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ABSTRACT

Underwater (phreatic) caves are a ubiquitous landform on coastal karst terrain, but
the marine geological processes operating in these systems are largely unknown. This
dissertation redresses the problem by asking if Bermudian phreatic cave sediments
archive sea-level and climate information? An important premise is that coastal cave
environments are not identical. They can be categorized based on whether they are
terrestrially-influenced (anchialine), completely flooded by saline groundwater
(submarine), positioned at sea level (littoral) or in the vadose zone (vadose).

For the first time the boundary between modern anchialine and submarine cave
environments has been distinguished in Green Bay Cave using a multi-proxy approach
(benthic foraminifera, sedimentary organic matter content and carbon isotopic
composition - 613C0rg, and grain-size analysis). Twelve push cores were extracted from
Green Bay Cave and dated with twenty '“C dates, recovering the first underwater cave
succession spanning the Holocene (13 ka to present). Green Bay Cave transitioned
through all major cave environments during Holocene sea-level rise (vadose, littoral,
anchialine, and submarine), providing a sedimentary model for global cave successions.

These relationships provide a novel means to solve Quaternary sea-level and
climate problems. For sea level, two examples indicate that the littoral cave can be used
as a sea-level indicator, distinguished stratigraphically by microfossil or sedimentary
proxies. First, the elevation and timing of when Green Bay Cave was a littoral
environment indicates Bermuda experienced an abrupt ~6.4 m sea-level rise at 7.7 ka,
coinciding with final collapse of the Labrador sector of the Laurentide Ice Sheet. Second,
microfossils preserved in elevated caves at +21 m above modern sea level and dated to
marine isotope stage 11 (U-series, amino acid racemization) are consistent with modern
Bermudian caves and co-stratigraphic sea level. For climate problems, annual temperature
monitoring in Walsingham Cave indicates that cave water is thermally comparable to
regional oceanographic conditions in the Sargasso Sea. Three sediment cores dated with
sixteen '*C ages indicate that Bermuda’s coldest and stormiest conditions of the last 3.2
ka occurred during the Little Ice Age (proxies: 8'*O,, grain size, bulk organic matter).



LIST OF ABBREVIATIONS AND SYMBOLS

AC anchialine cave

CSC circulated submarine cave

ISC isolated submarine cave

E entrance

GBC Green Bay Cave

GH Ghyben-Herzberg

ka thousand years

LIA Little Ice Age

MIS Marine Isotope Stage

ML meteoric lens

MWP Medieval Warm Period

NAO North Atlantic Oscillation

ppt parts per thousand (salinity)

SCUBA self-contained underwater breathing apparatus
SEM scanning electron microscopy (or micrograph)
SGT saline groundwater temperature

SST sea surface temperature

Sv Sverdrups

WH Walsingham Cave

%00 parts per mil (stable isotopes)
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GLOSSARY

anchialine cave: A phreatic cave (A) with restricted subaerial access through sinkholes,
cenotes or pseudokarst openings; subsurface hydrogeologic connectivity to the
ocean; flooded by a meteoric lens and/or saline groundwater, but where terrestrial
influences (either geochemical, sedimentologic, or hydrogeologic) dominate the
cave environment.

calcite raft: A common calcite precipitate in caves characterized by a bilateral
morphology of planar versus euhedral crystal surfaces, which forms on still air-
water interfaces from the pCO, off-gassing of carbonate-saturated groundwater and
precipitation of CaCOs.

eogenetic karst: Karstified carbonate sediments that are diagenetically immature, only
partially-lithified, which have not experienced burial diagenesis.

freshwater lens: A distinct body of coastal groundwater that comprised of fresh water
principally derived from infiltrating meteoric water. This dissertation does not use
‘freshwater lens’ synonymously with ‘meteoric lens’ because salinity is a critical
variable to organisms and habitats.

Ghyben-Herzberg lens: Any coastal aquifer conforming to the Ghyben-Herzberg
principle.

Ghyben-Herzberg principle: At static equilibrium in coastal aquifers, the elevation of
the water table of pure fresh water above sea level is proportional to the depth of the
interface with saline groundwater (halocline) below sea level, in a ratio of 1:40.

meteoric lens: A distinct body of coastal groundwater, of fresh to brackish salinity,
buoyed on saline groundwater and derived from variable combinations of
infiltrating meteoric water and saline groundwater.

littoral cave: A phreatic cave not completely flooded by groundwater where the presence
of a water table intersecting the cave passage creates a range of phreatic (A) and
vadose caves (A); sea level is within the cave passage if cave entrance opens into
the open ocean. The position of cave entrances, with respect to the coastline,
introduces significant environmental variability, most notably if entrance opens
onto a lagoon or coastal shelf.

Little Ice Age (LIA): A period of 1-2°C global cooling from ~1400 to 1850 AD
expressed dominantly in the northern hemisphere; correlated to global glacier
advances, rapid atmospheric re-organization, and decreased solar radiation.

phreatic cave: (A) Environmental context: Any cave in the phreatic zone, in telogenetic
or eogenetic karst, and often accessed by sinking/rising streams or surface collapse.
(sinkholes). (B) Speleogenetic context: Any cave that formed in the phreatic zone.

phreatic zone: The zone saturated by groundwater below the water table.

saline groundwater: Groundwater with salinity of at least 35 ppt located below the
meteoric lens. Coastal saline groundwater is typically derived from the ocean, and
may be circulating directly with the ocean through the karst platform.

submarine cave: A phreatic cave that is hydrogeologically connected to the ocean with
any physical cave entrances (exits) completely flooded by sea level, wherein marine
influences dominate the cave environment.
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telogenetic karst: Karstified carbonate sediments that are diagenetically-mature that are
completely lithified, and may have experienced burial diagenesis before re-
emergence into the surface weathering environment.

vadose cave: (A) Environmental context: Any cave that is presently air-filled in the
unsaturated zone, and often accessed by sinking/rising streams or surface collapse.
(B) Speleogenetic context: Any cave that formed in the vadose zone.

vadose zone: The zone not saturated by groundwater above the water table.

water table: The subsurface interface between the saturated and unsaturated zone where
the atmospheric pressure is equal to the groundwater pressure.

speleogenetic karst basins: void spaces in karst terrain in either the vadose or phreatic
zone that are derived from speleogenetic processes (e.g., dissolution, collapse),
which provide sea-level independent accommodation space for sediments, and
provide habitat for subterranean ecosystems.
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Chapter 1: Introduction

1.1 Problems And Hypotheses

Underwater (phreatic) coastal caves are globally distributed environments, with
recognized scientific and socio-economic value to both developing and developed
countries. For example, entrance fees to caves on private property can form a significant
contribution to a family’s gross annual income in developing countries (e.g., Mexico), yet
they can also be significant commercial enterprises in developed countries (e.g., >300k
tourists annually visit the Crystal Caves, Bermuda: Iliffe, 1979). Hydrogeologically, they
are often saturated by lucrative freshwater resources in the coastal zone, which may be
supporting up to 25% of coastal populations. However, there are no long-term
hydrographic records describing their variability (Alley, 2001), and the entire
environment is very sensitive to groundwater contamination (Iliffe, 1979; Einsiedl et al.,
2010). Phreatic caves are also the source of significant fossil records, both human and
animal. For example, some of the oldest skeletons from the America’s are being
recovered from Mexican underwater caves near the town of Tulum (Yucatan Peninsula),
and bones of late Pleistocene megafauna (e.g., mammoths) are routinely present in
Floridian phreatic caves (United States). Underwater caves also are colonized by unique
ecosystems, containing species defined as critically endangered by the International
Union for the Conservation of Nature because they may only be known from one specific
underwater cave (e.g., Bermuda). Many ecological issues revolve around how little
scientists actually know, on a global scale, about underwater cave environments and
ecosystems, especially on geologic time scales. Despite these and other unique

characteristics, however, underwater coastal caves have largely been marginalized in



Quaternary geoscience research in comparison to classical coastal systems (i.e., deltas,
lagoons, marshes).

From a geological perspective this is curious because sediment is often described
in underwater caves. This immediately poses many questions to the geologist. What types
of sediments are in these caves? How do these sediments become deposited? Are the
sediments stratified or homogenized? Are modern microfossils living in underwater
caves, and are they preserved in the sedimentary record? And most scientifically
important, what useful information is preserved in underwater cave sediment that is not
readily available elsewhere? These unanswered questions reinforce our limited
understanding of underwater coastal caves and their environmental histories. Therefore,
the entirety of this dissertation begins to redress some of these problems, and challenge
well-establish assumptions, by building upon our limited understanding of marine
geological processes operating in underwater coastal caves. Expectations are that
environmental development in phreatic coastal caves is intimately linked to sea-level and
climate change.

As a result of these problems, two simple hypotheses are repeatedly tested
throughout this dissertation in an effort to answer a variety of research questions:

1.  Benthic foraminifera colonize and are preserved in phreatic coastal cave
sediments, and
2. Sediment and microfossils preserved in phreatic coastal caves can provide

proxy records of Quaternary sea-level and climate change.



1.2 Basic Concepts And Themes

A critical theme throughout this dissertation is that not all coastal cave
environments are alike. They are more than simple underground voids and conduits
positioned near a coast, but are in fact coastal systems with unique, predictable physical
processes that are in dynamic equilibrium with external forcing mechanisms such as sea
level and climate. By extension, if we can constrain the modern processes affecting these
environments, then we should be able to reconstruct the paleoenvironmental response of
the cave to changing forcing mechanisms. Coastal caves can even be more broadly
considered a category of speleogenetic karst basin within the continuum of sinkholes to
caves. The distinction that this research focuses on ‘coastal’ versus ‘continental or inland’
caves is relevant, as geologic conditions that influence coastal caves in eogenetic karst
(diagenetically immature) cannot be assumed to be directly transferable to inland cave
systems in telogenetic karst (e.g., Quaternary sea-level oscillations, hydrogeologic
conditions).

The simplest way to differentiate coastal caves is by their position relative to the
water table. Caves above the water table in the vadose zone are dry, and are easily
explored and sampled by scientists. Therefore, sedimentary research in vadose caves is
ongoing, and the results routinely provide valuable data on regional paleoenvironmental
change (e.g., Hearty et al., 2004; Baldini, 2010; Medina-Elizalde et al., 2010). In contrast,
caves below the water table in the phreatic zone are underwater. Underwater (phreatic)
coastal caves have arguably received so little research attention because they require
specialized SCUBA training for safe penetration and exploration. Phreatic coastal cave
environments can be further categorized into anchialine, submarine, or littoral caves

based on: (a) their elevation relative to the water table, (b) their position along coastlines



with respect to sea level at a specific point in geologic time, and (c) the relative
magnitude of terrestrial versus marine influence on the cave (Stock et al., 1986). As these
principles are central to this research, they are reviewed in more detail with necessary
caveats throughout the dissertation. Therefore, this research focuses on underwater caves
on eogenetic karst terrain, seeking to develop some unifying principles that can link
environmental change between the well-studied vadose caves, and poorly-understood

phreatic coastal caves (anchialine, submarine, and littoral).
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Figure 1.1: Classification of environments in coastal caves and sinkholes (cenotes), which can be
collectively categorized as speleogenetic karst basins.

The last major conceptual framework required for this dissertation is the basic
principles of hydrogeology. Hydrogeologic boundary conditions are imposed on coastal
cave environments because (a) the caves can be flooded or drained during Quaternary
sea-level cycles, and (b) physical groundwater parameters are not contiguous through the
subsurface. Coastal aquifers on karst terrain are density-stratified into two gross water
masses, the meteoric lens and the saline groundwater. These water masses differ in many

ways, including salinity, temperature, thickness, and general circulation patterns. In



general, freshwater from precipitation creates the meteoric lens, which can be mixed to
some degree with saline groundwater to become brackish. The meteoric lens flows
coastward for eventual discharge into the ocean (e.g., Beddows et al., 2005, 2007). In
contrast, the saline groundwater comprises seawater circulating in the karst platform due
to density and thermal gradients, tidal forcing, or both (Whitaker and Smart, 1990; Moore
et al, 1992; Beddows et al., 2005). These principles are expanded upon as required in

subsequent chapters.

1.3 Study Site And Proxies

The archipelago of Bermuda is an excellent natural laboratory to study the
research problem because coastal caves are locally abundant. All types of coastal cave
environments can be found on Bermuda (vadose, littoral, anchialine, submarine), which
have captivated islanders, researchers, and kings since the Sea Venture shipwrecked on
Bermuda in 1609. Most of the research on Bermuda’s underwater caves, however, has
focused on the aquatic cave fauna under the pioneering efforts of Dr. T. Iliffe, which has
included some hydrogeologic study as an ecological framework for the endemic cave
fauna (e.g., Maddocks and Iliffe, 1986). Some superficial descriptions of Bermudian cave
sediment have been published (Iliffe, 1987), providing evidence that Bermuda is a
suitable location to test the hypotheses.

In general, the research is concentrated on two caves: (a) Green Bay Cave System,
located on the peninsula between Harrington Sound and North Shore Lagoon, and (b)
Walsingham Cavern, located on the isthmus between Harrington Sound and Castle
Harbor. Both caves experience tidal forcing and have a thin, brackish meteoric lens (< 0.5

cm) buoyed on saline groundwater, and extensive underground passages. Green Bay Cave



System is of particular interest because it has two entrances. One entrance is located
below sea level and opens into Harrington Sound, and the adjacent passages can be
considered submarine cave environments. The other entrance into Green Bay Cave
System is through a sinkhole, and adjacent passages can be considered anchialine cave
environments. These two entrances are connected by almost 300 m of flooded cave
passage, providing a unique opportunity to examine the boundary between anchialine and
submarine cave environments both spatially in the modern environment by sampling
surface sediment, and chronologically through sediment coring. In contrast to Green Bay
Cave System, Walsingham Cavern only has one dominant sinkhole entrance, with
ancillary openings around the periphery, and no direct passage linking it with the ocean.
The paleoenvironmental proxies used in this dissertation are: benthic foraminifera
(micropaleontology), sedimentary character (particle size analysis, bulk organic matter),
stable isotopes (6180calcite, 53 Corg), organic matter elemental ratios (C:N), and radiocarbon
(**0) dating. Foraminifera are sensitive to environmental change across global coastal
environments (Scott et al., 2001; Murray, 2006), so they were hypothesized to also be
effective indicators in underwater caves. Sediment analysis provides an important cost-
effective indicator for environmental conditions (e.g., hydraulic energy, currents, cave
processes), which were hypothesized to be intrinsically linked to the type of coastal cave
environment (littoral, anchialine versus submarine). Considering that primary
productivity is limited in underwater caves due to the lack of light, organic matter is a
critical resource and a known control on the cave benthos. Therefore, the quantity,
quality, and source of bulk organic matter can be evaluated with organic geochemistry
(e.g., Lamb et al., 2006). The oxygen isotopic composition of biogenic carbonate (e.g.,

foraminifera) is controlled by both the isotopic composition of water and temperature



(e.g., Katz et al., 2010), and was used as a thermal proxy for reconstructing climate
variations. Lastly, chronologies for sediment cores from Green Bay and Walsingham
Caves were developed using radiocarbon dating, all of which were calibrated with the
most recent calibration curves and reservoir corrections (Reimer et al., 2009). Additional

details on the methods are provided where necessary in subsequent chapters.

1.4 Central Research Questions And Dissertation Structure

The overall scientific contributions from this dissertation can be organized into
three parts that generally follow the theoretical and scientific development on the subject.
In short, Part I seeks to characterize the modern micropaleontological and
sedimentological conditions in Green Bay Cave, which is a prerequisite for any
paleoenvironmental reconstructions. Part II focuses on how and why sediments develop
in phreatic coastal caves in relation to Quaternary sea-level change, and how cave
environments evolve through time. Finally, Part III demonstrates that phreatic caves can
preserve proxy-records of climate change, if the modern cave habitat is circulated with
the ocean. Each chapter in this dissertation represents an individual scientific

contribution, and is presented as a stand-alone scientific manuscript.

1.4.1 Part I: Calibrating The Modern Environment

Characterizing the modern conditions is a critical first step when working in a new
environment, which will calibrate the required proxies (microfossil, sedimentologic, and
organic geochemical proxies). The following research question guided research for
Chapter 2: What are the general sedimentary characteristics and ecology of foraminifera

in modern underwater coastal caves?



From previous research, foraminifera are colonizing cave entrances (Javaux,
1999; van Hengstum et al., 2008), foraminifera have been collected from recent
underwater cave sediment (Sket and Iliffe, 1980), and cave sediment can contain fossil
foraminifera (vadose: Proctor and Smart, 1991; phreatic: van Hengstum et al., 2009a).
Therefore, based on preliminary evidence, it was hypothesized that benthic foraminifera
are common throughout phreatic coastal caves, distributed along natural environmental
gradients like in other coastal environments (salinity, organic matter resources, etc.). An
understanding of modern marine geological processes (microfossils, sediments,
geochemical, etc.) in underwater caves is a prerequisite to any research on sedimentary
cores. Therefore, Chapter 2 aims to develop baseline conditions in Green Bay Cave in
anticipation for reconstructing proxy-records of environmental change using sediment
cores. For this chapter, P. van Hengstum completed all the field collections, laboratory
analysis, foraminiferal analysis, and wrote the manuscript, while D. Scott contributed to

insight into foraminiferal taxonomy and the interpretations.

1.4.2 Part I1: Sea-Level Signatures In Phreatic Coastal Caves

Chapter 3 begins to question the sedimentological development and
environmental change that occurs throughout coastal cave systems, and throughout all
coastal speleogenetic karst basins, in response to glacioeustacy. Therefore, the following
research question guided Chapter 3: Do successions in underwater cave systems track
sea-level rise?

To investigate the problem, twelve cores were extracted from Green Bay Cave,
Bermuda, affording the first complete succession from an underwater cave spanning the

Holocene (13 ka ago to present). The successions provide strong evidence that coastal



caves, and all speleogenetic karst basins, transitioning through vadose, littoral, anchialine,
and submarine environments in response to glacioeustacy. Therefore, I propose
conceptual models describing how coastal caves environments evolve in response to sea-
level forcing, during a transgressive system tract. Peter van Hengstum generated the
research design and conceptual framework, completed the fieldwork, laboratory and data
analysis, finalized the interpretations, wrote the manuscript, and drafted the figures. D.
Scott contributed to the interpretations, M. Charette contributed to the origin of the Fe-
oxide staining in the base of recovered successions, and D. Grocke completed the mass
spectrometry of the organic matter (613C0rg).

Chapter 4 begins to examine how and why fossil foraminifera other phreatic
microfossils are preserved in modern vadose caves. In an important initial study on the
subject of aquatic microfossils in caves, Proctor and Smart (1991) found benthic
foraminifera in Corbridge Cave (England) dated to previous Quaternary sea-level
highstands using U-series aging of interspaced speleothems. Recently, benthic
foraminifera were recovered in elevated vadose caves in Bermuda at +21 m above sea
level, and have been debated as from either (a) +21 m sea level during Marine Isotope
Stage 11, or (b) an Atlantic mega-tsunami (McMurtry et al., 2007). However, the
foraminifera in the elevated Bermudian and English caves had not been compared to
foraminifera living in modern coastal cave environments. Therefore, the following
question guided the research contribution presented in Chapter 4: Are microfossils in
elevated Bermudian caves congruent with taxa found in modern coastal cave
environments?

To address the problem, foraminiferal assemblages preserved in Calonectris

Pockets (Bermuda) were compared to the largest database of foraminifera from



Bermudian coastal environments, including caves (Javaux, 1999). It was discovered that
the fossil foraminifera are indeed consistent with expected cave assemblages emplaced
during a +21 m highstand scenario. For this chapter, P. van Hengstum designed the
research project, obtained samples from the Smithsonian, completed the microscopy of
the modern and fossil littoral cave sediments, generated the interpretations and wrote the
manuscript; whereas D. Scott contributed to the interpretations and E. Javaux compiled
the original database on Bermudian coastal foraminifera.

Chapter 5 re-examines the successions preserved in Green Bay Cave, compiling a
foraminiferal proxy-record of environmental change in the cave throughout the Holocene
flooding history. The results of Chapter 3 indicate that previously unavailable sea-level
information is actually available regarding Holocene sea-level rise on Bermuda. The
following research question guided Chapter 5: Can foraminiferal paleoecology combined
with sedimentology from phreatic coastal caves provide insight into Holocene sea-level
rise in Bermuda?

Bermuda is ideal for sea-level research because it has remained glacio-
isostatically stable throughout the Quaternary, island subsidence rates are minor over
Quaternary time scales (0.6-1.2 cm kyr™: Liu and Chase, 1989, Vogt and Jung, 2007), and
the lack of an extensive coastal shelf limits hydroisostatic sea-level effects. From the
analysis, evidence is provided for an abrupt sea-level rise of ~6 m in the Atlantic at 7.6
ka, using unequivocal sedimentological and microfossil proxies. Peter van Hengstum
completed the fieldwork and generated the research design for this chapter, data analysis,

and wrote the manuscript, while D. Scott contributed to the final interpretations.
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1.4.3 Part I1I: Climate Signatures In Phreatic Caves

The last scientific contribution in Chapter 6 examines possible climatic signatures
that may be preserved in Bermudian phreatic caves. Yamamoto et al. (2010) recovered
the first paleoclimate record from a submarine cave in Japan (Daidokutsu Cave), which
was a ~7 ka paleoclimate record of the East China Sea. This result suggests that North
Atlantic climate records may be preserved in Bermudian phreatic caves that are in a
submarine environmental state. Currently, the longest and best-resolved Bermudian
climate records are from corals (e.g., ~750 years: Draschba et al., 2000). A pollen record
preserved in Devonshire Marsh of terrestrial vegetation changes may indicate older
climate changes in Bermuda, but the age constraint is currently insufficient for a detailed
correlation to North Atlantic paleoclimate events (Rueger and von Wallmenich, 1996).
The following question guided the final scientific contribution: Does cave foraminiferal
8"°0. and sedimentology document late-Holocene climate change on Bermuda?

Three sediment cores were extracted from Walsingham Cave and dated with
sixteen radiocarbon ages. Thermal cooling and maximum storminess occurred on
Bermuda during the Little Ice Age (LIA), coincident with atmospheric reorganization and
reduced solar radiation beginning with the Oort minimum. Decreased heat supply to
Bermuda from reduced Gulf Stream transport, however, is perhaps contributing to a
cooling trend initiated at 0.9 ka (Lund et al., 2006), which is observed in the cave and
elsewhere in the North Atlantic basin (Mann et al., 2008; Cronin et al., 2010). Peter van
Hengstum generated the research design for this project, collected the cores and initiated
the temperature monitoring program, and prepared the foraminifera for stable isotope
analysis and radiocarbon dating. Andrew Kingston completed the mass spectrometry and

worked through data analysis and interpretations with P. van Hengstum. David Scott and
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William Patterson contributed to the interpretations, Bruce Williams completed fieldwork
and intellectually contributed modern thermal observations in Walsingham Cave, and P.

van Hengstum wrote the manuscript and drafted the figures.

1.5 Final Prologue

The theoretical and scientific order of chapters strives for a smooth flow of logic,
and the development of scientific ideas on the subject. However, each chapter is
structured as a stand-alone and publishable scientific contribution, consistent with a
‘sandwich style’ dissertation structure. Some chapter introductions are repetitious as a
result, especially with the basic concepts of coastal cave environments. At this stage of
marine geological research in underwater coastal caves, however, it is challenging to
avoid such repetition because many basic principles have not been previously illustrated,
and are not conceptually appreciated. The primary author coined the scientific
philosophical advances on coastal cave environments, generated the research design,
completed all the field work requiring SCUBA, and wrote 100% of the manuscripts

presented in this dissertation.
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Chapter 2: Ecology Of Foraminifera And Habitat Variability In An
Underwater Cave: Distinguishing Anchialine Versus Submarine Cave
Environments

Peter J. van Hengstum and David B. Scott

Dalhousie University, Centre for Environmental and Marine Geology

Halifax, Nova Scotia, B3H 4J1, Canada

Note: An edited version of this manuscript is to appear in 2011 in the Journal of Foraminiferal

Research.
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2.1 Abstract

Fossil and living foraminifera have been recovered from coastal caves but their
ecology in underwater caves is unknown. Seventy-five surface sediment samples (<4 cm)
were collected throughout Green Bay Cave System, Bermuda, and analyzed for
foraminifera, 8" Corg, C:N, organic matter content, CaCOs, and granulometry.
Hydrogeologic variables (pH, salinity, dissolved oxygen, temperature) identified the two
separate groundwater masses in the coastal aquifer (meteoric lens, halocline, saline
groundwater). This cave is perfect for studying heterogeneous cave habitats because an
anchialine cave (terrestrially-dominated) is connected to a submarine cave (marine-
dominated). The anchialine cave environment consists of two groups of foraminifera: (a)
the Meteoric Lens assemblage living in the brackish meteoric lens within 60 cm of sea
level, and (b) the Anchialine Cave assemblage living in the saline ground water below the
halocline. Helenina anderseni, Discorinopsis aguayoi and other diagnostic brackish fauna
dominated habitats in the brackish meteoric lens, which transitioned into a higher
diversity assemblage dominated by Bolivina striatula and Rosalina globularis below the
halocline. Cave foraminifera and sediments identified the boundary between the
anchialine versus submarine cave environments because the limit of terrestrial influence
on the cave benthos can be quantified (e.g., 8" Corg: from -24%o to -18%o, C:N ratio: from
11.2 to 8.3), and also corresponds to a foraminiferal change. The submarine cave
environment consists of three groups of foraminifera: (a) The Entrance (or cavern)
assemblage in the first ~60 m of the submarine cave dominated by Quinqueloculina, (b)
the Circulated Submarine Cave assemblage dominated by Spirillina vivipara and

Triloculina oblonga slightly further into the cave, and (c) an Isolated Submarine Cave
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assemblage dominated by Spirophthalmidium emaciatum in the cave passages furthest
away from a cave exit. Lastly, planktic tintinnids suggest that tidally forced saline
groundwater circulation with the ocean plays an important role in fertilizing the cave
areas with the Circulated Submarine Cave assemblage. These results indicate that coastal
caves are partitioned into specific environments and habitats by groundwater masses,
sediment fluxes (terrestrial versus marine), and subterranean circulation; and that fossil
cave foraminifera will be useful proxies for paleohydrogeology, paleoclimatology, and

Quaternary sea level.

2.2 Introduction

Even though karst landscape covers nearly ten percent of the globe (Ford and
Williams, 1989), underwater (phreatic) coastal cave environments have received very
little paleoenvironmental or paleoecological research. Most underwater (phreatic) cave
research has focused on biology and hydrogeology, with geologic research generally
focused on speleogenesis (e.g., Ford and Ewers, 1978). Investigating marine geology in
phreatic caves is a research avenue independent of the geochemical analysis of
speleothems for Quaternary climate and sea-level data (Harmon et al., 2007; Dutton et al.,
2009; Dorale et al., 2010; Baldini, 2010). Speleothem research only provides information
about caves in the vadose zone, but preliminary research indicates that phreatic cave
sediments represent an emerging source of paleoclimate and sea-level data (Yamamoto et
al., 2009; van Hengstum et al., 2009b, 2010). Despite these efforts, more information on
the modern marine geological processes and microfossils in underwater caves is required
so their sediments can be confidently applied to Quaternary sea-level and climate

problems.
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Information on foraminifera in subterranean settings is scarce. The earliest
documentation of cave foraminifera, to our knowledge, is by Birnstein and Ljovuschkin
(1965). They described a brackish pool (salinity 11 ppt) in Kaptar-Khana Cave (south-
western Turkmenistan), which hosts Borovina (=Trochammina), Miliammina, and
Trochamminita. Whereas cave foraminifera have since been documented elsewhere, there
is still no detailed ecological information (e.g., Mikhalevich, 1976; Sket and Iliffe, 1980;
Kitamura et al., 2007). Javaux and Scott (2003) completed a preliminary sampling in a
few Bermudian caves, and discovered diverse foraminiferal communities different from
those of other coastal environments. Only cave entrances were sampled, however, leaving
the intrinsic underwater cave habitats unknown. Fossil foraminifera in vadose and
phreatic caves have also been documented, but interpreting these foraminifera is
challenging without modern ecological studies (e.g., Proctor and Smart, 1991; van
Hengstum et al., 2009a). Therefore, this study aims to investigate recent distributions and
ecology of foraminifera living throughout an underwater cave, with specific attention
given to identifying the differences between anchialine and submarine cave

environments.

2.3 Coastal Cave Environments

It is important to consider that coastal caves are not identical, but are classified
into specific environments based on inherited geomorphology, hydrogeology, magnitude
of terrestrial influence, and coastal position (Fig. 2.1). Coastal aquifers can be grossly
divided into two separate groundwater masses, the meteoric lens and saline groundwater
separated by a halocline (or mixing zone). The meteoric lens can vary from fresh (e.g.,

1.5 ppt salinity inland on the Yucatan) to very brackish (e.g., >20 ppt salinity in some
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areas of Bermuda), while saline groundwater is marine (~35 ppt salinity). These

groundwater masses flood porous eogenetic coastal karst terrain that often host abundant

caves.
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Figure 2.1: Classification of coastal cave environments. On terrestrial karst terrain in the
Caribbean region, sinkholes are commonly known as cenotes in Mexico, or blue holes in the
Bahamas. Stalactites and stalagmites that formed during Quaternary sea-level lowstands often
decorate underwater caves.

Anchialine caves are defined as having restricted atmospheric access, noticeable
marine and terrestrial influences, and subterranean connection to the ocean (Fig. 2.1,
Stock et al., 1986). Atmospheric access to anchialine caves typically occurs through
sinkholes (cenotes), which are often cave passages or fissures that collapsed during
previous sea-level regressions. Sinkholes provide physical ‘karst windows’ to otherwise
oligotrophic subterranean habitats, allowing for the influx of terrestrial nutrients,
sediments, and non-cave dwelling organisms. Anchialine caves can also transect the
meteoric lens and/or the saline groundwater. In contrast, submarine caves are more
narrowly defined as having a marine entrance below sea level and cave passages that are

only flooded by saline groundwater. Lastly, littoral caves occur at sea level, and typically
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contain an air-water interface throughout most of the cave system, caused by the cave
passage lying at the water table. Littoral caves that open directly to the sea can have
increased water currents and waves originating from outside the cave (Denitto et al.,
2007), but when an air-water interface exists deeper in a cave, often the only evidence of
its occurrence is speleothem formations or calcite raft deposition (Taylor and Chafetz,
2004; Dorale et al., 2010). At the present time, reef caves are considered a specialized
form of submarine caves, which are cavities beyond the coastline in the limestone reef
framework (e.g., De Goeij and Van Duyl, 2007; Kitamura et al., 2007).

A few limitations of this classification scheme include: (1) a single cave system
can simultaneously host more than one type of cave environment, (2) cave environments
are defined based at one point in time, and thus are theoretically evolving with
Quaternary sea-level changes, and (3) the classification of coastal cave environments is
independent of speleogenesis. Furthermore, superimposed upon this classification is that
each cave environment contains spatially variable habitats arising from local physico-
chemical gradients (e.g., attenuation in organic matter inward from the cave entrance:
Fichez, 1990).

Despite the wide usage of this classification scheme, many questions remain about
the detailed boundary conditions between cave environments and habitats. For example,
because anchialine and submarine caves can equally exist in saline groundwater, what
distinguishes anchialine versus submarine cave environments in saline groundwater?
What is the relative impact of terrestrial versus marine organic matter on cave benthos?
How much bulk organic matter is generally present in submarine cave environments? Is
there an ecological response to littoral conditions created deeper in the cave when cave

passages intersect the water table? Because foraminifera are sensitive to physical and

19



chemical variables in other coastal systems (salinity, organic matter, pH), we hypothesize
that they would be useful for delineating habitat variability in underwater caves and

testing some of these questions.

2.4 Study Site: Geology and Hydrogeology
Bermudian caves can be summarized as collapsed karst features in a Carbonate

Cover Island, according to the Carbonate Island Karst Model (Mylroie and Mylroie,
2007). This is because Bermudian geology is characterized by a basalt core overlain by
alternating eolianites and paleosols that reflect sedimentary deposition during late
Quaternary sea-level highstands and lowstands, respectively (Land et al., 1967; Gees and
Medioli, 1970; Hyndman et al., 1974; Vacher et al., 1989, 1995; Hearty, 2002).
Bermudian caves have formed by three primary processes: (a) vadose dissolution
concentrated at the basalt-eolianite contact during Quaternary sea-level lowstands, (b)
further modification and enlargement by phreatic dissolution during Quaternary sea-level
highstands, and (c) subsequent collapse events triggered by glacial regressions (Palmer et
al., 1977; Mylroie et al., 1995). These processes have created modern caves characterized
by large chambers connected by fissures and tunnels. The Bermudian caves re-flooded by
the rising groundwater with Holocene sea-level rise are modern underwater caves. Five
freshwater lenses (i.e., meteoric lenses with salinity <1 ppt) characterize Bermudian
hydrogeology, but late Quaternary speleogenesis has been focused in the northeast of
Bermuda where these freshwater lenses are absent (e.g., Vacher, 1978; Mylroie et al.,
1995; Vacher and Rowe, 1997).

Green Bay Cave System was selected as the study site because it contains both

anchialine and submarine cave environments as described by Stock et al. (1986), and is
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located in the north side of Harrington Sound transecting the Lower Town Hill and
Belmont Formations (Fig. 2.2). The anchialine cave environment begins at Cliff Pool
Sinkhole and transects both groundwater masses in the coastal aquifer (meteoric lens and
saline groundwater). Cliff Pool Sinkhole has physical characteristics typical of other
Bermudian anchialine ponds: a very narrow tidal range (<0.5 m) with ubiquitous algae
and the anchialine gastropod Cerithium lutosum (Thomas et al., 1991). In contrast, the
submarine cave environment begins at the cave entrance opening into Harrington Sound
below sea level. The Trunk Passage connects these two different cave entrances, thereby
providing opportune geomorphology to investigate the boundary between anchialine
versus submarine cave environments.

Modern groundwater flooding of Green Bay Cave is typical of most Bermudian
caves where a thin brackish meteoric lens (< 0.6 m, salinity > 20 ppt) is buoyed on saline
groundwater (e.g., Sket and Iliffe, 1980). The submarine cave entrance opening into
Harrington Sound allows for tidally forced circulation between coastal ocean water and
saline groundwater in the cave (Fig. 2.2, Morris et al., 1977; Cate, 2009). Only ~60% of
water flowing into the submarine cave entrance during a tidal cycle returns as outflow
into Harrington Sound, indicating a daily diffuse outflow of saline groundwater through
the limestone (Cate, 2009). Groundwater current velocities are low throughout internal
cave passages, but flow velocities can reach a maximum of 1.5 m s in the submarine
cave exit during tidal peaks from the restricted geomorphology at the entrance (Cate,

2009).

2.5 Methods

All ecological interpretations herein are based on total assemblages (rose Bengal
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stained plus non-stained individuals) because: (a) annual-monitoring experiments on total
versus living wild populations indicate that total assemblages better represent average
environmental conditions (Buzas et al., 1977; Scott and Medioli, 1980b; Redois, 1996);
(b) total assemblages provide an averaged taxonomic perspective, which is most directly
applicable to paleoecological research (Buzas, 1968; Debenay et al., 2001; Debenay and
Guillou, 2002; Osterman, 2003; Melis and Violanti, 2006); and (c) it is widely
appreciated that rose Bengal stains both living and recently-dead cellular protoplasm,
requiring a conservative approach for its application (Bernhard, 1988; Bernhard et al.,
2006). Rose Bengal is still required, however, to verify that total populations are actually
representative of modern fauna because phreatic caves can experience low sedimentation
rates (van Hengstum et al., 2009a).

Seventy-five surface sediment samples (<4 cm sediment depth, ~ 35 cm’) were
collected by researchers using self-contained underwater breathing apparatus (SCUBA)
throughout Green Bay Cave (Fig. 2.2). For foraminiferal analysis, a sediment sub-sample
(5 cm®) was wet-sieved through a 45 um screen and stored in a rose Bengal solution until
further analysis (1 g I"' of 4% buffered formalin). As an a priori requirement for this
study, at least one stained individual from each taxonomic unit in each sample required
categorical observation (in the bulk sedimentary sample or enumerated subsample) for
that species to be reported as part of the modern total assemblage and included in further
multivariate analysis. This approach allows for (a) verification that foraminifera
recovered from Green Bay Cave are actually living in those passages, as opposed to only
transported into the cave, and (b) the identification of any possible fossil taxa. Using this
method, van Hengstum et al. (2009a) successfully differentiated a Pleistocene

foraminiferal assemblage in Aktun Ha Cave (Mexico) from the modern cave foraminifera
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and thecamoebians, so this approach was employed again in Green Bay Cave, Bermuda.
For the sake of completeness, rose Bengal-based estimates for absolute abundance of
living foraminifera are presented, but all analyses and discussion herein remain

concentrated on total assemblages, and relative abundances to avoid bias from time

averaging.
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Figure 2.2: Location of Green Bay Cave on Bermuda with a detailed cave survey depicting all
the sample locations. Cliff Pool Sinkhole provides the only subaerial access into the cave, the
Trunk Passage provides a physical link between the anchialine and submarine cave entrances
(Stock et al., 1986), and the Air Pocket is the only location with an air-water interface in the cave.
The arrow near Cliff Pool Sinkhole represent the distribution of samples 1 to 19, which are too
close together to illustrate with individual markers. Cave map adapted from after original survey
sketch by Robert Power, as explored by founding members of the Bermuda Cave Diving
Association.

Samples were wet-split, wet-picked, sorted into species, and taxonomically
enumerated to create an original data matrix of 75 samples (N) x 136 variables (or
species; Scott and Hermelin, 1993, Scott et al., 2001; Appendix 2). The only rose Bengal-
stained planktic microfossil observed was tintinnids, a marine ciliate that is a useful proxy
for water column particulates (Scott et al., 1995). As such, they were also enumerated to

obtain information about the water column throughout the cave. Each sample contained a
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minimum count of 233 individuals, but on average achieved a census of 337 individuals.
After calculating the relative abundance and standard error for each species in every
sample according to Patterson and Fishbein (1989), 30 statistically insignificant species
were omitted from further multivariate analysis (standard error greater than relative
abundance in all samples, species represented in only 1 sample). Samples in the final data
matrix (75 samples x 106 observations) were then compared through Q-mode cluster
analysis using a Euclidean similarity measure and Ward’s Method of minimum variance
in the freeware package PAST (Hammer et al., 2001). Two metrics of alpha diversity
were also calculated for each sample (Fisher alpha: F_, Shannon-Wiener Diversity Index:
H).

The sediment properties examined were: mean grain-size, bulk organics (wt. %),
calcium carbonate content (CaCOs), d" Corg, and C:N. Grain-size (particle size) was
determined to identify the maximum influence of wave action and tidal currents at the
submarine cave entrance (up to 1.5 m s™) because low hydrogeologic current velocities
dominate the cave interior. Undigested cave sediment was analyzed to retain a complete
signature of localized sedimentary processes (Donnelly and Woodruff, 2007; Donato et
al., 2009), on a Beckman Coulter LS 230, which has a precision better than + 2 wum on
replicate samples and standards (15 wm garnet, van Hengstum et al., 2007). Bulk organic
matter and CaCO; (wt. %) were determined on dried ~1.5 g sediment sub-samples by
Loss on Ignition (LOI) for 4.5 hrs at 550°C and 2 hrs at 950°C, respectively. Analytical
precision on replicate LOI samples (n = 19) was better than + 1.7%, which is typical
precision for the method (Heiri et al., 2001). Lastly, 8" Corg and C:N were measured to

differentiate sources of organic matter at sampling stations (Lamb et al., 2006, Perdue and
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Koprivnjak, 2007; Diz and Francés, 2008; Weijers et al., 2009). Bulk sediment was first
treated with a 10% HCI carbonate digestion, followed by a rinse to neutrality, desiccation,
and grinding to a homogeneous powder. 513 Corg and C:N determination of the bulk
organic residue was performed on sub-samples with a Costech elemental analyzer
connected to a Thermo-Finnigan DeltaPlus XP mass spectrometer. Carbon isotope ratios
were measured against several international and internal standards, and expressed in the
standard delta (0) notation in per mil (%o) against Vienna PeeDee Belemnite (VPDB) with
an analytical precision on replicates of = 0.2%o. Sediment variables for each sampling
station are included in Appendix 2.

Hydrogeologic properties (dissolved oxygen, salinity, pH, temperature) in the cave
were measured with an independent submersible multi-parameter probe (YSI 600XLM).
The probe was carried in front of the lead diver in a two-person dive team to measure the
benthic hydrologic variables in an undisturbed water column, just above the sediment-

water interface.

2.6 Results
2.6.1 Environmental Variables
2.6.1.1 Hydrogeological Variables

Two different groundwater masses are discernible at Cliff Pool Sinkhole: a shallow
(0.6 m) meteoric lens of brackish water and saline ground water (Fig. 2.3). Salinity in the
meteoric lens is ~24 ppt, pH is equal to 7.6, and the temperature is slightly cooler than the
saline groundwater (~19°C). Below the halocline, the saline groundwater is marine

(salinity 35.5 ppt, pH 8.1), and slightly warmer than the meteoric lens (>20°C). The
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thermal warming just below the halocline at Cliff Pool is likely a result of heliothermic
heating on the day of measurement. The entire cave system is oxic, as dissolved oxygen
in the meteoric lens is 3 mL L'l, >5mL L throughout the saline groundwater, and 6.1
mL L™ in Harrington Sound. The salinity and pH of the saline groundwater in the cave

approached oceanic conditions in Harrington Sound on the day of measurement, within

instrumental precision.
Hydrogeologic Variables

salinity (mg I'")— pH —
25 30 35 7 7.5 8
. . . 1 i I
meteoric lens 0
Vr’
E \ s 2
E \\ ET’
F ; =
< z
£ ' £,
= 10 = ;I [ ]O EE’-.
g / :
a2 F ) 2
/ saline
/ groundwater
15 ! - 15
i
i
20 T T T T T T T T 20
18 20 22 24 3 4 5 6

temperature (°C)--- dissolved oxygen (ml I'")---

Figure 2.3: Hydrologic variables through the aquifer at Cliff Pool Sinkhole as measured in
January 2009. Salinity crosses an important ecological threshold for benthic foraminifera.

