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LIST OF ABBREVIATIONS 

ESL Eustatic sea level, or global sea level, which is a function of 
continental ice volume and the shape of ocean basin. 

LIG Last interglacial period (~125 ka ago), also known as marine isotope 
stage (MIS) 5e, the most recent interglacial periods before the 
present one. 

MIS Marine isotope stages are alternating warm and cool periods in the 
Earth's paleoclimate, deduced from benthic oxygen isotopes in deep 
sea. Odd numbers represent warm periods and even numbers 
represent cold periods. MIS 2 and MIS 6 are the past two glacial 
maxima, i.e. last glacial maximum and penultimate glacial 
maximum. 

MLLW Mean lower low water 

RSL Relative sea level, or local sea level, which is influenced not only by 
ice volume but also lithospheric response to ice/water loading 
changes that are caused by ice sheet decay/growth, i.e. glacio-
hydro-effects. 
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Given the climatic similarity between the last interglacial (LIG) period (~125 ka 

ago) and climate model projections for the near future, the reconstruction of eustatic sea 

level (ESL) in the LIG period is relevant for understanding future sea–level change in in 

the context of global warming. U-Th ages and elevation data for fossil corals from this 

time period in the circum-Caribbean region are not consistent with relative sea level 

predictions from glacio-hydro-isostatic modeling, indicating that modifications need to be 

made to the existing ice model, specifically for the last and penultimate glacial maxima.  

To determine which of these ice sheet models needs adjusting, elevations of two coeval 

stratigraphic horizons within the fossil reef were surveyed on San Salvador and Great 

Inagua. The result demonstrates a minimal gradient in elevation between the sites and 

a rate of sea level rise that is significantly lower than the model predictions. This 

indicates that the penultimate glacial Laurentide ice sheet needs to be reduced and 

some adjustment to the last glacial maximum Laurentide ice sheet may also be required 

to bring the model into agreement with the observational data.  
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CHAPTER 1 
INTRODUCTION 

To project sea level change in the future requires a better understanding of ice 

sheet dynamics under sustained global warming conditions. One approach to acquire 

this knowledge is to study geologic records of sea level during a warm period in the past 

when the climatic conditions were similar to today. The Last Interglacial (LIG) period, 

(~125 ka before present), also known as marine isotope stage (MIS) 5e, is the most 

recent period of global warmth that can be studied to understand the dynamics of polar 

ice sheets under warmer conditions. According to Mckay et al. (2011), the global mean 

sea surface temperature in the LIG period was only ~0.7 oC warmer than preindustrial 

conditions whereas the polar temperature was 3-5 oC warmer than preindustrial 

conditions. In addition, because the LIG period is the most recent interglacial before the 

present, there is more geologic evidence available compared to earlier interglacial 

periods. Although it is not a perfect analogue, the LIG period is still useful to 

understanding the behavior of ice sheet and sea level in the future.  

One common method to reconstruct LIG sea level is to use elevations of fossil 

corals that can be dated accurately with the U-Th geochemical method (Edwards et al., 

2003; Stirling and Andersen, 2009). Despite numerous U–Th dates of corals distributed 

globally during the LIG period, it remains challenging to reconstruct the true history of 

eustatic sea level (ESL) which varies in response to changes in the volume of land-

based ice and ocean basin shape. In particular, the typical approach of reconstructing 

relative sea level (RSL) at a single site as a direct proxy for ESL can be misleading 

because of geographic variability of the RSL signal that results from the superposition of 

glacio-hydro-isostatic effects (Figure 1-1 and 1-2). These non-eustatic effects include 



 

15 

deformation of the earth’s surface and changes to the earth’s gravity field that result 

from the variable loading of ice (and water) on land (and in the oceans) on glacial-

interglacial timescales. Quantitative consideration of these isostatic effects is therefore 

necessary in order to extract an ESL signal from RSL records, even at sites that are 

considered tectonically stable. 

An ice model spanning from MIS 6, the penultimate glacial maximum, to present 

has been previously employed to calculate isostatic effects at different sites during the 

LIG period (Dutton and Lambeck, 2012). At present, there is an inconsistency between 

the forward modeling results and field observations of RSL derived from fossil corals in 

the western North Atlantic and circum-Caribbean region. A spatial gradient in the peak 

sea level across this region is predicted by the model (Figure 1-3), yet, such a sea level 

change gradient has not been reported by previous researchers (Chen et al., 1991; 

Neumann and Hearty, 1996; White et al., 1998) (Figure 1-4 and 1-5).  These studies do 

disagree on the height of peak sea level across the region suggesting a possible 

geographic variability that has yet to be carefully documented. Also, the model 

predictions for the rates of LIG sea level change at different sites are higher than the 

calculations from reconstructed sea level using geologic evidence such as fossil corals 

in the field. 

To resolve the discrepancy between the model predictions and field 

observations, the two most sensitive parameters to change in the model are the volume 

and geographic extent of ice sheet in the last and penultimate glacial maximum (MIS 2 

and MIS 6, respectively) (Lambeck et al., 2012). Unfortunately, there is limited direct 

observational data from the last glacial maximum (LGM) (Yokoyama et al., 2000; 
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Lambeck et al., 2002; Peltier and Fairbanks, 2006), and even less for MIS 6. Most of the 

knowledge about the total volume of grounded ice at glacial maxima during the 

Quaternary comes from the benthic 18O signal, which is influenced by a combination of 

continental ice volume, seawater temperature and local hydrochemical conditions 

(Skinner and Shackleton, 2005; Sosdian and Rosenthal, 2012; Yu and Broecker, 2010). 

Although the majority of the benthic 18O signal reflects changes in ice volume, it is 

difficult to separate these various influences apart to discern precise timing or extent of 

ice volume changes from this proxy. Alternatively, given that the LIG RSL in near-to-

intermediate field sites with respect to the edge of ice sheet in the past glaciations (such 

as the Bahamas) is quite sensitive to the volume and geographic extent of grounded ice 

sheets in MIS 2 and MIS 6 as well as the viscosity of the upper mantle (further 

explained in Chapter 2), LIG RSL in these near-to-intermediate sites could be useful to 

constrain the ice sheet in the past two glacial maxima and the viscosity in the upper 

mantle. That is, the size and extent of the LGM ice sheet will affect the absolute 

elevation of the LIG shoreline, whereas the rate of sea level rise due to forebulge 

relaxation is dependent on the size and extent of the ice sheet in MIS 6, and the 

lithospheric movement in response to the ice/water loading change due to the decay/ 

growth of continental ice sheet is determined by the viscosity of upper mantle. 

Thus, the goal of this research is (a) to determine whether or not the gradient in 

peak LIG sea level exists as predicted in the forward model, (b) if such a gradient exists, 

to quantify it, and (c) determine what the rate of sea level change is during LIG 

highstand across the Western North Atlantic/circum-Caribbean region, in order to 

determine which parameter in the ice model needs to be revised and how to revise it.  
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To reach these objectives, I surveyed the elevations of LIG corals with respect to 

a tidal datum on two Bahaman islands, San Salvador and Great Inagua islands (Figure 

1-6). Both islands are tectonically stable near-to-intermediate sites, and have well-

developed reefs in the LIG period. Numerous U-Th age data exist for these reefs, 

whereas few precise elevation data have been reported relative to known tidal datums 

(Freeman-Lynde and Ryan, 1985; Chen et al., 1991; Thompson et al., 2011). Thus, a 

thorough survey of the reefs would be necessary to determine the peak sea level and 

rates of LIG sea level change in the two islands. These RSL data will provide invaluable 

information about the size and extent of the Laurentide ice sheet during MIS 6 and 2 as 

well as the viscosity in the upper mantle. 
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Figure 1-1. A cartoon representation of some of the glacio-hydro-isostatic effects. The 
effects include Earth surface deformation and changes in the gravity field that 
result from the mass transfer of water between land-based ice and the 
oceans on glacial-interglacial timescales.  As the ice sheet (pale yellow) melts 
and even after it is done melting, point A will rebound, Point C will subside, 
and the ocean basins will experience water loading.  Additionally the sloped 
surface of sea level in the vicinity of the ice sheet margins that results from 
the gravitational attraction between the water and the ice will relax due to the 
loss of ice mass. 

  

A

Mantle

Lithosphere
B

C



 

19 

 

Figure 1-2. Predictions of global RSL change under the influence of glacial isostatic 
adjustment (GIA) in the present time. Warm colors represent RSL rise 
whereas cool colors represent RSL fall. Note that near the former centers of 
ice sheets, RSL continues to fall due to crustal rebound and in the forebulge 
areas around the perimeter of the ice sheet, RSL is rising due to relaxation of 
the earth’s surface. This figure is reprint of Figure 3a in Page 30 from 
Tamisiea and Mitrovica, 2011. The moving boundaries of sea level change: 
Understanding the origins of geographic variability. Oceanography, 24(2):24-
39, doi:10.5670/oceanog.2011.25. Permission is granted for the reprint from 
the Oceanography Society. 
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Figure 1-3. LIG RSL predictions by a forward ice model. All the sites are located within 
Caribbean region and are considered near-to-intermediate sites with respect 
to the Laurentide ice sheet in the Last Glacial Maxima. Data used in the figure 
are from Dutton, A., & Lambeck, K. (2012). Ice volume and sea level during 
the last interglacial. Science, 337(6091), 216-219.  
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Figure 1-4. Comparison between forward model prediction (Dutton and Lambeck, 2012, 
same as Figure 1-3) and observation based on elevation-age data of fossil 
corals in Great Inagua Island (U-Th age – elevation data of fossil corals from 
supplementary data in Chen, J. H., Curran, H. A., White, B., & Wasserburg, 
G. J. (1991). Precise chronology of the last interglacial period: 234U-230Th 
data from fossil coral reefs in the Bahamas. Geological Society of America 
Bulletin, 103(1), 82-97). Either the gradient of sea level and/or the peak point 
change in forward model prediction needs to be changed to reach a 
consistency with the observation.  

-10

-5

0

5

10

15

115 120 125 130 135

Se
a 

le
ve

l (
m

) 

Age (ka) 

Model predicted RSL

Elevations of corals

ESL



 

22 

 

Figure 1-5. Comparison between forward model prediction (Dutton and Lambeck, 2012, 
same as Figure 1-3) and observation (U-Th age – elevation data of fossil 
corals from supplementary data in Chen et al., 1991, same as Figure 1-4) 
based on elevation-age data of fossil corals in San Salvador Island.  

-10

-5

0

5

10

15

115 120 125 130 135

Se
a 

le
ve

l (
m

) 

Age (ka) 

Model predicted RSL

Elevation of corals

ESL



 

23 

 

Figure 1-6. Map of the Bahaman archipelago (A) Map of the Bahamas Islands. Reprint 
of Figure 1 in Page 62 from in Mylroie, J.E. 2008, Late Quaternary sea-level 
position: evidence from Bahamian carbonate deposition and dissolution 
cycles. Quaternary International, 183(1), 61-75. Permission is granted by 
Elsevier. A License Agreement between Jin Li and Elsevier has been signed 
(license number: 3347100562385).The locations of the Settlement Point (SP) 
and Virginia Key (VA) tide gauges are shown with red dots. (B) Map of San 
Salvador Island and the approximate location (near Cockburn Town) of reefs 
in the research. (C) Map of Great Inagua Island and the approximate location 
(Devil’s Point) of reef units in the research. Figure 1-6B and 1-6C is the 
reprint of Figure 1 in Page 83 from Chen, J. H., Curran, H. A., White, B., and 
Wasserburg, G. J. (1991). Precise chronology of the last interglacial period: 
234U-230Th data from fossil coral reefs in the Bahamas. Geological Society 
of America Bulletin, 103(1), 82-97. Permissions are granted from GSA to use 
the two single maps without fees or further requests to GSA. 
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CHAPTER 2 
BACKGROUND 

Reconstructing sea level with U-Th dated fossil corals 

Corals as sea level position indicators 

Fossil corals provide a useful sea level marker. Most corals mainly obtain energy 

from photosynthetic algae that requires sunlight in clear, shallow water. These corals 

can only survive within a limited water depth below sea surface where the depth range 

varies with species and can be a few meters to tens of meters. Thus, they can provide a 

minimum estimate of paleo-sea-level elevation. Hence, there is a range of uncertainty 

with respect to assigning an appropriate paleodepth to fossil corals. To narrow down 

this uncertainty and ensure the reliability of the elevation data from fossil corals, 

researchers usually choose species that live close to sea surface and have a limited 

range of depth. For example, Acropora palmate is a prominent shallow-water reef 

builder in the Caribbean region that is often used in paleo sea level studies. A. palmate 

is typically considered to live at depth less than 5 m to water surface during low tide 

(Lighty et al., 1982), although this species has been found living in depths as great as 

17 m (Goreau and Wells, 1967). It typically occupies the high energy reef crest zone. 

For instance, at Carrie Bow Cay, Belize Barrier Reef A. palmate lives at water depth of 

0.5 to 2.0 m (Riitzler and Macintyre, 1982) and at Eleuthera Island, the Bahamas, reef 

lives at depth shallower than 3 m (Zankl and Schroeder, 1972). Lighty et al. (1982) used 

in situ A. palmate samples  from reefs within the tropical western Atlantic to construct a 

minimum sea-level curve for the past 10,000 years with radiocarbon-dating fossil corals 

and their results are consistent with sea-level-age plots by Curry et al. (1969), Moslow 

and Heron (1981), Scholl et al. (1969). This consistency was taken as proof of the 
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reliability for A. palmate as an index for paleo-sea-level position. Additional information 

can also be used to narrow the possible water depth that the corals lived in and hence 

reduce the uncertainty in the sea level elevation reconstruction. This evidence may 

include the sedimentary facies in the sites where the coral was found or the assemblage 

of other organisms such as coralline algae, trace fossils (i.e. geological records of 

biologic activities such as burrows and borings). 

The other factor that makes fossil corals an excellent proxy to reconstruct paleo-

sea-level position is that they can be dated precisely by radiometric decay method. 

Coralline aragonite incorporates trace amounts of uranium from seawater during 

growth, making it possible to precisely date the timing of growth using U-series isotopes 

(e.g. Chen et al., 1991; Stirling et al., 1995; Stirling et al., 1998; Stirling and Anderson, 

2009) and thus to construct elevation-age data of sea level in the past. 

U-Th dating method and “open-system” diagenesis 

U-Th dating, also called 230Th-dating, is a radiometric dating technique commonly 

used to determine the age of marine carbonate materials such as coralline aragonite 

(Barnes et al., 1956) and aragonitic carbonate bank sediments (Slowey et al., 1996). 

