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Abstract  

Large calcareous eolianites cover the remote island of Bermuda, accounting for more 

than 90% of the limestone bedrock. This study examines the sedimentology and geochemistry of 

these eolianites to better understand Pleistocene oceanography and the meteoric alteration of 

subtropical carbonate sediments. Cluster analyses reveal that the eolian carbonate sediments fall 

into two natural groups that represent lagoonal and reefal end members of marine sediment 

production. Coral fragments are uncharacteristically absent, possibly destroyed prior to their 

incorporation into eolian deposits by endolithic microboring organisms or broken up during 

transport. Sediment assemblages lead to the following interpretations of the Bermudan offshore 

environment: (1) the Ledge Flats reef system along the southwestern coast has been active since 

MIS 11, contributing coralline algal-rich sediment to the northern beaches of Sandy’s Parish and 

acting as an energy barrier in the south, allowing for low energy sedimentation in the quiet back-

reef region; (2) on the northeastern coast, the low energy back-reef region landward of the Ledge 

Flats has thrived since MIS 11; (3) during MIS 5e, slightly warmer water temperatures led to the 

hindrance of coralline algal growth along the southern coast and in the North Lagoon. These are 

the first interpretations of Pleistocene marine assemblages on Bermuda. 

Meteoric fluids progressively transformed the pristine carbonate sediments into hardened 

limestones in a predictable solubility-dependent manner. The progressive alteration is coincident 

with: (1) divergence of δ18O and δ13C values from those similar to unaltered sediment towards 

those of calcrete, due to interaction with CO2-charged meteoric fluids; (2) depletion of elements 

with low partitioning coefficients and low meteoric concentrations, such as barium, boron, 

magnesium, potassium, sodium, strontium, and uranium; (3) enrichment of iron from Terra 

Rossa-hosted iron oxides; (4) enrichment of aluminum via detrital minerals sourced from protosol 

horizons; and (5) manganese concentrations that remain uncharacteristically low, owing to the 

lack of a consistent manganese source. Elemental correlations are useful for characterizing 
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meteoric diagenesis, assuming the primary mineralogy is recognized, all components have been 

fully altered, and inter-particle cements are ubiquitous.   
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CHAPTER 1  

Introduction 

1.1 The Bermuda Platform 

Perched 1,000 km west southwest of Cape Hatteras sits Bermuda, an isolated subtropical 

carbonate factory. First described by Darwin, Bermuda is an atoll carbonate factory that sits atop 

the southernmost volcanic seamount of the Bermuda Rise (Fairbridge, 1995). Igneous intrusion 

and related tectonic activity of the tholeiitic volcanic pedestal ceased in the mid-Oligocene, 

leaving the platform in a state of ongoing tectonic stability (Land et al., 1967; Reynolds and 

Aumento, 1974; Galehouse, 1979). Warm water carbonate production initialized during the 

Quaternary and is responsible for the modern topography and limestone bedrock of Bermuda 

(Sayles, 1931). Most of the 650 km2 platform is currently inundated, but the 53 km2 of exposed 

landmass is defined by 150 small islands (James and Kyser, 2012).  

Bermuda is characterized by a subtropical climate, which is unique, given its northward 

latitudinal position. The combination of the Gulf Stream and the Bermuda-Azores High pressure 

atmospheric cell results in warm marine waters and hot, humid conditions on Bermuda (Garrett et 

al., 1971). Equatorial waters are carried northward along the eastern coast of North America by 

the Gulf Stream, warming the northern extent of the Sargasso Sea. Climatic seasonality is 

triggered by the Bermuda-Azores High, which protects the island from North American cold 

fronts in the summer yet leaves the island exposed during the winter (Chase, 1951).  

1.2 Calcareous Eolianites 

The Quaternary Period was a time of punctuated carbonate-rich eolian deposition in 

response to fluctuating eustatic sea level. These coastal landforms have been observed on a global 

scale, including the Bahamas, SW Australia, the Persian Gulf, South Africa, and Bermuda 

(Marker, 1976; Sprigg, 1979; Carew and Mulroie, 2001; Fryberger et al., 2001; Williams and 
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Walkden, 2001). Quaternary eolianites have vast implications regarding paleoceanography and 

their importance cannot be understated. Eolianites are the key towards delineating eustatic sea 

level trends of the Quaternary, a topic of immense controversy with globally opposing lines of 

evidence (Murray-Wallace and Woodroffe, 2014). Furthermore, the high porosity, permeability, 

and potential for early cementation make eolianites ideal candidates for conventional 

hydrocarbon reservoirs, emphasizing the necessity to fully recognize the physical and chemical 

characters of these deposits (Fryberger et al., 2001). 

Following the work of Verrill (1907), Sayles defined ‘calcareous eolianites’ as “all 

sedimentary rocks which have been deposited by the wind… composed largely of calcareous 

material” (Sayles, 1931). This definition will be used for this thesis, shortened to ‘eolianites’ for 

simplicity. Sayles performed his iconic research on the island of Bermuda, whose limestone 

bedrock is composed dominantly of lithified eolianites separated by ancient soil horizons. 

Hydrodynamic processes swept marine-derived Pleistocene carbonate sediments, produced in reef 

and lagoon environments, onto nearby beaches. Strong winds transported sediments inland, 

winnowing away the fine material and depositing the sand-sized grains into large shore-parallel, 

transverse dunes (Mackenzie, 1964a). Individual dunes can extend for hundreds of metres inland 

and stretch tens of metres above the base. Easily distinguished by the high-angle cross bedding, 

these dunes define the distinctive undulatory topography of Bermuda (Mackenzie, 1964b).  

Meteoric fluids, in both the unsaturated vadose and saturated phreatic zones, altered 

carbonate sediments on Bermuda and progressively turn eolianites and other carbonate bodies 

into hardened limestones. This diagenesis limits inland migration of eolian deposits on Bermuda, 

tying them to the proximal beach source (Bretz, 1960). Diagenesis occurs in a predictable 

stepwise pattern that is dependent on the solubility of specific carbonate phases (James and 

Choquette, 1989). The geochemical consequences of meteoric diagenesis have been investigated 

on Bermuda, such as the elemental and isotopic compositions of the eolianites, to better 

characterize meteoric diagenesis in ancient carbonate deposits (Morse and Mackenzie, 1990).  
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1.3 Research Objectives 

Bermuda was home to a host of early research on natural subtropical systems; from 

primitive facies models and the role of early diagenesis on carbonate sediments to marine 

environments and oceanographic studies. This thesis aims to expand our knowledge of the most 

prominent feature of Bermuda, its eolianite dunes, using an integrated approach of petrographic 

and geochemical analyses. The purposes of this study are as follows: 

1. Determine the sedimentological composition of Bermudian eolianites and relate the 

distribution of biogenic components to local oceanographic trends.  

2. Determine the degree of diagenetic alteration of each eolianite and compare it to their 

isotopic and elemental composition. These results will be compared to previous work and 

assess the robustness of classic indicators of meteoric diagenesis.  
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CHAPTER 2 

The Provenance and Temporal Trends of Bermudan Eolianite Sediments 

2.1 Abstract 

Pleistocene eolianites comprise the majority of the limestone bedrock found on Bermuda, 

yet details of their sediment distributions have yet to be investigated. Carbonate grains of 59 

eolianites from all geologic formations have been identified and characterized into two groups by 

means of a Ward cluster analysis. When spatially plotted, some temporally consistent sediment 

trends are apparent. Halimeda-rich, coralline algae-poor sediments along the northeast shore 

suggest the presence of an offshore energy barrier since the deposition of the Walsingham 

Formation, potentially the seaward Ledge Flats reef tract. In contrast the coast-proximal Ledge 

Flats supplied coralline algal-rich sediments to the western shore since MIS 11, while protecting 

marine environments to the south. After MIS 7, eolian sediments derived from southern and 

northern beaches became uniformly enriched in Halimeda due to heated surface waters that 

impeded coralline algal growth. These are some of the first interpretations of the offshore 

environment of Bermuda during the Pleistocene Epoch. Coral fragments are uncharacteristically 

absent in the eolianite deposits, possibly due to preferential microboring activity by endolithic 

organisms. This study gives hope towards the utility of eolianite sediments as indicators of 

offshore environments where marine successions are absent.  

2.2 Introduction  

The geology and biology of Bermuda have been the subjects of many groundbreaking 

geoscientific studies. From the early work on meteoric diagenesis (Land, 1970; Vollbrecht, 1990; 

Vollbrecht and Meischner, 1996) to the evolutionary response of gastropods to fluctuations in sea 

level (Gould, 1969), Bermuda is ideal for observing natural processes in a geographically 

constrained setting. Eolian deposits are ubiquitous on Bermuda and many aspects of their 
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deposition have been studied in depth (Bretz, 1960; Mackenzie, 1964b; Land et al., 1967; Vacher, 

1973; Hearty and Vacher, 1994). That being said, detailed investigations of their 

sedimentological composition have yet to be performed.  

Winds of the Quaternary Period often swept beach-sourced carbonate sediments into 

coastal dunes. Charles Darwin (1842) was the first to document these deposits, while Sayles 

(1931) coined the term “calcareous eolianites” based on his studies of Bermudian geology. These 

Quaternary structures have a global distribution, with deposits described in areas such as the 

Bahamas, the Persian Gulf, and South Australia (Sprigg, 1979; Carew and Mulroie, 2001; 

Williams and Walkden, 2001). Eolianite facies deposition is of particular importance to the island 

of Bermuda, accounting for more than 90% of the limestone bedrock.  

Eolianites are one of the only consistent records of the Bermudan carbonate factories 

during the Pleistocene. Trends of ancient marine biological systems could be stored in these 

deposits, making them potentially invaluable indicators of paleoceanography. In general the 

carbonate sediments that comprise these eolianites are biologically similar to those on modern 

beaches, and individual deposits might reflect their respective beach sources (Ristvet, 1971; 

Upchurch, 1972). Using a wide variety of sample sites from all Bermudan geologic formations, 

this study aims to:  

1. Identify the distribution and variability of carbonate sediments in Pleistocene- and 

Holocene-aged Bermudan eolianites  

2. Relate spatial and temporal trends in eolianite composition to offshore carbonate 

factories in hopes to constrain ancient Bermudan marine environments and 

oceanographic developments 
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2.3 Setting 

Location & Geology  

Bermuda sits isolated in the Atlantic Ocean at a position of 32.3°N and 64.8°W. Its 

closest terrestrial neighbour, Cape Hatteras, is located 1,000 km to the west.  Bermuda represents 

the combination of hundreds of discrete islands. Together, these landmasses form an arcuate 

shape that is approximately 25 km long, 7 km wide, and covers an area of 53 km2 (James and 

Kyser, 2012). The island is divided into nine parishes (Fig. 2.1).  

The limestone bedrock rests atop a mid-Eocene volcanic pedestal, the southernmost 

seamount of the Bermuda Rise (Vogt and Jung, 2007). This tholeiitic seamount has undergone 

multiple phases of igneous activity, but has remained tectonically stable since the mid-Oligocene 

(Land et al., 1967; Reynolds and Aumento, 1974; Galehouse, 1979). It is this tectonic stability 

that makes Bermuda unique, as without any post-depositional movement, each modern carbonate 

outcrop exists close to its original depositional position.  
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Stratigraphy  

Delineating the stratigraphic relations of Bermudan limestone has been the subject of 

continued controversy. Obvious topographic variations in the limestone bedrock of Bermuda led 

Sayles (1931) to categorize two morphostratigraphic units: Younger and Older Bermuda. 

Exposure of Older Bermuda to prolonged dissolution resulted in a gentle topographic expression. 

Limited dissolution of younger formations, deemed Younger Bermuda, resulted in the 

preservation of primary undulatory topography. Land (1967), agreeing with work by Bretz 

(1960), was the first to formally build on the original stratigraphic column proposed by Sayles 

(1931). Land’s column was based on four well-exposed outcrops around Bermuda, which were 

Figure 2.1 - The parishes and major water bodies of Bermuda, along with key locations for this 

study. Yellow represents regions of reefs and shallow water and orange represents the portions 

of Bermuda that are currently subaerially exposed. Paleowind orientations are also shown, 

based on the orientation of Pleistocene eolianites (Mackenzie, 1964a) 
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amalgamated into an idealized stratigraphic mosaic. In order to properly map Bermuda in its 

entirety, Vacher (1973) proposed that Land’s units be grouped into terra rossa-bound, multi-

facied limestone packages. In this scheme the Terra Rossa soils represent island wide 

unconformities. Mapping by Vacher (“The Geological Map of Bermuda,” 1989) lead to the 

stratigraphic column as it is generally accepted today, with five formations and four geosols. 

Within each formation, one to three allostratigraphic units are present, typically separated by 

weakly developed protosols (Vacher and Hearty, 1989). Each formation corresponds to an 

interglacial highstand interval and can be tied to a specific Marine Isotope Stage (MIS) (Bretz, 

1960; Land et al., 1967; Vacher, 1973).  

 The oldest limestone package is known as the Walsingham Formation. Limestones of this 

formation are typically hardened by many generations of diagenetic cementation, giving a 

characteristic “ringing” sound upon striking (James and Kyser, 2012). Outcrop exposure of this 

formation around Bermuda is limited, with most limestones found along the southwest coast of 

Harrington Sound (“The Geologic Map of Bermuda,” 1989). The Government Quarry, also found 

along the southwest coast of Harrington Sound, is the type section for the Walsingham Formation 

(Sayles, 1931). At the time of their formation, these limestones were probably isolated islands, 

unlike the semi-continuous landmass seen today (Hearty and Vacher, 1994). The age and related 

MIS of this formation is not understood, however amino acid racemization (AAR) from whole 

rock analysis suggest an age >880 ka, corresponding to MIS 27 or 35 (Hearty et al., 1992; Vacher 

et al., 1995).  

The Castle Harbour Geosol separates the Walsingham from the next formation, the Town 

Hill Formation. The Town Hill Formation is further divided into the Upper (THU) and Lower 

(THL) Members. Both members have much greater spatial distribution than the Walsingham 

Formation, with their limestones connecting many of the isolated islands of the Walsingham 

Formation (Hearty and Vacher, 1994). The type locality of the Town Hill Formation is the 

Bierman/Rocky Heights Quarry (“The Geologic Map of Bermuda,” 1989). The THU and THL 
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Members are approximately 450 and 700 ka, occurring in MIS 9 and 11, respectively. Ages were 

determined by AAR of the land snail Poecilozonites and whole rock analyses (Hearty et al., 1992; 

Vacher et al., 1995). The vertical extent of the highstand during MIS 9 is yet to be determined, 

while MIS 11 is controversial. Some researchers claim deposits 20 m above modern relative sea 

level (RSL) are the result of an Antarctic Ice Sheet-related mega-highstand, while others suggest 

a mega-tsunami was responsible (Hearty et al., 1999; McMurtry et al., 2007; van Hengstum et al., 

2009).  

The Ord Road Geosol separates the Town Hill Formation from the younger Belmont 

Formation. Limestone outcrops of the Belmont Formation are well distributed around the island, 

particularly along the southern coast. The Belmont Formation is particularly well exposed at 

Spencer’s Point, Saucos Hill, Rocky Bay, and Watch Hill Park (Vacher et al., 1995). U-series 

dating on corals and whole rock AAR suggest the Belmont Formation was deposited from 200-

250 ka, correlating with MIS 7 (Harmon et al., 1983; Hearty et al., 1992; Vacher et al., 1995; 

Muhs et al., 2002). Based on observations of local geosols and re-evaluation of U/Th dating, 

Hearty (2002) proposed that Belmont deposition occurred during the early portion of MIS 5e. 

Rowe et al. (2014) disputed this claim based on further U-series dating on three Belmont-aged 

corals, ranging from 196-198 ka. Observations of elevated marine cementation at Watch Hill Park 

suggest that the MIS 7 highstand peaked >8 m RSL (Vollbrecht and Meischner, 1996).   

The Shore Hills Geosol separates the Paget Group from the older Belmont Formation. 

Both the Rocky Bay and Southampton Formations are contained within the Paget Group, 

typically characterized by poorly cemented eolianite deposits. The Rocky Bay Formation is well 

represented around Bermuda, with long stretches of limestone present along the northern and 

southern shores and St. George’s Island. Rocky Bay and Paget/Warwick South are the two type 

localities for the Rocky Bay Formation (“The Geological Map of Bermuda,” 1989; Vacher et al., 

1995). Based on U-series dating and AAR of Poecilozonites, the Rocky Bay Formation was 
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deposited from 125–170 ka, and is associated with MIS 5e. A combination of field relations and 

AAR dating suggest that this highstand reached a maximum of +5 m RSL (Harmon et al., 1983).  

The youngest Pleistocene package, the Southampton Formation, is not separated from the 

Rocky Bay Formation by a geosol surface. Instead it is differentiated solely based on 

geochemical dating techniques such as U-series of corals and stratigraphic relations (Harmon et 

al., 1983). The age of this formation is approximately 85 ka, corresponding to MIS 5a.  This 

highstand extended to modern sea levels for only a brief time, enough to deposit scattered marine 

deposits and limited eolian ridges (Vacher and Hearty, 1989). Unlike the Rocky Bay Formation, 

limestone deposition through the Southampton Formation was spatially restricted. Somerset 

Village, the southwest coast, and St. George’s Island are the only locations in which significant 

eolianites of the Southampton Formation are preserved.  

Isolated eolian ridges along the south coast of Bermuda have been active during the 

Holocene Period. Not formally characterized or assigned a geologic designation, they exist 

predominantly along the coasts of Warwick Long Bay. At the moment these dunes are inactive, 

however their activity in the late 19th century is well documented, as homes near the shoreline 

were at times buried by vast amounts of windblown beach sand (Bretz, 1960).  
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Carbonate Eolianite Formation 

Bermudan eolian complexes formed in a similar fashion to siliciclastic eolian deposits, 

but with notable differences due to disparities in grain size, bulk density due to intra-particle 

porosity, and diagenetic potential (Abegg et al., 2001). Wave action and longshore drift supply 

carbonate sediment from reefs, lagoons, and grass meadows to coastal beaches. Large storm-

related gales, occurring approximately 36 times per year from all directions, transport sediment 

landwards via saltation and reptation in the form of wind ripples (Fig. 2.1) (Mackenzie, 1964a; 

Vacher, 1973). Flow separation and grain fallout on the leeward flank of small sediment patches 

results in dune formation and successive accretion (Hunter, 1981). Unlike sediments of classic 

migratory dune ridges that are derived from windward-side erosion, Bermudan eolian sediments 

Southampton 
Formation
(MIS 5A)

Rocky Bay 
Formation
(MIS 5E)

Belmont
Formation
(MIS 7)

Town Hill 
Formation

Upper 
Member
(MIS 9)

Lower 
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(MIS 11)

Walsingham 
Formation
(MIS 25/37?)

Figure 2.2 - Idealized Bermudan stratigraphic column. Eolianite, protosol, and marine limestone 

assemblages are shown by yellow, speckled/beige, and blue, respectively. Red profiles are Terra 

Rossa soils. Modified from Vacher et al. (1995).
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are interpreted to be continually fed by local beaches (Vacher, 1973). Early dissolution of the 

aragonitic components allows for incipient cementation and immobilization of Bermudan dunes, 

tying them to their proximal beach source (Bretz, 1960; Land et al., 1967). This differentiates 

Bermudan eolianites from cool-water systems such as those found in South Australia (Fryberger 

et al., 2001).  

Distinguishable by their inland-dipping high-angle grainfall laminae, tabular-planar 

cross-stratification, and climbing translatent strata, fully developed dunes reached heights of 50 

metres and extended hundreds of metres laterally (Hunter, 1977). Scour-and-fill structures can 

form on the windward flank as thin, concave-up layers. Individual dunes eventually coalesce into 

laterally extensive coast-parallel ridges, classified as transverse retention ridges (Mackenzie, 

1964b; McKee and Ward, 1983). Bermudan eolianites have an idealized sequence of lateral 

accretion, as younger dunes typically form on the seaward side of their predecessors. This is, 

however, not always the case, as larger dunes can overstep younger smaller dunes if meteoric 

cementation is relatively slow (Vacher et al., 1995; Rowe and Bristow, 2015). 

Based on observations of Bermudian stratigraphy and the location of paleosol beds, 

Sayles (1931) proposed that eolianite formation was intimately tied to eustatic sea level. At 

Blackwatch Pass, a well-preserved eolianite complex grades laterally into a contemporaneous 

beach deposit. This deposit, along with the genetic and geographic extent of paleosols and basic 

thought experiments, suggests that eolianite formation was restricted to interglacial highstands 

(Bretz, 1960). Recent interpretations have concluded that Pleistocene interglacial sea levels were 

within ±6 m of modern levels and sea level oscillations have alternated similar to that of a “yo-

yo” (Meischner et al., 1995).  

Eolian deposition on Bermuda is an interglacial occurrence that lags behind initial 

transgressive intervals (Vacher et al., 1995). Before eolian complexes can develop, carbonate 

factories that supply sediments require time to mature, sufficient sediment needs to accumulate in 

the offshore setting, and onshore sediment pathways need to develop. Sediment accumulation off 
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the south coast of Bermuda has yet to reach the point where it spills onto the terrace and supplies 

adjacent beaches (Garrett and Scoffin, 1977). This interpretation is used to explain the lack of 

extensive eolianite deposition during the Holocene, even though a highstand exists.  

The Modern System  

Oceanography & Climate 

At a latitude of 32°N, the subtropical climate of Bermuda is oceanographically unique. 

This is attributable to the Gulf Stream, which brings tropical Caribbean waters northward along 

the east coast of North America before eddying into the Sargasso Sea (Garrett et al., 1971). The 

temperature of the well-mixed surface waters of Bermuda varies seasonally, from ~18°C in 

January to ~28°C in August. The salinity of Bermudan waters, from the open ocean to the lagoon, 

does not typically diverge far from 36.5‰ (Beers and Herman, 1969). Ocean water surrounding 

the island has an average water temperature of ~18°C from 200-500 m, with a strong thermocline, 

halocline, and pycnocline around 600 m (Thomas and Logan, 1992). Overall the oceanography of 

Bermuda is reminiscent of tropical North American locals, with seasonally driven colder 

intervals.  