2.6.1.2 Sediment Grain-size, Bulk Organic Matter, And CaCOj3

Overall, coarse-grained and organic-rich sediment is accumulating near the cave
entrances, whereas fine-grained carbonate mud with less organic matter characterizes the
cave interior. Starting at Cliff Pool Sinkhole, a poorly sorted diamict with mean grain-size
of 255 um is accumulating down the slope into the cave with abundant terrestrial material

(sticks, leaves, livestock bones), fossil marine bivalves (4rca sp.) and limestone

fragments (sand grains to cobbles). The coarse grained terrestrial sediment accumulating
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near Cliff Pool Sinkhole transitions in the Trunk Passage (S20 to S22), from (a) grain-size
of 225 um to ~10 um, (b) a light brown to grayish color, (c) bulk organic matter
decreases from over 10% to less than 8%, and (d) CaCOj increases to ~50%. After this
transition, fine-grained carbonate mud with a mean grain-size of <15 um (fine silt)
dominates the cave passage, which accumulates as infill between boulders in areas with
previous ceiling collapses in distal cave passages (Green Bay Passage, Fig. 2.2)

Another sedimentary change occurs in the Trunk Passage from The Desert into the
Rat Trap, as carbonate mud in the cave interior transitions into a coarse sandy-shell hash.
Mean grain-size shifts from ~9 um (S32) to 221 um (S40), and bulk organic matter
increases from <5% to a maximum of 20%. Overall, a fine to medium sand sediment
(mean 218 — 356 wm) with abundant shell material is accumulating in the cave entrance
from Harrington Sound down into the Rat Trap. Occasional coral fragments are also
present, indicating that waves and tidal currents are depositing lagoonal sediments into
the entranceway of the submarine cave.

There are two notable cave-specific sedimentary observations worth noting. First,
some locations in the distal cave passages contained orange- to yellow-hued sediment.
Similar hued sediments occur in eastern Yucatan and Mallorcan caves, but the coloration
and sedimentary geochemistry is not yet attributed to a marine geologic or hydrogeologic
process (van Hengstum et al., 2009a; Fornos et al., 2009). One sample of this sediment
(S71) was examined and found to contain modern foraminifera consistent with
individuals recovered in the carbonate mud (discussed further below). Second, calcite
rafts are in S70, which are a calcite precipitate that forms at the water table in caves

(Taylor and Chafetz, 2004; Forno6s et al., 2009). Finding calcite rafts in S70 was expected
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considering there is a water table almost directly above this sample station in the Air
Pocket. No other places in the modern cave contain an air-water interface. Calcite rafts
were not laterally transported away from the direct vicinity of the Air Pocket, which is to
be expected considering the limited groundwater current velocities in the cave (except at

the submarine cave entrance).

2.6.1.38"C,rg And C:N

A typical average 8" Corg value for terrestrial organic matter is -26%o, with C:N
ratios exceeding 10 (Lamb et al., 2006). This represents detritus of terrestrial plants using
the C;-photosynthetic pathway, which create carbon-isotopically depleted and nitrogen-
poor plant tissues (e.g., Lamb et al., 2006). The most 8" Corg-depleted sediment sample is
located at a depth of 0.6 m in Cliff Pool Sinkhole (S03: -26.7%o), which also has the
highest C:N ratio (15.1, Fig. 2.4). This geochemical result is in good agreement with the
sample location, as the highest input of terrestrial organic matter into the cave is expected
in the shallow sinkhole beside the land surface. In contrast, the most isotopically-enriched
sample is S72 (-16.8%o), which is located almost at the terminus of the Green Bay
Passage (Fig. 2.2). The isotopic signature of marine organic matter is significantly more
carbon isotopically-enriched than terrestrial organic matter, with higher nitrogen content
(see fig. 2 in Lamb et al., 2006). The geochemical signature of the organic matter in S72
is consistent with a marine origin, as the inherited geomorphology provides little
opportunity for the influx of terrestrial organic matter at the sample site (Fig. 2.2).
Beyond these two carbon isotopic end members, the rest of the samples plot in two

general clusters in the biplot (Fig. 2.4). Therefore, the more carbon isotopically-depleted
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and nitrogen-depleted group (n =21, mean 613C0rg =-23.9, C:N =11.2) represents samples
where the bulk organic matter is predominantly derived from terrestrial sources (Meteoric
Lens and Anchialine Cave assemblages, Fig. 2.5). In contrast, the more isotopically- and
nitrogen-enriched group (n = 53, 8" Corg=-18.4, C:N =8.3) represents samples where the

bulk organic matter is predominantly derived from marine sources (all other foraminiferal

assemblages).
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Figure 2.4: A biplot of C:N and 613C0rg indicates that two different sources of organic matter
(OM) influence the sediment in Green Bay Cave. Sample stations that are dominated by the flux
of terrestrial organic matter are colonized by the ML and AC assemblages; whereas, stations that
are dominated by marine organic matter are colonized by the CSC, ISC, E assemblages. The
shaded area represents 20 about the mean (see results).
2.6.2 Foraminiferal Assemblages

Abundant benthic foraminifera (living and dead) are present in Green Bay Cave
sediments with a mean of 2492 individuals per cm’ (min. 106, max. 6822). No endemic

cave species of foraminifera were discovered, but three assemblages (anchialine cave,

circulated submarine cave, and isolated submarine cave; see below) are specifically cave-
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based assemblages in Bermuda, and many taxa that comprise those assemblages were not
described in Bermudian coastal environments (Javaux, 1999). In general, benthic
foraminifera employing photosynthetic symbionts were not in the cave except rare
individuals at the submarine cave entrance, not a surprising result considering the lack of
photosynthetically active radiation in dark underwater caves.

The use of rose Bengal ensured that all foraminifera reported in the total
assemblages are actually living in the modern cave. Rare infilled (molds or steinkerns)
and degraded foraminifera eroding out of the host lithology were easily identifiable and
not included in the total assemblages (Appendix 2). This is common in underwater caves
because active speleogenesis can cause limestone erosion (van Hengstum, 2008; see fig.
10 in Fornos et al., 2009). However, two samples (S61, S63) had non-infilled fossil
lagoonal taxa, which were mostly Archaias (Appendix 2) and were excluded from the
total assemblage because: (1) the dark cave is not optimal for a taxon that uses
photosymbionts, (2) none of these individuals were stained with rose Bengal, and (3) all
individuals exhibited characteristics of transport (greater than stage 2-3 abrasion and
breakage as per Cottey and Hallock, 1988) despite limited water movement at the sample
stations (S61, S63).

The dendrogram produced by the Q-mode cluster analysis on the resultant total
assemblages indicates five clusters at a Euclidean Distance of 100, which are interpreted
as unique foraminiferal assemblages colonizing distinct habitats in the cave: meteoric
lens, anchialine cave, circulated submarine cave, isolated submarine cave, and the

entrance (cavern) assemblage (Fig. 2.5):
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Figure 2.5: Five foraminiferal assemblages can be identified on the dendrogram produced by Q-
mode cluster analysis on the statistically significant taxonomic observations in Green Bay surface
sediment samples (Euclidean distance = 100). Furthermore, a three-cluster interpretation of the
dendrogram (Euclidean distance = 150) distinguishes the different coastal cave environments:
anchialine versus submarine. Only taxa that achieve at least >5% in at least a single sample are
illustrated to emphasize dominant taxa. ML: Meteoric Lens. See Fig. 2.2 for sample locations in

Green Bay Cave.

These five assemblages are in spatial agreement with the measured sedimentologic,

organic geochemical, and hydrogeologic variables throughout the cave, and so the

foraminifera were assigned into assemblages named after their locality of origin. As such,

these 5 clusters are interpreted as colonizing specific habitats in the cave, and all samples
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have been categorized into these different environments (Appendix 2). However, a three-
cluster interpretation of the dendrogram can also be considered (Euclidean distance =
150), which precisely coincides with the supraclassification between the anchialine versus
submarine cave environments described by Stock et al. (1986, Fig. 2.1). The similarities

and differences between these five assemblages are described in detail below.

2.6.2.1 Meteoric Lens (ML) Assemblage

The ML assemblage has the lowest alpha diversity (mean H = 1.7) and absolute
abundance (mean 133 individuals cm®) of the entire cave system. Only three samples
make up this assemblage (S01, S02, S03), which are all located in the meteoric lens of
Cliff Pool Sinkhole (<0.6 m deep) in brackish water (mean salinity 24.6 ppt). Bulk
organic matter (OM) content is the highest of all assemblages (mean OM 23.5%), which
the carbon isotope value (mean -24.4%o) and C:N ratio (mean 12) indicates is derived
from terrestrial sources (Lamb et al., 2006; Fig. 4). Euryhaline and stress-tolerant
foraminifera dominate this assemblage, such as Helenina anderseni (mean 50.9%),
Bolivina striatula (mean 7.9%), Discorinopsis aguayoi (mean 8.8%), and Ammonia
beccarii var. tepida (mean 5%, Table 2.1). This is also the only assemblage where
Haplophragmoides wilberti (max. 2.6%), Trochammina macrescens (max. 2%), T. inflata
(max. 3.2%), and Miliammina fusca (max. 1.5%) form a statistically significant

proportion of the assemblage (Appendix 2).
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Table 2.1: Average environmental variables and dominant foraminifera (relative percent) in each
total assemblage. See Appendix 2 for complete analytical results.
Anchialine Cave

Submarine Cave Environment

Environment
Meteoric  Anchialine Circulated Isolatgd Entra
lens cave submarine cave submarine nce
cave
Hydrogeological variables
salinity (ppt) 24.6 345 355 355 355
pH 7.5 7.8 8.1 8.1 8.1
dissolved oxygen (mL L") 6.1 52 6.2 6.2 6.3
temperature (°C) 19.2 20.7 19.1 19 18.8
Sediment properties
mean grain-size (wm) 224.8 225 14.6 7.1 302.7
OM (wt %) 23.5 14.0 8.0 6.9 9.8
CaCOs; (wt %) 352 37.0 50.9 50.8 51.6
C:N 12.0 11.0 8.2 8.6 8.0
8"Core (VPDB) -24.4 -23.8 -18.7 -17.8 -18.6
Foraminifera
Total foraminifera per cm® 133 887 3209 2849 3390
Living foraminifera per cm’ 8 20 132 62 210
Shannon-Wiener index (H) 1.7 2.8 3.3 2.4 32
Fisher alpha index 4.1 9.2 16.8 9.4 16.9
Helenina anderseni 50.9 7.4
Discorinopsis aguayoi 8.8 9.9
Bolivina striatula 7.9 18.5 3.7 <1.0 4.0
Rosalina globularis 2.9 9.2 2.5 <1.0 3.8
Triloculina oblonga <1 5.2 134 1.8 11.9
Spirillina vivipara 1.1 1.3 11.3 22.0 1.2
S. emaciatum 1.0 7.4 30.7 <1.0
Patellina corrugata <1.0 4.5 5.2 1.5
Quinqueloculina spp. <1.0 1.4 4.0 <1.0 26.0
Ammonia beccarii var. parkinsoniana 2.0 <1.0 10.0
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2.6.2.2 Anchialine Cave (AC) Assemblage

The Anchialine Cave (AC) assemblage is located below the halocline in the saline
groundwater in cave passages proximal to Cliff Pool Sinkhole. Foraminiferal alpha
diversity increases (H 1.7 to 2.8) below the halocline in the saline groundwater (34.5 mL
L™"). Bolivina striatula (mean 18.5%), Rosalina globularis (mean 9.2%), and
Discorinopsis aguayoi (mean 9.9%) dominate the AC assemblage, with Ammonia
beccarii var. tepida (mean 8.2%) and Textularia earlandi (max. 9.6%) also common.
Deeper into the cave from Cliff Pool Sinkhole, other shelf and coastal taxa increase in
relative abundance, such as: Melonis barleeanum (max. 10%), Siphogenerina striata
(max. 9%), Hopkinsina atlantica (max. 4%), Nonionella iridea (max. 5.5%), and
Fursenkoina compressa (max. 4.7%). Many taxa reach their highest relative abundance in
the AC assemblage when compared with the other assemblages. The AC assemblage is in
finer-grained sediment (mean ~225 um) with less bulk organic matter (mean OM 14%)
than the ML assemblage, and the organic geochemical proxies indicate that the bulk
organic matter is primarily derived from terrigenous sources (Fig. 2.4; 8" Corg -23.8%o,
C:N ratio 11). Miliolids are present in the AC assemblage, but they do not form a
significant fraction of the assemblage (e.g., Quinqueloculina spp. mean 1.4%). Physalidia
simplex, a common taxon in the Yucatan anchialine caves (Mexico), also occurs in Green
Bay Cave, dominantly in the AC assemblage (Gabriel et al., 2009; van Hengstum et al.,
2009a). Interestingly, tintinnids were observed with the AC assemblage, but they are only
suitable for a presence/absence interpretation because they always represent <2% of the

total assemblage (Patterson and Fishbein, 1989).
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2.6.2.3 Circulated Submarine Cave (CSC) Assemblage

This assemblage has the highest alpha diversity of any recovered from Green Bay
Cave (H = 3.3, F =16.8) and is dominated by Triloculina oblonga (mean 13.4%),
Spirillina vivipara (11.3%), and Spirophthalmidium emaciatum (7.4%; Table 2.1). Minor
species in the assemblage include Technitella legumen (max. 5.8%), Bolivina striatula
(mean 3.7%), and Patellina corrugata (mean 4.5%). Of all the assemblages in Green Bay
Cave, the CSC assemblage had the most frequent occurrence of tintinnids, indicating
sufficient particulate is present to in the water column to support these planktic ciliates
(Fig. 2.5, Garrabou and Flos, 1995; Scott et al., 1995). Measured hydrogeologic variables
in the saline groundwater approach oceanic conditions, meaning that oxygen, pH, and
salinity are not stressors to the foraminiferal populations (means: 8.1 pH, 19.1°C,
dissolved oxygen: 6.2 mL L™"). The substrate for this assemblage is typically carbonate
mud (fine silt, mean grain-size 14.6 um, mean CaCOs = 50.9%), with lower organic
matter content (mean 8.2%). The bulk organic matter associated with the CSC
assemblage is more isotopically enriched (mean -18.7%o) than assemblages in the
anchialine cave environment (ML, AC), indicating predominantly marine sources (Fig.
2.4). Furthermore, the C:N ratio indicates more nitrogen-rich plant tissues present in the
sediment than either the AC or ML assemblage (mean 8.2), which confirms the 8" Corg

result (Lamb et al., 2006).
2.6.2.4 Isolated Submarine Cave (ISC) Assemblage

The ISC assemblage is dominated by Spirophthalmidium emaciatum (mean 30.7%),

reaching as high as 80% (S72). Other significant taxa include Patellina corrugata (mean
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5.2%) and Spirillina vivipara (mean 22%), with lesser contributions from other taxa such
as Rotaliella arctica (max. 13%) and Bolivina variabilis (max. 7%). Overall, this
assemblage is less diverse than the CSC (mean H of 2.4). Tintinnids were observed in
only two samples (S53, S54), which are located directly adjacent to samples belonging to
the CSC assemblage (Fig. 2). Tintinnids were never observed further into the cave than
these positions. Sedimentary conditions were similar to the CSC assemblage with white
carbonate mud, mean 7.1 um, mean CaCOj; 50.8%; except for S71 which is orange-hued.
Bulk organic matter is slightly lower in the ISC assemblage (mean 6.9%), and comprises
the most carbon isotopically-enriched and nitrogen-enriched samples (mean: 8" Corg
17.8%o0 and C:N 8.6). The organic geochemical proxies indicate that the bulk organic
matter is predominantly derived from marine sources (Fig. 2.4). As with the CSC
assemblage, conditions in the saline groundwater are close to ocean values and are not

ecologically restrictive to foraminifera (means: 8.1 pH, 18.8°C, 6.3 mL L™ dissolved

oxygen).

2.6.2.5 Entrance (Cavern) Assemblage

The Entrance assemblage is located ~60 m into the cave from submarine cave
entrance at the northwestern end of Harrington Sound (samples: S41 to S50). The light-
limited, or ‘twilight’ zone, of an underwater cave entrance is colloquially referred to as
the ‘cavern’. However, the Entrance assemblage is present in the light-limited areas at the
cave entrance to the completely dark Rat Trap (Fig. 2.2). This assemblage is dominated
by Quinqueloculinia spp. (mean 26%), Triloculina oblonga (mean 11.9%), and Ammonia

beccarii var. parkinsoniana (mean 10%). Foraminiferal diversity is as high as the CSC
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assemblage (H = 3.2), and comprises typical lagoonal foraminifera. Similarly to the ISC
and CSC assemblages, the mean hydrogeologic variables approach oceanic values and are
not ecologically limiting to foraminifera. Four samples were actually derived from open
water lagoon in Harrington Sound, just outside the cave (S47, S48, S49, S50). These
lagoonal samples cluster with the Entrance assemblage in the dendrogram (Fig. 2.5),
indicating that the entrance to the submarine cave is lagoonal in character. The substrate
typically consists of poorly-sorted, medium sand, shell hash (302 um mean grain-size)
that contains a bulk organics content of 9.8%. The carbon isotopes and C:N ratio are
similar to the ISC and CSC assemblages (mean: ' Corg 18.6%0, C:N 8), indicating a

dominantly marine origin for the bulk organic matter.

2.7 Discussion
2.7.1 Taphonomy: Are Cave Foraminifera Transported Or In Situ?

A limitation of using total assemblages to derive ecological information is that one
must consider possible taphonomic effects on the final assemblages. After several lines of
reasoning, however, we argue that the foraminiferal assemblages recovered from Green
Bay Cave are representative of long-term, average conditions at the sampling sites. In a
previous study of cave foraminifera and thecamoebians, van Hengstum et al. (2009a)
found late Pleistocene foraminifera in the surface sediments of Aktun Ha cave (Mexico)
because of very low (to non-existent) sedimentation rates in the distal cave passages. This
is why rose Bengal is helpful for cave studies: to verify that foraminifera reported in the
total assemblages are at least living (or recently living) in the cave. Our approach required

all foraminifera reported as part of the total assemblages to be observed as stained in the
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processed surface sediment samples at each sample station. Because sedimentation rates
throughout the cave are unknown, the degree of time averaging is also unknown. The rose
Bengal treatment, however, provides strong evidence that the total assemblages reported
herein are representative of the recent (not Pleistocene) conditions in Green Bay Cave
(except samples S73 and S61, discussed below).

Cave entrances that are physically open to the ocean will inevitably be influenced
by wave action, and in the case of Green Bay Cave, strong tidal currents. These physical
processes (waves, currents) will transport sediment, nutrients and foraminifera from the
lagoon into the submarine cave, and are responsible for generating the shell hash in the
first 50 m of the cave adjacent to Harrington Sound. With increasing distance into the
cave, rapidly attenuating current velocities facilitate a grain-size shift to fine carbonate
mud (with little shell fragments), precisely with a change from the Entrance to CSC
assemblage. The infrequency of foraminifera with photosymbionts in the Entrance
assemblage indicates that wholesale transport of lagoonal foraminifera into the cave is not
occurring, because photosymbiotic taxa are quite common in Bermudian lagoons (Javaux,
1999) and would be expected in the cave if mass transport were occurring. Furthermore,
stained foraminifera were still found throughout the Entrance assemblage that are
consistent with the total assemblage, providing strong evidence that foraminifera are
actually living in the cave benthos. Therefore, although the Entrance assemblage may be
incorporating some tests transported into the submarine cave, the total assemblage is still
interpreted as representing the summation of physical processes impacting the habitat at
the submarine cave entrance. Similarly, some gravity-derived transport of shallower water
taxa from the sinkhole into the deeper underwater cave is likely occurring, but this is

likely minor because sinkhole taxa (e.g., Trochammina inflata) are not present at the base
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of Cliff Pool Sinkhole. Lastly, although most foraminifera were previously known to
Bermuda, several taxa in Green Bay Cave have never before been reported from Bermuda
(e.g., Ammodiscus planorbis, Labrospira evoluta, Parvigenerina spp.), and the
community of foraminifera forming the Anchialine Cave assemblage had never before
been documented in any Bermudian coastal environment. The combination of evidence
indicates that the recovered foraminifera are indeed living in the cave and representative

of the different cave habitats.

2.7.2 The Anchialine Cave Environment

Salinity, dissolved oxygen and food resources (quantity and source of organic
matter) are perhaps the most important variables influencing benthic foraminiferal
ecology (e.g., Jorissen et al. 1995; Jorissen and Witting, 1999; Morigi et al., 2001; Scott
et al., 2001; Debenay and Guillou, 2002; Murray, 2006). Dissolved oxygen in the
groundwater is not controlling foraminifera in Green Bay Cave because dissolved oxygen
is only ecologically-limiting to foraminifera if <2 mL L and the groundwater is
completely oxic (Fig. 2.3, Bernhard and Sen Gupta, 1997; Osterman et al., 2008). By
definition, anchialine cave environments can be located in both the meteoric lens and
saline groundwater (Fig. 2.1). Two different habitats belong to the anchialine cave
environment in Green Bay Cave, which are occupied by different foraminiferal
assemblages: the meteoric lens (ML) and anchialine cave (AC). Both the ML and AC
assemblages have similar C:N and 5t Corg values indicating the terrestrial surface is the
dominant source of sedimentary OM (Fig. 2.3, Table 2.1). The major environmental
difference between the two habitats is salinity: the brackish meteoric lens is divided from

the saline groundwater by a halocline. Therefore, groundwater salinity is interpreted as
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dividing the anchialine cave environment into two separate habitats that are colonized by
different benthic foraminiferal communities.

Euryhaline foraminifera dominated by Helenina anderseni and Ammonia beccarii
var. tepida are common in the brackish meteoric lens (mean salinity 24.6 ppt), which is
the assemblage with the lowest diversity (mean H 1.7). Helenina anderseni is described
as nearly obligate brackish by Debenay and Guillou (2002), and found globally in tropical
and sub-tropical brackish habitats such as mangroves and at marine to freshwater
transitions (e.g., Scott et al., 1991; Hayward and Hollis, 1994; Debenay et al., 1998).
Discorinopsis aguayoi is also a typical inhabitant of tropical brackish ponds and
mangroves (Javaux and Scott, 2003). Other diagnostic brackish water indicators in ML
assemblage are common salt marsh taxa, such as Trochammina inflata, T. macrescens,
Miliammina fusca, and Haplophragmoides wilberti (Scott and Medioli, 1980a; Horton
and Edwards, 2006). Only salinity crosses an ecological threshold for benthic
foraminifera in the meteoric lens (Murray, 2006; Table 2.1), indicating that this
groundwater mass provides stressed habitats for euryhaline taxa abundant in other
salinity-stressed marginal marine settings (e.g. Scott and Medioli, 1980a; Javaux and
Scott, 2003; Horton and Edwards, 2006). Therefore, the meteoric lens is a specific habitat
that is part of the anchialine cave environment of Stock et al. (1986) because it is
terrestrially-influenced by (a) hydrogeology in the meteoric lens and (b) sedimentology

from high quantities of terrestrial organic matter eroding into Cliff Pool Sinkhole.
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Figure 2.6: Relative abundance of
dominant foraminifera along a linear
transect from Cliff Pool Sinkhole (X)
to Harrington Sound (Y) illustrating
dominant foraminiferal,
hydrogeological, and
sedimentological changes through
the cave. This transect (along the
Trunk Passage) contains the
boundary between the anchialine and
submarine cave environments due to
the loss of terrestrial-influence,
which is indicated by precise shifts
in foraminiferal assemblages and
geochemical proxies (see Table 2.1).
ML: meteoric lens assemblage, AC:
anchialine cave assemblage.



The fauna colonizing the meteoric lens in Green Bay Cave, Bermuda, also share
comparisons with available results on the brackish (oligohaline) meteoric lens fauna in
Yucatan cenotes (Mexico; van Hengstum et al., 2008). However, the Mexican sites are
fresher than in Bermuda, giving rise to notable faunal differences. Euryhaline taxa such as
Miliammina fusca and Trochammina spp. are common in both regions, but in the
oligohaline Yucatan cenotes Ammonia beccarii var. tepida is abundant instead of
Helenina anderseni. This is likely related to salinity because Ammonia beccarii var.
tepida commonly occurs in salinity <15 ppt, and Bradshaw (1961) could not determine
the lethal minimum salinity for 4. beccarii var. tepida in culturing experiments. The
fresher Mexican cenotes also allow thecamoebians (testate amoebae) to colonize when
salinity is below 3.5 ppt (i.e., Centropyxis, Arcella; van Hengstum et al., 2008).

Foraminifera rapidly diversify below the halocline (mean H of 2.8, >0.6 m) in the
saline groundwater at Cliff Pool Sinkhole. The Anchialine Cave (AC) assemblage is a
previously undocumented community of foraminifera living in the Bermudian coastal
waters, dominated by Bolivina striatula (mean 18.5%) and Rosalina globularis (mean
9.2%). These taxa are also common in the saline habitats flooded by the upper oxic layer
above the hydrogen sulphide layer in Mecherchar Jellyfish Lake (Palau), which is an
environment some also consider is anchialine (Lipps and Langer, 1999; Kawagata et al.,
2005). With increasing depth into the cave, euryhaline taxa decrease (e.g., Helenina,
Ammonia, Discorinopsis) and stenohaline taxa increase (e.g., Siphogenerina, Nonionella
iridea, Fursenkoina, Murray, 2006) because the marine conditions in the saline
groundwater are more favorable to foraminifera. Hydrogeologic mixing and vertical tidal
oscillation of the halocline likely create temporarily brackish conditions to a depth of ~1

m in the saline groundwater where the euryhaline taxa are persisting. The segregation of
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foraminiferal assemblages by haloclines in coastal caves and stratified lagoons can be
compared (e.g., Debenay et al., 1998). In stratified lagoons, euryhaline foraminifera
colonize habitats flooded by the upper brackish water, with stenohaline taxa found below
the halocline (Debenay et al., 1998; Debenay and Guillou, 2002). However, foraminifera
living both above and below the halocline in stratified lagoons are still considered part of
the greater lagoon environment. In contrast, foraminifera living below the halocline in the
distal cave may actually be part of the ‘submarine cave environment’, and not a part of
the ‘anchialine cave environment’ (Fig. 2.1, Stock et al., 1986). This distinction is
important because although the halocline is a critical environmental feature in phreatic
caves, subterranean habitats flooded by groundwater cannot be simply considered
subterranean stratified lagoons or estuaries. In contrast, they are a unique class of coastal
environments that give rise to uniquely adapted cave ecosystems and marine geological
processes.

By measuring R Corg and C:N in the cave sediment, the quality and source
(terrestrial vs. marine) of organic matter can be correlated to the assemblages (Fig. 2.4;
Lamb et al., 2006). The source of organic matter is an important ecological variable for
benthic foraminifera, causing differential resource partitioning, chemical gradients in the
sediments, and microhabitat dysoxia (e.g., Jorissen et al., 1995; De Rijk et al., 2000;
Morigi et al., 2001; Abu-Zied et al., 2008; Diz and Francés, 2008; Mojitahid et al., 2009).
For example, Mojitahid et al. (2009) found that the quality, quantity and source
(terrestrial vs. marine) of organic matter in the Rhone River prodelta (France) controlled
benthic foraminifera because different taxa colonized the terrestrial (more refectory)
versus more marine (more labile) organic matter. Furthermore, Diz and Francés (2008)

found that seasonal phytodetritus caused a rapid response from benthic foraminifera in the
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shallow Ria de Vigo embayment (<20 m, Spain) as specific taxa adjusted to the
availability of a new food resource (labile phytodetritus). Because Cliff Pool Sinkhole is a
point source for both abundant terrestrial materials (sediments, OM, etc.) and some
primary productivity, organic matter gradients will like be influencing foraminifera in
anchialine cave environments.

Overall, the strongly depleted 613C0rg value of organic matter in the anchialine cave
habitats (AC and ML assemblages) indicates it is primarily derived from terrestrial
sources (Lamb et al., 2006; Mojitahid et al., 2009; Fig. 2.4). The contribution of any
aquatic-based plant tissues from the sinkhole also with a depleted &' Corg value will likely
be minor considering both the small size of the aquatic sinkhole and the large quantity of
terrestrial sediments eroding into the cave. The 613C0rg value of the AC assemblage (-
23.8%o) is slightly more enriched than the ML assemblage (-24.4%o), indicating the AC
assemblage is receiving slightly more marine-based organic matter sources (Table 2.1,
Fig. 2.6). This is also supported by a lower C:N ratio in the AC assemblage, as marine
organic matter is more nitrogen enriched than terrestrial organic matter (Table 2.1). This
is an expected result because some primary productivity will occur in the low light areas
near Cliff Pool Sinkhole, causing slightly more marine organic matter to accumulate with
the AC assemblage. Therefore, the AC assemblage defines a separate habitat within the
anchialine cave environment because although it is in the saline groundwater, it remains
dominated by terrestrial influences (Stock et al., 1986).

The specific foraminifera inhabiting the anchialine cave environment below Cliff
Pool Sinkhole will need adaptations to large quantities of terrestrial organic matter (more

refectory), with limited supplies of marine phytodetritis (more labile). For example,
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Rosalina globularis is a common taxon in the AC assemblage that passively grazes when
food availability is high, but becomes an active forager as food resources diminish (Sliter,
1965). Bolivina striatula is also common in the AC assemblage, which is eutrophic and
co-occurs with Buliminella elegantissima in areas with high quantities of terrestrial
organic matter (Patterson et al., 2000; Eichler et al., 2003; Abu-Zied et al., 2008). A by-
product of abundant organic matter in the habitats of the AC assemblage will be dysoxia
within millimeters of the sediment surface (Corliss, 1991; Bernhard and Sen Gupta, 1997,
Diz and Francés, 2008), requiring infaunal biserial and triserial taxa to be at least tolerant
to intermittent dysoxia. Although dissolved oxygen in the sediments was not measured in
this study, infaunal taxa comprising the AC assemblage such as Fursenkoina, Hopkinsina,
Bolivina are known to be tolerant to dysoxia (Kaiho, 1994; Bernhard and Sen Gupta,
1997). The high quantity of refectory terrigenous organic matter, pulsed phytodetritus,
and likelihood of sedimentary dysoxia would also explain the high relative abundance of
Textularia earlandi (max. 9.2%) in the AC assemblage, which is found nowhere else in
Green Bay Cave. Textularia earlandi is a very opportunistic taxon that is highly tolerant
to dysoxia (Bernhard et al., 1997; Alve and Goldstein, 2010). Therefore, we interpret the
AC assemblage as primarily controlled by the high volume of terrigenous organic matter
entering the cave at Cliff Pool Sinkhole.

The effects of terrigenous organic matter is concentrated near the base of the Cliff
Pool Sinkhole, however, and not uniform throughout the entire cave system. Terrigenous
organic matter and sedimentary character attenuate in Green Bay Cave with increasing
distance away from Cliff Pool Sinkhole, which is easily observed using SCUBA (Fig.
2.6). van Hengstum et al. (2009a, fig. 3B) also observed abundant organic matter around

cenotes in a Mexican anchialine cave. This process is related to the attenuation of
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terrestrial sediments after they are eroded into the sinkholes. Less than 60 m along the
Trunk Passage, the Circulated Submarine Cave assemblage begins (Fig. 2.2, Fig. 2.6)
synchronous with prominent sedimentary, organic geochemical, and wholesale faunal

changes indicative of an environmental change.

2.7.3 The Boundary Between Anchialine And Submarine Cave Environments

The idea that coastal cave environments can be differentiated from each other is
an established concept (Stock et al., 1986). However, a general research focus on the
marine ecology of macro-invertebrates and prokaryotes, combined with the limited
observation/sampling capability of researchers on SCUBA, has precluded quantitative
division of anchialine versus submarine cave environments. As a consequence, the
nomenclature of coastal cave environments can be confusing.

Stock et al. (1986) stated that terrestrial influence (either hydrogeological,
sedimentological, or chemical) is a prerequisite for anchialine cave environments.
Habitats flooded by the meteoric lens are easily categorized as anchialine because they
are terrestrially influenced by both hydrogeology (flooded by meteoric water) and
terrigenous sediment/chemical fluxes. However, a problem arises when classifying
coastal caves because both submarine and anchialine cave environments equally occur in
the saline groundwater (Fig. 2.1). So, what characteristics then differentiate anchialine
and submarine cave environments (and habitats) flooded by saline groundwater? In our
view, the dominant manifestations of ‘marine versus terrestrial influence’ on anchialine
ecosystems can be either through (a) hydrogeological impact on the system from the
terrestrial-derived meteoric lens versus the oceanic-derived saline groundwater, and/or (b)

the flux of chemicals and sediments entering a cave from either terrestrial or marine
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sources, often through physical entrances (‘karst windows’). Some of these ideas were
presented in Stock et al. (1986), but in practice the differentiation of anchialine versus
submarine cave environments has never been quantified and remains equivocal.
Therefore, we argue that anchialine cave environments develop in saline groundwater
when terrestrial influences dominate a phreatic cave and marine influences are subsidiary.
This new theoretical framework now allows for anchialine and submarine cave
environments to be quantitatively distinguished (e.g. with 8" Corgand C:N).

Green Bay Cave is well suited to quantifying the boundary between these two
cave environments because of its intrinsic geomorphology: an anchialine sinkhole
entrance is separated from a submarine cave entrance by >250 m of flooded cave passage
(Fig. 2.5). Precisely at the shift from the AC to the CSC assemblages, (1) the carbon
isotopic signature of bulk organic matter shifts from depleted to more enriched values,
indicative of a shift from terrestrial to marine organic matter, (2) the C:N ratio changes
indicating the presence of more nitrogen-rich marine organic tissues in the sediment, (3)
mean grain-size decreases as allogenic cave sedimentation begins, and (4) there is an
overall reduction in bulk organic matter. No measured hydrogeologic shift occurs at this
transition that is critical to foraminifera, however, the foraminiferal change (AC to the
CSC assemblages) indicates the cave habitat is changing. The foraminiferal shift also
reflects the totality of environmental parameters in the cave (sedimentology, organic
matter sources and fluxes), not just hydrogeologic parameters. Sample 21 reflects the
maximum point where the cave benthos is routinely impacted by terrestrial nutrients,
sediments, and organic matter entering into the cave from Cliff Pool Sinkhole. Marine
processes begin to dominate the cave benthos beyond sample 21 in the Trunk Passage

from Cliff Pool Sinkhole to Harrington Sound (Figs. 2.2, 2.6). Based on the quantified
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change from a terrestrial-dominated to a marine-dominated cave environment between
S20-S22, we argue that this location marks the boundary between the anchialine and
submarine cave environment in the Green Bay System, consistent with the definitions
proposed by Stock et al. (1986). Therefore, sedimentological, geochemical, and

micropaleontological proxies are useful for differentiating coastal cave environments.

2.7.4 The Submarine Cave Environment

Of all the categories of coastal caves, submarine caves have arguably received the
most research attention by global marine ecologists because they host intriguing
taxonomic gradations within many phylogenetic groups. The submarine cave entrance to
Green Bay Cave begins at Harrington Sound, and ambient light attenuates with increasing
distance to the Rat Trap (Fig. 2.7). The inability of Q-mode cluster analysis to
differentiate the lagoon entrance samples attests to the similarity of foraminifera in the
submarine cave entrance and the lagoon (S47-50, Fig. 2.2). Quinqueloculina spp. and
other miliolids dominate the Entrance assemblage, consistent with foraminiferal
assemblages living in global lagoons (e.g., Haig 1988; Javaux and Scott, 2003).
Quinqueloculina is an epifaunal, to shallow infaunal, miliolid not tolerant to dysoxia
(Corliss, 1991), so the waves and currents impacting the submarine cave entrance must
keep the upper sediment layers oxygenated to support the high relative abundance of
Quinqueloculina. There is an overall attenuation in organic matter with distance into the
submarine cave from Harrington Sound (Fig. 2.7), similar to a submarine cave in France
(Tremies Cave; Fichez, 1990). Based on &' Corg and C:N, the organic matter throughout
all habitats in the submarine cave environment is derived from marine sources (Table 2.1,

Fig. 2.4). Grain-size at the submarine cave entrance is also the coarsest in Green Bay
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Cave (mean 302 um), with abundant fractured shells and sand, which is consistent with
the coarse substrate at the entrance to a Japanese submarine cave (Daidokutsu Cave:
Omori et al., 2010). Because the submarine cave entrance is open to Harrington Sound,
waves and tidal currents will transport lagoonal sediments into the cave. Detailed faunal
transitions from the cave opening to the Rat Trap are likely caused by attenuating light
and marine organic matter (e.g., Ammonia beccarii var. parkinsoniana), similarly to how
foraminifera respond to these gradients in the anchialine cave entrance (Jorrissen et al.,
1995). Omori et al. (2010) documented decreasing light conditions within a Japanese
submarine cave over the last ~7 ka using algal symbiotic-bearing foraminifera (e.g.,
Amphistegina). However, only rare taxa with photosymbionts (e.g., Amphistegina,
Planorbulina) were recovered in the Entrance assemblage of Green Bay Cave, located
nearest to the cave entrance where ambient light is most available. Therefore, the
Entrance assemblage occupies a separate habitat within the submarine cave environment
because sample sites are completely flooded by saline groundwater and dominated by
marine processes, but experiences higher current velocities from wave and tides to create

a lagoon-like environment for foraminifera.
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The Circulated Submarine Cave assemblage begins at the Rat Trap, along with a
sedimentological shift from a coarse-grained shell hash to fine-grained carbonate-mud
(mean grain-size 14.9 um), reduced bulk organic matter (mean 8%), and increased CaCO;
(mean 50.9%). Fine carbonate mud also characterizes the inner substrate in Daidokutsu
Cave (see fig. 2 in Omori et al., 2010). The most diverse assemblage in Green Bay Cave
is the CSC assemblage, which is predominately 77iloculina and Spirillina. Because
neither salinity nor dissolved oxygen are ecologically-limiting to foraminifera in the CSC
assemblage, and all the OM is derived from nitrogen-rich (labile) marine sources, the
CSC assemblage must be responding to some other physical variable. The submarine
cave entrance is the main point source for extracaverniculous particulate matter and
nutrients entering the cave from Harrington Sound. This is to be expected because tidal
circulation daily transports 1960 m® of lagoonal (coastal ocean) water into the more distal
cave habitats (Cate, 2009), which will contain dissolved nutrients and particulate matter
from the ocean (Harrington Sound). Some dissolved nutrients are likely entering the
saline groundwater at Cliff Pool Sinkhole, but tidal circulation of the saline groundwater
will remain the dominant mechanism for transporting any nutrients up the North Shore
Passage (Fig. 2.2). However, both the 613C0rg and C:N ratio indicate that marine organic
matter is dominantly fertilizing the CSC assemblage, because marine organic matter is
more nitrogen- and carbon-isotopically enriched than terrestrial organic matter (Lamb et
al., 2006). As such, the CSC cave assemblage is a part of the submarine cave environment
— and not anchialine cave environment — because it is found in passages that are (a)
completely flooded by saline groundwater, and (b) marine processes dominantly influence

the cave benthos (Fig. 2.1, Stock et al., 1986). Therefore, we suggest that the Circulated
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Submarine Cave (CSC) assemblage colonizes habitats where the cave benthos and water
column receive a constant supply of dissolved nutrients and particulate organic matter
from the lagoon through tidally forced saline groundwater circulation.

Tintinnids provide strong supporting evidence that tidally forced saline groundwater
circulation of lagoonal nutrients is fertilizing cave habitats where the CSC assemblage is
located. The species richness and biomass of plankton is known to decrease with
increasing distance into the cave (Garrabou and Flos, 1995), but tintinnids are one of the
only planktic ciliates actually preserved in sediment. Although the low number of
tintinnids precludes a detailed interpretation of their abundance (Patterson and Fishbein,
1989), they are suitable for an analysis based on presence or absence. Generally,
tintinnids are present in The Desert, Trunk Passage, partially up the North Shore Passage,
and in the Green Bay Passage (below The Letterbox, Fig. 2.2). Considering that tintinnids
feed on particulate matter (Scott et al., 1995), they indicate that the modern water column
above the CSC assemblage is regularly supplied with particulate matter to support
tintinnid populations. The location of tintinnids in Green Bay Cave (proximal to
entrances) also agrees well with sediment trap data from Tremies Cave, a submarine cave
in France, where the quantity of particulate matter was found to attenuate with increasing
distance into the cave (Fichez, 1990). The only samples containing tintinnids that are not
part of the CSC assemblage are S53 and S54, however, these samples alternate with the
CSC assemblage indicating at least partial mixing of the water column in that area (Fig.
2.2). Importantly, tintinnids were not recovered in the more distal cave passages (e.g.,
past the Letter Box) with the ISC assemblage, suggesting nutrients are not being
systematically transported there by tidal circulation. However, data on dissolved nutrients

distributed throughout Green Bay Cave are needed to test this hypothesis along with the
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tintinnid results.

The Isolated Submarine Cave (ISC) assemblage occurs at the most distal passages
of the cave, and is dominated by Spirophthalmidium emaciatum, Spirillina vivipara,
Patellina corrugata, and bolivinids. Both the ISC and CSC assemblages are dominated by
known epiphytic taxa in open water settings (e.g., Rosalina, spirillinids: Langer, 1993);
but there are no plants in the dark cave because photosynthetically active radiation is non-
existent. The lowest quantity of bulk organic matter occurs in the ISC assemblage, which
is the most marine-derived organic matter in the entire cave system based on the 8" Corg
and C:N (Fig. 2.4). These sediments are even more carbon isotopically enriched than
lagoonal sediments in Harrington Sound (Vollbrecht, 1996), which emphasizes the
environmental isolation of the ISC assemblage from the lagoon and terrestrial surface.
Fine carbonate mud characterizes the substrate in the distal cave, similar to the CSC
assemblage. Therefore, the ISC assemblage is colonizing habitats that belong to the
submarine cave environment because (a) the cave is completely flooded by saline
groundwater and (b) marine processes dominate the habitat (Stock et al., 1986).

