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Lay abstract 

ESR, OSL and TT-OSL dating methods were applied to samples collected from 

six of the Ancient Coastal Deposits (ACDs) along the southern Georgia Coastline with 

the goal of determining the age of formation of these features.  Ground Penetrating Radar 

(GPR) was used to determine the subsurface morphology and target lithologies for age 

determination.  A number of low additive dose points were added to the ESR dose plan to 

attempt to create a better dose response curve for the low-dose saturation of the Ti-H 

signal in attempt to better utilize the signal.   

While the geochronological methodology did not prove useful for determining the 

age of all of the ACDs, it did result in depositional age estimates for the Cypresshead 

Formation at 433-2978 ka and Satilla Formations at 243-417 ka.  The GPR, ESR, and 

core data all point to the conclusion that the ACDs of the Georgia Coast are geomorphic 

features without unique depositional events.   
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Abstract 

ESR, OSL and TT-OSL dating methods were applied to samples collected from 

six of the Ancient Coastal Deposits (ACDs) along the southern Georgia Coastline.  

Samples were collected from the Princess Anne (the youngest and most seaward ACD), 

Pamlico, Talbot, Penholoway, Wicomico, and Okefenokee ACDs with the goal of 

determining the age of formation of these features.  Ground Penetrating Radar (GPR) was 

used to determine the subsurface morphology and target lithologies for age 

determination.  OSL and TT-OSL dating was attempted on samples collected from the 

youngest two ACDs, the Pamlico and Princess Anne, at McMaster Universities AGE 

Lab.  ESR samples collected from all of the ACDs studied were measured at Florida State 

University as well as Osaka University.  ESR analysis measured the Al signal, the Ti-Li 

signal, measured using two different methods, as well as the Ti-H signal.  A number of 

low additive dose points were added to the ESR dose plan to attempt to create a better 

dose response curve for the low saturating Ti-H signal in attempt to better utilize the 

signal.   

While the geochronological methodology did not prove useful for determining the 

age of all of the ACDs it did result in depositional age estimates for the Cypresshead 

Formation at 433-2978 ka and Satilla Formations at 243-417 ka using the Ti-Li ESR 

signal as a maximum age estimate.  The GPR, ESR, and core data all point to the 

conclusion that the ACDs of the Georgia Coast are geomorphic modifications and not the 

result of a unique depositional process.  Based on the discrepancy between the 

depositional age of the Cypresshead and Satilla Formations as determined by ESR in this 

study and the ages of the ACDs published by others from Georgia (Markewich et.al., 

2013) or other areas of the Atlantic Coast (Wehmiller, 2004; Willis, 2006) it can be 

concluded that paleo sea-levels modified the Cypresshead and Satilla Formations in to the 

morphology seen today at some point after their initial deposition.   
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Chapter 1 

 

1.1 Introduction to the Geochronology of the Ancient Southern Georgia Coastline 

Project 

 

 1.1.1 Project Outline  

There are a number of ancient coastal deposits (ACDs) deposited along the 

eastern portion of Georgia, USA.  These deposits are of great interest due to their 

economic heavy mineral deposits and as a record of past sea levels of the Atlantic Ocean.  

Few attempts at dating the ancient coastal deposits of Georgia have been carried out and 

deposit ages are assigned by correlating the deposits found in Georgia deposits to those 

found in Florida, South Carolina and further north along the Atlantic Coast (McMartan 

et.al., 1982; Cronin et.al., 1984; Wehmiller, 2012, and others).  Methods used to 

determine the age of these Atlantic Coast deposits (with few studies taking place in 

Georgia specifically) include paleomagnetism amino acid racemization, fossil 

biostratigraphy, cosmogenic nuclide dating, optical luminescence dating, and uranium 

series dating.  The Georgia ancient coastal deposits lack abundant preserved fossils 

limiting the use some of the above geochronological techniques.  A dating method that 

does not rely on fossil material, such as luminescence dating (OSL), thermally-

transferred optical luminescence dating (TT-OSL), or electron spin resonance optical 

dating (ESR-OD) methods is needed to provide wide spread age determination of these 

deposits.   

