy storm
deposit at the top of the core, the upper half—at-
tributed to Hurricane lke—is characterized by a
lower CI/Br ratio and higher concentrations of Ti,
Fe, and Mn than the Gustav-deposited lower layer
(Liu et al., 2017) (Figure 3). This implies that
while the coastal impacts by Hurricane Gustav
were dominated by storm surge-generated marine
incursion processes, the Hurricane lke impacts
were characterized by a greater contribution from
freshwater influx. In addition to direct atmospheric
input from heavy precipitation during Hurricane
Ike, a likely source of freshwater input was from
the bayou at the back of the lake, which drains the
extensive wetlands in the Port Fourchon area. Hy-
drological data from the Bay Champagne water-
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Figure 3. Loss-on-ignition (LOI) and X-ray flouresence curves of 12 chemical elements and
the CIl/Br and Ca/Fe ratios from core 21 in Bay Champagne.

shed support the notion that Hurricane lke was a
wetter storm and delivered more freshwater runoff
to the wetlands surrounding the lake (Dietz et al.,
2016). Additional support for the higher freshwa-
ter input to Bay Champagne comes from palyno-
logical data in core 21. The pollen of Sagittaria
(duck potato or bulltongue arrowhead), a common
plant of fresh marshes, was found in the Hurricane
Ike sediment layer but not in the underlying Gustav
layer (Liu et al., 2011). The convergence of the
geochemical, palynological, and environmental
data therefore suggests that freshwater input from
fluvial processes can play a significant role in hur-
ricane-generated storm sedimentation in coastal
lakes and marshes.

FRESHWATER INPUT TO COASTAL HYPER-
SALINE LAKES: AN EXAMPLE FROM THE
DOMINICAN REPUBLIC

Coastal hypersaline lakes are common in
certain arid, semi-arid, or seasonally dry environ-
ments. In these lakes hurricane rainfall may be a

major source of freshwater input to an otherwise
hypersaline aquatic environment. Thus, freshwater
input from fluvial processes can play a significant
role in storm deposition. Stable isotopic tech-
niques have been used to detect the occurrence of
hurricane-generated freshwater input events in the
sedimentary record of hypersaline lakes. An ex-
ample from Laguna Alejandro, a hypersaline lake
on the southern coast of the Dominican Republic,
illustrates this application (LeBlanc et al., 2017,
Lane et al., 2017). A core (ALEJO8-5) taken from
the lake contains three coarse-grained layers with
allochthonous leaf litter in the lower part that were
interpreted to be deposited under hurricane-gener-
ated high-energy conditions based on the sedimen-
tary evidence. All three storm deposits were
marked by significant negative excursions con-
sistent with freshwater input derived from strongly
isotopically depleted hurricane rainfall (Lane et al.,
2017; Lawrence and Gedzelman, 1996). The iso-
topic signature of these sedimentologically-defined
storm deposits allowed the detection of two more
storm layers above them, even though the latter
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lacked any diagnostic sedimentary evidence to sup-
port their identification (Figure 4). This case study
provides another example to show that freshwater
input—either from direct atmospheric precipita-
tion or from fluvial processes, or both—can play
an important role in paleotempestology.
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Figure 4. Results of oxygen isotopic analysis of
ostracod valves from a sediment core from
hypersaline Laguna Alejandro, Dominican Re-
public. Ostracods at 5 stratigraphic levels con-
tained strongly negative 6'°0 values that are
typically associated with hurricane rainfall.
Three of these levels (labelled as 3 — 5) in the
lower part of the core correspond with hurri-
cane events identified by sedimentary proxies.
Despite the lack of sedimentary evidence, two
higher levels (labelled as 1 and 2) were inferred
to be hurricane deposits based on their isotopic
signatures. This study shows that the detection
of freshwater input into hypersaline lakes by
means of oxygen isotopic analysis can provide
a more complete reconstruction of paleohurri-
cane events. (From: Lane et al., 2017).

ISOTOPIC RECORD FROM BELEZEAN SPE-
LEOTHEM SHED NEW LIGHTS ON CARIB-
BEAN PALEOHURRICANE ACTIVITY

In addition to their application to paleo-hur-
ricane detection in coastal sedimentary records as
illustrated above, stable isotopic techniques have
been successfully used to develop high-resolution
paleo-hurricane reconstructions from speleothem
records (e.g., Frappier et al., 2007), which has shed
new light on the spatial and temporal patterns of
Holocene hurricane activities in the Caribbean re-
gion. A recent study, based on a new index of cou-
pled carbon and oxygen isotope ratio derived from
an annually-resolved stalagmite proxy record from
Belize, yields a 450-year reconstruction of tropical
cyclone activity for the western Caribbean region
(Baldini et al., 2016). The results suggest that dur-
ing the past five centuries Atlantic tropical cyclone
(TC) tracks responded sensitively to latitudinal
shifts in the positons of the Intertropical Conver-
gence Zone (ITCZ) and NH Hadley Cell driven by
anthropogenic greenhouse gas and sulphate aerosol
emissions. Specifically, the study postulates that
since AD 1870 more TCs have followed recurving
tracks in response to a southward shift of the ITCZ
and an expanded Hadley Cell and Bermuda High,
therefore resulting in reduced TC risks for the
western Caribbean but increased risks for the
Northeast Atlantic coast (Baldini et al., 2016) (Fig-
ure 5). This new model is consistent with the prem-
ises of the Bermuda High Hypothesis, which sug-
gests that proxy-based reconstructions of hurricane
activity patterns from the Caribbean to the North-
east Atlantic coast should show an out-of-phase or
anti-phase relationship between the south and north
as a function of long-term shifts in the predominant
storm tracks in response to latitudinal migrations of
the ITCZ and the Bermuda High (Liu and Fearn,
2000; Liu, 2004).

CONCLUSIONS
The application of relatively new research
techniques such as XRF analysis and stable iso-
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Figure 5. Inferred predominant hurricane
tracks after AD 1870 based on a stable isotopic
record derived from a Belizean stalagmite. An-
thropogenic warming resulted in an expanded
Hadley Cell and Bermuda High, while in-
creased aerosols caused a southward shift of
the ITCZ. These mechanisms combined has led
to the prevalence of more recurving storm
tracks, bringing higher risks to the northeast-
ern U.S. coasts (From Baldini et al., 2016).

topic analysis to speleothems and sedimentary ar-
chives has advanced the frontiers of paleotem-
pestology. Although XRF techniques have been
applied to coastal paleoenvironmental research in
the northern Gulf of Mexico (e.g., van Soelen et al.,
2012; Yao et al., 2015), its application to paleotem-
pestology—especially to distinguishing between
the freshwater and saltwater inputs to storm depo-
sition—has been limited (Liu et al., 2014). This
paper shows the potential of using the XRF-de-
rived chemical elemental signatures of different
storm deposits to assess the relative contributions
between saltwater intrusion and freshwater flood-
ing associated with different hurricane events.
These results help to shed new light on the poten-
tially important role of freshwater input and fluvial
processes in storm deposition in coastal environ-
ments. The role of freshwater input derived from
hurricane precipitation is even more significant in
hypersaline lakes in semi-arid tropical coastal en-
vironments, as the oxygen isotopic record from La-
guna Alejandro in the Dominican Republic

demonstrates (Lane et al., 2017). In another exam-
ple of novel methodological development, the ap-
plication of stable isotopic techniques on a Beliz-
ean stalagmite has resulted in an annually-resolved
reconstruction of Caribbean hurricane activity that
has offered new insights into the dynamic interac-
tions between the ITCZ, Bermuda High, and hurri-
cane tracks over the last 450 years (Baldini et al.,
2016). In a nutshell, the development of novel
multi-proxy techniques and their application to
new environmental archives have opened new
doors to enhance our understanding of past hurri-
cane activities in the Caribbean and Gulf Coast re-
gion, and advanced the frontiers of paleotempestol-

ogy.
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ABSTRACT

Paleosols on Eleuthera were sampled to de-
termine the clay mineralogy from outcrops and in-
side Hatchet Bay Cave. In addition, cave mineral
samples were collected from other flank margin
and littoral sea caves. K-saturation, Mg-saturation,
heating, and gylcolnation were used to determine
the specific clay mineralogy of each sample. Petro-
graphic thin sections were prepared to determine
characteristics of each type of paleosol. Cave sam-
ples were powdered and analyzed using powdered
X-ray diffraction (XRD).