Foraminifera that favor high organic matter are not abundant in the distal cave with
the ISC assemblage. For example, the relative abundance of Melonis barleeanum is
typically <1% in most sample stations in the ISC assemblage. This is because M.
barleeanum favors locales receiving abundant organic matter (Caralp, 1989), and so it has
the highest relative abundance in cave areas that receive abundant organic matter content
(the AC and CSC assemblages, Fig. 2.5). The environmental conditions present in the
distal cave likely favor epifaunal and suspension-feeding life modes, or infaunal taxa
capable of utilizing and foraging diverse organic matter resources with reduced nutrient

availability. Pattellina (mean 5.2%) and Spirillina (mean 22%) can both adopt epifaunal
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suspension-feeding life modes (Langer, 1993), suggesting that they are suited to utilizing
suspended food resources transported into the distal cave by circulating saline
groundwater. Bolivinds, another common group in the ISC assemblage, are shallow
infaunal (0-2 cm) detritivores common in fine-grained sediments (Corliss, 1991; Murray,
2006; Teodoro et al., 2010). The most abundant taxon in the ISC assemblage is
Spirophthalmidium emaciatum (mean 30.7%), which has only been reported as rare in a
few localities, including New Guinea (Haig, 1988), the Mediterranean (Cimerman and
Langer, 1991), and in the deep Pacific (Brady, 1884). The poor observational record of
this miliolid in open ocean settings is not surprising, considering that it is fragile and
likely rapidly degrades in coastal environments. Furthermore, the high relative abundance
of S. emaciatum in the distal isolated cave indicates it may be an oligotrophic miliolid in
its preferred habitat. Decreased nutrient and food resources in the distal cave can be
expected to impact foraminiferal diversities because oligotrophy in underwater caves
impacts many other faunal groups. The horizontal distance from the cave to the ocean
through the eolianite (porous karst) is not impacting the foraminifera, because although
the terminus of the North Shore Passage is close to the ocean (<30 m) the foraminiferal
diversity remains low and is dominated by S. emaciatum. Therefore, dissolved nutrients
do not appear to be transported directly through the karst wall from the lagoon, which is
consistent with the daily net diffuse outflow of saline groundwater from inside the cave
through the porous karst (Cate, 2009). This would further emphasize the control of
nutrients (particulate matter, dissolved chemicals, etc.) transported into Green Bay Cave
through submarine cave entrance on the cave benthos.

The Air Pocket has no apparent effect on foraminifera, which is caused by the cave

intersecting the water table (Fig. 2.2). There is sedimentary evidence for the existence of
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the water table, however, because calcite rafts are accumulating below the Air Pocket and
not laterally transported in the cave. This occurrence of calcite rafts is expected because
they only precipitate at air-water interfaces in caves, a common process observed in
Mallorcan littoral caves (Taylor and Chafetz, 2004; fig. 9 in Fornos et al., 2009).
According to the classification scheme of Stock et al. (1986), this area may be referred to
as littoral cave environment (Fig. 2.1). However, because the Air Pocket is such a
spatially limited feature (<2-3 m width) and marine geological processes associated with
submarine cave environments remain the dominant influence on the cave benthos, this
area remains best described as part of the submarine cave environment.

The Archaias tests that were recovered in samples S73 and S61 are not part of the
modern total assemblage in the cave because none were ever stained by rose Bengal. The
photosymbiotic life mode of Archaias is well known, likely explaining the rarity of this
taxon in samples near the submarine cave entrance by Harrington Sound. There are no
physical exits out to the ocean at these locales, so the question remains as to their origin.
These two samples occur at the very back of the cave system up North Shore Passage and
Green Bay Passage, the most distal position from any cave opening, in a thin layer of
sediment (<3 cm) on a pile of collapsed limestone. Both the North Shore Passage and
Green Bay Passage terminate at eolianite breakdown piles, where the cave ceiling has
collapsed in the geologic past. The taphonomy of the shells (abraded, fragmented)
indicates that they were previously subjected to energetic conditions that are not presently
observed in these cave passages where water currents are very minor (Cottey and
Hallock, 1988). Based on the collapsed cave ceilings, the lack of Archaias in the modern
cave environment, and shell taphonomy indicative of transport, we interpret these fauna

as related to a time when the cave passages were not collapsed and continued into the
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ocean. Under these conditions, the passages would have been ancient submarine cave
entrances during previous Late Quaternary sea-level highstands, and photosymbiotic taxa

could have been transported into the cave from an adjacent lagoon or reef.

2.7.5 Fossil Cave Foraminifera And Quaternary Sea level

Based on the modern foraminiferal assessment from Green Bay Cave, fossil cave
foraminifera can be used as a relative indicator for Quaternary sea level. Pleistocene
foraminifera have been found in cave sediments, but confidently interpreting them has
been challenging without modern ecologic studies for comparison. Flank margin caves
specifically form between the meteoric lens and the saline groundwater from CaCOs-
undersaturation at the halocline (Smart et al., 1988; Mylroie and Carew, 1990). Because
the halocline is related to the position of sea level, flank margin caves are used as
Quaternary sea-level indicators (Mylroie and Carew, 1990; Mylroie, 2008; Mylroie and
Mylroie, 2009). Quaternary sea-level highstands, however, have repeatedly flooded
coastal caves with groundwater (Ford and Williams, 1989), causing continual reversion of
coastal caves to phreatic habitats suitable for aquatic invertebrates and microfossils. This
implies that coastal caves can preserve more sea-level information than has been
previously inferred, beyond the first-order approximation of determining sea level during
flank margin cave formation.

The first step for using microfossils in sea-level analysis will be to associate cave
microfossils with a specific category of coastal cave environment (Fig. 2.1). For example,
Proctor and Smart (1991) found Bolivina, Ammonia, Cibicides, and Cassidulina in
Corbridge Cave (UK) sediments at 5.8 m and 7.2 m above modern sea level, which were

constrained by U-series dating to 155-116 ka and >210 ka, respectively. By comparison
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with foraminifera in Green Bay Cave, the Corbridge Cave microfossils can be attributed
to a fossil anchialine cave environment formed during Marine Isotope Stage 5 and 7 sea-
level high stands. Similarly, a fossil foraminiferal assemblage in Aktun Ha Cave, Mexico
dominated by Bolivina and Rosalina was attributed to a late Pleistocene anchialine cave
habitat by van Hengstum et al. (2009a), which is also consistent with the modern
anchialine cave assemblage in Green Bay Cave.

In a more specific scenario, the meteoric lens habitat within the anchialine cave
environment can also be detected if diagnostic water brackish indicators are recovered
(e.g., Trochammina inflata, T. macrescens). Because the elevation of the meteoric lens is
very closely related to sea level, fossil meteoric lens fauna can constrain Quaternary sea
level. For example, Wilkinson (2006) found fossil Polysaccammina and
Pseudothurammina in elevated marine caves in Bermuda (+21 m) dated to Marine
Isotope Stage (MIS) 11; these taxa colonize modern meteoric lens habitats in Bermuda
and Mexico (Javaux, 1999; van Hengstum et al., 2008). van Hengstum et al. (2009b)
interpreted these taxa and other brackish microfossils as related to +21 m paleo-meteoric
lens in Bermuda during MIS 11, which was caused by a sea-level highstand. Lastly, an
assemblage of >80% fossil Helenina anderseni is present in Maya Blue Cave, Mexico,
which is ecologically consistent with the Meteoric Lens assemblage in Cliff Pool
Sinkhole, possibly indicates a co-stratigraphic position of a paleo-meteoric lens and sea
level (van Hengstum and Reinhardt, unpublished data). Therefore, fossil cave
foraminifera will provide no less than a proxy for the minimum position of Quaternary

sea level when found in Pleistocene cave sediments.
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2.8 Conclusions

1. The anchialine cave environment in Green Bay Cave consists of two habitats
colonized by different foraminiferal assemblages: (a) Meteoric Lens assemblage,
dominated by euryhaline foraminifera in the brackish meteoric lens in Cliff Pool
Sinkhole (e.g., Helenina, Ammonia, Trochammina), and (b) Anchialine Cave
assemblage, characterized by a diverse assemblage living below the halocline in
saline groundwater near Cliff Pool Sinkhole and dominated by Rosalina and
Bolivina. Salinity differences in the coastal aquifer (meteoric lens versus saline
groundwater) are interpreted as the primary ecological control on foraminifera in
the anchialine cave environment, secondarily controlled by the sources and flux of
terrigenous sediments and organic matter entering the cave.

2. The submarine cave environment consists of three habitats colonized by different
foraminiferal assemblages: (a) Entrance assemblage, dominated by typical
lagoonal foraminifera (Quinqueloculina) on a coarser-grained substrate emplaced
by wave action, (b) Circulated Submarine Cave assemblage, characterized by
diverse fauna dominated by miliolids and Spirillinidae on a carbonate mud
substrate that receiving nutrients from tidally-forced saline groundwater
circulation, and (c) Isolated Submarine Cave assemblage, dominated by
Spirophthalmidium emaciatum in the distal cave passages that are most isolated
from the tidal supply of nutrient and particulate organic matter.

3. Sedimentological (bulk organics, granulometry) geochemical (8" Corg, C:N), and
foraminiferal proxies can define the boundary between the anchialine and
submarine cave environment (AC to CSC assemblages, S20-S22). Using these

proxies, anchialine cave environments could be faithfully distinguished as where
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terrestrial processes dominated the cave, whereas, submarine cave environments
were distinguished where marine processes dominated the cave (as per Stock et
al., 1986). This addresses the problem of what differentiates anchialine versus
submarine cave environments in saline groundwater.

4. These results provide a framework for interpreting Pleistocene cave foraminifera
related to previous Quaternary sea-level highstands. However, it remains critical
to first establish the specific type of coastal cave environment being addressed—

in both modern and ancient scenarios.

2.9 Taxonomy

The following is a list of species, primary references, and any important remarks
for taxa from the Bermudian caves. The scanning electron micrographs reflect the
emphasis of this study on the cave fauna, for which this represents the first detailed
taxonomic investigation. Where appropriate, important synonymies are listed (limited
geographic distribution, scarce literature or a rather significant reference). Generic
foraminiferal names follow Loeblich and Tappan (1964, 1988), and are all verified in the
Ellis and Messina Catalogue of Foraminifera or primary references from the literature.
Tintinnid taxonomy follows the exhaustive work of Kofoid and Campbell (1929), upon
which modern tintinnid taxonomy is based (e.g., Shackleton and Moore, 1954). All the
described characteristics of tintinnid loricae can be observed with standard stereo light

microscope at a magnification of 80x.

2.9.1 Foraminifera
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Abditodentrix rhomboidalis (Millet)
Figs. 2.8.1-2
Textularia rhomboidalis Millet, 1899, p. 559, Plate 7, Fig. 4a-b.
Bolivina rhomboidalis (Millet) Cushman, 1927, p. 138, pl. 18, fig. 7.
Abditodentrix rhomboidalis (Millet) Cimerman and Langer, 1991, p. 60, pl. 63, figs. 10-

11.

Allogromia spp. Rhumbler 1904 p. 206
Remarks: A few rose Bengal stained individuals were recovered in sediment samples
saturated by the brackish meteoric lens in Cliff Pool Sinkhole. These were also found in

the meteoric lens of Deep Blue Sinkhole (Walsingham Cave System).

Ammobaculites foliaceus (Brady)
Fig. 2.8.3
Lituola (Haplophragmium) foliaceum Brady, 1881, p. 50, pl. 33, figs. 20-25.
Ammobaculites foliaceus Cushman and McCulloch, 1939, p. 65, figs. 9-10.

Ammobaculites catenulatus Cushman and McCulloch, 1939, p. 65, pl. 7, figs. 11-14.

Ammodiscus planorbis Hoglund, 1947
Figs. 2.8.4-5
Ammodiscus planorbis Hoglund, 1947, p. 125, pl. 8, fig. 4, pl. 28, figs. 13-16.
Remarks: This species is easily differentiated from A. tenuis by its highly-polished
brownish test, which is different from A. planus. SEM observations of the aperture

indicate the test is agglutinated.
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Figure 2.8 (Following page): 1, 2 Abditodentrix rhomboidalis; 3 Ammobaculites foliaceus; 4, 5
Ammodiscus planorbis; 6, T Ammodiscus tenuis; 8, 9 Ammonia beccarii var. tepida; 10, 11
Ammonia beccarii var. parkinsoniana; 12 juvenile Ammonia beccarii; 13 Articulina lineata; 14,
15 Articulina multilocularis; 16 Articulina pacifica; 17, 18 Articulina sagra; 19, 20 Bolivina
paula; 21-23 Bolivina pseudopunctata; 24-26 Bolivina striatula; 27 Bolivina tortuosa; 28-30
Bolivina variabilis; 31 Bulimina marginata; 32 Buliminella elegantissima. Scale bar represents 50
um.

b
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Ammodiscus tenuis Brady, 1847
Figs. 2.8.6-7

Ammodiscus tenuis Brady 1884, p. 332, pl. 38, figs. 4-6.

Ammonia beccarii var. parkinsoniana d’Orbigny, 1839a
Figs. 2.8.10-11
Rosalina parkinsoniana d’Orbigny, 1839a, Plate 4, figs. 25-27

Ammonia beccarii (Linné, 1758) var. parkinsoniana d’Orbigny, 1839a

Ammonia beccarii var. tepida Cushman, 1926a
Figs. 2.8.8-9
Rotalia beccarii var. tepida (Cushman, 1926a)
Ammonia beccarii (Linné, 1758) forma tepida (Cushman, 1926a; imaged in Hayward et
al., 2003, p. 353, pl. 1, figs. 1-8.)
Remarks: Despite the intergradation between phenotypes in the genus Ammoina
(Schnikter, 1971; Walton and Sloan, 1990), two distinct ecophenotypes of 4. beccarii can
be observed in Bermudian caves. The 4. beccarii forma tepida is found in the anchialine
cave environment, characterized by a larger test, more lobed periphery, and typically

lacks an umbilical plug.

Amphistegina lessonii d’Orbigny, 1826

Amphistegina lessonii d’Orbigny, 1826, p. 304, no. 3, pl. 17, figs. 1-4.
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Archaias angulatus (Fichtel and Moll, 1798)
Nautilus angulatus Fichtel and Moll, 1798 (1803 - 2" edn.), p. 112, pl. 21, 23.

Archaias angulatus Cushman, 1928, p. 218, pl. 31.

Articulina lineata Brady, 1884
Fig. 2.8.13
Articulina lineata Brady, 1884, p. 183, pl. 12, fig. 19-21.

Articulina carinata Cushman, 1944a, p. 15, pl. 3, figs, 18-20.

Articulina multilocularis Brady, Parker and Jones, 1888
Figs. 2.8.14-15

Articulina multilocularis Brady, Parker and Jones, 1888, p. 215, pl. 40, fig. 10.

Articulina pacifica Cushman, 1944
Fig. 2.8.16

Articulina pacifica Cushman, 1944a, p. 17, pl. 14-18, figs. 15-16.
Articulina sagra d’Orbigny, 1839a
Figs. 2.8.17-18

Articulina sagra d’Orbigny, 1839a, p. 160, pl. 9, figs. 23-26.

Asterigerina carinata d’Orbigny, 1839a

Asterigerina carinata d’Orbigny, 1839a, p. 118, pl. 5, fig. 25; pl. 6, figs. 1-2.
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Bolivina paula Cushman and Cabhill, 1932
Figs. 2.8.19-20

Bolivina paula Cushman and Cabhill, 1932, p. 84, pl. 12, fig. 6.

Bolivina pseudopunctata Hoglund, 1947
Figs. 2.8.21-23

Bolivina pseudopunctata Hoglund, 1947, p. 273, pl. 24, fig. 5a-b; pl. 32, figs. 23-24.

Bolivina striatula Cushman, 1922
Figs. 2.8.24-26
Bolivina striatula Cushman, 1922, p. 27, pl. 3, fig. 10.
Remarks: There is wide variability in number and development of striations on the test.
Some tests can even appear almost devoid of striations under light microscopy, but are

clearly striated when observed with scanning electron microscopy.

Bolivina tortuosa Brady, 1881
Fig. 2.8.27

Bolivina tortuosa Brady, 1881, p. 57, pl. 52, figs. 31-34.

Bolivina variabilis (Williamson)
Figs. 2.8.28-30
Textularia variabilis Williamson, 1858, p. 76, pl. 6, figs. 162-163.

Bolivina subexcavata Cushman and Wickenden, 1929, p. 9, pl. 4, figs. 4a-b.
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Remarks: Some authors consider the B. variabilis (Williamson), B. subexcavata Cushman
and Wickenden, and Abditodentrix rhomboidalis (Millet) intragradational morphotypes of
the same species. At the present time, [ consider B. variabilis (Williamson), B.
subexcavata Cushman and Wickenden intragradational, and use the senior synonym of

Williamson (1858).

Broeckina orbitolitoides (Hofker)
Praesorites orbitolitoides Hofker, 1930, p. 149, pl. 55, figs. 8, 10, 11, pl. 57, figs. 1-5, pl.
61, figs. 3, 14.

Broeckina orbitolitoides (Hofker) Munier-Chalmas, 1882

Bulimina consectata (McCulloch, 1977)
Figs. 2.9.1-2
Neobulimina consectata McCulloch, 1977, p. 242, pl. 106, figs. 1a-b.

Bulimina consectata (McCulloch) van Hengstum and Scott, 2011, figs 2.9.1-2.

Bulimina marginata d’Orbigny, 1826

Fig. 2.8.31

Bulimina marginata d’Orbigny, 1826, p. 269, pl. 12, figs. 10-12.
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Figure 2.9: 1, 2 Bulimina consectata; 3, 4 Cancris sagra; 5, 6 Cibicides lobatulus; 7 Clavulina
tricarinata; 8,9 Cyclogyra involvens; 10, 11 Dentalina communis; 12, 13 Discorinopsis aguayoi,
14 Eggerella scabra; 15,16 Elphidium advenum; 17, 18 Elphidium frigidum; 19, 20 Elphidium
norvangi; 21-24 Elphidium excavatum; 25, 26 Elphidium sagra; 27-28 Epistominella pulchra.
Scale bar represents 50 um.
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Buliminella elegantissima (d’Orbigny)
Fig. 2.8.32
Bulimina elegantissima d’Orbigny, 1839b, p. 51, pl. 7, figs. 13-14.

Buliminella elegantissima (d’Orbigny) Cushman, 1919, p. 606

Cancris sagra (d’Orbigny) Figs. 2.9.3-4
Rotalina sagra d’Orbigny, 1839a, p. 77, pl. 5, figs. 13-15.

Cancris sagra (d’Orbigny) Parker, 1954, pl. 10, fig. 15, fig. 21.

Cibicides lobatulus (Walker and Jacob)
Figs. 2.9.5-6
Nautilus lobatulus Walker and Jacob, 1798, p. 642, pl. 14, fig. 36.

Cibicides lobatulus (Walker and Jacob) Cushman, 1927, p. 170, pl. 27, figs. 12-13.

Clavulina tricarinata d’Orbigny, 1839a
Fig. 2.9.7

Clavulina tricarinata d’Orbigny, 1839a, p.111, pl. 2, figs. 16-18.

Cyclogyra involvens (Reuss)
Figs. 2.9.8-9
Operculina involvens Reuss, 1850, p. 370, pl. 46, fig. 20.

Cyclogyra involvens (Reuss) Bock, 1971, p. 12, pl. 3, fig. 2.
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Cymbaloporetta squammosa (d’Orbigny)
Rosalina squammosa d’Orbigny, 1839a, p. 91, pl. 3, figs. 12-14.

Cymbaloporetta squammosa (d’Orbigny) Cushman, 1922, p. 41, pl. 6, figs. 4-6.

Dentalina communis (d’Orbigny)
Figs. 2.9.10-11

Nodosaria (Dentaline) communis D’Orbigny, 1826, pl. 1, fig. 4.

Discorinopsis aguayoi (Bermtdez)
Figs. 2.9.12-13
Discorbis aguayoi Bermudez, 1935, p. 204, pl. 15, figs. 10-14.
Discorinopsis aguayoi (Bermudez) Phleger, Parker, and Peirson, 1953, p. 7, pl. 4, figs.
23-24.
Eggerella scabra (Williamson)
Fig.2.9.14

Bulimina scabra Williamson, 1858, pl. 5, figs. 136-147.

Eggerella scabra (Williamson) Daniels, 1970, p. 70, fig. 46, pl. 2, fig. 5.

Elphidium advenum (Cushman)
Figs. 2.9.15-16
Polystomella advena Cushman 1922, p. 56, pl. 9, figs. 11-12.

Elphidium advenum Cushman, 1930, p. 25, pl. 10, figs. 1-2.

Elphidium crispum (Linn¢)
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Nautilus crispus Linné, 1758, p. 709, pl. 1, figs. 2d-f.
Polystomella crispa d’Orbigny 1846, p. 125, pl. 6, figs. 9-14.

Elphidium crispum (Linn¢) Cushman and Grant, 1927, p. 73, pl. 7, figs. 3a-b.

Elphidium excavatum
Figs. 2.9.21-24
Polystomella excavata Terquem, 1876, p. 429, pl. 2, figs. 4a-b.

Elphidium excavatum (Terquem) Cushman, 1930, p. 21, pl. 8, figs.1-7.

Elphidium c.f. frigidum Cushman, 1933b
Figs. 2.9.17-18

Elphidium frigidum Cushman, 1933b, p. 5, pl. 1, figs. 8a-b.

Elphidium norvangi Buzas, Smith, and Beam, 1977
Figs. 2.9.19-20
Elphidium norvangi Buzas, Smith, and Beam, 1977, p. 96, pl. 7, figs. 1-4.

Elphidium oceanicum (Cushman) Kawagata et al., 2005, pl. 3, figs. 10-11.
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Figure 2.10: 1, 2 Eponides antillarum; 3, 4 Fissurina lucida; 5 Fissurina sp; 6 Fissurina evoluta,
7, 8 Fursenkoina compressa; 9, 10 Globocassidulina subglobosa; 11 Glomospira charoides; 12
Glomospira irregularis; 13, 14 Haplophragmoides wilberti; 15, 16 Helenina anderseni; 17, 18
Rotaliella arctica; 19, 20 Hopkinsina pacifica; 21-23 Labrospira evoluta; 24 Lagena spiralis; 25,
26 Lagenosolenia sp.; 27, 28 Lenticulina iota; 29 Loxostoma mayori; 30 Loxostoma rostrum.
Scale bar represents 50 um.
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Elphidium sagra (d’Orbigny)
Figs. 2.9.25-26.
Polystomella sagra d’Orbigny, 1839a, p. 55, pl. 6, figs. 19-20.

Elphidium sagrum Cushman, 1930, p. 24, pl. 9, figs 5-6.

Epistominella pulchra (Cushman)
Figs. 2.9.27-29

Pulvinulina pulchra Cushman, 1933a, p. 92, pl. 9, fig. 19.

Eponides antillarum (d’Orbigny)
Figs. 2.10.1-2
Rotalina antillarum d’Orbigny, 1839a, p. 75, pl. 5, figs. 4-6.

Eponides antillarum (d’Orbigny) Parker, 1954, p. 528, pl. 9, figs. 14-15.

Eponides spp.

Remarks: These rare individuals were not identified to the species level.

Fissurina lucida (Williamson)
Figs. 2.10.3-4
Entosolenia marginata (Montagu) var. lucida Williamson, 1848, p. 17, pl. 2, fig. 17.
Entosolenia lucida (Williamson) Cushman and Gray, 1946, p. 30, pl. 5, figs 16-18.

Fissurina lucida (Williamson) Loeblich and Tappan, 1953, p. 76-77, pl. 14, fig. 4.
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Fissurina evoluta McCulloch, 1977
Fig. 2.10.6

Fissurina evoluta McCulloch, 1977, p. 104-105, pl. 58, figs. 11-12, 18.

Fissurina sp.
Fig. 2.10.5

Remarks: This individual was unidentified to the specific level.

Fursenkoina compressa (Bailey)
Figs. 2.10.7-8
Bulimina compressa Bailey 1851, p. 12, pl. 12, figs. 35-37.
Virgulina compressa (Bailey) Phleger and Parker, 1951, p. 49, pl. 9, figs. 4-5.

Fursenkoina compressa (Bailey) Loeblich and Tappan, 1961, p. 314.

Globocassidulina subglobosa (Brady)
Figs. 2.10.9-10
Cassidulina subglobosa Brady, 1881, p. 60, pl. 54, figs. 17a-c.
Cassidulina subglobosa (Brady) Bock et al., 1971, p. 64, pl. 23, fig. 12; Javaux, 1999, p.
314, pl. 2, fig. 10.

Globocassidulina subglobosa (Brady) Jones, 1994, p. 60, pl. 54, figs. 17a-c.

Glomospira charoides (Jones and Parker)

Fig. 2.10.11
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Trochammina squamata Jones and Parker var. charoides Jones and Parker, 1860, p. 304,
(not imaged).

Glomospira charoides (Jones and Parker) Hoglund, 1947, p. 129, pl. 3, fig. 11.

Glomospira irregularis (Grzybowski)
Fig. 2.10.12
Ammodiscus irregularis Grzybowski, 1898, p. 285, pl. 11, figs. 2-3.

Glomospira irregularis (Grzybowski) Geroch, 1960, pl. 8, figs. 11-12.

Haplophragmoides wilberti Anderson, 1953
Figs. 2.10.13-14.

Haplophragmoides wilberti Anderson, 1953, p. 21, pl. 4, fig. 7.

Helenina anderseni (Warren)
Figs. 2.10.15-16
Pseudoeponides anderseni Warren, 1957, p. 39, pl. 4, figs. 12-15.

Helenina anderseni (Warren) Saunders, 1961, p. 148.

Homotrema rubra (Lamarck)
Milipora rubra Lamarck, 1816, p. 202.

Homotrema rubra Hickson, 1911, p. 445, pl. 30, fig. 2.

Hopkinsina pacifica Cushman, 1933a

Figs. 2.10.19-20
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Hopkinsina pacifica Cushman, 1933a, p. 86, pl. 8, fig. 16.

Labrospira evoluta (Natland)
Figs. 2.10.21-23
Haplophragmoides evoluta Natland, 1938, p. 138, pl. 3, figs. 5-6.
Labrospira evoluta (Natland) van Hengstum and Scott, figs. 2.10.21-23.
Remarks: This individual is placed within the genus Labrospira Hoglund because it is
partially evolute with a single areal aperature, not at the base of apertural face as in
Haplophragmoides Cushman; and without a row of areal apertural openings characteristic

of Cribrostomoides Cushman (as per Loeblich and Tappan, 1987).

Lagena spiralis Brady, 1884
Fig. 2.10.24

Lagena spiralis Brady, 1884, p. 448, pl. 114, fig. 9.

Lagenosolenia sp.

Figs. 2.10.25-26

Lenticulina iota (Cushman)
Figs. 2.10.27-28
Cristellaria iota Cushman, 1923, p. 111, pl. 70, figs. 4-6.

Lenticulina iota (Cushman) Barker, 1960, pl. 60, figs. 4-6.
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Loxostoma mayori (Cushman)
Fig. 2.10.29
Bolivina mayori Cushman 1922, p. 40, pl. 3, figs. 5-6.
Loxostoma mayori (Cushman) Bermudéz, 1935, p. 197; Javaux, 1999, pl. 6, fig. 21

(sideview; Not pl. 3, fig. 20)

Loxostoma rostrum Cushman, 1933a
Fig. 2.10.30
Loxostoma rostrum Cushman, 1933a, p. 82, pl. 8, figs. 13a-b,

Loxostomum porrectum (Brady) Javaux, 1999, p. 335, pl. 3 fig. 21

Melonis barleeanum (Williamson)
Figs. 2.11.1-2
Nonionina barleeana Williamson, 1858, p. 32, pl. 3, figs. 68-69.

Melonis barleeanum (Williamson) Corliss, 1991, p. 2, figs. 9-10.

Metarotaliella simplex (Grell)
Figs. 2.11.3-5
Rotaliella simplex Grell, 1979, p. 11, pl. 2, figs. 1-4.
Metarotaliella sp. Pawlowki and Lee, 1991, p. 153, pl. 2, fig. 5.
Metarotaliella simplex (Grell) Loeblich and Tappan, 1987, p. 564, pl. 616, figs. 1-3

Metarotaliella simplex (Grell) Usera et al., 2002, p. 145, fig. 3 (7).
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Metarotaliella simplex (Grell) var. spinosa van Hengstum and Scott, n. var.
Figs. 2.11.6-7
Remarks: The spinose and non-spinose variants always co-existed, therefore we are not
confident this represents a new species at this stage. The characteristics of the aperture are

identical to M. simplex.

Miliammina fusca (Brady)
Figs. 2.11.8-9
Quinqueloculina fusca Brady, 1870, p. 286, pl. 11, figs. 2-3.

Miliammina fusca (Brady) Phleger and Walton, 1950, p. 280, pl. 1, figs. 19a-b.

Miliolinella circularis (Bornemann)
Figs. 2.11.10-11
Triloculina circularis Bornemann, 1855, p. 349, pl. 19, figs 4a-c.

Miliolinella circularis (Bornemann) Brady, 1884, p. 169, pl. 4, fig. 3; pl. 5, figs. 13-14.

Miliolinella subrotunda (Montagu)
Figs. 2.11.12-13
Vermiculum subrotundum Montagu, 1803, p. 521.

Miliolinella subrotunda (Montagu) Haynes, 1973, p. 36, pl. 5, figs. 5-6; pl. 32, figs. 8-9.
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Figure 2.11: 1, 2 Melonis barleeanum; 3-5 Metarotaliella simplex; 6, 7 Metarotaliella simplex
var. spinosa; 8, 9 Miliammina fusca; 10, 11 Miliolinella circularis; 12, 13 Miliolinella
subrotunda; 14, 15 Mychostomina revertens; 16-18 Nonion pauperata; 19-21 Nonionella
atlantica; 22, 23 Nonionella iridea; 24, 25 Parvigenerina arenacea; 26, 27 Parvigenerina
bigenerinoides. Scale bar represents 50 wm.
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Mychostomina revertens (Rhumbler)
Figs. 2.11.14-15
Spirillina vivipara (Ehrenberg) var. revertens Rhumbler, 1906, p. 32, pl. 2, figs. 8-10.

Mychostomina revertens (Rhumbler) Loeblich and Tappan, 1994, p. 36, pl. 52, figs. 1-13.

Nonion pauperata Balkwill and Wright, 1885
Figs. 2.11.16-18

Nonion pauperata Balkwill and Wright, 1885, p. 353, pl. 13, figs. 25-26.

Nonionella atlantica Cushman, 1947
Figs. 2.11.19-21

Nonionella atlantica Cushman, 1947, p. 90, pl. 20, figs. 4-5.

Nonionella iridea Heron-Allen & Earland, 1932
Figs. 2.11.22-23

Nonionella iridea Heron-Allen and Earland, 1932, p. 438, pl. 16, figs. 14-16.

Parvigenerina arenacea (Heron-Allen and Earland)
Figs. 2.11.24-25
Bifarina porrecta (Brady) var. arenacea Heron-Allen and Earland, 1922, p. 132, p. 4,
figs. 23-26.
Parvigenerina arenacea (Heron-Allen and Earland) Loeblich and Tappan, 1987, p. 68, pl.

123, 13-16.
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Parvigenerina bigenerinoides (Lacroix)
Figs. 2.11.26-27

Textularia bigenerinoides Lacroix, 1932, p. 24, pl. 24, fig. 27; pl. 25, figs. 28-31.
Parvigenerina bigenerinoides (Lacroix) Seiglie, 1974, (not imaged).
Remarks: Seiglie (1974) considered P. bigenerinoides (Lacroix) a junior synonym of
Textularia fusiformis Chaster (1892), and placed them all under P. fusiformis. There is no
evidence of the later uniserial phase in the hypotype in the Ellis and Messina catalgue, or
description by Chaster of a later uniserial stage characteristic of Parvigenerina. As such,
Textularia fusiformis Chaster (1892) likely belongs in the genera Pseudobolivina, and P.

bigenerinoides (Lacroix) stands.

Patellina corrugata Williamson, 1958

Figs. 2.12.1-3

Patellina corrugata Williamson, 1958, p. 46, pl. 3, figs. 86-89.
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Figure 2.12: 1-3 Patellina corrugata; 4 Patellina corrugata var. spinosa; 5 Planorbulina
mediterranensis; 6, 7 Physalidia simplex; 8 Peneroplis pertusus; 9-11 Quinqueloculina
auberiana; 12 Pyrgo denticulata; 13-15 Q. bicarinata; 16 Q. bosciana; 17 Q. candeiana; 18, 19
Q. contorta; 20, 21 Q. candeiana; 22,23 Q. laevigata; 24, 25 Q. subpoeyana; 26-28 Q.
quinquecarinata; 29, 30 Q. seminulum; 31 Q. polygona; 32 Q. tenagos. Scale bar represents 50
um.
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Patellina corrugata Williamson, 1958 var. spinosa Zheng, 1979
Fig. 2.12.4
Patellina corrugata Williamson, 1958, p. 46, pl. 3, figs. 86-89.
Patellina spinosa Zheng, 1979, p. 177-178, pl. 21, figs. 12a-c.
Remarks: Although this form was given species status, spines are not a taxonomic
feature. We suspect the spines are simply an adaptation, as spines were also observed on
Spirillina vivipara in Walsingham Cave (Bermuda), where one side was completely

ornamented, but the other remained smooth. The aperture is identical in both forms

Peneroplis carinatus d’Orbigny, 1839b

Peneroplis carinatus d’Orbigny, 1839b, p. 33, pl. 3, figs. 7-8.

Peneroplis pertusus Forskal, 1775
Fig. 2.12.8
Peneroplis pertusus Forskal, 1775, p. 125 (not figured).

Peneroplis pertusus (Forskal) Brady, 1884, pl. 13, figs. 16-17.

Peneroplis proteus (d’Orbigny)

Peneroplis protea d’Orbigny, 1839a, p. 60, pl. 7, figs. 7-11.

Physalidia simplex Heron-Allen and Earland, 1928

Figs. 2.12.6-7

Physalidia simplex Heron-Allen and Earland, 1928, p. 288, pl. 1, figs. 1-2.
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Physalidia simplex (Heron-Allen and Earland) Loeblich and Tappan, 1964, fig. 462-2,
Loeblich and Tappan (1988), p. 547, pl. 592, figs. 7-8.

Ammonia tepida var. juvenile van Hengstum et al. 2008, p. 314, pl. 1, fig. 13; van
Hengstum, 2008, fig. 3-S3.18; Gabriel et al., 2009 (not figured); van Hengstum et al.,
2009a (not figured).

Remarks: This individual is common in both Mexican (Yucatan) and Bermudian
anchialine caves, colonizing both the meteoric lens and saline groundwater. It is quite
euryhaline, as rose Bengal stained individuals have been recovered from a wide salinity
range (1.5 - 35 ppt; van Hengstum et al., 2008, 2009a, this paper, Guillem, 2007).
Howevever, they seem to be most abundant in the oligohaline to polyhaline range (see
discussion in Chapter 6). In Mexico, sub-fossil assemblages of almost 100% P. simplex
were recovered by Gabriel et al., (2009) and were originally identified as juvenile
Ammonia beccari var. tepida. Guillem (2007) also suspected they were juveniles, and
came to the same conclusion here that these represent the morphology of the species.
However, these individuals are planispiral and evolute (never trochospiral), only ever
attain three chambers, with an interiomarginal aperture. Our specimens are identical to the

figured specimen of Loeblich and Tappan (1988) and Guillem (2007).

Planorbulina mediterranensis d’Orbigny, 1826
Fig. 2.12.5

Planorbulina mediterranensis d’Orbigny, 1826, p. 280, pl. 14, figs. 4-6.

Planulina exorna Phleger and Parker, 1951

Planulina exorna Phleger & Parker, 1951, p. 32, pl. 18, figs. 5-7; 8a-b.

83



Planulina wuellerstorfi (Schwager)
Anomalina wiiellerstorfi Schwager, 1866, p. 258, pl. 7, figs. 105, 107.

Planulina wuellerstorfi (Schwager) Cushman, 1929, p. 104, pl. 15, figs. 1-2.

Pyrgo denticulata (Brady)
Fig. 2.12.12
Biloculina ringens (Lamarck) var. denticulata Brady, 1884, p. 143, pl. 3, figs. 4-5.
Pyrgo denticulata (Brady) Cushman, 1929, p. 80, pl. 33, fig. 1; Bock et al. 1971, p. 23, pl.

8, fig. 11.

Pyrgo elongata (d’Orbigny)
Biloculina elongata d’Orbigny, 1826, p. 298, (not figured).
Pyrgo elongata (d’Orbigny) Cushman, 1929, p. 70, pl. 19, figs. 2-3; Bock, 1971, p. 23, pl.

8, fig. 12.

Quinqueloculina auberiana d’Orbigny, 1839a
Figs. 2.12.9-11
Quinqueloculina auberiana d’Orbigny, 1839a, p. 193, pl. 12, figs. 1-3.

Quinqueloculina compressiostoma Zheng, 1988, p. 197, pl. 5, fig. 6, pl. 30, figs. 7-9.

Quinqueloculina bicarinata d’Orbigny, 1826

Figs. 2.12.13-15
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Quinqueloculina bicarinata d’Orbigny, 1826, p. 136, pl. 7, figs. 3a-c; Haig, 1988, p. 233,

pl. 5, figs. 1-5.

Quinqueloculina bosciana d’Orbigny, 1839a
Fig. 2.12.16

Quinqueloculina bosciana d’Orbigny, 1839a, p. 191, pl. 11, figs. 22-24.

Quinqueloculina candeiana d’Orbigny, 1839a
Fig. 2.12.17

Quinqueloculina candeiana d’Orbigny, 1839a, p. 199, pl. 12, figs. 24-26.

Quinqueloculina collumnosa Cushman, 1922

Quinqueloculina collumnosa Cushman, 1922, p. 571, pl. 10, fig. 10.

Quinqueloculina contorta d’Orbigny, 1846
Figs. 2.12.18-19

Quinqueloculina contorta d’Orbigny, 1846, p. 298, pl. 20, figs. 4-6.

Quinqueloculina exsculpta (Heron-Allen and Earland)
Miliolina exsculpta Heron-Allen and Earland, 1915, p. 567, pl. 42, figs. 23-26.
Quinqueloculina exsculpta (Heron-Allen and Earland) Haig, 1988, p. 233, pl. 6, figs. 8-

10.
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Quinqueloculina funafutiensis (Chapman)
Figs. 2.12.20-21
Miliolina funafutiensis Chapman, 1901, p. 178, pl. 19, figs. 6-6a.

Quinqueloculina funafutiensis (Chapman) Cushman, 1929, p. 30, pl. 4, figs. 4a-b.

Quinqueloculina laevigata d’Orbigny, 1826
Figs. 2.12.22-23

Quinqueloculina laevigata d’Orbigny, 1826, p. 143, pl. 3, figs. 31-33.

Quinqueloculina poeyana d’Orbigny, 1839a
Quinqueloculina poeyana d’Orbigny, 1839a, p. 191, pl. 11, figs. 25-27.

Quinqueloculina poeyana (d’Orbigny) Cushman, 1929, p. 31, pl. 5, figs. 2a-b.

Quinqueloculina polygona d’Orbigny, 1839a
Fig. 2.12.31

Quinqueloculina polygona d’Orbigny, 1839a, p. 198, pl. 12, figs. 21-23.

Quinqueloculina quinquecarinata Collins, 1958

Figs. 2.12.26-28

Quinqueloculina quinquecarinata Collins, 1958, p. 360, pl. 2, figs. 8a-c.
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Quinqueloculina seminulum (Linng)
Figs. 2.12.29-30
Serpula seminulum Linné, 1758, p. 786.

Quinqueloculina seminulum (Linné) Cushman, 1929, p. 24, pl. 2, figs, 1-2.

Quinqueloculina spp.
Remarks: In practice, rare (e.g., Q. funafutiensis) and identifiable juvenile individuals

were grouped together and not identified to the species level.

Quinqueloculina subpoeyana Cushman, 1922
Figs. 2.12.24-25
Quinqueloculina subpoeyana Cushman, 1922, p. 66 (not figured).

Quinqueloculina subpoeyana (Cushman), Cushman, 1929, p. 31, pl. 5, figs. 3a-b.

Quinqueloculina sulcata d’Orbigny, 1826
uinqueloculina sulcata d’Orbigny, 1826, p. 301, (not figured).
g

Quinqueloculina sulcata (d’Orbigny) Fornasini, 1900, p. 364, p. 363 (holotype).

Quinqueloculina tenagos Parker, 1953
Fig. 2.12.32
Quinqueloculina tenagos (new name) Parker, 1962.

Quinqueloculina rhodiensis Parker et al. (not Wiesner) 1953, p.12, pl. 6, figs. 3a-c.
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Reophax nana Rhumbler, 1911
Figs. 2.13.1-2
Reophax nana Rhumbler, 1911, p. 182, pl. 8, figs. 6-12.
Reophax nanus (Rhumbler) Lankford and Phleger, 1973, p. 127, pl. 1, fig. 4. Reophax
scottii Chaster, 1892
Figs. 2.13.3-4

Reophax scottii Chaster, 1892, p. 57, pl. 1, fig. 1.

Reophax subfusiformis Earland, 1933
Figs. 2.13.5-6

Reophax subfusiformis Earland, 1933, p. 74, pl. 2, figs. 16-19.

Reussella atlantica Cushman, 1947

Reussella spinulosa var. atlantica Cushman, 1947, p 91, pl. 20, figs. 6-7.

Reussella atlantica Cushman, Bock et al., 1971, p. 48, pl. 17, fig. 10

Rosalina spp.

Remarks: These were rare rosalinids not identified to the specific level.
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Figure 2.13: 1, 2 Reophax nana; 3 Reophax scottii; 4 magnified chamber of R. scottii emphasize
diatoms in shell structue; 5, 6 Reophax subfusiformis; 7, 8 Saccammina difflugiformis; 9, 10
Rosalina globularis; 11-13 Rosalina williamsoni; 14, 15 Siphogenerina columellaris; 17, 18
Siphogenerina striata; 19, 20 Siphonina reticulata; 21, 22 Siphonina temblorensis; 23
Siphoninella soluta; 24 Spirillina tuberculata; 25, 26 Spirillina vivipara; 27, 28; Spiroloculina
antillarum 29, 30; Spiroloculina arenata 31, 32 Sigmoilina tenuis. Scale bar represents 50 um.
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Rosalina globularis d’Orbigny, 1826
Figs. 2.13.9-10
Rosalina globularis d’Orbigny, 1826, plate 13, figs. 1-4.
Rosalina subaraucana (Cushman) van Hengstum et al., 2009a (not imaged), van

Hengstum, 2008, Fig. 3-S3.30.

Rosalina vilardeboana d’Orbigny, 1839

Rosalina vilardeboana d’Orbigny, 1839, p. 44, pl. 6, figs. 13-15.

Rosalina williamsoni (Parr)
Figs. 2.13.11-12
Discorbis williamsoni Parr, 1932, p. 226, pl. 21, fig. 25.
Rotalina nitida Williamson (not Reuss), 1858, p. 54, pl. 4, figs. 106-108.
Discorbis parkeri Natland, 1950, p. 27, pl. 6, figs. 11a-c.