Bermudan waters are oligotrophic and bio-limited by phosphate, allowing for the prolific 

growth of multiple coral species (James and Kyser, 2012). Nutrient distribution is seasonally 

dependent, varying based on the nature of the marine thermocline. Limited sunlight promotes a 

weak thermocline, surface water mixing, and higher nutrient concentrations in surface waters 

throughout winter months. Mixed surface waters of spring and summer months have a sunlight-

driven thermocline, accompanied by blooms of phytoplankton and nutrient consumption 

(Michaels et al., 1993; Steinberg et al., 2001).  

Like the warm waters, air temperatures in the region are affected by the Gulf Stream. 

Summer months are characteristically warm and humid, while winter months are milder (Garrett 

et al., 1971). The seasonally dependent Bermuda-Azores High Pressure Cell is the dominant 
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influence on weather systems that affect Bermuda (Chase, 1951). The cell resides north of 

Bermuda in the summer, deflecting storms to the north and allowing for consistently sunny 

conditions on the island. Summer winds originate from all directions, with southeasterlies being 

dominant. In contrast North American cold fronts associated with lower temperatures and 

increased precipitation are free to pass over Bermuda in the winter, as the Bermuda-Azores High 

moves eastward. At this point southwesterly and northwesterly winds are dominant. Hurricanes 

sweep over Bermuda on their way to the east coast of the USA approximately one every five 

years (James and Kyser, 2012).  

Sedimentary Facies 

Marine invertebrates found in Bermuda are similar in nature to North American tropical 

assemblages. A wide variety of green and coralline algae, corals, molluscs, foraminifera, and 

echinoids produce sediment that covers the shallow ocean floor. That being said, Bermudan coral 

species are much less diverse than their Caribbean counterparts and characteristically lack any 

acroporid groups. As acroporid corals flourished during the Pliocene, Bermudan sediment 

associations give geologists direct insight into ancient pre-Pliocene carbonate sediment relations 

(McNeill et al., 1997). Upchurch (1970) was the first to characterize Bermudan benthic sediments 

and relate their composition to the local physical environment. Two broad assemblages are 

identified based on sediments larger than 2mm, which are further subdivided into seven 

sedimentary facies based on sediments larger than 1 mm.  

Reefal Assemblage 

The first group is the reefal assemblage, containing the 1) Reef Front Terrace Facies, 2) 

North Reef Facies, 3) Central and South Reef Facies, and 4) Boiler Reef Facies. Corals and 

coralline algae form the main reefal framework, and specific groups of coralline algae, 

Homotrema rubrum sp., and green algae define the individual facies. Bermudan coral-algal reefs 

are classified into three categories based on their size and seafloor relief (Garrett et al., 1971; 
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James and Kyser, 2012). Patch reefs are small structures with up to 6 m of seafloor relief, while 

pinnacle reefs are steep sided with relief up to 20 m. Table reefs are massive arrangements that 

may reach up to half of a kilometre across and reach up 20 m above the seafloor. Reefs typically 

occur along the periphery of the Bermuda pedestal, but also as isolated structures in the North 

Lagoon. Together individual reefs form what is known as the ‘Ledge Flats’, a linear aggregation 

of reefal structures that can extend for many tens of kilometres (Fig. 2.1).  

The Boiler Reef Facies is a distinct reefal assemblage, as coralline algae, not corals, 

create the main framework. Intergrowths between the coralline algae, Homotrema, vermetid 

gastropods, and the encrusting hydrozoan Millepora sp. create significant internal pore space, 

commonly filled by synsedimentary sediments (Ginsburg and Schroeder, 1969; Schroeder, 1972). 

High-magnesium calcite (HMC) marine cements harden these structures just below their living 

surface, to the point where drilling is necessary to break away any fragments. Individual reefs are 

known as cup reefs, as they are sub-circular in plan view with an elevated rim and central 

depression resembling a large cup (Schroeder, 1972). These structures are spatially restricted and 

mainly occur along the south coast and along north rock, where they are known as boilers and 

breakers, respectively.  

Lagoonal Assemblage 

 The lagoonal assemblage is the second group, which includes the 1) Nearshore-Sandy 

Facies, 2) Nearshore-Muddy Facies, and 3) Basin Center Biotope Facies. Seagrass beds, green 

algae, and epifaunal and infaunal molluscs are prevalent in this group, with relatively few corals 

and echinoids (Upchurch, 1970). Lagoonal sediments cover the seafloor between reefs in the 

North Lagoon, coastal waters of the northern shore, and shallow bays and inshore basins. 

Sediments produced by lagoonal assemblages are rich in varying proportions of Halimeda, 

molluscs, and echinoid fragments. 
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 Bermudan eolianite sediments have a fascinating story to tell. Using petrographic 

analyses of eolianite deposits from a wide variety of locations and ages, the modern interpretation 

of Bermudan stratigraphy, and interpretations of biological assemblages, we will take a glimpse 

into Bermudan coastal environments throughout the late Pleistocene Epoch.  

2.4 Methods  

Eolianite samples were collected from Bermuda over two seasons, in September of 2014 

and 2015. Potential sample sites were identified using published research (Bretz, 1960; Land et 

al., 1967; Vacher et al., 1995) and personal exploration based on the geologic map (Vacher et al., 

1989). Based on site accessibility, outcrops were chosen to maximize the spatial and temporal 

distribution eolianites. Sample numbers correspond to their geologic formation: Walsingham 

Formation (W-X), Town Hill Formation Lower Member (THL-X), Town Hill Formation Upper 

Member (THU-X), Belmont Formation (B-X), Rocky Bay Formation (RB-X), Southampton 

Formation (S-X), and Holocene deposition (D-X). Five samples were also taken from the shore-

parallel dune set at Pampas, an eolianite cliff along the south shore of Bermuda (Fig. 2.1). Three 

of the samples (S-13, S-14, and S-15) were taken in close proximity (within 1 m vertically), while 

the other two (S-8 and S-9) were collected approximately 200 m down the coast. Strike and dip 

measurements of the dune-bedding surface were recorded at each outcrop and a fist-sized sample 

was taken using a geologic hammer and chisel. Thin sections were made at Acadia University 

(2014) and Queen’s University (2015).  

Each thin section was examined with a binocular microscope along a bedding-

perpendicular orientation. Approximately 300 grains were identified in each thin section and the 

modal percentage of each carbonate component was calculated (Scholle and Ulmer-Scholle, 

2003). Following previous research, cluster analyses of biogenic distributions were performed 

using Ward’s method as linkage and the Euclidean distance measure (Zuschin and Piller, 1994; 

Halfar et al., 2000).  
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2.5 Results  

On average, 88% of carbonate components are recognizable and their relative 

percentages are summarized in Table 2.1. Bivalves, gastropods, coralline algae, and Halimeda 

ssp. are the most abundant sediment constituents, together accounting for 70% of an average 

sample. Homotrema, peneropolid, and rotaliid foraminifera are also present to varying degrees. 

Miliolid foraminifera, echinoderms, and serpulid worm tubes are relatively rare, with each 

component always accounting for less than 10% of the total grains within a sample. Table 2.2 

shows the sedimentological composition of the five Pampas eolianites, listing components that 

exceed 1% abundance. Standard deviations between individual components of the five samples 

peaked at 4%.   
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Table 2.1 – Total Sedimentological Composition of Bermudan Eolianites (%) 
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B-3 9 3 1 0 0 9 6 7 19 3 22 0 1 7 13 

B-4 10 5 1 1 0 9 17 2 21 4 18 0 3 2 8 

B-6 5 4 1 2 0 10 4 1 22 12 17 0 1 4 15 

B-8 6 3 1 4 0 5 1 12 21 11 10 0 1 4 19 

B-11 5 8 2 3 0 5 11 3 18 3 23 0 1 4 14 

B-14 8 4 1 2 0 15 5 9 30 6 5 0 1 0 12 

B-16 19 23 1 0 0 17 8 0 26 2 0 0 1 0 3 

B-17 3 0 4 5 1 2 1 19 6 0 41 0 1 1 18 

B-18 4 2 1 0 0 6 9 0 10 12 41 0 2 1 11 

RB-1 12 6 1 1 3 12 5 0 16 4 27 0 3 3 7 

RB-2 9 7 1 0 2 13 6 0 10 11 32 0 1 2 7 

RB-3 4 3 0 1 2 10 9 0 10 8 38 0 1 4 11 

RB-5 5 1 1 0 2 15 4 0 18 13 28 0 1 3 8 

RB-6 8 4 0 1 4 18 4 0 11 6 28 0 2 2 12 

RB-7 5 1 1 1 2 22 7 0 3 11 31 0 0 3 14 

RB-8 7 4 1 1 1 14 10 0 4 9 37 0 2 2 10 

RB-9 5 6 0 1 3 19 7 0 3 3 28 0 0 6 18 

RB-10 22 0 2 1 2 21 3 4 14 6 9 0 2 2 13 

RB-11 5 3 2 1 2 15 5 0 6 10 38 0 1 3 11 

RB-12 7 3 0 0 0 11 10 0 3 8 41 0 0 3 12 

RB-13 3 2 1 0 1 16 8 0 14 4 32 0 2 5 11 

RB-14 16 1 0 2 0 6 5 1 27 5 17 0 4 2 12 

RB-15 8 7 1 0 0 5 6 0 10 2 41 0 0 4 16 

S-1 6 0 0 0 0 14 7 0 15 6 34 0 1 6 10 

S-2 8 2 0 1 0 13 7 0 14 11 27 0 2 2 12 

S-3 18 2 0 1 0 11 8 0 17 8 16 0 1 2 14 

S-4 18 2 1 0 1 15 4 0 15 6 20 0 3 3 12 

S-5 6 1 1 0 1 14 1 1 15 3 32 0 3 4 17 

S-6 15 5 0 0 1 13 12 0 16 1 19 0 1 5 12 

S-7 15 5 1 1 1 16 7 0 11 0 19 0 2 5 18 

S-8 11 1 2 0 0 11 4 0 16 6 30 0 2 5 12 

S-9 10 1 2 0 0 11 4 0 18 6 29 1 1 5 11 
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S-10 13 2 1 1 0 6 11 0 18 4 30 0 1 3 10 

S-11 8 3 0 0 1 9 10 0 17 6 32 0 1 2 12 

S-12 13 2 0 0 0 11 10 0 9 2 35 0 1 4 12 

S-13 8 0 0 0 0 12 0 0 19 15 31 0 1 2 10 

S-14 14 0 1 1 0 11 1 0 12 

 

12 

 

31 1 1 3 14 

S-15 10 1 0 1 0 12 1 0 15 13 30 1 1 2 14 

THL-1 3 1 0 0 0 14 20 1 25 7 21 0 1 1 6 

THL-2 6 1 0 0 0 9 0 19 30 4 12 0 2 0 16 

THL-3 4 2 0 0 1 10 1 4 17 2 39 0 3 2 15 

THL-4 4 2 0 0 0 13 0 8 27 7 21 1 4 0 12 

THL-5 3 2 0 1 1 16 0 8 39 5 10 0 2 0 13 

THL-6 4 1 0 0 0 7 2 1 21 14 36 0 2 4 6 

THL-7 2 0 2 0 0 6 1 15 21 0 35 0 0 2 15 

THL-8 2 2 0 2 1 10 1 26 27 3 11 0 4 1 11 

THL-9 6 3 1 3 0 8 3 3 19 7 35 0 2 1 8 

THU-2 7 1 0 0 0 7 6 28 26 0 8 0 1 3 12 

THU-3 9 3 1 1 1 4 2 15 12 13 19 0 2 5 10 

THU-4 5 3 1 2 0 8 1 16 16 1 29 2 1 5 10 

THU-6 5 2 2 0 0 6 1 1 1 1 65 0 2 3 10 

THU-7 13 6 1 0 0 12 4 18 24 0 7 0 1 2 12 

THU-8 2 0 2 0 0 6 2 5 25 11 35 0 0 2 8 

THU-9 8 0 2 0 0 9 4 7 6 0 46 0 1 5 11 

THU-10 4 1 2 1 1 8 6 6 8 2 40 1 3 4 12 

THU-11 6 3 1 0 0 9 1 17 32 2 10 0 1 2 14 

THU-12 5 4 2 1 0 10 10 2 5 7 37 0 0 3 13 

THU-13 

A-E 

3 0 0 0 0 11 1 20 10 3 37 0 1 1 12 

W-1 6 0 1 0 0 3 0 19 36 1 20 0 2 1 10 

W-3 5 0 1 2 1 8 1 31 27 3 0 2 0 9 11 

W-4 5 0 1 17 0 3 3 20 20 4 12 0 3 0 10 

W-5 9 1 0 1 0 10 7 0 23 6 30 0 1 3 8 

D-1 6 2 1 0 0 18 9 0 14 24 15 0 3 1 7 

D-2 7 0 0 0 0 18 7 0 18 24 18 0 1 1 6 

D-3 7 1 1 0 0 20 5 0 12 16 26 0 2 0 8 
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Table 2.2 – Sediment compositions of components that exceed 1% abundance and standard 

deviations of eolianites at Pampas 

Sample 

Number 

Homotrema 

rubrum 
Bivalve Gastropod 

Crustose 

Coralline 

Algae 

Geniculate 

Coralline 

Algae 

Halimeda 

Serpulid 

Worm 

Tubes 

Non-

ID 

S-8 11 11 4 16 6 30 5 12 

S-9 10 11 4 18 6 29 5 11 

S-13 8 12 0 19 15 31 2 10 

S-14 14 11 1 12 12 31 3 14 

S-15 10 12 1 15 13 30 2 14 

Std. 

Dev. 
2 1 2 3 4 1 2 2 

 

Cluster Analysis 

In order to determine statistically relevant groupings within sediment counts, a cluster 

analysis was performed on eolianites from all formations. Given the inherent degree of reworking 

within the eolianites and maximum intradune standard deviation of 5%, components that never 

exceeded 10% in any sample were removed from the analysis to maximize statistical 

representativeness. This included Miliolid foraminifera, pelagic foraminifera, corals, 

echinoderms, and serpulid worm tubes. Molluscan components were summated to avoid any 

diagenetically induced bias, because heavily calcitized or dissolved bivalve and gastropod 

fragments are frequently indistinguishable. Following the removal of ‘non-identifiable 

components’, the remaining sediments were normalized to 100% (Table 2.3). Any percentages of 

the following interpretation will refer to this normalized dataset.  

Cluster analyses performed on individual formations yielded nearly identical results to 

the analysis performed on samples from all formations. Following this new analysis, results of 

only three of the 58 post-Walsingham Pleistocene eolianite samples deviated from the initial test. 

The Walsingham Formation eolianites did deviate from the initial test, however this was only 

based on four samples, limiting the robustness of the analysis. Given the larger sample set of the 

all-encompassing test and the similarity in the results between the two tests, the all-encompassing 

analysis is deemed more accurate and useful for further interpretations.  
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Two broad sedimentological clusters best characterize the eolianites, as illustrated in the 

dendrogram below (Fig. 2.3). Cluster 1 is relatively enriched in Homotrema (11%), molluscs 

(30%), and crustose coralline algae (27%), and is relatively lacking in Halimeda (19%). The five 

aforementioned Pampas samples were found to all belong to Cluster 1, verifying the utility of the 

cluster analysis and intradune sediment consistency. In contrast Halimeda (43%) is the dominant 

grain found in samples belonging to Cluster 2. Homotrema  (8%) and molluscs (23%) are also 

present, but slightly reduced, and crustose coralline algae (15%) is also relatively lacking.  

 

Table 2.3 – Normalized eolianite compositions (%) after the removal of uncommon sediment 

components, along with cluster groupings. 
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B-3 12 4 0 27 4 25 29 2 2 

B-4 11 6 1 32 5 24 21 2 2 

B-6 7 5 3 19 16 28 21 2 2 

B-8 9 4 5 25 15 29 14 2 2 

B-11 6 10 3 24 4 22 30 2 2 

B-14 10 5 3 35 7 35 6 2 2 

B-16 20 24 0 26 2 27 0 2 2 

B-17 4 0 6 29 0 7 53 1 1 

B-18 5 3 0 18 15 12 48 1 1 

RB-1 14 7 1 21 4 19 33 1 1 

RB-2 10 8 0 22 13 11 37 1 1 

RB-3 4 4 1 23 10 12 46 1 1 

RB-5 6 1 0 22 15 21 33 2 1 

RB-6 10 5 1 27 8 14 35 1 1 

RB-7 6 2 1 35 14 3 38 1 1 

RB-8 8 5 1 28 10 5 43 1 1 

RB-9 7 8 2 36 4 5 39 1 1 

RB-10 27 0 1 35 8 18 11 2 2 
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RB-11 6 4 1 25 12 7 46 1 1 

RB-12 8 3 0 25 10 4 49 1 1 

RB-13 4 3 0 30 5 18 40 1 1 

RB-14 20 1 2 15 6 34 22 2 2 

RB-15 10 9 0 14 3 12 52 1 1 

S-1 7 0 0 25 8 18 41 1 1 

S-2 9 2 1 25 13 17 33 2 1 

S-3 22 2 1 24 10 21 20 2 2 

S-4 22 3 0 23 7 19 25 2 2 

S-5 8 2 0 21 4 21 44 1 1 

S-6 19 6 0 31 2 19 23 2 2 

S-7 21 6 1 31 1 15 26 2 2 

S-8 14 1 0 19 8 20 38 1 1 

S-9 13 1 0 19 7 23 37 1 1 

S-10 16 2 1 20 4 21 35 1 1 

S-11 9 4 0 23 7 20 38 1 1 

S-12 15 3 0 26 3 11 43 1 1 

S-14 10 0 0 14 17 22 36 1 1 

S-14 17 0 1 15 15 15 38 1 1 

S-15 12 1 1 16 16 18 37 1 1 

THL-1 3 1 0 39 7 27 23 2 2 

THL-2 7 2 0 35 5 37 14 2 2 

THL-3 5 2 0 19 2 21 50 1 1 

THL-4 5 3 0 25 8 33 25 2 2 

THL-5 3 2 1 29 6 46 12 2 2 

THL-6 5 1 0 12 16 24 41 1 1 

THL-7 2 0 0 28 0 26 43 1 1 

THL-8 3 2 2 44 4 33 13 2 2 

THL-9  6 4 3 17 8 22 40 1 1 

THU-2 9 1 0 49 0 31 10 2 2 

THU-3 12 4 2 26 16 16 24 2 1 

THU-4 7 4 2 31 1 20 36 1 1 

THU-6 6 3 0 10 1 1 79 1 1 

THU-7 15 7 0 40 0 29 9 2 2 

THU-8 2 0 0 15 13 29 40 1 1 

THU-9 9 1 1 26 0 7 57 1 1 

THU-10 5 1 1 26 3 11 53 1 1 

THU-11 7 4 0 34 3 40 13 2 2 

THU-12 6 5 1 27 9 6 46 1 1 

THU-13  4 0 0 36 4 12 43 1 1 

W-1 7 0 0 26 1 42 24 2 1 

W-3 7 0 2 52 4 35 0 2 2 

W-4 6 0 20 31 5 23 14 2 1 

W-5  10 1 1 20 6 27 35 1 1 

D-1 7 2 0 30 27 16 17 2 - 

D-2 8 0 0 27 26 20 19 2 - 

D-3 8 1 0 29 19 14 29 2 - 
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2.6 Interpretation  

Sediment distribution in each cluster is interpreted to relate to the physical environment 

of the offshore carbonate factory in which the sediments were produced. The two contrasting 

eolianite groups are interpreted to represent the two end members of Bermudan marine sediments, 

lagoonal- and reefal-sources. Benthic sediments are, however, commonly a combination of these 

two end member sources, so detailed interpretations are considered on an individual eolianite 

basis. Halimeda, crustose coralline algae, molluscs, and Homotrema are the components that vary 

most and so their distributions in the modern marine realm must first be considered. The lack of 

abundant coral fragments in any eolianite is unfortunate, as corals are typically robust indicators 

of local oceanographic conditions and their presence could have simplified environmental 

interpretations a great deal (Upchurch, 1970).  

Crustose Coralline Algae 

Crustose coralline algae in Bermuda are found as 1) thick encrusting layers in high-

energy settings where their encrusting nature allows them to resist abrasion by wave action 

(Garrett et al., 1971; Schroeder, 1972), 2) thin veneers encrusting blades of seagrass and green 

algae in shallow bays (Humm, 1964), and 3) rhodolites in isolated regions (Bosellini and 

Ginsburg, 1971). In high-energy systems, the encrusting reef-associated coralline algae and corals 

are turned into reef detritus and sediment by continued physical and biological erosion. Ample 

coralline algal sediment is produced on reef tops, which is then transported to the surrounding 

seafloor (Garrett et al., 1971). In contrast, epiphytic coralline algae in shallow bays occur in thin 

layers. The preservation potential and likelihood of being incorporated into eolian deposits are 

low for these coralline algae, as the lightly calcified structure typically disintegrates into mud-

sized fragments (Nelsen and Ginsburg, 1986). Shallow water algal rhodolites are rare on 

Bermuda and are isolated to specific locations such as Whalebone Bay (Bosellini and Ginsburg, 

1971). The amount of sediment produced by rhodolites is consequently minimal. In conclusion, 
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most crustose coralline algae found in eolianite assemblages are likely sourced from high-energy 

reefal assemblages where they thrive as encrusters on hard substrates.  

Homotrema rubrum  

Bermuda is famous for its beautiful pink beach sands, attributable to the abundance of red 

Homotrema tests at sites like Warwick Long Bay Beach. These foraminifera live in a variety of 

protected environments, such as cavities and crevices of reef structures (Garrett, 1969; Logan et 

al., 1984). Tests fall from their life position after reproduction or death, when they are susceptible 

to fragmentation, and become incorporated into the sediment (Elliott et al., 1996). Epibiotic forms 

also exist, encrusting on molluscs, other foraminifera, and blades of green algae (Dobson and 

Haynes, 1973; Harold, 1983; Elliott et al., 1996). Five Homotrema morphotypes are present in 

Bermuda (Emiliani, 1951). The presence of all morphotypes in a variety of habitats implies that 

morphotypes are dependent on ontogeny and local environmental conditions (Elliott et al., 1996). 