The dominant clay mineral present in the
paleosols on Eleuthera was Fe-rich chlorite
((Fe*2,Mg,Al,Fe*)6(Si,Al)4010(OH,0)s) and Illite
(Ko.6(H30)0.4A11 3Mgo 3Fe*20.1Si3.5010(OH)2 - (H20)
) based on the 14A and 10A peaks of samples. The
larger [002] 7A peak compared to the [001] 14A
peak indicates a Fe-rich chlorite. In addition, a
peak shift from 14A to 6.1A in several samples,
possibly suggests the presence of Boehmite
(AIO(OH)). Non-clay materials include low-Mg
calcite and quartz.

Cave minerals included carbonates (calcite
and aragonite), sulfates (gypsum), phosphates (hy-
droxyapatite, fluorapatite, chlorapatite, and wood-
houseite), and Mn-oxides. All minerals except
woodhouseite have previously been reported from
Bahamian caves. Woodhouseite (CaAl3(SOs)
(PO4)(OH)e) is part of the Alunite supergroup, pre-
viously reported as the product of bat guano in cave
environments. Woodhouseite samples came from

Hatchet Bay Cave, specifically from small crusts
found on the exposed paleosol within the cave. The
presence of woodhouseite was confirmed in three
samples spatially distributed in the cave. Wood-
houseite formation in this instance likely represents
phosphate-rich leachate derived from seawater and
guano interacting with the various aluminum-rich
phases found in the clay fraction of the paleosol.
Previous studies of Bahamian cave minerals did
not have access to exposed paleosols within caves,
making this an interesting addition to the diverse
inventory of cave minerals of The Bahamas.

GEOGRAPHIC AND GEOLOGIC SETTING

The Bahamas in the Atlantic Ocean
stretches over 1000 km from the coast of Florida to
Great Inagua just off the coast of Cuba (Figure 1).
Eleuthera is located on the western edge of the
Great Bahama Bank is less than 15 km across at its
widest point, and is approximately 125 km long
(Figure 1). Unlike some islands in The Bahamas
(e.g. San Salvador), Eleuthera occupies the north-
eastern margin of the Great Bahama Bank. This
means that the island of Eleuthera becomes part of
a much larger island when sea level drops and ex-
poses the Great Bahama Bank.

The large Bahama Banks represent a Mes-
ozoic to present tectonically stable platform with
more than 5 km of shallow water carbonates
(Melim and Masaferro, 1997). Today, surficial ge-
ology is almost entirely Quaternary limestone that
has been modified by karst processes (Carew and
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Mylroie, 1995; Mylroie and Carew, 1995; Mylroie
and Mylroie, 2007).

The Bahama Banks are steep-sided plat-
forms with an average water depth of ~10 m. Glaci-
oeustatic sea level controls the geology of The Ba-
hamas. For example, Eleuthera is a relatively small
island on a larger platform that is exposed during
glacioeustatic lowstands to form a much larger is-
land. However, during highstands, the platforms
are mostly submerged by marine water, initiating
carbonate production. These carbonate sediments
are carried by waves and currents and deposited as
beach sediments, where eolian processes deposit
these sediments as calcareous sand dunes (eo-
lianites). During the initial transgressive phase of
platform flooding, eolianites are produced as wave
action constantly keeps lagoon and beach sediment
mobilized, forming transgressive-phase eolianites.
Transgressive-phase eolianites are often character-
ized by lacking trace fossils of colonizing vegeta-
tion referred to as vegemorphs (Birmingham et al.,
2008; Mylroie et al., 2017).

Atlantic

N

Ocean I

Eleuthera

Great Bahama
Bank

~

Figure 1. Location of Eleuthera, The Bahamas
(Source: Google Earth ©).

Coral reefs grow to wave-base, producing
quiescent lagoons during highstands. This causes a
reduction in eolian production, causing strand
plains to prograde into lagoons (Infante, 2012).
During sea level regression, the declining wave
base mobilizes lagoonal sediments. This produces
regressive-phase eolianites. These regressive-
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phase eolianites often overstep reefs and subtidal
deposits (Carew and Mylroie, 1995). Regressive-
phase eolianites are also colonized by vegetation
and contain abundant vegemorphs (Birmingham et
al., 2008; Mylroie et al., 2018).

Platform exposure causes epikarst develop-
ment and pedogenic processes to initiate. Collec-
tion of insoluble material from African dust pro-
duces fossilized soil horizons called terra rossa
paleosols (Mubhs et al., 1990). Carbonate paleosols
have been studied to determine the main source of
Bahamian soils and paleosols to be consistent with
an airborne source. The Quaternary stratigraphy of
The Bahamas consists of depositional packages
separated by terra rossa paleosols formed during
sea level lowstands. The stratigraphy of Eleuthera
consists of the Middle Pleistocene Owl’s Hole For-
mation, which contains several ferra rossa pale-
osols; the Late Pleistocene Grotto Beach For-
mation, which consists of the French Bay Member,
the Cockburn Town Member, and is topped by a
terra rossa paleosol; the Late Pleistocene Whale
Pont Formation, bounded by terra rossa paleosols
and only reported on Eleuthera; and the Holocene
Rice Bay Formation, which consists of the North
Point Member and the Hanna Bay Member (Figure
2). The Holocene units are too young to have de-
veloped a terra rossa paleosol.

Bahamian karst

The young rocks of The Bahamas represent
carbonate sequences that have only undergone eo-
genetic diagenesis. All of the karst features present
in The Bahamas must be explained within this con-
straint. There are specific types of karst features
found on islands that are specific to carbonate
coastlines, that include surface karst, such as kar-
ren and kamenitza; pit caves; blue holes (many of
these are the result of the collapse of large conduit
caves at depth produced by sea-level lowstands
(Larson and Mylroie, 2014)); and flank margin
caves. This study specifically focuses on cave min-
erals, so flank margin caves will be the main type
of karst discussed. Another type of cave exists in
The Bahamas; however, these caves are erosional,
pseudokarst features called littoral caves or sea
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caves produced by wave action, and tafoni pro-
duced by wind action.
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Figure 2. Complete stratigraphy of The Bahamas
with key outcrops included (from Kindler et al.,
2010).

Flank margin caves are the largest karst fea-
tures on Eleuthera. These caves develop in the dis-
tal margin of the freshwater lens at the flank of the
enclosing landmass (Mylroie and Carew, 1995).
Three factors at this location result in increased sol-
ubility of carbonates: 1) mixing dissolution at the
vadose-phreatic mixing zone at the top of the lens
superimposed with mixing dissolution at the ma-
rine-fresh water mixing zone located at the bottom
of the lens, 2) decomposition of organic material
that collects at density interfaces (e.g. top and bot-
tom of the lens), and 3) increase in flow velocity as
lens cross section decreases at the lens margin. An-
other type of cave, called Banana Holes, found in
The Bahamas forms by a similar mechanism as
flank margin caves, in prograding strand plains
during highstands as syndepositional voids (In-
fante, 2012; Mylroie et al., 2015).
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Caves and types of speleothems and cave minerals

Fifteen caves were investigated in January
2016 on Eleuthera. Seven of these caves were flank
margin caves, four were littoral caves, two were
blue holes, one was a pit cave, and the final cave
was a overprinted cave (likely flank margin with
littoral overprinting). In the present study, the ma-
jority of speleothems investigated were collected
from caves assigned to the flank margin category.

Previous investigations of cave minerals on
San Salvador Island in The Bahamas revealed the
presence of approximately twenty minerals despite
the limited carbonate lithology (Onac et al., 2001,
2009). The presence of bat guano and marine ions
provide the necessary chemistry for formation. In
addition, the two previous studies expanded sam-
ple collection to crusts and earthy aggregates col-
lected within fresh and desiccated guano piles in-
stead of focusing on traditional speleothems. The
main goal of this study is to investigate the mineral
diversity on Eleuthera and compare to previous
studies on San Salvador Island.