Rosalina parkerae (Natland), Parker, 1954, p. 525, pl. 8, figs. 24-25.

Rotaliella arctica (Scott and Vilks)
Figs. 2.10.17-18
Glabratella arctica Scott and Vilks, 1991, p. 30, pl. 2, figs. 10-12.

Rotaliella keigwini Pawlowski, 1991, p. 169-170, pl. 2, figs. 2a-d.

Saccammina difflugiformis (Brady)

Figs. 2.13.7-8
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Reophax difflugiformis Brady, 1879a, p. 51, pl. 4, figs. 3a-b.
Saccammina difflugiformis (Brady) Thomas, Medioli, Scott, 1990, p. 234, pl. 2, figs. 10-
12.
Sigmoilina tenuis (Czjzek)
Figs. 2.13.31-32
Quinqueloculina tenuis Czjzek, 1848, p. 149, pl. 13, figs. 31-34.
Spiroloculina tenuis Brady (Czjzek), 1884, pl. 10, fig 8.

Spiroloculina gradeloupi (d’Orbigny) Javaux, 1999, p. 366, pl. 7, fig 8.

Siphogenerina columellaris (Brady)
Figs. 2.13.14-16
Uvigerina columellaris Brady, 1881, p. 64pl. 75; figs. 15-17.

Siphogenerina columellaris Cushman, 1926b, p. 12, pl. 2, figs. 4, 11; pl. 3, figs. 1-4.

Siphogenerina striata (Brady)
Figs. 2.13.17-18
Sagrina striata Brady (not Schwager), 1884, p. 584, pl. 75, figs. 25-26.

Siphogenerina striata var. curta Cushman, 1926b, p. 8, pl. 2, fig. 5; pl. 5, figs. 5-6.

Siphonina reticulata (Czjzek)
Figs. 2.13.19-20
Rotalina reticulata Czjzek, 1848, p. 145, pl. 13, figs. 7-9.

Siphonina reticulata (Czjzek) Cushman, 1929, p. 7, pl. 1, figs. 1-2, pl. 3, fig. 4.
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Siphonina temblorensis Garrison, 1959
Figs. 2.13.21-22
Siphonina temblorensis Garrison, 1959, p. 669, pl. 86, figs. 4a-c.

Remarks: All individuals are small and never developed an acute periphery or keel.

Siphoninella soluta (Brady)
Fig. 2.13.23
Planrbulina (Truncatulina) soluta Brady, 1881; 1884, p. 66, pl. 96, fig. 4.

Siphoninella soluta (Brady) Cushman, 1927.

Sorites marginalis (Lamarck)
Orbutiles marginalis Lamarck, 1816, p. 196.

Sorites marginalis (Lamarck) Cushman, 1930, p. 49, pl. 18, figs. 1-4.

Spirillina tuberculata Brady, 1879b
Fig. 2.13.24

Spirillina tuberculata Brady, 1879b, p. 279, pl. 8, figs. 28a-b.

Spirillina vivipara Ehrenberg, 1843

Figs. 2.13.27-28

Spirillina vivipara Ehrenberg, 1843, p. 422, pl. 3, fig. 41.
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Spiroloculina antillarum d’Orbigny, 1939a
Figs. 2.13.29-30

Spiroloculina antillarum d’Orbigny, 1939a, p. 166, pl. 9, figs. 3-4.

Spiroloculina arenata Cushman, 1921a
Figs. 2.13.25-26

Spiroloculina arenata Cushman, 1921a, p. 63, pl. 14, fig. 17.

Spiroloculina sp.

Remarks: These uncommon individuals were not identified to the specific level.

Spirophthalmidium emaciatum Haynes, 1973
Figs. 2.14.1-5

Spirophthalmidium acutimargo (Brady) var. emaciatum Haynes 1973
Spiroloculina acutimargo Brady 1884, pl. 10, figs. 14 (not figs. 12, 13, or 15).
Remarks: Brady (1884) described the fig. 14 (pl. 10) with the phialine lip as an immature
individual, and the figures lacking the phialine lip as adults. Haynes (1973) attributed
Brady’s fig. 14 to just a variant of S. acutimargo. All cave phenotypes had an aperture on
an elongated neck (of variable length) bordered by a fragile phialine lip. However, cave
individuals never intergrade into specimens without a phialine lip. Therefore, Haynes’

variant warrants elevation to the specific level.
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Svratkina australiensis (Chapman, Parr, and Collins)
Figs. 2.14.9-11

Discorbis tuberculata var. australiensis Chapman, Parr, and Collins, 1934, p. 169, pl. 8,
fig. 9.
Svratkina bubnanensis McCulloch, 1977, p. 409, pl. 153, figs. 3, 11.
Svratkina bubnanensis (McCulloch) Loeblich and Tappan 1994, p. 161, pl. 353, figs. 10-
11.
Svratkina sp. A Hottinger, Halicz, Reiss, 1993, p. 138, pl. 196, figs. 7-10.

Baggina sp. Lankford and Phleger, 1973, p. 115, pl. 4, fig. 22.

Technitella legumen Norman, 1878
Figs. 2.14.6-7

Technitella legumen Norman, 1878, p. 279, pl. 16, figs. 3-4.

Textularia agglutinans d’Orbigny 1839a
Fig. 2.14.8

Textularia agglutinans d’Orbigny 1839a, p. 144, pl. 1, figs. 17-18 and 32-34.

Textularia earlandi Parker, 1952
Figs. 2.14.13-14
Textularia earlandi Parker, 1952 (new name)
Textuarlia tenuissima Earland (not Hausler), 1933, p. 95, pl. 3, figs. 21-30.

Textularia elegans Lacroix (not Hantken), 1931, p. 14, pl. 3, figs. 21-30.
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Textularia sp.
Figs. 2.14.15-16
Remarks: This species differed from 7. earlandi in being smaller, a golden brownish
color, and prevalent in the submarine cave environment. The aperture was a small

opening within a minute depression on the apertural face.

Trifarina occidentalis Cushman, 1923
Fig. 2.14.12
Trifarina occidentalis Cushman, 1923, p. 169 (not figured).

Uvigerina angulosa Cushman 1922, p. 34, pl. 5, figs. 3-4.

Triloculina bermudezi Acosta, 1940
Fig. 2.14.21

Triloculina bermudezi Acosta, 1940, p. 37, pl. 4, figs. 1-5.

Triloculina carinata d’Orbigny, 1839a

Triloculina carinata d’Orbigny, 1839a, p. 158, pl. 10, figs. 15-17.

Triloculina nasuta Cushman, 1935

Fig. 2.14.17

Triloculina nasuta Cushman, 1935, p. 5, pl. 2, figs. 1-3.
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Figure 2.14: 1-5 Spirophthalmidium emaciatum; 6, 7T Technitella legumen; 8 Textularia
agglutinans; 9-11 Svratkina australiensis; 12 Trifarina occidentalis; 13, 14 Textularia earlandi,
15, 16 Textularia sp.; 17 Triloculina nasuta; 18-20 Triloculina oblonga; 21 Triloculina
bermudezi; 22, 23 Trochammina ochracea; 24-26 Trochammina charlottensis; 27, 28
Trochammina inflata; 29, 30 Trochammina macrescens; 31, 32 Trochammina quadriloba. Scale
bar represents 50 um.
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Triloculina oblonga (Montagu)
Figs. 2.14.18-20
Vermiculum oblongum Montagu, 1803, p. 522, pl. 14, fig. 9.
Triloculina oblonga (Montagu) d’Orbigny, 1826, p. 300, no. 16; Javaux, 1999, p. 372, pl.
8, figs. 6-8; Bock, 1971, p. 27, pl. 11, figs. 2-4.
Remarks: This species exhibited high intraspecific variation (size and shape), but could
easily be differentiated from the similar-sized Q. quinquecarinata (has acute chamber

margins).

Triloculina rotunda d’Orbigny, 1826

Triloculina rotunda d’Orbigny, 1826, p. 299.

Triloculina suborbicularis d’Orbigny, 1839a

Triloculina suborbicularis d’Orbigny, 1839a, p. 177, pl. 10, figs. 9-10.

Trochammina charlottensis Cushman, 1925
Figs. 2.14.24-26

Trochammina charlottensis Cushman, 1925, p. 39, pl. 6, fig. 4.
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Trochammina inflata (Montagu)
Figs. 2.14.27-28
Nautilus inflatus Montagu, 1808, p. 81, pl. 18, fig. 3.
Trochammina inflata (Montagu) Parker and Jones, 1859, p. 347, Brady 1884, p. 338, pl.

91, fig. 4a-c.

Trochammina macrescens Brady
Figs. 2.13.29-30
Trochammina inflata (Montagu) var. macrescens Brady, 1870, p. 290, pl. 11, fig. 5.

Trochammina macrescens Brady, Scott and Medioli, 1980, p. 44, pl. 3, figs. 1-8.

Trochammina ochracea (Williamson)
Figs. 2.13.22-23
Rotalina ochracea Williamson, 1858, fig. 112-113.
Trochammina ochracea (Williamson) Cushman, 1920, p. 75, pl. 15, fig. 3, Scott and

Medioli, 1980, p. 45, pl. 4, figs. 4-5.

Trochammina quadriloba Hoglund, 1948
Figs. 2.13.31-32
Trochammina pusilla Hoglund (not Geinitz), 1947, pl. 17, figs. 4a-c.

Trochammina quadriloba Hoglund, 1948, (new name, not figured), p. 48.
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Tubinella funalis (Brady)
Articulina funalis Brady, 1884, p. 185, pl. 13, figs. 6-11.

Tubinella funalis (Brady) Rhumbler, 1906.

Wiesnerella auriculata (Egger)
Planispirina auriculata Egger, 1893, p. 245, pl. 3, figs. 13-15.

Wiesnerella auriculata (Egger) Cushman, 1933c, p. 33, pl. 3, figs. 7-9.

2.9.2 Tintinnida
Codonella acuta Kofoid and Campbell, 1929
Fig. 2.15.1
Codonella acutula Kofoid and Campbell, 1929, p. 52, fig. 104.
Description: A small (<55 um) cup-shaped lorica with a collar that is not spiral or
hyaline; lorica is well defined by a nuchal restriction; aboral end is acute, yet not pointed

or developing into a horn. The length of the lorica is only slightly greater than the width.

Codonella elongata Kofoid and Campbell, 1929
Fig. 2.15.4
Codonella elongata Kofoid and Campbell, 1929, p. 59, fig. 102.
Description: A small (<55 um), elongate cup-shaped lorica with a collar that is not spiral
or hyaline; lorica is well defined by a nuchal restriction; aboral end is acute, yet not
pointed or developing into a horn. The lorica length is notably greater than the width.
Remarks: This species differs from Codonella sp. 1 in the length of the lorica, which is

caused by a well-developed and elongated collar.
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Codonellopsis americana Kofoid and Campbell, 1929
Fig. 2.15.2
Codonellopsis americana Kofoid and Campbell, 1929, p. 75, fig. 159.
Description: Lorica shaped like a toy gyroscope; tall, hyaline collar with spiral turns and
perforated by fenestrae positioned at ~90° to each other, aboral end rounded to acute and

never developing into a horn. Genera is common in warm waters.

Figure 2.15: 1 Codonella acutula; 2 Codonellopsis americana; 3 Stenosemella avellana; 4
Codonella elongata. Scale bar represents 50 um.

100



Stenosemella avellana (Meunier).
Fig. 15.3
Tintinnopsis avellana Meunier, 1919, p. 30, pl. 22, fig. 37.
Stenosemella avellana (Meunier) Kofoid and Campbell, 1929, p. 69, fig. 134.
Description: Oval- or olive-shaped lorica with a short, hyaline collar devoid of spiral
turning, aboral end acute, but never developing into a horn. Differs from others in the
genus by having the greatest width near the middle and in sloping shoulders from the

aperture.
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PART II: Sea-level Signatures in Phreatic Coastal Caves
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3.1 Abstract

The oscillation of speleogenetic karst basins (caves, sinkholes) between the
phreatic and vadose zone during Quaternary sea-level change is an important process
impacting coastal cave and karst science because groundwater and sea level oscillate in
synchrony. However, the transition of a coastal cave from vadose through all phreatic
environmental conditions (littoral, anchialine, submarine) has actually never been
evidenced, despite the hypothesized likelihood of this relationship. Twelve sediment
cores constrained with nineteen radiocarbon dates were collected from a Bermudian
phreatic cave (underwater) to test this hypothesis, affording the first complete Holocene
succession from a phreatic cave (13 ka ago to present). The sedimentary successions were
characterized with X-radiography, microfossil content, bulk organic matter, organic
geochemistry (613C0rg, C:N), and grain-size. Four depositional environments (facies) can
be isolated in that strata that are composed of one or more lithofacies: (a) Vadose Facies
(> 7.6 ka, calcite rafts), (b) Littoral Facies (7.6 — 7.9 ka: calcite rafts and muds), (c)
Anchialine Facies (~7 — 1.6 ka: slackwater and diamict lithofacies), and (d) Submarine
Facies (<1.6 ka: carbonate mud and shell hash). The timing of these depositional
environments can be directly correlated to eustatic sea-level rise in the North Atlantic
over the Holocene, indicating that glacioeustatic sea-level change controls the evolution
of coastal cave and karst environments. These results provide a framework for
interpreting sedimentary and paleontological remains in global coastal cave
environments, and likely implicate sea level as contributing to the biological development

of modern endemic cave ecosystems.
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3.2 Introduction

Sea level is a critical factor affecting coastal cave and karst science because
groundwater and sea level oscillate in near synchrony in the coastal zone. For example,
previous Quaternary sea-level highstands elevated the mildly acidic halocline, and created
globally elevated caves (Mylroie and Carew, 1988; Smart et al., 1988; Mylroie and
Carew, 1990; Florea et al., 2007; Mylroie, 2008; Mylroie and Mylroie, 2009). After
formation, however, coastal caves have been repeatedly flooded and drained from
oscillating sea level, which forces environmental evolution in the cave itself. Biogenic
overgrowths on stalagmites detect the switch between phreatic and vadose conditions
from sea-level change (Suri¢ et al., 2005, 2009; Dutton et al., 2009), but they provide no
information on how cave environments have evolved with sea-level change.

Different cave environments exist in the vadose (unsaturated) versus phreatic
(saturated) zone. Any speleogenetic karst basin in the unsaturated vadose zone can be
described as being a vadose environment. Modern phreatic coastal caves were originally
classified as littoral, anchialine, or submarine by Stock et al. (1986), but were subtly
expanded upon by van Hengstum and Scott (2011). All phreatic cave environments have
broad subterranean connection to the ocean because they are open-systems, flooded by a
circulating coastal aquifer, but they can now be quantitatively differentiated based on
sedimentological and geochemical proxy evidence (van Hengstum and Scott, 2011). In
short, littoral environments are created when the water table or sea level is within the
cave passage (e.g., Mallorca: Fornds et al., 2009; Dorale et al., 2010). Anchialine
environments are dominated by terrestrial influences, chemical, hydrogeological, or
sedimentological (i.e., Yucatan: van Hengstum et al., 2008, 2010). Submarine

environments dominated by marine processes, are complelely filled with saline
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groundwater or seawater, and typically have entrances flooded by sea level (i.e., France:
Fichez, 1990, Italy: Airoldi and Cinelli, 1996). This classification scheme is independent
of cave speleogenesis (e.g., Ford and Ewers, 1978; Smart et al., 2006; Ginés and Ginés,
2007), and focuses solely on the environmental conditions in speleogenetic karst basin.
Vadose and phreatic (littoral, anchialine, submarine) environments can be observed with
respect to sea level along global karst coastlines, but they have never been linked in a
succession.

Its been previously proposed that glacioeustatic sea-level oscillations control
sedimentation patterns in coastal karst basins (Fig. 3.1, Fornos et al., 2009; Gabriel et al.,
2009, van Hengstum et al., 2010). We additionally hypothesize, however, that
glacioeustatic sea-level oscillations control the environmental evolution of coastal karst
basins between: vadose (during sea-level lowstands), littoral, anchialine, and finally
submarine conditions (during sea-level highstands). This conceptual framework allows
for each cave environment to retain spatially variable and dynamic depositional settings,
but sea level becomes the external forcing mechanism driving coastal cave evolution. The
purpose of this study is to test this hypothesis using successions from a modern phreatic

coastal cave, which has inevitably been flooded by Holocene eustatic sea-level rise.
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Figure 3.1: Environments and facies in speleogenetic karst basins, and their evolution during a
transgressive systems tract.

3.3 Regional Setting

Bermuda is ideal for testing this hypothesis because it contains abundant phreatic
and vadose caves. Bermuda can be considered a Carbonate-Cover Island according to the
Carbonate Island Karst Model because it contains a basalt core overlain with alternating
eolianite (~90%) and paleoesols (~10%) that developed during late Quaternary sea-level
highstands and lowstands, respectively (Bretz, 1960; Land et al., 1967; Gees and Medioli,
1970; Hyndman et al., 1974; Vacher et al., 1989, 1995; Mylroie et al., 1995; Mylroie and
Mylroie, 2007). Caves are found in most Bermudian eolianite formations, but are most
abundant in the diagenetically mature Walsingham Formation on the isthmus between
Castle Harbor and Harrington Sound (Land et al., 1967; Mylroie et al., 1995; Hearty,
2002). It is generally thought that three primary processes formed Bermuda’s laterally-

extensive caves: (a) phreatic dissolution in a paleo-meteoric lens during sea-level
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highstands, (b) vadose dissolution concentrated at the basalt-eolianite contact during sea-
level lowstands, and (c) subsequent modification from collapse events (Palmer et al.,
1977; Mylroie et al, 1995). These processes generated the current geomorphology of large
cave chambers connected by fissures (e.g., Walsingham Cave System; Iliffe, 1987).
Sedimentary infill has since accumulated on cave floors, which can reach several meters
in structural depressions.

This study focuses on Green Bay Cave (GBC), which is located on the
northeastern shore of Harrington Sound. The entire cave system is currently underwater,
necessitating the use of SCUBA (self-contained underwater breathing apparatus) for all
collections. Preliminary sediment probing indicated that several meters of sediment was
present suitable for a coring survey in the main passages. GBC contains two connected
cave entrances by almost 300 m of phreatic cave passage: an anchialine sinkhole entrance
(CIiff Pool Sinkhole) and a submarine cave entrance opening below sea level into
Harrington Sound. van Hengstum and Scott (2010) documented the boundary between the
modern anchialine and submarine cave environment in GBC using micropaleontological,
sedimentological, and organic geochemical proxies, indicating these proxies are suitable
for differentiating coastal cave environments in the stratigraphic record.

Green Bay Cave is almost entirely flooded by saline groundwater. A thin, brackish
meteoric lens is buoyed on the saline groundwater within 60 cm of sea level in Cliff Pool
Sinkhole, with saline groundwater below throughout the entire cave passages (salinity
>20 ppt, van Hengstum and Scott 2010). The saline groundwater is tidally circulated
through the submarine cave entrance at Harrington Sound, where maximum current
velocity reaches 1.5 m s™ during peak tidal flow. However, low groundwater flow

velocities persist in the cave (Cate, 2009; van Hengstum and Scott, 2011). Lastly, GBC
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and Harrington Sound experience diminished tidal amplitudes in comparison to the rest of
Bermuda because water oscillating between Harrington Sound and the ocean is strongly
restricted through the narrow Flatts Inlet, which has a sill at ~2.25 m (Morris et al., 1977;

Vollbrecht 1996).
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Figure 3.2: A: Primary cave passages in Green Bay Cave, Bermuda. Twelve cores were collected on the X-
Y transect encompassing the anchialine to submarine cave environmental transition. B: Location of cores
collected on SCUBA along the X-Y transect.

3.4 Methods
Twelve push cores (5 cm diameter) were extracted in Green Bay Cave along the
transect from the submarine cave entrance in Harrington Sound to the anchialine cave

entrance and Cliff Pool Sinkhole (Fig. 3.2). Polycarbonate tubes were percussed into the
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sediment using a stage bottle (extra scuba tank), which were plugged with a rubber
stopper and capped at maximum penetration to generate suction in the core tube for
sediment withdrawal. Original sediment columns were measured underwater to allow
estimates of total compaction introduced by the coring method.

All cores were extruded, logged, and sampled at 5-10 mm intervals; however,
cores 1 to 5 were shipped back to the laboratory for X-radiography before sampling at the
Bedford Institute of Oceanography. Nineteen (19) radiocarbon dates on organics (wood,
bulk organics) and biogenic carbonates (shells) provided age constraint for the
successions, which were converted to calibrated dates using IntCal09 and Marine09
(Reimer et al., 2009) with Calib 6.0 (Appendix 1). A local AR value of -48 + 40 was
applied to biogenic carbonates where necessary (Druffel, 1997), and multiple e ages
were obtained where possible at similar stratigraphic contacts in different cores to
duplicate the age constraint.

A Beckman Coulter LS 230 employing the Fraunhofer optical model was used for
particle size analysis, allowing for particle size determination between 0.04 and 2000 um
(Murray, 2002; Eshel et al., 2004). An analysis of bulk sediments was favored over
analysis of individual sedimentary constituents (e.g., carbonates, organic fraction) to
retain a complete signature of environmental processes (Donnelly and Woodruft, 2007;
Donato et al., 2009). Each core was sampled at 5 to 10 mm intervals, each sample of
which was analyzed for particle size distributions. Downcore particle size distributions
(PSDs) were then log transformed (to the phi-scale), interpolated, and plotted as a color
surface plot (Beierle et al., 2002). Interpolated PSDs often allow for better

characterization of subtle changes in downcore grain-size distributions and lithofacies
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than standard particle-size statistics alone (mean, median, mode, standard deviation; van
Hengstum et al., 2007, 2010; Donato et al., 2009; Reinhardt et al., 2010). Lastly, replicate
sediment samples in the resultant lithofacies were inspected with a stereomicroscope (up
to 40X) to determine the presence or absence of microfossils (gastropods, bivalves,
microfossils, etc.).

Sedimentary organic matter (source, quantity, quality) is important to characterize
in phreatic cave sediments because organic matter is often a limiting resource in the dark
cave, and therefore exerts significant environmental control on phreatic caves (Fichez,
1990; Panno et al., 2004; van Hengstum et al., 2009a, 2010; van Hengstum and Scott,
2011). The quantity of sedimentary organic matter (weight %) was estimated in all cores
by loss on ignition at 550°C for 4.5 hours (every sample PSD were measured on). Error
on replicate samples was less than + 2%, which is typical precision for the method (Heiri
et al., 2001). Isotopic (3" Corg) and elemental (C:N) analyses of bulk organic matter were
completed to identify the changes in the dominant source of organic matter through time
from cores 1, 2, 3, 5, and 9 (source and quality, Lamb et al., 2006). Sediment samples
were first subjected to a 10% HCI carbonate digestion for 24 hours, rinsed to neutrality,
then dried and powdered. Stable carbon isotopes were then compared against
international standards, with reproducibility on replicates equal to +0.2%o, and expressed
in the standard delta (0) notation in per mil (%o) against Vienna PeeDee Belemnite
(VPDB). Previous measurements of 513 Corg 1n surface sediment samples collected
throughout Green Bay Cave (n = 74) indicated that two dominant sources for the organics
in Green Bay Cave: terrestrial and/or marine. This sampling survey indicated that the

terrestrial endmember (8X;) was -26.7%o, and that the marine endmember (8X,,,) had a
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value of -16.8%o (van Hengstum and Scott, 2011). As such, the relative contribution (as a
percent) of terrigenous (F,) versus marine (F,,) organic matter in the cave sediment can be
evaluated using traditional isotopic mass balance mixing equations (e.g., Thornton and

McManus, 1994; Vof and Struck, 1997; Ogrinc et al., 2005):

(1) dX =Fp * 80Xy + Fy * 80X,
(2) 1 =F+Fp

3.5 Lithofacies

A total of 5.82 m of core was recovered, originally representing 14.4 m of
sediment after an average compaction of 58.5% (Table 3.1). High rates of compaction
were expected because carbonate mud is the dominant sediment, which can have up to
80% porosity (Enos and Sawatsky, 1981). All radiocarbon dates are stratigraphically
ordered, and sequentially date correlative lithofacies in the succession. The oldest
radiocarbon date measured is on a Poecilozonites shell (terrestrial gastropod) at the base
of core 5, which is dated to 12.9 ka (Appendix 1). Therefore, the recovered successions
began during the earliest Holocene, and the dates indicate that we recovered the first
succession from a phreatic cave that spans the entire Holocene. Six lithofacies were
defined in the cores based on organic matter quantity (OM wt. %), organic matter source
(613C0rg, C:N) granulometry (PSDs), X-radiographs, and microfossils. In general, a basal
calcite raft lithofacies, which is devoid of microfossils, initiates the cave succession and
passes up into a calcite raft and mud, which contains abundant aquatic microfossils and

fish remains. This is followed by organic-rich diamict and slackwater deposits

112



(microfossil-poor), which are finally succeeded by carbonate mud and shell hash, as
described in detail below.

Table 3.1: Water depth, core recovery, and compaction of push cores.

True

Water Recove . Compaction
Core Depth (m) (m) ™' Thickness (I‘;))
(m)
Cl 18.9 0.74 1.94 61.9
C2 15.8 0.44 1.08 59.3
C3 16.5 0.5 1.7 70.6
C4 12.2 0.23 1.01 77.2
C5 19.5 0.68 1.33 48.9
Co6 10.7 0.42 0.92 54.3
C7 19.6 0.41 0.85 51.8
C8 20.1 0.42 1.29 67.4
C9 19.8 0.657 1.25 48
C10 19.8 0.5 1.34 62.7
Cl1 19.6 0.49 1.09 55
CI12 19.3 0.34 0.62 45.2

1 Basal ~4 cm was observed before falling back into hole.

Error of £0.3 m on depth measurements from gauges.

Note: The cores appear as GBCI in Appendix 1 to denote core 1 in
this table.

3.5.1 Calcite Rafts

This sedimentary unit is dominated by calcite rafts, which are a common
autochthon in caves. Calcite rafts have a distinctive morphology with a completely flat
surface on one side, and calcite rhombohedra on the opposing side (Fig. 3.3). Calcite rafts
precipitate at an air-water interface (puddle, water table) because groundwater is often
carbonate-saturated, and the cave atmosphere is typically pCO,-depressed, resulting in
groundwater off-gassing and precipitation of calcite at the interface (Taylor and Chafetz,
2004; Taylor et al., 2004). This causes the mineral side in contact with the atmosphere to

remain flat (planar), whereas, the downward crystal growth into groundwater occurs on
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the opposite mineral face. Eventually, floating calcite rafts sink when gravitational forces
on the calcite raft overtake surface tension. The calcite raft lithofacies is the coarsest unit
in the recovered strata (mean 433.5 um), and contains the lowest bulk organic matter
content (mean 2.9%). The sedimentary organic matter at the base core 5 is dominantly
derived from terrestrial sources based on the depleted 8'°C,,, values, but some is derived
from marine sources. However, 8" Corg values become increasingly enriched in the upper
part of the unit indicating that another source of organic matter is present (Lamb et al.,
2006). No aquatic invertebrates were observed in the sediment, except the terrestrial
gastropod Poecilozonites that is endemic to Bermuda (Hearty and Olson, 2010). This
confirms that the cave was in the unsaturated zone during deposition of this unit, and that
the calcite raft lithofacies is part of the vadose facies. The entire lithofacies has a
distinctive orange hue, similar to the orange-hued sediment recovered in phreatic Aktun
Ha Cave in Mexico (van Hengstum et al., 2009). Preliminary evidence suggests the
coloring is from matured iron-oxide that precipitated from groundwater either at the time
of cave flooding, or sometime in the Holocene history of the cave (van Hengstum and
Charette, unpublished data; Charette and Sholkovitz, 2002). Further geochemical analysis
and longer term groundwater sampling is required to ascertain the source and timing of

this post-depositional feature.
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Figure 3.3: Scanning electron micrographs of calcite rafts from Green Bay Cave. Note the top,
flat side that was in contact with an atmosphere, versus the bottom side that precipitated in the
groundwater and promoted growth of euhedral calcite crystals.
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Fig. 3.4: Small fish bones recovered from the calcite rafts and mud lithofacies in core 11, which
are older than 7.56 ka. Upper: hemitrich of a soft fin ray fish. Lower: possibly a spinous ray.
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3.5.2 Calcite Rafts And Mud

This lithofacies is thickest in core 5 (12.5 cm), but is also present at the base of
cores 9, 12, 7, and 11. The mean particle size in the lithofacies is 5.4 um, with a mean
organic matter content of 8.4%. The 513 Corg values in core 5 oscillate between
approximately -25%o to -19%o, indicating that the dominant source of organic matter
oscillates between terrestrial and marine sources (Lamb et al., 2006). A fine carbonate
mud matrix in addition to calcite rafts uniquely characterizes this lithofacies, whereas
calcite rafts are the only sedimentary constituents in the basal lithofacies. Abundant
marine microfossils are in the unit, along with brachiopods and bryozoans. The ostracod
Paranesidea sterreri was observed in all cores and the gastropod Caecum caverna was
observed in core 12, both of which are Bermudian cave endemics (Maddocks and Iliffe,
1986; Moolenbeek et al., 1988; Table 3.2). Interestingly, two small fish bones were
recovered from core 11 (47 to 47.5 cm, Fig. 3.4). The calcite rafts and mud lithofacies
that accumulated directly above basement eolianite (cores 12, 7 and 11) also exhibited
basal orange-hued staining, which is likely related to the same unresolved ground-water
derived mechanism affecting the calcite raft lithofacies. The combination of microfossils
and calcite rafts indicates that GBC was a littoral environment during the accumulation of

this unit, and the calcite raft and mud lithofacies is part of the littoral facies.

116



Table 3.2: Arithmetic average for sedimentological and geochemical characteristics in the six
lithofacies.

Granulometry Organic Matter (OM) Geochemistry Fossils
Mean Median Mode Standard Bulk  C:N  §i5c  Percent Percent
(um) (um) (um) Deviation ( OI\(; ) (%0)"rg Terrestrial Marine
wt % OM (F) OM (F
Lithofacies (nm) () )
calcite rafts 433.5 2544 420 436.8 2.9 142 -222 54.2 45.8  Poecilozonites
+09 +£1.7 £33
calcite rafts 5.4 4.7 9.2 3.8 8.4 15.1 -21.8 48.2 51.8 f, sw, o, sp, br, fish bones
and mud +24 +£32 +£28
slackwater 18.6 12.7 233 19.2 21.7 17.8 -259 87.2 12.8  Brackish foraminifera, rare o
+36 +4 +23 Except: f, 0 at tops of cores 1
and 8
diamict 197.8 804 3944 255.1 22.0 29.6 273 98.6 1.4  Brackish foraminifera, rare o
+90 £9.6 =£0.38
shell hash 270.1 98.1 626.8 357.5 5.6 10.5  -19.7 28.9 71.1  f, sw, 0, sp
+1.7 £19 *13
carbonate 9.4 7.7 16.6 7.2 9.7 12.1 -21.1 43.7 56.3 f, sw, o, sp, br, Barbatia
mud +3.1 +1.5 +£1.1 and corralites

Microfossils: serpulid worm tubes (sw), marine foraminifera (f), marine ostracods (o), sponge spicules (sp), brachiopods (br)

Note: C:N and 8"°C_ only completed on cores: 1,2, 3,5, 9.

3.5.3 Diamict

Diamicts are sedimentary units characterized by chaotic, poorly sorted sediments
derived from various sources. Cores close to Cliff Pool Sinkhole contain the diamict
lithofacies in GBC, which is characterized by a poorly-sorted, coarse-grained sediment
matrix (mean 197.8 wm, mean standard deviation 255.1 um) that alternates with
framework-supported cobbles and woody fragments (e.g., core 1: 21-28 cm). The
sediments contain a mean of 22% organic matter, which is 98.6% terrigenous based on
613C0rg mass balance (Table 3.2). Poecilozonites shells are common in core 8 below 30
cm and at the base of core 10, intervals that are characterized by very poorly sorted, broad
particle size distributions (Fig. 3.6). These terrestrial Poecilozonites shells are not in situ
because eustatic sea-level rise flooded the cave passage floor at -20 m below sea level by

~5 ka (Blanchon and Shaw, 1995; Siddall et al., 2003; Toscano and MclIntyre, 2003).
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Aquatic microfossils are rare in the diamict lithofacies in comparison to the calcite
rafts and mud lithofacies (Table 3.2). The brackish foraminifera Physalidia simplex and
Conicospirillina sp. is the most common microfossil, known from oligohaline to
polyhaline Mediterranean and Mexican restricted coastal environments (Usera et al.,
2002; Guillem, 2007; van Hengstum et al., 2008, 2010). We infer that the diamict is part
of the anchialine facies because the cave was in the phreatic zone during its deposition

and dominated by terrestrial sedimentary processes (see introduction).

3.5.4 Slackwater

The slackwater lithofacies is a well-sorted, organic-rich unit (mean 21.7% organic
matter) characterized by silt- to clay-sized particles (mean particle size 18.6 um)
quantified by strongly unimodal grain-size distributions (Fig. 3.4). Organic matter in the
slackwater lithofacies is derived from terrestrial sources based on the depleted 8'°Corg
values, which equates to approximately 87.2% terrestrial sources. By corollary, more
marine organic matter is present in the slackwater lithofacies than the diamict lithofacies,
with mean C:N ratio of 17.8. Fine laminae can be observed in the X-radiograph of C5 (46
to 50 cm) in the slackwater lithofacies (Fig. 3.5), indicating little, if any, bioturbation

occurred during this interval.
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Few microfossils are present in the slackwater lithofacies, which is dominated by
the brackish foraminifers Physalidia simplex, Conicospirillina sp., and a few ostracods.
The tops of cores 1 and 8, however, have abundant saline foraminifera consistent with the
modern anchialine cave assemblage in the surface sediment (Table 3.2, van Hengstum
and Scott, 2011). This indicates that the slackwater lithofacies present at the top of cores
1 and 8 accumulated under different hydrogeologic conditions than those at the other core
sites. The slackwater lithofacies is considered part of the anchialine facies because the
cave was in the phreatic zone during its deposition and dominated by terrestrial

sedimentary processes (see introduction).

3.5.5 Carbonate Mud

A condensed unit of serpulid worm tubes and the bivalve Barbatia domingensis
demarcates the base of the carbonate mud lithofacies, both of which are present
throughout the lithofacies in all cores (Appendix 1, Figs. 3.6, 3.7). A well-sorted
carbonate mud (mean 9.4 um) with a mean of 9.7% organic matter characterizes the unit,
which is easily correlated through the cave system with a strong unimodal PSD in the
coarse clay to fine silt sized-fraction (Fig. 3.6). The lithofacies resembles the modern
surface sediments documented by van Hengstum and Scott (2010) throughout the
majority of GBC. 513 Corg values and the C:N ratio indicate the organic matter in the
carbonate mud lithofacies is dominantly derived from nitrogen-rich marine sources,
estimated as 56.3% from mass balance. Abundant marine microfossils (sponge spicules,
diverse benthic foraminifera, bryozoans, etc.) are present throughout the unit, along with

Barbatia domingensis and brachiopods. Corallites of the Bermudian cave coral
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Coenocyanths goreaui are present only in this lithofacies, which have been previously
documented in the modern environment of GBC (see discussion in Cairns, 2000).
Therefore, the carbonate mud lithofacies is considered part of the submarine facies
because GBC was a phreatic cave during its deposition and dominated by marine
sedimentary processes.

Two interesting minor types of sediment occur within the carbonate mud
lithofacies, specifically at the submarine cave entrance. Firstly, three coarser-grained
(sand) units are present in core 3 at a depth of 12 to 20 cm, each of which is only 1 cm
thick. Secondly, a layer of monospecific, imbricated and articulated lagoonal bivalves
was found in core 6 at ~35 cm deep, which is inconsistent within a context of the
recovered strata from GBC. The PSDs indicate that carbonate mud is the sedimentary
matrix for both of these minor sediment types, suggesting that background environmental

conditions were briefly interrupted by some external event, such as a storm.

3.5.6 Shell Hash

This lithofacies occurs in cores 3, 4 and 5 near the submarine cave entrance to
Harrington Sound. The thickest sequence (13 cm) occurs at the top of core 3. Heavily
fractured and angular lagoonal bivalve shells and debris (e.g., coral fragments) are
abundant in the unit, which is clast-supported with a lagoonal carbonate sand matrix.
Additional shell material includes lagoonal foraminifera, ostracods, bryozoans, and
general shell debris, all of which have been transported into the submarine cave entrance
from the open lagoon (Harrington Sound). The mean 613C0rg values (-19.7%o) and C:N
ratio (10.5) indicate that sedimentary organics are derived from marine sources, which

contain more nitrogen-rich plant tissues (Lamb et al., 2006). The lithofacies is present in
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surface sediment samples from Harrington Sound to the Rat Trap (van Hengstum and
Scott, 2011), which resembles the tops of cores 3, 4 and 5 (Figs. 3.5, 3.6). Therefore, the
shell hash lithofacies is part of the submarine facies because GBC was a phreatic cave

during its deposition and dominated by marine sedimentary processes.
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Figure 3.7: Downcore sedimentological and geochemical variables from cores 5 and 9, which span the
Holocene. Sedimentation rates were calculated only on core 5 because it had the best age control, which
were calculated by linear interpolation between radiocarbon ages.
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3.5.7 Correlation And Age

Nineteen radiocarbon dates from the different cores provide confident age
constraint for the contacts and timing of different sedimentary facies (Fig. 3.8). Only one
radiocarbon date was available for the vadose facies because of the lack of shell or
organic matter recovered in the calcite raft lithofacies. However, one Poecilozonites shell
provides a basal date on the succession dated to 12.9 ka (Index No. 28 - Appendix 1). The
contact between the vadose and littoral facies was dated in cores 5 and 11, providing a
replicate age of ~7.7 ka on biogenic carbonate. The contact between the littoral and
anchialine facies was dated in cores 5, 9, and 11, but the youngest age for the contact was
on core 5 dated to 7.3 ka. We infer that the littoral facies rapidly accumulated in ~400
years, and deposition of the anchialine facies began at 7.3 ka ago. The contact between
the anchialine and submarine facies was dated in three cores (5, 9, and 11), all of which
replicated the result of 1.6 ka. Bivalves from slightly above this contact (1 cm) in core 12
and core 5 (2 cm) replicated a slightly younger result of 1.2 ka, perhaps indicating that
sedimentation rates were low at the onset of the submarine facies. As such, the anchialine
facies accumulated in the center of GBC over 5.7 ka, from 7.3 to 1.6 ka.

The radiocarbon dates also indicate variable sedimentation rates in the succession,
and the presence of condensed horizons (low sedimentation rates) in the anchialine facies.
For example, in core 5, 38—46 cm accumulated in 0.3 ka, whereas 46—50 cm accumulated
in 1.5 ka (Fig. 3.7), based on linear interpolation between radiocarbon ages. Similar
condensed and expanded horizons were found in the anchialine facies in Aktun Ha Cave
(Mexico, van Hengstum et al., 2010). Based on estimates from core 5, the sedimentation

rates for the carbonate mud lithofacies shift from approximately 15 to 40 cm ka™. This
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sedimentation rate is comparable to the changing sedimentation rate for carbonate mud
lithofacies in a Japanese submarine cave (21-42 cm ka™: Omori et al., 2010). Two dates
from the carbonate mud lithofacies at similar positions in the cores 5 and 9 also give
similar ages of ~0.4 ka ago, within radiocarbon uncertainties. The contact below the shell
hash lithofacies is not constrained, but the unit began accumulation after 0.76 ka based on

dated articulated bivalve horizon in core 6.

3.6 Discussion

Ford and Williams (1989) consider cave entrance deposits separate from cave
interior deposits, and organize cave sediments as allogenic or autogenic deposits. This
classification system is limited for comparing both vadose and phreatic sediments within
a context of their depositional environments through geologic time, and limits inter-site
comparability from geographically distributed karst basins. In our view, four main
environments can be observed in coastal cave and karst basins: vadose, littoral,
anchialine, and submarine, which contain spatially variable lithofacies (i.e., from the cave
entrance to interior). This natural organization of cave facies harmonizes the
interpretation of karst basin sediments akin to other coastal environments (e.g., deltas,
lagoons, river systems). This framework is applied to the Holocene successions from
Green Bay Cave, and provides a model for linking the evolution of karst basins under

glacioeustatic sea-level forcing.
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3.6.1 Green Bay Cave (GBC) Evolution
3.6.1.1 GBC Vadose Facies

Green Bay Cave was in the vadose zone at the onset of the calcite raft lithofacies
because at 12.9 ka, eustatic sea level was at approximately -65 m (Blanchon and Shaw,
1995; Siddall et al., 2003), which is far below the cave floor (-21 m). Thus, GBC was in
the vadose (unsaturated) zone above the water table, which allowed a vadose facies to
develop (Fig. 3.8). The vadose facies in GBC is dominated by calcite rafts, which are
unambiguously indicative of standing water in a cave (Taylor and Chafetz, 2004; Taylor
et al., 2004; Kolesar and Riggs, 2007). Standing water, however, was likely transient as
indicated by the lack of aquatic microfossils and low accumulation rate of the lithofacies.
These pools were perhaps derived from meteoric water dripping into the cave, forming
small CaCOs-saturated pools. The calcite raft lithofacies, however, only represents one
possible unit in the GBC vadose facies prior to 7.9 ka (discussed further below, Fig. 3.9).
The open atmosphere within the cave likely allowed Poecilozonites to crawl or wash into
the cave, as has been observed in other Bermudian speleogenetic karst basins in the

vadose zone (Hearty et al., 2004; Hearty and Olson, 2010).
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Figure 3.9: The impact of Holocene eustatic sea-level rise on facies development and
environmental change in Green Bay Cave, Bermuda. Bar below the upper abscissa represents the
only interval when calcite rafts and a marine ecosystem occur synchronously in the cave
sediment.