As a result, morphotypes cannot be tied directly to specific depositional environments. 

Nevertheless, Homotrema tests are most abundant in reefal sediments (Elliott et al., 1996).  

Halimeda 

Halimeda exists in varying quantities in almost all Bermudan marine environments. 

Reefal Halimeda live as lithophytes on the hardened framework, producing sand sized fragments 

that account for up to 50% of surrounding seafloor sediments (Garrett et al., 1971). In contrast, 

epifaunal Halimeda flourish in sandy sediments where their rhizoidal holdfasts bind sediment. 

This form is typical of shallow bays, such as Whalebone Bay and Tobacco Bay, where Halimeda 

grows alongside a variety of rapidly growing seagrasses and other green algae such as Penicillus 

sp. (Upchurch, 1970). Sediments composed predominantly of Halimeda, and lacking reefal 

diagnostic reefal sediments, are consequently interpreted as low energy settings such as shallow 

bays.  
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Molluscs  

Molluscs occupy many ecological niches in Bermudan marine ecosystems. In shallow 

bays between blades of seagrass and green algae, epifaunal bivalves such as Pinna sp. and 

Codakia sp. dominate typical faunal assemblages (James and Kyser, 2012). In contrast endolithic 

bivalves can infest large portions of coral-algal reefs, whereas vermetid gastropods are abundant 

in algal cup reefs (Ginsburg and Schroeder, 1969; James, 1970). Specific molluscan allochems 

could be useful indicators of the offshore source environment, such as the relative proportion of 

gastropods to bivalves. However, diagenetic alteration of these aragonitic components makes 

differentiation between molluscan groups impossible.  

Cluster 1 

Halimeda grains dominate the eolianite sediments of Cluster 1, while encrusting 

organisms are relatively low (Fig. 2.3). This suggests that these sands were formed in a more 

protected environment, such as a shallow coastal or inland bay. Homotrema and crustose 

coralline algae that are present in this group likely grew as epiphytes on seagrasses, green algae, 

and molluscs. Interestingly the geniculate coralline algae that would be expected to flourish in 

this environment are not numerous in Cluster 1. This could be a consequence of preferential 

transport, either marine or eolian, or some erosional mechanism that is not yet understood. The 

lack of ability to identify specific molluscan groups due to meteoric diagenesis greatly limits their 

utility for environmental interpretations. In the case of Cluster 1, the nature of molluscan 

components can only be speculated. Based on molluscan assemblages of modern shallow bays, 

the components most likely to be associated with Cluster 1 would be infaunal aragonitic bivalves 

and epifaunal aragonitic gastropods.  

Cluster 2 

Cluster 2 contains more encrusting organisms like Homotrema and crustose coralline 

algae and less Halimeda relative to Cluster 1. As discussed, the enrichment of crustose coralline 
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algae and Homotrema is interpreted to reflect a high-energy source such as a reef or unprotected 

shoreline. Halimeda is still present in these systems but reduced compared to those protected in 

shallow bays, supporting the concept of a high-energy setting. Even though molluscs are 

numerous in this group, their existence in all modern depositional environments once again limits 

their utility as a whole.  

2.7 Spatial and Temporal Sediment Trends 

All of the eolianites are plotted spatially below, differentiated by their cluster groups 

(Fig. 2.4). Broad regions of consistent eolianite sediment compositions are noticeable, whereas 

other areas have mixed sediment compositions. In order to better understand the spatial trends of 

sediment composition, the temporal context of each eolianite must be taken into account. To 

accomplish this, eolianites are plotted on a map of the approximated land surface of Bermuda 

during each time interval of formation. Several arcuate portions of Bermuda are currently 

inundated by the Atlantic Ocean and have not been stratigraphically characterized.  
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Walsingham Formation  

Only four Walsingham outcrops contain steep cross beds indicative of eolian deposition, 

all of which are isolated to the northeast portion of Bermuda (Fig. 2.5). Three of the eolianites 

from the western coast of Castle Harbor belong to Cluster 2, the reefal group. Samples W-1 and 

W-3 are comparable; both are enriched in crustose coralline algae (42%, 35%) and molluscs 

(26%, 52%), but depleted in Halimeda (24%, 0%). The third sample, W-4, is also similar, 

however, rotaliid foraminifera account for 20% of the sample, more than any other Bermudan 

eolianite. As this is an isolated incident, the rotaliid enrichment can likely be attributed to 

preferential sorting by wave action. 

In contrast, W-5, located on the eastern coast of the modern Castle Harbor, belongs to 

Cluster 1. The abundance of Halimeda (35%) initially implies a semi-protected source region, 

Figure 2.4 - All samples plotted on the map of Bermda. Colours denote each eolianite’s group 

according to the cluster analysis.
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similar to the protected-coastline deposits described by Vacher et al. (1995). However the 

presence of Homotrema (10%) and coralline crustose algae (27%) suggest a higher energy source. 

Contrary to the cluster analysis result, this could be a reefal setting with high Halimeda 

preservation. Central Castle Harbor, the presumed source region for this eolianite, is currently a 

low-energy setting. During the Walsingham interval, the underdeveloped nature of the coast may 

not have allowed for significant protection, allowing for mixed carbonate production. 

  

 

Town Hill Lower Member  

Nine well-distributed eolianites were sampled from this formation, giving a better 

indication of the sediment variability over the entirety of the island (Fig. 2.6). The eolianite on the 

Figure 2.5 - Walsingham-aged eolianites plotted on an approximate recreation of Bermuda at the 

time of their formation. Grey regions and dashed lines denote areas of confirmed and 

hypothesized island development, respectively (Hearty & Vacher, 1994).
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northeast shore of Castle Harbor belongs to Cluster 1 (THL-9). Sediment distribution is indicative 

of a low-energy source, being enriched in Halimeda (40%) with some encrusters present. An 

outboard energy barrier protecting this source region from wave action could explain this low 

energy setting. On the leeward side of such a system, low energy Halimeda-rich sedimentation 

could have thrived. In the modern system, the Ledge Flats occupy the offshore region to the north 

of the eolianite. The Ledge Flats could be the suggested outboard barrier, suggesting this reef 

system was active during the THL interval.  

Sediment composition is similar for the eolianite along the western coast Castle Harbor 

(THL-8) to the adjacent Walsingham eolianite. The new eolianite belongs to Cluster 2, with 

elevated amounts of crustose coralline algae (33%) and molluscs (44%). This suggests a broad, 

consistently high-energy system in this area, possibly a patch reef system, that is not present in 

the modern setting.  

By sampling multiple eolianites along a semi-perpendicular transect of laterally 

aggrading eolianites, temporal variations can be determined and investigated. In this case three 

THL eolianite samples were collected along the south coast of Harrington Sound. The most 

easterly sample (THL-5), the first to form based on the orientation of the bedding planes, belongs 

to Cluster 2 and is dominated by crustose coralline algae (46%). Subsequent samples (THL-6 & 

THL-7) are quite consistently the opposite, comprised mainly of Halimeda (41-43%), relatively 

less crustose coralline algae (24-26%) and belong to Cluster 1. Seeing that this landmass was not 

present prior to the THL interval, this relationship could represent changes in the source region. 

Initially, continual wave action in this unprotected high-energy setting might have inhibited green 

algal growth. Later coeval island development could have diminished wave action such that 

lithophytic Halimeda could thrive. A complete change of sediment source region is unlikely, as 

the dip of the bedding planes are similar in each eolianite.  

On the north coast of Hamilton Harbour an eolianite (THL-4) derived from the northwest 

belongs to Cluster 2 and contains 33% crustose coralline algae and 25% Halimeda. This isolated 
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eolianite hints at a relatively high-energy setting on the north coast at this time. This is in contrast 

to the seagrass-algal sediments found today. A northern coastal reef that was later abandoned and 

overgrown could have been the primary source for these sediments.  

Two eolianites (THL-1 & THL-2) from Ireland Island and Somerset Island belong to 

Cluster 2 and are similar in composition. They are enriched in crustose coralline algae (27, 37%) 

and depleted in Halimeda (23, 14%). A reefal source is probable for these eolianites, both of 

which are broadly derived from a northwestern source. The Ledge Flat reefs currently occupy the 

immediate offshore and nearshore environments in this region. This could have been the source 

of these crustose coralline algae-rich sediments, suggesting that this particular system was active 

during the THL interval. Seagrass, algae, and molluscs dominate sediments >1 mm in that region 

today (Upchurch, 1970). Perhaps the efficiency of modern reef growth and subsequent detrital 

sediment production is not as impressive as it once was. Conversely there could be a marked 

difference between the fine and coarse sediments.  

The westernmost eolianite (THL-3) is found on the coast of Ely’s Harbour and belongs to 

Cluster 1. It contains an impressive proportion of Halimeda (50%) and some coralline crustose 

algae (21%), suggesting a protected source environment. The source zone of this eolianite was to 

the northeast, a region whose land distribution is difficult to delineate due to the limited THL 

outcrop exposure. Small bays and isolated islands or offshore reefs may have occupied this area, 

similar to Ely’s Harbour today. A calm protected bay with isolated patch reefs could explain both 

the abundance of Halimeda and presence of crustose coralline algae.  
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Town Hill Upper Member  

Eolianites of the THU Member outcrop along the north and south shores, permitting 

investigations of eleven outcrops (Fig. 2.7). The eolianite from the Great Head Park on the 

northeast coast of St. David’s Island (THU-13) belongs to Cluster 1, dominated by Halimeda 

(43%) and molluscs (36%). Crustose coralline algae are relatively lacking (12%), implying an 

environment devoid of significant reefal influence. This is consistent with the THL eolianite of 

this region, which had a similar source region based on its dip orientation. This suggests that the 

off board reef system was protecting this region during the THU, allowing for sedimentation in a 

calm, shallow bay environment.  

Figure 2.6 - THL-aged eolianites plotted on an approximate recreation of Bermuda at the time 

of their formation. Grey regions and dashed lines denote areas of confirmed and hypothesized 

island development, respectively. Black regions represent pre-existing limestone bedrock 

(Hearty & Vacher, 1994).
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North of Castle Harbour four adjacent eolianites show inconsistent sediment 

composition, possibly reflecting a mixed sediment source. Along the railway line one eolianite 

(THU-11) belongs to Cluster 2 and is enriched in crustose coralline algae (40%) and molluscs 

(34%), suggesting a reefal source region with higher wave energy. By contrast the other 3 

eolianites (THU-9, THU-10, and THU-12), found at the Astor’s Estate and further east along the 

railway trail, belong to Cluster 1. Sediments are dominated by Halimeda (46-57%) and molluscs 

(26-27%) and reflect a lower energy system. Given the similar dip orientation of these eolianites, 

an inconsistent sediment source is possible (Appendix A). For example an outer reef system 

could have been protecting a shallow bay while still supplying some sediment to the seafloor of 

the bay.  

Devonshire Parish has the only northern-derived eolianite belonging to the THU Member 

(THU-3). This eolianite belongs to Cluster 2 but its sediment composition is quite mixed and is 

not dominated by one group of distinctive components. Homotrema (12%) and molluscs (26%) 

were relatively enriched, but crustose coralline algae (16%) and Halimeda (24%) were both 

relatively low. This mixed environment is consistent with adjacent eolianites of THL, which 

contain mixed sediment sources and reflect a combination of high and low energy environments.  

The THU is the youngest deposit in which eolianites derived from the south shore can be 

investigated. An isolated eolianite on the southern coast of Harrington Sound (THU-8) is 

composed predominantly of Halimeda (40%) and crustose coralline algae (29%) and is grouped 

in Cluster 1. Contrary to the cluster result, high proportions of crustose coralline algae could be 

interpreted as a reefal source. Farther west along the coast, two similarly composed eolianites 

(THU-2 and THU-7) from the Warwick Parish belong to Cluster 2. The abundance of crustose 

coralline algae (39%, 41%), Homotrema (9%, 15%), and molluscs (40%, 49%), and reduced 

Halimeda (9%, 10%), suggest a consistently high-energy reefal source, similar to what is found 

today along the south shore.  
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Finally, the two eolianites in the southern portion of Sandy’s Parish both belong to 

Cluster 1 but are quite different in composition. The north most eolianite (THU-6) is composed of 

almost entirely Halimeda fragments (79%), suggesting a well-protected and low energy system 

devoid of reefal organisms. This environment was potentially similar to the quiet, algal-grass 

system found in Ely’s Harbour today. In contrast, the more southern eolianite (THU-4) contains 

Halimeda (36%), but also molluscs (31%) and some crustose coralline algae (20%). This seems 

to be derived from a more mixed source, possibly reflecting an environment partially protected by 

coeval outboard reefs. Similar to the eolianite system of Castle Harbor, the southwestern Ledge 

Flats could have been protected the coastal environment along Ely’s Harbor from wave action 

during MIS 9.  

 

Figure 2.7 - THU-aged eolianites plotted on an approximate recreation of Bermuda at the time 

of their formation. Grey regions and dashed lines denote areas of confirmed and hypothesized 

island development, respectively. Black regions represent pre-existing limestone bedrock  

(Hearty & Vacher, 1994).
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Belmont Formation 

The distribution of eolian sediments within the Belmont Formation is similar to that of 

the Town Hill Formation, wherein nine samples were taken around the island with excellent 

sampling distribution along the south shore (Fig. 2.8). The trend of Cluster 1-eolianites continues 

on the northeast tip of Bermuda. This time the eolianite from St. David’s Island (B-17) is 

composed mainly of Halimeda (53%) and molluscs (29%). The relative lack of crustose coralline 

algae (7%) suggests a low energy sediment source devoid of reefal sedimentation.  

Eolianite sediments along Castle Harbour and Harrington Sound are similar to older 

adjacent deposits. Two eolianites derived from the northwest coast of Castle Harbour, however, 

show inconsistent compositions, with one belonging to each cluster group. The northern eolianite 

(B-3), adjacent to the local Boatport, contains more crustose coralline algae (25%) and molluscs 

(27%) with moderate Halimeda (29%). In contrast Halimeda (53%) and molluscs (29%) 

dominate sediments of the southern-most eolianite from Coney Island (B-18). Once again these 

eolianites show the inconsistent nature of the sediment source northwest of Castle Harbour. On 

the north coast of Harrington Sound close to Shelly Bay (B-11), the eolian sediments are sub-

equally distributed between Halimeda (30%), crustose coralline algae (22%), and molluscs 

(24%). This composition is similar to the THU eolianite of the Devonshire Parish, again inferring 

a semi-consistent mixed sediment source in the region north of Devonshire.  

Belmont-aged eolianites consistently belong to Cluster 2 along the south shore. Eolianites 

of Devonshire Bay (B-6) and John Smith’s Bay (B-8) are similar in composition, containing high 

amounts of crustose coralline algae (28%, 29%) and lower amounts of Halimeda (14%, 21%). At 

Spittal Pond (B-16), the eolianite also contains high amounts of crustose coralline algae (27%), 

but also a relatively massive amount of Peneropolid forams (24%) and Homotrema (20%), with 

no Halimeda. Peneropolid foraminifera are typically lagoonal indicators, however, here their 

association with high energy encrusting organisms is clear. This is potentially a consequence of 

sediment sorting in the marine or eolian realm. Further west the eolianite at the top of Cobb’s Hill 
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(B-14), also derived from the southern coast, is enriched in crustose coralline algae (35%) and 

molluscs (35%). Taken together, the high proportion of crustose coralline algae and relative lack 

of Halimeda suggests an unprotected high-energy system along the entire southern coast during 

this MIS 7.  

Finally the one Belmont-aged eolianite from Sandy’s Parish (B-4) contains crustose 

coralline algae (24%), molluscs (32%), and Halimeda (21%). This eolianite was assigned to 

Cluster 2, suggesting a source environment with reefal influence. This eolianite is similar in 

composition to those of the THL Formation, suggesting a consistent source of elevated energy, 

similar to the Ledge Flats found today.  

 

Figure 2.8 - Belmont-aged eolianites plotted on an approximate recreation of Bermuda at the 

time of their formation. Grey regions and dashed lines denote areas of confirmed and 

hypothesized island development, respectively. Black regions represent pre-existing limestone 

bedrock (Hearty & Vacher, 1994).
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Rocky Bay Formation  

Eolianites of the Rocky Bay Formation are well distributed around Bermuda, and 

fourteen localities were sampled (Fig. 2.9). Of the fourteen eolianites assessed, eleven were found 

to belong to Cluster 1, with Halimeda abundances ranging from 33-52% and only 3-19% crustose 

coralline algae. Halimeda sediments dominate eolianites along the southern and northern shores 

of central Bermuda, regions in which reefal assemblages are present in older formations (Fig. 

2.9). Interpretations of these sediments will incorporate allogenic factors, incorporating 

oceanographic changes, and are considered below in the discussion. 

Only three of the Rocky Bay eolianites belong to Cluster 2. The first is on one of the 

southeastern islands that protect Castle Harbour from south-derived wave action (RB-5). This 

eolianite contains significant Halimeda (33%), however, it also contains a large proportion of 

crustose coralline algae (21%). A reefal source is interpreted based on the abundance of crustose 

coralline algae, which is in agreement with the unprotected offshore environment that exists 

today.  

In Sandy’s Parish two eolianites fall in Cluster 2. The southern-derived eolianite (RB-10) 

in Somerset Village contains 27% Homotrema, which is the most of any Bermudan eolianite. 

Molluscs (35%) are also present in high proportions, while crustose coralline algae (18%) are 

moderate and Halimeda (11%) is minimal. This eolianite could actually be wrongly classified 

based on the abundance of Homotrema and molluscs. The potential of Homotrema to live as an 

epizoan on bivalve shells opens an interpretation for this region to be classified as a mollusc-

dominated bay. This would be a quiet region without much coral or coralline algal growth, more 

characteristic of sediments of Cluster 1 than 2. Such an interpretation is supported by the relative 

lack of crustose coralline algae and Halimeda fragments.  

The southern-derived eolianite is found on Watford Island (RB-14), sourced from 

northwest of the island chain. Unlike other eolianites of the Rocky Bay Formation with 

compositions that are dissimilar to older adjacent deposits, this sediment assemblage is similar to 
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those of the THL and Belmont Formation. Crustose coralline algae (34%) and Homotrema (20%) 

are abundant, while Halimeda (22%) is moderate, suggesting a reefal source environment. 

Overall the trend of high-energy sediment continues in this portion of the island.  

 

Southampton  

 Eolianites of the Southampton Formation are spatially restricted, mostly limited to the 

western and northeastern shores of Bermuda (Fig. 2.10). The north coast of Castle Harbour seems 

to be once again a region of mixed sediment sources, with one eolianite belonging to each 

sediment cluster. The two eolianites (S-4 & S-5) are similar in the abundance of crustose coralline 

algae (19, 21%) and molluscs (23, 21%), yet Halimeda (25, 44%) and Homotrema (22, 8%) 

abundances vary greatly. Based on the lack of Halimeda in S-4, the Homotrema and crustose 

Figure 2.9 - Rocky Bay-aged eolianites plotted on an approximate recreation of Bermuda at the 

time of their formation. Grey regions and dashed lines denote areas of confirmed and 

hypothesized island development, respectively. Black regions represent pre-existing limestone 

bedrock (Hearty & Vacher, 1994).
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coralline algae are likely associated with sedimentation on a higher-energy reef. In contrast the 

abundance of Halimeda in S-5 suggests a low energy marine source with crustose coralline algae 

components living as epiphytes on seagrasses and green algae.  

 The south shore of the Southampton Formation shows two different groups of eolianites. 

The assemblage of eolianites from Pampas (S-1, 8, 9, 13, 14, & 15) belongs to Cluster 1, where 

Halimeda (36-41%) is typically the dominant component and crustose coralline algae is relatively 

depleted (15-23%). These sediments are somewhat consistent with those of the Rocky Formation 

in this area. The western two eolianites of the south shore, found in Horseshoe Bay (S-4) and 

Church Bay (S-2), contain sub-equal portions of Halimeda (25, 33%), molluscs (25, 23%), and 

similar crustose coralline algae (19, 17%). These sediment proportions are more typical of the 

modern southern coast, and reflect reefal sources just seaward of the beach. 

 Large portions of Sandy’s Parish, Somerset Island in particular, were formed during the 

Southampton interval, resulting in extensive eolianite outcrop exposure. There is a clear 

sedimentological divide in eolianites of this time: three eolianites that belong to Cluster 1 are 

from the southern area while the two belonging to Cluster 2 are in the north (Fig. 2.9). The 

southern eolianites (S-10, 11, & 12) contain elevated proportions of Halimeda (35-43%) with 

moderate to low crustose coralline algae (11-21%). The abundance of Halimeda in these southern 

eolianites suggests a quiet sediment source with minimal reefal influence, similar to Ely’s Harbor 

today. By contrast the northern eolianites (S-6 & 7) contain less Halimeda (23, 26%), more 

Homotrema (19, 21%), but similar crustose coralline algae (15, 19%). A higher energy system 

with reef-derived Homotrema and coralline algae is interpreted for this region.  

 Overall, the Southampton eolianites of the western and northwestern shores are 

reminiscent of eolian sediments of older formations. The eolianites along the southern shore are 

diverse, as Halimeda is more prevalent in some regions over others. These mixed sediment 

assemblages are not directly indicative of a high or low energy environment and will be further 

considered in the context of other formations.  
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Holocene Eolianites 

Warwick Long Beach is the only site at which post-Pleistocene eolianite deposition has 

occurred on Bermuda (Fig. 2.11). The three samples that were taken (D-1, 2, & 3) are 

sedimentologically distinct from the Pleistocene eolianites, particularly in terms of their 

geniculate coralline algae. Geniculate forms account for 19-27% of the three eolian samples, 

whereas the maximum quantity in any Pleistocene eolianite is 17%. All three samples are 

classified as Cluster 2, with moderate to low amounts of Halimeda (17-29%) and moderate 

crustose coralline algae (14-20%). This elevated amount of coralline algae is consistent with 

adjacent Pleistocene deposits and is in agreement with sediments associated with the offshore 

reefs.  