With this dating method, three pertinent nuclides in the 238U decay chain are used: 238U 

that has a half-life of ~4.5×109 years (Jaffey, 1971), 234U that has a half-life of 

~245,620±260 years (Cheng et al., 2013) and 230Th that has an even shorter half-life of 

~75,584±110 years (Cheng et al., 2013). The 238U initial parent nuclide decays via to 

short-lived isotopes (234Th with a half-life of ~24.1 days and 234Pa with a half-life of ~6.7 

hours) to the intermediate daughter 234U product, which in time further decays to 230Th. 

Fractionation occurs between uranium and thorium, since materials grow or precipitate 

from natural waters that contain only uranium in solution, and no thorium. This is 
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because uranium, which is delivered to the ocean by weathering, is soluble in 

oxygenated water whereas thorium is insoluble. Living corals incorporate uranium 

isotopes (mainly 238U and 234U) from seawater without fractionating between them and 

thus have an initial 234U/238U ratio equal to that of the ambient seawater (Cheng et al., 

2000a; Delanghe et al., 2002; Robinson et al., 2004a). This “zero-initial-thorium” 

condition of seawater and thus in corals lays the foundation of performing U-Th dating 

on fossil corals. In addition to determining an age, the initial 234U/238U ratio (usually 

referred to 234Ui, subscript “i” means initial) can be calculated using the measured U-Th 

age and used to check the reliability of calculated age (see below). The incorporated 

uranium isotopes decay to 230Th after the death of coral. Due to its shorter half-life, 

230Th approaches a secular equilibrium with 234U, i.e. the decay rate of 230Th is equal to 

its production rate (decay rate of 234U). The U-Th dating technique calculates an age 

based on the degree to which secular equilibrium between 230Th and 234U has been 

restored after the initial fractionation. In theory, the ages dated by this method can 

range from as young as 3 years to more than 600 ka (thousands of years ago) 

(Edwards et al., 2003). 

The 230Th age is derived from Equation (2-1) (Edwards et al., 1987a): 

  [
     

    ]
   

          (
     

    
) (

    
         

) (   (         ) ) (2-1) 

where T is the age in years, λ represents the decay constant for each isotope 

(relationship between decay constant and half-life (  
 ⁄
) is:   

 ⁄
 
   

 
, subscript 238 

refers to 238U, 234 refers to 234U and 230 refers to 230Th), and subscript “act” refers to 

activity ratio. 
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As with other radiometric dating techniques, the calculated age will only be 

accurate if the sample has remained a closed system. The measurement precision has 

been dramatically improved with the use of TIMS (thermal ionization mass 

spectrometry) and MC-ICPMS (multiple-collector inductively coupled plasma mass 

spectrometry) in U-series isotopic analysis compared with the early alpha-counting 

technology. So far a precision of 1-2 ppm (part per million) has been achieved in activity 

ratios (Stirling and Andersen, 2009). On the other hand, fossil corals with a perfect 

closed system of U-Th isotopes are rare in nature (e.g. Edwards et al., 1987b; Chen et 

al., 1991; Thompson et al., 2003; Thompson et al., 2011). Diagenetic effects after the 

death of corals can cause loss and/or gain of U-series isotopes in non-radioactive 

processes (Chen et al., 1991; Thompson et al., 2003). This is the so-called “open-

system remobilization” problem, which can impede the accuracy of U-series dating in 

fossil corals. 

To avoid samples that are altered by diagenetic effects, X-ray diffraction (XRD) 

and visual examination with a microscope are performed prior to isotopic analysis and 

coral samples that have undergone serious diagenesis will be rejected. These 

examinations can identify the signs of recrystallization and secondary calcite in a 

preliminary level (e.g. Chen et al., 1991; Stirling et al., 1995; Israelson and Wohlfarth, 

1999). The carbonate structures of corals include walls, septa and possible cements 

trapped in the septa. Wall structures are made up of dense aragonite that are more 

likely to be free of detrital and recrystallized material whereas septa often contain 

substantial amounts of secondary calcite and 232Th concentration. Samples that are 

discovered to contain significant amount of calcite can then be excluded. A commonly 
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used criterion is that samples with more than 99% aragonite, minimal calcite infilling, ~3 

ppm uranium in total and low 232Th concentrations are likely to be a U-Th closed system 

and will be used for U-Th dating (e.g. Stirling et al. 1995; Israelson and Wohlfarth, 

1999). 

After isotopic analysis and U-Th age calculation, the initial 234U/238U ratio (δ234Ui) 

of the sample is determined with the calculated U-Th age using Equation (2-2).  

        
      

      (2-2) 

where T is the age in years, λ234 represents the decay constant for 234U, δ234U 

refers to the activity ratio of 234U and 238U relative to secular equilibrium, subscript “i” 

refers to initial time (when coral died and decay started) and “m” refers to measured 

time (when measurement is performed). 

The comparison of the calculated 234Ui value to that of modern seawater has 

been commonly used to check the degree of open-system remobilization and thus test 

the reliability of the U-Th age (Edwards et al., 1987a, b). As mentioned above, the 

234U/238U ratio at the time when corals were living should be close to that of ambient 

since living corals incorporate uranium isotopes from the surrounding seawater with no 

fractionation between 238U and 234U (Cheng et al., 2000a; Delanghe et al., 2002; 

Robinson et al., 2004a). Given that the uranium isotopic composition in the ocean hasn’t 

changed significantly since at least 200 ka ago (Cheng et al., 2000a; Robinson et al., 

2004a), if the back-calculated δ234Ui turns out to deviate much from the δ234U value in 

modern ocean (calculated as 147‰ in Robinson et al., 2004b and Andersen, 2006), it 

should be reasonable to conclude that the coral sample has not behaved as a closed-
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system of uranium isotopes and that the U-Th age is not reliable (Gallup et al., 1994; 

Stirling et al., 1998; Esat et al., 1999; Yokoyama et al., 2001).  

A large number of age-elevation data for paleo-sea-level in the last full glacial 

cycle (since ~130 ka ago to present, in particular, for the LIG period) have been 

obtained by performing U-Th on fossil coral reefs around the globe (mainly in tropical 

and subtropical regions) (e.g. Chen et al., 1991; Stirling et al., 1995; Stirling et al., 1998; 

Israelson and Wohlfarth, 1999; Thompson and Goldstein, 2005; Blanchon et al., 2009; 

Thompson et al., 2011; Muhs et al., 2011). Yet, because diagenetic effects become 

more significant as coral samples become older, thus, most of U-Th ages from coral 

samples older than ~130 ka (i.e. time before the last glacial cycles) have been rejected 

based on the δ234U criteria, making few data available for that time (Gallup et al., 1994; 

Stirling et al., 1995; Esat et al., 1999; Stirling et al., 2001; Potter et al., 2004; Stirling and 

Anderson, 2009). The practical dating range is currently much shorter than theoretical 

one (as old as 600 ka, Edwards et al., 2003). 

To avoid removing age data due to “open-system” problem and transform data 

from altered corals into more reliable age estimates, many efforts have been made in 

recent years on an improved understanding of diagenetic mechanisms within fossil reef 

systems (e.g. Chen et al., 1991; Fruijtier et al., 2000; Henderson et al., 2001; Thompson 

et al., 2003; Villemant and Feuillet, 2003; Scholz et al., 2004; Scholz and Mangini, 2006; 

Thompson et al., 2011). Several open-system models have been put forth, providing the 

possibility to convert inaccurate conventional U-series age determinations into reliable 

open-system U-series modeled ages. Examples include the open-system model built by 

Thompson et al. (2003) and the model built by Villemant and Feuillet (2003). One 
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diagenetic mechanism has been proposed by Chen et al. (1991), Henderson et al. 

(2001) and the other is α-recoil redistribution. This α-recoil redistribution has been used 

as the primary diagenetic mechanism in both models. Another open-system model is 

linear interpolation “open-system” model (Scholz et al., 2004; Scholz and Mangini, 

2006). One specific application of open-system model is: Thompson et al. (2011) 

correct the ages for diagenetic disturbed fossil corals with the open-system model by 

Thompson et al. (2003) and the modeling results help resolve age difference between 

two LIG coral reef units in Great Inagua Island, the Bahamas. The accuracy of the 

open-system model by Thompson et al (2003) depends on the choice of δ234U value in 

ocean, the variability of which is still being debated. Overall, all these models 

sometimes work well for samples that are at LIG ages or younger-than-LIG ages: 

model-corrected ages turn out to be consistent with conventionally-derived ages for 

coral samples that are not significantly influenced by diagenetic effects from the same 

reef unit (Scholz and Mangini, 2006). But in other cases, the array of diagenetic 

compositions has been shown to be inconsistent with the open-system models due to 

other modes of diagenesis or the superposition of multiple diagenetic pathways (Scholz 

and Mangini, 2006). 

Glacio–hydro–isostatic effects 

In contrast to ESL, which is mainly function of continental ice volume as well as 

the shape of ocean basin, RSL can be influenced by vertical movements of continents, 

including tectonic activity and glacio-hydro-isostatic adjustment.  

In tectonically active regions, the tectonic component is subtracted from 

measured elevations of paleo-sea-level markers (e.g. fossil corals) in order to identify 

LIG sea level position (Gallup et al., 1994; Chappell et al., 1996). However, uplift (or 
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subsidence) rate is calculated from the past time when sea level was assumed stable. 

Assuming that the uplift (or subsidence) rate does not change with time, the tectonic 

component is estimated by multiplying this uplift (or subsidence) rate with the age. As a 

result, the problem becomes circular and the error in sea level reconstruction could be 

overamplified. This will impede an accurate reconstruction of sea level in tectonically 

active sites. In addition, considering that ESL in the LIG period is higher than that during 

other interglacial periods based on the deep ocean oxygen isotope record (Imbrie et al. 

1984; Chappell and Shackleton, 1986; Shackleton, 1987; Lisieki and Raymo, 2005), LIG 

sea level indicators such as fossil coral reefs are now exposed in the air and accessible 

for research even in tectonically stable sites. Consequently, it can be more 

advantageous to reconstruct LIG sea level in tectonically stable sites over tectonically 

active sites. 

Glacio-hydro-isostatic effects are caused by the deformation of the solid Earth 

surface and ocean surface as well as the gravity field in response to changes in ice and 

water loads during glacial-interglacial cycles, and can influence RSL in time scale of 

hundreds of thousands of years (Lambeck and Chappell, 2001; Peltier and Fairbanks, 

2006). As shown in Figure 1-1, during glacial periods there will be a depression beneath 

the ice sheets and a corresponding bulge in the front of ice sheet edge. Sites sitting on 

the bulge (Point C in Figure 1-1) will experience an obvious rising RSL during the 

interglacial period even when deglaciation ceases (no grounded ice-volume change) 

and ESL stays stable. In other words, paleo-sea-level position of any previous 

interglacial is a function of not only ice volume during that interglacial period, but also 

ice volume of glacial periods preceding and following that interglacial period (Potter and 



 

32 

Lambeck, 2004). For instance, the position of paleo-sea-level in the LIG period should 

be dependent on ice volume of MIS 6 (penultimate glacial maxima), LIG and MIS 2 (last 

glacial maxima, LGM). The influence of ice volume before and after the interglacial, 

combining with the effect of water-load change throughout the interglacial, comprises 

the glacio-hydro-isostatic effect. 

Glacio-hydro-isostatic effects vary with distance between main ice sheet center 

and the site of interest: the effect is remarkable in the near-to-intermediate-field sites 

(e.g. San Salvador Island, Bahamas, is close to the edge of North American Ice Sheet) 

whereas becomes much weaker in far-field sites (e.g. the Seychelles in the Indian 

Ocean) (Figure 1-2). The LIG sea level reconstructed from different sites could be 

inconsistent with each other without correction of glacio-hydro-isostatic effects 

(Lambeck et al., 2012). In addition, a large number of age-elevation data of LIG relative 

sea level (based on elevation and U-Th dating of fossil corals) have been collected 

across the western North Atlantic and circum-Caribbean region where the isostatic 

effects on RSL are significant and cannot be neglected (as shown in Figure 1-2). Thus, 

a quantitative understanding of glacio-hydro-isostatic effects is necessary to extract ESL 

signal from such RSL data.  

An ice model that spans MIS 6 to present and includes over 6000 data points has 

been utilized in Dutton and Lambeck (2012) to quantify the isostatic effects. This ice 

model combines ice models that are previously developed for the last two glacial cycles 

back to MIS 7 by Lambeck et al (2006) and Lambeck et al (2010). An iterative process 

will be performed to revise the model with observation data set (Lambeck et al., 2012). 

In the first iteration, the ice volume in the LIG period is assumed to be equal with that in 
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modern time. This could be a reasonable assumption since the influence of ice volume 

during LIG period on the position of LIG sea level is much smaller than that during the 

glacial before and after the LIG, i.e. MIS 6 and MIS 2. The change gradient of LIG RSL 

is dependent upon the size and extent of the MIS 6 ice sheets and the viscosity in upper 

mantle, which lies just below the lithosphere and supports the lithospheric movement in 

response to the change of ice/water loading, whereas the volume of ice sheets in MIS 2 

dominate the absolute elevation of LIG RSL (Lambeck et al., 2012). To be noted, in the 

near-to-intermediate sites such as circum-Caribbean region, the absolute elevation of 

LIG RSL should be still declining, due to the residual relaxation of the periphery bulge 

formed in MIS 2 (LGM) that has yet to occur. Lambeck et al (2012) estimates the 

deviation from the condition in the first iteration (i.e. ESL of LIG is equal to that of 

present time) to be at most 6-8%. Difference between the observations in the field (sea 

level reconstructed using corals and other sea level indicators) and the predictions from 

the model by correcting the glacio-hydro-isostatic effects should reflect the difference 

between ice volume (thus, ESL) of LIG and present time. In the second iteration, this 

difference would be distributed between individual ice sheets in the LIG period. The 

modeling process described above will be repeated until the modeling result is 

consistent with the observation in the field.  