This project focuses on determining the age of emplacement of coastal deposits in 

southern Georgia in order to better understand the history of the Georgia coast in the 

Pliocene and Pleistocene.  It links research conducted in Florida and further north (South 

and North Carolina, Virginia, etc.) (McCarten et.al., 1982; Szabo, 1985; Krantz, 1991; 

Whemiller, 2004; Willis, 2006; Whemiller et.al., 2010; Burdette etl.al, 2012) and sought 

to provide a better understanding of the evolution of the Atlantic Coastal Plain and local 

Plio-Pleistocene sea level change.  In addition this project assesses the suitability of using 

quartz ESR-OD, OSL, and TT-OSL on the ancient coastal deposits of southern Georgia 

and makes recommendations for their use in this location.   
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ESR-OD is conducted on quartz grains to determine the depositional age of the 

ancient coastal deposits of southern Georgia.  In addition OSL and TT-OSL dating of 

quartz is attempted on some of the deposits expected to be younger in age in order to 

provide independent age control for the ESR ages.  While both of these methods have 

been used numerous in coastal settings (see sections 1.5.4 and 1.6.3) this study is the first 

attempt at ESR-OD on the ancient coastal deposits of Georgia.   

The results of this study have implications for the history of the Georgia coastline: 

specifically, how sea-level has changed locally in Georgia over time as compared to other 

locations along the Atlantic coast as well as in relationship to local sea-level variations in 

Georgia which have in the past been associated with global shifts in climate.  The 

emplacement age and morphology of the Georgia ACDs could also contribute to 

knowledge about the timing of changes in the bathymetric profile of the continental shelf 

off Georgia, specifically related to development and modification of the Georgia Bight.  

This data would provide information for further research into the neo-tectonics of passive 

margins.   

 

 1.1.2 Research Objectives 

1) Determine the age of the ancient coastal deposits of Eastern Georgia using 

geochronologic techniques including OSL, TT-OSL, and ESR-OD.  Some focus on the 

intercomparison of ESR-OD and OSL as well as explore the suitability of a little used Ti-

H quartz ESR signal at a g value of 1.9162 (Yoshida, 1986) to determine the age of 

younger (>1Ma) deposits, and the use of Thermally Transferred OSL (TT-OSL) to 

investigate some of the samples.   

2) Use detailed ground penetrating radar (GPR) to explore the stratigraphy of the 

deposits, as a guide to select coring locations.  Use analyses of sediment core lithology to 

characterize the suitability of the deposits as they apply to the use of OSL and ESR dating 

techniques.   

3) Use the geochronologic and stratigraphic data to refine the correlations between 

the ancient coastal deposits of southern Georgia and those found in Florida, specifically 
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those studied by Burdette et.al (2012), and other Atlantic coast deposits.  Hypotheses on 

the nature of the relationships between these deposits will be explored as they relate to 

the timing of formation, geomorphological classification (i.e. are these depositional 

features or those affected by erosion after deposition) and their relationship with various 

sea level highstands.   

4) Determine the suitability of quartz OSL, TT-OSL and ESR-OD for future projects 

on dating the ancient coastal deposits of Georgia.  Issues leading to deposits that were 

found to be problematic for dating are explored and recommendations for future research 

are made.   

 

1.2 Geologic Setting of Eastern Georgia 

The state of Georgia is located on the eastern seaboard of the southern United 

States and makes up part of the Atlantic Coastal Plain.  This region is composed of 

eastward (seaward) dipping deposits of Cretaceous to Holocene age that lie 

uncomfortably over Pre-Cambrian to Triassic rocks (Herrick and Vorhis, 1963; Georgia 

Geological Survey, 1979; Kellam et. al., 1991).  The coast of Georgia is located to the 

west of the Georgia Bight, an area of the continental shelf that is broad and shallow 

(Figure 1).  As a result the modern coast is dominated by tidal processes resulting in 

short, stubby, and dissected modern barrier islands with extensive back barrier marshes 

and tidal flats (Hayden and Dolan, 1979; Howard and Frey, 1985; Rhea, 1986; Kellam, 

1986; Huddlestun, 1988; Kellam et.al., 1991).  In contrast the barriers islands found to 

the south in Florida as well as northward in and past North Carolina consist of elongated 

barriers that are continuous and constructed by wave dominated processes (Hayden and 

Dolan, 1979; Kellam et.al., 1991).  While waves dominantly strike the Georgia coast 

from the south or southeast, fewer but stronger waves strike the coast from the north and 

northeast.  This results in a net-southern longshore transport along the modern Georgia 

coastline (Kellam, 1986).   
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A total of 13 complex paleo-shoreline deposits (ancient coastal deposits, ACDs) 

ranging in elevation from 0-79 m can be found overlying the Tertiary bedrock in the 