Figure 2.10 - Soutampton-aged eolianites plotted on an approximate recreation of Bermuda at 

the time of their formation. Grey regions denote areas of confirmed island development. Black 

regions represent pre-existing limestone bedrock (Hearty & Vacher, 1994).
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2.8 Overall Trends  

The cluster analysis reveals that broad temporal consistencies exist in terms of the 

sedimentological composition of Bermudan eolianites. In some regions these trends have been 

consistent throughout the late Pleistocene, while other areas showed a marked change between 

the Belmont and Rocky Bay Formations. These deviations along the north and south shores will 

be addressed in the next section. Otherwise, each grouping is interpreted to relate to the biologic 

response to the local oceanographic energy regime (Figs. 2.12 and 2.13).  

Northeast 

Eolianites from St. David’s Island of the Walsingham to Rocky Bay Formations all 

belong to Cluster 1 (Fig. 2.12). The abundance of Halimeda and relative absence of crustose 

Figure 2.11 - Holocene-aged eolianites plotted on an approximate recreation of Bermuda at the 

time of their formation. Black regions denotes the previously existing portion of Bermuda.
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coralline algae suggests a protected carbonate factory source reminiscent of a shallow seagrass-

dominated bay. In the modern setting, sediments along the northeastern coast belong to the 

Nearshore-Sandy Facies (Upchurch, 1970). Benthic detritus of this facies is comprised of 

seagrasses, green algae, and bivalves. Similarities between eolian and modern marine sediments 

infer a consistent offshore environment over the last million years.  

Such consistent low-energy sedimentation would require a constant offshore barrier to 

protect the carbonate factory from the constant bombardment of open-ocean waves. The Ledge 

Flat reef system, found today leeward of the eolianites in question, would be an ideal energy 

barrier for wave abrasion. Under the protection of the Ledge Flats, a small back-reef lagoonal 

environment could have been sustained, providing Halimeda-rich sediment to the nearby beaches 

and eolianites. Overall it is proposed that this portion of the Ledge Flats has been active since the 

deposition of the THL. 

North Shore 

Sediments in the North Shore eolianites are quite variable in composition in the 

Walsingham to the Belmont Formations, with adjacent deposits composed of entirely different 

allochems. Today, sediments in the adjacent North Lagoon are sourced from multiple carbonate 

factories that produce a variety of distinct sediment assemblages. Hundreds of individual coral-

algal reefs exist within the lagoon, which produce sediments composed of bivalves and Halimeda 

fragments, as well as corals and coralline algae (Garrett et al., 1971) The size of these reefal 

complexes varies from large Table Reefs like the Bailey Bay Flats to the smaller patch reefs that 

pepper the coast north of Hamilton (Fig. 2.1). Sediment assemblages in the deeper portions 

between reefs of the central lagoon are size dependent: the fine fraction is composed mainly of 

coralline algae, small infaunal molluscs, and coral fragments, yet Homotrema takes the place of 

coralline algae in more coarse sediments (Upchurch, 1970; James and Kyser, 2012). Although 



 43 

consistent and predictable at the scale of individual reefs and inter-reef assemblages, sediment 

composition of the North Lagoon as a whole is quite heterogeneous.  

Eolian sediments are supplied by local beaches, which are fed by the offshore carbonate 

environment. Winds that transport these sediments are not consistent in one orientation, resulting 

in a relatively broad beach source for each eolianite (Mackenzie, 1964a). Furthermore, sorting of 

carbonate sediments occurs in the subaqueous and subaerial realms, and is dependent on the size, 

shape, primary porosity, hydrodynamic, and aerodynamic properties of each sediment type 

(Flügel, 2010). Therefore individual components could be concentrated in discrete eolian 

complexes over other proximal deposits by a variety of processes. Expanding this scenario to the 

scale of the North Lagoon, with hundreds of reefs of varying size and sediment production that 

vary over time, it is conceivable that adjacent beaches could be sedimentologically distinct.  

The nature of the entire northern coast changed after Belmont Formation deposition, as 

eolian sediments incorporated became uniformly enriched in Halimeda. Modern sediments 

immediately adjacent to the north coast belong to the Nearshore-Sandy facies (Upchurch, 1970). 

These marine sediments are rich in Halimeda and molluscs, a composition similar to the Rocky 

Bay Formation eolianites. This switch from spatially varying sediments towards a consistently 

Halimeda-rich source environment could reflect a change in the energy regime of this region or 

an allogenic change, such as increased water temperature.  

The development of the northern Ledge Flats is a potential mechanism of changing 

sedimentological regime of the North Lagoon. Near the end of MIS 7 or beginning of MIS 5e, it 

is possible that the northern reef tract rapidly expanded from isolated reefs into the Ledge Flats as 

it is observed today. The Ledge Flat reefs would have protected the newly outlined North Lagoon 

from north-derived oceanic wave action, allowing Halimeda to flourish in the deeper inter-reef 

portions where not possible before. The possible influences of allogenic factors that could also 

explain this phenomenon will be discussed later.  
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South Shore 

South Shore-derived eolianites of the Town Hill and Belmont Formations almost entirely 

belong to Cluster 2, with high proportions of crustose coralline algae and molluscs, and low 

Halimeda (Fig. 2.12). Today, the boiler reefs supply sediments to the marine realm along the 

south coast. Coralline algae-rich sediment pockets are common between reefs, along with 

significant amounts of Homotrema, which are washed up onto local beaches (Upchurch, 1970). 

The agreement between the benthic and eolian sediments of the THU and Belmont Formations 

suggest that the boiler reefs were actively producing sediment during MIS 7 and 9.  

Eolianites of the Rocky Bay and Southampton Formations are sedimentologically distinct 

from their older counterparts along the south shore. Halimeda is variable enriched in these 

deposits, as opposed to coralline algae. This discrepancy suggests a deviation from the Boiler 

Reef Facies found both today and in the older formations, the reasons for which are discussed in 

the following section.  

Sandy’s Parish 

Eolianites of the westward Sandy’s Parish can be divided into two collections: north and 

south. Sediments of the southern eolianites originated from the region surrounding Ely’s Harbour 

and the southwestern coast of Somerset Island. Today, sediments of this region belong to the 

Basin Centre and Sandy-Nearshore Facies, meaning Halimeda and molluscan grains are dominant 

(Upchurch, 1970). The eolianites are similar in composition, heavily enriched in Halimeda and 

molluscs and lacking significant amounts of crustose coralline algae, typical of Cluster 1. 

Agreement between the eolianites and benthic sediments suggests an offshore carbonate source 

that has been consistent since MIS 11. Southwest of Sandy’s Parish, the large southern reef tract 

parallels the coast prior to diverging to the west. This large robust structure could have acted as a 

barrier, protecting the coast from high-energy ocean waves and allowing for lagoonal 
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sedimentation in the back-reef zone. This evidence infers the activity of southwestern reef tract 

since MIS 11.  

Eolianites of northern Sandy’s Parish, including Somerset Village and the northern 

islands, all belong to Cluster 2. Elevated proportions of crustose coralline algae are typical, at 

times accompanied by higher quantities of Homotrema. These components, along with the 

relative lack of Halimeda, reflect a consistent reefal source for the eolian sediments. A 

combination of large table and smaller patch reefs currently exist immediately northwest of 

northern Sandy’s Parish, in the approximate source zone of the eolianites. Detritus of these coral-

algal reefs was the probable source of the eolian sediments, suggesting that this reef tract has 

been active since MIS 11. Interestingly, modern benthic sediments surrounding the reef tract 

belong to the Sandy-Nearshore Facies, with minimal reefal organisms (Upchurch, 1970). Reef 

detritus production may not be as effective in the modern setting as it was during ancient 

highstand intervals.   
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Figure 2.12 - Generalized trends of eolianite sediments from the Walsingham to Belmont 

Formations. Arrows indicate the bedding plane dip orientaiton of each eolianite.
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2.9 Discussion  

Sediment Composition 

In order for calcareous eolianites to be an effective tool for interpreting ancient carbonate 

environments, the sediment composition of individual deposits must be consistent. At Pampas, 

coeval eolianites of the same dune package along the southern shore show excellent sediment 

consistency, as the standard deviation of individual allochems never exceeds 4%. This internal 

consistency gives hopes towards the utility and reliability of eolianites. In contrast there are 

multiple instances in which adjacent eolianites with slightly different dip orientations are 

composed of vastly different allochems. As discussed within the context of the North Shore 

eolianites, contrasting sediment compositions might reflect the inconsistent nature of sediment 

Figure 2.13 - Generalized trends of eolianite sediments from the Rocky Bay and Southampton 

Formations. Arrows indicate the orientaiton of each eolianite’s bedding plane dip.
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production within the relatively confined sediment-source region and hydrodynamic and 

aerodynamic sorting. That being said the broad temporal and spatial consistent trends in 

Bermudan eolianites suggest a source-dependency on sediment composition and encourage their 

utility as environmental indicators.  

Interpretations of eolianites at the individual scale show that cluster analyses are effective 

tools for differentiating natural sediment groupings. Allocations of eolian sediments to one of two 

cluster groups are often spatially confined. As discussed, a few eolianites might have been 

classified into improper groups relative to sedimentological interpretations, but these samples are 

sedimentologically unique and require closer examination.  

Discrepancies between the sediments observed by Upchurch (1970) and those present in 

the eolianites are apparent. To start, Upchurch (1970) was able to differentiate between seven 

facies, while the eolianites lie on a spectrum between only two end members. The main 

difference however, is the quantities of coral fragments. Upchurch (1970) often used coral heads 

to characterize modern reefal assemblages, yet coral fragments are all but absent in the eolianites. 

Furthermore, coral fragments are a main component of modern Bermudan beaches, such as those 

that face the south coast (Upchurch, 1972). This absence of coral fragments in eolianites is not 

isolated to Bermuda, as examples from the Mediterranean and California lack any significant 

coral presence (Frébourg et al., 2008). Corals are present in eolianites from Hawaii and the 

Bahamas but their abundances have not been reported (Kindler and Hearty, 1995; Blay and 

Longman, 2001). Characterizing and understanding the relative absence of coral fragments in 

Bermudan eolianites is essential towards properly interpreting ancient eolianites.  

Coral fragments are being preferentially removed between the marine and subaerial 

realm. Given the robust nature of many rocky corals, it is unlikely that physical abrasion alone 

would be sufficient to preferentially destroy these fragments and leave others untouched. 

Diagenetic influences are also unlikely, as insufficient time would have passed for meteoric 

diagenesis to remove the aragonitic coral fragments via dissolution (James and Choquette, 1989). 
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Furthermore other aragonitic components such as molluscs and Halimeda are abundant in these 

systems, relatively unaltered by meteoric fluids.  

The most plausible solution to this dilemma is preferential borings by endolithic 

organisms such as sponges and boring algae. Early studies suggest that endolithic organisms 

remove carbonate material by direct dissolution or weakening of outer layers, making them more 

susceptible to physical breakdown (Bathurst, 1966; Perkins and Halsey, 1971). Dissolution by 

microboring organisms, primarily algae, equates to the removal of 18-30% of the mollusc-

dominated sediments of the Davies Reef, South Australia (Tudhope and Risk, 1985). This number 

is considered an underestimate, based on the nature of their experimental setup. Corals are the 

most susceptible to endolithic microboring due to their thick-walled calcitic structure (Perry, 

1998). It is interpreted that the effect of algal microborings corals would exceed the results 

observed in the molluscan experiments. This dissolution and weakening could be an effective 

mechanism to reduce the corals in the beach sediments prior to their incorporation into eolian 

deposits.  

An alternative hypothesis to justify the lack of corals is aerodynamic sorting. Resilient 

coral fragments represent a large portion of the coarse sediment fraction (>1 mm) of beach 

sediments along the south coast of Bermuda, but their abundance in the fine sediment fraction has 

not been identified (Upchurch, 1970). Eolianite sediments are typically very fine to medium sand 

grains (0.06–0.50 mm) (Loope and Abegg, 2001). Assuming corals are only abundant as 

fragments >1 mm, they might not be consistently transported to the eolian realm. Evidence from 

the Holocene eolianites of Hawaii contradicts this hypothesis, as fine to medium sand sized coral 

fragments are common (Blay and Longman, 2001). Mechanical erosion of Hawaiian coral 

fragments is undoubtedly similar to Bermudan corals, as coral sediment from both regions are 

derived from a variety of scleractinian stony corals (Harney and Fletcher, 2003; James and Kyser, 

2012). Therefore the exclusion of coral fragments into Bermudan eolianites due to aerodynamic 

sorting is doubtful. Regardless of the mechanism, the absence of coral fragments in eolian 
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sediments must be taken into account for when interpreting ancient systems. External factors such 

as temperature, nutrient availability, turbidity, pH, or wave action may be incorrectly interpreted 

based on coral absence. 

The Rocky Bay Conundrum 

Up to this point, eolian sediment assemblages have been attributed to the ecological 

adaptations to local energy levels in the adjacent marine carbonate factories. Regions with 

consistent sediment composition are interpreted as having a consistent offshore environment. In 

the Rocky Bay Formation, uniform Halimeda-rich sediments along the southern shore cannot be 

explained by changing energy levels. Allogenic factors, such as changes in oceanography, could 

explain this abrupt discrepancy. This could also present a secondary explanation for Halimeda-

enrichment along the northern shore. Scattered eolianites of the Southampton Formation show 

mixed trends relative to the Rocky Bay and previous Formations. Two possibilities are considered 

to explain the abundance of Halimeda and relative absence of coralline algae along the southern 

and northern coasts in the Rocky Bay Formation: increased marine water temperatures or nutrient 

enrichment.  

Increased Water Temperature 

Recent concerns over ocean acidification and global warming have led to numerous 

studies on the effects of elevated temperature and pCO2 on marine life. Individual organisms have 

a wide range in responses to these oceanographic changes (Ries et al., 2009). For some green 

algae like Halimeda, elevated temperatures favor calcification, to the point of mitigating the 

biological hindrances associated with increased acidity (Campbell et al., 2015). Global warming 

and acidification have negative effects on tropical coralline algae, but the specific mechanisms 

are subjects of scientific controversy, as differentiating between the effects of temperature versus 

pCO2 has proven difficult. A heavy pH-dependence on coralline calcification, photosynthesis, and 

growth has been observed by some (Anthony et al., 2008; Semesi et al., 2009; Gao and Zheng, 



 51 

2010; Hofmann et al., 2011; Ragazzola et al., 2012; Martin et al., 2013) while not by others 

(Martin and Gattuso, 2009; Egilsdottir et al., 2012; Noisette et al., 2013; Comeau et al., 2014). 

Interpretations of the role of thermal stress range from no effect to significant effects on coralline 

photosynthesis and calcification (Anthony et al., 2008; Martin and Gattuso, 2009; Webster et al., 

2011). Most recently however, the effects of light stress and photodamage on coralline thalli have 

been investigated. These experiments conclude that thermal stresses of only +2°C are the 

dominant threat to coralline algae, especially in shallow settings with high solar radiation 

(Vásquez-Elizondo and Enríquez, 2016). Therefore, in theory, an oceanographic event associated 

with increased temperature could lead to Halimeda dominance over coralline algae.  

The relationships between the stable isotopic composition of Pleistocene benthic 

foraminifera, ocean water temperatures, and eustatic sea level are used to define the Marine 

Isotope Stages (Shackleton et al., 1990; Hearty, 2002). The aforementioned water temperature 

increases of 2°C would yield a δ18O difference of approximately -0.5‰ in the planktonic 

foraminifera record relative to typical highstand ratios (Brand et al., 2013). At the Ocean Drill 

Program Bermuda site (1068), oxygen isotopic ratios of planktonic foraminifera of MIS 5e are 

depleted relative to MIS 7 and 11 by approximately 0.3‰ and are similar to MIS 9 (Channell et 

al., 2012). These discrepancies roughly support the possibility of elevated surface water 

temperature around Bermuda during MIS 5e. Similar arguments of elevated marine temperatures, 

based on the spatial distributions of carbonate producing organisms, have been reported in 

Mediterranean and Australian deposits of MIS 5e (Murray-Wallace and Woodroffe, 2014).  

Clear shallow waters of the North Lagoon would be most susceptible to temperature 

increases by solar radiation (Vásquez-Elizondo and Enríquez, 2016). A minor increase of surficial 

water temperature might have been sufficient to hinder coralline algal growth and consequently 

reduce coralline sediment production. As noted, the nature of the carbonate factory along the 

eastern or western coasts remained constant during MIS 5e, seemingly not influenced by heated 

surface waters (Fig. 2.13). It is possible that surface waters in these regions were well mixed and 
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maintained typical temperature range. Unfortunately this cannot explain the seeming temperature 

rise along the south shore, which would be theoretically well mixed due to its proximity to open 

ocean waters (Steinberg et al., 2001). 

Nutrient Enrichment 

A fine balance exists between marine nutrient levels and the capacity of an organism to 

precipitate a calcified structure (Larned, 1998). Inorganic nutrients are essential for the growth of 

photosynthetic organisms like Halimeda and growth rates of these organisms are highly 

dependent on marine nutrient levels. In many cases Halimeda growth is amplified by the 

introduction of nutrients by local oceanographic influences (Wolanski et al., 1988; Smith et al., 

2004). The ability of Halimeda to thrive in nutrient-rich settings could give it a biologic 

advantage over other sediment-producing organisms. The response of coralline algae to inorganic 

nutrients is more complex than its green algal counterpart. Growth and calcification rates of 

coralline algae are hindered by increased phosphate but unaffected by nitrate or ammonia, as 

shown by domestic sewage waters around Zanzibar (Björk et al., 1995). Ecologic competition 

against fast growing noncalcareous algae may amplify the adverse effects of phosphate on 

coralline algae growth, as macroalgal growth is amplified in such conditions (Fabricius and 

De’ath, 2014). Consequently, an enrichment of phosphate may explain the dominance of green 

algal over coralline algae.  

In the isolated marine setting of Bermuda, atmospheric dust and deep marine waters are 

possible sources of inorganic nutrients. Atmospheric dust is a large source of inorganic nutrients 

such as iron, nitrogen, and phosphorus to marine systems and is especially influential in 

oligotrophic waters with limited nutrient sources (Owens et al., 1992; Benitez-Nelson, 2000; 

Bergametti et al., 2004; Jickells et al., 2005; Duce et al., 2008; Krishnamurthy et al., 2010). 

Aerosols that reach Bermuda are sourced from the Saharan Desert and, to a lesser extent, North 

America (Herwitz et al., 1996). Iron oxides and apatite group aerosols are potential sources of 
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phosphorus, liberated into its soluble form by atmospheric acidification (Herwitz et al., 1996; 

Ridame et al., 2002; Bergametti et al., 2004; Nenes et al., 2011). The only current record of 

African eolian activity from is ODP 663, off the coast of West Africa (deMenocal et al., 1993). 

Though fluctuations in terrigenous sediments are apparent, no significant increase is present 

during MIS 5 relative to MIS 7. Based on this observation the possibility of Saharan aerosols as a 

source for elevated marine nutrients is improbable.  

Marine nutrient transport in the Gulf Stream occurs at a depth of 500 m in a dense core 

called the ‘nutrient stream’ (Pelegrí and Csanady, 1991). Dissolved nitrate, phosphate, and 

silicate are transported from the Florida Straits and Mid-Atlantic Bight along the west coast of 

North America and then out into the North Atlantic under the Gulf Stream. Upwelling of these 

phosphate-bearing waters along the coasts of Bermuda could explain an enrichment of 

phosphorous during the late Pleistocene (James et al., 1997). In the modern oceanographic system 

the nutrient stream extends north of Bermuda, and is at least 500 km away at its closest point. 

Although intriguing, it seems improbable that the nutrient would migrate such a great distance 

southward during MIS 5e only to return to its modern position in such a small interval of time.  

Halimeda-rich eolian sediments along the southern and northern coast deposited during 

MIS 5 are probably a consequence of elevated surface water temperatures and light stress on 

crustose coralline algae. Based on the consistency of Saharan-sourced eolian activity and modern 

position of the nutrient stream, phosphate is not considered a potential mechanism for the 

hindrance of coralline algal growth. In terms of Halimeda enrichment along the north shore, 

differentiating between the possibilities of the North Lagoon development and increased surface 

water temperatures is difficult, however increased surficial temperatures are the most simplistic 

explanation. Further studies on the limestone underlying the northern Ledge Flats would shed 

light on this quandary. As a whole, interpretations of MIS 5e presented in this study advance our 

understanding of Atlantic oceanography during the late Pleistocene, with possible implications 

for global oceanography and climate.  
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2.10 Conclusions  

1. Bermudan eolianite complexes show internal sediment consistency to a first order 

approximation, supporting the concept of eolianites as indicators of offshore 

environments.  

2. Cluster analyses are appropriate for characterizing eolianite sediments and reveal that two 

groups best categorize Bermudan eolian sediments. These groups represent the two end 

members of Bermudan offshore environments, Halimeda-rich lagoonal and crustose 

coralline algae-rich assemblages.  

3. Spatial trends are relatively constant between formations and give insight toward the 

Pleistocene offshore environment of Bermuda. The northeast Ledge Flat reefs have been 

active since MIS 11, protecting the leeward back-reef environment from offshore waves 

and allowing for Halimeda-rich sedimentation. The western Ledge Flat reefs have also 

been effective since the MIS 11. This system supplied coralline algae-rich sediments to 

the northern portion of Sandy’s Parish while allowing for low energy sedimentation in 

the back-reef region along the southern area.  

4. Eolianites along the southern and northern coasts of the Rocky Bay Formation are 

consistently enriched in Halimeda relative to their predecessors. Increased surface water 

temperatures, reducing the efficiency of coralline algal sediment production, are a 

probably cause of this sedimentological shift.  

5. Similar to many eolianites around the world, coral fragments are absent from Bermudan 

eolianites, even though they are observed in beach and marine sediments. Direct 

dissolution and grain weakening of coral fragments by microboring organisms is 

presented as the mechanism for coral removal, as corals are most vulnerable to 

microboring. Interpretations of ancient carbonate eolian successions should be cautious, 
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as corals are typical tools used for interpreting carbonate factories and oceanographic 

reconstructions.   
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CHAPTER 3 

Geochemical Impacts of Meteoric Diagenesis on Bermudan Eolianites  

3.1 Abstract 

Strong eolian forces swept Bermudan marine sediments into vast subaerial dunes during 

punctuated Pleistocene intervals. Freshwater intrusion has since transformed these sediments into 

a full spectrum of diagenetically altered limestones, from friable layers of barely consolidated 

sediment to well cemented limestones. Mineralogic, petrographic, and geochemical analyses 

allow for the distinction of a solubility dependent, stepwise progression of meteoric diagenesis 

within the eolianites. The broad correlation between sample age and degree of diagenetic 

alteration is by no means ideal, demonstrating the inherent heterogeneity of meteoric diagenesis 

across an entire carbonate platform. 