At this point, there is a discrepancy between the forward modeling results and 

the observational data from the Western North Atlantic and circum-Caribbean region 

(Dutton and Lambeck, 2012). As shown in Figure 1-3, the ice model predicts a spatial 

gradient in peak sea level across the circum-Caribbean region, but no such gradient has 

been clearly identified (Figure 1-4 and 1-5). For example, peak sea level is estimated as 
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~+2 to 2.5 m in the middle part of LIG in both Great Inagua and San Salvador Island, 

based on coral U-Th age and elevation data and the assumption that corals grew just 

adjacent to sea surface (Neumann and Hearty, 1996; White et al., 1998). In contrast, 

Chen et al. (1991) propose that sea level stays at ~+5.5 m above present sea level in 

San Salvador Island and ~+5 m in Great Inagua Island for most time of LIG period, 

based on the assumption that corals grew at depth of 3 m below sea surface in the 

Bahamas. Thompson et al., (2011) propose that sea level peaked at +6 m in both San 

Salvador and Great Inagua, also invoking the 3 m-paleodepth estimate. Flank margin 

caves positioned at +4 m have been used to argue for a +4 m peak sea level in the 

Bahamas during the LIG sea level highstand (Mylroie and Carew, 1990). However, only 

one of these studies reports elevations relative to a tidal datum so it is not clear whether 

the range of data is an artifact of poor elevation control or reflects some real variation. 

The rate of sea level change with time that is predicted by the model is also 

higher than that from observation (Figure 1-3). To resolve the discrepancies between 

the modeling and observing results, two steps are needed. The first is to better 

constrain the elevations of the LIG reefs in the near-to-intermediate sites (sites within 

circum-Caribbean region). The second is to revise the related parameters in the model 

– the size and geographic extent of ice sheets in MIS 2 and/or MIS 6 and the value of 

viscosity in upper mantle– based on the results of RSL reconstruction in this research to 

improve the fit between the model and the observations. 

Geologic Setting and LIG deposits in the two Bahamian Islands 

The Bahamian Archipelago (Figure 1-6) began to form after the rifting of Pangea 

and the opening of Atlantic Ocean in the late Middle Jurassic, and the carbonate banks 

occupied foundered portions of rifted continental crust as well as extinct volcanic 
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seamounts (Meyerhoff and Hatten, 1974). The surficial rocks across the Bahamas are 

entirely Quaternary carbonates. Rocks at lower elevations are mainly composed of 

carbonate eolianite and subtidal deposits (such as coral reefs), whereas rocks at higher 

elevation (above +6 m) are mostly eolian facies (Mylroie, 2008). It is the ESL change 

caused by glaciation decay/growth that dominates in the production of Bahamian 

carbonates throughout the Quaternary (since ca. 260 million years ago) (Mylroie and 

Carew, 1995; Kindler and Hearty, 1995; Mylroie, 2008). 

San Salvador Island (24°06′N, 74°29′W) (Figure 1-6B) and Great Inagua 

Island (25°4′N, 77°20′W) (Figure 1-6C) are located on discrete carbonate 

platforms of the Bahamian Archipelago. They are selected for the study because the 

platforms have been tectonically stable or slowly subsiding at a rate of 14 mm/ka over 

the past 30 Ma (millions of years) (Freeman-Lynde and Ryan, 1985). Both islands are 

located close to the edge of the North American ice sheet in the LGM (MIS 2) and are 

taken as near-to-intermediate sites, where RSL is quite sensitive to glacio-hydro-

isostatic effects. Hence, LIG RSL observations for these two islands will be useful to 

constrain the ice sheet size and extent in MIS 2 and 6. In particular, since Great Inagua 

Island lies further from the former margins of N. American ice sheet than San Salvador 

does, accurate reconstruction of LIG RSL in the two islands can be used to check if the 

spatial gradient of peak sea level predicted in the ice model (Dutton and Lambeck, 

2012) exists. There is already a great deal of U-Th data from fossil corals in the two 

islands (Chen et al., 1991; Thompson et al., 2011). Yet, precise elevation 

measurements with identified tidal-datum are scarce. Surficial depositional units of late 

Pleistocene (typically, LIG) in these islands are quite well-developed. In particular, large, 
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well-preserved fossil coral reefs with mid-to-late Pleistocene ages crop along the 

western coast of San Salvador, immediately northwest of the center of Cockburn Town, 

and along the west coast of Great Inagua at Devil’s Point. Besides fossil reefs and 

related coral rubble facies, depositional units of LIG period also include large eolianite 

ridges, caps of well-developed terra rossa paleosols and interbeds of loose, light 

protosols (Hearty and Kindler, 1997; Hearty, 1998). Erosional features of LIG include 

sea cliffs, flank margin caves, notches and basal ramps (Carew and Mylroie, 1995b).  

Tectonic setting 

The tectonic regime of the Bahamas platform has been debated in the past. The 

southeastern portion of the Bahaman Archipelago has been interpreted as tectonically 

active on the basis of seismic reflection data of the deep-water carbonate bank that 

indicates its proximity to a tectonic plate boundary (Mullins and Hine, 1989). Carew and 

Mylroie (1995a) proposed tectonic stability there since the late Quaternary (an interval 

including at least MIS 1, 3 and 5) based on the data from in situ fossil reefs and flank 

margin caves. Flank margin caves are developed rapidly in small lenses within a limited 

vertical range and thus can be a good sea-level indicator. Throughout the Bahamas, 

fossil coral reefs that have been found at 0 to ~+2.5 m above present sea level all turn 

out to be formed during the LIG highstand (e.g. Chen et al., 1991; Hearty et al., 2007). 

Similarly, the flank margin caves, which have been found at +1 to +7 m above present 

sea level, are supposed to form during the LIG period, based on the finding that the 

maximum U-Th ages of stalagmites discovered in the caves are of less than 100,000 

years (Carew et al., 1984; Carew and Mylroie, 1987). Assuming a sea level highstand of 

+6 m above present sea level, Carew and Mylroie (1995a) suggested that these data 

proves an overall tectonic stability with a possible isostatic subsidence at a rate of 1-2 
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cm per thousand years at least since 300 ka ago. However, considering the geographic 

variability in the peak LIG sea level as mentioned before, it is not safe to make a pre-

assumption about peak sea level positions to calculate “subsidence rate”, which causes 

a circular problem when one tries to use this subsidence rate to figure out LIG sea level 

change in the Bahamas. Instead, subsidence rate estimated from well over the past 30 

Ma (millions of years) are 14 mm/ka (Freeman-Lynde and Ryan, 1985). 

LIG sedimentary record of the Bahamas 

As mentioned above, the evolution of the Bahamian islands has been dependent 

largely on sea level changes since the beginning of Quaternary. Information of paleo-

sea-level for most time of the Quaternary (from early until late Pleistocene, i.e. time prior 

to substage 5e, LIG) comes from deep ocean oxygen record (e.g. Imbrie et al., 1984; 

Chappell and Shackleton, 1986; Shackleton, 1987; Lisieki and Raymo, 2005) alone. 

The oxygen isotope record indicates that sea level elevation during LIG highstand was 

higher than any other time period throughout Quaternary. Most of U-Th dating results of 

fossil corals on separate islands across the Bahamas also indicate a LIG age 

consistently (e.g. Great Inagua by Chen et al. (1991) and Thompson et al. (2011); San 

Salvador Islands by Chen et al. (1991); Andros Island, Grand Bahama Island and New 

Providence Island by Neumann and Moore (1975)). Further, amino-acid racemization 

(AAR) dating was used on whole-rock samples to determine the relative ages so as to 

correlate units within and/or between islands (Hearty and Kindler, 1995; Hearty and 

Kaufman, 2000; Hearty and Neumann, 2001). Hearty and Kaufman (2000) employ 

whole-rock AAR method for regional correlations in the Bahamas and demonstrate 

consistency among mean A/I ratios for dunes, chevron ridges, and sub-boulder deposits 

on several islands. Based on absolute ages from U-Th dating and relative ages from A/I 
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ratios, numerous surficial marine deposits across the Bahamas have been attributed to 

MIS 5e. Furthermore, the depositional model for the LIG period on San Salvador Island 

appears to apply in a general sense to the whole Bahama Archipelago (Carew and 

Mylroie, 1995b). 

Sea level reconstruction from fossil corals 

Chen et al. (1991) provide 34 U-Th ages for fossil LIG corals from Cockburn 

Town reef, San Salvador Island and Devil’s Point, Great Inagua Island in total. This 

work was later supplemented by some 112 raw U-Th analyses reported by Thompson 

et al. (2011) of corals from the same reefs studied by Chen et al. (1991) after exclusion 

of samples with anomalous Th and U. The advantage of the more recent work is that 

the ages are much more precise and the dataset includes a more detailed insight into 

diagenesis through multiple subsampling of individual coral heads. Unfortunately no 

elevations were reported for the Thompson et al. (2011) dataset, so the only paired age-

elevation data available for this region is the Chen et al. (1991) dataset aside from a few 

analyses of corals from Abaco Island (Hearty et al., 2007).  

Chen et al. (1991) interpreted the beginning of reef construction at ~132 ka ago, 

initiated by the colonization of Acropora palmate on hard-surface of previously-formed 

carbonate rock and possibly other corals in the Cockburn Town reef, San Salvador 

Island. Patch reefs developed in large scale from 129 to 126 ka, reef crest was 

composed of reef-building coral A. palmate and the associated patch reefs flourished 

along the flanks. The elevations of dated coral samples – species including A. palmate, 

Montastrea annularis and Diploria strigosa – range from 1.1 to 2.6 m above mean lower 

low water (MLLW) after correction or reported elevations to this tidal datum by Dutton 

and Lambeck (2012). 
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At Devil’s Point, Great Inagua, a regionally extensive erosional surface bracketed 

by fossil reefs can be traced for at least 4 km (Chen et al., 1991; White et al., 1998; 

Wilson et al., 1998). This erosional unconformity has been interpreted as a wave-cut 

bench (Figure 4-8). An erosional surface has also been observed on San Salvador 

Island (Hearty and Kindler, 1993; White et al., 1998), Abaco Island (the Bahamas) 

(Hearty et al., 2007), Florida (Fruijtier et al., 2000) and the Yucatan (Blanchon et al., 

2009). This erosional unconformity has been interpreted to represent an ephemeral ESL 

fall near the middle of the LIG period, separating two LIG sea level highstands as well 

as two generations of reef growth (White et al., 1998; Thompson et al., 2011). 

Thompson et al. (2011) resolve a 4-ka age difference between the two reefs: the 

youngest fossil coral below the unconformity surface has an open-system model age of 

123 ka and the overlying reef has an interpreted age of 119.2 ka using the open-system 

model of Thompson et al. (2003). In contrast, Chen et al. (1991) report closed-system 

ages of the reef above unconformity at 122.0 to 123.8 ka and the reef below 

unconformity at 130.0 to 124.9 ka. Hence, the unconformity is inferred to be formed at 

~125 ka with an uncertainty of ~2.1 ka using closed-system ages or somewhere 

between 119 and 123 ka using the open-system model (more detailed discussion in 

Chapter 4). 

Neumann and Hearty (1996) and Hearty et al. (2007) both suggest a rapid sea 

level rise to ~ +6 to 9 m at the end of the LIG sea level highstand based on notch 

formation, although the notches cannot be directly dated. Neumann and Hearty (1996) 

inferred that sea level for most of the LIG interval remained near +2 m, restraining reef 
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growth, and that the notch found at +6 m represents a rapid and brief excursion just 

before the close of the LIG period. They speculated that this peak in sea level did not 

last long since no fossil corals have been found higher than +3 m, i.e. no fossil coral has 

been found corresponding to a +6 m sea level. The subsequent sea level drop must 

have been rapid in order to prevent the notch profile from erosion (Neumann and 

Hearty, 1996). Chen et al. (1991) also inferred a rapid sea level decrease at the end of 

the highstand, shortly after 120 ka ago according to the closed-system ages. They 

estimate the rate of sea-level fall to be more than 3 m/ka, based on the lack of corals 

younger than 120 ka found in the fossil reef of San Salvador and Great Inagua Island. 

However, we note that the seaward portion of the reef at both locations has been 

eroded by Holocene sea level rise, such that the regressive phase of sea level at the 

end of the LIG period is most likely missing from the sedimentary record that is 

preserved. 

In addition to the difference in the timing of LIG sea level highstand in the 

Bahamas (Chen et al., 1991; Thompson et al., 2011), discrepancy exists in the 

elevations of fossil corals in the LIG and thus possible sea level elevations in the 

Bahamas among previous studies. Different results of highest in situ corals, which 

reflect the minimum elevation of peak RSL in the LIG period, have been reported (Table 

2-1). In addition to the geographic position, another probable reason for the discrepancy 

in the elevation of highest in situ fossil coral reported in different islands of the Bahamas 

is that except in a few cases (e.g. Chen et al., 1991), reference (i.e. datum, such as 

mean low water springs, MLWS, and mean water level, MWL) used in the measurement 

hasn’t been clarified. Given a tidal range of ~0.7 m in the Bahamas, this reference 
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uncertainty could reasonably cause a discrepancy of at most ~0.7 m in the elevation 

result. 