Georgia Coastal Plain (Huddlestun, 1988; Kellam et.al., 1991).  While the most recent 

mapping of these deposits was done by Rhea (1986) the deposits were mapped by the 

Georgia Geological Survey (1979) as well.  The Rhea mapping (1986) differs from the 

Georgia Geological Survey in the classification of the ACDs.  Rhea’s classification is 

closer to that of Huddlestun (1988) and the Rhea map shows more detail as it focused on 

these features.  The location of the ACDs according to the Georgia Geological Survey 

map of 1979 as well as the sample locations of this study can be found in Appendix 1 

(Figure A1-F1).  The paleo-shoreline deposits are thought to have been deposited and 

stranded during times of sea level standstill or regression (Kellam et.al., 1991).  As such 

they represent an important record of the sea level change along the coast of Georgia 

through time.  These deposits have been extensively mapped and sedimentary 

characteristics analyzed (Hoyt and Hails, 1967; Hails and Hoyt 1969a; Hails and Hoyt, 

1969b; Hails and Hoyt, 1972; Oertel, 1975; Georgia Geological Survey, 1979; Howard 

and Frey., 1985; Rhea, 1986; Huddlestun, 1988; Kellam et.al., 1991).  Each paleo-

Figure 1:  Location of state of Georgia and the associated morphology of the Georgia Bight.   



Ph.D. Thesis-R. R. Hendricks; McMaster University-Earth Science 

 

5 

 

shoreline consists of barrier island deposits, characterized by sandy sediments, and back 

barrier deposits, consisting of fine sediments associated with lagoon and marsh 

environments.   

Of the 13 ACDs this project will focus on the barrier island deposits found 

between 4-46 m elevation (relative to mean modern sea level) of which there are 6 

(Figure 2).  These ACDs are, from east to west, the Princess Anne, at approximately 4m 

above modern sea level, the Pamlico, at approximately 7.5 m above modern sea level, the 

Talbot, at 12-14 m about modern sea level, the Penholoway, at 21-23 m above modern 

sea level, the Wicomico, at 29-31 m above sea level, and the Okefenokee, at 35-46 m 

Figure 2:  Sand units mapped as paleo barrier islands by Rhea (1986).  Shown are the ACDs 

studied in this project.  Also included are the younger Silver Bluff and Holocene barriers.  

These were not associated with this project but are included to show a complete map of the 

Georgia ACDs.   
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above sea level (Hails and Hoyt, 1969b; Rhea, 1986; Huddlestun, 1988).  For the 

remainder of this work the Talbot through Okefenokee ACDs will be referred to 

collectively as the “upper ACDs” while the Princess Anne and Pamlico ACDs will be 

referred to as the “lower ACDs”.   

The upper ACDs overlie the Cypresshead Formation, a lithologically diverse, 

quartz-rich, fine to pebbly sand that is massive to planar to cross bedded, deposited 

during the early Late Pliocene to Late Pleistocene in a shallow marine environment 

(Huddlestun, 1988).  The Satilla Formation underlies the lowermost ACDs and is 

generally a fine quartz sand with variable clay content deposited during the Late 

Pleistocene to Holocene in a marine environment (Huddlestun, 1988).  Huddlestun 

(1988) states that based on limited evidence from core and outcrops the Satilla Formation 

disconformably overlies the Cypresshead Formation (Figure 3).   

The ACDs of the Georgia coast are not distinct lithostratigraphic units but are 

instead strictly geomorphic features.  As such their relationship with the underlying 

formations is variable.  Huddlestun (1988) concludes that while the creation of the lower 

ACDs may have been contemporaneous with the deposition of the Satilla Formation, the 

upper ACDs are post depositional modifications of the Cypresshead Formation by paleo-

sea levels.  In either case the sediments of the ACD and the underlying formation are 

similar, making identification of the ACDs from the underlying formations difficult.   

 
Figure 3:  Cross section of the southern coast of Georgia showing the ACDs and their underlying 

geological formations (modified from Huddlestun, 1988).   
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1.3 Morphology, Sediment Characteristics and Age of the Ancient Coastal Deposits 

of Georgia and the Atlantic Coast 

As mentioned above the Georgia ACDs are geomorphic features and lack a 

unique lithology to differentiate them.  The ACDs are mapped using topography and the 

identification of “scarps” interpreted as the paleo-shorelines marking the seaward edge of 

the feature.  ACDs are correlated based on similar surface elevations (Hails and Hoyt, 

1967; Georgia Geological Survey, 1976; Rhea 1986, Huddlestun, 1988).  As a result 

there is a lack of detail in the available maps of the features and field checking is 

necessary to locate the scarp of a particular ACD (Kellam et.al, 1991).  The Wicomico to 

Holocene ACDs have been most extensively mapped and studied due to their importance 

as economic sources of heavy minerals (Kellam et.al., 1991).   