Multiple geochemical properties are considered in the context of the newly defined 

diagenetic stages to better understand their behavior in a progressively altered system. Meteoric 

diagenesis results in the following major geochemical changes: 1) stable isotopic compositions 

diverge from a composition similar to recent Bermudan sediments towards that of calcrete; 2) a 

decrease in the concentrations of barium, boron, magnesium, potassium, strontium, sulfur, and 

uranium due to depleted concentrations in meteoric fluid and low partition coefficients with 

diagenetic calcite cement; 3) an increase in iron concentrations in select altered samples due to a 

high partition coefficient and dissolved iron derived from Terra Rossa-hosted iron oxides; 4) an 

increase in aluminum concentrations in very altered samples due to the advection of detrital 

gibbsite, clinochlore, and kaolinite; and 5) unchanging and uncharacteristically low manganese 

concentrations, conceivably due to the absence of manganese-rich minerals in the Bermudan 

system. These specific geochemical changes recorded by Bermudan marine sediments can be 

applied to understand the mineralogical and geochemical changes recorded by ancient systems.   
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3.2 Introduction  

Bermuda is an ideal setting in which to observe the effects of meteoric diagenesis on 

subtropical carbonate sediments at a scale that is not possible elsewhere. Its Pleistocene carbonate 

eolianites are extremely well preserved, accessible, and their diagenetic alteration has been almost 

entirely by meteoric fluids. The examination of the geochemical attributes of these eolianites aims 

to refine our interpretations of ancient systems that display varying degrees of meteoric 

diagenesis. 

Classic studies of the diagenesis of Bermudan carbonates (Bretz, 1960; Land et al., 1967; 

Vollbrecht, 1990) used analytical techniques such as petrography, x-ray diffraction, and 

cathodoluminescence to outline the stepwise effects of meteoric diagenesis. Studies on Bermudan 

limestones using more advanced technologies such as scanning-electron microscopes and ICP-

MS typically have focused on specific depositional settings and isolated deposits (Vollbrecht and 

Meischner, 1993). Because Pleistocene eolianite deposits are easily recognizable and have been 

affected primarily by meteoric waters on Bermuda, they are ideal for temporal diagenetic studies. 

In this study, x-ray diffraction, petrographic, and elemental and isotopic analyses are used in 

combination on Bermudan eolianites from a diversity of outcrops, ages, and degrees of diagenetic 

alteration. The purpose of this study is to 1) document the diagenetic changes that marine 

sediments are subject to prior to becoming geochemically distinct hardened limestones and 2) 

examine the degree of diagenetic heterogeneity between formations of similar age. Results will be 

compared to a variety of classic and recent work on meteoric diagenesis to better understand 

diagenesis recorded by ancient carbonates.   

3.3 Setting 

The exposed bedrock of Bermuda is a Pleistocene limestone composed predominantly of 

marine-derived windblown carbonate sediments, including coralline algae, Halimeda ssp., a 

variety of foraminifera including Homotrema rubrum sp., and echinoids. These eolian complexes 
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formed during interglacial highstands when the subtropical carbonate factory supplied prolific 

sediments to coastal beaches (Bretz, 1960). Storm-scale winds swept these sediments into 

laterally accreting proximal coastal dunes, creating an overall regressive sequence (Bretz, 1960; 

Vacher, 1973; Vacher et al., 1995). The resulting limestone is approximately 100 metres thick 

and rests on the southernmost seamount of the Bermuda Rise, which has been tectonically stable 

since the mid-Oligocene (Reynolds and Aumento, 1974; Galehouse, 1979).  

The Bermuda-Azores High Pressure Cell is responsible for the seasonal climate of 

Bermuda. The 1,465 mm of average rainfall Bermuda receives annually is distributed almost 

equally between its summer and winter months (Rowe, 1991). Intense storms are typically 

restricted to the summer, and are accompanied by rapid accumulations of precipitation. Annual 

evaporation on Bermuda is approximately equal to its annual precipitation from warm air currents 

due to the warm Caribbean waters brought in by the Gulf Stream (Rowe, 1991).  

 Many cycles of cementation and erosion have affected sediments of the Bermuda 

Platform. Marine alteration is noticeably limited to coastal deposits where the preservation 

potential is low due to wave destruction (Vollbrecht and Meischner, 1996). Consequently 

meteoric diagenesis is the dominant mechanism by which unconsolidated dunes are lithified and 

preserved as the limestone bedrock found today on Bermuda. Meteoric waters in the vadose and 

phreatic zones intrude the well-sorted carbonate grains and expose them to a variety of diagenetic 

processes. As outlined by Land et al. (1967), freshwater migration in the vadose zone occurs in 

discrete channels, not necessarily following primary geological structures such as bedding planes. 

This results in locally fluctuating degrees of vadose diagenesis, ranging from a scale of 

centimetres to metres. The discrete nature of this alteration also means that diagenesis is not age 

dependent, as younger eolianites could be more diagenetically mature than their older 

counterparts depending on the migration of freshwater and location of freshwater aquifers over 

time.  
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The phreatic groundwater system of Bermuda is a combination of CO2-rich rainwater, 

which has passed through soil horizons, marshes, and diluted seawater (Plummer et al., 1976). 

The Langton and Brighton aquifers make up the modern groundwater reservoir of Bermuda 

(Rowe, 1991). The Langton aquifer, typically hosted by the three youngest geologic units, 

contains the most freshwater and the flow is thought to be inter-granular. The Brighton aquifer, 

encompassing the oldest three geologic units, houses less freshwater and is related to the 

generation of secondary porosity. Petrographic analyses indicate that meteoric diagenesis in the 

phreatic zone is more rapid than that of the vadose zone (Land and Mackenzie, 1970).  

3.4 Stratigraphy  

Pleistocene eolianites of Bermuda are inconsistently separated by ancient soil horizons 

known as paleosols, first described by Sayles (1931). These soils are thought to have developed 

during disruptions in dune deposition, typically during glacial lowstands (Vacher et al., 1995). 

Thick, red coloured well-developed paleosols are known as Terra Rossa horizons and white, 

weakly developed, thinner paleosols are known as protosols or accretionary soils (Ruhe et al., 

1961).  

Delineating Bermudan stratigraphy is difficult and often controversial due to the complex 

depositional relationships between laterally confined dunes and paleosols. Through multiple 

methods of stratigraphic classification, six formations have been distinguished that correlate with 

specific Marine Isotope Stages (MIS) (Vacher et al., 1995; Hearty, 2002). From youngest to 

oldest these formations are the Southampton (MIS 5a), Rocky Bay (MIS 5e), Belmont (MIS 7), 

Town Hill Upper Member (MIS 9), Town Hill Lower Member (MIS 11), and Walsingham (MIS 

27/35) Formations (Fig. 3.1).  
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Meteoric diagenesis has vast implications on the geochemical composition of tropical 

carbonate sediments. Bermudan eolian sediments, variably altered by meteoric fluids, are ideal 

for observing and deciphering these changes in a constrained and tectonically stable setting. 

Interpretations of isotopic and elemental alteration, based on a recognized diagenetic 

classification and current stratigraphic column, build on pioneering work done on Bermuda. The 

observed geochemical trends are generally in agreement with former studies on the alteration of 

tropical carbonate sediments by meteoric fluids. However, some discrepancies, such as 

manganese concentrations of heavily altered eolianites and the mineralogic associations of some 

trace elements, are evident from this study that could impact interpretations of ancient carbonate 

deposits.  

Southampton 
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(MIS 5A)

Rocky Bay 

Formation

(MIS 5E)

Belmont

Formation
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Town Hill 
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Upper 
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Figure 3.1 - Idealized Bermudan stratigraphic column. Eolianite, protosol, and marine limestone 

assemblages are shown by yellow, speckled/beige, and blue, respectively. Red profiles are Terra 

Rossa soils. Modified from Vacher et al. (1995).
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3.5 Methods  

A total of 56 samples were collected from outcrops of Bermudan eolianites during the 

summers of 2014 and 2015 (Fig. 3.2). Eolianites all over the island were identified primarily 

based on the presence of steeply dipping (30-40°) bedding planes. Sampling was limited in some 

regions due to a lack of eolianite exposure or inaccessible private property. Sample numbers 

correspond to their geologic formation: Walsingham Formation (W-X), Town Hill Formation 

Lower Member (THL-X), Town Hill Formation Upper Member (THU-X), Belmont Formation 

(B-X), Rocky Bay Formation (RB-X), and Southampton Formation (S-X). Samples were shipped 

to the Petrographic Preparation Center at Acadia University (2014) and Queen’s Facility for 

Isotope Research at Queen’s University (2015) for thin section preparation. Identification and 

quantification of diagenetic fabrics were done by petrographic examination with binocular and 

petrographic microscopes. Most of the sample was powdered via mortar and pestle for subsequent 

geochemical tests.  

Mineralogical abundances were determined by X-ray Diffraction using a Philips X'Pert 

Pro MPD X-Ray Diffractometer. Packed samples were analyzed using cobalt radiation with an 

incident wavelength of 1.79 Å and scanned from 5-70° 2θ for 30 seconds per step.  Aragonite, 

magnesium-calcite, and calcite spectral profiles were obtained from the CIF database (Althoff, 

1977; Paquette and Reeder, 1990; Pokroy et al., 2007; Zolotoyabko et al., 2010).  Rietveld 

refinement was conducted on each sample in which the background, peak intensity, W, Y, and Z 

parameters were varied to minimize spectra-profile variance.   

Approximately 100mg of powdered sample for each sample was analyzed on a Thermo 

Fisher Scientific Element XR-ICP-MS (Extended Range Inductively Coupled Plasma Mass 

Spectrometer) to determine major and trace element concentrations. Residual salts were removed 

by 2 minutes of sample sonication with 1mL of De-Ionized (DI) water, and two rounds of manual 

agitation with 4 minutes in the centrifuge at 4000 rpm before being dried at 70°C. Carbonate 
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material was separated from other solid material by dissolution of the carbonate in 1mL of 30% 

ultrapure hydrochloric acid, 2 minutes in the centrifuge at 4000 rpm, and decantation into a clean 

Savillex, before being dried at 70°C. Three dilutions were performed for each sample using 2% 

nitric acid with indium added as internal standard. Procedure blanks and reference materials 

(NIST SRM-88b and in house-standard C1) were analyzed every 10 samples.  

The δ18O and δ13C ratios of all samples were determined by reacting approximately 1 mg 

of powdered material with 100% anhydrous phosphoric acid at 72°C for 4 hours.  The CO2 

released was analyzed using a Thermo-Finnigan Gas Bench coupled to a Thermo-Finnigan 

DeltaPlus XP Continuous-Flow Isotope-Ratio Mass Spectrometer (CF-IRMS).  The δ18O and δ13C 

values are reported using the delta (δ) notation in permil (‰) relative to Vienna Pee Dee 

Belemnite (VPDB), with an analytical precision of 0.2‰. 

Electron microprobe analyses were done with a JXA-8230 Electron Probe Microanalyzer 

at Queen’s Facility for Isotope Research. A 10-micron electron beam with an accelerating 

potential of 15 kV and beam current of 5 nÅ was used. The intra-particle cement of allochems in 

3 samples was tested for calcium, magnesium, strontium, manganese, and iron concentration with 

analytical precisions of 12%, 5%, 17%, 11%, and 12%, respectively.  
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Figure 3.2 - Geographic locations of the 56 samples used for this study



 64 

3.6 Results  

Petrographic analyses indicate that the degree of diagenetic alteration varies substantially 

between eolianite samples and in some cases within individual samples. Aragonitic grain 

preservation varies from pristine to partially and fully calcitized, with both empty and cement-

filled micritized molds. The degree of cementation is also quite variable, with cement-filled 

intergranular pore space ranging from 1% to approximately 60%. Circumgranular rinds, 

intragranular pore filling, and meniscus cements are found in almost all samples, while drusy and 

blocky pore filling cements are limited to the most altered samples.  Petrographic characteristics 

of each eolianite are summarized below (Table 3.1) 

 Bermudan eolianites are composed of three main mineralogical components: aragonite, 

LMC (low-magnesium calcite), and HMC (high-magnesium calcite), whose relative proportions 

(bulk mineralogy) vary from 0–47%, 3–50%, and 17–95%, respectively (Table 3.2). Minor 

amounts of volcanic minerals are observed in select thin sections but were not detected by the 

XRD (Warren and Ransom, 1992). Bulk mineralogy shifts towards LMC with increasing 

alteration in a non-linear pathway that is typical of meteoric diagenesis (James and Jones, 2015). 

The δ18O and δ13C values vary between -3.1–0.2‰ and -7.8–1.1‰, respectively (Table 3.2), both 

characteristically decreasing with progressive diagenesis (Allan and Matthews, 1982). Elemental 

concentrations are summarized below (Table 3.3). The response of several elements to alteration, 

such as the progressive depletion of magnesium, sodium, and strontium, are characteristic of 

meteoric systems (Veizer, 1983). However, manganese concentrations, which are typically 

elevated in heavily altered carbonates (Pingitore, 1978), remain uncharacteristically constant. 

Iron, magnesium, manganese, and strontium concentrations of intra-particle cements range from 

0.0-0.1%, 0.0-2.1%, 0.0-0.7%, and 0.0-1.2%, respectively (Table 3.4).  
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Table 3.1 – Diagenetic fabrics based on petrographic analyses. The relative proportions of molluscan preservation styles in each sample are 

classified as abundant (A), common (C), and rare (R). Cement types are either present (*) or not observed.  

Sample 

Number 

Molluscan Preservation Styles % Inter-

Particle 

Cementation 

Cement Types  

Perfect Calcitized Molds 

Cement-filled 

molds 

Meniscus Isopachous 

Pore-filling 

blocky 

Drusy 

B-3 A A  C 10-20 * *   

B-4 A   R 10-20 * *   

B-6 A    10-20 * *   

B-8  A  A 20-40 * * * * 
B-11 A    1-10  *   

B-14 A A  C 10-20 * *   

B-16 A    1-10 * *   

B-17    A 20-40 * *   

B-18 A C   10-20 * *   

RB-1 A   C 10-20 * *   

RB-2 A    1-10 * *   

RB-3 A C   20-40 * *   

RB-5 A    1-10 * *   

RB-6 A    1-10 * *   

RB-7 A    10-20 * *   

RB-9 A C   10-20 * *   

RB-10 A A   20-40  * * * 
RB-11 A C   10-20 * *   

RB-12 A    1-10 * *   

RB-13 A    1-10 * *   

RB-14 C A R  10-20 * *   

RB-15 A A   10-20 * *   
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S-2 A    10-20 * *   

S-3 A    1-10 * *   

S-4 A    1-10 * *   

S-5 A C   1-10 * *   

S-6 A    1-10 * *   

S-7 A    1-10 * *   

S-10 A    10-20 * *   

S-11 A    1-10 * *   

S-12 A    1-10 * *   

S-13 R A   1-10 * *   

S-14 R A   1-10 * *   

S-15 R A   1-10 * *   

THL-1 A A   20-40 * * * * 
THL-2  A   20-40 * *    
THL-3  A R  10-20 * *   

THL-4 R A   1-10 * *   

THL-5 A A  C 10-20 * *   

THL-6 R A   20-40 * *   

THL-8  A  A 40-60 * * * * 
THL-9 A A   10-20 * *   

THU-2  A C A 10-20 * *   

THU-3  A C  10-20 * *   

THU-4  A  A 1-10 * *   

THU-6 A    1-10  *   

THU-7  A  A 1-10 * *   

THU-8  A  A 20-40 * * * * 
THU-10 A A   20-40 * * * * 
THU-11  A  A 10-20 * *   

THU-12 A    10-20 * *   

THU-13 C A  A 20-40 * *   
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W-1  A  A 40-60 * * * * 
W-3  A  A 10-20 * *   

W-4  A  A 60-80 * * * * 

W-5 A    1-10 * *   
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Table 3.2 – Stable isotopic data and mineralogy for Bermudan eolianites reported in units of 

permil (‰) relative to VPDB and wt. %, respectively. 

Sample 

Number 

Stable Isotopes Mineralogy 

δ18O δ13C Aragonite LMC HMC 

B-3 -1.5 -3.4 31 12 57 

B-4 -0.8 -1.2 34 32 34 

B-6 -1.3 -4.3 27 20 53 

B-8 -2.3 -7.3 3 17 81 

B-11 -0.3 0.3 30 43 26 

B-14 -2.6 -4.6 11 8 81 

B-16 -0.9 -1.9 26 43 31 

B-17 -2.2 -7.2 0 15 85 

B-18 -0.8 -0.7 30 45 25 

RB-1 -2.3 -3.8 21 11 67 

RB-2 -0.5 0.9 34 38 27 

RB-3 -1.1 0.2 38 19 44 

RB-5 -1.4 -4.7 26 11 62 

RB-6 -1.9 -5.0 26 13 62 

RB-7 -0.7 -0.9 34 37 28 

RB-9 -0.9 -1.8 33 21 47 

RB-10 -2.4 -6.2 9 10 81 

RB-11 -0.3 0.3 39 38 23 

RB-12 -0.6 0.3 43 33 24 

RB-13 -0.9 1.1 42 41 17 

RB-14 -1.9 -5.4 18 5 77 

RB-15 -0.7 -0.7 38 28 34 

S-2 -0.9 -0.9 22 41 37 

S-3 0.2 0.1 29 50 21 

S-4 -1.4 -4.3 27 12 62 

S-5 -2.3 -4.0 21 10 70 

S-6 -1.2 -2.0 31 24 45 

S-7 -1.0 -3.0 33 13 53 

S-10 -0.4 0.6 34 33 32 

S-11 -0.6 0.2 39 32 29 

S-12 -0.9 0.4 47 29 24 

S-13 -2.0 -4.2 27 12 62 

S-14 -1.9 -4.6 23 11 66 

S-15 -1.9 -4.9 21 9 70 

THL-1 -2.3 -4.6 22 11 66 

THL-2 -2.6 -5.2 2 10 87 

THL-3 -2.4 -4.0 13 4 82 

THL-4 -2.8 -5.3 4 8 88 

THL-5 -2.7 -6.1 8 7 85 

THL-6 -2.2 -2.5 18 13 69 

THL-7 -2.6 -6.6 2 3 95 

THL-8 -3.1 -6.8 3 7 90 

THL-9 -2.2 -4.1 20 12 68 

THU-2 -2.7 -5.8 10 7 83 
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THU-3 -2.1 -2.9 9 14 77 

THU-4 -2.3 -1.4 9 10 82 

THU-6 -0.8 -1.3 39 29 32 

THU-7 -2.0 -4.6 4 13 83 

THU-8 -2.2 -2.5 19 11 70 

THU-10 -1.4 -4.6 24 13 64 

THU-11 -2.2 -5.7 12 10 78 

THU-12 -0.4 0.1 37 35 29 

THU-13 -1.8 -0.8 8 9 83 

W-1 -2.1 -7.8 3 8 89 

W-3 -2.6 -3.7 7 11 82 

W-4 -2.7 -6.8 0 12 88 

W-5 -0.3 -2.4 29 21 49 
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Table 3.3 – Whole rock elemental results of Bermudan eolianites. All data are reported in ppm with the realistic precisions and detection limits.  