In this project, surveys along the two reef horizons that are separated by the 

unconformity surface in Great Inagua and San Salvador Island were performed with a 

standard level instrument, with the focus on (1) the highest in situ corals at the top of the 

reef and (2) the elevation of corals just below the unconformity boundary of the two reef 

sequence. All the elevation data are linked to local MLLW. As described above, this 

unconformity surface was inferred to form when sea level fell close to the middle of LIG 

period and reef formed prior to this sea level fall (referred to as Reef I) was eroded (or 

planed off). Later sea level rose back to and stayed at a high point until the end of LIG 

when sea level fell rapidly (Chen et al., 1991; White et al., 1998; Wilson et al., 1998; 

Neumann and Hearty, 1996; Hearty et al., 2007). The reef that developed on top of the 

uniformity surface during this period is referred to as Reef II. The elevation of the 

highest in situ coral (from Reef II) should represent the minimum position of peak sea 

level during the LIG period. The difference in peak sea level for San Salvador and Great 

Inagua (if there is any) would demonstrate the existence of spatial gradient of peak sea 

level that is predicted by the ice model (Dutton and Lambeck, 2012), and provide 

constraints to revise related parameters (ice volume in MIS 2 and MIS 6). With the 

elevations of corals just below the unconformity (highest in situ coral from Reef I), sea 

level position prior to the rapid sea level change event in the mid-LIG can also be 

estimated. Combining the elevation of highest in situ coral from Reef II and Reef I, the 

rate of sea level change during the LIG period can then be estimated, which is another 

significant parameter in the ice model. 
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Carew and Mylroie (1995b) proposed a conceptual model of depositional process 

under the control of sea level changes in the LIG period by integrating the products and 

processes of subsidence, sea level change, subaerial diagenesis and carbonate 

sedimentation. Four phases of the development of the Bahaman Islands are delineated 

based on sea level change: a transgressive phase, a stillstand phase, a regressive 

phase and a lowstand phase. General processes in the four phases are illustrated in 

Figure 2-1. In the lowstand phase (Figure 2-1A) when sea level stays below the level of 

the platform (presently at -10 to -20m) pedogenesis and karst processes dominate and 

carbonate production on the bank stops. Terra rossa paleosols are produced when the 

bare carbonate platform is exposed through very low sedimentation rates of aeolian 

dust derived from Africa (Carew and Mylroie, 1995b). The transgressive phase is the 

early stage of sea level rise during deglaciation (Figure 2-1B). The carbonate platform 

begins to be flooded and carbonate sediment production initiates. The so-called 

‘carbonate factory’ produces a variety of carbonates, including corals in association with 

their symbiotic algae, calcified green and red algae. Transgressive eolianites are formed 

and coral growth starts to build reefs. When sea level stays high for a period of time 

(still-stand phase) eolianite, beach and subtidal deposits, including reefs and shoals, are 

deposited (Figure 2-1C). Reefs grow up to sea level and lagoons are filled with 

carbonate sediment. The transgressive eolianite undergoes attack by coastal 

processes. This is followed by the regressive phase, when ice sheets begin to form and 

expand, and sea level begins to fall (Figure 2-1D). Previously inundated carbonate 

banks become emergent may get partially removed to provide material for regressive 

eolianites. 
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Table 2-1. Elevation of top in situ corals measured in the Bahamas 

Site Elevation of top coral Reference 

San Salvador up to 2.25 m relative 
MHT 

Chen et al., 1991 

San Salvador 
 
 
San Salvador 

~2 m (tidal datum not 
clear) 
 
xxxxx 

Carew and Mylroie, 1987; 
Carew and Mylroie, 1995a;  
Hearty and Kindler, 1993 
Thompson et al., 2011 

Great Inagua Reef II: ~3 m; 
Reef I: ~ 1 m (assuming 1 
m of erosion to form 
wave-cut bench) 

Thompson et al., 2011 

Great Inagua Reef II: 0.25 to 1.5 m; 
Reef I: 0 m 

Chen et al., 1991 

Abaco Island below +3 m Hearty et al., 2007 

Andros Island +1.5 m (lithified littoral 
rubble containing 
unaltered coral) 

Neumann and Moore, 1975 

New Providence ~2 m Garrett and Gould, 1984 

New Providence + 2 m, in situ coral head Neumann and Moore, 1978 

Berry Islands +0.7 m, in situ 
Montastrea coral head 

Neumann and Moore, 1975 

Moore's Island No coral reported, Only 
bioerosional notch, +5.6 
to 5.9 m 

Neumann and Moore, 1977 

  



 

44 

 

 

 

 

Figure 2-1. Four stages of development of Bahamian islands during a glacial/interglacial 
sea-level cycle. (A) Low-stand phase; (B) Transgressive phase (C) Still-stand 
phase; (D) Regressive phase. All the four figures are revised from Figure 1 
(Page 6-7) in Carew and Mylroie, 1995b. Reprint of Figure 4 in Page 64 from 
in Mylroie, J.E. 2008, Late Quaternary sea-level position: evidence from 
Bahamian carbonate deposition and dissolution cycles. Quaternary 
International, 183(1), 61-75. Permission is granted by Elsevier. A License 
Agreement between Jin Li and Elsevier has been signed (license number: 
3347100562385).  
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CHAPTER 3 
METHODS 

Fieldwork was conducted on Great Inagua and San Salvador Island. The main 

objective was to survey, i.e., using a level instrument to survey along the LIG reefs and 

tying the results to mean lower low water (MLLW) as a tidal datum. The following 

includes three parts: (1) a brief introduction of how the surveying was carried out, (2) 

description of measurements, (3) relation of elevation data to MLLW, and (4) calculation 

of horizontal positions. 

How to use a level instrument 

A level instrument mainly comprises three parts: optical level (a telescope that’s 

fitted to the object’s level and used to shoot the staff that stands on the surveying 

objectives), tripod (supporting the optical level) and a level staff (a leveling rod that 

stands on the objective for survey) (Figure 3-1A and 3-1B). The instrument is used to 

measure the height of one objective relative to another by shooting them with the optical 

level separately. The survey results are elevation differences between different 

objectives. Figure 3-2 is a cartoon that briefly illustrates how a level instrument works. 

The accuracy of the level instrument is 1 centimeter. In addition to elevation 

measurement, the leveling instrument can be used to identify relative horizontal 

positions of objectives at the same time. From the screen of the optical level (the 

telescope), there are three reading lines: reading from the mid-line represents the 

relative elevation, whereas the readings from the upper distance line and lower distance 

line are used to calculate the distance between the shooting objective and the survey 

station (where the optical level is installed). Based on some geometry principles (Figure 

3-3), the distance (in meters) is calculated as 100 times the difference between reading 
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of upper distance line and lower distance line. The optical level used in this research 

(Leica NA724) is equipped with a horizontal circle, which is used to measure the angles 

between different objectives shot by the optical level. When shooting the first objective 

in every station, a bearing is taken with a compass as a reference. In this case, absolute 

bearings of all the objectives surveyed at the same station can be calculated from 

relative azimuths of each objective (readings of the horizontal circle on the optical level) 

and the reference bearing. 

Generally, the operation of a level instrument includes 3 steps: installation, 

adjustment and surveying (reading). First, place the optical level (mounted on the tripod) 

in a proper position, which is not too far from the objective to ensure a clear reading. 

Second, leveling adjustment. The optical level is adjusted with the leveling screws and 

the scale is set exactly vertical with the bubble. Third, take a sight of the first objective, 

record all the data inside the eyepiece of the level instrument (data from the upper, 

middle and lower line), as well as the azimuths from the horizontal circle, and also 

record the bearing on the compass as mentioned above. Once this first sight is taken, 

the leveling screws should never be touched until the end of surveying. Subsequently, 

shoot and measure the elevations as well as horizontal positions of various objects by 

turning around the instrument. When the objective is too far from the station, the station 

(optical level) has to be moved. At this time, a reference is back-shot in order to link all 

the data together. 

Level measurement in the field 

LIG deposition features  

As mentioned in Chapter 2, both Great Inagua and San Salvador Island preserve 

evidence of two coral reef growth stages, i.e., two fossil reef horizons that are separated 
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by an unconformity. Surveys were performed to determine the elevation of specific 

stratigraphic features: (1) the highest in situ fossil coral as well as (2) the unconformity 

surface that is interpreted as evidence of an ephemeral drop in sea level during the LIG 

period. In the process of surveying as described above, a the conch shell that can be 

reoccupied was used repeatedly as a reference point in Great Inagua (Figure 3-4) to tie 

sea level measurements to the surficial features. Sea level measurements were made 

using the level, and returning to the same location at many times during the day to 

capture at least one complete tidal cycle each day. In San Salvador Island, no specific 

reference point was used so many times because we were able to install and use a 

water depth recorder to measure the position of sea level through the tidal cycles.  

In Great Inagua, we measured the elevation and horizontal position of 10 in situ 

corals that were identified as local high points, 7 measurements delineating the vertical 

extent of coral rubble layers, and 22 points on the unconformity. In San Salvador, we 

measured 19 in situ coral fossils that were local high points across the reef surface and 

8 additional points on the unconformity surface. We also found and measured the 

position of a permanent benchmark in both islands, which can be used to identify the 

absolute horizontal position and elevation of all the LIG deposition features for any 

future work at these sites.  Unfortunately, we were unable to find any existing 

information about the elevation of these benchmarks, which have not been maintained. 

Real-time sea level 

Real-time sea level was measured on the two islands, so that the elevation data 

of the LIG deposition features can be referenced to local MLLW. The purpose of the sea 

level measurements is to figure out the water level at high tide and low tide. On Great 

Inagua Island, water level was surveyed regularly using the level instrument with the 
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method described above. Specifically, on March 27 and 28, 2013, near the time of the 

NOAA-predicted high and low tides, tide level was surveyed every 15 minutes in order 

to accurately record the elevation of high and low tide. On San Salvador, a few data 

points of real-time water level were measured in the same way as for Great Inagua, but 

real-time sea level was mainly recorded at an interval of 30 seconds with an ONSET 

water-depth recorder from March 31 (10:00 AM LST) to April 4 (2:43 PM LST), 2013 

(Figure 3-5). 

Correlation of elevation data to MLLW 

The goal is to relate the elevation data of the LIG deposition features to MLLW. 

This goal can be achieved by contrasting our measured water level with the observed 

sea level from the nearest tide gauge station. In other words, given the measured 

elevation difference between LIG deposits (that are on/close to sea level) and present 

real-time water level using the level instrument, elevations of LIG sea level indicators 

can be linked to MLLW by relating the real-time water level to the observed sea level 

which is referenced to known tidal datum like MLLW (Figure 3-6A). Because the 

predicted tides may differ from the actual observed tides due to weather and wave set-

up it is necessary to determine the offset between the predicted and observed tides in 

the region for the days when we measured sea level positions. Ideally, I assumed that 

the influence of weather will be the same or at least similar among different sites 

nearby. I calculated the offset between the predicted and observed tides to assess the 

influence of weather in Great Inagua and San Salvador by using the observational data 

from the tide gauge at Settlement Point, the Bahamas (26° 42.6' N, 78° 59.8' W) (Figure 

1-6A). This is the site that is used to generate regional tide predictions at the different 

islands in the Bahamas.   
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Yet, another problem appears here: the observed water level data from the tide 

gauge at Settlement Point (provided by the University of Hawaii, Sea Level Center) in 

March and April, 2013 has never been tied to any tidal datums (such as MLLW). Hence, 

the observed tides (reported on a floating scale) cannot be compared to the prediction 

data from NOAA to calculate the weather difference. This complication arose because 

the NOAA tide predictions are given relative to the tidal datum established at a previous 

tide gauge installed at Settlement Point that was discontinued in 2001.  After several 

years, a new tide gauge was installed at Settlement Point, but was not tied into the 

position of the previous tide gauge.  Since the station has only been in operation since 

2002, it is not possible to calculate local tidal datums on the new (floating) scale, which 

would require ~19 years-worth of data.  

To circumvent this problem, I employed a method called simultaneous 

comparisons as described by the Virginia Institution of Marine Sciences, the college of 

William and Mary (http://web.vims.edu/physical/research/TCTutorial/ 

tidaldatum.htm). This technique can be used to transfer tidal datums between stations 

without having to obtain measurements for 19 years.   I selected the closest tide gauge 

at Virginia Key, Florida (25° 43.8' N, 80° 9.7' W) as the primary station (Figure 1-6A). At 

the primary tide station NOAA tidal datum elevations for the current National Tide 

Datum Epoch (NTDE) are known, i.e. the 1983-2001 MLLW position is known. In the 

method, this MLLW at Virginia Key station is combined with tidal observations for a 

month (here I use March, 2013) at both Virginia Key station and Settlement Point to 

estimate MLLW at Settlement Point.  

http://web.vims.edu/physical/research/TCTutorial/tidaldatum.htm
http://web.vims.edu/physical/research/TCTutorial/tidaldatum.htm
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The whole process is outlined Figure 3-6B and the steps in this calculation are 

shown as below:  

To calculate the Mean Range (MR) at Settlement Point, first, we need to 

calculate the Monthly Mean Range (MMR) at Virginia station and Settlement Point: 

MMR-VA = MMHHW-VA - MMLLW-VA (3-1) 

MMR-SP = MMHHW-SP – MMLLW-SP (3-2) 

where MMHHW is Monthly Mean Higher High Water whereas MMLLW is Monthly 

Mean Lower Low Water, and the subscript VA and SP refers to Virginia Key and 

Settlement Point station, separately.  The range ratio (RR) between the stations is: 

RR = MMR-SP/MMR-VA (3-3) 

           Thus, Mean Range at Settlement Point is: 

MR-SP = RR*MR-VA (3-4) 

Since the two stations are connected by a tidal waterway and it is acceptable to 

assume that both experience similar monthly deviations from mean tide level, then 

Mean Tide Level (MTL) at Settlement Point can be calculated as: 

MTL-SP =MTL-VA - MMTL-VA + MMTL-SP                 (3-5) 

           where MMTL refers to  Monthly Mean Tide Level (MMTL) (here, I used the data 

from March, 2013, as mentioned above), subscript VA and SP are the same as above. 

Finally, MLLW at Settlement Point station is:  

MLLW-SP  = MTL-SP  - 0.5* MR-SP (3-6) 

Then as mentioned above, the influence of weather at Settlement Point station in 

March and April 2013 is calculated separately as the mean difference between tidal 

observation (by University of Hawaii Sea Level Center) and prediction (by NOAA). By 
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subtracting the weather-induced tide offset from the measured real-time sea level in 

Great Inagua (March, 2013) and San Salvador (April, 2013), the measured sea level 

data can now be directly related to predicted tide (from NOAA), which is reported 

relative to known tidal datums (e.g., MLLW). Thus, all our measured elevation data of 

LIG deposits are connected to local MLLW. The calculations mentioned above were 

realized using MatLab program languages (Appendix - Object 2).  

Horizontal position calculation 

The raw data measured with the level instrument that are related to horizontal 

positions, i.e. data that can be used in the calculation of latitude and longitude for all the 

surveyed LIG deposits, include: bearing of each objective (β) and the distance (d) 

between each objective and the station, from which the elevation of the objective is 

surveyed (equals to the difference of readings between upper and lower line, shown in 

Figure 3-3). In local rectangular coordinate, x-component (x) equals to d*cosβ and y-

component (y) equals to d* sinβ. Considering that the values of x and y are extremely 

small and negligible compared with the radius of the Earth, the arc (or curve) between 

points within the research area could be assumed as straight line. In other words, the 

extension of the small piece of Earth (where the research area is located) can be 

considered as a planar. 

Thus, it is acceptable to back-step the latitude and longitude of each point with 

one to two points (whose latitude and longitude is known) as reference(s), assuming the 

expansion length per degree of latitude (or longitude) is known and constant within a 

small area (calculation is provided in the website: http://www.fas.org/news 

/reference/calc/degree.html). On San Salvador Island, the position where the water-

depth recorder (24.054833o, -74.5355o) is installed as well as the position of the 

http://www.fas.org/news/reference/calc/degree.html
http://www.fas.org/news/reference/calc/degree.html
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benchmark (24.051303 o, -74.533303 o) can be approximately identified on Google Earth 

and thus they provide as the reference points (Figure 3-7). On Great Inagua Island, the 

position of the conch shell (Figure 3-4) is estimated as (21.012286 o, -73.699846 o), and 

it is used to calculate the latitude and longitude for all the LIG survey points on the 

island.  The purpose of computing the coordinates of the survey points was simply to 

understand the relative position of the data points, and to provide an approximate 

position of the points that could be overlain on the ArcGIS world back-map. There are 

more sophisticated means of determining precise coordinates that were not necessary 

for the purposes of this project. 
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Figure 3-1. Standard level instrument (A) Optical level and tripod (B) Example of staff 

that stands on the objective. The photos are taken at Devil’s Point, Great 
Inagua by Jin Li and Dr. Andrea Dutton, respectively.  