METHODS
Paleosol sample

One sample was collected from a paleosol
within Hatchet Bay Cave. The sample was air-
dried, powdered using a low-speed dental drill,
sieved through 45 pm mesh, and analyzed for bulk
mineralogy. Bulk mineralogy was analyzed by a
Rigaku Miniflex 600 diffractometer. XRD patterns
were obtained as follows: continuous mode, 0.002°
per step, 4° 20 per minute, 3° -70° 26 CuKa radia-
tion. Relative mineral percentages were estimated
from relative intensities of peak heights of XRD
lines. In addition to bulk mineralogy, the paleosol
sample was processed to remove carbonates and
organics before fractionating by size. Treatments
(K-saturation, = Mg-saturation, heating, and
gylcolnation) were used to determine the specific
clay mineralogy.



The 2™ Joint Symposium on the Natural History and Geology of The Bahamas

Table 1. Cave mineral occurrence by cave type
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Flank Margin Caves
Hatchet Bay Cave X X X X X X X X X X X
Preacher's Cave X X X X X X
Garden Cave X X
Fleeing Lizard Cave | X X
Ten Bay Cave X X X X X X X X
Knip Cave X X X
Littoral Caves
Blow Hole Cave X X
Boiling Hole Cave X X

Cave mineral samples

A total of 36 samples were collected from
flank margin caves on Eleuthera plus another 12
samples from littoral caves, pit caves, and blue
holes. All 48 samples were analyzed for mineral
identification. The location of mineral samples var-
ied from cave to cave due to several factors includ-
ing: number of entrances, humidity, presence of
guano (fresh and degraded), presence of excava-
tion pits within guano, and accumulations of crusts
on walls and ledges. Most samples collected from
Eleuthera caves were weathered crusts, earthy nod-
ules, residual rinds beneath mined guano layers,
and precipitates beneath active drips.
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The identification of minerals was primar-
ily done by means of XRD and inspection using a
binocular microscope. Samples were air-dried, pul-
verized, sieved through a 45 micron mesh, and an-
alyzed on a Rigaku Miniflex 600 at Sam Houston
State University. XRD patterns were obtained as
follows: continuous mode, 0.02° 26 per step, 2° 20
per minute, 3°-70° 20, CuKa radiation. An internal
quartz standard was used. The overall results of the
XRD analyses are tabulated in Table 1, and the rep-
resentative XRD patterns are shown in figures 3
and 9.
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Figure 3. XRD analysis showing the various treat-
ments of clay fractions of the paleosol sample from
Hatchet Bay Cave.
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Figure 4. Both inactive (4) and active (B) car-
bonate speleothems in Hatchet Bay Cave.

RESULTS AND DISCUSSION
Paleosols

XRD analysis indicated the paleosol sam-
ple consists of a Fe-rich Chlorite, Illite, and
Boehmite (Figure 3). Clay minerals observed were
Fe-rich Chlorite ((Fe*?,Mg,Al,Fe**)e(Si,Al)4010
(OH,0)s) and Illite (Ko.ﬁ(H30)o.4A11.3Mgo.3Fe+zo.1
Si3 5010 (OH)2:(H20)) based on the 14 A and 10 A
reflections. Boehmite (AIO(OH)) was identified by
a reflection peak shift from 14 A to 6.1 A (Figure
3). Non-clay minerals included low Mg-calcite and
quartz. Illite and chlorite were identified from the
presence of 10A and 14A reflections which did not
shift after treatment with ethylene glycol or col-
lapse after heating to 550° C. The slightly larger
[002] 7A compared to the [001] 14A peak indicates
a Fe-rich chlorite. The origin of chlorite is most
likely of a detrital nature from African dust.
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Cave minerals

In the fifteen caves investigated, twelve
cave minerals were identified. Hatchet Bay Cave
contained eleven of the twelve minerals. Overall,
flank margin caves contained more diverse accu-
mulations of cave minerals compared to their litto-
ral counterparts. The cave mineral results are sum-
marized in Table 1. Only calcite was identified
from pockets in the walls of pit caves and blue
holes on Eleuthera, so those results were omitted
from Table 1.

Specific mineral groups: Carbonates

Calcite is found in every cave investigated,
making up the bulk of most of the speleothems
(Figure 4). Aragonite is plentiful in drier portions
of flank margin caves, such as Hatchet Bay Cave
and Garden Cave, but it is mainly restricted to er-
ratic speleothems, such as small helictites and ec-
centrics. No further details are given for calcite and
aragonite due to their common appearance in the
cave environment.

Specific mineral groups: Sulfates

Gypsum (CaSOse 2H>0) was the only doc-
umented sulfate mineral found during this recon-
naissance. These gypsum deposits form mostly as
crusts and blisters in several caves on Eleuthera
(Figure 5). There are two mechanisms for Baha-
mian gypsum crusts: 1) evaporative processes act-
ing on sea spray or saline water bodies in caves and
2) oxidation of biogenic pyrite producing sulfuric
acid that reacts with eolianites (Bottrell et al., 1993;
Onac et al., 2001, 2009).

Specific mineral groups: Phosphates

The second most abundant (by number)
mineral group in Bahamian cave environments is
the phosphate group due to the interaction of guano
and leachates with carbonate rocks (Figure 6). Four
varieties of apatite were documented (with only
Hatchet Bay Cave hosting all four varieties).
Brushite, whitlockite, and woodhouseite were
other phosphates identified in Eleuthera caves.
There were no ammonium phosphates identified,
possibly because samples were not collected be-
neath active bat locations.
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Figure 5. A) Gypsum crust on ceiling pocket of
Knip Cave. B) Small gypsum blisters in Preacher’s
Cave.

Figure 6. Excavated guano pit with earthy phos-
phatic crusts at the guano-limestone interface and
nitrate minerals located in the guano residue
within the pit.

The apatite group (hydroxylapaite,
Cas(PO4)3(OH); chlorapatite, Cas(PO4)3 (Cl); car-
bonate-hydroxylapatite, Cas(PO4,CO3)3 (OH); and
fluorapatite, Cas(POa4)3(F) was the most common
phosphate mineral group identified in Eleuthera
caves. The presence of fluorapatite and chlorapat-
ite require marine waters to form and exist stably.
These minerals are found in Hatchet Bay Cave, Ten
Bay Cave, and Preacher’s Cave, which all experi-
ence marine water spray. Dryer caves or caves with
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freshwater pools did not contain these two types of
apatite.

The next most abundant phosphate was
brushite (CaHPO402H;0). It formed small light
brown crusts near the bottom of walls and on guano
covered breakdown blocks. Brushite was almost
always found in association with apatite mineral
crusts. Similar relationships have been documented
between apatite and brushite, which were inter-
preted to represent brushite replacement of hydrox-
ylapatite (Onac et al., 2009).

Whitlockite (CaoMg(PO3OH)(PO4)s) was
identified in Hatchet Bay Cave and Ten Bay Cave
on wall crusts at the base of cave wall deposits. The
whitlockite likely formed by the Mg-enriched so-
lutions derived from sea-spray descending through
guano deposits.

Figure 7. A) Paleosol surface within Hatchet Bay
Cave collecting guano in small pockets. B) Sam-
pling location showing bat guano (brownish red)
accumulating on paleosol within Hatchet Bay
Cave. Dark Brown crust on paleosol was identified
as woodhouseite. Whitlockite was also found on the
wallrock at the base of the wall, well below the
woodhouseite crust.

Woodhouseite (CaAlz(SO4)(PO4)(OH)e) is
part of the alunite supergroup and has been previ-
ously been reported as the product of bat guano in
cave environments (Hill and Forti, 1997). This
mineral has not been previously reported from
caves in The Bahamas. Woodhouseite samples
came from Hatchet Bay Cave, specifically from
small crusts found on the exposed paleosol within
the cave (Figures 7 and 8). The presence of
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woodhouseite was confirmed in three samples
from various locations within the cave using XRD
analysis (Figures 8 and 9). Woodhouseite for-
mation in this instance likely represents phosphate-
rich leachate derived from the combination of sea-
water and guano interacting with the various alu-
minum-rich phases found within the clay fraction
of the paleosol.

Hatchet Bay Cave

Eleuthera, The Bahamas

Figure 8. Simplified cave map of Hatchet Bay Cave
showing sampling locations, noting the key loca-
tions of woodhouseite.