Sample 

Number 
B Ba Ca K Mg Mn Na S Sr U Al Fe 

Precision 3% 2% 2% 19% 2% 2% 2% 12% 2% 2% 2% 7% 

Detection 

Limit 
0.02 0.01 2 0.5 1 0.005 1 1 1 0.0001 0.1 0.005 

B-3 9.12 5.59 363,000 0.5 4,050 9.53 770 440 2,840 1.06 39.2 69.8 

B-4 9.10 5.97 337,000 0.5 7,570 5.60 997 820 3,110 1.42 22.4 58.4 

B-6 5.19 3.58 294,000 0.5 4,110 9.03 464 450 1,970 0.820 28.6 44.9 

B-8 2.55 3.38 343,000 0.5 4,200 7.70 168 250 583 0.378 28.3 46.0 

B-11 7.28 6.14 340,000 0.5 10,100 8.63 789 950 2,780 1.25 28.6 37.3 

B-14 4.15 3.05 349,000 0.5 3,440 7.99 260 310 1,060 0.716 16.4 36.4 

B-16 7.47 5.11 340,000 4.3 8,650 7.88 783 900 2,610 1.21 24.3 31.9 

B-17 0.76 1.62 344,000 0.5 2,090 6.22 42 63 337 0.289 28.4 22.5 

B-18 8.16 5.50 314,000 2.6 10,600 17.3 848 980 2,930 1.44 40.8 144 

RB-1 5.74 3.85 336,000 0.5 3,530 7.35 450 350 1,880 1.04 18.9 41.3 

RB-2 10.4 5.70 340,000 3.3 9,200 7.12 967 1100 3,870 1.98 14.4 24.1 

RB-3 7.16 6.90 321,000 5.7 4,980 5.06 761 680 3,740 2.12 13.5 24.5 

RB-5 6.44 4.32 332,000 0.5 4,050 9.49 541 470 2,510 1.47 14.4 30.6 

RB-6 5.94 4.34 325,000 0.5 4,350 5.25 536 480 2,150 1.09 12.6 21.7 

RB-7 9.50 5.29 328,000 0.5 7,100 5.52 794 820 3,500 1.76 5.9 9.76 

RB-9 7.20 4.90 310,000 0.5 4,610 6.63 655 550 2,900 1.50 22.2 27.2 

RB-10 3.17 3.12 326,000 0.5 3,420 5.01 225 240 1,090 0.876 11.7 20.7 

RB-11 8.49 6.31 305,000 8.9 8,440 5.52 847 960 4,090 2.18 10.4 19.0 

RB-12 9.93 5.63 281,000 0.5 6,150 3.71 745 810 4,220 2.24 5.0 17.4 

RB-13 10.9 7.43 308,000 4.0 8,860 5.65 908 1100 4,000 1.98 33.4 41.2 

RB-14 4.68 6.17 317,000 0.5 3,500 7.98 360 350 1,690 1.18 19.7 49.4 

RB-15 6.57 5.07 300,000 0.5 6,300 6.51 713 690 3,730 1.66 14.7 35.0 

S-2 4.90 4.08 305,000 0.5 3,510 6.49 575 430 2,600 1.37 16.2 24.6 

S-3 7.88 4.75 305,000 0.5 4,960 8.22 729 660 2,790 1.47 28.9 43.4 

S-4 6.14 5.44 367,000 0.5 4,030 9.23 385 310 2,550 1.38 27.7 57.7 



 71 

S-5 6.90 3.72 277,000 0.5 3,110 6.59 477 440 1,830 1.24 8.3 15.8 

S-6 11.9 5.06 310,000 4.6 11,800 6.99 915 1200 3,290 1.77 8.0 18.3 

S-7 8.61 5.02 306,000 0.5 10,300 7.98 733 990 2,890 1.63 29.3 39.4 

S-10 7.98 6.05 298,000 0.5 6,920 5.47 733 740 3,280 2.11 6.7 3.52 

S-11 4.35 6.02 301,000 0.5 7,100 6.34 767 830 3,790 2.24 13.1 25.7 

S-12 8.75 8.76 300,000 2.5 5,900 5.43 793 840 4,230 2.36 13.7 19.4 

S-13 5.96 3.29 292,000 0.5 3,220 6.40 411 410 2,120 1.39 47.3 35.9 

S-14 5.24 3.00 293,000 0.5 3,080 5.26 361 360 1,800 1.24 12.8 18.5 

S-15 4.71 2.80 294,000 0.5 2,920 5.48 301 320 1,670 1.18 10.8 17.3 

THL-1 8.62 3.63 309,000 0.5 2,490 2.59 494 480 2,200 1.14 14.4 7.54 

THL-2 2.13 2.86 296,000 0.5 2,920 6.94 61 90 584 0.602 28.3 37.7 

THL-3 3.05 3.00 295,000 0.5 3,290 7.09 185 190 1,340 0.838 47.5 61.3 

THL-4 2.14 5.39 301,000 0.5 2,830 4.75 129 190 783 0.798 42.3 74.4 

THL-5 2.80 3.06 291,000 0.5 2,680 5.56 174 180 924 0.850 9.5 22.3 

THL-6 4.90 3.21 296,000 0.5 3,920 10.2 271 270 1,760 1.02 51.4 64.9 

THL-7 1.75 2.16 313,000 0.5 850 3.09 103 140 399 0.433 84.0 22.8 

THL-8 2.99 2.96 299,000 0.5 2,080 3.64 115 140 730 0.617 18.4 29.9 

THL-9 5.96 3.98 300,000 0.5 3,320 6.75 340 280 1,920 1.35 18.4 60.2 

THU-2 3.24 3.91 293,000 12 3,520 4.68 187 160 1,580 0.925 9.2 22.2 

THU-3 3.47 3.16 301,000 0.5 3,260 6.15 149 230 1,170 0.797 14.7 19.7 

THU-4 4.08 3.57 293,000 0.5 3,340 4.90 156 160 1,480 0.979 11.0 15.9 

THU-6 7.60 7.13 290,000 0.5 5,750 6.42 701 720 3,810 2.34 22.3 34.4 

THU-7 1.42 3.51 293,000 0.5 3,330 5.36 95 140 986 0.902 8.2 16.7 

THU-8 8.00 3.32 291,000 0.5 3,100 6.17 286 250 2,070 1.20 6.9 22.7 

THU-10 7.89 6.03 285,000 0.5 2,640 3.84 473 490 2,470 1.40 27.3 16.5 

THU-11 3.57 3.48 294,000 0.5 3,040 6.76 271 290 1,240 1.08 14.4 45.8 

THU-12 10.7 5.64 280,000 0.5 5,900 5.91 679 700 3,550 2.05 14.1 30.0 

THU-13 4.98 2.55 284,000 0.5 3,480 18.4 158 200 939 0.767 29.5 44.8 

W-1 2.03 2.92 292,000 0.5 1,570 9.41 78 55 478 0.762 108 222 

W-3 3.26 3.29 277,000 0.5 3,200 7.57 139 180 941 0.862 20.0 53.1 

W-4 3.76 1.51 284,000 0.5 1,480 9.05 71 59 246 0.339 97.0 213 

W-5 6.92 3.98 216,000 0.5 3,300 7.19 441 410 1,890 1.28 28.7 44.2 
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Table 3.4 – Microprobe results for intra-particle cements of 3 eolianite samples 

Sample Grain Type Ca% Fe% Mg% Mn% Sr% 

RB-10 Halimeda 54 0.00 0.49 0.00 0.00 

RB-10 Halimeda 54 0.00 0.78 0.00 0.02 

RB-10 Halimeda 54 0.00 0.73 0.01 0.09 

RB-10 Halimeda 54 0.01 0.54 0.03 0.02 

RB-10 
Peneropolid 

Foram. 
55 0.03 0.44 0.00 0.06 

RB-10 
Peneropolid 

Foram. 
55 0.03 0.28 0.02 0.03 

RB-10 
Peneropolid 

Foram. 
55 0.00 0.20 0.00 0.05 

RB-10 Halimeda 53 0.00 0.81 0.01 0.00 

RB-10 Halimeda 53 0.00 0.92 0.00 0.04 

RB-10 Halimeda 53 0.01 0.98 0.07 0.05 

S-4 Halimeda 52 0.01 1.45 0.00 0.08 

S-4 Halimeda 55 0.00 0.48 0.06 0.00 

S-4 Halimeda 53 0.00 0.58 0.03 0.04 

S-4 Halimeda 54 0.00 0.41 0.00 0.11 

S-4 Halimeda 53 0.00 0.60 0.00 0.00 

S-4 Halimeda 52 0.00 0.03 0.05 1.24 

S-4 Halimeda 54 0.01 0.46 0.00 0.22 

S-4 Halimeda 54 0.00 0.42 0.01 0.17 

RB-12 Halimeda 51 0.01 2.07 0.00 0.16 

RB-12 Halimeda 53 0.00 1.03 0.06 0.13 

RB-12 Halimeda 53 0.00 1.05 0.01 0.08 

RB-12 
Peneropolid 

Foram. 
53 0.00 1.44 0.00 0.10 

RB-12 
Peneropolid 

Foram. 
53 0.04 0.75 0.06 0.06 

RB-12 
Peneropolid 

Foram. 
53 0.00 1.18 0.00 0.01 

RB-12 Halimeda 54 0.06 0.91 0.00 0.12 

RB-12 Halimeda 53 0.00 0.99 0.04 0.10 

RB-12 Halimeda 53 0.02 1.03 0.00 0.16 

 

3.7 Interpretation 

Tropical carbonate alteration by meteoric diagenesis occurs in a predictable stepwise 

fashion. This progression relates to the solubility of individual components, the relative 

proportion of water and sediment, and time (James and Choquette, 1989). A combination of 
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petrography, mineralogy, and geochemistry is used to create a diagenetic index for the eolianites 

of Bermuda.  

Diagenetic Groups 

Land et al. (1967) was the first to develop a classification scheme for Bermudan 

eolianites altered by meteoric fluids, distinguishing between five diagenetic groups. Group 1 

represents unconsolidated calcarenites, which are excluded from this study. The most pristine 

eolianite samples of this study are classified as Group 2. These samples have retained their 

original mineralogy, containing roughly equal amounts of aragonite, calcite, and HMC (Fig. 3.3). 

Cementation is minimal and is typically restricted to intragranular cements, isopachous rinds, and 

meniscus cements at grain contacts that account for up to 20% of the pore space. Based on 

detailed petrographic evidence, Group 2 is further divided into 2A and 2B, which represent two 

mineralogically similar eolianites with 1–10% and 10–20% intergranular cementation, 

respectively. Petrographic characteristics of typical samples of Groups 2A and 2B are shown 

below (Fig. 3.4A-D). 

Group 3 is characterized by samples exhibiting neomorphic conversion of unstable HMC 

components into stable LMC (Bathurst, 1975; Budd, 1988). This process is typically fabric-

retentive due to preservation of the hexagonal crystal lattice, making petrographic distinction 

between unaltered and altered grains difficult (Fig. 3.4E-F). For this reason, characterization of 

Group 3 is dependent on mineralogy, specifically the trend of decreasing HMC from an average 

of 37% to 19%. The relative percentage of aragonite also decreases slightly on average, but only 

from 35% to 32%. Intergranular cementation varies from 1–40% in this group, and occurs as 

meniscus cements and isopachous rinds. The majority of biological components appear pristine, 

but some samples contain calcitized grains and minor amounts of cement-filled molds.  

Group 4 is characterized by samples in which the alternation of aragonite to LMC 

becomes prevalent. Crystallographic differences between the orthorhombic aragonite and 
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hexagonal calcite results in complete dissolution of aragonite and the subsequent precipitation of 

LMC in the presence of freshwater (Bathurst, 1975). Aragonitic components are subject to 

macroscale alteration to form molds or microscale alteration to form calcitized grains with 

variable preservation (James and Choquette, 1989). The calcitized bivalve fragment in Fig. 3.4G-

H is typical of molluscs in this group. The pervasiveness of calcitized components and cement-

filled molds, along with a gradual depletion of aragonite, are used to identify samples of Group 4. 

Some pristine grains persist, illustrating the heterogeneity of meteoric diagenesis and textural 

preservation of HMC neomorphism. The degree of intergranular cementation varies from 5–40% 

with more blocky- pore filling cements than previous groups.  

Mineralogic and petrographic evidence for classifying the degree of diagenesis diverge 

for eolianites RB-5, RB-6, S-4, and S-5. These eolianites are mature, with relatively high 

proportions of LMC and lower amounts of aragonite and HMC. In contrast there is little to no 

petrographic evidence of intergranular cementation or grain alteration, as expected based on the 

mineralogical maturity. The nature of the intra-particle cements is considered as a potential 

source of this discrepancy, as HMC marine cements would not be discernable in thin section. 

Microprobe analyses, however, of both pristine and heavily altered samples, shows consistently 

low magnesium concentrations, implying a meteoric origin for the cements (James and Jones, 

2015). Consequently the mineralogic data is deemed more representative for the degree of 

diagenesis of these samples, as the amount of sample used for the geochemical analysis is more 

and more susceptible to sample heterogeneity. As a result these four eolianites are characterized 

under Group 4. Similarly, the mineralogically mature eolianite THL-4 was used to classify it as 

Group 5.  

Eolianites that have reached the final stage of meteoric diagenesis are classified as Group 

5. These samples are predominantly composed of LMC, accounting for 83-90% of their bulk 

mineralogy. Most HMC and aragonite components have been neomorphosed and dissolved and 

the eolianite is a hardened limestone. While there is variation between samples, intergranular 
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cementation is typically higher than other groups, ranging from 1–80% of pore space. In samples 

where extensive cementation occurs, drusy, large blocky, and pore filling cements are easily 

distinguishable (Fig. 3.4I-J). 
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Figure 3.3 - LMC-HMC-Aragonite ternary plot illustrating the effects of meteoric diagenesis on eolianite mineralogy 

based on XRD analyses. Each group corresponds to specific mineralogical trends, supported by petrographic analyses. 

Also indicated are the formations from which the samples come.

10

10

10

20

20

20

30

30

30

40

40

40

50

5050

60

60

60

70

70

70

80

80

80

90

90

90



 77 

 

  

G H

E F

C D

A BRB-2 RB-2

S-10 S-10

RB-9 RB-9

THU-8 THU-8



 78 

  

Figure 3.4 – Thin section photos of eolianites representative of diagenetic groups 2A-5. For 

each sample, images with PPL (plane-polarized light) are on the left and XPL (cross-polarized 

light) are on the right. Scale bars are 1 mm long. (A, B: RB-2) Group 2A: LMC intraparticular 

cements, minor LMC circumgranular rims and meniscal fabrics, most easily visible in the XPL 

image (B). Major grains left to right: Homotrema, peneropolid foraminifer, and coralline algae. 

(C, D: S-10) Group 2B: increased LMC circumgranular and meniscal cementation but minimal 

grain alteration. Major grains left to right: Halimeda, coralline algae, peneropolid foraminifer 

and molluscs. (E, F: RB-9) Group 3: neomorphism of HMC components and some LMC 

circumgranular and meniscal cements. Minimal petrographic difference from Group 2. Major 

grains left to right: Halimeda, molluscs, and Homotrema. (G, H: THU-8) Group 4: significant 

calcitization of aragonitic grains such as the large bivalve on the right and increasing 

proportions of intergranular LMC cementation. Major grains left to right: Homotrema, 

Halimeda, coralline algae, and molluscs. (I, J: W-1) Group 5: Calcitized aragonitic 

components, cement filled moulds are quite prevalent, and drusy and pore-filling 

interparticular cementation is ubiquitous. Major grains left to right: Homotrema, echinoid, and 

molluscs. Note the syntaxial cement surrounding the echinoid fragment exhibiting unit 

extinction.

I JW-1 W-1
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Table 3.5 – Summary of the mineralogic and petrographic attributes of each diagenetic stage; 

stages after Land et al. (Land et al., 1967) 

Diagenetic 

Group 
Mineralogy Description 

2A 

HMC: 29–50% 

Aragonite: 26–47% 

LMC: 17-32% 

 Perfect mollusc preservation  

 Intergranular cementation  

 1-10% cementation of intergranular porosity  

 Circumgranular rinds of calcitic cement 

 Very minimal meniscus textures 

2B 

HMC: 28–45% 

Aragonite: 22–39% 

LMC: 23–37% 

 Perfect mollusc preservation, very minor calcitized 

grains 

 Intergranular cementation  
 10-20% cementation of intergranular porosity  

 Circumgranular rinds of calcitic cement and 

meniscus textures  

3 

HMC: 12–24% 

Aragonite: 27%38% 

LMC: 44–57% 

 Perfect mollusc preservation with increasing but 

still minor proportion of calcitized grains and minor 

cement filled molds 

 Intergranular cementation 

 1-40% cementation of intergranular porosity 

 Circumgranular rinds of calcitic cement and 

meniscus textures 

4 

HMC: 4–14% 

Aragonite: 7–27% 

LMC: 62–85% 

 Sub-equal proportions of calcitized grains, perfectly 

preserved molluscs, and cement filled molds 

 Intergranular cementation 

 1-40% cementation of intergranular porosity 

 Circumgranular rinds of calcite cement, meniscus, 

drusy, and pore-filling textures 

5 

HMC: 7–17% 

Aragonite: 0–4% 

LMC: 81–90% 

 Calcitized grains and cement filled molds 

 1-80% cementation of intergranular porosity 

 Intergranular cementation 

 Circumgranular rinds of calcite cement, meniscus, 

drusy, and large blocky pore-filling textures 
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Diagenesis with Time 

 Older eolianites are more likely to have been affected by freshwater intrusion and 

alteration by meteoric diagenesis. In the case of Bermudan eolianites, this is true only in a broad 

sense. Generally, samples from younger formations are indeed pristine and uncemented whereas 

older limestones are more altered and cemented by meteoric cements (Ristvet, 1971) (Fig. 3.5). 

However there are exceptions for all formations and eolianites. For example, some eolianites 

from the Southampton Formation exhibit considerable diagenesis, even to the point of aragonite 

dissolution (S-4 & S-5 belong to Group 4). Conversely, samples as old as the Town Hill Upper 

Member are pristine and relatively unaltered (THU-6 & THU-11 belong to Groups 2A and 2B, 

respectively). This reflects the heterogeneity of meteoric diagenesis in the vadose zone of 

Bermuda.  

The cliff along Pampas beach is a well exposed, shore parallel transect of a large 

Southampton-aged dune set along the south shore of Bermuda (Fig 3.2). Five eolianite samples 

taken from Pampas, S-8, S-9, S-13, S-14, and S-15, exhibit the same degree of diagenetic 

alteration and belong to Group 4. Such diagenetic homogeneity is not always the case in 

Bermudan limestones. As noted by Land et al. (1967), meteoric percolation typically occurs along 

restricted pathways such that stratigraphic formations cannot be considered units of equal 

diagenetic alteration. Diagenesis seems to vary in scale from heterogeneous hand samples to 

adjacent dunes with completely different cohesion, such as THU-10 (Group 4) and THU-12 

(Group 2B) that are found within 200 m.  
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Stable Isotopes 

The stable isotopic composition of diagenetically altered carbonate sediments is 

controlled by the composition of the unaltered grains, the nature of the alteration fluids, the 

magnitude of water-to-rock interaction, and the temperature at which the alteration occurs (James 

and Choquette, 1989). Meteoric fluids are depleted in the heavier isotopes of both oxygen (18O) 

and carbon (13C) relative to marine waters. 13C depletion is due to the presence of 13C-poor 

dissolved CO2, derived from a combination of organic matter oxidation and plant respiration in 

the vadose zone (Allan and Matthews, 1982). For oxygen, the influence of meteoric waters with 

lower δ18O values results in variably lower values depending on water-rock ratios (James and 

Kyser, 2012). Interaction of these meteoric waters, having low δ13C and δ18O values, with 

unaltered carbonate sediments results in diagenetic cements with relatively low δ13C and δ18O 
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(Allan and Matthews, 1982). Both δ13C and δ18O decrease in response to meteoric diagenesis in 

this relatively open geochemical system, as can be seen on the isotopic cross plot (Fig. 3.6).   

Calcrete is an end product of meteoric water influence in a semi-arid environment, as it 

precipitates directly from CO2-charged, 18O- and 13C-light meteoric fluids in the vadose zone 

(James and Choquette, 1989). Both δ18O and δ13C are very low in calcrete relative to unaltered 

marine carbonates (Magaritz, 1983; James and Jones, 2015). Therefore, in systems affected by 

meteoric diagenesis with high meteoric water-rock ratios, the isotopic composition should 

progress from unaltered sediment towards that of calcrete (Fig. 3.6). The stable isotopic 

composition of Bermudan eolianites in this study records such trends and correlates with 

increasing diagenetic grade based on petrography and mineralogy  (Fig. 3.6). Eolianites have 

relatively high values for Groups 2A and 2B, which are most similar to modern Bermudan 

sediment compositions measured by Gross (1964), whereas the values are much more negative 

for Groups 4 and 5. That the isotopic trend is not an idealized straight line demonstrates the 

inconsistency in the water-rock ratios and influence of soil gas between phreatic and vadose 

zones. Furthermore, the relatively small degree of overlap between the diagenetic groups suggests 

that the diagenetic classification clearly identifies distinct meteoric water-rock interactions 

involved in diagenesis of the Bermudan eolianites.  

 Gross (1964) contented that the isotopic composition of modern beach sediments do not 

reflect the relative proportion of reworked material. To evaluate the proportion of reworked 

material within the eolianites, the stable isotopic composition of the eolianites is compared to 

modern beach sediments. Any unaltered sediments outside of the isotopic range defined by Gross 

could contain elevated amounts of reworked grains. The ‘unaltered’ carbonates of Group 2A & 

2B have lower δ13C values than beach sediments (Fig. 3.6), and if this were attributed solely to 

reworked grains, the relative proportion of reworked grains would exceed 20%. Petrographic 

observations show that this is not the case. This suggests that even the most pristine eolianites are 

sufficiently altered to mask their original isotopic compositions, rendering them unusable for 
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interpretations of primary isotopic ratios, as is used in carbon isotope chemostaraigraphy. For 

example, Gross reported that the δ13C values of recent beach sediments ranged from 0 to 3.4‰. 

B-16, the eolianite with the lowest δ13C value of Group 2 has a δ13C value of -1.9‰. Reworked 

grains cannot be used to explain this level of depletion, as they are not present in this sample. 
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Figure 3.6- Stable isotopic cross plot with eolianite samples coloured based on diagenetic group. The isotopic composition of 

unaltered sediments (Gross, 1964) and calcretes from Bermuda are outlined (James and Kyser, 2012).
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Elemental Compositions 

Major, minor, and trace elements are partitioned into biotic carbonate sediments based on 

atomic size and charge, crystal structure, and organism-specific biological effects (Morse and 

Mackenzie, 1990). As diagenetic fluids interact with pristine sediments, some elements are 

preferentially removed from the system while others are incorporated into local cements. After 

normalizing all elemental concentrations relative to calcium to isolate carbonate-hosted elements, 

only boron, barium, magnesium, sodium, sulfur, strontium, and uranium show good correlation 

with the previously defined diagenetic groups (correlation coefficient  >0.5). Box and whisker 

plots show the distribution of these elements in eolianites as a function of diagenetic progression 

(Fig. 3.7). Potassium is also included, as its concentration has historically been shown to change 

with meteoric diagenesis (Morse and Mackenzie, 1990).  

All of the aforementioned elements decrease in concentration with increasing diagenetic 

grade, suggesting that diagenesis occurs in a relatively open geochemical system. As grain 

dissolution occurs, each element is incorporated into the aqueous phase rather than diagenetic 

calcite cements and transported out of the system, due to their low partition coefficients (K) in the 

calcite-water system (K<1), (Brand and Veizer, 1980). Element depletion is amplified by the lack 

of these particular metals in meteoric water relative to average seawater (Jickells et al., 1984; 

Bruland and Lohan, 2003).  

The timing of element depletion across specific diagenetic stages can help identify the 

relative abundances of each element within specific carbonate minerals within some limits. For 

example, the transition between Group 2 to 3 is characterized by the loss of HMC, from 37% to 

19%. However during this transition the average aragonite content also decreases from 35% to 

32%. Minor decreases in elemental concentrations during diagenetic stage 3 could be attributed to 

HMC removal when in reality they are associated with aragonite. Eolianites of diagenetic Groups 

2A and 2B are interpreted to represent the least altered state of Bermudan sediments for each 
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element. Each elemental concentration is considered in the context of progressive meteoric 

diagenesis, with ppm concentrations listed for comparisons against previous studies.  