 

Figure 3-2. Cartoon of how level instrument works. Elevation difference between point B 
and A is equal to the difference between readings of middle line on point B 
and point A (“middle line” is explained in Figure 3-3). 

A B 
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Figure 3-3. Cartoon of three readings from optical level. That is, upper distance line, 
middle elevation line and lower distance line. Reading of middle line 
represents elevations, whereas readings from upper and lower line are 
related to horizontal distance calculations. In the plot, “d” represents the 
horizontal distance from the survey station (where the optical level is 
installed) and the objective. “L” represents the difference between readings of 

upper distance line and lower distance line. “” represents the angle between 
upper visual line and middle visual line, which is set and known for different 
level instrument. Based on the geometry relationship in the cartoon, distance 
“d” is calculated as 100*L (unit: meter). 
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Figure 3-4. Survey reference at Devil’s Point, Great Inagua Island. That is, the conch 
shell that can be reoccupied. The photo was taken by Dr. Andrea Dutton at 
devil’ Point, Great Inagua. 
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Figure 3-5. Water-depth recorder installation at Cockburn Town, San Salvador Island. 
The photo was taken by Dr. Andrea Dutton at Cockburn Town, San Salvador. 
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Figure 3-6. Outline of the process of correlating surveyed LIG corals to MLLW. (A) A 
most intuitive idea to make the correlation: if the measured real-time sea level 
could be correlated to tidal datum MLLW, the surveyed points could be 
correlated to MLLW, since the surveyed points are related to measured real-
time sea level in Great Inagua (GI) and San Salvador (SS). (B) The process 
to realize the idea explained in (A). Boxes from the bottom to the top and from 
left to right display the correlation processes, with arrows pointing the 
directions. The converse directions (boxes from the top to the bottom and 
from right to left) represent the train of thought in the correlation process as 
explained in the text. “SP” refers to Settlement Point, Grand Bahama Island. 
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Figure 3-7. The benchmark found at Cockburn Town, San Salvador Island. This 
benchmark, BM1, is a standard disk stamped “Tidal 1 1957” that was installed 
by the US Department of commerce coast and geodetic survey.  It was 
installed ~20 ft north of the north end of a row of steel piling. The elevation at 
installation was determined as 9.3 ft above mean sea level.  Mean sea level 
at San Salvador was based on 12 months of records spanning July 1958 – 
June 1959.  Elevations of other tide planes referred to this datum include 
mean low water (MLW) at -1.15 m and mean high water at +1.15 m where 0 
is MSL. The photo was taken by Dr. Andrea Dutton at Cockburn Town, San 
Salvador. 

 

 

  



 

59 

CHAPTER 4 
RESULTS 

The measured sea level relative to MLLW in Great Inagua and San Salvador are 

plotted in Figure 4-1 and Figure 4-2. The elevation-survey reference used at Devil’s 

Point, Great Inagua (the conch shell that can be reoccupied) (Figure 3-4) and Cockburn 

Town, San Salvador (local water surface at 10:04 AM on April 2, 2013) (Figure 3-5) is 

0.80 m and 0.33 m above local MLLW, respectively. They are added to the raw data 

from elevation survey in Great Inagua and San Salvador Island correspondingly. In 

Table 4-3, the estimated latitude and longitude for the water-depth recorder and 

benchmark (references in San Salvador) and the conch shell that can be reoccupied 

(reference in Great Inagua) using Google Earth as well as the length per degree of 

latitude and longitude (from website http://www.fas.org/news/reference 

/calc/degree.html) are listed. The precise elevation results and approximate horizontal 

positions are listed in Table 4-1 and 4-2. All the recorded raw data from fieldwork and 

related calculations are listed in detail in Appendix.  

The horizontal distribution of LIG fossil corals and rubble layers in Great Inagua 

and San Salvador Island are displayed in Figure 4-3 and 4-4, based on the latitude and 

longitude speculations. Figure 4-5 and 4-6 are the plots of elevation change with latitude 

for LIG corals and unconformity in Great Inagua and San Salvador Island, respectively. 

Data points at Devil’s Point, Great Inagua Island 

Survey data from Great Inagua are reported in Table 4-1. All elevations of in the 

tables and throughout the text are reported relative to local MLLW. NO. 1-10 points are 

precise vertical positions and approximate horizontal positions of in situ corals at local 

high points in the sequence. NO. 11-17 points are elevations and approximate 

http://www.fas.org/news/reference/calc/degree.html
http://www.fas.org/news/reference/calc/degree.html
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horizontal positions of the surfaces bounding coral rubble layers. The occurrence of 

“rubble layers” in Great Inagua is in general much thicker and more abundant than that 

in San Salvador Island. Two patch reefs (Patch Reef 01 and 02) were surveyed in the 

field, both of which are mainly composed alternating layers of in situ corals and rubble 

layers. From bottom to top, a most common sedimentary sequence at Devil’s point, 

Great Inagua is: very large well-developed corals (mainly planed off Diploria and 

Montastrea annularis), rubble layer (~25 cm thick), massive coral heads (~40 cm thick), 

beach facies (Figure 4-7 and 4-6). The top of the rubble layer for Patch Reef 01 and 02 

are +2.38 m (NO. 13 in Table 4-1) and +2.11 m (NO. 17 in Table 4-1). The coral rubble 

is dominantly composed of branches of A. palmate and A. cervicornis that would have 

originated near the reef crest or reef slope and have been transported into the lagoon. 

These rubble deposits do not appear to be monospecific clusters of branches that have 

collapsed in situ, but rather a mixture of taxa that have been transported and re-

deposited within the reef during storm events or associated with meter-scale sea level 

changes during the LIG sea level highstand. It is not clear if the alternation between 

coral heads and rubble layer represents successive sea level oscillations (as interpreted 

by Thompson et al., 2011) because there is no independent evidence of subaerial 

exposure or sea level change. Because coral rubble can form in different ways, the 

presence of a coral rubble layer does not uniquely indicate a particular process (e.g., 

storms or sea level change) for its genesis. At Devil’s Point, Great Inagua, the extensive 

coral rubble layer that sits directly on top of the wave-cut platform (unconformity) (Figure 

4-7 and 4-6). NO. 18-39 are points surveyed on the surface of this platform, including 

tops of coral heads that have been planed off by waves during the rapid sea level 
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oscillation in mid-LIG period (mentioned in Chapter 2) and bottom of rubble layer that 

sits above the unconformity (Figure 4-8 and 4-9). Above the rubble layer, the highest in 

situ corals in Reef II are dominantly Diploria at Devil’s Point, Great Inagua. The highest 

in situ coral are two Diploria that sits close to each other at +2.43 m above MLLW 

(ID#31 and ID#33, Table 4-1) (Figure 4-10).  

Data points at Cockburn Town, San Salvador Island 

Data from San Salvador Island are reported in Table 4-2. Measurements 1-19 

are precise elevations and approximate horizontal positions of the 19 in situ fossil corals 

in San Salvador Island that we identified as potential candidates for the highest in situ 

coral in the sequence. This was conducted by surveying the surface of the highest coral 

in each section of the reef (referred to as the local high point). Measurements 21-28 are 

precise elevations and approximate horizontal positions of the 8 points that lie on the 

unconformity surface separating the two reefs. These points include flattened coral 

heads of Reef I (reef below the unconformity) and bottoms of rubble layer or coral layer 

of Reef II (reef above the unconformity). The results indicate that the highest in situ 

coral is a Montastrea that reaches nearly 3 m (ID#82, +2.98 m) above MLLW (Figure 4-

4 and Figure 4-12). The highest in situ A. palmate is +2.91 m (ID# 83), which lies not far 

from that ID#82 Montastrea (Figure 4-4 and 4-11). Several in situ corals are found to be 

close to +3 m in San Salvador, including Diploria, Montastrea and A. palmate. The 

highest point on the unconformity surface (the in situ A. palmate just below the 

unconformity, ID#96, Table 4-2) is 2.18 m (Figure 4-13). And the lowest point on the 

unconformity surface is 1.46 m (ID#77, in situ A. cervicornis). 
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Age-elevation data of LIG corals 

Table 4-4 is the result of the age and elevation (if available) coupled data of fossil 

corals at Devil’s Point, Great Inagua Island and Cockburn Town, San Salvador Island 

from Chen et al. (1991) and Thompson et al. (2011). The age data from Thompson et 

al. (2011) are the raw data directly from U-Th analysis, without an open-system model 

correction. Data used in the project (Table 4-4) are data selected from these two 

references that meet three screening criteria, including: (1) 232Th concentration should 

be less than 0.4 ppb; (2) 238U concentration should fall into a certain range for living 

corals. That is, 2.6-3.8 ppm (parts per million) for A. palmate and A. cervicornis, and 

1.9-3.6 ppm for other species (Thompson et al., 2011). (3) The calculated value of initial 

234U/238U ratio (234Ui) should fall within the range of 147 ± 8‰ (Robinson et al., 2004b; 

Andersen, 2006). Only the elevation data from Chen et al. (1991) is available, which has 

been correlated to MLLW by Dutton and Lambeck (2012). Thompson et al. (2011) did 

not report the elevation data for the dated samples, thus, no elevation data could be 

directly associated with their U-Th age data, except that they estimated the wave-cut 

bench (platform) to be ~0 m above mean sea level (relative to an unspecified tidal 

datum) at Devil’s Point, Great Inagua. Figure 4-14 and 4-15 exhibits the results of age 

data of corals in Reef I and Reef II (no elevation implied except that Reef II is 

stratigraphically above Reef I) in Great Inagua and San Salvador, respectively. The 

timing of the unconformity formation is constrained between 124.8 ± 0.3 and 124.2 ± 1.5 

ka in Great Inagua, and between 125.1 ± 1.7 and 124.4 ± 1.6 ka in San Salvador. Thus, 

the occurrence of the rapid ESL dropped in mid-LIG is estimated at ~125 ka.   
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Error analysis 

The survey error using the standard level instrument is ± 1 mm, i.e. 10-3 m. For 

the measurement of real-time sea level at Devil’s Point, Great Inagua, the error could be 

± 0.2 m based on the size of the waves during the sea level measurements. In contrast, 

measurements of real-time sea level at Cockburn Town, San Salvador Island, were 

performed by the water-depth recorder, whose error is ± 1 mm (10-3 m). The water level 

at 10:04 am (April 2, 2013), which is used as the survey reference in San Salvador 

Island, was measured when the water was calm and tranquil.  

In the calculation of MLLW position at Settlement Point Station, no specific error 

has been assigned to account for uncertainty associated with the “simultaneous 

comparisons” technique employed to transfer the tidal datums (http://web.vims.edu/ 

physical/research/TCTutorial/tidaldatum.htm). It could be assumed that the error should 

be small (at most ~0.1 m) since the two stations (Settlement Point and Virginia Key) are 

connected by a tidal water way and experience similar monthly deviations from mean 

tide level. The standard deviation of monthly weather influence at Settlement Point 

Station in March and April, 2013 are respectively: 

WM=0.191 m, WA=0.185 m, 

where “W” refers to weather influence, subscript “M” refers to March and “A” 

refers to April. 

Thus, the error of the height data for the LIG deposit features (using MLLW as a 

reference) mainly comes from the calculation of the weather influence in order to link 

the elevation of the LIG deposit features with MLLW tidal datum, which is less than 0.2 

http://web.vims.edu/physical/research/TCTutorial/tidaldatum.htm
http://web.vims.edu/physical/research/TCTutorial/tidaldatum.htm
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m. Thus, the total surveying/measuring error of LIG corals relative to MLLW ( ) is 

calculated as the following equation: 

    √              
 
 

(4-1) 

where “” represents the resultant error in each step of relating the surveyed 

fossil corals to MLLW as represented by different subscripts. Subscript “C” is the error in 

surveying LIG corals, “S” is the error in measuring sea level in the field, “T” is the error 

when using the tidal transition method (“simultaneous comparison”) to calculate the 

position of MLLW in Settlement Point, and “W” is the error when estimating the monthly 

average weather influence in Great Inagua and San Salvador. 

Thus, for Great Inagua, the surveying/measuring error (hG) equals to: 

     √(      )  (    )  (    )  (      )          

For San Salvador, the surveying/measuring error (hS) equals to: 

     √(      )  (      )  (    )  (      )          
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Table 4-1 Surveyed results: elevations of LIG sea level indicators in Great Inagua 
NO.