Figure 9. Representative XRD spectrum of wood-
houseite from Hatchet Bay Cave.
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Specific mineral groups: Halides

Halite (NaCl) was identified by XRD anal-
ysis at two locations on Eleuthera, Blow Hole Cave
and Boiling Hole Cave. Both locations are littoral
caves that fall well within the wave action zone.
The origin of halite was interpreted as precipitation
from aerosols and wave-splashed seawater inside
the cave. The samples were found in ceiling and
wall pockets during low tide as white crusts.

Specific mineral groups: Silicates

Clay minerals and quartz were documented
in the paleosol found in Hatchet Bay Cave. While
these were not considered cave minerals as being
the product of a cave environment, their presence
inside of the cave is worth documenting. Quartz

specifically has an origin as an aerosol dust from
Africa.

Relationship between paleosols and cave minerals

Bahamian caves, especially flank margin
caves, have shown a relatively high diversity of
cave minerals (Onac et al., 2001, 2009). Eleutheran
caves show no exception to this trend. One differ-
ence that has been documented in Eleutheran caves
was sampling from a cave that has a paleosol
within it (Hatchet Bay Cave). Paleosol mineralogy
was explored after woodhouseite was positively
identified in three samples from Hatchet Bay Cave.
The mechanism of woodhouseite’s origin was de-
pendent upon the identification of an aluminum
bearing phase in an environment where both sulfate
and phosphate ions were readily accessible. Clay
mineral analysis of paleosols from Hatchet Bay
Cave revealed that aluminum phases (boehmite, il-
lite, and chlorite) were present. The interaction
with phosphatic solutions leached from bat guano
coupled with either sea spray or marine groundwa-
ter would account for the anion complexes found
in woodhouseite. It is hypothesized that the inter-
action of this leachate specifically with the miner-
als found in the paleosol in the cave would account
for woodhouseite formation, as well as other non-
silicate mineral phases. This study suggests that
other flank margin caves with exposed paleosols
should also contain the appropriate environment
for woodhouseite formation. Cave microclimate
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may have also play a role, especially in determin-
ing the humidity, temperature, and other geochem-
ical parameters required for woodhouseite for-
mation in The Bahamas. It is also uncertain the role
that previous highstands of sea level (i.e. MIS 5Se)
would play in older guano deposits. These ques-
tions are beyond the scope of this study, but they
warrant future study.

CONCLUSIONS

Eleuthera caves contain a wide variety of
minerals associated with marine water and bat
guano. The presence of paleosols in a flank margin
cave environment allowed for the documentation
of one particularly rare phosphate mineral, wood-
houseite (CaAl3(SO4)(PO4)(OH)s) that has not
been previously documented in Bahamian caves.
Paleosol analyses revealed the presence of mineral
phases capable of forming complex phosphate
minerals when exposed to guano in a cave environ-
ment. Mineralogic evidence from Hatchet Bay
Cave was interpreted to represent the interaction of
aluminum phases from an exposed paleosol with
leachate from bat guano. In addition to woodhouse-
ite, several mineral groups are well represented in
the caves of Eleuthera. However, more samples are
needed from additional locations within caves and
additional caves to achieve a better cave mineral
inventory.

ACKNOWLEDGMENTS

The authors would like to thank Dr. John
Mylroie for logistical assistance in planning this re-
search, Mike Lace for assistance with cave data,
and the BEST Commission in The Bahamas for
permission to do this work.

REFERENCES

Birmingham, A.N., Carew, J.L. and Mylroie, J.E.
2008. The use of plant tracefossils to differ-
entiate transgressive-phase from regres-
sive-phase Quaternary eoliancalcarenites,
San Salvador Island, Bahamas. In 2008
Joint Meeting of The Geological Society of
America, Soil Science Society of America,

American Society of Agronomy, Crop Sci-
ence Society of America, Gulf Coast Asso-
ciation of Geological Societies with the
Gulf Coast Section of SEPM.

Bottrell, S.H., Carew, J.L., and Mylroie, J.E. 1993.
September. Inorganic and bacteriogenic or-
igins for sulfate crusts in flank margin
caves, San Salvador Island, Bahamas. Pp.
17-21. In B. White and D.R. Gerace (Eds.).
Proceedings of the Sixth Symposium on the
Geology of the Bahamas. Port Charlotte,
Florida, Bahamian Field Station.

Carew, J.L., and Mylroie, J.E. 1995. Geology of
the Bahamas. Bahamas Journal of Sci-
ence 2(3): 2-16.

Hill, C.A., and Forti, P. (Eds.). 1997. Cave Miner-
als of the World (Vol. 2). National Speleo-
logical Society, 463 p.

Infante, L.R. 2012. The origin of banana holes on
San Salvador Island, The Bahamas. Missis-
sippi State University.

Kindler, P., Mylroie, J.E., Curran, H.A., Carew,
J.L., Gamble, D.W., Rothfus, T.A., Sava-
rese, M. and Sealey, N.E. 2010. Geology of
Central Eleuthera, Bahamas: A Field Trip
Guide. Gerace Research Centre, San Salva-
dor.

Larson, E.B., and Mylroie, J.E. 2014. A review of
whiting formation in the Bahamas and new

models. Carbonates and Evaporates 29(4):
337-347.

Melim, L.A. and Masaferro, J.L. 1997. Geology of
the Bahamas: subsurface geology of the
Bahamas banks. Pp. 161-182. In H.L.
Vacher and T. Quinn (Eds.). Geology and
Hydrogeology of Carbonate Islands, De-
velopments in Sedimentology 54, Elsevier,
Amsterdam.

Mubhs, D.R., Bush, C.A., Stewart, K.C., Rowland,
T.R. and Crittenden, R.C. 1990.



The 2™ Joint Symposium on the Natural History and Geology of The Bahamas

Geochemical evidence of Saharan dust par-
ent material for soils developed on Quater-
nary limestones of Caribbean and western
Atlantic islands. Quaternary Research 33:
157-177.

Mylroie, J.E. and Carew, J.L. 1995. Geology and

karst geomorphology of San Salvador Is-
land, Bahamas. Carbonates and Evapo-
rites 10: 193-206.

Mylroie, J.R., and Mylroie, J.E. 2007. Develop-

ment of the carbonate island karst
model. Journal of Cave and Karst Stud-
ies 69: 59-75.

Mylroie, J. E., Ho, H.C., Infante, L.R., Kambesis,

P.K., and Leist, J.W. 2015. Banana holes as
syndepositional flank margin caves within
an advancing strandplain and their predic-
tion using fuzzy-based modeling. Pp. 222-
236. In B. Glumac and M. Savarese (Eds.).

17

Proceedings of the 16th Symposium on the
Geology of the Bahamas and other Car-
bonate Regions. Gerace Research Centre,
San Savador, The Bahamas.

Mylroie, J.E., Birmingham, A.N., and Mylroie,

J.R. 2017. Vegemorphs as a means to dif-
ferentiate transgressive-phase from regres-
sive-phase Quaternary eolian calcarenites,
San Salvador Island, Bahamas. The 2™
Joint Symposium on the Natural History
and Geology of The Bahamas [abstract].

Onac, B.P., Mylroie, J.E., and White, W.B. 2001.

Mineralogy of cave deposits on San Salva-
dor island, Bahamas. Carbonates and
Evaporites 16: 8-16.

Onac, B.P., Sumrall, J., Mylroie, J.E. and Kearns,

J.B. 2009. Cave Minerals of San Salvador
Island, Bahamas. University of South Flor-
ida Tampa Library, 70 p.



The 2™ Joint Symposium on the Natural History and Geology of The Bahamas

HURRICANE JOAQUIN IMPACTS ON OYSTER POND, SAN SALVADOR, THE BAHAMAS
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The University of Tennessee at Chattanooga
615 McCallie Avenue, Chattanooga, TN 37403

ABSTRACT

In 2015, Hurricane Joaquin directly im-
pacted San Salvador and disturbed the mangrove
vegetation, pond biota, and sediment of many inte-
rior ponds, including Oyster Pond. Oyster Pond is
a fully marine pond lined by red mangroves (Rhi-
zophora mangle) and has several conduits connect-
ing the pond to the ocean and perhaps to other
ponds. The post-hurricane recovery of pond biota,
specifically those species living on biotic outcrop-
pings and mangrove prop roots, was investigated
with a focus on macroalgae and macroinverte-
brates. Comparisons with pre-hurricane data reveal
that while there was not a reduction in macroinver-
tebrate species richness, there has been a loss of
three red macroalgal species and one green algae
since the hurricane. Further, in comparing the
western side of the pond to the less impacted east-
ern side of the pond, the data suggest that more
damaged mangroves can support fewer algal and
macroinvertebrate species and in less abundances
than healthier mangroves. The detrital nature of
mangrove systems may explain this finding. An in-
teresting discovery was a small crab documented
for the first time in Oyster Pond and the identifica-
tion of this species is still being investigated.