Hayden and Dolan (1979) compared barrier island shape and their associated 

lagoon and marsh characteristics of the Atlantic coast of the U.S as well as the offshore 

bathymetry in effort to determine the cause of regional variation in barrier island type and 

controls on barrier island morphology.  They concluded that offshore continental slope 

and concavity controlled the morphology of the Atlantic barrier islands with shallow 

slopes and convex slope creating small barriers with extensive marshes dominated by 

tidal processes.  Steeper concave continental slopes were in contrast dominated by waves 

and currents and developed elongated barriers with narrower lagoons.   

The modern barriers of Georgia (as well as southern South Carolina and 

northernmost Florida) are classified as short with large marshes, the result of the shallow 

shelf morphology of the Georgia Bight.  To the north, in northern South Carolina, and 

south, in Florida, the barrier islands are elongated and their lagoons shrink as a result of 

the diminished influence of the Georgia Bight and increasing wave energy (Hayden and 

Dolan, 1979).   

The Pleistocene barrier islands of Georgia stand out as anomalous features in that 

they do not seem to follow the morphological patterns observed on the modern Atlantic 

coast, as noted by Hayden and Dolan (1979).  This would indicate that other processes 
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may have controlled the morphology of the Pleistocene barriers of Georgia or that they 

were formed under different bathymetric slope configurations.   

A morphological difference between the upper and lower ACDs can be observed 

from the maps of the deposits (Figure 4).  Most of the upper ACDs exhibit limited back 

barrier marsh deposits with elongated, continuous morphology attributed to deposition 

under wave dominated conditions and a large sediment supply (Rhea, 1986; Huddlestun, 

1988; Kellam et.al., 1991).  Barrier island morphology can only be seen in the northern 

most Penholoway. The morphology of most of the upper ACDs is similar to the modern 

coastlines of North Carolina and southern Florida where the depositional conditions are 

 
Figure 4:  Map of the Georgia ACDs.  The upper ACDs display an elongated morphology as 

highlighted by A while the lower ACDs and the modern barrier islands have a shorter discontinuous 

morphology shown by B.     
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wave dominated as well (Hayden and Dolan, 1979; Kellam et.al., 1991).  The continental 

shelf in these locations is significantly steeper than that found in modern Georgia 

(Hayden and Dolan, 1979) and Keller et.al. (1991) implicate this as possible reason 

(along with sediment supply) for the elongated paleo-barriers.  This morphology is much 

different than the modern Georgia barrier islands (Figure 4).   

In contrast the lower (eastern) ACDs exhibit a morphology similar to that of the 

modern Georgia coast with highly dissected short barrier islands with an extensive back 

barrier marsh developed (Rhea, 1986; Huddlestun, 1988; Kellam et.al., 1991).  The 

formation of these barrier types, and the modern coast of Georgia, is attributed to tide 

dominated processes in a sediment starved environment as well as shallow continental 

shelf that dampens wave energy (Hayden and Dolan, 1979; Howard and Frey, 1985; 

Rhea, 1986; Kellam et.al., 1991).  The back barrier region of these ACDs may have been 

shared and reoccupied during the deposition of the younger coastal deposits.  While the 

marshes dissect the ACDs preserved scarps of the Pamlico and younger ACDs can be 

found to be generally located directly west of (ie. behind) the modern barrier islands.   

Both the upper and lower ACDs exhibit a “welded” morphology in which a 

younger ACD is in direct contact with the eastern edge of the successively older ACD.  

This morphology is seen extensively in the upper ACDs and to a lesser extent in the 

lower ACDs.  This is the result of the younger ACD reoccupying or partially reoccupying 

the previous ACD’s environment allowing for the formation of a new scarp by reworking 

a portion of the older ACD with limited deposition of new material.  This, as well as post 

depositional reworking, makes identifying the boundary between ACDs difficult (Kellam 

et.al., 1991).   