1
 ID.

2
 Description

3
  Elevation

4
 Latitude Longitude 

1 21 Top of in situ coral (Dp) Reef II 2.30 21.01287182 -73.70080274 

2 27 Top of in situ coral (Dp) Reef II 2.35 21.01322144 -73.70099011 

3 28 Top of in situ coral (Dp) Reef II 2.34 21.01325104 -73.70106610 

4 29 Top of in situ coral (Dp) Reef II 2.37 21.01320829 -73.70118250 

5 30 Top of in situ coral (Dp) Reef II 2.35 21.01316570 -73.70115749 

6 31 Top of in situ coral (Dp) Reef II 2.43 21.01314301 -73.70114316 

7 32 Top of in situ coral (Dp) Reef II 2.36 21.01310222 -73.70098689 

8 33 Top of in situ coral (Dp) Reef II 2.43 21.01309237 -73.70098545 

9 34 Top of in situ coral (Dp) Reef II 2.31 21.01315637 -73.70101605 

10 46 Top of in situ coral (Ma) Reef II 1.94 21.01199754 -73.69987801 

11 14 Top of rubble layer Reef II 1.75 21.01300445 -73.70093600 

12 24 Top of rubble layer Reef II 1.98 21.01301824 -73.70103455 

13 25 Top of rubble layer Reef II 2.38 21.01301824 -73.70103455 

14 54 Top of rubble layer Reef II 2.06 21.01314956 -73.70110999 

15 56 Top of rubble layer Reef II 1.99 21.01308995 -73.70112746 

16 57 Top of rubble layer Reef II 1.94 21.01312505 -73.70102698 

17 58 Top of rubble layer Reef II 2.11 21.01328853 -73.70101037 

18 1 Unconformity Reef I 0.71 21.01264528 -73.70029948 

19 2 Unconformity Reef I 0.68 21.01265173 -73.70031602 

20 3 Unconformity Reef I 0.75 21.01266564 -73.70035147 

21 5 Unconformity Reef I 0.89 21.01269350 -73.70028363 

22 6 Unconformity Reef I 1.05 21.01273224 -73.70023011 

23 7 Unconformity Reef I 1.15 21.01277253 -73.70018593 

24 12 Unconformity Reef I 1.43 21.01297661 -73.70082117 

25 13 Unconformity Reef I 1.33 21.01300658 -73.70091579 

26 17 Unconformity Reef I 0.73 21.01262809 -73.70032796 

27 18 Unconformity Reef I 0.69 21.01262280 -73.70030411 

28 19 Unconformity Reef I 1.17 21.01276596 -73.70020369 

29 48 Unconformity Reef I 1.07 21.01200054 -73.69988731 

30 49 Unconformity Reef I 1.74 21.01300291 -73.70092645 

31 50 Unconformity Reef I 1.38 21.01307274 -73.70085391 

32 59 Unconformity Reef I 1.13 21.01216450 -73.69988135 

33 62 Unconformity Reef I 1.46 21.01099782 -73.69930629 

34 63 Unconformity Reef I 1.57 21.01089507 -73.69933456 

35 64 Unconformity Reef I 1.55 21.01079422 -73.69934557 

36 65 Unconformity Reef I 1.50 21.01212762 -73.69997658 

37 15 Unconformity Reef I 1.63 21.01300409 -73.70093253 

38 10 Unconformity Reef I 1.22 21.01284766 -73.70054382 

39 22 Unconformity Reef I 1.25 21.01301192 -73.70102517 

Note (same as below):  
1. NO. of data points in this table;  
2. ID. in Supplementary Data (.xlsx file) in Appendix  ; 
3. Coral species: (Ap) Acropora palmata, (Ac) Acropora cervicornis, (Ma) Montastraea 
annularis, (Dp) Diploria (D. clivosa or D. strigosa). The abbreviations for coral species 
are the same throughout the whole document and will not be explained repeatedly 
below. 
4. Elevation above MLLW. All the elevations are relative to MLLW. 
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Table 4-2 Surveyed results: elevations of LIG sea level indicators in San Salvador. 
NO. ID Description  Elevation Latitude Longitude 

1 72 Top of in situ coral (Ap) Reef II 2.76 24.05249150 -74.53514853 
2 83 Top of in situ coral (Ap) Reef II 2.91 24.05176645 -74.53429410 
3 98 Top of in situ coral (Ap) Reef II 2.80 24.05292772 -74.53549060 
4 69 Top of in situ coral (Dp) Reef II 2.53 24.05322721 -74.53558815 
5 70 Top of in situ coral (Dp) Reef II 2.74 24.05269397 -74.53535266 
6 71 Top of in situ coral (Dp) Reef II 2.81 24.05258127 -74.53524358 
7 73 Top of in situ coral (Dp) Reef II 2.50 24.05238714 -74.53500284 
8 74 Top of in situ coral (Dp) Reef II 2.53 24.05218102 -74.53474405 
9 78 Top of in situ coral (Dp) Reef II 2.93 24.05202482 -74.53459143 
10 81 Top of in situ coral (Dp) Reef II 2.82 24.05195952 -74.53448721 
11 87 Top of in situ coral (Dp) Reef II 2.69 24.05154005 -74.53384997 
12 91 Top of in situ coral (Dp) Reef II 2.90 24.05140464 -74.53356332 
13 82 Top of in situ coral (Ma) Reef II 2.98 24.05192421 -74.53447739 
14 85 Top of in situ coral (Ma) Reef II 2.09 24.05176220 -74.53415760 
15 86 Top of in situ coral (Ma) Reef II 2.76 24.05163352 -74.53395743 
16 88 Top of in situ coral (Ma) Reef II 2.64 24.05148396 -74.53376700 
17 89 Top of in situ coral (Ma) Reef II 2.90 24.05153634 -74.53374539 
18 90 Top of in situ coral (Ma) Reef II 2.80 24.05141012 -74.53366112 
19 92 Top of in situ coral (Ma) Reef II 2.97 24.05133372 -74.53345214 
20 97 Top of rubble layer Reef II 2.76 24.05209943 -74.53462341 
21 75 Unconformity Reef I 1.74 24.05212373 -74.53469613 
22 76 Unconformity Reef I 1.85 24.05208940 -74.53464577 
23 80 Unconformity Reef I 2.53 24.05196845 -74.53449407 
24 95 Unconformity Reef I 1.62 24.05122809 -74.53293032 
25 93 Unconformity Reef I 1.67 24.05143882 -74.53375223 
26 79 Unconformity Reef I 1.49 24.05196783 -74.53446688 
27 96 Unconformity Reef I 2.18 24.05209943 -74.53462341 
28 77 Unconformity Reef I 1.46 24.05209889 -74.53464687 

 
 
 
Table 4-3 References for horizontal position  

Reference Latitude (
o
) Longitude (

o
) Length of a 

Degree of 
Latitude (m) 

Length of a 
Degree of 
Longitude (m) 

Water-depth recorder 24.054833 -74.5355 110759 101709 

Benchmark 24.051303 -74.533303 110759 101711 

The conch shell  21.012286 -73.699846 110717 103962 
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Table 4-4 Elevation-age data of fossil corals 
NO

1
 Location

2
 Sample ID

3
 Spe

cies 
Age

4
 Age 

error 
Elevation 
(m above 
MHT) 

5
 

Elevation (m 
above 
MLLW) 

6
 

Elevation 
error

7
 

1 GI (DP) 28 (87GI-4) Ap 130.7 1.4 0 0.7 1.5 

2 GI (DP) 29 (86GI-4) Ma 125.3 2.1 0 0.7 1.5 

3 GI (DP) 30 (87GI-1) Ma 128.8 1.2 0 0.7 1.5 

4 GI (DP) 31 (87GI-2) Ds 125.8 1.7 0 0.7 1.5 

5 GI (DP) 32 (87GI-3) Ma 124.2 1.5 0.5 1.2 1.5 

6 GI (DP) 35 (86GI-7) Dc 123.7 1.5 1.5 2.2 1.5 

7 GI (DP) 36 (87GI-6) Ma 123.2 1.6 1 1.7 1.5 

8 GI (DP) 37 (87GI-7) Ds 124.1 1.1 0.5 1.2 1.5 

9 GI (DP) GI-4 (GI-A) Ma 119.5 0.5    

10 GI (DP) GI-7 (GI-A) Ma 126.4 0.5    

11 GI (DP) GI-10 (GI-A) Ma 122.8 0.4    

12 GI (DP) GI-13 (GI-A) Ma 125.2 0.3    

13 GI (DP) GI-16 (GI-B) Ma 125.7 0.8    

14 GI (DP) GI-19 (GI-D) Ma 123.9 0.7    

15 GI (DP) GI-24 (GI-E) Ma 127.5 0.3    

16 GI (DP) GI-26 (GI-E) Ds 126.6 0.3    

17 GI (DP) GI-31 (GI-E) Dc 128.2 0.3    

18 GI (DP) GI-34 (GI-E) Ma 124.8 0.3    

19 GI (DP) GI-42 (GI-F) Ap 125.7 0.6    

20 GI (DP) GI-43 (GI-F) Ap 125.5 0.8    

21 GI (DP) GI-49 (GI-H) Ap 125 0.8    

22 GI (DP) GI-50 (GI-H) Ap 127.3 0.6    

23 GI (DP) GI-52 (GI-H) Ma 126.2 0.6    

24 GI (DP) GI-63 (GI-J) Ma 126.1 0.4    

25 SS (CT) 1 (6/86#5) Ma 120.2 1.4 2.25 2.6 1.5 

26 SS (CT) 2 (87CT-1 S) Ma 121 1.9 2.25 2.6 1.5 

27 SS (CT) 4 (87CT-3 S) Dc 123.5 2.1 1.5 1.9 1.5 

28 SS (CT) 5 (87CT-4 S) Ma 125.1 1.7 2.25 2.6 1.5 

29 SS (CT) 6 (88CT-1) Ma 122.7 1 2.5 2.9 1.5 

31 SS (CT) 7 (87CT-5 S) Dc 130.3 2.3 1.5 1.9 1.5 

33 SS (CT) 10 (87CT-7 S) Ds 121.4 1.6 2 2.4 1.5 

34 SS (CT) 11 (87CT-8) Ap 123 1.4 1.5 1.9 1.5 

35 SS (CT) 12 (87CT-9) Ap 124.4 1.6 1.75 2.1 1.5 

36 SS (CT) 15 (88CT-3) Ap 124.2 1.7 2.25 2.6 1.5 

37 SS (CT) 16 (88CT-12) Ap 125.6 1.7 1.5 1.9 1.5 

38 SS (CT) 18 (88CT-14 S) Ap 127.9 2.1 1.5 1.9 1.5 

39 SS (CT) 19 (87CT-15 L) Ds 126.9 1.4 1.5 1.9 1.5 

40 SS (CT) 20 (87CT-16A S) Ma 126.3 2.9 1.25 1.6 1.5 

41 SS (CT) 21 (88CT-8) Ma 128.9 1.1 0.75 1.1 1.5 

42 SS (CT) SS-31 Ap 119.6 0.5    

43 SS (CT) SS-32 Ds 119.9 0.7    

44 SS (CT) SS-33 Ap 123.2 1.3    

45 SS (CT) SS-34 Dc 121.9 0.2    

46 SS (CT) SS-35 Dc 122.5 0.2    

47 SS (CT) SS-38 Ap 122.3 0.9    

48 SS (CT) SS-39 Ma 125.1 1.1    
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Table 4-4 Continued 

NO
1
 Location

2
 Sample ID

3
 Spe

cies 
Age

4
 Age 

error 
Elevation 
(m above 
MHT) 

5
 

Elevation (m 
above 
MLLW) 

6
 

Elevation 
error

7
 

49 SS (CT) SS-40 Ds 124.6 1    

50 SS (CT) SS-42 Ap 123.4 0.3    

51 SS (CT) SS-07-1 Ma 122.4 0.2    

52 SS (CT) SS-07-3 Ma 121.1 0.3    

53 SS (CT) SS-07-4 Ma 121.5 0.3    

Note: 1. NO. compiled in this project, NO#1-8 and #25-41 data points are data from 
Chen et al., 1991, which meet all the three “screening criteria” (described in the text). 
NO#9-24 data points are data points (raw results as described in the text) from 
Thompson et al., 2011, which meet the same three screening criteria.  
2. Location: GI (DP) refers to Devil’s Point, Great Inagua Island, and SS (CT) refers to 
Cockburn Town, San Salvador Island.  
3. Sample ID in the original references.  
4. U-Th ages after screening (unit: ka). 
5. Elevation (m) of corals reported in the original research by Chen et al. (1991).  
6. Elevations after being corrected by Dutton and Lambeck (2012), which are correlated 
to local tidal datum (MLLW). 
7. Errors of elevation data estimated by Dutton and Lambeck (2012), based on 
description, or lack thereof, of elevation measurement protocol; minimum value 
assigned defined as 1 meter. 
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Figure 4-1. Sea level relative to MLLW in Great Inagua (Mar. 27 and 28, 2013). Sea 
level was measured using the level instrument relative to the conch shell in 
the field, which was calculated to be 0.8 m above MLLW. This height offset 
was added to all the measured sea level as shown in the figure. 

 

 

Figure 4-2. Measured sea levels in San Salvador (Apr. 2 and 3, 2013) with the water 
depth recorder every half a minute in the field. 
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Figure 4-3. Horizontal distribution of surveyed points in Great Inagua Island. Red star: 
the location of the conch shell that can be reoccupied (Figure 3-4). The 
abbreviations of coral species are the same throughout the thesis as 
mentioned above: Dp, Diploria sp. (either D. strigosa or D. clivosa); Ma, M. 
annularis; Ac, A. cervicornis. The ID# of the highest in situ corals (Reef II) that 
are used to deduce LIG peak sea level (as well as sea level just before the 
rapid sea level regress in mid-LIG period) in Chapter 5 are denoted in the 
figure. 
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Figure 4-4. Horizontal distribution of surveyed points in San Salvador Island. Red 
asterisk represents the water-depth recorder (Figure 3-5) and the red Star is 
the location of the benchmark (Figure 3-7). The ID# of the highest in situ 
corals (Reef II) that are used to deduce LIG peak sea level in Chapter 5 are 
denoted in the figure. 
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Figure 4-5. Surveyed elevations above MLLW for in situ coral heads in Great Inagua 

Island. Following the terminology of Thompson et al. (2011), Reef I is early 
reef growth stage and Reef II is later reef growth stage. They are separated 
by the unconformity: the former sits below the unconformity whereas the latter 
sits above it. The unconformity is flatter and more continuous at Devil’s Point 
and displayed as an extensive wave-cut bench (or platform). This platform 
inclines a little towards the ocean, thus the elevation of unconformity surface 
decreases seaward. 
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Figure 4-6. Surveyed elevations for in situ coral heads in San Salvador Island. The most 
prominent unconformity has an undulating surface, and there appear to be 
multiple unconformities visible in sections of the reef, particularly towards the 
northern end of the preserved reef section. Note that the scale of y-axis is 0-
3.5 m in this figure, rather than 0-3.0 m in Figure 4-5. 
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Figure 4-7. Thicker rubble layer that lies above the platform in Great Inagua. Above the 
platform, sedimentary sequence from bottom to top is: rubble layer, coral 
heads and beach facies. The bottom of the rubble is surveyed at 1.63 m 
(ID#15, Table 4-1). It is the highest point on the unconformity. The figure is 
patch reef 02 (PR02). The photo was taken by Dr. Andrea Dutton at Devil’s 
Point, Great Inagua. 

 

Figure 4-8. Overview of the extensive platform in the southeast of the surveyed reef in 
Great Inagua. The photo was taken by Dr. Andrea Dutton at Devil’s Point, 
Great Inagua. 
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Figure 4-9. Planed off Diploria (Reef I) on the platform in Great Inagua. The photo was 
taken by Dr. Andrea Dutton at Devil’s Point, Great Inagua. 