INTRODUCTION
Impacts of hurricanes on natural systems

Hurricanes occur commonly in The Baha-
mas, and on average, a tropical storm or hurricane
has impacted San Salvador every 2.42 years since
1851 (Hurricanecity.com, 2017). Hurricanes cause
large-scale disturbance to coastal ecosystems. For
example, a meta-analysis of data from over 280
coral reef sites revealed that coral cover declines
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an average of 17% in the year following a hurri-
cane impact (Gardner et al., 2005). The loss of
coral increases with hurricane intensity and with
time passed since impact; reefs seem to take at least
eight years to recover to the pre-hurricane state
(Gardner et al., 2005).

Hurricane impacts on seagrass beds have
been studied extensively (Anton et al., 2009; Carl-
son et al., 2010). Seagrass beds are relatively re-
sistant to storms as seagrasses have a deeply rooted
rhizome system. In Florida and the Caribbean,
seagrass beds are dominated by Thalassia testudi-
num (turtle grass) and are mixed with two other
seagrass species and many macroalgal species.
Studies have shown that seagrass coverage de-
clines by only a few percent after a hurricane while
the green calcareous macroalgae show much
greater losses (24%-70%) (Cruz-Palacious and
Van Tussenbrock, 2005; Fourqurean and Rutten,
2004).

In mangrove forests, hurricanes can cause
mangrove trees to be broken, defoliated, and killed
by high winds, storm surge, and lightning strikes
(Zhang et al., 2016). Some species of mangroves
are more susceptible to disturbances than others.
For example, rhizophoraceae mangrove species,
like the red mangrove, have higher mortality rates
from hurricanes as compared to non-rhi-
zophoraceae groups (Wang et al., 2014). Hurricane
damage to red mangroves takes 4-7 months to
reach full extent and trees take 2-6 years to recover
(Feller et al., 2015).

While much research has been done on the
hurricane impacts of coral reefs, seagrass beds, and
mangroves, few studies have focused on inland
ponds and lakes. San Salvador’s landscape has
high ridges and a high density of inland lakes and
ponds. Often these ponds and lakes offer unique ar-
chives of storm records in the form of tempestites
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(Park et al., 2009; Mattheus and Fowler, 2015).
Tempestites are sedimentary layers composed of
grains, including ooids, rounded shell fragments,
etc., that originated in a beach environment and
have been transported by storms into low-energy
environments such as marshes and ponds. Tem-
pestites have been reported from many coastal San
Salvador ponds (Button et al., 2007; McCabe and
Niemi, 2008; Park et al., 2009; Sipahioglu et al.,
2010; Park, 2012; Dalman and Park, 2012; Mat-
theus and Fowler, 2015; Billingsley and Niemi,
2016).

Previous studies of inland ponds and lakes
have been focused on specific groups of organ-
isms. Park et al. (2009) found that ostracods in a
hypersaline lake increase in abundance and diver-
sity after storm events. Yannarell et al. (2007, p.
576) reported that microbial mats in a hypersaline
pond experienced a “significant shift” in the cya-
nobacteria and diazotrophs post-hurricane, with a
dominance of organisms that were rare before the
hurricane. Cole et al. (2007) compared a modestly
hypersaline pond lacking outlets to the sea with a
marine pond served by numerous conduits and
found that the scaly pearl oyster responded differ-
ently depending on how quickly marine salinity
was restored following heavy rainfall. The current
study adds to the work of hurricane impacts on in-
terior ponds, but focuses on the broad biotic re-
sponse of macroinvertebrates and macroalgae in an
interior marine pond. Specifically, we compared
the macroalgal and macroinvertebrate species rich-
ness and species composition before and after the
hurricane in Oyster Pond.

Hurricane Joaquin

Hurricane Joaquin was a Category 4 storm
(Saffir-Simpson Hurricane Wind Scale) when it af-
fected the central and southeastern Bahamas (Fig-
ure 1; Berg, 2016). It was the strongest October
hurricane impacting The Bahamas since 1866 and
made landfall as a major hurricane on San Salvador
on October 2, 2015. The eyewall passed directly
over the island. Hurricane Joaquin had estimated
maximum sustained winds of 138 mph when the
eye of the storm passed between Crooked Island
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and Long Island. Joaquin produced storm surges of
4-5 m (12-15 ft), and while there were no official
rainfall measurements, the Bahamas Department
of Meteorology estimated 130-260 mm (5-10
inches) (Berg, 2016). The impact of this storm to
San Salvador has been mostly described in terms
of infrastructure. The National Hurricane Center
reported that San Salvador’s roads were impassa-
ble, the airport was destroyed, homes were dam-
aged, and power lines were downed (Berg, 2016).
Since the storm, the airport has been rebuilt, power
lines repaired, and most roads are passable again.

Figure 1. NOAA satellite image, October 1 20135,
near central and southeastern Bahamas. Arrow
points to San Salvador.

For this study, our research question was:
How did Hurricane Joaquin impact Oyster Pond?
To address this question, we analyzed the macroin-
vertebrate and macroalgal species composition,
sediment (for tempestites), and water chemistry of
the pond.

FIELD SITE DESCRIPTION

Opyster Pond is a marine pond on the north
end of the island of San Salvador (Figure 2). This
pond is a dissolution and collapse feature that
formed from the dissolution of diagenetically im-
mature eogenetic limestones (Park Boush et al.,
2014). The pond has conduits that connect it with
the ocean and therefore, has a marine salinity and
diurnal tidal fluctuations of 20-30 cm. Oyster
Pond, like many interior ponds, contains several
microhabitats (Figure 3). Red mangroves and their
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prop roots ring the pond’s margin, protecting the
pond from strong winds and erosion. Many epibi-
ota make their home on the prop roots. Away from
shore, an organic flocculent layer rests along the
hard carbonate bottom of the pond and is made up
of decomposing organisms and mangrove leaves.
Outcroppings emerge from the carbonate bottom
as an accumulation of biotic growths consisting of
a variety of algae and invertebrate species. Conduit
mouths, which connect Oyster Pond to the ocean,
are also home to a few species.
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Figure 2. Oyster Pond (marked by red triangle) is
approximately one mile south of the Gerace Re-
search Centre (marked by yellow star), along the
GRC trail (shown as a white line).

METHODS

The epibiota of mangrove prop roots, the
biota of outcroppings, water chemistry, and sedi-
ment content were evaluated post-hurricane in
March 2016, March 2017, and June 2017. The bi-
ota and water chemistry data were compared to
pre-existing pre-hurricane data from March 2015.
Pre-hurricane data were from a visual survey and
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not separated by microhabitat type, so comparisons
to 2015 are limited to overall species presence/ab-
sence and species richness.

In March 2016 and 2017, 20 m transects
were established along the shoreline of the pond.
Four were sampled in 2016 (east and west of pond
entrance) and four were sampled in 2017 (east,
west, north, and south sides of the pond). At 5 m
intervals, a 1-m? quadrat was used (0.25 m? quad-
rant used in 2016). Within each quadrat, percent
coverage of species was estimated and all visible
macroinvertebrate and macroalgae species were
documented. The quadrats formed a vertical win-
dow against the prop roots.

In March 2016 and 2017, outcroppings
were surveyed in situ using the line intercept
method with transects starting from the north edge
of the pond toward the middle of the pond until the
outcroppings disappeared (approximately 25 m).
Three transects were sampled in 2016 and four
transects in 2017. Within 1 m quadrats, species
were identified, and percent coverage was esti-
mated.

Additional data collection: In March 2017,
conduit mouths and the flocculent layer were stud-
ied through a brief visual survey (no transects or
quadrats). In June 2017, a brief visual survey of
mangrove prop roots and outcroppings was con-
ducted, and these additional documented species
are included in the results. All of these post-hurri-
cane data were compared to March 2015 data re-
ported by Ford and Abernathy (2017).