Barium  

 Barium concentrations in the Bermudan eolianites range from 2-11 ppm and tend to 

decrease gradually with progressive diagenetic alteration. The most marked depletion occurs 

during diagenetic alteration of Group 4, when aragonite calcitization occurs (Fig. 3.7A). Not only 

is the average concentration of barium in Group 4 depleted relative to Groups 2 and 3, the overall 

range also extends to similar values of Group 3. Barium is therefore highest in aragonitic 

sediments, but is also present in calcitic sediments.  

The large ionic radius of barium (1.35 Å) suggests that it should be preferentially 

incorporated into the orthorhombic structure of aragonite, which was experimentally confirmed 

by Tunusoglu et al. (2007). This substitution occurs due to the solid solution between witherite 

and aragonite (Speer, 1983). Barium can also be incorporated into biogenic calcite to a lesser 

degree, with a calcite-water distribution coefficient of 0.14-0.17 (Lea and Spero, 1992; Mashiotta 

et al., 1997). Data in this study is in agreement with the preferential incorporation of barium into 

aragonite, and to a lesser degree calcite.  

Boron  

 Boron concentrations in Bermudan eolianites are quite low, ranging from 1-12ppm. The 

mean concentration remains constant until stage 4 where it decreases by approximately 35% (Fig. 

3.7B). Gradual aragonite removal in Group 4 suggests that boron is contained predominantly in 

the aragonitic, not calcitic sediment components.  

Modern marine carbonates contain 1-100 ppm boron, significantly more than the 

Bermudan eolianites (Milliman et al., 1974; Hemming and Hanson, 1992). Due to the relation 

between boron incorporation and pH, boron concentrations into biogenic calcite depend on the 

microenvironment at the site of nucleation (Hemming and Hanson, 1992). Extrapallial fluids in 
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bivalves can reduce local pH by 0.7, reducing the incorporation of boron by up to 30 ppm relative 

to coral samples. Similarly, Halimeda grains are depleted in boron by approximately 26 ppm 

relative to coralline algae (over 50 ppm boron) due to nucleation at their intercellular spaces 

(Hemming and Hanson, 1992). These results are in contention with those presented here for 

Bermudan eolianites. If aragonitic components such as molluscs and Halimeda are depleted in 

boron, boron depletion should not be prevalent in eolianites of Group 4. Boron depletion should 

coincide with alteration associated with Group 3 eolianites, when the HMC is neomorphosed into 

calcite. Furthermore, the average boron concentration of unaltered, coralline algae-rich eolianites 

should contain higher concentrations than 12 ppm based on modern sediments. Overall the 

decrease of boron concentrations with progressive meteoric diagenesis is in agreement with 

former studies, but the abundance of boron in aragonitic components is unusual. 

Magnesium  

 Magnesium concentrations in Bermudan eolianites range from 848-11,800 ppm. The 

most marked magnesium depletion is associated with Group 3, coinciding with the loss of HMC 

(Fig. 3.7C). Magnesium ratios vary greatly within Group 3 eolianites but are lower on average 

relative to Group 2A & 2B. Group 4 has a narrow range of magnesium concentrations that do not 

overlap with those of Group 3. This implies that eolianites of Group 4 were already depleted of 

magnesium. Magnesium depletion likely occurs during the neomorphism of HMC associated with 

Group 3.  

The small ionic radius of magnesium (0.66 Å) results in preferential incorporation into 

the hexagonal structure of calcite. In modern oceanographic conditions of elevated magnesium in 

seawater, this leads to the production of HMC in components such as coralline algae and some 

foraminifera (Milliman et al., 1974). Alteration of HMC components to diagenetic LMC depletes 

bulk magnesium concentrations in an open system, as recorded in these Bermudan eolianites.  
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Potassium 

 Potassium concentrations in Bermudan eolianites range from 0.5-12 ppm. Potassium 

concentrations in Groups 2 and 3 eolianites are constant at approximately 7 ppm, whereas 

concentrations of Group 4 and 5 are at the detection limit (Fig. 3.7D). This abrupt transition is 

interpreted as the removal of potassium during the neomorphism of HMC sediments. 

Consequently, potassium is relatively enriched in HMC sediments such as coralline algae and 

foraminifera relative to aragonitic components.  

 Studies of potassium in tropical carbonates are quite limited. In non-biogenic carbonates, 

potassium behaves similar to sodium and other alkali metals in that it is enriched in aragonite 

over calcite due to potassium-calcium substitution in the orthorhombic structure (White, 1977; 

Okumura and Kitano, 1986). This contrasts with the eolianite data, possibly due to biological 

influences on the incorporation of potassium into aragonite versus calcite. At typical seawater 

concentrations of 390 ppm (Turekian, 1968) and a calcite-water distribution coefficient <1, 

potassium concentrations of 12 ppm in biogenic carbonates are possible (Brand and Veizer, 

1980). Overall the depletion of potassium in response to meteoric diagenesis has been 

documented (Morse and Mackenzie, 1990), and is in agreement with the eolianite data. 

Sodium  

Sodium concentrations in Bermudan eolianites range significantly from 42-997 ppm and 

gradually decrease with increasing diagenetic alteration. Sodium concentrations in Group 3 range 

below those of Group 2, but only slightly, suggesting minor sodium incorporation in HMC 

components (Fig. 3.7E). Group 4 by contrast has sodium concentrations that are significantly 

lower relative to both Group 2 and 3, suggesting that sodium is enriched into aragonitic 

sediments.  

Many researchers have attempted to use sodium as a proxy for salinity in ancient 

seawaters, and as such, understanding its distribution in recent sediments is crucial. Sodium can 
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incorporate into a variety of calcium carbonate polymorphs. This incorporation occurs as defects 

in the crystal lattice as opposed to solid solution (White, 1977; Busenberg and Plummer, 1985), 

yet sodium is more easily incorporated into aragonite than calcite (Kitano et al., 1975; Okumura 

and Kitano, 1986). Results from the Bermudan eolianites are in agreement with this, as sodium is 

present in both mineralogic phases but is more prevalent in aragonite. Land and Hoops (1973) 

presented a similar trend of sodium depletion in Pleistocene samples from Jamaica with 

progressive diagenesis, decreasing from 2,060 to 110 ppm. However, an alternative explanation 

of declining sodium concentrations is the release of fluid inclusions from skeletal grains with 

progressive diagenetic alteration. Fluid inclusions, which were not directly observed in thin 

section, can account for 0-3 wt.% of skeletal carbonates (Gaffey, 1988). At a concentration of 

10,800 ppm in seawater, fluid inclusions could account for sodium concentrations up to 

approximately 300 ppm (Turekian, 1968). This fluid inclusion-derived sodium would also 

decrease with diagenesis as fluid inclusions are progressively exposed to the meteoric fluids of 

this open geochemical system. Chlorine concentrations could be used to differentiate between 

these two sodium sources; however, chlorine was not analyzed in this study. 

Strontium  

 Strontium concentrations in Bermudan eolianites range from 246-4,230 ppm. As 

diagenesis progresses the concentration of strontium decreases, with the most marked depletion in 

Group 4 eolianites (Fig. 3.7F). Minor reductions in strontium in eolianites of Group 3 are 

conceivable due to minor losses of aragonite. The significant reduction of strontium 

concentrations in eolianites of Group 4 suggests elevated strontium concentrations in aragonitic 

sediments.  

The large ionic size of strontium (1.12 Å) results in preferential sodium incorporation 

into the orthorhombic structure over calcite (Holland et al., 1963; Holland et al., 1964). HMC 

components can also contain strontium, as the distribution of strontium into calcite increases with 
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the ratio of magnesium to calcium in the solution (Mucci and Morse, 1983). Strontium depletion 

associated with aragonite dissolution is frequently used as a robust indicator for meteoric 

diagenesis in tropical carbonates (Harris and Matthews, 1968; Kinsman, 1969; Shearman and 

Shirmohammadi, 1969). Results from Bermuda are in agreement with these observed trends.  

Sulfur  

Sulfur concentrations in Bermudan eolianites range markedly from 55-1,217 ppm, with 

notable decreases in Groups 3 and 4 (Fig. 3.7G). The large interquartile range of Group 3 with a 

lower mean relative to Group 2 suggests significant removal of sulfur coinciding with 

neomorphism of HMC. Depletion of sulfur in Group 4 eolianites suggests some sulfur loss 

congruent with aragonite calcitization or dissolution. In Bermudan eolianite sediments, sulfur 

seems to be present in both aragonitic and calcitic sediments, but more so in HMC components.  

Sulfur concentrations of modern sediments vary from approximately 1,000 to 12,100 

ppm (Staudt and Schoonen, 1995). Benthic forams and coralline algae, typically calcitic in nature, 

contain elevated sulfur concentrations around 9,850 and 6,630 ppm, respectively. In contrast, the 

typically aragonitic green algae and molluscs contain less sulfur, with average concentrations of 

3,650 and 1,230 ppm, respectively (Staudt and Schoonen, 1995). This suggests a mineralogic 

dependency in the incorporation of sulfur, with preferential sulfur uptake into the hexagonal 

structure of calcite. Bermudan eolianites reflect this mineralogic dependency, as sulfur depletion 

is most notable during the removal of HMC components in Group 3.  

Uranium 

Uranium concentrations in Bermudan eolianites range from 0.0001-2 ppm and decrease 

steadily as diagenetic alteration progresses. The large range and low average concentrations in 

Group 3 eolianites suggests that uranium is preferentially hosted in HMC sediments and is 

removed during their neomorphism (Fig. 3.7H). The range of uranium/calcium ratios in Group 4 
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is not as extensive as Group 3, but the lower average value suggests uranium is also contained in 

aragonite, but in reduced concentrations.  

In seawater, uranium typically exists as a hexavalent uranyl complex, UO2(CO3)3
4- 

(Djogić et al., 1986) and is incorporated by carbonate-producing organisms in relatively high 

concentrations (Chung and Swart, 1990). Incorporation into calcium carbonate is mineral-

dependent. The hexavalent uranyl complex substitutes directly into the aragonite lattice, while a 

change of coordination state is required for substitution into calcite (Reeder et al., 2000). 

Nevertheless, relatively high uranium concentrations have been recorded in both biogenic 

aragonite and calcite (Chung and Swart, 1990), which is in agreement with the presented eolianite 

trends.  

Aluminum and Iron 

 In marked contrast to other elements, aluminum and iron concentrations remain constant 

until Group 5, at which point they increase significantly (Fig. 3.7I-J). This increase is present in 

two of the eight eolianites of Group 5, W-1 and W-4. In thin section, these two eolianites show 

the highest degrees of inter-particle cementation (Table 3.1). Given that Group 5 eolianites 

represent the most extensive meteoric cements, the late phreatic cements that typify Group 5 are 

interpreted to contain the excess aluminum and iron.  

The mobility of iron is highly dependent on the redox state of the aqueous solution. In 

reducing fluids, typically created by the oxidation of organic matter, ferrous iron is highly mobile 

(Morse and Mackenzie, 1990). Ferrous iron has a calcite-fluid distribution coefficient of 1 to 20 

due to simple substitution for calcium in the calcite lattice (Brand and Veizer, 1980). This means 

that cements precipitated from relatively reduced iron-rich diagenetic fluids will be preferentially 

enriched in iron. In contrast, iron present in oxidized fluids will precipitate as insoluble ferric 

oxyhydroxides, so that the fluid will contain little to no iron (Morse and Mackenzie, 1990).  
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Possible sources of dissolved iron in Bermudan fluids include: (1) autoenrichment from 

skeletal grains, (2) aloenrichment from meteoric waters, or (3) aloenrichment from Terra Rossa-

hosted iron oxide minerals. Autoenrichment is the process of trace element enrichment due to 

selective loss of the major element, in this case, calcium (Pingitore, 1978). As aragonite is 

dissolved, metals that were contained in the structure of aragonite such as iron and manganese are 

incorporated into local diagenetic cements due to their high partition coefficient. In an open 

geochemical system, the remaining diagenetic fluids are replaced, removing much of the 

dissolved calcium. Repetition of this process can result in significant enrichment of metals 

relative to their concentrations in unaltered sediments, depending on the specific distribution 

coefficient of the metal and degree of geochemical openness (Pingitore, 1978). Autoenrichment 

would be most notable in the ratio of manganese/calcium, as manganese has a higher calcite-fluid 

distribution coefficient than iron (Brand and Veizer, 1980). Manganese enrichment is not 

observed, suggesting autoenrichment is not responsible for iron enrichment in Bermudan 

eolianites (Fig. 3.7K).  

Iron concentrations of Bermudan rainwaters range from 1.9 to 13.0 ppb (Jickells et al., 

1984), orders of magnitude higher than global seawater averages of 0.1 ppb (Achterberg et al., 

2001). At the maximum meteoric concentration and a liberal calcite-water distribution coefficient 

of 20, diagenetic cements would have a maximum concentration of 0.26 ppm. This concentration 

is much lower than the iron concentrations of unaltered sediments (0-50 ppm), let alone those 

iron-enriched eolianites of Group 5 (220 ppm). The iron contained in Bermudan rainwaters is not 

in high enough concentration to explain the observed Group 5 eolianite iron enrichment.  

Poorly developed protosols are composed mostly of carbonate minerals, with minor 

amounts of clinochlore ((Mg5Al)(AlSi3)O10(OH)8), gibbsite (Al(OH)3), and kaolinite 

(Al2Si2O5(OH)4) (Mulherin, 2010). In contrast, Terra Rossa paleosols get their red colours from 

seams of fine grained iron oxides such as goethite (FeO(OH)) and hematite (Fe2O3), and also 

contain calcite and kaolinite (Mulherin, 2010). Liberation of iron from fine-grained goethite and 
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hematite could occur under acidic or reducing conditions (Lindsay, 1988). Increased CO2 from 

soil gas is a potential source of acidity at the local scale. However, Terra Rossa soils have 

relatively high pH from 7 to 8.5 (Taylor, 1968). At the neutral or slightly alkaline conditions in 

Terra Rosa soils, iron oxides are stable and likely retain most of their iron.  

In Bermuda, reducing conditions typically occur when limestones are submerged within 

the phreatic zone for prolonged periods of time (Choquette and James, 1987). Interaction of such 

reducing meteoric fluids with iron oxides would liberate ferrous iron into the meteoric fluids and 

could explain the iron enrichment in Group 5 eolianites. In this scenario, the requirement of 

extensive precipitation of phreatic cements might explain why iron is not enhanced in all Group 5 

eolianites. Groundwater aquifers are present during the relatively short interglacial highstands and 

can spatially limited, restricting their influence on all carbonate bodies (Vacher et al., 1995).  

Aluminum exists in a trivalent state in most natural systems and does not easily substitute 

in calcium carbonate minerals (Sposito, 1995). Aluminum enrichment of the eolianites is 

attributed to the presence of aluminum-bearing minerals, such as kaolinite, chlorite or gibbsite. At 

a maximum aluminum concentration of 108 ppm in the bulk carbonate, aluminum-bearing 

minerals would not be detected by XRD. These minerals could be detrital or diagenetic in origin. 

Detrital minerals, derived from protosols (Mulherin, 2010), could be transported by meteoric 

fluids and eventually trapped in inter-granular pore spaces or between successive layers of 

diagenetic cements (Rahman et al., 2013). This is the most likely explanation, as diagenetic clays 

would require the dissolution of an aluminum-rich source, transportation of these elements 

without the loss of aluminum, and mineral precipitation in inter-particle pore space or between 

layers of diagenetic cements. This scenario is unlikely, as aluminum silicates and aluminum 

oxides are relatively insoluble in neutral surface waters and any remaining dissolved aluminum 

has a high affinity for surface adsorption (Sposito, 1995).  
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Manganese 

Manganese has a high calcite-fluid distribution coefficient in reduced meteoric fluids and 

low concentrations in pristine biogenic carbonate sediments (Morse and Mackenzie, 1990). As 

meteoric diagenesis progresses in open systems, high amounts of manganese in relatively reduced 

meteoric waters are incorporated into diagenetic calcite cements. This makes manganese 

concentrations a useful tool for determining the degree of diagenetic alteration in carbonate rocks 

(Pingitore, 1978; Brand and Veizer, 1980; Adabi and Rao, 1991; Rao, 1991; Winefield et al., 

1996). In Bermudan eolianites, however, bulk manganese concentrations remain constant when 

plotted against progressive diagenetic alteration (Fig. 3.7K). The depletion of elements such as 

strontium, magnesium, and sodium and enrichment of aluminum and iron confirms an open 

geochemical system for the Bermudan eolianites (Brand and Veizer, 1980), but lack of 

manganese enrichment is not typical and inconsistent with diagenesis for the Bermudan 

eolianites.  

Strontium and manganese concentrations are frequently used in combination with textural 

fabrics to characterize the degree of diagenesis, mainly due to their widely divergent partition 

coefficients (Brand and Veizer, 1980). In open systems, the elemental composition of diagenetic 

cements and individual grains converge on low strontium and high manganese concentrations 

relative to unaltered sediments. If the Bermudan eolianites were evaluated using this approach, it 

would be concluded that diagenesis occurred in a closed geochemical system.  

In Bermuda, manganese-rich minerals are not observed in paleosol horizons and any 

potential manganese-bearing volcanic minerals are limited sediments in regions such as 

Whalebone Bay (Mulherin, 2010). Significant amounts of volcanic minerals or manganese oxides 

as potential sources for dissolved manganese are not exposed. The only possible source for 

manganese would be meteoric fluids, but manganese concentrations Bermuda rainwater are only 

0.1–0.83 ppb (Jickells et al., 1984). At these concentrations, even the most liberal estimates of 

manganese calcite-water distribution coefficients (1,700) would result in manganese 
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concentrations of only 1 ppm in diagenetic cements (Bodine et al., 1965). Furthermore, 

manganese could be absorbed onto protosol-hosted kaolinite and iron oxide grain surfaces (Yavuz 

et al., 2003). Therefore the absence of manganese-enriched diagenetic cements in Bermuda is not 

surprising, as a significant source of dissolved manganese does not exist.  
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Figure 3.7 - Box plots for elemental concentrations (normalized to Ca) against increasing 

diagenetic grade (Groups 2A-5).  Black boxes represent interquartile ranges, black lines 

represent median values and block dots the average values.  Coloured lines represent the 

minimum and maximum values and coloured dots the outliers.
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3.8 Implications 

The diagenetic pathways that Bermudan eolianites take prior to becoming hardened 

limestones have been revisited. Classic studies relate geochemical alterations of carbonate 

sediments to meteoric diagenesis without specifying the diagenetic steps of these changes. This is 

one of the first studies to examine geochemical alterations of bulk sediment assemblages and 

relate them to specific stages in meteoric diagenesis. Elemental concentrations show a wide 

variety of responses to meteoric alteration. Comparing the elemental trends of this study to classic 

research could improve our understanding of elemental behavior in ancient systems.  

Elemental Correlations and Meteoric Diagenesis  

When combined with isotopic data, trace metal concentrations have been used to 

characterize diagenetic pathways in complex ancient carbonate systems. Winefield et al. (1996) 

compiled elemental data from a multitude of studies of ancient limestones, including sediments 

from temperate and tropical settings. This dataset was used to characterize the elemental trends of 

carbonates affected by meteoric, marine, and burial diagenesis. The study emphasizes the 

relationships between magnesium, sodium, iron, strontium, and manganese in altered carbonates. 

Generally, magnesium, sodium, and strontium concentrations decrease with increasing degrees of 

diagenesis while iron and manganese increase. Given that diagenesis in Bermudan eolianites has 

been primarily in the meteoric realm, the samples should exhibit similar correlations. However, 

there are discrepancies between the Bermudan carbonates and the data of Winefield et al. (1996) 

(Fig. 3.8). These discrepancies must be reconciled to identify meteoric diagenetic alteration in 

ancient carbonates.  

The Bermudan samples exhibit positive correlations between magnesium, sodium, and 

strontium (Fig 3.8B). This is expected, as these elements all gradually decrease with progressive 

diagenetic alteration. Similar elemental trends have been observed in a variety of ancient 

carbonates (Brand and Veizer, 1980; James and Choquette, 1989) and the eolianites plot similarly 
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to ancient tropical examples in bivariate elemental plots (Rao, 1991). In contrast, the summaries 

presented by Winefield et al. (1996) do not include these correlations. This could reflect their 

combination of both tropical and temperate sediments, which are geochemically distinct. Due to 

their mineralogical differences, temperate sediments have reduced magnesium and strontium 

concentrations relative to their tropical counterparts (Rao, 1991). Mixing of these unique data sets 

might have been sufficient to skew elemental correlations beyond the point of significance. 

Elemental correlations derived from a combination of temperate and tropical carbonates are not 

necessarily representative of individual systems. If elemental correlations are to be used to 

differentiate diagenetic influences, primary mineralogy must first be determined. 

In regards to iron, Winefield et al. (1996) propose a negative correlation with magnesium, 

sodium, and strontium. As metal-rich meteoric fluids interact with carbonate sediments, these 

elements are removed whereas iron is incorporated into the diagenetic cements (Pingitore, 1978; 

Brand and Veizer, 1980; Scudeler Baccelle and Marrusso, 1983; Adabi and Rao, 1991) (Fig. 

3.8A). Negative correlations between iron and magnesium, sodium, and strontium exist in the 

Bermudan eolianites, but their correlation coefficients are weak, -0.14, -0.22, and -0.32, 

respectively. The nature of the two datasets could explain the differences in elemental 

correlations between Winefield et al.’s summary and the Bermudan eolianites.  

Winefield et al.’s data (1996) is based on sample sets that occupy two unique 

populations: unaltered recent sediments and heavily altered limestones. In contrast the eolianites 

cover the full spectrum of meteoric diagenesis, which includes partially altered samples (Groups 

3 & 4). As discussed above, the concentrations of iron and aluminum in the eolianites remain 

fixed until the late stages of diagenesis, when they are classified as Group 5. This contrasts the 

progression of magnesium, sodium, and strontium, whose concentrations decrease in a sub-equal 

fashion through each diagenetic stage. Consequently any partially altered eolianites would not 

have good correlation between heavy metals and depleted elements. To correct for this 

discrepancy, eolianites of Groups 3 and 4 are removed from the data set. Correlations between 



 100 

iron and magnesium, sodium, and strontium improved, with correlation coefficients of -0.34, -

0.38, and -0.45, respectively.  