3.6.1.2 GBC Littoral Facies

Sea level was within GBC to create a littoral cave environment 7.7 ka ago. This is
evidenced by calcite raft precipitation that indicates an air-water interface was in the cave,
coeval with marine microfossils indicative of a permanent aquatic habitat. Calcite rafts
are one of many types of speleothem, which are reputable sea-level indicators and index
points (Harmon et al., 1981; Richards et al., 1994; Vesica et al., 2000; Dutton et al., 2009;

Dorale et al. 2010). The onset of calcite rafts also provides a sea-level index point in GBC
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because they can only form when the water table is in a cave, once the effects of
hydraulic head (gradients) are removed from elevation estimates (e.g., 5-10 mm km™ in
eastern Yucatan: Marin and Perry, 1994). Calcite rafts are currently forming in Mallorcan
littoral caves (Spain), providing a modern analog for Green Bay Cave conditions from 7.9
- 7.6 ka ago (see figs. 9, 11 in Fornds et al., 2009). The presence of the endemic
Bermudian cave ostracod Paranesidea sterreri and gastropod Caecum caverna indicate
that the preserved microfossils are in situ and indicative of an aquatic habitat, and not
merely transported into the passage from the lagoon. The fish bones in core 11 also
suggest a marine ecosystem was present in the cave. Occasional high influx events of
terrigenous organic matter (e.g., eolian, washover) likely caused the alternation between
marine versus terrigenous organic matter preserved in core 5. Based on coeval calcite
rafts and marine microfossils, Green Bay Cave was definitively flooded by Holocene sea-
level rise ~7.7 ka ago, which formed an aquatic littoral cave environment. The floor of
Green Bay Cave is located at —20.7 m below modern sea level, which the sedimentary
evidence indicates was flooded by Holocene sea-level rise at 7.7 ka (Fig. 3.9). The
position and timing of Green Bay flooding by sea-level rise is consistent with estimates of
eustatic sea level rise in early-mid Holocene eustatic sea-level rise (Blanchon and Shaw,
1995; Siddall et al., 2003). Therefore, eustatic sea-level rise forced environmental

evolution in Green Bay Cave System at 7.7 ka from a vadose to littoral cave environment.

3.6.1.3 GBC Anchialine Facies
The anchialine facies in Green Bay Cave is composed of two lithofacies, the
diamict and slackwater, both of which are coeval and dominated by terrestrial sediment

(Table 3.2). Cave diamicts typically form anywhere there is haphazard influx of poorly
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sorted sediment into a cave entrance, or fluvial mass entrainment and re-deposition of
cave sediment (Ford and Williams, 1989; Bosch and White, 2007; White, 2007). In
contrast, slackwater lithofacies are fine-grained sedimentary units typically deposited
distal to cave entrances and composed of clays and silts settling out of suspension (Ford
and Williams, 1989; Bosch and White, 2007). The modern diamict lithofacies in GBC is
at the sediment surface from Cliff Pool Sinkhole down into the cave, which attenuates in
grain-size with increasing distance into the cave (van Hengstum and Scott, 2011). The
modern diamict comprises sandy carbonate sediment, terrestrial plant (from wood to
leaves) and animal remains (gastropod shells to livestock bones), and aquatic debris
(mussel shells, algae, etc., van Hengstum and Scott, 2011). Terrestrial sediments and
organic matter entering GBC at Cliff Pool Sinkhole are the obvious source of the poorly
sorted, terrestrial-dominated diamict lithofacies in cores 1, 8, and 10. The diamict
lithofacies is envisaged as laterally pinching out into the slackwater lithofacies because
coarser grained sediment will be deposited near the sinkhole as bed load, whereas, finer-
grained sediment will be transported further into the cave as suspended load (Ford and
Williams, 1989). This mechanism is consistent with modern sedimentary patterns in GBC
(van Hengstum and Scott, 2011), and explains both (a) the pinching out of the slackwater
lithofacies in the distal successions (e.g., cores 12, 11 and 7), and (b) the attenuation in
the cave of particle size distributions of the diamict lithofacies. Although the slackwater
lithofacies in GBC is dominantly terrigenous, some uncertainty may be introduced to the
613C0rg values from the transport of some fine-grained aquatic-derived organics from Cliff
Pool Sinkhole into the cave (algae, phytoplankton: Schmitter-Soto et al. 2002; Sanchez et

al., 2002; van Hengstum et al., 2010). This is because some lacustrine to brackish aquatic
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organic matter can have similar depleted 613C0rg values as terrigenous plants (Lamb et al.,
2006). However, this is likely a minor process in GBC because of the small size of the
aquatic environment in the sinkhole, and o3 Corg remains a reliable proxy for
differentiating marine versus terrestrial organic matter in coastal environment (e.g., Vof3
and Struck, 1997; Lamb et al., 2006; Kemp et al., 2010). Based on the successions near
Cliff Pool Sinkhole, the anchialine facies is perhaps also at the base of cores 3, 4, and 6,
pre-dating when sea level flooded the entrance to GBC that opens into Harrington Sound.
Intervals of high (versus low) sedimentary influx into the cave (e.g., storminess,
land disturbance, climate-forced precipitation changes) would provide increased (or
decreased) sediment supply into the anchialine cave environment. This is perhaps the
explanation for the variable sedimentation rates and condensed horizons observed in the
anchialine cave facies in core 5 (Fig. 3.7). A similar pattern of condensed versus
expanded horizons were described in the anchialine Aktun Ha Cave (Mexico), which
were also related to changing terrigenous sedimentary influx into sinkholes (cenotes, van

Hengstum et al., 2010).

3.6.1.4 GBC Submarine Facies

Theoretically, saline groundwater will completely flood a cave, or any
speleogenetic karst basin, at some point during sea-level rise, and the predominance of
marine processes will create submarine environments (Stock et al., 1986; van Hengstum
and Scott, 2011). The onset of the carbonate mud lithofacies at 1.65 ka ago indicates the
onset of the submarine cave environment in GBC, when well-oxygenated saline

groundwater began to flood the cave (Fig. 3.9). Based on the onset of carbonate mud
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lithofacies, tidally forced circulation throughout GBC was established by ~1.65 ka. In
open ocean lagoons, carbonate mud deposition is initiated by oceanic circulation, which is
linked to eustatic sea-level rise flooding the lagoon (Gischler, 2003; Zinke et al., 2005).
Brachiopods, Barbatia domingensis, corals, and saline foraminifera also colonize the cave
at 1.65 ka. Barbatia domingensis is an epifaunal suspension feeder ubiquitous in the
modern caves of Bermuda, which is more commonly found attached to cavities in corals
and reefs in Florida, Bermuda and Bonaire, which is also found in lagoonal sediments
(Bretsky, 1967; Logan et al., 1984; Choi and Ginsburg, 1983; Kobluk et al., 1986; Sterrer,
1986; see fig. 9 in Zinke et al., 2005). Corallites of Coenocyanthus goreaui are also
present in the carbonate mud lithofacies, which is a cave-adapted coral previously
described from GBC and indicative of an oxygenated marine environment (Cairns, 2000).
The sand horizons indicated by the PSDs in the carbonate mud lithofacies of core 3 likely
relate to storm activity. However, the imbricated, monospecific, articulated bivalves in
core 6 (0.76 ka) are suggestive of an Atlantic tsunami event (Reinhardt et al., 2006;
Donato et al., 2008), but a more extensive coring survey in the cave entrance is needed to
evaluate this hypothesis.

Modern coastal circulation between Harrington Sound and the ocean in Bermuda
has only been achieved in the late Holocene when the sill in Flatt’s Inlet (2.25 m £0.5 m)
was breached by Holocene sea-level rise (Vollbrecht, 1996). Tidally forced saline
groundwater circulation in GBC, which occurs presently (Cate, 2009), is also linked to
this event, because only an isolated marine basin existed in Harrington Sound prior to the
sill being breached. Therefore, the transition to the carbonate lithofacies indicates the
onset of modern circulation between Harrington Sound, the ocean, and GBC because (a)

core lithofacies and surface sediments are equivalent, (b) B. domingensis is a
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paleoenvironmental indicator of circulated marine conditions, and (c) coral only recently
colonized Harrington Sound after it became circulated with North Lagoon (Vollbrect,
1996). Sea level breaching a 2-3 meter sill at 1.6 ka is within analytical error for the
timing of Holocene sea-level rise in Bermuda (Ellison, 1993; Javaux, 1999), and indicates
the change from the anchialine to submarine cave environment was forced by
glacioeustatic sea-level rise. As a consequence, the anchialine facies laterally back-
stepped towards Cliff Pool Sinkhole, as indicated by diversification of saline microfossils

in a slackwater lithofacies overlying the diamict lithofacies in cores 1 and 8, as previously

discussed (Fig. 3.8).

3.6.2 Spatial-variability In Global Karst Lithofacies

More broadly in global caves during sea-level lowstands, or if a cave is never
flooded by sea level, spatially-variable sedimentary processes will give rise to site-
specific lithofacies (Fig. 3.9, e.g., lacustrine, thalweg, guano, calcite rafts, entrance talus:
Gospodari¢, 1988; Ford and Williams, 1989; Gilbertson et al., 2005; Woodward and
Goldberg, 2001; Bosch and White, 2007; White, 2007). Woodward and Goldberg (2001,
table 3) provide a good summary of the dominant physical sedimentary processes that
generate different vadose lithofacies, which readers are directed to for a more thorough
analysis. An important distinction for vadose facies, however, is that pedogenic processes
are often overprinted if the vadose lithofacies is never flooded by groundwater or sea
level. It may be considered intuitive that the vadose facies comprises spatially variable
lithofacies accumulating in global karst basins in the vadose zone; however, this provides

a necessary framework for considering the entire geologic history of coastal karst basins.
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Karst basin geomorphology and coastal position will likely remain significant
factors influencing the lateral accretion, spatial variability, and vertical development of

lithofacies in littoral environments. With the flooding by sea level and the local

groundwater, permanent water flow through and open-system and aquatic ecosystems are
established in littoral cave environments (Fig. 3.10). As such, sediments entering littoral
cave environments can be eroding into the karst basin from terrestrial or marine sources,
derived from any in situ aquatic ecosystems, or speleogenetic and/or hydrogeologic
precipitates (e.g., calcite rafts). A modern littoral cave environment in Bermuda (Castle
Grotto) is directly open to a lagoon, so waves and storms regularly transport sandy
sediments from the lagoon into the cave. Similar basin morphology describes Blue
Marino Cave, Italy, which opens directly to the ocean and is only partially flooded by sea
level (Adriatic coast, see fig. 1B in Corriero et al., 2000). Attenuating wave action will
therefore influence lateral lithofacies development in littoral caves opening directly to the
ocean, which will not be a factor influencing lithofacies in karst basins protected from the
ocean (e.g., unbreached flank margin caves). For example, Fornos et al. (2009) recovered
terrestrial-influenced lithofacies (among others) from littoral caves set back from the
coastline in Mallorca, with no lagoonal sand lithofacies characteristic of Castle Grotto,
Bermuda. Although not observed in cores, we speculate that a diamict lithofacies was

accumulating near the

Figure 3.10: (Following Page) Conceptual model of glacioeustatic-forced environmental
evolution and facies development in coastal karst basins (caves, sinkholes) during a transgressive
systems tract. Note that the boundary between anchialine and submarine caves in Stage 3 can now
be quantified (see Chapter 2, this dissertation, van Hengstum and Scott, 2011).
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entrances to GBC when it was a littoral cave environment. Therefore, at least four factors
influence the lithofacies that develop in littoral cave environments: coastal position, basin
geomorphology, hydrodynamics, and water source (groundwater versus ocean). However,
when sea level begins to flood a speleogenetic karst basin, all sedimentary units

developing within them can be organized into a littoral facies.

Lateral lithofacies development can also occur in anchialine and submarine cave
environments, although far less research has been conducted on these sedimentary facies.
In the modern environment of the anchialine Aktun Ha Cave (Mexico), the sinkhole is an
aquatic-based lithofacies, which transitions into an entrance diamict in the proximal cave,
which finally transitions into a slackwater lithofacies deeper in the cave (Gabriel et al.,
2009; van Hengstum et al., 2010). In the modern submarine environment in GBC, the
shell hash lithofacies in cores 3, 4 and 6 attenuates into carbonate mud lithofacies deeper
in the cave. The lateral lithofacies development in the submarine Daidokutsu Cave
(Japan), are also comparable to GBC. Herein, a marine-based diamict with cobbles is
accumulating at the cave entrance to Daidokutsu Cave that attenuates into carbonate mud
the cave interior (see fig. 2 in Omori et al., 2010). The accumulation of coarse-grained
sediment at the submarine cave entrance appears largely linked to the influence of waves
and tidal currents, whereas coarse-grained diamicts at the entrance to anchialine caves
appear largely related to gravitational transport of eroded aquatic and terrestrial
sediments. Although more sites are needed to qualify these relationships, it is apparent
that spatially variable lithofacies also develop in anchialine and submarine caves, which

can be organized into the anchialine or submarine facies, respectively.
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3.6.3 Research Applicability of Cave Facies

Vadose facies are extremely valuable in multiple disciplines (e.g., paleoclimate,
paleoanthropology, paleogeography; Woodward and Goldberg, 2001; Courty and
Vallverdu, 2001; Hearty et al., 2004). Karst basins essentially function as sediment traps
that are protected from most subariael erosive processes. Therefore, it is not surprising
that some of the most important paleoanthropologic finds (e.g., hominids and Paleolithic
archaeological sites) are from vadose facies. Fossil records of invertebrates are also
preserved in vadose facies. A 500 ka old vadose diamict lithofacies from Admiral’s Cave
(Bermuda) was used by Hearty and Olson (2010) to re-examine the punctuated theory of
evolution using Poecilozonites shells, a theory originally based on the Bermudian
endemic Poecilozonites. Although not recovered, we speculate a vadose diamict
lithofacies likely accumulated at the base of Cliff Pool Sinkhole in GBC before 7.9 ka
ago, coeval with the calcite raft lithofacies forming in the distal cave (core 5). In a Florida
karst sinkhole, Hansen et al. (2001) recovered a late Pliocene (~2.8 to 1.8 Ma) succession
preserving a regional palynological record that accumulated during a eustatic sea-level
lowstand. Lastly, the geochemical signals preserved in vadose facies also contain also
provide paleoclimate records (Panno et al., 2004; Polk et al., 2007; Wurster et al., 2008).
It is well understood that cave sediments from the vadose zone have immense research
value, but the advance presented here is that these separate lithofacies can all be
organized into a greater vadose facies.

Littoral facies from karst basins (caves, sinkholes) appear useful to Quaternary
sea-level research. This is because groundwater and sea level oscillate in synchrony once

the effects of hydraulic head (gradients) are taken into account. In a subaerial
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speleogenetic karst basin (i.e., sinkhole), Gabriel et al. (2009) recovered a Rhizophora
peat lithofacies in the main sinkhole (cenote) of Aktun Ha Cave System (Mexico), which
coincided with sea-level rise in the Yucatan karst platform. More distally positioned in a
cave, co-stratigraphic calcite rafts and mud lithofacies in Green Bay Cave demarcate sea
level flooding the cave floor at 7.9 ka (previously discussed). In a fossil example, littoral
cave deposits preserved in small, elevated (+ 21 m) caves in Bermuda have been
attributed to a co-stratigraphic position of sea level during Marine Isotope Stage 11
(Olson and Hearty, 2009; van Hengstum et al., 2009b). Importantly, these examples
indicate that the applicability of the littoral facies to Quaternary sea-level research is quite
promising.

Different anchialine facies have been successfully used in Quaternary Science
(paleoclimate, paleohydrogeology, and paleoecology). Steadman et al. (2007) used
sediments that can be described as an entrance diamict lithofacies from Sawmill Sink
(Abaco, Bahamas) to reconstruct the paleoecology of the Pleistocene terrestrial landscape
in the Bahamas, although the owl roost is part of a vadose facies. Although not originally
identified as such, the slackwater lithofacies accumulated in Aktun Ha Cave (Mexico)
records the paleoclimate influences on the eastern Yucatan meteoric lens (van Hengstum
et al., 2010). Lastly, Alverez Zarikian et al. (2005) used ostracod paleoecology and
88 Ocar, to reconstruct long-term paleohydrogeological and paleoclimate changes in a
sediment core recovered from Little Salt Spring (Florida), beginning with synchronous
rise of the meteoric lens (local aquifer) and eustatic sea-level rise in the mid-Holocene,
and eventual flooding of the sinkhole. When utilizing anchialine facies in

paleoenvironmental research, it remains important to disentangle the effects of
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hydrogeology versus climate on investigated proxies (sediments, microfossils; e.g.,
Alverez Zarikian et al., 2005; van Hengstum et al., 2010).

Only recently have submarine facies been explored for paleoclimate and/or
paleoceanographic records. In the most complete example, a 7000-year
paleoceanographic record of the East China Sea was obtained from Daidokutsu Cave
(Japan, Yamamoto et al., 2010). Daidokutsu Cave is a submarine cave located offshore in
a fore reef slope that is tidally circulated with the ocean water (Kitamura et al., 2007;
Yamamoto et al., 2008, 2010). This allows microfossils preserved in the carbonate mud
lithofacies to record oceanic conditions over Holocene time scales. Inland karst basins
that are submarine environments can also preserve paleoclimate records if the saline
groundwater mass flooding the karst basin is circulated with the ocean (Chapter 6, this
dissertation). Because Walsingham Cave (Bermuda) is circulated with the ocean, this
allowed van Hengstum (Chapter 6, this dissertation) to reconstruct the late Holocene
paleoclimate of Bermuda using 8" 04oram preserved in the carbonate mud lithofacies.
From the limited case studies available, it appears that open-system saline groundwater
circulation is a prerequisite for unbioturbated submarine facies to archive paleoclimate

signals.

3.6.4 Sea level Forces Environmental Evolution in Speleogenetic Karst Basins

After comparing the complete Holocene successions in Green Bay Cave to
sedimentary observations in other global coastal karst basins, we argue that glacioeustatic
sea-level change controls the evolution of karst basins, which in turn effects the
sedimentary deposits that can develop (Fig. 3.9). Overall, the Green Bay Cave succession

is similar to Holocene transgressive sequences in lagoons (e.g., Gischler, 2003; Zinke et

139



al., 2005). However, instead of basal palesols and Rhizophora peat lithofacies observed in
lagoons, Green Bay Cave accumulates calcite raft (vadose facies) followed by calcite
rafts and mud lithofacies (littoral facies), which are loosely the cave-equivalent of
lowstand and intertidal scenarios. During a lowstand, spatially variable sedimentary
environments comprise the vadose facies, which transition to littoral facies when sea level
first floods a carbonate platform (Fig. 3.10). As sea level continues to rise with complex
groundwater relationships, anchialine environments first form that will eventually become
completely submerged submarine facies when a karst platform becomes completely
flooded. In the modern world, ocean blue holes represent the final phase of environmental
development in karst basins, which often have entrances to submarine cave systems (e.g.,
Blue Hole, Belize; Fig. 3.6).

Sea-level change will also impact the ecosystems and organisms capable of living
in a karst basin through time. In Green Bay Cave, the groundwater salinity shifted from
marine, to brackish, and back to marine, which required invertebrates to adapt to
changing hydrogeological conditions (e.g., emigration). Sea-level forced environmental
evolution can also impact megafauna. For example, fossil seal skeletons in Bel Torrente
Cave (Sardinia, Italy) indicate that the cave was likely a Monk Seal calving ground and
nursery ~6.5 ka ago when sea-level was ~10 m lower and Bel Torrente Cave was a littoral
cave environment. Since this time, however, sea-level rise has created the modern
anchialine environment in the distal cave, which is currently not suitable for monk seal
calving due to the lack of sufficient air pockets (De Waele et al., 2009). In contrast, sea-
level regressions will force endemic aquatic cave crustaceans (stygobites) to vertically
migrate as to remain in suitable groundwater habitats, whereas endemic vadose cave

arthropods (troglobites) will expand into new vadose habitats. The true impact of sea-
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level change on the evolution and development of endemic cave fauna and ecosystems
remains yet to be fully appreciated.

A simplified expression of Johannes Walther’s Law of the Correlation of Facies is
that continuous sedimentary facies observed laterally in modern space should equally be
developed in stratigraphic succession (Middleton, 1973)—a principle not demonstrated in
global karst basins. Inherited geomorphology will be the dominant control for the
development of facies in karst speleogenetic basins, but unlimited space for sediments to
accumulate is a prerequisite in the conceptual application of Walther’s Law. This
principle requires that vadose (e.g., Admiral’s Cave), littoral (e.g., Castle Grotto),
submarine (e.g., Green Bay Cave), and anchialine facies and environments (e.g., Deep
Blue Cavern) are equally represented respect to modern sea level and in succession.
Based on the successions in GBC, this principle can be extended to karst basin facies
because all these environments and facies occur in succession as a response to

glacioeustatic sea-level rise.

3.7 Conclusions

The successions recovered from Green Bay Cave, Bermuda, track Holocene sea-
level rise and document all facies and environments in response to glacioeustatic sea-level
rise (vadose, littoral, anchialine, submarine). Through the Holocene transgressive sea-
level cycle, vadose conditions existed in the cave until sea level flooded the cave floor at
~ 7.6 ka to create a littoral cave environment, promoting concurrent calcite raft
precipitation (water table proxy) and a marine benthic habitat. Concurrently rising sea and
groundwater levels eventually flooded Green Bay Cave causing a terrestrially dominated

anchialine environment to develop. Sea-level rise eventually breeched a local sill at 1.65
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ka and initiated (a) coastal circulation between Green Bay Cave, Harrington Sound, and
the open ocean, and (b) submarine cave environments. Post-depositional alteration to the
sediment column also appears plausible from saline groundwater upwelling. The
succession in Green Bay Cave provides an evolutionary model for interpreting sediments
in speleogenetic karst basins (caves, sinkholes) can be interpreted over geologic time

scales.
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4.1 Abstract

Two hypotheses have been proposed to explain the origin of marine isotope stage
(MIS) 11 deposits in small Bermudian caves at +21 m above modern sea level: (1) a +21
m MIS 11 eustatic sea-level highstand, and (2) a MIS 11 mega-tsunami event.
Importantly, the foraminifera reported in these caves have yet to be critically evaluated
within a framework of coastal cave environments. After statistically comparing
foraminifera in modern Bermudian littoral caves and the MIS 11 Calonectris Pocket A
(+21 m cave) to the largest available database of Bermudian coastal foraminifera,
foraminiferal assemblages in modern littoral caves — and Calonectris Pocket A — cannot
be statistically differentiated from lagoons. This observation is expected considering
littoral caves are simply sheltered extensions of a lagoon environment in the littoral zone,
where typical coastal processes (waves, storms) homogenize and rework lagoonal, reefal,
and occasional planktic taxa. Fossil protoconchs of the Bermudian cave stygobite Caecum
caverna were also associated with the foraminifera. These results indicate that the MIS 11
Bermudian caves are fossil littoral caves (breached flank margin caves), where the total
MIS 11 microfossil assemblage is preserving a signature of coeval sea level at +21 m.
Brackish foraminifera (Polysaccammina, Pseudothurammina) and anchialine gastropods
(~95%, >300 individuals) indicate a brackish anchialine habitat developed in the elevated
caves after the prolonged littoral environmental phase. The onset of sea-level regression
following the +21 m highstand would first lower the ancient brackish Ghyben-Herzberg
lens (< 0.5 m) and flood the cave with brackish water, followed by drainage of the cave to
create a permanent vadose environment. These interpretations of the MIS 11 microfossils

(considering both taphonomy and paleoecology) are congruent with the
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micropaleontological, hydrogeological and physical mechanisms influencing modern
Bermudian coastal cave environments. In conclusion, we reject the mega-tsunami
hypothesis, concur with the +21 m MIS 11 eustatic sea-level hypothesis, and reiterate the
need to resolve the disparity between global marine isotopic records and the physical

geologic evidence for sea level during MIS 11.

4.2 Introduction

The proposed MIS 11 (400 ka) +21 m eustatic sea-level highstand has been
debated since geologic evidence was first marshaled by Hearty et al. (1999) and
supported by reports from other widespread localities (Kaufman and Brigham-Grette,
1993; Lundberg and McFarlane, 2002; Roberts et al., 2007). Problems arose when the
physical geologic evidence for a MIS 11 highstand could not be reconciled with marine
stable isotopic or atmospheric CO, records that suggest sea level during MIS 11 should be
homologous to more recent interglacials due to similar oceanic water volumes (i.e., MIS
Se: +4-6 m; Hodell et al., 2000; Karner et al., 2002; Raynaud et al., 2005; Rohling et al.,
2008). The islands of Bermuda are ideally suited for sea-level research, because they have
remained tectonically and glacio-isostatically stable during the Quaternary (Vacher and
Rowe, 1997). To date, Bermudian evidence for the MIS 11 highstand are marine-to-
brackish sediments and fossils in karst caves, exposed in four elevated caves surrounding
Government Quarry: Calonectris (+21.3 m), UGQ4 (+21 m), UGQS5 (+18 m), and the
Land et al. site (~+21; Land et al., 1967; McMurtry et al., 2007). These deposits are
fossiliferous, containing: molluscs, vertebrates, echinoderms, red algae, coral fragments,
and foraminifera. Numerous age determinations (U-series dating on flowstone, amino

acid racemization on Poecilozonites and Glycymeris) from independent laboratories
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confirm an MIS 11 age for the sediments and fossils in question (Hearty and Olson, 2008;
McMurtry et al., 2008; Olson and Hearty, 2009).

Recently, McMurtry et al. (2007) proposed that the sediments were not developed
in situ, but were transported into the caves from lower elevations by a mega-tsunami.
Their arguments are based on: (1) the range of elevations for the deposits, (2) re-
interpretation of isopachous cements as multi-generational and developed in multiple
environments—not solely through speleogenesis, (3) generating additional variable U-
series ages on the calcite flowstone (although still indicating a MIS 11 age for the
sediments), and (4) the occurrence of several species of benthic foraminifera that were
interpreted as having been transported by a mega-tsunami because they are supposedly
atypical of other Bermudian coastal environments (i.e., lagoons, beaches). Arguments for
and against the first three main points have been extensively discussed in publications
debating the mega-tsunami hypothesis (i.e., Hearty and Olson, 2008; McMurtry et al.,
2007, 2008; Olson and Hearty, 2009), however, the foraminifera have until now received
incomplete assessment. The objective of this study is to compare modern Bermudian cave
microfossils to those preserved in the MIS 11 elevated caves. This comparison will test
whether or not the foraminifera found by McMurtry et al. (2007) were transported by
mega-tsunami or if in fact are consistent a MIS 11 sea-level highstand. Without this
analysis, the debate surrounding the origin of sedimentary deposits in the elevated

Bermudian caves is currently incomplete.

4.3 Coastal Cave Environments And Foraminifera
There are several different types of coastal cave environments and habitats that

require consideration before investigating geological remains in caves (Fig. 4.1).
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Importantly, cave environments are not static, but constantly change in response to
external and internal factors, such as ongoing speleogenesis (both phreatic and vadose) or
sea-level change. In coastal carbonate terrain, local hydrogeology is arguably the greatest
ecological control on ecosystems in different coastal cave systems. The groundwater
flooding a cave passage is either part of the Ghyben-Herzberg (GH) lens (fresh to
brackish water) or basal marine groundwater that is intruding from the coast (Vacher,
1988; Whitaker and Smart, 1990). The GH lens contains meteoric water that is flowing
coastward, whereas the basal marine water exhibits more complex subterranean
circulation patterns (Moore et al., 1992; Whitaker and Smart, 1990; Vacher, 1988). The
interface between these two water masses is the halocline or mixing zone, which is (1) a
slightly acidic region, dominantly responsible for phreatic cave dissolution, and (2)
strongly controlled by sea level (see theoretical and practical discussions in: Smart et al.,
1988; Vacher and Rowe, 1997; Schneider and Kruse, 2003). Arising from the strong
environmental gradients between these two separate water masses (salinity, dissolved
oxygen, etc), different aquatic invertebrates have habitats in different passages and areas
of coastal caves, depending upon which water mass is currently saturating a specific cave
passage (e.g., Pohlman et al., 1997).

The Stock et al. (1986) classification of coastal cave environments, and elaborated
on herein, is most frequently used to describe the phreatic (flooded) cave habitats of
modern aquatic cave fauna (stygobites and stygophiles). First, reef caves are void spaces
below modern sea level in modern reef environments. They range in size from small void
spaces to dominant cave passages, and are hydrologically dominated by coastal

oceanography (e.g., Kitamura et al., 2007).
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Figure 4.1: Classification of coastal cave environments. Note that sinkholes are commonly
known as cenotes in Mexico, and this nomenclature is often extended to other global locales.

Anchialine caves have a recognizable terrestrial and marine influence, and typically
intersect (or are within) the Ghyben-Herzberg (GH) lens. Anchialine caves can have
either sub-aerial access through a sinkhole (cenote), or subterranean access by a cave
passage meandering from the basal saline groundwater into the GH lens (Fig. 4.1). In
contrast, submarine caves have entrances that are below sea level, their passages are
completely flooded with saline water, yet they receive active continental influence, not
from the terrestrial surface, but through subterranean saline groundwater circulation (i.e.,
Whitaker and Smart, 1990). These caves retain a significant marine character at their
entrance, and have arguably received the majority of marine ecological attention. Next,
littoral caves occur at sea level in the littoral zone, and are human-accessible from outside
the cave environment. They often contain the air-water interface, which can continue for
some distance into the cave. Within a geologic framework, littoral cave environments can
be sea caves, or breached flank margin caves—where speleogenesis and wave action have
collectively breached a flank margin cave wall. The breaching of a flank margin cave

wall is an important environmental event, as the cave habitat instantly evolves from a
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dark and isolated subterranean void space, to a protected enclosure along a coastline with
physical oceanic communication. Because many flank margin caves form significantly
close to sea level, they have received considerable geologic attention as a Pleistocene sea-
level proxy (Mylroie and Carew, 1990; Labourdette et al., 2007 Mylroie et al., 2008).
This classification of coastal cave environments provides a simplified — yet necessary —
framework for evaluating cave micropaleontological remains, as sea level and
hydrogeological changes will have concomitant impacts on how specific habitats in a
phreatic cave evolve.

An important limitation of this scheme is that not all cave environments are
adequately described sensu stricto by this classification. For example, large solitary
coastal cave systems may contain several types of cave environments; such as Ox Bel Ha
in Mexico that hosts anchialine and submarine environments. Furthermore, other types of
coastal environments can potentially overprint cave habitats, especially when the cave
entrance has evolved into another coastal system (e.g., from a sinkhole into a mangrove
swap or lagoon). This classification scheme also omits the relationships between the
present cave environment and the geologic mechanisms responsible for cave formation.
For example, many modern submarine cave environments are historical former flank
margin caves. Despite these caveats, this classification scheme provides a necessary
environmental framework for understanding the origin of ancient cave deposits.

Benthic foraminifera (unicellular marine to brackish protists) are particularly
important environmental proxies across coastal environments, owing to the excellent
preservation potential of their tests in the sedimentary record, and their ecologic
sensitivity to critical environmental parameters (e.g., pH, dissolved oxygen, temperature).

The sensitivity of foraminifera to salinity has caused specific species to evolve ecological
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niches at specific elevations relative to modern sea level in salt marshes, which is widely
used as an accurate tool for demarcating former sea levels (Scott and Medioli, 1980a,
1978; Scott et al., 1981; Horton and Edwards, 2005). In contrast to their widespread
application in coastal research, there has been very little systematic investigation of
foraminifera in caves. Documentation of foraminifera in subterranean settings is typically
limited to mentioning their sedimentary contribution within the context of a broader

analysis, or just documenting their existence (Fig. 4.2).

|:| Cave entrance () Cave (submarine, anchialine, both proximal and distal passages)
A\ Reef Cave Y Pre-Holocene foraminifera in cave sediment

O Other subterranean setting

= S ] ——50°
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Figure 4.2: Global subterranean locations where foraminifera have been recovered. As reported
by: Birstein and Ljovuschkin (1965), Mikhalevich (1976), Sket and Iliffe (1980), Reiswig (1981),
Rasmussen and Brett (1985), Longly (1986), Proctor and Smart (1991), Novosel et al. (2002),
Javaux and Scott (2003), McMurtry et al. (2007), Kitamura et al. (2007), Denitto et al. (2007),
Lewis and Tichenor (2008), E. Reinhardt (Oman - Pers. Com., 2009), van Hengstum et al. (2008,
2009). Foraminifera have yet to be documented in southern hemisphere coastal cave
environments.
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van Hengstum et al. (2009), however, demonstrated that benthic foraminifera are
capable of discriminating historical vertical displacements of the halocline and GH lens in
coastal cave environments. Microfauna in phreatic caves respond to the evolving cave
habitats caused by sea-level change. Most importantly, euryhaline foraminifera and
testate amoebae can colonize cave passages saturated by the GH lens (fresh to brackish
water), which are different from the marine taxa living below the halocline in the saline
groundwater (Bermuda: Sket and Iliffe, 1980; Javaux, 1999; Mexico: van Hengstum et

al., 2008, 2009).

4.4 Regional Setting

The origin of foraminifera in the MIS 11 elevated Bermudian caves (Calonectris,
UGQ4, UGQS, Land et al. 1967 site) will only be deciphered after they have been
compared with all natural Bermudian coastal environments, including coastal caves (Fig.
4.3A). In 1993 and 1995, over 170 surface sediment samples (upper 5 cm) were collected
from across Bermudian coastal environments: mangroves (Hungry Bay, Mill Share), reefs
(Hog Breaker reefs, Twin Reefs, North Lagoon traverse), lagoons (North Lagoon off
Devonshire dock, Harrington Sound), protected lagoons with peripheral mangroves
(Walsingham Bay, Mangrove Bay), and the entrance to anchialine caves (Leamington
Cave, Walsingham Cave System — entrances: Walsingham and Crystal caverns; Javaux,
1999). All of the sampling sites were typically in one environmental category, except a
transect that was sampled in the North Lagoon (from the lagoon, into the reef). In
addition, two samples were collected in early 2009 from a modern littoral cave. This

sample collection provides the necessary framework to examine the similarity between
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fossil and modern assemblages of Bermudian coastal foraminifera. Based on the mega-
tsunami hypothesis, there should be minimal congruency between the foraminiferal
assemblages in modern Bermudian coastal environments and the foraminiferal

assemblages in the MIS 11 elevated caves (McMurtry et al., 2007).
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Figure 4.3: Surface sediment locations across Bermuda (A) and along the Walsingham Tract (B).
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The MIS 11 fossil caves are all located in the vicinity of Government Quarry,
Bermuda, on the isthmus separating Harrington Sound and Castle Harbor (Fig. 4.3B).
Geologically, this area is commonly referred to as the Walsingham Tract, after the
Walsingham Formation. This limestone bedrock is the oldest and most diagenetically
mature eolianite on Bermuda (Land et al., 1967) and is famous for both vadose and
phreatic caves. Sediment no longer exists in outcrop for either the Land et al. (1967) or
the Calonectris sites, however, representative sediment samples from Calonectris Pocket
A and Pocket B (< 50 cm apart) were obtained from the Smithsonian Institution for
analysis (see Olson and Hearty, 2009 for detailed outcrop descriptions). Wilkinson (2006)
discovered that only very rare foraminifera are preserved in the other elevated MIS 11
caves (UGQ4, UGQS5, Land et al. 1967 site), which are only suitable for a
presence/absence-based interpretation (McMurtry et al., 2007). Although foraminifera
from every cave are unavailable and unsuitable for multivariate statistical treatment, we
re-summarize all the microfossils preserved in the Bermudian MIS 11 cave sediments to

allow for a holistic interpretation of the foraminifera in question.

4.5 Methods

Surface sediment samples (10 cm’, upper 5 cm) were washed over a 63 um sieve,
and approximately 300 foraminifers were wet-enumerated where possible in petri dishes
(Javaux, 1999). Approximately 271 separate taxonomic units were originally identified in
the surface samples, collectively forming the largest available database of Bermudian
coastal foraminifera. For the MIS 11 Calonectris Pockets, only Calonectris Pocket A
contained abundant foraminifera suitable for multivariate statistics analysis, not Pocket B.

However, all foraminifera observed from Calonectris Pocket B were noted for their
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presence, similarly to the other elevated cave sites. Only total assemblages of
foraminifera were considered in this analysis (thanatocoenosis), which includes the bias
introduced by typical taphonomic processes at each sample site, such as coastal re-
working. However, the thanatocoenosis is thought to better characterize average
environmental conditions at a sample locale (Scott and Medioli, 1980b) and allows for the
inclusion of fossil material into a statistical investigation with the modern samples.

After manually entering the original database from Javaux (1999) into a personal
computer, statistically insignificant samples (7 = 25) were omitted from the analysis
(where: <300 individuals were enumerated, abundances of taxonomic units grossly did
not total 100%, insignificant sampling of a separate environmental settings). The original
271 taxonomic units (species) were then amalgamated into genera to smooth any
taxonomic inconsistencies (especially in the miliolid group) and create a more robust
comparison between environments by desensitizing the analysis to micro-environmental
effects within individual ecotopes. Of the original 128 different genera (variables)
identified, 38 genera were deemed statistically insignificant and omitted from the final
multivariate analysis due to the estimated standard error for the genera being greater than
the abundance in all samples (Patterson and Fishbein, 1989). This resulted in a final data
matrix of 102 samples, each with 90 variables. Samples were then compared using a
Euclidean distance coefficient and amalgamated into clusters using Ward’s method of
minimum variance and displayed in an hierarchical dendrogram, using the software
package PAST (Paleontological Statistics, Hammer et al., 2001), which approaches the
method of Fishbein and Patterson (1993). Finally, representative microfossil specimens
from the modern littoral cave and MIS 11 Calonectris Pockets were imaged using

scanning electron microscopy (SEM) to confirm taxonomy, examine shell exteriors, and
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make detailed visual comparisons.

4.6 Results
4.6.1 Modern Bermudian Coastal Foraminifera

The dendrogram produced through the Q-mode cluster analysis indicates five
distinct clusters that are interpreted as different assemblages of coastal foraminifera in
Bermuda: Mangrove Assemblage, Reef Assemblage, Lagoon Assemblage, Anchialine
Cave Assemblage, and the Protected Lagoon Assemblage (Fig. 4.4). Only a brief
overview of these assemblages is provided here, as all the major and subtle ecological and
taxonomic nuances of this dataset are provided in Javaux (1999) and Javaux and Scott
(2003).

The Mangrove Assemblage contains samples from Mill Share and Hungry Bay and
has the lowest diversity of all the assemblages. The dominant genus is Trochammina,
with Polysaccammina, Miliammina, Pseudothurammina, and Discorinopsis present in
lower abundances. The Reef Assemblage is dominated by Homotrema rubrum at Hog
Breaker Reef, Twin Reef, and North Lagoon Reef and has significantly increased
diversity in the miliolid and rotalid groups as compared with the Mangrove Assemblage.
The Reef Assemblage and the Mangrove assemblage are both very well defined by the
cluster analysis, owing largely to the significant overall contribution of Trochammina and
Homotrema to their respective assemblages.

The most diverse samples are in the Lagoon Assemblage, where miliolid genera are
dominant. Samples from Devonshire Dock, Harrington Sound, the modern littoral cave,
Calonectris Pocket A, and two samples from a protected lagoon (Mangrove Bay) are

included in this assemblage. Many characteristic reef (Homotrema, Asterigerina,)
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mangrove (Polysaccammina, Pseudothurammina), and planktic taxa are commonly
encountered in the lagoons, indicating that coastal processes are constantly reworking
foraminiferal tests from across the Bermudian platform. The inclusion of two samples
from a protected lagoon site is therefore not surprising, considering the size of the
database and that locations within a protected lagoon may actually be more comparable to
an open lagoon site, such as the entrances to more open water. The Protected Lagoon
Assemblage contains samples from both Walsingham Bay and Mangrove Bay, which are
protected by mangroves (Rhizophora spp.) around the lagoon periphery. Discorinopsis,
Helenina, Triloculina, and Trochammina are the most dominant genera in the Protected
Lagoon Assemblage, with overall decreased diversity as compared with the open lagoons
(Harrington Sound, North Lagoon). Three mangrove swamp samples are similar to the
Protected Lagoon Assemblage based on the Q-mode cluster analysis (MA-MS2, MA-
HB3, MA-HB4). All of these samples are < 30 cm deep in the water and have increased
abundances of Triloculina oblonga (opportunistic subtidal taxon), Discorinopsis, and
Helenina—common higher-salinity mangrove species. In such shallow settings,
evaporation may cause increased salinity (albeit still euhaline) in smaller pools,
environmentally creating a protected lagoon microenvironment within a larger mangrove

setting.
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Figure 4.4: The dendrogram produced through Q-mode cluster analysis indicates five separate
assemblages of coastal foraminifera in Bermuda. In the Lagoon Assemblage, note the similarity
between the modern littoral cave and Calonectris Pocket A to other lagoon samples. Sample label
prefixes (environment): MA-mangrove, RE-reef, LA-lagoon, AC-anchialine cave, LP-protected
lagoon. Sample label suffixes (locale): HB-Hungry Bay Marsh, H-Harrington Sound lagoon, MS-
Mill Share, N-North Lagoon traverse, MB-Mangrove Bay, HB-Hog Breaker Reef, T-Twin Reef,
D-Devonshire dock, C-Crystal Cave, L-Leamington Cave, W-Walsingham Cave, W-Walsingham
Bay.
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The Anchialine Cave Assemblage is best characterized by elevated abundances of
Spirophthalmidium sp., a taxon that is rarely encountered (< 1%) outside the phreatic
cave environment (Javaux, 1999). Five samples from outside the cave environment (LA-
H16, LA-H17, LA-H18, LA-H6, MA-M23) are most similar to Bermudian anchialine
cave samples, all which have the highest abundances of Ammonia in the whole database.
This preliminary investigation of Bermudian phreatic caves was limited to only the
entrances of the larger subterranean cave systems, and did not sample through the full
range of environmental variables that exist in a phreatic cave (light gradients, salinity
gradients, etc.). This factor explains why the anchialine cave samples share similarity to
other open water sample locales. However, this limited sampling of the anchialine caves
recovered different living foraminifera in the brackish GH lens than in marine conditions
below the halocline (based on rose Bengal staining, Javaux, 1999). Polysaccammina and
Pseudothurammina were found living in the brackish GH lens, although only in samples
requiring omission from multivariate statistics because insufficient individuals were
originally counted in those samples (Javaux, 1999). These species are diagnostic brackish
taxa and only form small populations in marshes, brackish ponds, and the GH lens in
Bermuda and Mexico (van Hengstum et al., 2008; Roe and Patterson, 2006; Javaux and
Scott, 2003; Scott, 1976). However, despite the removal of these samples from the
database, typical marsh foraminifera 7rochammina, Polysaccammina, and
Pseudothurammina are living in the modern GH lens in the Walsingham Tract (< 30 cm
thick GH lens - Iliffe et al., 1983; Javaux, 1999). Below the halocline in full marine
salinity, typical lagoon taxa fauna are living (Quinqueloculina, Rosalina, Triloculina).