 

  

Figure 4-10. Highest in situ Diploria head (Reef II) that lies above the rubble layer in 
Great Inagua. The photo was taken by Dr. Andrea Dutton at Devil’s Point, 
Great Inagua. 
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Figure 4-11. Highest in situ A. palmate (Reef II) (ID#83) in San Salvador Island. The 
photo was taken by Dr. Andrea Dutton at Cockburn Town, San Salvador. 
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Figure 4-12. Two highest corals at Cockburn Town, San Salvador Island (A) M. 
annularis (ID# 82, 2.98 m, and also the highest of all in situ corals of any 
species that we surveyed at the Cockburn Town reef, San Salvador Island), 
(B) Diploria sp. (ID#79, 2.93 m), (C) A. palmate rubble. The photo was taken 
by Dr. Andrea Dutton at Cockburn Town, San Salvador. 
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Figure 4-13. Highest in situ A. palmate below the unconformity (ID#96) that reaches a 
maximum height of 2.18 m. The dashed line follows the unconformity surface 
approximately. The A. palmate mound is composed of in situ corals and 
rubble. The thickness of this A. palmate outcrop is ~1.5 m. The photo was 
taken by Dr. Andrea Dutton at Cockburn Town, San Salvador. 
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Figure 4-14. Age data of corals in Reef I and Reef II in San Salvador. No elevation scale 
is implied in the plot. The dashed line represents unconformity that separates 
the two coral growth stages. Data is from Chen et al., 1991, Curran et al., 
1989 and Thompson et al., 2011 (raw data after screening process). 

 

 

Figure 4-15. Age data of corals in Reef I and Reef II in Great Inagua. No elevation scale 
is implied in the plot. The dashed line represents unconformity that separates 
the two coral growth stages. Data is from Chen et al. (1991), Curran et al. 
(1989) and Thompson et al., 2011 (raw data after screening process).  



 

80 

CHAPTER 5 
DISCUSSION 

At present, the forward glacio-hydro-isostatic model does not produce RSL 

predictions that agree with the existing data in the circum-Caribbean region.  Hence, the 

overarching goal of this project is to modify the ice model used in the glacio-hydro-

isostatic model so that the model predictions have better agreement with the 

observational data.  To achieve this, the surveying undertaken of the fossil reefs in the 

Bahamas will help to determine: (1) the difference between peak sea levels in San 

Salvador and Great Inagua Island during the LIG period, and (2) the rate of sea level 

change at each island (denoted as ① and ② in Figure 5-1). The combination of these 

results will help to identify the changes required to the Laurentide ice sheet during the 

last two glacial maxima (MIS 6 and MIS 2) and revise the ice model in Dutton and 

Lambeck (2012). 

Based on personal observation and prior reports, three dominant coral genera 

are present in the LIG fossil reefs on Great Inagua and San Salvador Island: A. palmate 

(reef-builder in the crest zone) with subordinate A. cervicornis, as well as Diploria sp. 

(D. strigosa and D. clivosa) and M. annularis that are typically associated with patch 

reefs in the lagoon (Figure 5-2).  

In order to translate surveyed elevations of the surfaces of these coral heads into 

past sea level position, it is first necessary to have a better understanding of the likely 

water depth during growth.  Some generalizations can be made for each taxon, but are 

still associated with fairly large uncertainties given consideration of the full depth range 

of each taxon. Additional information regarding paleodepth can be inferred from other 
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indicators in the reef facies, including associated fauna and sedimentary features to 

improve the paleodepth estimate.  

Growth rates of corals 

The dominant reef-crest building coral in this region, A. palmate, can have a quite 

rapid growth rate of ~10 cm per year, i.e. (~100 m/ka) which is more than 10 times that 

of other coral species such as Montastrea sp. and Diploria sp. (Lewis et al., 1968). 

Hudson (1981) found that the average growth rate of M.  annularis in Floridian 

nearshore patch reef areas is ~8.2 mm per year, i.e. (~8.2 m/ka) and Dodge and 

Vaisnys (1975) estimated the annual growth rate of D. strigosa in Bermuda water to be 

~3.3 mm/a (3.3 m/ka). These growth rates imply that they would be able to keep up with 

rapid sea level rise, i.e. at least several meters per 1000 yrs.  Yet, the observation that 

these taxa are capable of such high skeletal growth rates still implies that individual 

corals would be capable of keeping up with rapid sea level rise events in the mid-LIG 

period ~2.6 m/ka as suggested by Thompson et al. (2011). After reaching maximum 

vertical extent, corals can develop laterally to form a reef flat under when sea level is 

stable and growth conditions are ideal.  Factors that promote optimal growth conditions 

include particular ranges of light intensity, temperature and salinity.  

Observational data of the actual reef accretion rates of Holocene reefs in the 

Caribbean suggest that overall reef accretion is much slower than growth rates of 

individual corals such as A. palmate and M. annularis mentioned above (Shinn et al., 

1989).  Upward development of the reef can be impeded by adverse changes of the 

environment in lagoonal waters, such as fluctuating temperatures and salinities. Storms 

and hurricane can be another cause of slower growth rate of coral reef than individual 

corals. Yet, A. palmate has such a high growth rate that they are able to offset the 
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breaks by storm in less than 5 years (Shinn et al., 1989).  It is not uncommon to find A. 

palmate dying due to lack of accommodation space due to their rapid growth rate (Shinn 

et al. 1989). Another factor that may impair reef development is disease. In summary, 

the observed fossil coral taxa in the Bahamas should be able to reach the possible peak 

point of their growth range in vertical direction during the LIG period (from ~131 to 119 

ka, Chen et al., 1991; Thompson et al., 2011; Dutton and Lambeck, 2012). 

Peak sea level Position 

The elevation of the highest in situ coral combined with its paleodepth under 

water surface is used to estimate the position of peak sea level in the LIG period in both 

islands.  

Lighty et al. (1982) considered A. palmate to be a reliable sea level indicator in 

western Atlantic because (1) they have a limited growth depth that is restricted to within 

5 meters (~1-5 m) below sea surface, (2) they are resistant to both post-depositional 

transport and (3) compaction due to their massive size. Chen et al. (1991) reported that 

A. palmate, as the reef-crest building coral, can commonly grow to mean low tide level 

in the Bahamas, with individual colonies reaching a 3-4 m in vertical extent.  In contrast, 

M. annularis are often predominant between water depth of 7 and 25 m in lagoon 

region, although it also has been found to live close to water surface (Humann, 1993; 

Chen et al., 1991). Diploria usually live in shallow waters between 1 and 30 m, although 

it could be found in deep water up to 47 m. They could inhabit in many shallow water 

environment, including open reefs, lagoons in Turtle grass beds (Thalassia testudinum) 

and even on mangrove roots (Humann, 1993; Fricke, 1985). 
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Cockburn Town Reef, San Salvador Island 

At the Cockburn Town reef, San Salvador Island, the highest in situ A. palmate 

that was surveyed is 2.91 m (ID#83 A. palmate, as referred in the following discussion) 

(Figure 4-11). This individual ID#83 A. palmate is found surrounded by corals of other 

species like Montastrea and Diploria, which usually live in the back reef within the 

lagoon. Only the top surface of the coral is visible which exposes the thin upper 

branches of the A. palmate colony. In contrast, the second highest in situ A. palmate 

surveyed (2.80 m, ID #98 A. palmate, as referred in the following discussion) has very 

thick and large branches and is surrounded by numerous large A. palmate corals and 

branches that appear to have collapsed in situ (Figure 5-3A and B). This outcrop of A. 

palmate corals and rubble is interpreted as representing part of the reef crest during the 

LIG period. 

These interpretations of the facies context for these two highest A. palmate in our 

survey is consistent with those of Curran et al. (1988) according to their descriptions 

and paleogeographic map of the former reef (Figure 5-4). In the context of their 

reconstruction, the A. palmate reef crest sits to the north, within the defined reef crest 

zone.  The A. palmate that has a slightly higher surveyed elevation sits in the well-

developed patch reefs of the lagoon, close to the southeastern end of the large 

bank/barrier reef.  

The location of these A. palmate corals in different reef zones, and the differing 

observations of the size and preservation of the colonies lead to slightly different 

interpretations of the paleodepth of these corals. The sizes of exposed branches of the 

ID#98 A. palmate and associated branches in the reef crest zone are substantial. At the 

surface of this outcrop, the trunks of the A. palmate are clearly exposed indicating that 
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the top probably fell off.  The collapse of A. palmate corals is a typical observation for 

both fossil and modern corals in the Caribbean region.  In the modern reef, some 

broken-off branches of A. palmate that were still alive were observed on the lagoon floor 

beside a colony of A. palmate. The height of the ID#98 A. palmate reef crest is ~1.5 m 

from the base, which sits on a sub-horizontal surface, to the top of the exposed, 

truncated trunk of the corals (Figure 5-3A and B). Given the large size of the A. palmate 

in this outcrop and given that A. palmate can grow to 3-4 m high, we interpret that the 

actual height of this reef crest was probably some 1.5 to 2.5 m higher than the surface 

we surveyed, which would bring the elevation of the reef crest up to 4.3 to 5.3 m.  If we 

assume that these A. palmate specimens in the reef crest reached their maximum 

height (up to MLLW), this implies that mean sea level reached at least 4.3 to 5.3 m 

above present mean sea level (the uncertainty in the estimation is discussed in the fifth 

part of Chapter 5).  In contrast, we interpret that the ID#83 A. palmate in the patch reef 

had a slightly greater paleodepth or that it records sea level position at a different time 

within the LIG sea level highstand, since the thin branches of the top of the coral are 

exposed at the surface, which sits at 2.91 m, a couple meters below the reef crest 

colonies described above. 

At the Cockburn Town reef, the highest in situ Montastrea (ID#82, 2.98 m) and 

the highest in situ Diploria (ID# 78, 2.93 m) are located very close to the ID #98 A. 

palmate (2.91 m) (Figure 4-11 and 4-12). The dominant taxa in this portion of the fossil 

reef are very large colonies of Montastrea sp. and Diploria sp., as well as some isolated 

occurrences of A. palmate (but not dominant). Given the various species, the outcrop 

that is composed of these corals is most likely in the back reef within the lagoon zone 
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(Figure 5-2). All the fossil coral heads in this area are very large (>1 m in diameter) and 

are closely packed so that there is very little accommodation space for coral growth. 

The surface elevation of the corals is very similar (ranging from about 2.65 to nearly 3 

m) as shown in Figure 4-12 and 4-6. Thus, these corals are interpreted as having 

effectively filled their accommodation space in a well-developed back reef zone. If peak 

sea level were 4.3 to 5.3 m higher at this site in the LIG period based on the elevation of 

highest A. palmate in reef crest, the highest in situ Diploria sp. (ID#78, 2.93 m) was ~1.5 

to 2.5 m below MLLW. 

Devil’s Point Reef, Great Inagua Island 

The coral taxa that are preserved in situ at Devil’s Point, Great Inagua Island are 

predominantly Diploria and Montastrea. Corals that occur in the highest part are mainly 

Diploria, and only one potentially highest in situ M. annularis was surveyed as shown in 

Table 5-2. The elevations of in situ Diploria sp. mainly concentrate between 2.3 m and 

2.4 m, the highest two are both 2.43 m above MLLW (Figure 4-10 and 4-5). As with the 

back reef at Cockburn Town, San Salvador Island, corals of Reef I at Devil’s Point are 

also closely packed, indicating that the corals filled the available accommodation space 

(Figure 4-7). In Reef II, however, the growth is sparser but still includes some large (~1-

2 m diameter) coral heads.  

The nature of the unconformity on Great Inagua Island is also quite different.  

The contact between Reef I and Reef II is sharp and planar, and has previously been 

interpreted as a wave-cut bench that formed during an ephemeral drop in sea level 

(Curran et al., 1989; Chen et al., 1991; Thompson et al., 2011).  The stratigraphy of the 

LIG reef is easier to discern at Great Inagua, in part because after the termination of 

growth in Reef I, there are isolated patch reefs that afford easy access to vertical 
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sections of the outcrop.  As shown in Figure 4-10, the generalized stratigraphy of the 

patch reefs sitting on top of the unconformity is: thick rubble layer (~25 cm), massive 

coral heads (~40 cm thick) and beach facies (from the bottom to the top). 

As mentioned before, the highest corals in the sequence are mostly Diploria.  On 

the landward section of the patch reef, these Diploria are overlain by prograding beach 

sands, similar to the final progradational sands observed at San Salvador (Figure 5-5). 

Peak Sea Level 

As mentioned above, in contrary to Reef II in Cockburn Town, San Salvador 

where there are various coral species (e.g. A. palmate, Montastrea and Diploria), 

highest corals are mainly Diploria at Devil’s Point, Great Inagua. Thus, it is better to 

compare the difference between peak levels of same species (here, only Diploria) to 

estimate gradient in peak sea level, although A. palmate in reef crest could provide a 

better constraints on the absolute position of sea level in each site. The difference 

between elevation of the highest in situ Diploria on San Salvador (ID#78, 2.93 m) and 

Great Inagua Island (ID#6 and ID#8, 2.43 m) is 0.5 m. This reflects a possible difference 

of 0.5 m in the LIG peak sea level between the two islands, assuming these corals grew 

at similar paleodepths. Since there are not so many M. annularis as Diploria sp. in 

highest part of Reef II in the patch reefs that we surveyed in Great Inagua, it is not 

possible to provide a meaningful comparison of sea level between the two islands using 

this taxon. In summary, the spatial gradient of peak sea level in the LIG period between 

San Salvador and Great Inagua Island is 0.5 m as reflected by the elevation difference 

of the highest Diploria in Reef II in the two islands. And two presumptions are made 

here: (1) the two Diploria have equal paleodepth below sea surface and (2) both corals 

were living during the peak of the LIG sea level highstand. Based on the reef 
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environment as described before, the two corals were both likely to have lived in 

shallow water in the back reef. Given the appearance of A. palmate coral heads near 

the ID#78 Diploria in San Salvador, the paleodepth of that Diploria should be within 5 m. 

With respect to the assumption (2), considering that ESL could have reached the peak 

point at the close of LIG period, corals should have grown to the highest points at that 

time (Chen et al., 1991; Stirling et al., 1995; Neumann and Hearty, 1996; Thompson et 

al., 2011). In that case, peak sea level in Great Inagua should be ~0.5 m lower than that 

in San Salvador. Since peak sea level in San Salvador is estimated as 4.3-5.3 m from 

ID#98 A. palmate in reef crest, LIG peak sea level should be ~3.8-4.8 m in Great 

Inagua. The estimations of LIG peak sea level in Great Inagua and San Salvador Island 

are displayed in Table 5-3 and the uncertainty involved in the estimation is discussed in 

the fifth part of Chapter 5. 