Sediment that composes the Georgia ACDs, as well as the paleo-shoreline 

deposits further south in Florida is derived from igneous and metamorphic rocks that 

make up the Georgia Piedmont and Blue Ridge Provinces (Martens, 1935; Clark and 

Zisa, 1976; Kellam et.al., 1991).  As implicated above reworking of other ACD material 

is another source of sediment for younger paleo-coastal deposits (Martens, 1935; Hails 

and Hoyt, 1969b).  It has been noted by many that the subsurface sediments of the ACDs 
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of the Georgia coast exhibit a distinct lack of primary sedimentary features (Hails and 

Hoyt, 1969b; Howard and Scott, 1983; Rhea, 1986; Huddlestun, 1988; Kellam et.al., 

1991).  This has been attributed to bioturbation, groundwater flow, dissolution of 

originally deposited minerals and the deposition of clay minerals, and other pedogenic 

processes.   

The coastal sediments of Georgia (and the entire Atlantic coast) have been 

extensively explored as they are a valuable source of economic heavy minerals (Martens, 

1935; Neiheisel, 1962; Hoyt and Hails, 1967; Hails and Hoyt, 1969a; Hails and Hoyt 

1969b, Kellam et.al., 1991).  As such their sediments have been studied in great deal in 

order to determine depositional environment and mineralogy to aid exploitation.   

Martens (1935) compared the sedimentary characteristics of modern beach sands 

collected from southern South Carolina to south Florida.  It was found that generally 

grain rounding increased to the south and the ratio of feldspar to quartz decreased from 

north to south from 0.062 in South Carolina to less than 0.006 in southern Florida.  The 

feldspar to quartz ratio in the modern beaches of Georgia ranged between 0.038-0.007.  It 

was also discovered that the average grain size increased from north to south, though this 

is attributed to winnowing of fined due to a steeper shelf further south and not as a 

primary condition of the sediments.  The author notes that the mineralogy of the quartz 

grains within the study area lack flint, chert, and other microcrystalline forms of silica 

indicating that the quartz is primary and derived from the metamorphic and igneous rocks 

of the Piedmont.  Finally it is noted that the quartz grains in South Carolina and Georgia 

are often coated with Illite while this this not the case in Florida as increased transport 

abrades the coating away.  Martens (1935) concludes that the sand grains of Florida have 

undergone more modification since their erosion from the source than those of Georgia. 

Within the coastal deposits of Georgia there is significant variation in the mineral 

and structural characteristics of the modern barrier islands and the ACDs.  Neiheisel 

(1962) discovered that while the modern beach sands of Georgia contain 4-6% (by 

weight) feldspar while the Holocene barrier deposits contain 2-5% feldspars.  The 

Pleistocene barriers (Sliver Bluff, Princess Anne and Pamlico ACDs) had feldspar 
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contents of 0.5-2.5% feldspar.  It was noted that the feldspars appear to be more 

weathered in the older deposit (Neiheisel, 1962).  Feldspar content in the Talbot- 

Wicomico ACDs ranges between 0.3-1% (Hails and Hoyt, 1969b).  Based on this 

information and information from heavy mineral weathering profiles it is concluded that 

post depositional processes account for the lack of feldspars in the ACDs of Georgia and 

that this variation does not reflect a change in source sediments but in the age of the 

deposits (Neiheisel, 1962; Hails and Hoyt, 1969b).   

Correlation of the deposits of the Atlantic Coastal Plain has been of interest to 

geoscientists since the mid-1800s as the deposits record evidence of sea level fluctuations 

and has implications to coastal neo-tectonics, with notable works including: Winker and 

Howard (1977), Cornin et.al. (1984), Hollin and Hearty (1990), Krantz (1991), 

Wehmiller et.al. (2004) and Markewich et.al. (2013).  While early attempts at correlation 

made use of deposit elevation, lithology, and micro-paleontology (Cornin et.al., 1984) 

there are many challenges to this objective.  The deposits are subject to erosion and 

modification by subsequent coastal processes during times of sea level transgression as 

well as erosion by fluvial processes during sea level regressions.  As a result the deposits 

are highly dissected or even none existent in some locations.  This has resulted in an 

Atlantic Coast depositional recorded that is incomplete.  Reworking of a deposit 

incorporates material, including fossils, into younger deposits making lithologic and 

paleontological studies difficult (Cornin et.al., 1984; Szabo, 1988).  As mentioned above 

the morphology of the barriers and lagoons along the Atlantic Coastal Plain is varied and 

the depositional environments of the deposits are varied as a result (Hayden and Dolan, 