Lastly, minor abundances of reef, lagoon, and planktic foraminifera are present at the
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sediment-water interface in the anchialine caves. Archaias angulatus and Articulina tests
were often fractured, and edge rounding and abrasion were common on Amphistegina and
Asterigerina tests. Furthermore, Homotrema rubrum, a diagnostic reef taxon, was found
inland within the cavern of Walsingham Cave, several hundred meters away from the
modern coastline, and several kilometers from the reef. The absence of rose Bengal
staining indicates these taxa are not living in modern anchialine caves (Javaux, 1999).
Their transport into the cave is attributed to typical coastal processes (waves, hurricanes)
reworking these taxa from adjacent coastal environments into the caves.

Most relevant to this study is that neither the samples from the modern littoral cave,
nor samples from Calonectris Pocket A, can be statistically differentiated from the
modern lagoon based on foraminifera alone. The modern littoral cave samples are
statistically most similar to samples collected from Harrington Sound lagoon and the
North Lagoon (sample sites off Devonshire dock). Fractured, dead specimens of Archaias
angulated and Articulina mucronata were present in the modern littoral cave, along with
reef taxa Amphistegina lessoni and Asterigerina carinata. Therefore, typical coastal
processes (waves and storms) are responsible for transporting material from the reefs and
lagoons into the modern littoral cave, demonstrating how littoral caves act as mere
sheltered extensions of lagoons with respect to foraminifera. Typical coastal foraminifera
dominated the modern littoral cave assemblage (Quinqueloculina, Triloculina, other
rotalids), with lower abundances of Textularia agglutinans and stygophilic ostracods
(Loxoconcha oculocrista, Paranesidea sterreri). However, the modern littoral cave is also
the habitat for the endemic cave gastropod Caecum caverna—which does not live in
lagoons—and provides a diagnostic paleoenvironmental marker for a phreatic cave. Many

foraminiferal tests have surficial pitting (Plate 1 - M3, M7, M9, M12), not a surprising

159



characteristic because mildly acidic conditions can occur in littoral caves from the mixing
of meteoric water in the GH lens with saline marine water (Smart et al., 1988; Mylroie et

al., 2008).

4.6.2 Microfossils In MIS 11 Caves

Microfossils preserved in the sediment of MIS 11 Calonectris Pockets included
foraminifera, rare ostracods, and rare bryozoan fragments (Fig. 4.5). Statistically
insignificant quantities of foraminifera were preserved in Calonectris Pocket B, but
typical coastal taxa were observed, including: Amphistegina, a sole fractured specimen of
Archaias, Asterigerina, Bolivina, Quinqueloculina, Rosalina, and Triloculina (Table 4.1).
Ostracods and other microfossil remains were absent from Pocket B. In contrast, a high
abundance of foraminifera (~832 cm™) were preserved in Pocket A, including all the taxa
from Pocket B, except Archaias angulatus, as well as a two planktic foraminifers. The
only agglutinated taxon recovered from the Calonectris site was Textularia agglutinans
(Fig. 4.5 — F10). After examining Calonectris foraminifera with SEM, several tests
contained fractured chambers (Fig. 4.5 — F5, F10) as well as dissolution pitting (Fig. 4.5 —
F7)—characteristics also observed in foraminiferal tests from the modern littoral cave
(M9, M12). Secondary calcite overgrowth was also observed on the foraminifer tests

(Fig. 4.5 — F8), and on the interior of ostracod valves.
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Fossil Littoral Cave

Figure 4.5: A comparison of MIS 11 littoral cave (Calonectris) microfossils (top half) to the
microfossils in the modern littoral cave (bottom half). Foraminifera: F1, M1: Abditodentrix
rhomboidalis (Millett) 1899; F2, M2: Articulina spp. (d’Orbigny) 1826; F3, M3: Articulina
mexicana Cushman 1944a; F4, M4: Bolivina variabilis (Williamson) 1858; F5, M5: Miliolinella
subrotunda (Montagu) 1803; F6, M6: Pyrgo elongata d’Orbigny 1826; F7, M7: Quinqueloculina
candeiana d’Orbigny 1839a; F8, M8: Quinqueloculina poeyana d’Orbigny 1839a; F9, M9:

161



Rosalina subaraucana (Cushman) 1922; F10, M10: Spiroloculina antillarum d’Orbigny 1839;
F11, M11: Textularia agglutinans d’Orbigny 1839a; F12, M12: Triloculina carinata d’Orbigny
1839a; F13, M13: Triloculina oblonga (Montagu) 1803. Ostracods: F14, M14: Loxoconcha
oculocrista Teeter 1975; F15, M15: Paranesidea sterreri Maddocks and Iliffe, 1986. Troglobytic
gastropod: F16, M16: Caecum caverna Moolenbeek, Faber, and lliffe, 1988. Bryozoan fragment:
F17, M17. Scale bars represent 50 wm.

Additionally, all of the foraminifera documented from the Calonectris Pockets also are
present in modern Bermudian caves (Table 4.1). Pocket A also contained the ostracods
Loxoconcha oculocrista and Paranesidea sterreri (articulated and disarticulated
specimens), which are common taxa in modern Bermudian anchialine and littoral caves,
and capable of withstanding mesohaline conditions (5 — 18 ppt, Maddocks and Iliffe,
1986). Notably, the genus Loxoconcha especially favors littoral environments (Van
Morkhoven, 1963). Finally, two specimens of the gastropod Caecum caverna were found
in Calonectris Pocket A, a protoconch (Fig. 4.5 — F16) and a protoconch with part of the
secondary growth stage attached. This gastropod is an aquatic, Bermudian endemic cave
taxon (stygobite) that can tolerate salinity from 20 — 35 ppt (Moolenbeek et al., 1988).
The recovery of this taxon is significant by providing strong evidence that Calonectris
Pockets were once phreatic cave environments.

Foraminifera preserved in the other Bermudian MIS 11 caves (UGQ5, UGQ4, Land
et al. 1967 site) were previously presented by McMurtry et al. (2007). The only taxon
preserved in all the MIS 11 caves is the robust foraminifer Amphistegina lessoni. The
Land et al. (1967) site (+21 m) is the most diverse, containing a planktic foraminifer,
reworked Homotrema rubrum fragments, Gypsina sp., Quinqueloculina spp., and very

rare Archaias, Asterigerina, Textularia, Polysaccammina, and
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Modern MIS 11
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Anchialine
Littoral

C. Pocket A
C. Pocket B
UGQ4
Land site
UGQ5

Stygobites

Caecum caverna (gastropod)
Stygophiles
Abditodentrix rhomboidalis
Bolivina spp.
Cibicides sp.
Cymbaloporetta squamosa
Milionella subrotunda
Hoeglundina c f. elegans
Quinqueloculina candeiana
Quinqueloculina lamarckiana
Quinqueloculina poeyana
Quinqueloculina seminulum
Quinqueloculina vugaris

Quinqueloculina spp.

Planorbulina sp.

Pyrgo elongata

Pyrgo subsphaerica
Polysaccammina ipohalina
Pseudothurammina limnetis
Reophax sp.

Rosalina spp.

Spiroloculina antillarum
Textularia agglutinans
Triloculina carinata
Triloculina oblonga
Triloculina spp.

Loxoconcha sp.

Paranesidea sterreri

Bryozoan fragments

Transported

Amphistegina lessoni
Archaias angulatus
Articulina spp.

Articulina pacifica

Asterigerina carinata

Gypsina vesicularis

Homotrema rubrum

Planktic foraminifera

Coral fragments [ ]

Table 4.1: Shared microfossils between the MIS 11 deposits and modern cave environments.
Data for UGQS5 (+18 m), UGQ4 (+21 m), and the Land et al., (1967) site (~+21 m) from
Wilkinson (2006).
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Pseudothurammina. UGQS5 (+18 m) contained only Gypsina, Quinqueloculina, and
reworked Homotrema rubrum. In contrast to the other MIS 11 caves, where typically
several taxa are preserved, only one taxon was preserved in UGQ4 (+21 m; Amphistegina
lessoni). The lack of diversity preserved in UGQ4 is not surprising, as neither diverse nor
abundant microfossils were preserved in Calonectris Pocket B, which is < 50 cm away
from the abundant assemblages in Calonectris Pocket A. Considering subterranean
geochemical processes are not spatially or temporally constant in vadose cave
environments, the differential preservation of microfossils between caves sites likely
reflects the different taphonomic history endured by microfossils in different cave locales.
Importantly, all the microfossils preserved in the MIS 11-aged sediments are deposited or

living in modern Bermudian cave environments (Table 4.1).

4.7 Discussion: Sea level Or Mega-tsunami?

Based on several independent lines of micropaleontological evidence, we must
reject the mega-tsunami hypothesis because the MIS 11 foraminifera in the elevated
Bermudian caves cannot be attributed solely to a mega-tsunami event. Diverse
foraminifera from coastal and pelagic sources are known to characterize modern tsunami
deposits (Hawkes et al., 2007). However, Hawkes et al. (2007) were able to statistically
differentiate a tsunami foraminiferal assemblage from background foraminiferal
assemblages in different coastal environments, across a spatially extensive area, from the
same tsunami (2004 Indian Ocean event). In contrast, the MIS 11 foraminifera from

Calonectris Pocket A are statistically similar to the expected background microfossil
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assemblage in a littoral cave environment. Bermudian paleotopography during a +21 m
sea-level highstand would have just been several small emergent islands with a shoreline
quite proximal (< 50 m, Fig. 4.3) to entrance(s) of the Government Quarry caves, where
typical wave and storm activity cannot be ignored as mechanisms for transporting robust
calcite grains (reef foraminifera and coral fragments) and pelagic taxa into MIS 11 coastal
caves. Considering the foraminifera preserved in Calonectris Pocket A are most
statistically similar to modern lagoons, and by corollary to modern littoral cave
environments, the vast majority of the foraminifera preserved in Calonectris Pocket A are
interpreted as an in situ MIS 11 littoral cave assemblage (thanatocoenosis). Despite the
lack of statistically significant populations of foraminifera in the other elevated cave sites,
all the foraminifera ever recovered in these sites can be accounted for in modern
Bermudian coastal cave environments (Javaux, 1999; Wilkinson, 2006; Table 4.1).
Therefore, we interpret all the Bermudian +21 m caves (UGQ4, UGQS5, Calonectris
Pockets, Land et al. 1967 site) as recording a micropaleotological signature of a co-
stratigraphic sea level — dated to MIS 11.

Morphologically, shell fragmentation and surface dissolution occur equally on
foraminiferal tests from the modern littoral cave and the Calonectris Pockets (Fig. 4.5).
The observed shell fragmentation is taphonomically consistent with shells being reworked
in the littoral zone, and minor acidity is common at the halocline in modern phreatic
caves. This provides supporting evidence for an in situ interpretation of these
foraminiferal assemblages, as opposed to transport by a mega-tsunami. However,
fragmentation can also occur through other transport mechanisms, and acidic conditions
can also occur in vadose caves from percolating environmental acids or organic acids

derived from the breakdown of organic matter. Regardless of the mechanism that
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deposited the microfossils, vadose conditions have occurred in the elevated caves since
the microfossils were emplaced (e.g., MIS 2). During these times, non-spatially
consistent, mildly acidic conditions can help explain the differential preservation of
microfossils between the different Bermudian elevated caves, as robust foraminifer tests
clearly have the greatest preservation potential (Amphistegina — Table 4.1). Therefore,
because the shell taphonomy and the selective preservation of microfossils between the
caves can equally be attributed to phreatic cave (speleogenic) and high-energy (i.e.,
tsunami) environmental histories, these characteristics cannot be used as diagnostic
evidence for either the MIS 11 +21 m highstand or mega-tsunami hypothesis, as
previously argued (McMurtry et al., 2007).

Despite the ambiguous shell characteristics, other micropaleontological evidence
recovered from the elevated Bermudian caves unequivocally supports the interpretation of
in situ phreatic cave environments caused by +21 m sea level. The most convincing
evidence is the recovery of the aquatic gastropod Caecum caverna (stygobite) in
Calonectris Pocket A (Fig. 4.5). Caecum caverna (gastropod) are common in the
sediment of modern Bermudian caves, either solely as the protoconch or with the
secondary growth stage attached (Moolenbeek et al., 1988). Considering only one
specimen was found in the modern littoral cave sediment (Fig. 4.5), the littoral caves are
likely the seaward extension of this stygobite in subterranean environments. However,
they are relatively abundant in Bermudian anchialine caves, possibly reflecting this is
their optimal habitat. The recovery of this stygobite in Calonectris indicates that marine
water once flooded this elevated cave. Littoral and cave-tolerant (stygophiles) ostracods
(Loxoconcha oculocrista and Paranesidea sterreri) were preserved in Calonectris Pocket

A, and Loxoconcha sp. was recovered from the Land et al. (1967) site (Fig. 4.5). These
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ostracods currently live in modern Bermudian coastal cave environments, and suggest the
littoral zone was once present in the elevated caves (Van Morkhoven, 1963; Maddocks
and Iliffe, 1986). Lastly, bryozoan skeletal fragments were present in both the modern
littoral cave and in Calonectris Pocket A. Living bryozoans and their skeletal remains are
quite common in coastal caves, and even stygobitic cave taxa have been described (e.g.,
Silén and Harmelin, 1976). We find it challenging to envisage how a mega-tsunami
coincidently eroded, transported, and deposited (a) cave stygobites, (b) littoral, cave-
adapted ostracods, (c) bryozoans, and (d) an assemblage of foraminifera statistically and
taphonomically consistent with a littoral cave environment, all into elevated caves during
MIS 11. The comprehensive micropaleontological evidence preserved in the elevated
Bermudian caves is consistent with the simple explanation that littoral cave environments
did exist at +21 m in Government Quarry, Bermuda during MIS 11.

Interestingly, Polysaccammina ipohalina and Pseudothurammina limnetis were
preserved in carbonate clasts from archived museum samples belonging to the destroyed
cave of Land et al. (1967; Wilkinson, 2006). This is a surprising recovery in sediments
dated to MIS 11, considering these taxa are individually not significantly abundant in
modern brackish environments (salt marshes, ponds). Furthermore, due to the largely
organic makeup of their tests, these marsh taxa are rarely preserved outside of their usual
anoxic marsh environments because their shells easily oxidize or are consumed by
bacteria. We find it pressing to believe Polysaccammina and Psuedothurammina have
remained taxonomically identifiable since MIS 11 after enduring: mechanical
homogenization in a tsunami, energetic deposition into a vadose cave, subsequent
desiccation—but not oxidation or bacterial consumption, and encasement by calcite

cements. Although common marsh foraminifera have been previously found in tsunami
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deposits (Haplophragmoides, Hawkes et al., 2007), this example was from an open
coastline, not a cave. To our knowledge, there are currently no documented descriptions
of the foraminiferal characteristics of known recent tsunami deposits in caves, providing
no comparative data. Furthermore, if a tsunami entrained Bermudian mangrove or salt
marsh taxa and deposited them into a cave, we would expect to recover Trochammina and
Discorinopsis, which are common Bermudian mangrove genera, similarly to
Haplophragmoides of Hawkes et al. (2007), not coincidently two extremely rare
foraminifers. Therefore, we favor an in situ origin for these fragile marsh foraminifera, as
this interpretation is taphonomically more plausible.

At the onset of sea-level regression following the MIS 11 highstand, the original
littoral cave environments would become saturated by brackish water from the
concomitant vertical lowering of the GH lens (Fig. 4.6). The limited spatial extent of
coeval Bermudian paleotopography likely favored the formation of a very thin GH lens
during MIS 11 (< 0.5 m), analogous to modern hydrogeological conditions along the
modern Walsingham Tract (Iliffe et al., 1983). Considering, the strong control of sea level
on the absolute elevation of a GH lens on small islands (Schneider and Kruse, 2003), an
MIS 11 GH lens <0.5 m thick on Bermuda perched at +21 m also reflects a very similar
eustatic sea-level position (Fig. 4.6). This brackish water would create an anchialine
habitat in the elevated Bermudian caves, which would have been particularly suitable to
Polysaccammina and Psuedothurammina, consistent with modern conditions in
Bermudian coastal caves (Fig. 4.5). The recent documentation of a ~95% anchialine
gastropod assemblage (>300, only ~5% marine individuals) in the Calonectris cave (+21
m) further corroborates the marsh foraminiferal paleoecology where an anchialine

environment developed after a littoral cave environment (Olson and Hearty, 2009).
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Continual sea-level regression would have ultimately drained the elevated caves to create
a vadose cave environment, suitable for the precipitation of speleothem deposits
(flowstone) above the MIS 11 cave sediments, which have been repeatedly dated to late

MIS 11 or early MIS 10 (McMurtry et al., 2008; Olson and Hearty, 2009).

Modern Anchialine Caves Marine Isotope Stage 11 Anchialine Caves
Hydrogeology Foraminifera Simplified Paleoenvironmental Indicators Paleohydrogeology
(lliffe et al., 1983) (Javaux and Scott, 2003) Geology — (McMurtry et al., 2007; Olson and Hearty, 2009) (inferred through
this analysis)
Brackish Indicators ~ Reworked |[Land etal., Calonectris ~ Brackish Indicators ~ Reworked L
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Figure 4.6: Diagrammatic representation of the MIS 11 cave environment (microfossils,
sediments, groundwater, and GH lens) and MIS 11 sea-level position during development of
anchialine environmental conditions. Note the striking similarity between modern and MIS 11
micropaleontological, hydrogeological, and coastal variables in Bermudian coastal caves. Modern
salinity data after Iliffe et al. (1983).
4.8 Conclusions

After comparing modern and fossil Bermudian cave foraminifera, the microfossil
evidence can no longer support the mega-tsunami hypothesis because they are not
unequivocally diagnostic of tsunami. In contrast, the MIS 11 microfossils preserved in the
Bermudian elevated caves provide striking evidence for a MIS 11 +21 m sea-level
highstand, as tectonic and glacio-isostatic sea-level changes are not major geologic
factors contributing to sea-level change in Bermuda. Considering the microfossils within

a taphonomic and paleoecologic framework, we conclude: (1) that the Government

Quarry Caves were indeed MIS 11 coastal cave environments; (2) typical assemblages of
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in situ littoral cave foraminifera developed due to a co-stratigraphic sea level (+21 m);
and (3) sea-level regression following the MIS 11 highstand flooded the caves with a
brackish GH lens — creating a suitable habitat for marsh foraminifera and anchialine
gastropods. These results indicate that modern cave environments cannot be ignored in
any interpretation of sea level or tsunami history in Bermuda, and demonstrate that
foraminifera in coastal cave environments have a wider potential as sea-level markers
than previously appreciated. Although the risk of tsunami events in the Caribbean is
becoming increasingly apparent (Ward and Day, 2001; Teeuw et al., 2009), microfossil
evidence for ancient tsunamis still requires stringent evaluation. Lastly, because the
Bermudian microfossil evidence in the elevated Government Quarry Caves corroborates
the previously presented geologic evidence for a MIS 11 +21 m eustatic sea-level
highstand, we suggest a greater focus on resolving the disparity between global marine

isotopic records and the physical geologic evidence for sea level during MIS 11.
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Chapter 5: North Atlantic Cave Succession Documents Abrupt Eustatic
Sea-level Event At 7.6 ka Ago

Peter J. van Hengstum and David B. Scott

Dalhousie University, Centre for Environmental and Marine Geology

Halifax, Nova Scotia, B3H 4J1, Canada

Note: This manuscript is prepared for a short-style publication venue.
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5.1 Abstract

Evidence for the purported sea-level rise at 7.6 ka ago is needed from tectonically
and glacio-isostatically stable areas like Bermuda. Green Bay Cave, Bermuda, affords the
first underwater cave sedimentary succession spanning the Holocene and documents local
sea-level rise. Calcite rafts precipitate at cave air-water interfaces, and can provide a sea-
level proxy in coastal phreatic caves when an aquatic ecosystem is coeval with calcite raft
formation. Flooding of the -20.7 m cave floor 7.6 ka ago created a littoral cave
environment suitable for benthic foraminifera and calcite raft precipitation. Sea level
reached the cave ceiling elevated to -14.3 m by 7.3 ka ago, causing calcite raft
precipitation to cease, and foraminiferal assemblages document the onset of anchialine
conditions. Finally, sea level breached a local sill at -2.25 m below sea level at 1.65 ka
ago, which initiated the modern submarine cave environment. The timing of the littoral
cave environment provides a robust ‘sea-level window’ for tracking sea-level change, and
indicates a ~6.4 £1.7 m sea-level fluctuation on Bermuda over ~300 years. This result
corroborates global sea-level evidence for an abrupt eustatic sea-level rise at this time,
and is most likely related to final collapse of the Labrador sector of the Laurentide Ice

Sheset.

5.2 Introduction

Bermuda is well suited to investigating sea-level problems because it has
remained tectonically and glacio-isostatically stable over the Quaternary (Vacher and
Rowe, 1997, Olson and Hearty, 2009). Basal brackish peat is a classic proxy for
generating sea-level curves because brackish marshes and mangroves form only at sea

level. Problematically, salt marshes and mangroves only became established in Bermuda
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~5 ka ago (Ellison, 1993, 1996; Javaux, 1999), hindering the availability of basal brackish
peat for sea-level research before this time.

Freshwater peat is widely available in the Holocene stratigraphic record of
Bermuda, which has been used to generate sea-level curves (e.g., Redfield, 1967;
Neumann, 1971; Vollbrect, 1996). However, this proxy is a maximum sea-level proxy
only, meaning that sea-level curves using freshwater peat are unreliable for discerning
rapid sea-level changes. For example, Blanchon and Shaw (1995) documented reef
drowning in the Caribbean Sea at 7.6 + 0.1 ka ago due to an abrupt 6.5 £ 2.5 m eustatic
sea-level rise. Debate ensued regarding this event when other Caribbean and Pacific coral
data were used to challenge this hypothesis (Hubbard et al., 1997; Bard et al. 1996;
Toscano and Lundberg, 1998), but recent evidence from the Red Sea, Swedish Baltic Sea,
and elsewhere has drawn renewed attention to a eustatic event at 7.6 ka (i.e., Siddall et al.,
2003; Yu et al., 2007; Bird et al., 2010). Such a eustatic sea-level event would have
impacted Bermuda, but sea-level proxies other than basal peat is needed to test the
hypothesis in Bermuda.

Here we present robust evidence (sedimentologic, geochemical, microfossil) for
the rapid flooding of Green Bay Cave (GBC) at 7.6 ka ago, an underwater cave in
Bermuda (Fig. 5.1). Underwater caves provide independent accommodation space for
sediments and aquatic ecosystems that can archive sea-level changes. Quaternary sea-
level oscillations have repeatedly flooded and drained speleogenetic karst basins (caves,
sinkholes) because sea and groundwater levels oscillate in synchrony (van Hengstum et
al., 2009a,b). During a relative sea-level rise, coastal caves transition through vadose,

littoral, anchialine, and finally into submarine caves, leaving a unique signature of each
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phase in the sediment record (reviewed in: van Hengstum et al., 2009b; van Hengstum

and Scott, 2011; Chapter 5).
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Figure 5.1: Location of Green Bay Cave and marsh sampling sites from the literature.

Importantly, a littoral cave environment is created when sea level (adjusted for
groundwater hydraulic head) is within a cave passage creating conditions suitable for
aquatic invertebrates and calcite raft precipitation. Calcite rafts are a common
morphology of microcrystalline calcite that precipitate at air-water interfaces in caves
(Fig. 5.2, Taylor and Chafetz, 2004). When found in the sediment record, calcite rafts
provide diagnostic evidence for a paleo-water table. Our approach employs using calcite
rafts and marine microfossils to bracket the littoral cave environment phase in GBC,

thereby tracking sea-level flooding of the cave. Considering the ubiquity of karst
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platforms and caves in tropical and subtropical basins, this approach opens new avenues

for precisely tracking global sea-level change.
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Figure 5.2: Scanning electron micrographs of calcite rafts from GBC, with annotations to explain
conditions of formation.
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5.3 Study Area And Methods

The Holocene flooding history of GBC, located on the northwest coast of
Harrington Sound, was reconstructed using sedimentology, micro- and macrofossils,
stable carbon isotopes (613C0rg) and radiocarbon dating. GBC consists of an anastomosing

network of passages with an anchialine sinkhole entrance and a submarine cave entrance

176



opening into Harrington Sound. Ocean water from Harrington Sound flows into the cave
under tidal-forcing (1.5 m s at peak flow, Cate, 2009), which becomes slow moving
saline groundwater under the karst platform in the cave interior. Four sediment cores were
obtained from GBC using self-contained underwater breathing apparatus (SCUBA) and
numerous levels were dated with '*C, which indicated complete recovery of a Holocene
succession (13 ka ago to present, Fig. 5.3). After examining stratigraphic and faunal
successions throughout GBC, it is evident that these cores were not impacted by waves or
tidal currents and represent in situ sedimentation and ecosystems (Chapter 4).
Paleoecological analyses with foraminifera were completed on the most expanded records
in cores 5 and 9 to serve as independent proxies of salinity and hydrogeologic circulation
(van Hengstum and Scott, 2011). Foraminifera were concentrated by wet sieving (~1.25
cm’) sediment samples (0.5 to 1 cm interval) over a 45 pm mesh, every 1 - 2 cm
downcore. Taxa were identified and counted wet in petri dishes (van Hengstum and Scott,
2011) to achieve a census of >300 per sample, to provide a reasonable standard error on
dominant taxa (Patterson and Fishbein, 1989; Fatela and Taborda, 2002).

Two original data matrices of foraminiferal counts were produced for cores 5 and
9, totaling 95 samples and 96 different taxonomic units (observations). However, 31
observations were deemed statistically insignificant because the units are present in only
one sample or because the estimated standard error for the observation was greater than
the relative abundance in all samples (Patterson and Fishbein, 1989; Appendix 6). The
final data matrices (C5: 52 samples x 65 variables, C9: 43 samples x 64 variables) were
then square-root transformed and subjected to stratigraphically constrained Paired Group

Q-mode cluster analysis for biofacies identification.
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Primary productivity in caves is significantly limited due to the lack of light, a
characteristic that causes the quantity and provenance of sedimentary organic matter to be
a dominant abiotic control on cave environments (van Hengstum and Scott, 2011; van
Hengstum et al. 2010; Chapter 4). The quantity of bulk sedimentary organic matter was
estimated downcore by loss on ignition at 550°C for 4.5 hours. Analytical error on
replicates every 5 to 10 cm in all cores was + 2%, which is typical for the method (Heiri
etal., 2001). 513 Corg and C:N were determined on bulk sediments, proxies that provide a
method for determining whether terrestrial or marine sources of organic matter are
entering the cave after applying simple mass balance mixing equations (e.g., Thornton
and McManus, 1994). Samples were first subjected to a 10% HCI carbonate digestion,
rinsed to neutrality, then dried residues were powdered using a mortar and pestle. 8" Corg
measurements are compared against international standards and expressed in the standard
delta (d) notation in per mil (%o) against Vienna PeeDee Belemnite (VPDB).

A framework for local Holocene sea-level rise was developed from published peat
proxies, together with additional marsh peat samples collected for this study (Hungry Bay
Mangrove, Bermuda; Appendix 5). Botanical remains (Ellison, 1996; Vollbrecht, 1996)
or marsh foraminifera (Javaux, 1996; this study) were used to verify the peats were
brackish. All "*C ages (new and previously published) were calibrated using the
radiocarbon curves of Reimer et al. (2009) in Calib 6.0, using a AR = —48 £+ 40 where

appropriate on biogenic carbonates (Druffel, 1997).
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5.4 Results

The succession in GBC can be divided into four separate lithofacies with different
sedimentologic and microfossil characteristics (Fig. 5.3, Table 5.1). The vadose facies
accumulated prior to 7.7 ka ago, which passes up into the littoral facies that accumulated
in ~300 years from 7.7 to 7.3 ka ago. The anchialine facies is the longest duration of 5.7
ka, accumulating from ~7.3 ka to 1.6 ka. Finally, the transition to the submarine facies at
1.6 ka ago represents the onset of the submarine environment in the cave, conditions that

are consistent with modern environmental conditions in GBC (van Hengstum and Scott,

2011).

Table 5.1: Facies characteristics and timing within GBC.

Cave . Origin of Paleontological
. Sediments . .
Facies organic matter remains
1. Vadose calcite rafts terrestrial terrestrial gastropods
>7.7 ka (Poecilozonites)
2. Littoral calcite rafts  terrestrial and All marine: cave gastropods
7.7 -7.3 ka and carbonate marine & ostracods, oligotrophic
mud cave foraminifera, sponges
3. Anchialine fine grained, terrestrial marine fauna passing into
7.3 - 1.6 ka organic rich low diversity brackish
mud foraminifera
4. Submarine fine grained, marine All marine: bivalves, diverse
<l.6 ka carbonate mud foraminifera, cave coral,
sponges
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Figure 5.4 (Preceding page): Micropaleontological, sedimentological, geochemical, and '“C
dates from cores 5 and 9.

5.4.1 Vadose Cave Facies

Calcite rafts dominate the vadose facies, and are post-depositionally coated with
Fe-oxide precipitates from upwelling anoxic saline groundwater. The vadose facies
contain no foraminifera, because the cave was in the vadose zone prior to 7.7 ka
according to regional sea-level estimates (e.g., Blanchon and Shaw, 1995; Toscano and
Mclntyre, 2003), and thus too elevated for marine incursions. The only invertebrate
recovered from the vadose cave facies was the endemic terrestrial gastropod

Poecilozonites, providing a basal "*C age of 13 ka ago.

5.4.2 Littoral Cave Facies

Accumulation of the littoral facies was short-lived from 7.7 — 7.3 ka, based on
radiocarbon-dated microfossils at the stratigraphic contacts in multiple cores. Carbonate
mud provides matrix support to calcite rafts, which contain abundant microfossils,
bryozoans, fish remains, and the Bermudian endemic cave ostracod Paranesidea sterreri
(Maddocks and Iliffe, 1986, Chapter 4). Foraminifera immediately colonized the cave at
7.6 ka, coincident with the onset of the littoral cave facies. Spirophthalmidium emaciatum
(~23%) dominated the facies, accompanied by S. vivipara and T. oblonga (Table 5.1).
Because (a) calcite rafts only form at an air-water interface, and (b) the microfossils
indicate that a marine ecosystem was present, the onset of the littoral facies demarcates

initial flooding of the cave floor by sea-level rise (-20.7 £ 0.3 m) at ~7.7 ka.
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Figure 5.5: Holocene sea-level proxies for Bermuda. Appendix 5 indicates original citation of
peat data, recalibrated for this study. Proxies: green circles are maximum sea-level indicators
from freshwater peat, red circles are brackish peat, red squares are sea-level index points from
basal brackish peat. Vertical uncertainty in brackish peats from the maximum tidal range observed
in Bermuda (+ 1.2 m, Morris et al., 1977).

Spirophthalmidium emaciatum is dominant in modern GBC passages that are most
oligotrophic and hydrogeologically isolated from the ocean (van Hengstum and Scott,
2011), and the GBC littoral cave facies probably represents a similar setting. No basal
brackish peat in Bermuda is dated to the early Holocene, so the elevation of the cave floor
combined with evidence for the onset of the littoral cave facies provides a new sea-level

index point. Water table elevations derived from GBC are co-stratigraphic with sea level
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because negligible vertical error is introduced by small hydraulic gradients on Bermuda in

comparison with sampling errors associated with depth gauges (= 0.3 m).

5.4.3 Anchialine Cave Facies

The anchialine facies consists of the diamict and slackwater lithofacies, which
contain terrigenous sediment (depleted 613C0rg values, high C:N ratio) that entered the
cave from 7.3 to 1.6 ka ago. No calcite rafts are observed in this facies or any thereafter,
indicating that an air-water interface no longer existed in the cave. The oldest basal
brackish peat sea-level index point from Bermuda is —9.9 + 1.2 m dated at 6.9 ka,
followed by two closely positioned index points (—5.5 and 5.4 m below sea level) dated to
5.6 ka (Fig 5.5). Multiple basal brackish peat dates from 0 to 4 ka ago combined with the
other dates confidently place the GBC in the phreatic zone during deposition of the
anchialine facies and thereafter.

Two foraminiferal assemblages (or biofacies) characterize the anchialine facies
(Fig. 5.4). The anchialine 1 biofacies is only present in core 5, likely a result of a
condensed horizon caused by low sedimentary influx into the cave, a known process
characterizing anchialine cave facies elsewhere (van Hengstum et al., 2010). A lower
diversity assemblage with S. emaciatum and M. simplex dominates the biofacies,
indicating normal salinity conditions that are less ecologically favorable to foraminifera
in comparison with the littoral biofacies.

Impoverished foraminifera characterize the anchialine 2 biofacies, which is
dominated by the brackish water indicators Physalidia simplex (57%) and
Conicospirillina sp. (Guillem, 2007; van Hengstum et al., 2008, 2010). Data is currently

sparse regarding the modern ecology of either Physalidia simplex of Conicospirillina sp..
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In the most important study to date on these taxa, Guillem (2007) sampled living and
dead benthic foraminifera living in Cabanes-Torreblanca Coastal Lagoon (Spain). This
site is a grouping of shallow coastal ponds ranging in salinity from 6.6 to 13.4 ppt, which
were excavated in a salt marsh for peat extraction. The eight sites sampled over a 12
month period contained abundant living and dead salt marsh foraminifera, including
Trochammina inflata, T. macrescens, and Haplophragmoides (Guillem, 2007). However,
the perennial ponds also contained abundant P. simplex (dead and stained) and to a lesser
extent Conicospirillina sp., which were most abundant in the higher-salinity sampling
sites (salinity >9 ppt, Guillem, 2007). Physalidia simplex was also present (stained) in the
most polyhaline pond (13 ppt) in August 1993, when seasonal suboxic conditions
characterized the benthic water mass (1.12 mL/L). Elsewhere, van Hengstum et al. (2008)
found rose Bengal stained P. simplex in oligohaline cenotes (sinkholes) in Mexico,
however, Conicospirillina sp. was not documented. Rose Bengal-stained P. simplex was
also encountered in Aktun Ha Cave System (salinity 1.5 ppt; van Hengstum et al., 2009a),
and in the cavern of Maya Blue Cave (salinity 1.9 ppt, van Hengstum and Reinhardt,
unpublished data). The modern ecological evidence indicates that P. simplex occupies at
least low oligohaline to polyhaline habitats, and appears unaffected by suboxia, whereas,
Conicospirillina sp. colonizes at least polyhaline habitats. Therefore, the anchialine 2
biofacies indicates very brackish conditions persisted in Green Bay Cave from ~4.1 to 1.6
ka with possible intermittent dysoxia, likely from a paleo-mixing zone developed between

saline groundwater and a paleometeoric lens.
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5.4.4 Submarine Cave Facies

Accumulation of the submarine cave facies began at 1.6 ka ago, indicated by
carbonate mud and marine organic matter deposition with colonization by Barbatia
domingensis (mussel), juvenile corals, brachiopods, and saline microfossils. The rapid
change in the cave to marine conditions (from brackish) at 1.6 ka ago can be attributed to
sea level breaching the sill located in Flatts Inlet (-2.25 £ 0.75 m). This caused open
circulation between Harrington Sound and the ocean, allowed Oculina coral to colonize
Harrington Sound (Vollbrecht, 1996), and the onset of tidally forced saline groundwater
circulation in GBC. The sill elevation and timing of its breaching are consistent with local
sea-level estimates derived from basal brackish peats.

Foraminiferal diversity rapidly increased at 1.65 ka ago to form the submarine
cave 1 biofacies, dominated by bolivinids and R. arctica. This biofacies passes up into the
submarine cave 2 biofacies that is dominated by fauna of S. emaciatum and T. oblonga,
which characterizes surface assemblages at the core sites (van Hengstum and Scott,
2011). The foraminiferal change indicates an immediate shift to normal marine conditions
favoring increased foraminiferal diversity. Submarine biofacies 1 comprises
predominantly opportunists and detritivores (Bolivinia, Trochammina, Reophax: Murray,
20006) that initially colonized the cave during the submarine cave 2 biofacies. The
transition from the submarine 1 to submarine 2 biofacies is interpreted ecological
succession in the cave as nutrients were continually supplied to the site from tidally

forced hydrogeologic circulation.
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5.5 Discussion And Conclusions

We argue that the succession from GBC provides a robust flooding history in
response to Holocene sea-level rise, consistent with available basal brackish peat proxies.
Earlier than 6.9 ka ago, however, the cave succession provides the only available sea-
level index points on Bermuda. Sea level was within the cave passage during deposition
of the littoral cave facies because: (1) calcite rafts precipitated at a paleo-water table, and
(2) a marine ecosystem provided habitat to diverse microfossils. Based on this evidence,
sea level flooded the cave floor (—20.7 = 0.3 m) at 7.7 ka ago (Fig. 5.5).

The elevation of the cave ceiling combined with the stratigraphic evidence can be
used to obtain a second sea-level index point. The stratigraphic contact between the
littoral and anchialine facies dates the time when the water level reached the cave ceiling
and calcite rafts could no longer form. However, extracting a precise sea level index point
for a cave ceiling is hampered by irregularity in ceiling height. There is very little lateral
transport of calcite rafts in modern cave passages due to negligible saline groundwater
currents in the distal cave (van Hengstum and Scott, 2011), so we assume the calcite rafts
formed in the immediate vicinity, if not above, the core sites in GBC. Above core 5 where
the transition from the littoral to anchialine facies is well constrained, the ceiling
elevation ranged from -13.1 to -15.5 m ( 0.3 m), which provides a conservative estimate
for an upper sea level index point at -14.3 m = 1.5 m. Therefore, based on ~400 yrs for
the littoral facies to form while the cave was flooding — from floor to ceiling — there was
an abrupt 6.4 £ 1.7 m sea-level rise in Bermuda between 7.7 and 7.3 ka ago.

A eustatic event is the likely explanation for the rapid flooding of GBC because
Bermuda has remained tectonically and glacio-isostatically stable over the Holocene.

Some argue that Bermuda has been slowly subsiding (Vogt and Jung, 2007), with
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estimated subsidence rates of 0.6 to 1.2 cm ky™' (Liu and Chase, 1989). This maximum
estimated rate, however, can only account for a maximum of ~15 cm of relative sea-level
change over the whole Holocene, and insufficient to explain the ~6.4 m rise documented
in the cave succession.

Bermudian estimates for the 7.7 ka event are similar to: (a) Caribbean coral
drowning events (6.5 £ 2.5 m, 7.6 ka: Blanchon and Shaw, 1995); (b) Cayman Island tidal
notch (-18.5 m) and reef drowning (7.6 ka, Blanchon et al., 2002); (c) North Sea coast (~4
m, 7.9-7.6 ka: Behre, 2007), (d) Baltic Sea (~6 m, 8.0-7.7 ka: Lemke, 2004); (¢) Sweedish
silled basins (~4.5 m, 7.6 ka, Yu et al., 2007); (f) rapid sea-level rises in the Red Sea
(Siddall et al., 2003), Sunda Shelf (Bird et al., 2010) and western Australia (Larcomb et
al., 1995). The regional variability has been attributed to localized tectonics or isostasy
(Yu et al., 2007), which likely acted in concert to amplify apparent sea-level rise along
eastern North America (e.g., >10 m in Maine, 7.5-6.5 ka ago: Kelley et al., 2010).

Final demise of the Laurentide Ice Sheet (LIS) remains the probable source of
water for the 7.7 ka event. The LIS contributed 9.2 + 1.1 m of sea-level rise after 8.5 ka
BP over the following 1.7 ka (Carlson et al., 2008) from accelerated retreat and melting of
a ~600 km remnant of the Labrador ice sheet occurred at ~7.6-6.8 ka (Carlson et al.,
2007). In Bermuda, rates of sea level rise of 1.6 cm yr”' can be estimated from a 6.4 m
sea-level jump in ~400 years. These rates are higher than those indirectly estimated by
Carlson et al., (2008) from 8'*0 on planktic foraminifera from the Labrador Sea (~1 cm
yr'"), but are consistent with direct evidence for sea-level forced drowning of Caribbean
reefs at 7.6 ka (>1.4 cm yr'': Blanchon and Shaw, 1995) and preclusion of mangrove

development in Bermuda prior to 6.5 ka ago (> 1.2 cm yr'': Ellison, 1993).
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Dating the flooding history of an underwater cave in Bermuda provides strong
evidence for the 7.7 ka eustatic sea-level event (timing and magnitude), representing a
new approach for tracking Quaternary sea-level change (as in van Hengstum et al.,
2009b). The ~6 m contribution to eustatic sea-level rise from the remnants of the
Laurentide Ice Sheet is especially concerning with regard to uncertainties regarding the
contribution of the Greenland Ice Sheet to future sea-level rise. Densely populated, low-
lying karst islands abound in global tropical and sub-tropical oceanic basins—a troubling

combination if any rapid ice sheet disintegration re-occurs.
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Part III: Climate Signatures In Phreatic Coastal Caves
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6.1 Introduction

Feedbacks between ocean circulation and Holocene climate variability remain
poorly understood because so few long-term, high-resolution oceanic records of
paleoclimate change are available. For example, in a recent global analysis of 1209 proxy
records examining the drivers of the Medieval Warm Period-Little Ice Age transition,
only 25 records covered the last 2000 years with better than decadal resolution, and only
three were marine sediment series (Mann et al., 2008). New locations for highly resolved,
marine-based proxy records of paleoclimate have been repeatedly called for (e.g., Jones,
2001; Keigwin and Boyle, 2000). Sediments in underwater caves represent an emerging
cache of paleoclimate data, which may help to redress the problem (Kitamura et al., 2007,
Yamamoto et al., 2010; van Hengstum et al., 2010).

Underwater caves are ubiquitous on karst platforms, and may (a) be open systems
because groundwater is constantly circulating through the environment, and (b) contain
repositories of unbioturbated sediment preserving shells of carbonate-secreting organisms
(e.g., bivalves, foraminifera: Kitamura et al., 2007, van Hengstum and Scott, 2011). In
short, the coastal aquifers that flood underwater caves are stratified into two water
masses, each with individual circulation and hydrographic properties. The meteoric lens
is the upper water mass of variable salinity (fresh to brackish), derived from precipitation
and any saline groundwater absorbed during groundwater mixing events. Preliminary
research by van Hengstum et al. (2010) indicates that underwater caves flooded by the
meteoric lens preserve proxy records of precipitation-related climate changes. In Aktun
Ha Cave (northeastern Yucatan, Mexico), changing storm activity and salinity in the
meteoric lens caused by Holocene southern migration of the Intertropical Convergence

Zone was archived in underwater cave sediments (van Hengstum et al., 2010).
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Importantly, circulation in the meteoric lens is not directly connected with regional
oceanography.