During every data collection period, biotic
samples and photographs of the outcroppings and
mangrove roots were taken for further identifica-
tion and analysis using webpages, a digital micro-
scope (Plugable USB 2.0), and identification books
and field guides including Marine Plants of the
Caribbean (Littler et al., 1989), Caribbean Reef
Plants (Littler and Littler, 2000), and Natural His-
tory of Northeastern San Salvador Island (Godfrey
et al., 1994). Also during every data collection pe-
riod, two water samples were collected within 1 m
of the water surface of the pond for testing. The pH
and salinity of the water samples were measured
using a standard calibrated pH meter and refrac-
tometer (salinity).
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Figure 3. Microhabitats found in Oyster Pond: a)

Red mangrove prop roots, b) Conduit mouth, c) Bi-
otic outcropping, d) Flocculent layer.

For the sediment core in March 2016, a
clear 3 inch diameter, 30-cm-long polycarbonate
tube was used. The tube was pushed into the pond’s
bottom layers. A plastic cap was applied to the top
of the tube creating suction, and the core was
slowly extracted. Another plastic cap was placed
on the bottom of the core before removing from the
pond to better contain the unconsolidated core con-
stituents.

RESULTS
Pre-Hurricane Biota

In March 2015, we documented a total of 24 ma-
croinvertebrate and macroalgal species on man-
grove roots, biotic outcroppings, and the flocculent
layer. These organisms included 3 species of red
algae and an uncommon type of green algae, Pe-
dobesia (Table 1) which were all found on the man-
grove roots. General observations and photographs
indicate that the water was very clear and the floc-
culent layer had some lugworm egg sacs.

Post-Hurricane Biota

Overall Oyster Pond species presence & richness

Post-hurricane, a total of 19 macroinverte-
brate and macroalgal species were identified in
2016 and 23 species in 2017 (Table 1). The ma-
croinvertebrate species richness stayed consistent
in 2016 (no decrease after hurricane). However, a
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higher number of invertebrate species were docu-
mented in 2017, which is probably due to the re-
searchers spending more time in Oyster Pond. For
macroalgae, the number of species documented in
2016 (5) was half of pre-hurricane numbers and in
2017, that number increased to 6. All red algae spe-
cies identified in 2015 have not been seen since the
hurricane.

Mangrove prop roots

In 2016 and 2017, red mangroves were vis-
ibly impacted (defoliation and broken branches)
compared to pre-hurricane conditions (Figure 4).
The impact was more severe on the western and
northern sides (pond entrance is on the north end),
as compared to the eastern and southern sides of
the pond. This trend is also reflected in the biotic
coverage of the prop roots sampled in 2017 (Table
2).

The dominant macroalgae and invertebrate
species on mangrove prop roots post-hurricane
varied across areas of the pond, but there were
some species in common (Table 1). Two species of
Acetabularia, a common green alga, were very
abundant in all sampled areas along with Isogno-
mon alatus (black mangrove oyster).

Biotic outcroppings

The species that dominated biotic outcrop-
pings post-hurricane were like those that domi-
nated the mangrove prop roots. Pinctada long-
isquamosa, Isognomon alatus, species of Acetabu-
laria, and species of sea anemone (Bartholomea
annulate, Aiptasia pallida) (Table 2). A new spe-
cies found on outcroppings not documented before
in Oyster Pond was an undetermined crab in sum-
mer 2017. This crab was very small with a carapace
approximately 0.75 cm in diameter.

Water chemistry and sediment

Water chemistry in Oyster Pond has
slightly varied over time (Table 3). It seems that
the pond recovered quickly after the hurricane in
October 2015 as the post-hurricane data are very
similar to the pre-hurricane data. The pH is slightly
basic, and salinity is marine.
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Scientific Name 2015 2016 2017 Microhabitat*

Pre-Hurricane | Post-Hur- | Post-Hurri-

ricane cane

MACROINVERTEBRATES
Annelids
Trypanosyllis spp., Claparede, 1864 X X X oC
Arenicola cristata, Simpson 1856 X X X CM, FL
Harmothoe spp., Kinberg, 1856 X oC
Arthropods
Gammarus spp., Fabricius ,1775 X X X oC
Undetermined crab species X oC
Cnidarians
Aiptasia pallida, Agassiz in Verrill 1864 X X X CM, MR, OC
Bartholomea annulate, Le Sueur 1817 X X X MR, OC
Bougainvillia spp., Lesson 1830 X X X MR
Echinoderms
Synaptula hydriformis, Lesueur, 1824 X X X oC
Ophiuroidea spp., Gray 1840 X X X oC
Mollusks
Batillaria spp., Benson 1842 X X X MR, OC
Bulla umbilicate, Montagu, 1803 X 0oC
Cerithium lutosum, Menke 1828 X X X CM, MR, OC
Isognomon alatus, Gmelin, 1791 X X X CM, MR, OC
Pinctada longisquamosa, Dunker 1852 X X X CM, MR, OC
Sponges
Chondrilla nucula, Schmidt, 1862 X X X MR, OC
Unknown sponge species X X X oC
Macroinvertebrate Species Richness 14 14 17
MACROALGAE
Green Algae
Acetabularia crenulate, ].V. Lamouroux, 1816 X X X CM, MR, OC
Acetabularia calyculus, J.V. Lamouroux 1824 X X X CM, MR, OC
Anadyomene stellate, (Wulfen) C. Agardh 1823 X X CM, MR
Batophora oerstedii, J. Agardh 1854 X X X MR, OC
Cladophoropsis macromeres, W .R. Taylor 1928 X X X oC
Dictyosphaeria ocellata, (M. Howe) Olsen-Stojkovich 1985 X X X MR, OC
Pedobesia spp., MacRaild & Womersley, 1974 X MR
Red Algae
Dasya crouaniana, Agardh, 1890 X MR
Polysiphonia spp., Greville 1823 X MR
Spyridia spp., Harvey 1833 X MR
Macroalgae Species Richness 10 5 6
TOTAL SPECIES RICHNESS 24 19 23

Table 1. Oyster Pond species richness data. Microhabitat codes: CM (conduit mouth), FL (flocculent
layer), OC (outcropping), MR (mangrove root). * The three color morphs of the naked sea cucumber
(clear, brown, and tiger-striped) were documented

North

West

South

East

Total Biotic Coverage
of Prop Roots

50%

40%

80%

70%

Dominant Species by
Percent Coverage (in
order)

Acetabularia spp.
Isognomon alatus
Pinctada longisquamosa
Batophora oerstedii

Bougainvillia spp.
Acetabularia spp.
Isognomon alatus

Isognomon alatus
Bougainvillia spp.
Acetabularia spp

Acetabularia spp.
Pinctada longisquamosa
Isognomon alatus
Batophora oerstedii

Table 2. Mangrove prop root biotic coverage and dominant species in areas of the pond (March 2017).
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The Oyster Pond sediment core contained
3.5 cm shell-hash layer resting directly on bedrock,
capped by ~10 cm of reddish-brown clay, which
was overlain by ~2 cm of a second shell hash layer,
topped by ~2 cm of flocculent layer (Figure 5).
There was no evidence of tempestites in this core.

2012* (pre-
hurricane)

2015 (pre-
hurricane)
7.74
34.5

2016 (post-
hurricane)
745
35.0

2017 (post-
hurricane)
7.49
37.0

pH
Salinity (ppt)

37.1

Table 3. Water chemistry results, 2012-2017
Rothfus (2012).

Oyster Pond has an interesting and unique
set of organisms that inhabit the mangrove prop
roots, biotic outcroppings, the conduit mouths, and
flocculent layer. While there were obvious biolog-
ical impacts from the hurricane, it is important to
note that the biota of the pond seem to naturally
change from year to year without disturbance. For
example, the first year we explored the pond in
2014, there was an extensive sponge garden on the
north end that we have not seen since. The water
quality data showed little variation over time which
demonstrates that despite heavy rainfall in a short
period of time, the conduits provide enough con-
nection to the ocean to recover a marine salinity
and pH quickly.