To summarize, elemental correlations of Bermudan eolianites are similar to published 

examples of tropical carbonate sediments affected by meteoric diagenesis. These correlations are 

useful for identifying meteoric diagenesis in altered carbonate bodies given that 1) correlations 

are based on tropical carbonate systems, as temperate carbonates are geochemically distinct and 

show different degrees of elemental alteration in response to diagenesis and 2) the diagenetic 

alteration has fully progressed in an open geochemical setting, including the alteration of 

metastable components and substantial interstitial cementation.  
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 ‘Novel’ Trace Elements   

Boron, barium, sulfur, and uranium concentrations in Bermudan eolianites all decrease 

with meteoric diagenesis and positively correlate with magnesium, sodium, and strontium (Fig. 

K

K

B

Ba Mg Na S Sr U Al Fe Mn

Ba

Mg

Na

S

Sr

U

Al

Fe

0.67 0.69 0.88 0.84 0.85 0.76

0.64 0.80 0.76 0.85 0.83

0.83 0.93 0.72 0.63

0.95 0.93 0.82

0.88 0.80

0.94

0.90

- 0.25 - 0.22 - 0.02

- 0.26 - 0.22 - 0.13

- 0.21 - 0.14 - 0.17

- 0.27 - 0.22 - 0.01

- 0.36 - 0.32 - 0.13

- 0.37 - 0.32 - 0.19

- 0.27 - 0.23 - 0.01

0.40

0.49

0.34

0.50

0.43 0.43 0.47 0.47 0.50 - 0.09 - 0.07 - 0.04

MgMg

Na Na

Na Na

Fe Fe

Fe Fe

Sr Sr

Sr Sr

Mn Mn

Figure 3.8 - Correlation coefficient matricies of paired elements in altered carbonate systems. A) 

Idealized correaltions established by Winefield et al. (1996). B) Similar correlation matrix with 

Bermudan eolianite data. C) All Bermudan eolianite correlation data. Colour guide: blue: strong 

positive correlation (>0.50); light blue: weak positive correlation (0 - 0.50); red: strong negative 

correlation (<-0.5), light red: weak negative correlation (-0.5 - 0).

A. B.

C.



 102 

3.8C). Potassium also decreases, but does not show good correlation with the other elements. The 

low concentrations of these trace elements limit their usefulness in characterizing diagenesis in 

ancient carbonates. For example, barium concentrations of Floridian Pleistocene carbonate 

sediments decrease in response to meteoric diagenesis, however, their maximum concentration is 

only 40 ppm (Stehli and Hower, 1961). Furthermore, recent tropical sediments have an average 

uranium concentration of only 4.1 ppm (Romaniello et al., 2013). In modern systems, deviations 

from these small concentrations can be detected and attributed to alteration in specific diagenetic 

settings. However in ancient systems the concentrations of unaltered sediments are often not well 

defined. This makes it difficult to recognize deviations away from an unaltered elemental 

baseline. Generally these elemental concentrations should be used for young carbonate 

assemblages with gradational diagenetic changes from an unaltered baseline.  

Carbonate-hosted boron isotopes, expressed as δ11B values, record discrepancies in the 

ocean-atmosphere carbon cycle. In Neoproterozoic cap carbonates, negative δ11B excursions have 

been tied to global ocean acidification and termination of the Marinoan glaciation (Kasemann et 

al., 2005; Ohnemueller et al., 2014). Bahamian carbonates show comparable δ11B excursions, 

accompanied by reductions in boron concentrations, in response to meteoric diagenesis (Stewart 

et al., 2015). As discussed, similar boron depletion occurs in the Bermudan eolianites. In the cap 

carbonates or any δ11B-dependent interpretation of paleoenvironments, the influence of meteoric 

diagenesis should be delineated prior to interpretations of oceanographic conditions.  

Carbonate-hosted sulfur released in the burial realm can be a significant source of sulfur 

for lead-zinc mineralization, such as proposed for the Mississippian Burlington-Keokuk 

dolomites (Staudt and Schoonen, 1995). However, as discussed above, Bermudan eolianites lose 

more than 80% of their sulfur in response to prolonged meteoric diagenesis (Fig. 3.7G). Sulfur 

depletions of a similar magnitude are observed across meteoric fronts in Floridian Pleistocene 

coral heads (Gill et al., 2008). As with many elements, meteoric diagenesis can greatly alter the 
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trace element contents of carbonates, thus necessitating identification of the proper mechanisms 

of elemental depletion in ancient carbonates. 

3.9 Conclusions 

1. Pleistocene Bermudan eolianites can be divided into four mineralogically distinct, 

solubility-dependent groups that relate to the progressive alteration of subtropical 

sediments by meteoric diagenesis.  

2. Meteoric diagenesis a heterogeneous process that occurs at the scale of individual 

outcrops and samples, supporting previous research that stratigraphic units cannot be 

equated to diagenetic units.  

3. The stable isotopic composition of Bermudan eolianites follows a linear trend in response 

to meteoric diagnosis, from 0.2‰ to -3.1‰ and 1.1‰ to -7.8‰ for δ18O and δ13C values, 

respectively. This trend roughly reflects the gradational transition from unaltered recent 

sediment towards calcrete due to the influence of O18- and C13-depleted meteoric waters.  

4. Boron is associated with the aragonitic components of Bermudan eolianites and 

potassium is associated with HMC components. This finding contradicts former 

observations on the distribution of these elements in carbonate minerals.  

5. The relative concentrations of barium, boron, magnesium, potassium, strontium, sulfur, 

and uranium decrease at specific solubility-dependent stages of meteoric diagenesis due 

to their low calcite-water distribution coefficient and depleted concentrations in meteoric 

waters. The use of barium, boron, potassium, sulfur, and uranium for diagenetic studies 

of ancient carbonates is challenging due to their low concentrations and variability in 

recent carbonate sediments.  

6. Iron concentrations are enriched in select heavily altered eolianites due to a calcite-water 

distribution coefficient >1 and elevated proportions of ferrous iron in meteoric fluids, 

derived from Terra Rossa-hosted iron oxides.  
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7. Aluminum enrichment in the same select eolianites is attributed to detrital aluminum-rich 

minerals, derived from protosol horizons. These minerals are advected by meteoric fluids 

and trapped between successive layers of diagenetic calcite cement. Metal enrichments 

are not a gradual process, but are limited to the last stage of meteoric diagenesis, typically 

characterized by the precipitation of large pore filling cements.  

8. Manganese concentrations remain uncharacteristically constant as meteoric diagenesis 

progresses, as a source of manganese is lacking in the Bermudan system. Interpretations 

of ancient carbonates based on manganese must be completed with the utmost caution, as 

a lack of manganese enrichment might not indicate an absence of meteoric influence. 

9. Correlations between depleted and enriched elements can be used to identify meteoric 

diagenesis, assuming that the primary mineralogy and extent of diagenetic alteration are 

understood.  
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CHAPTER 4  

Conclusions 

Eolianites contain a wealth of information concerning the Pleistocene marine carbonate 

environments of Bermuda and the meteoric alteration of subtropical carbonate sediments. By 

expanding upon pioneering work completed on Bermuda, this study contributes to the ongoing 

attempts to classify Pleistocene oceanography and better understand the geochemical impact of 

meteoric diagenesis on ancient carbonate rock. Listed below are the main contributions of this 

study, along with the implications of each result.  

(1) Due to their high abundance in reefal relative to lagoonal systems and recognizable 

petrographic characteristics, crustose coralline algae are among the best indicators of reefal 

detritus in eolian sediments. The lack of eolian coral fragments relative to marine and beach 

sediments in eolianites on Bermuda is problematic. It is possible that endothlic organisms are 

directly dissolving and weakening vulnerable coral fragments prior to their incorporation into 

eolian deposits. If eolianite sediments are to be used as indicators of offshore sedimentation, this 

discrepancy must be considered. For example, if the Bermudan eolianite sediments were 

presented without any geologic context, the lack of corals could be interpreted as a source 

environment with abundant nutrients, whereas Bermuda is an oligotrophic system.  

(2) Adjacent eolian sediments that span multiple geologic formations are 

sedimentologically similar in many regions around Bermuda. The sedimentological consistency 

of eolianites in Sandy’s Parish and the northeast shore of Bermuda suggest that the Ledge Flats 

reef systems have been active as early as MIS 11. This means that for the last 700,000 years, 

much of the Ledge Flats have been comparable to what is observed today. Due to the paucity of 

marine carbonate deposits around Bermuda, these eolian sediments are the only representatives of 

the marine system during the late Pleistocene. 
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(3) Many eolianite deposits of the Rocky Bay Formation are quite unique relative to 

previous adjacent deposits, being uniformly enriched in Halimeda fragments where coralline 

algae were once relatively abundant. This change is interpreted to be caused by elevated marine 

water temperatures, perhaps by only +2°C, along the southern coast and in the North Lagoon. 

Fossil faunal distributions in the Mediterranean (Hillaire-Marcel et al., 1986) and South Australia 

(Deshayes, 1839) also suggest that mean annual temperatures of MIS 5e, the last interglacial 

maximum, were warmer than present (Murray-Wallace and Woodroffe, 2014). The newly 

presented interpretation extends this warming event to the western Atlantic, and contributes to the 

ongoing body of evidence of warmer global temperatures during MIS 5e.  

(4) Using a combination of mineralogy and petrography, five diagenetic groups that 

characterize the alteration of eolian deposits from loosely consolidated carbonate sediments to 

hardened limestones are identified. Overall there is a weak correlation between the degree of 

diagenetic alteration and age, however this is by no means ideal. The age of a deposit cannot be 

precisely tied to its degree of alteration, especially for deposits altered in the vadose zone, where 

fluids often travel along discrete and arbitrary pathways. As diagenesis progresses, the bulk 

isotopic composition deviates away from a composition reminiscent of recent sediments towards 

that of calcrete, representing the precipitation of diagenetic cement directly from CO2-charged 

meteoric fluids. Ancient carbonate deposits with a stable isotopic composition similar to coeval 

calcretes were heavily influenced by meteoric diagenesis in an open geochemical system.  

(5) Barium, boron, magnesium, potassium, sodium, strontium, sulfur, and uranium 

concentrations become depleted as meteoric diagenesis progresses due to low distribution 

coefficients (<1) between LMC and fluids and reduced concentrations in meteoric fluids relative 

to unaltered sediments. The allocations of these elements between biogenic carbonate minerals 

are typically in agreement with previous research. However boron and potassium distributions are 

dissimilar to published research, possibly reflecting organism-specific biological effects that have 
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yet to be characterized. These discrepancies must be addressed if boron or potassium 

concentrations are to be used as an indicator of meteoric alteration in subtropical carbonates.  

 (6) Iron and aluminum concentrations both increase in heavily altered eolianites. Ferrous 

iron, derived from iron oxides in Terra Rossa horizons, is preferentially incorporated into phreatic 

LMC cements due to its high calcite-water distribution coefficient. Aluminum is attributed to the 

concentration of fine-grained, aluminum-bearing minerals from poorly developed paleosol 

horizons, brought into the eolianites by groundwater advection. The presence of these elements in 

well-altered limestones suggests extensive meteoric diagenesis, as well as a source of iron and 

aluminum-bearing minerals, such as paleosol horizons. Manganese, an element often used to 

identify meteoric diagenesis and characterize the geochemical openness of a system, is not 

present in the diagenetic cements due to a lack of a manganese source on Bermuda. Solely based 

on manganese concentrations, the alteration of Bermudan eolianites would be interpreted as a 

closed geochemical system. However, the aforementioned elemental depletions and iron 

enrichment speak to the contrary. If low manganese concentrations are observed in ancient 

systems, an absence of a manganese source must be considered.  

(7) Elemental correlations are useful tools to identify diagenetic influences on tropical 

carbonate sediments. Results presented here support the use of elemental correlations to identify 

meteoric diagenesis, assuming that the following conditions are met: (I) correlations used for 

reference are based on tropical assemblages, as they are geochemically distinct from temperate 

assemblages, and (II) diagenesis has fully progressed, allowing for the alteration of all carbonate 

mineral phases and the precipitation of extensive inter-particle cements.  

 

 On the basis of this work, future studies could focus on the sedimentological composition 

of inundated eolianite deposits around the peripheral edge of Bermuda. These deposits could tell 

us about the evolution of outer marine environments and further develop the history of 

Pleistocene oceanography. Similarly, seismic surveys or drill cores of the Ledge Flats could be 
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performed to better constrain the ages of these systems and their relation to the evolution of 

Bermuda as a whole. The isotopic trends of trace elements in altered carbonate grains, such as 

strontium and the Rare Earth Elements (REE), are heavily influenced by the water-rock ratios of 

the diagenetic system (Banner and Hanson, 1990). These isotopic ratios, plotted with 

concentration trends, could help constrain the degree of water-rock interactions in these well-

sorted sediments. Recent work has illustrated the relation between marine nutrient levels and the 

concentrations of nutrient-like elements, such as barium, in deep-sea corals (Anagnostou et al., 

2011). This correlation could be applied to the eolian sediments in order to characterize marine 

nutrient levels during the late Pleistocene, assuming unaltered coral fragments could be found in 

eolianites of each formation within a spatially restricted region.  
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Appendix A  

Sample locations and bedding plane measurements 

ID Formation Strike Dip Latitude Longitude 

B-3 Belmont 50 36 32° 22' 33.61" N 64° 41' 21.81” W 

B-4 Belmont 40 34 32° 18' 36.74" N 64° 51' 2.01" W 

B-6 Belmont 240 34 32° 17' 53.76" N 64° 44' 41.92" W 

B-8 Belmont 165 32 32° 19' 7.32" N 64° 42' 46.06" W 

B-11 Belmont 340 32 32° 20' 15.54" N 64° 44' 0.86" W 

B-14 Belmont  325 35 32° 16' 30.58" N 64° 47' 29.20" W 

B-16 Belmont 210 34 32° 18' 32.90" N 64° 43' 38.27" W 

B-17 Belmont  80 32 32° 22' 17.04" N 64° 39' 21.08" W 

B-18 Belmont 115 32 32° 21' 28.07" N 64° 42' 51.69" W 

RB-1 Rocky Bay 40 34 32° 20' 28.78" N 64° 43' 32.37" W 

RB-2 Rocky Bay 105 34 32° 22' 57.79" N 64° 40' 1.37" W 

RB-3 Rocky Bay 70 40 32° 18' 14.50" N 64° 47' 7.46" W 

RB-5 Rocky Bay 290 30 32° 20' 52.61" N 64° 39' 10.90" W 

RB-6 Rocky Bay 230 34 32° 17' 53.76" N 64° 44' 41.92" W 

RB-7 Rocky Bay 256 34 32° 16' 21.08" N 64° 46' 39.91" W 

RB-8 Rocky Bay 40 34 32° 17' 12.64" N 64° 52' 28.15" W 

RB-9 Rocky Bay 290 36 32° 18' 12.84" N 64° 44' 16.56" W 

RB-10 Rocky Bay 330 32 32° 17' 6.85" N 64° 52' 15.48" W 

RB-11 Rocky Bay 110 38 32° 22' 0.95" N 64° 42' 42.19" W 

RB-12 Rocky Bay 30 34 32° 20' 8.77" N 64° 44' 22.81" W 

RB-13 Rocky Bay 105 24 32° 18' 25.17" N 64° 48' 59.23" W 

RB-14 Rocky Bay 50 38 32° 18' 19.27" N 64° 51' 25.68" W 

RB-15 Rocky Bay 50 40 32° 21' 55.71" N 64° 42' 49.38" W 

S-1 Southampton 192 32 32° 15' 43.91" N 64° 48' 2.58" W 

S-2 Southampton 330 38 32° 14' 57.25" N 64° 50' 54.76" W 

S-3 Southampton 40 32 32° 23' 25.12" N 64° 40' 36.55" W 

S-4 Southampton 258 36 32° 15' 9.36" N 64° 49' 11.05" W 

S-5 Southampton 10 34 32° 22' 43.07" N 64° 41' 33.62" W 

S-6 Southampton 355 36 32° 18' 17.89" N 64° 52' 15.47" W 

S-7 Southampton 15 32 32° 18' 15.06" N 64° 51' 44.88" W 

S-8 Southampton 260 36 32° 18' 20.17" N 64° 44' 6.45" W 

S-9 Southampton 220 26 32° 18' 19.84" N 64° 44' 8.33" W 

S-10 Southampton 90 34 32° 17' 40.01" N 64° 52' 6.36" W 

S-11 Southampton 50 38 32° 17' 19.76" N 64° 52' 25.89" W 

S-12 Southampton 10 38 32° 16' 44.64" N 64° 53' 0.81" W 

S-13 Southampton 240 32  32° 18' 25.39" N 64° 43' 59.43" W 

S-14 Southampton 240 32  32° 18' 25.39" N 64° 43' 59.43" W 
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S-15 Southampton 240 32  32° 18' 25.39" N 64° 43' 59.43" W 

THL-1 Town Hill Lower 80 36 32° 19' 15.35" N 64° 50' 29.42" W 

THL-2 Town Hill Lower 15 33 32° 17' 54.93" N 64° 51' 36.36" W 

THL-3 Town Hill Lower 130 35 32° 16' 38.45 N 64° 52' 29.79" W 

THL-4 Town Hill Lower 20 32 32° 17' 30.30" N 64° 47' 23.00" W 

THL-5 Town Hill Lower 35 36 32° 19' 1.20" N 64° 43' 45.04" W 

THL-6 Town Hill Lower 25 32 32° 19' 23.05" N 64° 44' 30.98" W 

THL-7 Town Hill Lower 95 36 32° 19' 36.00" N 64° 44' 20.90" W 

THL-8 Town Hill Lower 20 36 32° 20' 58.76" N 64° 42' 45.29" W 

THL-9 Town Hill Lower 100 33 32° 22' 1.40" N 64° 40' 12.07" W 

THU-2 Town Hill Upper 330 40 32° 16' 15.66" N 64° 48' 46.98" W 

THU-3 Town Hill Upper 90 38 32° 18' 16.24" N 64° 45' 14.16" W 

THU-4 Town Hill Upper 310 38 32° 15' 19.92" N 64° 51' 45.09" W 

THU-6 Town Hill Upper 340 38 32° 16' 38.59" N 64° 52' 44.56" W 

THU-7 Town Hill Upper 250 36 32° 16' 44.91" N 64° 47' 26.41" W 

THU-8 Town Hill Upper 240 38 32° 18' 54.17" N 64° 42' 58.63" W 

THU-9 Town Hill Upper 100 40 32° 22' 3.50" N 64° 42' 21.79" W 

THU-10 Town Hill Upper 100 40 32° 22' 3.50" N 64° 42' 21.79" W 

THU-11 Town Hill Upper 100 38 32° 22' 1.23" N 64° 42' 42.03" W 

THU-12 Town Hill Upper 10 32 32° 22' 13.11" N 64° 42' 21.67" W 

THU-13 Town Hill Upper 140 33 32° 22' 2.95" N 64° 38' 50.75" W 

W-1 Walsingham 0 34 32° 22' 3.50" N 64° 42' 21.79" W 

W-3 Walsingham 5 36 32° 21' 0.75" N 64° 42' 37.92" W 

W-4 Walsingham 0 36 32° 21' 7.30" N 64° 42' 36.40" W 

W-5 Walsingham 2 32 32° 20' 54.54" N 64° 39' 17.38" W 

D-1 Holocene - -  32° 15' 11.76" N  64° 49' 13.26" W 

D-2 Holocene - -  32° 15' 10.79" N  64° 49' 17.76" W 

D-3 Holocene - -  32° 15' 8.36" N  64° 49' 21.49" W 
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Appendix B 

Examples of Outcrop Pictures  

Sample Number:  S-4 

Formation:   Southampton Formation 

Coordinates:   32° 15' 9.36" N, 64° 49' 11.05" W 

Diagenetic Group:  Group 4  

Description:  This eolianite is located on the southward coast of Bermuda, on the eastern portion 

of Horseshoe Beach.  No older or younger eolianites are in close proximity and the 

unconsolidated sediments seen surrounding the dune are the modern beach 

sediments.  

 

  

1 metre S-4
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Sample Number:  RB-6 

Formation:   Rocky Bay Formation  

Coordinates:   32° 17' 53.76" N, 64° 44' 41.92" W 

Diagenetic Group:  Group 4 

Description:   Found along the exposed cliff of Rocky Bay, this eolianite directly overlays an 

accretionary soil that separates it from the underlying Belmont eolianites and 

marine units.  

 

  

1 metre RB-6
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Sample Number:  B-11 

Formation:   Belmont Formation  

Coordinates:   32° 20' 15.54" N, 64° 44' 0.86" W 

Diagenetic Group:  Group 2A  

Description:   This isolated Belmont eolianite is found along the side of Radnor Road and is 

surrounded by significant foliage.   

 

  

1 metre B-11
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Sample Number:  THU-3 

Formation:   Town Hill Formation Upper Member  

Coordinates:   32° 18' 16.24" N, 64° 45' 14.16" W 

Diagenetic Group:  Group 4 

Description:   This eolianite of the Town Hill Upper Member is exposed by a road cut on Middle 

Road, just north of First Church Lane in Devonshire Parish.  

 

  

THU-31 metre
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Sample Number:  THL-5 

Formation:   Town Hill Formation Lower Member  

Coordinates:   32° 19' 1.20" N, 64° 43' 45.04" W 

Diagenetic Group:  Group 4 

Description:   This newly exposed eolianite of the Town Hill Lower Member is found in the 

Rocky Heights Quarry. It rests atop a thin Terra Rossa profile, which separates it 

from limestones of the underlying Walsingham Formation.  

 

  

THL-51 metre
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Sample Number:  W-1 

Formation:   Walsingham Formation  

Coordinates:   32° 22' 3.50" N, 64° 42' 21.79" W 

Diagenetic Group:  Group 5 

Description:   This Walsingham eolianite is found along the north side of Ferry Road, just west 

of Astor’s Estate. A thick red Terra Rossa horizon exists immediately above this 

eolianite, as can be seen to the east of this outcrop.  

 

W-11 metre