The lower saline groundwater mass, however, is directly connected with the
ocean. Shallow saline groundwater circulation is tidally forced (Beddows et al., 2005;
2007), and deep circulation is driven by thermohaline and/or geothermal convection cells
(Whitaker and Smart, 1990; Moore et al., 1992; reviewed in van Hengstum et al., 2010).
Using these principles, Yamamoto et al. (2010) demonstrated that active circulation of
water from the East China Sea into Daidokutsu Cave (Okinawa, Japan) afforded
preservation of a 7 ka climate record in the cave sediment. The preservation of saline
groundwater-ocean circulation relationships in underwater cave sediments requires
further testing to evaluate its global applicability to paleoceanography and
paleoclimatology.

This study presents new thermal and surficial erosion reconstructions from cores
extracted from an underwater cave in Bermuda, containing sediment deposited over the
last 3.2 ka. Walsingham Cave is an open system, where saline groundwater is directly
circulating with the ocean. These results are compared with other proxy records from the
North Atlantic to understand regional and local climate variability. This work is an
important developmental step to guide future cave research, and indicates that

paleoclimate records in Caribbean-Atlantic underwater caves warrant further attention.

6.2 Regional Setting
6.2.1 Oceanography And Climate
The islands of Bermuda are located in the North Atlantic subtropical gyre (64°W,

32°N), with different oceanographic conditions over the shallow carbonate platform as

192



compared with open-ocean conditions in the Sargasso Sea (Fig. 6.1). The open ocean is
characterized by a deep mixed layer (>200 m) below a shallow surface layer that develops
a seasonal thermocline at ~ 10 m (Morris et al., 1977; Goodkin et al., 2008a). Results of
temperature monitoring at Hydrostation “S” (30 km southeast, 32°10°N, 64°30°W) since
1954 indicate that mean monthly sea surface temperatures (SST) ranged from 18.3°C to
28.9°C (<16 m), with a mean annual variation of 22.4°C to 24.3°C (Goodkin et al.,
2008a). Such warm temperatures are maintained in Bermuda by the poleward transport of
heat via the Gulf Stream, which also introduces local thermal variability from eddy
activity (Sweeney et al., 2003).

In contrast to the open-ocean, shallow coastal waters in Bermuda experience
greater seasonality. Monthly SST data have been recorded in St. Georges Harbour (Higgs
Bay) continually since January 2000, with data only missing for March 2004
(32°22°13”N, 64°40°40”W). Monthly SST range from 15.9°C to 29.8°C, with annual
variation of 22.8°C to 23.5°C, consistent with previous intermittent measurements (Morris
et al., 1977). Inshore temperature variability is also a function of the connectivity of
specific lagoons to the open ocean. For example, oceanic communication to Harrington
Sound is restricted by Flatts Inlet, whereas the North Lagoon is directly open to the ocean
(Morris et al., 1977). Long-term summer temperatures are comparable between
Hydrostation “S” in the Sargasso Sea and coastal water in St. Georges Harbour, but
winter temperatures are on average 2.4°C cooler in the coastal water than in the open

occan.
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Figure 6.1: Regional oceanographic currents and site locations on Bermuda discussed in text.

Bermuda is proximal to the southern dipole of the North Atlantic Oscillation
(NAO), the winter atmospheric pressure difference between the Bermuda/Azores high
and the Icelandic low, which is arguably the predominant mode of climate variability in
the Northern Hemisphere (Hurrell and Deser, 2009). Coral proxies (St/Ca, 6180aragonite)
indicate that NAO activity can account for most of Bermuda’s winter SST temperature
variability over the last 55 years (Kuhnert et al., 2005), but changes in ocean circulation
cannot be dismissed as impacting both annual and winter temperatures (Kuhnert et al.,
2005; Goodkin et al., 2008a). Therefore, proxy reconstructions of Bermudian climate are
especially sought to investigate North Atlantic climate in response to ocean-atmospheric
forcing (e.g., NAO, Gulf Stream; Keigwin, 1996; Draschba et al., 2000; Kuhnert et al.,

2005; Goodkin et al., 2008a), especially within a framework of millennial-scale climate
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change through the Holocene (Bond et al., 2000; deMenocal et al., 2000; Cronin et al.,
2005).

Based on Sargasso Sea planktic foraminifera and Bermudian coral, Bermuda was
1-2°C cooler than present during the Little Ice Age (LIA, Keigwin, 1996; Goodkin et al.,
2008a), and ~1°C warmer during the Medieval Warm Period (Keigwin, 1996). The
climate shift to cooler Little Ice Age conditions at 1400 AD has recently been associated
with a change from a persistent positive phase of the NAO to a variable phase at ~1450
AD (Troulet et al., 2009), with increased NAO multidecadal variability since the late
eighteenth century (Goodkin et al., 2008b). A reconstruction of Gulf Stream transport by
Lund et al. (2006) indicates: (a) a decrease of ~3 Sv from 0.6 to 1.1 ka ago, (b) reduced
transport compared to present from 0.6 to 0.2 ka ago coinciding with the Little Ice Age,
and (c) an ~3 Sv increase from 0.2 ka ago to present. The effects of reduced heat flux to
Bermuda during the LIA are not yet documented in a Bermudian paleoclimate record

because multi-millennial scale climate records are unavailable from the islands.

6.2.2 Cave Geology And Hydrogeology

Bermudian caves can be summarized as collapsed karst features in a Carbonate
Cover Island, according to the Carbonate Island Karst Model (Mylroie and Mylroie,
2007). This is because Bermudian geology is characterized by a basalt core overlain by
alternating eolianites and paleosols that developed during late Quaternary sea-level
highstands and lowstands, respectively (Land et al., 1967; Vacher et al., 1989, 1995;
Hearty, 2002). Bermudian caves have formed by three primary processes: (a) vadose
dissolution concentrated at the basalt-eolianite contact during Quaternary sea-level

lowstands, (b) further modification and enlargement by phreatic dissolution during
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Quaternary sea-level highstands, and (c) subsequent collapse events triggered by glacial
regressions (Palmer et al., 1977; Mylroie et al., 1995). These processes have created caves
characterized by larger chambers connected by fissures and tunnels. Superimposed upon
this inherited geomorphology, Holocene sea-level rise created abundant underwater
(phreatic) cave environments in Bermuda, providing sea-level independent
accommodation space for sedimentary infill (Chapter 4).

Caves are abundant in the Walsingham Formation, which is the oldest and most
diagenetically mature Bermudian eolianite (38% porosity) located on the isthmus between
Castle Harbour and Harrington Sound (Fig. 6.1; Land et al., 1967; Mylroie et al., 1995;
Hearty and Olson, 2010). Walsingham Cave is in the Idwal Hughes Nature Preserve
(32°20°53”N, 64°42°37°W), and groundwater is encountered at sea level because
negligible hydraulic gradients are present on such a small land area. The groundwater
flooding the cave is characterized by a thin meteoric lens of brackish water (<0.5 m,
salinity >20 ppt) buoyed on saline groundwater, which characterizes hydrogeology in
most of the regional underwater caves (Maddocks and Iliffe, 1986). There is no large
passage connecting Walsingham Cave to the ocean, precluding lagoonal bioturbators
from entering the cave (e.g., sea cucumbers). This also forces saline groundwater to
migrate between the cave and the ocean through the porous karst during tidal cycles,
causing detectable oscillations to groundwater levels in caves (Maddocks and Iliffe, 1986;
Cate, 2009). Several sinkhole (fissure-collapse) entrances provide subaerial access into
Walsingham Cave, with the largest opening modified with a cement stairway down to the
cave pool. Average water depth to the carbonate mud sediment surface is 18 m below sea

level.
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6.3 Material And Methods
6.3.1 Thermal Monitoring Of Saline Groundwater

Saline groundwater temperature was monitored in Walsingham Cave during 2010
because temperature is a groundwater circulation proxy (Whitaker and Smart, 1990;
Beddows et al., 2005, 2007; Kitamura et al., 2007; Yamamoto et al., 2010). An
independent probe monitoring depth and temperature was deployed at 8.95 m below sea
level (1 minute sampling interval), allowing determination of temperature variation in
relation to regional oceanography and tidal cycles. This sampling depth is below
hydrographic influence of the ~50 cm meteoric lens, which is thermally impacted by
precipitation, because tides only oscillate groundwater elevation a mean 0.75 m on
Bermuda (1.2 maximum: Morris et al., 1977). Precision and accuracy on depth
measurements is 1.3 cm and 30.5 cm, respectively, with 0.01°C and 0.8°C on temperature.
Daily measurements (1440 samples) provided the daily temperature minimum and
maximum, and were averaged to provide the daily mean.

Cave temperature data were compared to both coastal temperatures measured in
2010 (Higgs Bay), and Sargasso Sea surface temperatures (SST) measured at
Hydrostation “S” in 2009. Daily temperature measurements of coastal SST were
downloaded from Bermuda weather (http://www.weather.bm/). 2009 Sargasso Sea SST
data from Hydrostation “S” were downloaded from the Bermuda Institute of Ocean
Sciences (http://bats.bios.edu/).

Annual SST variation (cave, coastal, Sargasso Sea) was then compared with the
two dominant sources of heat in Bermuda, the Gulf Stream and solar radiation. The
National Oceanic and Atmospheric Administration’s Western Boundary Time Series

Project measures the volume of the Florida Current (in Sv, measurement error £ 0.2 Sv),
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which is the portion of the Gulf Stream passing through the Florida Straits
(http://www.aoml.noaa.gov/phod/floridacurrent/data_access.php). Daily measurements
from 2000-2007 were averaged and smoothed with a 30-day low-pass filter to obtain the
mean annual cycle of the Florida Current (Meinin et al., 2010). Monthly averaged solar
insolation for a 22-year period (July 1983 to June 2005) over a 1° x 1° grid centered at
32.5°N 63.5°W was obtained from National Aeronautics and Space Administration’s
Surface Meteorology and Solar Energy Program

(http://eosweb.larc.nasa.gov/PRODOCS/sse/table sse.html).

6.3.2 Sedimentology And Chronology

Three push cores (5 cm diameter) were extracted with SCUBA (self-contained
underwater breathing apparatus) in Walsingham Cave at 18 m below sea level. A stage
bottle (extra scuba tank) was used to percuss 3 m polycarbonate tubing (5 cm diameter)
into the sediment, which was rubber-stoppered and capped at maximum penetration to
generate core tube suction for sediment withdrawal. All cores were extruded, logged, and
sampled at 5 mm intervals in the field. Age constraint on the successions was provided by
16 radiocarbon dates on both organics (wood, bulk organics) and biogenic carbonates
(foraminifera, ostracods) in cores 1 and 3. All conventional radiocarbon ages were
converted to calibrated ages using IntCal09 and Marine09 (Reimer et al., 2009) with
Calib 6.0, with a local AR value of -48 + 40 applied to biogenic carbonates (Druffel,
1997; Appendix 1).

Particle size analysis was completed on a Beckman Coulter LS230 employing the

Fraunhofer optical model, providing particle size determination between 0.04 — 2000 um
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(Murray, 2002; Eshel et al., 2004). An analysis of bulk sediments was favored over
analysis of individual sedimentary constituents (e.g., carbonates, organic fraction) to
retain a complete signature of environmental processes (Donnelly and Woodruft, 2007;
Donato et al., 2009). Downcore particle size distributions (PSDs) were then log
transformed (to the phi-scale), interpolated, and plotted as a color surface plot (Beierle et
al., 2002). Interpolated PSDs often allow for better recognition of subtle changes in
downcore distributions and more detailed characterization of the lithofacies than standard
particle-size statistics alone (mean, median, mode, standard deviation). Bulk sedimentary
organic matter (wt. %) was estimated by loss on ignition at 550°C for 4.5 hours. Replicate
samples in all cores provided error generally less than = 2%, which is typical precision for

the method (Heiri et al., 2001).

6.3.3 6"°0. On Triloculina oblonga

Stable oxygen isotope geochemistry of foraminiferal calcite (8'°0O.) was sought to
complement the sedimentological methods for understanding how the cave environment
has varied in response to North Atlantic climate change. We hypothesize that if a cave is
flooded by saline groundwater circulated with the ocean, then climate-forced changes to
regional oceanography should be preserved in cave sedimentary biogenic 8'°0 (e.g.,
Yamamoto et al., 2010). Oxygen isotopes are useful because there is temperature-
dependant fractionation between water and calcite, resulting in a 0.2%o increase in 8'*O

for every 1°C decrease in temperature (Epstein, 1953; Emiliani, 1955; Schackleton, 1974;
Erez and Luz, 1983; Kim and O’Neil, 1997; Bemis et al., 1998). Therefore, provided the

. .. . 1
oxygen isotope composition of seawater is known, 8'*O, values can be used for
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paleothermometry. The use of oxygen isotope paleothermometry is hampered, however,
because 8'°0, is also related to the oxygen isotope composition of seawater (d'°0,),
which varies linearly with salinity (Bemis et al., 1998; Katz et al., 2010). Specifically,
there is a 0.5%o decrease in 8'°O per 1 ppt salinity decrease. Despite these limitations, the
8'®0 from foraminiferal and coral CaCOs has repeatedly detected thermal changes
associated with North Atlantic climate change during the LIA in Bermuda because this
event caused robust oceanic temperature change with very little overall salinity changes
(<0.6 ppt, Keigwin, 1996; Draschba et al., 2000; Kuhnert et al., 2005; Goodkin et al.,
2008a,b). Therefore, even after considering the limitations imposed by the potentially
variable 8'*0,, values through time, oxygen isotope analysis provides a simple, first-order
test of the climate records preserved in Walsingham Cave.

Insufficient classical foraminiferal paleothermometers (e.g., Cibicides) live in the
miliolid-dominated underwater caves of Bermuda, and some cave habitats are completely
dominated by Triloculina oblonga (van Hengstum and Scott, 2011). Therefore, 880, was
determined on monospecific samples of 7. oblonga (~40 individuals per analysis) from
core 2. Admittedly, Triloculina oblonga is an unconventional paleothermometer because
the few tested miliolids are not in direct isotopic equilibrium with their water mass (e.g.,
T. trigonula, Q. vulgaris, Pyrgo: Grossman, 1984; Grossman, 1987; Langer, 1995). The
8'*C from miliolid shells is not secreted in equilibrium with 613CDIC due to multiple
effects, including vital and endosymbionts, and as such, is not well suited as an
environmental proxy at this time (Grossman, 1984). However, the 8'°0 disequilibria
observed in T. trigonula was consistent between replicates (Grossman, 1984), suggesting

that Triloculina disequilibria effects would impart a systematic offset between the 8'*O,-
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derived and actual temperatures, similar to that documented for Uvigerina and other
rotalids (Bemis et al., 1998; Fontanier et al., 2006). In another miliolid, a systematic
offset from Cibicides was also observed in downcore 8'°O, records of Pyrgo in deep-sea
cores (Duplessy et al., 1970), and core top samples of Pyrgo have exhibited systematic
880, offsets from Uvigerina (Woodruff, 1980). Therefore, we hypothesize that rapid
calcification in a smaller (shorter-lived) epifaunal triloculininid combined with running
multiple individuals (~40) per sample, would provide a homogenized 8'°0 isotopic signal
from the cave with a constant offset from isotopic equilibrium. Estimates of
paleotemperature anomaly about the long-term mean were calculated using the
temperature equation of Bemis et al. (1998), which is arguably the most suitable for
benthic foraminifera after calibration using culture-based studies (Fillipsson et al., 2010):
T (°C) = 16.5 — 4.80 (8"*0, — 8'°0y)
We stress that these results are presented solely for comparing relative temperature
change presumably recorded by Triloculina with other records, not to provide a definitive
quantification of absolute temperature change in light of the uncertainty discussed above.
The resultant 8'°0 signal was also smoothed with a 100-yr moving average to focus on
the most significant environmental perturbations in comparison to the long-term trends.
Triloculina oblonga has a highly-variable external morphology (elongated versus
compressed) that some would argue is better described as the confusing 7. oblonga-
group, representing a small, widely-distributed coastal miliolid with a triloculine chamber
arrangement. Our view is that 7. oblonga is a highly adaptable and diverse miliolid that
exhibits significant intergradations within its species concept. Advantageously, pristine 7.

oblonga shells are typically thin-walled and translucent (e.g., Goldstein, 1997). This
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enables omission of any infilled individuals (with pyrite, sediment), or any with
suspicious overgrowths. This is in contrast to opaque walls of larger miliolids (e.g., 7.
trigonula, T. carinata, T. lineata, Q. vulgaris, Pyrgo), which may be infilled and
subsequently bias isotopic results. Scanning electron microscopy revealed pristine
porcelaneous 7. oblonga tests throughout the core; original three-dimensional random
array of calcite needles forms the test wall with a two-dimensional array of calcite needles

randomly position on the surface (Fig. 6.2; Haake, 1971; Angell, 1980).

6.3.4 Isotope Ratio Mass Spectrometry

Foraminifera were transferred into stainless steel cups and roasted in vacuo at
200°C for one hour to remove water and volatile organic contaminants that may interfere
with the isotopic values of carbonates. All stable isotope analyses were obtained using a
Finnigan Kiel-IV carbonate preparation device directly coupled to a dual-inlet Finnigan
MAT 253 isotope ratio mass spectrometer (Saskatchewan Isotope Laboratory, University
of Saskatchewan). Twenty to fifty micrograms of carbonate (~40 T. oblonga individuals)
are reacted at 75°C with three drops of anhydrous (100%) phosphoric acid for seven
minutes. The evolved CO, was then cryogenically purified before being passed to the
mass spectrometer for analysis. Isotope ratios are corrected for acid fractionation and '’O
contribution using the Craig correction (Craig, 1957). Data is directly calibrated against
internal and national standards (NBS-19), with precision on §'*0 values of 0.11%o,
respectively, and reported in standard delta notation (d) relative to VPDB:

8'*0, = 1000 * [("*0/"°O)sampte — (**0/"°O)standard] / (*O/"°O)sample
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Figure 6.2: Downcore scanning electron micrographs of Triloculina oblonga from before (A:
5.75 cm), during (B: 22.75 cm), and after (C: 4.25 cm) prominent positive excursion in the 8'*O,
indicating pristine shell preservation.

6.4 Modern Cave Circulation And Foraminifera

Walsingham Cave is an open-system environment because saline groundwater is
well circulated through the porous karst with two regional sources of water: the coastal
(lagoonal) water and the Sargasso Sea. Coastal water was ~6°C cooler than the Sargasso
Sea in January-February of 2010, with saline groundwater temperature (SGT) in the cave
diurnally fluctuating through 3.5°C. Coldest daily cave temperatures occurred just after
high tides in the winter, as cooler coastal water moved into the cave under tidal forcing

(Fig. 6.3). However, cave temperatures increased throughout the tidal cycle as warmer
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Sargasso Sea water became incorporated into saline groundwater through active
circulation. Both coastal SST and SGT increase in early February, which corresponds to a
brief ~1 Sv increase in Gulf Stream transport at the beginning of the seasonal cycle (Fig.
6.3, Meinen et al., 2010).

In the late spring, saline groundwater temperatures increase with thermal
convergence between coastal water and the Sargasso Sea (March/early April). The rapid
synchronous increase in cave, coastal, and Sargasso Sea temperatures in March 2010
indicates a low residence time for shallow saline groundwater in the cave. The timing of
this convergence corresponds to the annual seasonal ~2 Sv increase in Gulf Stream
transport, as measured through the Florida Straits (Anderson and Corry, 1985; Hamilton
et al., 2005; DiNezio et al., 2009; Meinen et al., 2010), and seasonal increases in solar
radiation. However, cave temperatures are ~2°C cooler throughout the summer with little
thermal variability, suggesting that the saline groundwater remains protected from direct

solar insolation.
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Figure 6.3: Comparison of temperatures in Walsingham Cave (2010), coastal water (2010), and
Sargasso Sea (2009) with seasonal variability in regional heat supply related to Gulf Stream
transport (2000-2007, Meinen et al., 2010) and mean annual solar radiation in Bermuda (see
methods).

Regional maximum temperatures (coastal and Sargasso Sea SST, SGT) occur in
late August, lagging behind peak insolation and Gulf Stream transport as a result of the
heat capacity of seawater. As such, ocean heat storage from summer insolation prevents
an immediate signature of reduced heat supply associated with Gulf Stream transport
reductions in August. In summary, saline groundwater in Walsingham Cave experiences
thermal seasonality because it is actively circulated with two sources (coastal water and

Sargasso Sea), but SGT is annually cooler than both the coastal and open ocean due to a
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lack of direct solar insolation. Therefore, cave sediments can be explored for long-term
paleoclimate records because any changes to regional ocean temperatures would also

force temperature change in the cave.

6.5 Results
6.5.1 Chronology And Sedimentation

The oldest date for the recovered successions in Walsingham Cave is at the base
of core 2 on biogenic carbonate, dated to 3.15 ka (Fig. 6.4). Considering sea level has
risen only ~3 m over the last 3.2 ka (this dissertation), proxy-records from cave cores
collected from 18 m below sea level will largely reflect climatic and hydrogeologic
changes—not sea-level change. Overall, the four dates from sedimentary organic matter
were slightly younger (< 200 years) than the biogenic carbon dates (core 2). As such, only
biogenic carbonate proxies were used in deriving linear age-depth models for consistency
(Fig. 6.4).

Throughout the recovered successions, similar sedimentary processes are
operating basin wide in the cave based on sedimentation rates, particle size analysis, and
bulk sedimentary organic matter (wt. %). The recovered cave succession can be generally
described as an allogenic carbonate mud lithofacies deposited in a submarine cave
environment with increasing organic matter content and coarser particle sizes upcore.
Sedimentation rates were higher prior to 2 ka (> 54. 1 cm kyr™"), coinciding with
predominantly carbonate mud deposition and <10% organic matter content. Carbonate
mud in submarine cave environments in Bermuda typically has 9.7 + 3.1% organic matter
(van Hengstum and Scott, 2011), which is consistent with the Walsingham cores and

indicates that predominantly in situ organic matter production occurred in Walsingham
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cave prior to 2 ka. This interval is also characterized by well-sorted particle size
distributions, with a mode of <10 um (6.6-6.9 ¢). However, sedimentation rate decreases
in the basin after 2 ka (core 2: 15.9 cm kyr™', core 4: 28.9 cm kyr™"), with little change in

either bulk organic matter or particle size distributions (Fig. 6.5).
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Figure 6.4: Downcore age models and sedimentation rates based on linear interpolation between
'C ages. Note synchronous sedimentation change basin wide at ~2.0 ka ago, and spatial
relationships between core sites and the more recent sedimentary shift.

The sediment in all cores can be described as a marine carbonate mud, but shifts
in color from a basal grayish-white carbonate mud, to light brown carbonate mud by 2 ka,
and finally brown carbonate mud at ~0.6 ka. The final brown carbonate mud contains
obvious terrestrial organic matter fragments, such as small twigs, which are absent in the
white carbonate mud. The sediment includes only rare fragments of detrital limestone,
and negligible siliciclastic content. Core 4 is near the sinkhole entrance and has a higher
sedimentation rate (83 cm kyr™") and coarser particle sizes (20 to >60 um) than core 2
(31.9 cm yr’', 18 um), which is located furthest into the cave. The spatial pattern of

sedimentation indicates that areas closest to the sinkhole entrance (core 4) receive the
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highest sediment volume and coarsest particles compared with areas deeper in the cave
(core 2). Synchronous with increasing sedimentation rates, bulk organic matter and
particle sizes increase in all cores (Fig. 6.5). Bulk organic matter in all cores exceeds
12%, with a maximum of 20% in core 2 at ~0.65 ka. Sediments in Bermudian underwater
caves achieve a high bulk organic matter (>13%) and coarse particle sizes (>15 um) in
caves that receive a constant flux of terrestrial sediments, such as near sinkholes (van
Hengstum and Scott, 2011). Considering Walsingham Cave has no direct underwater
cave passage to Castle Harbour, the increasing sedimentation rates, bulk organic matter,
and particle sizes indicates that increasing quantities of terrestrial sediment have been
deposited into the cave over the last millennia.

More specifically, although increased terrestrial erosion began at 0.9 ka, as
evidenced in core 2, peak erosion did not occur until after 0.65 ka, after which particle
size increases in cores 2 and 4, and likely in core 3 (Fig. 6.5). Peak organic matter influx,
however, appears concentrated at 0.65 ka, coinciding with peak flux of organic matter
transported to the distal cave (core 2). Land-use changes are not responsible for these
sedimentary changes because (a) the cave entrance remains on an unspoiled nature
reserve, and (b) deforestation post-dated island colonization in 1609 AD (Rueger and von

Wallmenich, 1996), which is beyond 20 radiocarbon error of the peak at 0.65 ka.
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6.5.2 Oxygen Isotopes

The measured 8'*0, values fluctuate between -0.61%o and +0.25%o, and the time-
averaged record oscillates between a minimum of -0.38%o and maximum of +0.1%o (Fig.
6.6). The most significant feature of the 880, record is strong departure from long-term
880, values in core 2 beginning at 0.9 ka. A §'®0. minimum occurs just prior to 0.9 ka
with a measured value of -0.36%o, trending to a maximum at 0.65 ka of +0.12%o. Mean
8'%0, values prior to this perturbation are -0.2%o, which re-adjust after the perturbation to
a mean 8'%0, value of -0.1%o. The increasing 880, trend at 0.9 ka coincides with
increasing sedimentation rates in core 4, and 0.6 ka coincides with increasing
sedimentation rates and maximum organic matter flux in the cave basin (i.e., terrestrial
erosion). Although more subtle oscillations seemingly occur in the §'*O. record at
decadal to multi-decadal level, we refrain from interpreting such isotopic variability in
this pilot study because of uncertainties associated with using a miliolid proxy.
Nevertheless, the 8'*O, relationships from the cave can be correlated throughout the
North Atlantic region and merit further attention (discussed further below).

A significant limitation of using 8'*O, as a paleoclimate proxy is that it remains
challenging to disentangle the effects of temperature and 80y (i.e., salinity; Katz et al.,
2010). However, if salinity changes were responsible for the change in 880, at 0.9 ka,
saltier conditions in both the SGW and seawater in the Bermuda region would be required
from the inverse relationship between temperature and §'®0,, effects on 8'*0,. However,
sea surface salinity in Bermuda appears to have been less saline (fresher) during the Little
Ice Age (0.6 to 0.15 ka, Goodkin et al., 2008a), which would act to decrease (deplete)

8'%0, values. Instead, we observe enriched 8'*O, values peaking at 0.65 ka ago that
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suggest a strong cooling event, as observed throughout the North Atlantic Basin
(discussed below). Therefore, we interpret the 8'*O, (thermal) and sedimentological

evidence in tandem from Walsingham Cave as preserving a useful paleoclimate signal.
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Figure 6.6: Walsingham Cave core 2 8'°O, (Triloculina oblonga) and temperature anomaly
plotted time-wise using the age models from Fig 6.4.

6.6 Discussion
6.6.1 Little Ice Age Brings Maximum Cooling And Storminess At 0.65 ka

The significant positive 8'*0, excursion at 0.65 ka suggests that the coolest saline
groundwater was circulating in Walsingham Cave relative to the entire investigated time
interval, followed by another cooling minima at 0.45 ka. The first minima at 0.65 ka ago
is interpreted as initiation of the Little Ice Age in Bermuda, synchronous with strong
cooling in the North Atlantic region, reduced northern hemispheric temperatures, global
glacier advances, and Nordic population collapse in Iceland (Denton and Karlén, 1973;
Keigwin, 1996, deMenocal et al., 2000; Mann et al., 2008; Patterson et al., 2010).

Thereafter, the long-term mean 880, values from Walsingham Cave remain more
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enriched than during the previous 3.2 ka, indicating persistent long-term cooling began in
Bermuda.

Coldest Little Ice Age (LIA) temperatures in the North Atlantic are frequently
observed as paired-cooling peaks beginning at ~0.6 ka (1400 AD). For example,
deMenocal et al. (2000) documented synchronous ~3°C paired-cooling events initiated in
the northeastern Atlantic at 0.7 and 0.4 ka ago. Keigwin (1996) also documented ~1°C
paired-cooling events in the northwestern Atlantic, although the second was at 0.3 ka ago,
centered at 0.6 and 0.3 ka ago. The variable timing of the paired-cooling between marine
reconstructions may be from radiocarbon uncertainties and local accumulation rates, but a
clear signal of two closely spaced cooling events is observed throughout the North
Atlantic. In the recent northern hemispheric temperature reconstruction of Mann et al.
(2008), two sharp cooling events (0.8 to 0.6°C) occur centered at 0.65 and 0.55 ka ago,
immediately before persistent long-term ~0.7°C hemispheric cooling begins associated
with the LIA. The general agreement between all North Atlantic marine proxies and the
hemispheric thermal reconstruction of (a) paired cooling events, followed by (b) a long-
term cooling trend indicates that Walsingham Cave has faithfully responded to regional
climate change during the onset of the LIA.

The LIA interval (<0.65 ka) in Walsingham Cave is also associated with
maximum terrestrial erosion from the recorded influx of organic matter and coarse
particle sizes in all successions. The PSDs record a composite measurement of
sedimentary particles, including organic matter fragments. Considering the cave is located
on the pristine nature reserve, and the increase in grain size predates European
colonization of Bermuda in 1609, deforestation cannot account for increased erosion

observed at 0.65 ka. Furthermore, the only long-term record of Bermudian vegetation
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suggests increased tree cover on the island at the onset of increased particle sizes entering
Walsingham Cave (Rueger and von Wallmenich, 1996). Therefore, we argue that the
sedimentary influx is related to the most intense and/or frequent storminess over the last
3.2 ka ago on Bermuda, which caused increased surficial erosion and deposition of
coarser particles into Walsingham Cave.

Sediment-based reconstructions of storminess in the North Atlantic indicate that
European coastlines in the northeast were stormiest from 0.43 to 0.1 ka (Clark and
Rendell, 2009), this is observation is supported by increased sediment overwash events in
northwestern lacustrine basins from 0.6 ka to present (Noren et al., 2002). Marine-sourced
sea-salt sodium (ssNa) recovered from the Greenland Ice Sheet Project Two (GISP2) core
is used as the longest resolved storminess proxy, where intensified atmospheric
circulation in the North Atlantic causes increased ssNA deposition in Greenland ice
sheets (O’Brien et al., 1995; Meeker and Mayewski, 2002). There is a long-term shift in
ssNA at 0.6 ka, which has been attributed to the onset of persistently intense atmospheric
circulation in the northern hemisphere related to change from positive to negative phase
of the North Atlantic Oscillation (Meeker and Mayewski, 2002; Troulet et al., 2009; Fig.
6.7). The significant increase in ssNa at 0.6 ka coeval with (a) increased terrestrial erosion
in Bermuda, (b) sediment overwash events in northeastern American lacustrine basins,
and (c¢) storminess documented on European coastlines provides strong evidence for
increased storminess in the North Atlantic basin during the LIA, related to a modal shift
in the North Atlantic Oscillation (NAO). However, compounding effects from a shift to
La Nifa conditions at ~0.6 ka cannot be ruled out as a contributing factor (Donnelly and

Woodruff, 2007).
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Figure 6.7: Climate forcing. (a) 8'°0, from Walsingham Cave core 2 with 100-yr moving average
(this work), (b) A'*C production as a proxy for solar flux (Stuvier and Braziunas, 1989), (c) ssNa
from GISP2 core as a proxy for Northern hemispheric atmospheric circulation (O’Brien et al.,
1995), (d) reconstructed NAO index (Troulet et al., 2009), (e) reconstructed Gulf Stream transport
through the Florida Straits (Lund et al., 2006), (f) organic matter content from Walsingham Cave
core 2 as a terrestrial erosion proxy that is not related to deforestation, (g) main entrance into
Walsingham Cave and cave pool.
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No other intervals of intense storminess are evidenced in Walsingham Cave,
which is at odds with an apparent increase in storminess recorded at 2.6 ka in the
lacustrine basins of Vermont and eastern New York (Northeastern USA: Noren et al.,
2002). Based on geomorphology and speleothem deposits around the cave entrance, the
collapse event that caused the cave to be subaerially open likely pre-dates the Holocene.
The storminess documented at 2.6 ka by Noren et al. (2002) appears as a strong, short-
term peak in comparison to their LIA signal that is a robust long-term increase in
sediment overwash events. The GISP2 ssNa indicates only a very minor change at 2.6 ka,
which does not approach the magnitude of the LIA signal (Fig. 6.7). The GISP2 ice core
is arguably a more robust proxy for storminess and atmospheric circulation in comparison
to particle size increases (i.e., overwash events) in lacustrine basins, which may be
secondarily overprinted by non-storm related sediment flux. It may be that either
storminess was not strong enough to cause significant terrestrial erosion in Bermuda at
2.6 ka, was too short-lived to archive a sedimentary signature, or was completely absent
in Bermuda. The next storminess signal in the GISP2 ssNa that is analogous to the LIA
signal is centered at ~5.7 ka, and lasted for >300 years. Based on the coherency of the
storminess signals in GISP2 and in the cave during the LIA, longer cave successions may
provide further insight into central North Atlantic storminess related to changing mode of

the NAO (positive versus negative) during the mid-Holocene.

6.6.2 North Atlantic Cooling At ~0.9 ka Documented In Walsingham Cave
Earlier than the LIA, the multi-proxy cave results indicate that 0.9 ka ago was the
onset of (a) a subtle increase in terrestrial erosion based on sedimentological proxies, and

b) a cooling trend (of ~1°C) in the saline groundwater in the cave based on 8'*0, (Fig.
g g
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6.8). 8'*0, measurements on Bermudian corals do not predate 0.65 ka (e.g., Goodkin et
al., 2008a; Draschba et al., 2000), but planktic foraminifera in the Sargasso Sea also
indicate a robust decreasing 8'*O, trend from ~0.9 to 0.65 ka (on Globigerinoids ruber),
corresponding to a cooling trend of ~1.5°C. In the northwestern Atlantic, Cronin et al.
(2003) documented a cooling trend of ~1.5°C from 1 to 0.8 ka in the Chesapeake Bay
estuary using ostracod Mg/Ca ratios (Loxoconcha). This trend is similar to that of Cronin
et al. (2010) in another location with higher sedimentation rates (~1 to 0.6 ka, ~5°C
cooling trend). In the northwestern Atlantic, deMenocal et al. (2000) documented a
cooling of ~3-4°C (1.3 — 1.6°C) at 0.95 ka using a planktic foraminiferal transfer
function. The near synchronous detection of a North Atlantic cooling trend by multiple
different proxies at 0.9 ka adds further evidence that Walsingham Cave faithfully
responded to regional climate changes.

The classic definition for the LIA onset is ~0.6 (£0.05 ka), supported with global
terrestrial and marine paleoclimate reconstructions. Using the ‘wiggle room’ of 20 error
on radiocarbon dating, many climatic cooling trends have been accommodated into a LIA
onset at ~0.6 ka. However, the reconstruction of Mann et al. (2008) suggests that global
cooling began at least by 0.9 ka (possibly earlier), with only maximum cooling (~1°C)
during the last millennium beginning at ~0.6 ka and coinciding with global glacier
advance (Denton and Karlén, 1973). Mann et al. (2008) reduce the Medieval Warm
Period to mainly a northern hemispheric climate feature from 0.9 to 1.1 ka, with
temperatures analogous to present. The well-constrained 8'*0, evidence from

Walsingham Cave indicates that saline groundwater began a robust cooling trend at 0.9
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ka, near synchronous to cooling trends observed in other North Atlantic climate

reconstructions (Fig. 6.8).
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Figure 6.8: Thermal variability across the North Atlantic as documented in marine sediment
records: (a) 9-point moving average with 95% confidence on ostracod (Loxoconcha) Mg/Ca ratios
from Chesapeake Bay (Cronin et al., 2003), (b) Walsingham Cave 8'*0, (Triloculina) with 100-yr
moving average (this work), (c) Sargasso Sea 8'°O, (G. ruber) from two cores (Keigwin, 1996),
(d) summer (solid) and winter (dashed) Eastern tropical Atlantic SST anomaly (planktic
foraminiferal transfer function with <1.6°C error, deMenocal et al., 2000), (e), four-core multi-
proxy stack of changing drift ice indicators (petrologic) in northeastern Atlantic (Bond et al.,
2001). The North Atlantic-centered globe indicates the locations of the different marine records,
and intervals of rapid climate change from Mayewski et al. (2004) are noted (LIA, Event 1, Event
2).

The increased terrestrial erosion observed at ~0.9 ka in Bermuda pre-dates the
increase in North Atlantic storminess caused by atmospheric circulation changes at 0.6 ka
(previously discussed, Fig. 6.7). Changes in hurricane frequency and/or intensity may

also cause sedimentary influx into the cave (terrestrial erosion). A recent reconstruction

of hurricane frequency over the last 1500 years by Mann et al. (2009) indicates that the
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North Atlantic basin had the highest hurricane frequency period from 1.0-0.5 ka ago,
which pre-dates the LIA. This interval coincides with a persistent positive phase of the
North Atlantic Oscillation (NAO), which causes an increase in storms tracking along
eastern North America (Troulet et al., 2009). The coeval organic matter increases
observed (but not as high as during the LIA) in the cave successions may be related to
this increased hurricane activity.

A significant peak in hurricane events is observed basin wide in the North Atlantic
at 0.65 ka, which corresponds to the highest amount of organic matter transported into the
distal cave (core 2). Unfortunately, the statistical model of Mann et al. (2009) was unable
to model this peak in hurricane activity recorded by basin wide overwash events. The
transport of significant quantities of organic matter into the distal part of Walsingham
Cave is corroborative evidence for either: (a) high-frequency erosion-causing events, or
(b) significant intensity of erosion-causing events in Bermuda at 0.65 ka. We envisage
that abundant, coarse-grained organic matter fragments are blow by strong winds into the
distal cave (core 2), whereas overwash from intense rain activity is likely washing a
combination of sediments into the cave near the entrance (core 4, Fig. 6.5). Records of
hurricane frequency in Bermuda are currently unavailable for comparison, but
sedimentary influx into Bermudian caves appear sensitive to any local energy changes

that would cause terrestrial erosion, including hurricane variability.

6.6.3 Forcing Of Observed Long-term Trends And Implications
Considering the sedimentation and thermal records in Walsingham Cave over the
last millennium appear to be correlated to regional North Atlantic climate changes,

questions are raised regarding external forcing of the observed signal over the complete
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time interval (3.2 ka). The interval spans three periods of so-called rapid climate change
in the Holocene; global cooling at 0.6, 1.4 and 2.8 ka ago (Mayewski et al., 2004). Solar
forcing has been proposed as a critical driver of Holocene climate variability (Bond et al.,
1997, 2001), but the nature, timing, and severity of Holocene cooling events are globally
variable. A long-term paleoclimate record from Bermuda provides insight into climate
change in a region significantly influenced by both oceanic circulation (heat from the
Gulf Stream) and North Atlantic Oscillation (NAQO). Therefore, any long-term thermal
changes in Bermuda are likely to be caused by a combination of ocean-atmospheric
forcing.

Attributing the climate signal in Walsingham Cave exclusively to solar forcing is
unsatisfactory when considering the 8'*O, variability over the last 3.2 ka. Indeed, the
cooling trend observed in Walsingham Cave beginning at 0.9 ka ago does coincide with
reduced solar radiation from the 70-year Oort solar minimum (0.99-0.92 ka) and the onset
of reduced solar radiation throughout the LIA (Fig. 6.7b, Stuvier and Braziunas, 1989).
Climate forcing analyses over the last millennium by Crowley (2000) and Hegerl et al.
(2002) indicate that explosive volcanism is also responsible for compounding global
cooling during the LIA. Both solar and volcanic forcing contributed to cooling in
Bermuda over the last 225 years (Goodkin et al., 2008a), but these variables do not
adequately explain why other periods of strong cooling observed elsewhere are not
observed in Walsingham Cave. For example, there is a solar minimum at 2.8 ka ago (Fig.
6.7b; Stuvier and Braziunas, 1989), and explosive volcanism at 2.1 ka ago (Zielinski et

al., 1996). These events likely contributed to global climate variability, but did not elicit a
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strong coeval 8'*0, increase (enrichment, cooling) in Walsingham Cave. Therefore, other
mechanisms need to be invoked to understand the Walsingham Cave climate signal.

The North Atlantic Oscillation (NAO) is a critical driver of northern hemispheric
climate variability (reviewed in Hurrell and Deser, 2009), including Bermuda. In general,
positive NAO phases lead to warmer SST in the Bermuda region, whereas negative NAO
phases lead to cooler SST. Over half the winter and fall SST variability in Bermuda
(Sargasso Sea -“Hydrostation S”) can be accounted for by the NAO index within the
instrumental record, which is also reflected in proxy-records of SST from Bermudian
corals (r = -0.50, Kuhnert et al., 2005). The shift to persistent cooler saline groundwater
temperatures in Walsingham Cave at 0.65 ka ago is consistent with the interpretation of
cooler SST in Bermuda related to atmospheric forcing. Furthermore, observed
sedimentological changes also appear related to storminess and hurricanes caused by
NAO variability during the last millennium. Although, the contribution of ocean forcing
to proxy records of Bermudian climate has been discussed, the short coral record (0.75 ka
maximum, Draschba et al., 2000) precludes long-term correlation of Bermudian climate
with Gulf Stream transport changes (Lund et al., 2006). The fact remains that reduced
Gulf Stream transport coincides with hemispheric and Caribbean-Atlantic region cooling
at 0.9 ka that likely impacted Bermudian climate (Lund et al., 2006), which predates
major atmospheric circulation changes at ~0.6 ka.