Overall, the impact of Hurricane Joaquin
caused a decline in macroalgae, especially species
of red algae. After the hurricane, the red mangrove
prop roots were more populated by epibiota on the
south and east sides of the pond as compared to the
north and west areas of the pond. This could be ex-
plained by the direction of the winds as the Cate-
gory 4 hurricane moved over the island. The man-
grove prop roots had robust populations of scaly
pearl oysters and black mangrove oysters; but few
burnt mussels. Cole et al. (2007) found that the
scaly pearl oyster population was “relatively in-
tact” after Hurricane Frances and found that burnt
mussels dominated prop root communities (by
counts, not percent coverage), which contradicts
findings of this study. It seems there has been a
shift in the dominant oyster species in the pond
since the Cole et al. (2007) study.
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Acetabularia is a very hardy green
macroalgal species and is consistently the most
abundant macroalgae in Oyster Pond, pre- and
post-hurricane. Its thallus is calcified, and it at-
taches firmly by its rhizoids to substrates such as
mangrove prop roots, bivalve shells, and biotic out-
croppings which may contribute to its ability to
withstand stressors. On the other hand, some fleshy
red macroalgae (Dasya spp., Polysiphonia spp.,
Spyridia spp.) were seemingly wiped out by the
hurricane and have not re-established as of summer
2017. These fleshy macroalgae are easily removed
from substratum (Precht et al., 2009). There may
be factors other than mechanical stress, such as nu-
trient levels, that influence the presence of these
red algal species after a disturbance (Bertocci et al.,
2017).

Figure 5. Oyster Pond southern conduit core
taken in 2016. Shell-hash layer on bottom not
visible due to lower core cap.  Upper shell
hash is likely hurricane deposit.

The presence of shell-hash layers along the
bottom of Oyster Pond is attributed to storm
events, which create high energy in a normally
low-energy environment subjected only to tidal
fluctuations. However, no tempestites were found
in Oyster Pond. We believe this is due to the posi-
tion of the pond behind high ridges and being far-
ther inland than other coastal ponds where tem-
pestites have been found.

A discovery of a species that has not, to our
knowledge, been documented in Oyster Pond
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before is a very small marine crab. While we were
not able to identify the crab due to its small size
and condition, there are a couple of possibilities to
investigate further. More than 20 years ago, God-
frey et al. (1994) documented Armases miersii in
the Crab Hole (tidal pool) along the same interior
trail. In addition, there is a pea crab species (Pin-
nixa cylindrica) known to have a commensal rela-
tionship with lugworms that may live in the worm
burrow for protection (Ruppert and Fox, 1988).

An interesting finding was the change in
quantity of lug worms egg sacs over time. Lug-
worms are organisms that burrow into the floccu-
lent layer of the pond. In the spring, lugworms re-
lease a gelatinous egg mass that is connected at one
end to the burrow opening (Ruppert and Fox,
1988). In March 2015 — before the hurricane - there
were lug worm eggs sacs present, but not in abun-
dance. Six months after the hurricane, in March
2016, there was a high density of lug worm eggs
sacs. Did the disturbance cause the lugworms to re-
produce more than normal? This could be the focus
of future research.

A limitation of this study is that because
this study used visual and transect sampling meth-
ods, there are likely species there were not docu-
mented. Another limitation is that our sampling
methods varied over time.
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ABSTRACT

The geomorphology of Sandy Hook, a late Holo-
cene strandplain on the isolated Bahamian car-
bonate platform of San Salvador, is evaluated using
subsurface geophysics and a GIS-based character-
ization of ridge orientation and spacing. The inte-
grative dataset establishes an evolutionary frame-
work model for the 1.5 km? strandplain, which is
situated along the island’s southeast coast. Four
sets of en echelon beach ridges are distinguished at
Sandy Hook. Bound by erosional surfaces that
truncate paleoshorelines obliquely, they vary in
ridge spacing and vegetation cover. Ground-pene-
trating radar data, collected perpendicular to shore,
image prograding clinoform geometries within the
upper 4 m of the subsurface. Seaward-inclined re-
flection surfaces delineate shapes of former fore-
shore profiles, chronicling the progression of
shoreline advance. The architecture of Sandy Hook
is characterized by sedimentary sequences bound
by discontinuities, which are recognized by trunca-
tion of landward, older units and onlap of seaward,
younger ones. This attests to a pattern of net growth
punctuated by episodic erosion. Studies of si-
liciclastic analogs have attributed similar architec-
tures to variances in storm climate and/or sediment
supply. At Sandy Hook, it is likely that the progres-
sive reduction in shallow-water shelf area fronting
the shoreline affected strandplain development by
modifying nearshore hydrology and sediment
availability. This is suggested by a decrease in
ridge spacing over time, which may also reflect
changes in hydrodynamic forcing associated with
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the transition from the Hurricane Hyperactivity Pe-
riod (1000-3400'*C yr B.P.; Liu and Fearn 2000).

INTRODUCTION

The morphology of beach ridges provides
information on a variety of paleoenvironmental
variables, including sea level, storm climate, and
nearshore hydrology (Scheffers et al., 2011).
Strandplains, which are comprised of many beach
ridges (often grouped into beach ridge sets based
on shared characteristics), are studied for insight
into changes in environmental forcing over time
(Goy et al., 2003; Dougherty et al., 2004; Nott et
al., 2009; Forsyth et al., 2010; Tamura, 2012).
Strandplain development requires conditions of
high sediment supply and hydrodynamic variances
in promotion of punctuated shoreline advance
(e.g., changes in storm climate); they are most
commonly affiliated with wave-dominated river
mouths (Matin and Suguio, 1992; Stanley and
Warne, 1993; Anthony, 1995; Bondesan et al.,
1995; Vella et al., 2005) and regressive portions of
barrier islands and compound spits (Timmons et
al., 2010; Hein et al.,, 2013; Mattheus, 2016).
Strandplains also occur in more confined coastal
settings, such as embayments of the Laurentian
Great Lakes, where they provide information on
Holocene glacio-isostatic adjustments and lake-
level changes (Thompson, 1992; Larsen, 1994;
Lichter, 1995; Thompson and Baedke, 1995, 1997;
Baedke and Thompson, 2000; Johnston et al.,
2007). While many studies document beach mor-
phodynamics and strandplain development along
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siliciclastic coastal margins, carbonate platform
analogs are under-represented in the literature.

Hearty et al. (1998) and Hearty and Neumann
(2001) interpreted former sea-level positions from
late Pleistocene Bahamian beach ridges, attesting
to their usefulness as archives of paleoenvironmen-
tal information. Shinn et al. (1969) evaluated Hol-
ocene carbonate strandplains within stratigraphic
context of the greater tidal flat environment of An-
dros Island, The Bahamas, providing architectural
blueprints. Sediment textures of Pleistocene-Holo-
cene carbonate strandplains and their implications
for hydrocarbon and/or groundwater reservoir po-
tentials were studied by Ward and Brady (1979)
and Wallis et al. (1991). While these studies and
others have improved our understanding of car-
bonate strandplain sedimentology and stratigraphic
architecture, more work distinctly addressing pro-
cess geomorphology is needed to facilitate paleo-
climate reconstructions.

This study investigates landscape evolution at
Sandy Hook, a Holocene carbonate strandplain on
the Bahamian island of San Salvador, where past
investigations have elucidated paleoclimate infor-
mation from lacustrine and lagoonal sedimentary
archives (Niemi et al., 2008; Dalman, 2009, Park
et al. 2009; Dalman and Park, 2012; Park, 2012). A
geomorphic model of the strandplain is presented
and discussed in relation to late Holocene sea-level
rise and storm climate. It builds upon prior work,
including that of Boardman and Carney (1992) and
Carney et al. (1993), who evaluated Sandy Hook’s
depositional history in context of San Salvador’s
framework geology and Quaternary sea levels. Ad-
dressing potential linkages between hydrodynamic
variables (e.g. storm intensity and frequency), sea-
level rise, and strandplain geomorphology comple-
ments ongoing late Holocene coastal reconstruc-
tive efforts on the island.