Unconformity surface (Reef I) 

As mentioned before, an unconformity has been observed in both Great Inagua 

and San Salvador Island, although it is displayed as an extensive wave-cut platform as 

wide as hundreds of meters in Great Inagua Island, whereas in San Salvador Island, the 

unconformity is more undulate and discontinuous. This unconformity is explained by 

some researchers as the evidence of a regressive and a transgressive sea level change 

that occurred rapidly in mid-LIG period all over the globe (Chen et al., 1991; White et al., 

1998; Thompson et al., 2011). Petrologic evidence of grainstone from nearshore reefs 

provides independent confirmations for this scenario of regressive-transgressive sea 

level change. White et al. (1997) found that grainstone collected from Devil’s Point reefs 

commonly has a sequence of marine cements, followed by isopachous non-marine 

cements, which is in some cases is superimposed by a final generation of marine high-
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Mg calcite and aragonite. This illustrates a change sequence starting from early marine 

environment (high sea level), changing to non-marine environment (sea level drop) and 

finally returning to marine environment (sea level rise).The unconformity was formed 

during the sea regress and separated the two coral growth stages: Reef I (early) below 

the unconformity, and Reef II (late) above the unconformity following the nomenclature 

in Thompson et al., 2011. This regressive-transgressive-cycle was constrained to begin 

at ~125.1 ka and ended at ~124.2 ka, lasting for about several hundred years with an 

overall consideration of all the U-Th ages of youngest coral above the unconformity and 

oldest coral below the unconformity (Figure 4-14 and 4-15). 

Sea level during Reef I growth 

The wave-bench platform at Devil’s Point is mainly composed of planed off coral 

heads (Reef I). The elevation of platform is surveyed to change gradually from ~1.1 to 

~1.6 m over hundreds of meters, in both the northwest (the promontory where most of 

the potential corals of Reef II) and southeast of the surveyed outcrop (Figure 4-5). The 

highest point of Reef I is surveyed from the bottom of coral rubble that sits on the 

platform at 1.63 m (ID#15, Figure 4-7). 

During the rapid sea level fall and the subsequent lowstand of several hundred 

years, corals from Reef I were eroded by wave action (and/or biological activities). It is 

not clear how high the reef reached before the ephemeral sea level fall, but based on 

the size of the planed off coral heads, we estimate that sea level was at least 0.5 m 

above the present unconformity.  This puts the elevation of sea level at +2.13 m (Table 

5-3). 

At Cockburn Town, San Salvador Island, no extensive platform was observed. 

Rather, the unconformity surface is undulating. In the field, the highest in situ A. palmate 
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on the unconformity (Reef I) was surveyed at 2.18 m (Figure 4-13, ID#96). Based on the 

size and height of the A. palmate mound which has truncated branches at the top of the 

outcrop, an offset height of ~0.5 m is added to its elevation and thus, the ID#96 A. 

palmate is 2.68 m above MLLW (Table 5-3).  

Rate of sea level change 

Based on the estimations of sea level position just before the rapid oscillation 

and at the close of LIG period when sea level reached the peak point, the rate of sea 

level change (v) is estimated as: 

   
  

 
  
     

     
 

(5-1) 

where “h” represents LIG sea level, subscript “p” and “i” represent peak sea level 

and initial sea level (sea level before the rapid drop), respectively, and “h” is the 

difference between peak sea level and initial sea level. Here, “initial sea level” refers to 

sea level that rose back after the rapid drop in the mid-LIG period. Thus, the sea level 

change rate ranges from 0.29 to 0.48 m/ka to in San Salvador, and 0.30-0.48 m/ka in 

Great Inagua. 

Uncertainty in the estimation of sea level 

In addition to the surveying error of fossil corals (± 0.29 m for Great Inagua and 

±0.21 m for San Salvador as calculated in the fourth part of Chapter 4), the most 

significant uncertainty in the estimation of LIG peak sea level as well as sea level just 

before the rapid sea level drop in mid-LIG period comes from the uncertainty of 

paleodepth when coral was alive below water surface as well as the heights of corals 

that have been truncated off. These uncertainties dominate the total error when 

translating the elevation of fossil corals into the elevation of LIG sea level and are 
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referred to as “paleodepth uncertainty” as a whole in Table 5-3. The paleodepth 

uncertainty is likely to be 1 m in terms of pinpointing the absolute position of peak sea 

level in San Salvador (4.3-5.3 m), due to the uncertain height offset of ID#98 A. palmate 

(1.5-2.5 m). When using the height difference of the highest in situ Diploria in the two 

islands (0.5 m) to estimate LIG peak sea level in Great Inagua (3.8-4.8 m), it is 

assumed that the paleodepth uncertainty should be the same for the same species. The 

uncertainty here could be totally 2 m by adding a 1 m paleodepth uncertainty of Diploria 

to the uncertainty of 1 m height offset of ID#98 A. palmate, thus, the range of LIG peak 

sea level in Great Inagua is expanded to 3.3-5.3 m. When estimating sea level just 

before the rapid sea level drop ~125.1 ka ago, a minimum offset height of 0.5 m was 

added to the elevation of the ID#96 A. palmate (highest in situ coral below the 

unconformity) to estimate the lower limit of paleo-sea-level as 2.68 m in San Salvador. 

And the paleodepth uncertainty is at most 1.5 m so that the maximum estimation of sea 

level 125.1 ka ago was 3.68 m in San Salvador. In a similar way, in Great Inagua, a 

minimum offset height of 0.5 m was added to the highest coral just below the 

unconformity (ID#15 Diploria) to estimate the lower limit of sea level position as 2.13 m, 

and the paleodepth uncertainty is at most 2 m, making the upper limit of sea level 125.1 

ka ago to be ~3.63 m. All the estimations of sea level and related uncertainties are 

displayed in Table 5-3 as mentioned before. 

Comparison of the observation with the model prediction 

The comparison between the model prediction and field observation for LIG sea 

level at the end and middle of LIG period is shown in Figure 5-6. The rate of sea level 

change seems much slower than predicted by the forward model in both islands: 0.29-

0.48 m/ka versus 1 m/ka in San Salvador, and 0.3-0.48 versus 0.73 m/ka. So this would 
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require a change in the ice sheet in MIS 6, that is, Laurentide ice sheet in MIS 6 should 

be smaller. This change will also affect the final position of the peak sea level, which is 

also lower than the model predictions: 4.3-5.3 m versus 11.26 m in San Salvador, and 

3.3-5.3 m versus 8.33 m in Great Inagua. If this change is not enough, then the size of 

the Laurentide ice sheet in MIS 2 would have to be changed, that is, the size needs to 

be made smaller in order to lower the position of the peak sea level model prediction. 
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Table 5-1. Highest in situ corals in San Salvador 
ID# Species Elevation (m) 
83 A. palmate 2.91 
98 A. palmate 2.80 
78 Diploria sp. 2.93 
82 M. annularis 2.98 

 

 

Table 5-2. Comparison of highest in situ corals of the same species in San Salvador 
and Great Inagua 

Species ID# Site Elevation (m) 
Diploria sp. 78 San Salvador 2.93 

31, 33 Great Inagua 2.43 
M. annularis 82 San Salvador 2.98 

46 Great Inagua 1.94 

 
 
 
Table 5-3. Estimations for LIG sea level in the two islands 

 San Salvador Great Inagua 
Age 
(ka) 

Elevation 
(m) 

Error (m) Elevation 
(m) 

Error (m) 

Survey (±) Paleodepth Survey (±) Paleodepth 

119.5 4.3-5.3 0.21 1 3.3-5.3 m 0.29 2 
125.1 2.68-3.68 0.21 1.5 2.13-3.63 0.29 2 

Note: The age data are from Chen et al., 1991 and raw data from Thompson et al., 
2011 after screening process as described above. Errors include two parts: 
survey/measuring error and paleodepth error, as discussed in the text.  
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Figure 5-1. Model predictions of LIG RSL in Great Inagua and San Salvador. In the 

model ESL is set equal to zero (present sea level) for the duration of the LIG 
period in the forward model (data of predicted LIG sea level is from Dutton 
and Lambeck, 2012, same as in Figure 1-3). A significant difference has been 
displayed in the magnitude of RSL between the two islands as well as ESL. 
As marked in the figure, the goal in the project is to revise the model by 

calculating ① the gradient between peak sea levels in the two islands and ② 
the rates of sea level change in the two islands. 
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Figure 5-2. Generalized platform reef zonation cross section. Reef crest zone is 

dominated by A. palmate, whereas the back reef and lagoon zone are usually 
occupied by more various coral species such as Diploria sp., Montastrea sp. 
and Acropora sp. like A. cervicornis and A. palmate. 
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Figure 5-3A. View of a section of the fossil reef crest in San Salvador. The section is 

composed of 100% A. palmate at this location.  Large, thick trunks of A. 
palmate are truncated and surrounded by large branches of the corals that 
appear to have collapsed in situ. Given that A. palmate dominates the high-
energy reef crest zone, this region is interpreted as the reef crest in LIG 
period. The photo was taken by Dr. Andrea Dutton at Cockburn Town, San 
Salvador. 
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Figure 5-3B. The same outcrop as in Figure 5-3A but looking west (towards the ocean). 

Large A. palmate corals that have collapsed in situ (ID#98, 2.80 m). The 
thickness of this A. palmate outcrop is ~1.5 m. The photo was taken by Dr. 
Andrea Dutton at Cockburn Town, San Salvador. 
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Figure 5-4. The approximate positions of the highest in situ corals (Reef II) in the 

paleogeographic map of San Salvador. Map on the left is the reprint of Figure 
3 in Page 110 of Curran, H. A., White, B., Chen, J. H., & Wasserburg, G. J. 
(1989). Comparative morphologic analysis and geochronology for the 
development and decline of two Pleistocene coral reefs, San Salvador and 
Great Inagua Islands. In Proc 4th Symp Geol Bahamas. Bahamian Field 
Station, San Salvador (pp. 107-117). Permission is granted for the reprint by 
the Bahamian Field Station (a.k.a. Gerace Research Centre). In the snip of 
Google Earth map on the right side, the distribution of the highest corals of 
different species in Reef II include ID#83 A. palmate in back reef (2.91 m), 
ID#78 Diploria (2.93 m) and ID#82 Montastrea (2.98 m) are displayed. And 
ID#98 A. palmate is the highest in the reef crest zone (2.80 m). 
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Figure 5-5. High Diploria (Reef II) covered by prograding beach sediment in Great 

Inagua. The photo was taken by Dr. Andrea Dutton at Devil’s Point, Great 
Inagua. 
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Figure 5-6. Comparison between model prediction and field observation of LIG sea level 

in San Salvador and Great Inagua. The discrete points are the elevations of 
corals that are used to interpret the positions of LIG peak sea level and mid-
LIG sea level just before the rapid sea level drop ~125.1 ka ago (orange 
square for San Salvador and purple diamond for Great Inagua). The times of 
these two sea level events are similar in both islands, and the separation of 
time in the figure is just for visual convenience. The short vertical dashed 
lines above the points are the whole ranges of LIG sea level in San Salvador 
(orange, 4.3-5.3 m at 119.5 ka, and 2.68-3.68 m at 125.1 ka) and Great 
Inagua (purple, 3.3-5.3 m at 119.5 ka, and 2.13-3.63 m at 125.1 ka) (due to 
the paleodepth uncertainty as discussed in Section 5.5). The error bars on the 
points represent the survey error as discussed in the fourth part of Chapter 4, 
which are too small to discern in the figure compared with the symbol as well 
as the paleodepth uncertainty. The model prediction are from data in Dutton 
and Lambeck, 2012 (same as Figure 1-3). 
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CHAPTER 6 
CONCLUSIONS 

By surveying the potentially highest in situ fossil corals in the two reefs that are 

separated by the unconformity in Great Inagua and San Salvador and connecting the 

elevation data with the tidal datum MLLW, we provide a relatively accurate estimation 

for (a) LIG peak sea level and (b) the rate of sea level change in the two islands. These 

data can provide valuable constraints on volume of Laurentide ice sheet in MIS 6 and 

MIS 2 in order to adjust the ice model and resolve the inconsistence between the 

predictions in the model and observations in the field. 

(1) In San Salvador, based on (i) the elevation of the A. palmate (ID#98, 2.80 m) 

that is on the top of highly packed A. palmate mound in reef crest, (ii) the common 

height of 3-4 m of A. palmate in the Bahamas, and (iii) the large size of this coral, which 

is ~1.5 m tall after the collapse, as well as large A. palmate and branches that appeared 

to collapse in situ in the surrounding, it is suggested that this A. palmate should have 

reached the limitation of its growing height, i.e., water surface at low tide. Thus, LIG 

peak sea level is estimated at 4.3-5.3 m by adding 1.5-2.5 m of height offset of the 

coral. 

(2) The elevation difference between the highest in situ corals (Reef II) of the 

same coral species (Diploria) is 0.5 m (2.43 m in Great Inagua and 2.93 m in San 

Salvador). Considering that both corals should have reached the peak point of their 

growing limitation in height and that the paleodepth of the two highest Diploria could 

probably the same, the gradient of peak sea level is 0.5 m in the two islands. 
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(3) LIG peak sea level in Great Inagua is estimated as 3.3-5.3 m by combining 

the highest Diploria height difference (0.5 m) between the two islands and the 1 m 

paleodepth uncertainty of the fossil Diploria in Great Inagua. 

(4) There is an unconformity separated the two reefs (Reef I and Reef II) in both 

the two islands, which is interpreted to form during the short lowstand in mid-LIG period. 

Sea level dropped rapidly at ~125.1 ka and returned to high level rapidly after several 

hundred years at 124.2 ka, based on U-Th age of corals from the two reefs in the two 

islands (Chen et al., 1991; Thompson et al., 2011). Minimum sea level is estimated as 

~2.6 m just before the rapid regression at ~125.1 ka in Great Inagua, based on the 

elevation of highest point in the platform (2.13 m) with an additional 0.5 m estimated 

that was eroded away during the sea level lowstand. 

(5) Sea level is estimated to be at least 2.68 m before the rapid sea level fall in 

San Salvador, given the elevation of highest in situ A. palmate (ID#96, 2.18 m) and 

estimations of 0.5 m-height offset. 

(6) The rate of sea level rise is estimated as 0.29 to 0.48 m/ka in San Salvador 

and 0.30 to 0.48 m/ka in Great Inagua. 

(7) The estimated rate of sea level change is much lower than the model 

prediction in both islands. The volume of Laurentide ice sheet in MIS 6 needs to be 

made smaller in the model to resolve this inconsistence. This change would also cause 

a decrease in the prediction of peak sea level in both islands. If the resultant decrease 

is not large enough to eliminate the gap between the model prediction and observation, 

then the volume of Laurentide ice sheet in MIS 2 needs to be made smaller as well. 
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APPENDIX 

Object A-1.  Supplementary data (.xlsx file 376 KB) 

 
Object A-2.  Matlab code for MLLW calculation (.html file 24 KB) 

  

http://ufdc.ufl.edu/IR00003773/00001
http://ufdc.ufl.edu/IR00003774/00001
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