Heat transported to Bermuda by the Gulf Stream plays a critical role in local
climate, allowing suitable habitat for the Atlantic’s northernmost reef ecosystem. Lund et
al. (2006) documented a ~3 Sv decrease in Gulf Stream volume from 1.1 to 0.6 ka,
synchronous with the cooling trend observed in (a) the saline groundwater of Walsingham

Cave and (b) the wider North Atlantic region, and predates atmospheric reorganization at
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0.6 ka. Reduced Gulf Stream transport would have also slowed rates of deep saline
groundwater circulation (Whitaker and Smart, 1990), providing constructive feedback for
underwater cave cooling in addition to the effects of net reduced heat supply to Bermuda.
Temperature fluctuations in the Sargasso Sea from 2.0 to 3.0 ka ago (Keigwin, 1996)
dominantly fluctuate along with solar forcing (Bond et al., 2001), so it remains a
challenge to disentangle the effects of changing Gulf Stream transport. In contrast, saline
groundwater in Walsingham Cave is colder year-round than the open-ocean because it is
protected from thermal extremes caused by seasonal solar radiation. This effect on longer
time scales may have (a) attenuated the impact of late Holocene changing solar radiation
variability, and (b) allowed the saline groundwater in Walsingham Cave to document
long-term heat supplied to Bermuda by the Gulf Stream. Therefore, we argue that the
cooling trend in the North Atlantic beginning at 0.9 ka is related to effects caused by
reduced heat transport from the Gulf Stream, and archived in Walsingham Cave. If this
hypothesis proves correct, then oceanic circulation played a pivotal role in global cooling
before atmospheric changes during the LIA, as suggested by Keigwin and Boyle (2000).
This raises further questions on the ocean’s role within a perspective of the two preceding
events of rapid climate change in the Holocene (0.6, 1.4, 2.8 ka: Mayewski et al., 2004),
because no similar cooling events are observed in the Walsingham Cave thermal record
related to either atmospheric or solar forcing.

If reduced heat transport by the Gulf Stream transport played a climatic role
downstream in Bermuda, it would also have impacted upstream oceanographic regions.
For example, Richey et al. (2007) documented cooling minima in the Pigmy Basin
(Northwest Gulf of Mexico) centered at 0.85, 0.7, 0.45, and 0.25 ka using SST estimates

derived from Mg/Ca ratio of planktic foraminifera (G. ruber). Richey et al (2007)
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attributed the cooling at 0.85 ka to solar forcing, but the impact of a possibly reduced
Caribbean current may also have been a contributing factor (Lund et al., 2006). These
relationships emphasize that additional surface ocean transport reconstructions extending

further back into the Holocene are required.

6.7 Conclusions

The temperature monitoring program in Walsingham Cave, Bermuda, provides
strong evidence that saline groundwater on Bermuda is circulating with the ocean, as in
underwater caves elsewhere (Yamamoto et al., 2009). The assumption that underwater
caves on karst islands have remained hydrographically isolated from the ocean over the
Cenozoic is no longer valid (e.g., lliffe et al., 1983). Therefore, climate changes will
impact underwater cave environments and ecosystems (e.g., Parravicini et al., 2010), and
proxy-records of climate change can be archived in unbioturbated cave sediments.
However, the need for annual records of groundwater temperature variability will remain
for qualifying the degree of connectivity between underwater caves and the ocean (e.g.,
Novosel et al., 2007).

The paleoclimate record in Walsingham Cave (sediment and geochemical proxies)
appears strongly related to ocean-atmospheric changes over the last 3.2 ka ago, which is
consistent with coral-based paleoclimate records (e.g., Kuhnert et al., 2005; Goodkin et
al., 2008b). The underwater cave sediments, however, span significantly longer time
scales than corals. Maximum cooling and storminess in Bermuda was documented at 0.65
ka ago in cave sediments, thereafter followed by long-term persistent cooling that is
coincident with hemispheric cooling patterns associated with the LIA (Mann et al., 2008).

However, reduced Gulf Stream transport at 0.9 ka ago (Lund et al., 2006) is correlated
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with cooling in Bermuda and the North Atlantic region, which precedes reorganization of
atmospheric circulation at 0.6 ka ago. This suggests that conditions afforded by reduced
oceanic circulation in the North Atlantic may have been pivotal for LIA cooling. At this
stage, interpreting &'°O, trends with greater than centennial-scale resolution is hampered
from the uncertainties associated with the §'*O, proxy. However, this pilot study clearly
indicates that (a) climate trends are faithfully recorded in underwater cave sediments, (b)
sub-decadal to multi-decadal sedimentation rates exist in underwater caves extending to
at least 3.2 ka ago, and (c) the role of oceanic forcing can be observed in climate signals
due to constructive feedbacks between saline groundwater circulation and regional
oceanography. Therefore, underwater cave sediments on karst platforms represent an
emerging source of long-term marine-based paleoclimate records in tropical and

subtropical basins—areas that are often considered devoid of such records.
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Chapter 7: Conclusions

The simple answer to the premise of this dissertation is that phreatic coastal cave
environments unequivocally contain useful information about Quaternary sea level and
climate. Many basic curiosities about coastal cave environments were presented in the
introduction that framed this scientific exploration. Most important of these curiosities,
however, was that sediments are abundant in phreatic coastal caves, yet they have
received very little scientific study. In order to investigate this problem, this dissertation
first systematically investigated the modern environmental processes occurring in the
phreatic coastal caves of Bermuda. Once the modern environmental processes in the
phreatic caves could be constrained, core records were then sought to investigate the
climatic and sea-level history of Bermuda, with broader reference to the North Atlantic

region and beyond.

7.1 Part I: Establishing Modern Marine Geological Processes In Phreatic Caves
The first part of this dissertation was primarily focused on constraining the
modern environmental processes occurring in Green Bay Cave (GBC), Bermuda. Before
starting this research, a major problem existed in coastal cave science: it was impossible
to quantitatively separate anchialine versus submarine cave environments in passages
completely saturated by saline groundwater. Furthermore, there were no sedimentologic
or micropaleontologic proxies defined in phreatic coastal caves useful for reconstructing
environmental change, and data on foraminiferal communities in underwater cave
environments was non-existent. These problems precluded confident application of cave

sediments to Quaternary sea-level or climate problems. As such, the following question
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guided Part I of this research: What are the general sedimentary characteristics and
ecology of foraminifera in modern underwater caves?

In short, diverse communities of benthic foraminifera were found living in GBC,
which are organized into specific groups (or assemblages) colonizing the heterogeneous
habitats throughout the cave (Chapter 2). Since their shells (tests) are preserved in the
sediment record, foraminifera are obvious targets to develop into environmental proxies
in underwater caves. Groundwater salinity, terrestrial influences (sediments, nutrients),
and the supply and attenuation of nutrients into the cave were the primary factors
influencing benthic foraminiferal ecology in GBC (Chapter 2). These conclusions were a
successful result to the question that guided the research in Part 1.

In addition to foraminifera, we also learned that sedimentological and organic
geochemical proxies (particle size, C:N, §" Corg) can easily distinguish anchialine versus
submarine cave habitats. Green Bay Cave has perfect geomorphology for testing
hypotheses relating to the difference between anchialine and submarine cave
environments: an anchialine cave entrance is connected to a submarine cave entrance by
over 250 m of phreatic cave passage. The most important difference between these two
environments in GBC was the influx of terrestrial sediments entering the cave at Cliff
Pool Sinkhole. Therefore, I emended the definition of anchialine habitats to require the
nuance that terrestrial influences and processes dominant anchialine habitats
(sedimentologic, hydrogeologic, or biochemical). In contrast, marine processes must
dominate cave habitats for them to be classified as submarine cave environments (see
Glossary). This subtle extension of the original classification system of phreatic coastal
cave environments (Stock et al., 1986) allows for phreatic cave habitats to be

quantitatively distinguished. This result solved an important research problem, as these
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environments can now be quantitatively distinguished in the sediment record too. It will
be interesting to learn if other phyla colonize the heterogeneous cave habitats similar to
benthic foraminifera. Future research should continue to refine our understanding of the
differences between coastal cave environments, and to test the principles we have
established in Bermuda elsewhere (e.g., Mexico, Cuba, Bahamas, etc.).

As discussed, the influx of terrestrial nutrients into oligotrophic subterranean
habitats has considerable impact on cave foraminifera (Chapter 2). This means that
organic groundwater pollution should also be detectable by foraminiferal populations
because pollution can alter the trophic state of an oligotrophic underwater cave. Benthic
foraminifera are useful pollution monitoring proxies in other coastal environments (e.g.,
Yanko et al., 2003; Scott et al., 2005), which causes changes to foraminiferal assemblages
and test (shell) morphologies. Therefore, foraminifera and other microfossil proxies may
represent a future tool for detecting nutrient loading in coastal aquifers, which remains a
primary concern along many urbanized karst coastlines.

Although this study has focused primarily on foraminifera, taxonomic based
research has been completed on ostracods in Bermudian phreatic caves (e.g., Maddocks
and Iliffe, 1986; Kornicker and Iliffe, 1989). Future work may target this group for
paleoenvironmental research because their shells are also preserved in the sediment
record, perhaps preserving useful information in the environment/cave history not
recorded by the foraminifera. Anecdotal evidence suggests, however, that ostracods are
responding to environmental variables in the phreatic cave similarly to foraminifera. The
most important outcome of Part I was that the investigated proxies are responding to
predictable environmental gradients in underwater caves. This outcome provided

considerable confidence for moving forward with the project.

226



7.2 Part II: Sea-Level Signatures In Phreatic Coastal Caves

After developing proxies in Part I to reliably distinguish underwater cave
environments, the next goal of this dissertation was to examine if sea-level histories are
preserved in underwater cave sediments. Prior to this dissertation, glacioeustatic sea-level
change had been hypothesized as forcing environmental development in underwater
caves, but such a relationship had never been substantiated with convincing physical
evidence. I expanded on this hypothesis by proposing that underwater caves to transition
through vadose, littoral, anchialine, and submarine environmental conditions during sea-
level rise. Therefore, the following research question guided Chapter 3: Do successions in
underwater cave systems track sea-level rise?

After constraining 12 cores distributed in Green Bay Cave (GBC) with 20
radiocarbon dates, it became apparent that we recovered the first complete succession
from an underwater cave spanning the Holocene. After a detailed sedimentological
examination, all the different sedimentary units in the successions could be organized into
four facies (vadose, littoral, anchialine, and submarine). These four facies were correlated
to specific environmental conditions in GBC, and the timing of facies changes could be
related to Holocene sea-level rise on the Bermudian platform. This result provides
convincing support to the hypothesis that eustacy forces environmental change in
underwater caves (Chapter 3). A corollary to this conclusion is that crevicular habitats
and ecosystems will also have a concomitant response to sea-level change (rise or fall).
As such, could decreased habitat availability during sea-level regressions have promoted
allopatric speciation events due to habitat segregation in the subterranean realm? Such

hypotheses that examine the linkages between sea-level change with biospeleological
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evolution warrant further attention, especially considering that the present highstand
conditions are not representative of dominant position of eustatic sea level throughout the
Quaternary.

In the opinion of this author, the most important scientific advance from Chapter 3
is the conceptual model that links environmental change in all caves and sinkholes to
eustacy (Fig. 3.10). More broadly, all caves and sinkholes (both vadose and phreatic) can

be unified under the term speleogenetic karst basins, which describes any cave or

sinkhole derived from speleogenetic processes in karst terrain that provides sea-level
independent accommodation space for sediments and habitats. At the time of writing, any
speleogenetic karst basin in the literature, or anecdotally, can be located within this
model. Previous sedimentologic results from other speleogenetic karst basins have had
very little means of comparison to other karst basins, with the exception of vadose cave
environments (e.g., Woodward and Goldberg, 2001). This model now links all karst
sedimentary facies within a framework of their environment of deposition, and can be
used to describe the relationships between all speleogenetic karst basins. However, given
that Fig. 3.10 is a model, future work in Caribbean, Mediterranean and Pacific karst
basins needs to further test its utility. We anticipate that as our understanding of
environments in karst basins becomes refined, the conceptual model in Figure 3.10 will
also become refined.

An important caveat of the conceptual model it is most directly applied in the
coastal zone at this point, where most of the present research has been focused.
Conceptually, all inland caves can equally be unified under a vadose facies, which is
envisaged at the present time. In such an inland vadose facies, previously described

sedimentary units can be easily organized (Fluvial-based, lacustrine-based or pedogenic-
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based lithofacies: Woodward and Goldberg, 2001; Bosch and White, 2007; White 2007).
However, these ideas need further research, especially on inland telogenetic karst. Despite
this caveat, this work is clearly a step towards developing a broader theory unifying
sedimentation in caves within their environment of deposition, which has arguably been
unsatisfactory until now when considering karst sedimentation throughout the vadose to
phreatic continuum.

For Quaternary research, an important contribution from Part II is that sea-level
index points can be derived from the littoral facies. Two specific case studies were
presented, one from the Holocene and one from Marine Isotope Stage 11, which illustrate
this point (Chapters 4 and 5). The problem for sea-level research in Bermuda is that basal
brackish peat is scarce, or altogether unavailable, prior to 6.5 ka. Therefore, researchers
have relied on relative sea-level index points (basal freshwater peat) for constructing a
local Holocene sea-level curve. New sea-level index points can now be obtained from
karst platforms by investigating and dating a littoral facies in karst basins (e.g., calcite
rafts and mud, coastal sands; Mangrove peat in sinkholes: Gabriel et al., 2009).

An unaddressed problem in this dissertation is the Fe-oxide at the base of the
strata in Green Bay Cave. This is not the only cave observed with Fe-oxide sediments in
Bermuda: similar sediments are found at the modern sediment-water interface in Deep
Blue Cavern! Furthermore, Fe-stained sediments occur in Mexican, Floridian, and
Mallorcan underwater caves. Preliminary work on the Bermudian Fe-stained sediments
suggests that anoxic, Fe-saturated groundwater is currently upwelling in Deep Blue
Cavern, causing Fe-oxide to precipitate when the anoxic groundwater reaches the
oxygenated cave (van Hengstum and Charette, unpublished data). However, this process

is not currently occurring in GBC. This initial result only poses further questions. Why do
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iron oxides precipitate in specific places? Does anoxic saline groundwater only upwell in
specific places? Why does it change spatial location through time (e.g., currently in Deep
Blue, not currently in GBC)? Do these sediments have any relation to the position of sea-
level, similar to modern ‘iron curtains’ in clastic coastlines (e.g., Charette and Sholkovitz,
2002). Does upwelling dissolved iron in karst platforms impact coastal oceans? If
upwelling saline groundwater is anoxic, what modern cave organisms live — or cant live —
in Bermuda’s anoxic crevicular habitats? This last question has especially important
implications when considering the vertical migration of aquatic ecosystems during sea-
level regressions. Further research is needed to examine Fe and Mn cycling in the
Bermudian aquatic caves to fully appreciated these relationships.

A final implication of Chapter three is that factual paleohydrogeological data can
now be obtained using microfossil proxies. For example, based on foraminiferal
paleoecology, Green Bay Cave (GBC) was brackish for 4000 years from ~5.6 to 1.6 ka
(Fig. 3.7). In short, the modern marine cave ecosystem in GBC has only been there for the
last 1600 years! So, where were the fauna forming the modern submarine ecosystem prior
to 1.6 ka? Considering the endemic cave ostracod Paranesidea sterreri and the
oligotrophic foraminiferan Spirophthalmidium emaciatum were present in GBC prior to it
becoming brackish, this indicates that cave fauna have remarkable rates of emigration and
migration through the crevicular habitats in Bermuda. This is maybe not surprising,
because although GBC may have been brackish until 1.6 ka, Walsingham cave was
certainly marine, indicating salinity in subterranean cave habitats can be variable across a
karst platform at the same time. However, this does not rule out the possibility that
coastal circulation on the Bermudian platform (e.g., Morris et al., 1977) over short

distances (<10 km) may be contributing to the migration of crevicular organisms between
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suitable subterranean habitats. It is now apparent from the work in Part II that
hydrogeology in karst basins and habitats is intimately related to the position of eustatic
sea, relationships that will have inevitable feedbacks on the biology in crevicular habitats.
Lastly, numerical modeling is often used to derive paleohydrogeological information on
karst platforms. Coring studies of underwater cave sediments, where possible, now
provide a method to ground truth paleohydrogeological data derived from numerical

modeling.

7.3 Part III: Climate Signatures In Phreatic Coastal Caves

Considering Part II established how speleogenetic karst basins evolve in response
to sea-level forcing, the last objective of this dissertation was to obtain a climate record
from the underwater caves of Bermuda. Recent work in Japan indicates that climate
records can be obtained from submarine cave environments once they are circulated with
the ocean (e.g., Yamamoto et al., 2010), suggesting that similar paleoclimate records may
also be present in Bermuda. The following research question guided the research in
Chapter 6: Does cave foraminiferal 8'°O, and sedimentology document late Holocene
Climate change on Bermuda?

To answer this question, Walsingham Cave was chosen as the study site because it
did not have a physical ‘karst window’ exiting at the ocean like Green Bay Cave. Sea
cucumbers are found inside Green Bay Cave, especially in The Desert (see Fig. 2.2),
which may be bioturbating any climate records there. Sea cucumbers are not found in
Walsingham Cave. However, it remained a priority to demonstrate that Walsingham Cave
actually experiences seasonal thermal variability. Iliffe et al. (1983) hypothesized that

Bermudian caves were thermally isolated from the ocean, possibly throughout the
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Pleistocene, so it was argued by other scientists that climate records would not be present
in Bermuda’s Caves. To test the hypothesis that Walsingham Cave is circulated with the
ocean, a temperature monitoring program was launched in 2010. The results conclusively
indicate that the temperature of saline groundwater in Walsingham Cave is seasonally
variable, controlled by tidally forced saline groundwater circulation (Fig. 6.3). To our
knowledge, this type of groundwater circulation has only been previously measured in the
Yucatan (Beddows et al., 2005, 2007). Therefore, if Walsingham Cave is circulated with
the ocean, then paleoclimate records could be preserved in the cave sediments.

The results of the paleoclimate investigation confirm the hypothesis that
underwater cave sediments can preserve regional paleoceanographic records, which can
be directly linked to paleoclimate changes (Chapter 6). Bermuda has two dominant
sources of heat: solar radiation and heat transported by the Gulf Stream. Therefore, any
changes to these factors can be expected to cause a concomitant change in Bermudian
climate. Based on a centennial-scale reconstruction of Gulf Stream transport over the last
1000 years, Lund et al. (2006) documented a decrease in transport at 0.9 ka, that
corresponds to a global cooling trend (Mann et al., 2008). A similar cooling trend was
observed in Walsingham Cave, which peaked at the onset of the Little Ice Age at 0.6 ka.
Therefore, if changes in surface ocean currents (i.e., Gulf Stream) can be preserved in the
sediments of Walsingham Cave, can changes in the Caribbean current be preserved in the
underwater caves of Cozumel (Mexico)? Future research should specifically investigate if
high-resolution paleoceanographic records of surface ocean currents are routinely
preserved in underwater caves, and the subsequent impact on Holocene paleoclimate
changes. The paleoclimate results herein have enormous potential beyond Bermuda.

Caves are ubiquitous throughout the Caribbean, which may provide a whole new class of
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marine paleoclimate records that are currently untapped, and based on the results from
Bermuda, possibly with decadal to sub-decadal resolution. A limitation is that the cave
must be circulated with the ocean, as some underwater caves are more isolated than
others (e.g., Novosel et al., 2007). However, this property can easily be tested with a
saline groundwater thermal monitoring program (Novosel et al., 2007; Yamamoto et al.,
2010; this study).

After completing the paleoclimate reconstruction, questions still surround the
utility of miliolids for paleoclimate isotope work. At this stage, the isotopic results from
miliolids can only be interpreted as systematically offset from isotopic equilibrium
without better constraint on their modern stable isotope geochemistry. Therefore, either
more work is needed to constrain miliolids as an isotopic proxy, or another biogenic
carbonate microfossil (e.g., bivalves, ostracods) should be explored for paleothermometry
in their stead. The most significant result of Part III, however, remains that continuous
records of paleoclimate exist in Bermuda’s phreatic caves, which warrant further
research.

The conclusion that saline groundwater flooding Walsingham Cave experiences
seasonal thermal variation similar to coastal waters and Sargasso Sea is also significant to
regional cave biology (or biospeleology). Previously, it was hypothesized that Bermuda’s
phreatic caves do not experience annual thermal variation, but remain constant at ~20.5°C
all year round (Iliffe et al., 1983). Based on this hypothesis, it has been suggested that
temperature in Bermudian underwater caves has remained constant, or only up to ~2°C
cooler, during the Pleistocene glacial periods (Iliffe et al., 1983; Manning et al., 1986),
when eustatic sea level was ~120 m below present (Siddall et al., 2003) and tropical

ocean temperatures may have been up to 8°C cooler than present (e.g., deMenocal et al.,
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2000). This is evidenced as critical support to the hypothesis that Bermuda’s caves have
been a refugia throughout Quaternary glacial and interglacial cycles, and that many
organisms may be directly derived from ancient lineages, possibly of Mesozoic age (e.g.,
Manning et al., 1986).

We argue, based on the modern data temperature data collected from Walsingham
Cave, that Bermuda’s crevicular habitats in the eolianite have remained in direct
communication with the ocean anytime they were flooded by eustatic sea-level rise (e.g.,
Marine Isotope Stages 5, 7, 11) This means that any changes in ocean temperature is
directly translated into the crevicular habitats due to saline groundwater circulation
(Whitaker and Smart, 1990; Moore et al., 1992; Beddows et al., 2007). It is certain that
there will be some regional temperature variability in Bermuda between different caves
because the degree of communication between the ocean and different lithologies may be
variable (contrast: Green Bay Cave with Deep Blue Cavern). But it should not be
assumed that any caves in Bermuda have remained isolated from the ocean during recent
times, or throughout the Pleistocene. A primary implication of this result is that
underwater cave habitats will not be immune to oceanic or climate changes due to
anthropogenic forcing. Evidence from an Italian Phreatic cave has already documented
ecosystem degradation in an underwater cave from sudden climate-forced changes to

ocean temperature (Parravicini et al., 2010).

7.4 Final Remarks
Unfortunately, this dissertation has only contributed a small amount of science,
which has generated more questions than answers. However, it does represent a good

advance for sediment-based research in speleogenetic karst basins. There is still much to
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be learned about the physical marine geological processes operating in underwater caves,
but after the results presented here, it is apparent that this new avenue of cave and karst
science will provide fruitful contributions to our understanding of global change in the

Quaternary.
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Appendix 1 — Bermuda Cave Radiocarbon Dates

Note for distinguishing cores (column 3): WH refers to a core from Walsingham Cave,
whereas GB refers to a core from Green Bay Cave. For Example, GBC1 is core 1 from
Green Bay Cave (see Chapter 3).

Index Lab . Conventional d"C Calibrated
No. number Core Depth (cm) Material 14C age (%) age (20)
1 sonro  WHC2 7.5+1 foraminifera 270 +40 0.03 <400
2 78188-2 WHC2 19 £1 foraminifera 985 £30 -0.12 600 +80
3 o WHC2 2041 foraminifera 1330 35 0.7 920 130
4 72188-1 WHC2 33.25 +0.25 bulk organics® 1200 +£50 -21.79 930 +130
5 88381-9 WHC2 49 +1 foraminifera 2460 +30 0.31 2170 £140
6 8(?289-6 WHC2 64 £1 foraminifera 2700 +£30 0.28 2490 £160
7 7?;65 WHC2 78.25 +£0.25 woody debris 2300 £30 -27.16 2270 £90
OS- 912?2.25 marine
8 79184 WHC2 4025 gastropod 2830 +30 1.44 2610 £140
9 7;)188-5 WHC2 124 £1 foraminifera 3000 £30 0.38 2830 +110
10 72)48(;4 WHC2 154.25 £0.25 woody debris 2600 +£30 -25.6 2700 +£80
1 s WHC2 159 <1 foraminifera 3260 +30 085 3150160
12 72188-2 WHC2 164.5+0.5 bulk organics§ 3050 £55 -18.97 2960 +180
OS- foraminifera
13 81524 WHC4 21 +1 and ostracods 710 £30 -0.19 390 +95
14 e WHCA 4141 foraminifera 890 +30 0 550 %80
15 8?481; 5 WHC4 61 +1 foraminifera 2260 +30 0.24 1930 +130
OS- foraminifera
16 81450 WHC4 81 +1 and ostracods 2580 +£30 0.4 2300 £150
17 72187‘ S GBC1 1005 woody debris 2010435 2727 30804130
18 72187-6 GBCl1 21.5+0.5 woody debris 4190 +45 -24.91 4710 +£130
19 . GBI 71.540.5 woody debris 5070470 2589 58204165
0s bivalve -
20 N GBCS5 14.5+0.5 Barbatia 645 £25 2.79 350 +95
79473 . .
domingensis
0s- bivalve -
21 GBC5 27.5+0.5 Barbatia 1610 £25 0.39 1200 £100
78020 . .
domingensis
0s- bivalve -
22 78019 GBC5 31.25+0.25 Barbatia 2040 +£25 -0.57 1670 £130
domingensis
23 78485-1 GBC5 38.25+0.25 bulk organics 3590 £30 -27.12 3900 +£70
24 72188‘ o GBCS5  4625+025  bulk organics 3800440  -27.48 4200 =190
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OS-

25 74179 GBC5 49.75 +£0.25 bulk organics 4930 45
0OS- foraminifera
26 80321 GBCS Syl and ostracods 680050
0OS- foraminifera
27 79218 GBC5 61.25 +0.75 and ostracods 7160 £65
OS- land gastropod -
28 79474 GBC5 65.25 +£0.25 Poecilozonites 11100 £65
OS- .
29 74186 GBC6 27.5+0.5 Bivalve 1140 £40
0s- bivalve -
30 GBC9 11.5+0.5 Barbatia 595 +25
81363 . .
domingensis
oS- bivalve -
31 GBC9 37.5+0.5 Barbatia 2000 £25
81364 . .
domingensis
0OS- foraminifera
32 31373 GBC9 59.5+0.5 and ostracods 6700 £35
0s- bivalve -
33 GBCl11 37.25 +0.25 Barbatia 2020 £25
81365 . .
domingensis
OD- foraminifera
34 31366 GBCl11 41 +0.75 and ostracods 7030 £30
0OS- foraminifera
35 31369 GBCl11 46.75 £0.75 and ostracods 7210 +40
0s bivalve -
' GBC12 29.5+0.5 Barbatia 1630 £25
81367 . .
36 domingensis

§ - bulk organics in underwater caves can be a mixture of terrestrial and marine organic
matter. The marine fraction (F,,) was determined with a two-endmember mixing model

where: -26.7%o = 0X4; -16.8%0 = 60X, (van Hengstum and Scott, 2011); 1 =F; + F,,; X =
Fn*0X,, + F*dX; equations solved for F,, (e.g., Ogrinc et al., 2005), and age calibrated
with Mixed Marine Northern Hemisphere curve (Reimer et al., 2009).

Marine carbonates (bivalves, foraminifera, ostracods) calibrated assuming a surface
ocean reservoir age of 400 yrs, AR = -48 £40 (Druffel, 1997) and Marine09 dataset
(Reimer et al., 2009); terrestrial material (woody fragments, Poecilozonites, etc.)
calibrated with IntCALO9 data set (Reimer et al., 2009).

Note: All foraminifera are benthic.

-25.23

-0.14

-1.59

-8.02

-0.18

29

0.29

-0.72

0.88

0.42

-0.93

5670 +80

7360 £120

7690 £150

12,940 +200

760 +110

280 +£140

1630 +130

7280 £110

1650 +130

7560 £100

7720 £120

1230 +100
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Appendix 2 — Green Bay Cave Surface Sample Data

Data for the Green Bay Cave surface samples is to be permantantly archived as

Electronic supplementary material at Dalhousie University. Appendix 2 includes:

(1) Measured sedimentological parameters for each surface sample

(2) Measured geochemical parameters for each surface sample

(3) Original census data for benthic foraminifera

(4) Relative abundance and standard error calculations (2s) for benthic
foraminifera

(5) Foraminifera not included in the total assemblages due to taphonomic

processes (see Chapter 2).
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Appendix 3 — Green Bay Cave Sedimentologic Data for cores

Data for the Green Bay Cave surface samples is to be permantantly archived as
Electronic supplementary material at Dalhousie University. Appendix 3 includes:
(1) Measured sedimentological parameters in each core

(2) Measured geochemical parameters in each core
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Appendix 4 — Example of Isotopic Mixing

After measuring the 8" Corg value in surface sediments throughout Green Bay
Cave, Bermuda, the terrestrial end-member of organic matter was -26.7%o and the marine
end-member was -16.8%o. Therefore, the fraction of terrestrial organic matter (F;) versus
fraction of marine organic matter (F,,) contributing to a bulk 8" Corg value (8X) downcore
can be estimated using a simple 2-endmember mixing model.
Given: 80X, = -26.7%o, X, = -16.8%0 (van Hengstum and Scott, 2011, Chapter 2).
Equation 1: 1 =F; + F,,,, where F, is the unknown to be estimated.
Equation 2: X = F, * 80X, + Fi * 8X,, where 8X is measured isotopic composition for the
sample of interest (e.g., GBCS 3-4 cm).
Then: 80X =F,* dX,+ F* 80X

0X = (1- Fy) * (-16.8%0) + F; * (-26.7%o0)

0X = (-16.8%0) + (16.8%0 * F;) — (26.7%0™* F)

0X = (-16.8%0) — (9.9%0* F,)

(8X + 16.8%o) / (-9.9%0) = F,

The fraction of marine organic matter (F,,) can then be easily be then calculated
by substitution of F; into Equation 1. Obviously, this calculation asumes that organic
matter is dominantly derived from only two sources, which is a reasonable assumption for

coastal environments.
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Appendix 5 — All Bermuda Marsh Radiocarbon Dates

Lab Depth . Conventional 8" *C Calibrated o
Sample number (m bsl) Material C age (%0) Age (£25) Citation
Devonshire
marsh
1 ACN Neumann
#D7 ML 561 1.7 freshwater peat 770 +80 735 +175 (1971)
5 ACN Neumann
#D12 ML 559 34 freshwater peat 3815 +95 4220 £290 (1971)
3 ACN Neumann
#D9 ML 556 5.8 freshwater peat 4585 £100 5270 £310 (1971)
4 ACN Neumann
#D11 ML 555 7.4 freshwater peat 5070 £100 5840 +250 (1971)
5 ACN Neumann
#D1 ML 553 8.9 freshwater peat 6000 £110 6870 +300 (1971)
6 ACN Neumann
#D5 M1 552 10.7 freshwater peat 6510 £110 7385 +£210 (1971)
7 ACN Neumann
#D4 ML 550 12.5 freshwater peat 6970 £120 7800 +200 (1971)
Great Sound
3 GS 01: Vollbrecht
1.22-1.28  KI-1997 12.6 freshwater peat 7250 £90 -27.2 8090 +£220 (1996)
9 GS 02: Vollbrecht
5.94-6.01 KI-1998 27.1 freshwater peat 9150 £210 -27.9 10370 £700 (1996)
Harrington
Sound
10 ACN ML 69- Vollbrecht
#HS 2A 4.4 freshwater peat 4994 £80 5750 £150 (1996)
1 ACN ML 69- Vollbrecht
#HS 3A 4.7 freshwater peat 4760 +100 5510 £210 (1996)
HS-TB Vollbrecht
12 02/2: KI- (1996)
1.35-1.4 2045.02 4.7 freshwater peat 3830 £95 -26.4 4220 £290
13 HS-TL: KI- Vollbrecht
1.8-1.85 2117.02 5.5 freshwater peat 4990 +£65 -29 5750 £143 (1996)
14 ACN ML-69- Vollbrecht
#HS 13A 5.6 freshwater peat 4787 £105 5522 +220 (1996)
HS- Vollbrecht
15 TB/1: (1996)
0.85-0.90  KI-2044 7 freshwater peat 5800 +80 -27.7 6600 +180
16 ACN ML 69- Vollbrecht
#HS 12A 7.6 freshwater peat 5829 £110 6660 £260 (1996)
17 ACN ML 69- Vollbrecht
#HS 16A 9.4 freshwater peat 6785 £120 7680 +240 (1996)
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18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

ACN
#HS

ACN
#HS

HS-
PH/2:
3.45-3.5

ACN
#HS

ACN
#HS

8450AC
N #HS

ACN
#HS

ACN
#HS

ACN
#HS

ACN
#HS

ACN
#HS

ACN
#HS

HS-MR
05/2: 0.8-
0.85

HS-MLB
02/2:2.2-
2.26

HS-MR
08:1.8-
1.85

Unlabele
d

HS-CB
03:2.59-
2.64

HS-CD
02: 3.45-
3.5

HS-CB
05/2:
3.75-3.80

HS-MR
07: 1.24-
1.29

ML 69-
17B

ML 69-
17A

KI-3408

ML 69-
18C

ML 69-
18A

ML 69-
19A

ML 69-
20A

ML 69-
15A

ML 69-
22A

ML 69-
27B

ML 69-
27A

ML 69-
24A

KI-2121

KI-2120

KI-

2111.01

ML-186

KI-2119

KI-2118

KI-

3932.38

KI-2113

13

19.9

203

20.7

21.6

21.9

222

223

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

6800 £120

7221 +£110

6850 +100

7280 £100

7360 +160

7709 +£140

7400 £135

7880 +100

8833 +£140

8030 +£140

8785 £140

8195 £100

8900 £160

8760 +£125

8900 £100

9145 +150

8800 £100

9410 170

9370 £95

9440 110
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-28.9

-27.9

-30.1

-28.3

-28.5

-28.7

-28.2

7680 £240

8080 +240

7720 £210

8130 +200

8150 +300

8590 +380

8190 +240

8730 +270

9880 +330

8940 +400

9870 +320

9130 +£340

9960 +420

9850 +310

9960 +280

10275 £450

9860 +300

10700 +450

10670 400

10720 +410

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Redfield (1967)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)



HS-SP
38 01:392-
3.98

HS-PT
39 02:1.10 -
1.15

HS-PT
01: 1.71-
40 1.76

ACN
4 s 78
HS-GP
2 (243):
2.39-2.43

HS-GP
43 (01.4):
3.25-33

HS-CS/1:
44 2.85-2.90

HS-CD
45  01:4.15-
4.20

HS-SP
46  04:5.72-
5.75

HS-SP
47 03:5.78-
5.82

HS-PB
01: 6.75-
48  6.78

Mangrove Lake

ACN
49 #ML1
Pembroke
Marsh

ACN
>0 #P1

ACN
> #P2
Port Royal Bay

PR 03/2:
32 5.46-5.49

53 Unlabele
d

PR 01/1,

4 4.07-4.1

KI-
1800.03

KI-2112

KI-
1733.01

ML 526

KI-
1732.01

KI-
1732.02

KI-2114

KI-2116

Beta-

88712

KI-2172

KI-2171

ML 557

ML 547

ML 546

KI-2000

Unlabele
d

KI-1999

23

232

232

23.8

23.9

24.8

24.8

24.8

26.8

27

273

14.5

20.8

25.2

26.7

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

9940 +170

9150 +165

9640 £95

9180 £140

9020 £115

9720 +100

9450 170

10130 £90

9730 £60

9750 £120

10110 £110

4120 +100

7630 £120

8530 £130

8890 £70

9552 +89

9400 +85

293

-25.4

-28.2

-27.3

-253

-26.3

-29.5

-29.4

-29.3

-29.1

-27.9

-28.8

11440 640

10260 +490

10970 £250

10300 +£390

10120 £370

11020 £280

10733 +450

11710 £360

11030 +£230

11160 +440

11680 400

4640 +230

8440 £260

9520 +380

9970 +230

10890 +290

10690 +£390

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Ashmore and
Leatherman
(1984)

Vollbrecht
(1996)



Shelly Bay,
North Shore

Unlabele
55 d
Unlabele
56 d
St. George's
Harbour
ACN
>7 #FR
ACN
>3 #TC
SGH 02:
3 6.14-6.22

1-1683

1-1684

ML 549

ML 551

KI-2001

Somerset Long bay, South

Shore

60  Unlabeled

61  Unlabeled

62  Unlabeled

63  Unlabeled

64  Unlabeled

65  Unlabeled

66  Unlabeled

67  Unlabeled

68  Unlabeled

North Lagoon
69 NLO031/4:
4.73-481
NL 039:
0 isi1e
71 NL 040:
4.78-4.81
72 NL 048:
231-235
NLO049:
B07-112
74 NLOSI:
2.83-2.87
75
NL 054:

1-1685

1-1969

1-1764

1-1971

1-1973

1-1975

1-1686

1-1762

1-1763

KI-
1991.0

KI-
1992

KI-
1993.0

KI-
1994.0

KI-
1995

KI-
1996.0
4

KI-
2585.0

1.7

2.3

9.9

12.3

20.1

0.5

0.6

1.3

1.7

2.3

3.1

32

26.1

23

17

3.1

14.6

freshwater peat

freshwater peat

basal brackish

peat

freshwater peat

freshwater peat

freshwater peat
freshwater peat
freshwater peat
freshwater peat
freshwater peat
freshwater peat
freshwater peat
freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

freshwater peat

1850 £110

1820 +120

6070 £110

7460 +£120

8780 £100

880 +120
1210 £95
1510 £110
2440 £110
2530 £100
2690 £90
3900 £120
3600 £120

3930 £120

9700 £90

7870 £95

9230 +150

8710 +£80

3980 +55

8010 +£95

9010 £125

294

-29.1

-28.5

-27.8

-31.3

-27.1

-243

-28.8

-28.5

1780 +260

1730 310

6960 +290

8260 +250

9850 +300

810 £240

1120 £180

1440 £250

2470 £290

2570 £220

2780 +280

4390 +410

3910 £330

4372 +440

11000 +240

8730 £270

10500 +270

9830 +300

4510 +270

8860 +270

10100 £390

Redfield (1967)

Redfield (1967)

Vollbrecht
(1996)

Vollbrecht
(1996)

Vollbrecht
(1996)

Redfield (1967)
Redfield (1967)
Redfield (1967)
Redfield (1967)
Redfield (1967)
Redfield (1967)
Redfield (1967)
Redfield (1967)

Redfield (1967)

Kuhn (1984)

Kuhn (1984)

Kuhn (1984)

Kuhn (1984)

Kuhn (1984)

Kuhn (1984)

Vollbrecht



4.52-4.57

76 NL055/2:

5.5-5.54
Mill Share
7 MS-C6
8 bcos
7 C05
80 C02
Mills Creek
81 DCO05
Hungry Bay
82 DCO05
83

HBI1-9
84

HB2-1
85

HB5-2
86

HBI-1
87

HBI1-2
88

HBI1-3
89

HBI1-4
90

HBI1-6
91

HB2-2
92  HB4-1

2

KI-
2586.0
3

GX-
21542

GX-
21545

GX-
21543

GX-
21544

GX-
21546

GX-
21547

not
given
(Beta)

not
given
(Beta)

not
given
(Beta)

not
given
(Beta)

not
given
(Beta)

not
given
(Beta)

not
given
(Beta)

not
given
(Beta)

not
given
(Beta)

not
given

2.71

29

2.32

4.45

1.65

5.45

2.25

0.65

1.45

2.45

3.45

4.45

0.23

freshwater peat

mangrove peat

basal brackish
peat

basal brackish

peat

mangrove peat

basal brackish
peat

basal brackish
peat

basal brackish
peat

basal brackish
peat

basal brackish

peat

mangrove peat

mangrove peat

brackish peat

brackish peat

brackish peat

mangrove peat

mangrove peat

8800 +120

2940 +60

2930 £60

1070 £60

510 £55

2940 +60

2010 £50

4870 £90

4940 +100

3990 £110

390 £90

1080 +80

2090 £90

2740 110

3880 +£100

720 £80

750 £60

295

-28.1

-27.6

-27.4

-25.1

-26.4

-26.9

-26.5

=253

-253

9860 +310

3120 £200

3100 £220

990 +180

565 +85

3120 £200

1990 120

5610 +280

5690 £220

4490 +330

310 +310

990 +£190

2100 £220

2860 +350

4280 £290

665 +130

675 £115

(1996)

Vollbrecht
(1996)

Javaux (1999)

Javaux (1999)

Javaux (1999)

Javaux (1999)

Javaux (1999)

Javaux (1999)

Ellison (1993)

Ellison (1993)

Ellison (1993)

Ellison (1993)

Ellison (1993)

Ellison (1993)

Ellison (1993)

Ellison (1993)

Ellison (1993)

Ellison (1993)



93

94

95

96

97

98

99

(Beta)

not
given Ellison (1993)

HB5-1 (Beta) 0.35 mangrove peat 1460 £60 -22.3 1400 £120

UGAM basal brackish This work
DC04 S-4589  2.57 peat 2580 £ 20 -26.1 2690 £65

UGAM basal brackish This work
DCO05 S-4590 1.19 peat 810+ 20 =233 725 +40 w

UGAM basal brackish This work
DCO06 S-4591 0.85 peat 230+ 20 -24.7 150 £150

UGAM basal brackish This work
DC17 S-4592 0.7 peat 530 +20 -24.2 570 £55

UGAM basal brackish This work
DCI18 S-4593 0.6 peat 490 + 20 -24.2 520 +15 w

UGAM basal brackish This work
DCI3 S-4594 1.96 peat 3240 + 25 -25.6 3730 £100

UGAM basal brackish This work
DCl14 S-4595 1.82 peat 2800 £ 25 -25.6 2890 £80

UGAM basal brackish This work
DCI15 S-4596  2.02 peat 3110 +30 -25.3 3320 £70 W

UGAM basal brackish This work
DC07 S-4597  3.44 peat 3630 £ 25 -26.1 3970 £100

NOSA

MS- basal brackish This work

DCC8B 72328 2.01 peat 2490 £ 45 -26.4 2550 £180

Notes:

(1) Brackish peat verified by salt marsh foraminifera (Javaux, 1993 and this study) or botanical remains (Vollbrecht,
1996 and Ellison, 1993).

(2) Older ages without 8"°C values reported may be offset by an additional few hundred years because a 8"°C-
correction could not be preformed.

(3) A maximum vertical error estimate (most conservative) on basal mangrove depths is the maximum 1.2 m tidal
range in Bermuda. No vertical error was applied to terrestrial peat dates, compaction likely introduces additional
vertical error on non-basal mangrove peats, but are included here for a broader regional perspective.

(4) Sample Index points 80-83 were 8"*C-corrected (Javaux, 1999, p. 283), although 8"°C values not reported.

(5) Table only includes samples collected from <30 m bsl.
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Appendix 6 — Green Bay Cave Cores Micropaleontologic Data

Micropaleontologic data for Green Bay cores 5 and 9 is to be permantantly
archived as Electronic supplementary material at Dalhousie University. Appendix 6
includes:

(1) Original census counts in each core

(2) Relative abundance and standard error calculations (20) for benthic foraminifera

Appendix 7 — Walsingham Sedimentologic Data

Sedimentologic data for the Walsingham cores is to be permantantly archived as
Electronic supplementary material at Dalhousie University. Appendix 7 includes:
(1) Measured sedimentological parameters in each core

(2) Measured geochemical (8'°0,) parameters in each core
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