FIELD SITE DESCRIPTION

San Salvador sits atop an isolated carbonate plat-
form along the eastern edge of the Bahamian Ar-
chipelago, where shallow coastal waters (of <10 m
in depth) abruptly transition to 4 km-deep Atlantic
Ocean waters over a distance of around 10 km. The
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Figure 1. Maps showing the location of San Sal-
vador Island (a) and its geology (b). The Sandy
Hook study area (shown in greater detail in Fig-
ure 2) is highlighted. Prominent landform fea-
tures (e.g. shelf-edge reefs) are marked and la-
beled. Part b is modified from maps by Robinson
and Davis (1999) and Titus (1987).

island is vulnerable to strong storms and hurricanes
that frequent this particular region (Klotzbach,
2011). The N-S oriented San Salvador measures
around 23 km in length and is up to 11 km wide.
About a third of the island is covered by water as
numerous shallow ponds, lakes, and lagoons oc-
cupy swale portions of a Pleistocene dune-bedrock
topography (Titus, 1987; Figure 1). Holocene sed-
iments on San Salvador are thin and discontinuous;
unconsolidated sands here exist only along select
stretches of coastline (Figure 1b). The Sandy Hook
strandplain, which started forming around 3-5 ka
(Hearty and Kindler, 1993), is the largest sandy
lithosome of Holocene age. It is located in the
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Figure 2. Annotated aerial photograph of Sandy Hook (a) and corresponding geologic map (b), plot-
ting data distribution, axes of beach ridges, and locations of GPR examples shown in this paper (in

Figure 4).

southeast corner of the island, bound on its land-
ward side by the western arm of the Pigeon Creek
tidal estuary (Figure 2). The total aerial extent of
the strandplain is approximately 1.5 km? and it
houses over 30 beach ridges (Carney et al., 1993).
Sandy Hook is separated from the open Atlantic by
a shelf lagoon, the 1.5 km-wide Snow Bay. It has
an aerial extent of around 5 km? and is partly
rimmed by limestone cays and shelf-edge reefs
(Robinson and Davis, 1999; Figures 1b and 2). A
network of unpaved roads provides access to the
more landward parts of the densely shrub-vege-
tated strandplain, which is defined by a subtle
ridge-and-swale topography averaging 3 m in ele-
vation (Bahamian Land and Surveys Department,
1972). Sandy Hook is bound to the north by a Pleis-
tocene carbonate-bedrock ridge, which exceeds 6
m in elevation (Titus, 1987; Carew and Mylroie,
1995; Figure 2).

METHODS
The project relied on a GIS-based study of land-

forms (using remotely-sensed data) and subsurface
geophysics. Ground-penetrating radar (GPR) data
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were collected on San Salvador in March of 2015.
Subsequent analysis was undertaken at Youngs-
town State University and Lake Superior State
University facilities in Ohio and Michigan, respec-
tively.

GIS-based mapping

Ridge orientations and spacing were determined
from historic aerial photographs (dating to 1942
and 1968), obtained from the Bahamian Lands and
Surveys Department, and Google Earth-derived
satellite images (collected between 2012 and
2016). Mapping was performed using the ArcGIS
10.3 software package and its auxiliary toolsets.
Image files were georeferenced to existing base
layers using fixed and easily distinguished land-
marks (e.g. road intersections). Landforms were
studied from the imagery across a seasonal spec-
trum to help minimize biased interpretations result-
ing from shadow effects or obscuration by cloud
cover. Differences in vegetation between ridges
and swales (in terms of type and density) facilitated
their delineation and classification. Inter-
preted/digitized ridges were grouped into sets
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Table 1. Spatial metrics by ridge set.

Ridge set # of ridges Ridge spacing (m) Strandplain area (km?) Foreset angle (°)
1 10 50 0.56 N/A
2 5 40 0.21 15-27
3 4 40 0.17 13-20
4 11 30 0.61 13-20

based on common measures of spacing, orienta-
tion, and spatial association. Field notes on vegeta-
tion cover (taken during geophysical mapping)
supplemented insights from remotely-sensed infor-
mation.

Subsurface geophysics

A total of 1.6 km of high-resolution GPR data were
collected along 10 shore-perpendicular transects
using a pulse Ekko Pro system by Sensors and Soft-
ware, Inc., equipped with 200 MHz antennae and a
calibrated odometer trigger (Figure 2). Basic data
processing was performed using the EkkoView
Deluxe software package. Digital radar files re-
quired no topographic correction as non-vertical
beam orientations were avoided by imaging
through flat and horizontal road segments. Radar
velocities were established by hyperbola fitting
(during post-processing) and used to convert two-
way travel time to depth. The average radar veloc-
ity used, 0.1 m/ns, is in agreement with values pub-
lished for other carbonate environments (Annan,
1992; Grasmueck and Weger, 2002; Xia et al.,
2004). An AGC gain function was applied to the
radar files to disproportionately amplify weakened
subsurface reflections at depth. Radar sequences
were mapped based on fundamental stratigraphic
principles (e.g. superposition and cross-cutting re-
lationships), relying on the recognition of different
stratal termination patterns.

RESULTS

This study relies on two types of information: 1) A
surficial assessment of strandplain morphology, as
captured by metrics of ridge spacing, orientation,
and grouping; and 2) Stratigraphic interpretations
based on high-resolution reflection geophysics.
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Ridge orientation and spacing

Beach ridges at Sandy Hook are generally N-S
trending and decrease in age eastward (i.e. in the
offshore direction). They are slightly arcuate and
grouped into four distinct sets, which are separated
by erosional surfaces that truncate paleoshorelines
obliquely (Figure 2b; Table 1). Ridge sets, which
vary in aerial extent and are numbered from oldest
to youngest (i.e. landward to seaward), are charac-
terized by different ridge characteristics (Figure
2b; Table 1). Ridge Set 1, the oldest and most land-
ward, covers an area of 0.56 km?. It is comprised
of 10 ridges at an average spacing of approximately
50 m. Ridge Set 4, the youngest, is the most exten-
sive (at 0.61 km?) and includes the modern beach
at Sandy Hook. It contains 11 ridges, spaced an av-
erage of 30 m apart (Table 1; Figure 2). Sets 2 and
3 are less extensive (at 0.21 km? and 0.17 km?, re-
spectively) and contain fewer ridges (5 and 4).
Both have a ridge spacing of around 40 m. Ridge
Sets 1-3 are covered in dense Coccothrinax shrub
(Smith, 1992; Robinson and Davis, 1999; Figure
3a). Vegetation cover across Ridge Set 4 is notice-
ably less dense, as shrubs are largely absent and

patches of dune grass dominate the flora (Figures
3b and ¢).

Stratigraphic architecture

Two distinct radar facies are mapped within the up-
per 4 m of Sandy Hook’s subsurface. These repre-
sent major sedimentary environments geologic
processes of deposition of the beach system—fore-
shore and aeolian dune. The foreshore facies is
characterized by parallel and shoreward-inclined
radar-reflection surfaces, representing foreset beds
of an advancing shoreline intertidal environment
(Figure 4). Slopes of these inclined strata range
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distal portion of the strandplain (a), and the sparsely-vegetated shore-proximal portion in coastal strike
(b) and dip (c) orientations. The dense vegetation depicted (a) exemplifies Coccothrinax shrub (Robin-

son and Davis, 1999).

from 13° to 27° and there are no strong distinctions
between ridge sets. While foreset slopes of Ridge
Set 2 range from 15° to 27°, those for Sets 3 and 4
are between 13° and 20° (Table 1). GPR failed to
image the internal architecture of Ridge Set 1 due
to strong signal attenuation just below the surface.
It is likely that the proximity to Pigeon Creek and
diagenetic effects of sediment-groundwater inter-
actions may be the cause.

The bottomsets of prograding clinoform pro-
files were not imaged in our dataset. Carney et al.
(1993) report depth-to-bedrock ranges between 6.5
m and 10.5 m. Topset beds, which generally reflect
accretion in backshore (e.g. berm) environments,
were mostly found to be absent. Foreshore sedi-
ments are unconformably overlain by aeolian sands
and/or road fill, recognized in radar imagery as par-
allel-horizontal reflections within the uppermost 1-
1.5 m of the subsurface (Figure 4).

Disconformities mapped using GPR do not cor-
relate distinctly with ridge-set boundaries deline-
ated from aerial photographs. Line 26, for example,
was collected across the shore-distal portion of
Ridge Set 4 (Figure 2b) and is shown to contain
around 10 distinct sedimentary packages, each
bound by erosional surfaces (Figure 4a). However,
only 3-4 ridges are recognized in aerial photo-
graphs (F