1979; Cornin et.al., 1984).  Glacoisostatic movement along the Atlantic coast that 

occurred throughout history hamper correlation efforts (Winker and Howard, 1977; 

Szabo, 1985; Marple et.al., 2000; Scott et.al., 2010).  Erosion, depositional environment, 

and isostatic shifts all result in variable elevations for that could be considered the same 

deposit (Figure 5).  Many of the deposits have regional names that are state or regionally 

specific and what defines an ancient coastal deposit, how it is recognized in the field and 

reported in text, is equally varied.  All of these factors make correlation among the 
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Atlantic coastal deposits challenging.  Table 1 shows the history of the Georgia coastal 

deposit evolution as well as historical correlations within the entire Atlantic Coastal Plain 

by elevation.  The classifications in the final four columns are of particular importance.  

They represent the regional terms of the deposits used in South Carolina (DuBar et.al, 

1974), Florida (Winker and Howard, 1977) as well as those used in Georgia (Rhea, 1986) 

and this study.   

 
Figure 5:  Modified from Markewich et.al. (2013) and Winker and Howard (1977) showing the change 

in elevation of the Trail Ridge, Effingham, and Chatham sequences along the Atlantic Coast.  Note the 

large change in elevation along the coast of the oldest sequence, the Trail Ridge.  The younger 

Effingham and Chatham sequences display a more consistent elevation along the coastline.     
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As stated above determination of the depositional age of the Georgia ACDs has 

been limited by the lack of material suitable for dating by isotopic methods (
14

C, U-

series) and biochemical techniques (amino acid racemization).  Elevation-based 

correlations with deposits found in South Carolina and Florida and limited fossil evidence 

the Upper ACDs of Georgia, are used to assign ages of Late Pliocene to Pleistocene, 

while the lower ACDs are assigned ages of Pleistocene to Late Pleistocene (Hoyt and 

Hails, 1967; Colquhoun, 1969; Huddlestun, 1988).  More recently researchers have been 

attempting to refine these ages.   

McCartan et.al. (1982) determined the age of the South Carolina deposits using 

AAR and U-series.  They concluded that the age of the Socastee to be 202-203 ka, the 

Canepatch 300-580 ka, and the Waccamaw to be greater than 1000 ka.  Cornin et.al. 

(1984) compiled the results of paleomagnetic and paleontological studies along the 

Atlantic Coastal Plain from Virginia to South Carolina.  They placed the Socastee and 

Canepatch Formations in South Carolina as well as the Princess Anne, Pamlico, and 

Talbot (of southern South Carolina) in the Brunhes Chron and the Middle Pleistocene.  

The Waccamaw and Penholoway were assigned to the Matuyama Chron and the Early 

Pleistocene.  The Wicomico formation was also placed in the Matuyama Chron but 

within the Late Plicoene (though modern stratigraphy has moved the Plio/Pleistocene 

boundary back since this time and this unit would still be part of the Early Pleistocene by 

modern standards (Cohen et.al., 2013)).  Szabo (1985) refined the age of the Canepatch, 

using U-series, to 460+/-100 ka (a younger deposit, the Wando correlated from deposits 

in North Carolina, was also dated in this work with ages between 87+/-4 ka to 129+/-10 

ka).  In an attempt to better understand differences found between the AAR and U-series 

ages within the region Hollins and Hearty (1990) reanalyzed McCarten et.al. (1982) 

work.  They criticized the correlations used by McCarten et.al. suggesting that the 

Socastee of the McCarten et.al. (1982) paper was in fact the Socastee and Canepatch 

Formation and that the Canepatch was in fact the Waccamaw based on AAR aminozones.  

They provide a U-series age of the Canepatch Formation at 125 ka or MIS 5e.  Krantz 

(1991) used data from high resolution Marine Isotope Stage cores along with the 
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available age data of the Atlantic Coastal Plain in an effort to further refine the age of the 

deposits by correlating them to periods of high sea level within their age range.  The 

Waccamaw Formation was correlated to MIS 75, 73, or 71 (1875-1990 ka) and found it 

difficult to correlate younger deposits due to the number of low amplitude variations in 

the Marine Isotope Stage record.  Wehmiller (2004) reanalyzed the U-series ages of the 

Atlantic Coastal Plain deposits in an attempt to rectify the 80 ka ages of depositional 

events that do not seem to correspond to a sea level rise to the elevation needed to deposit 

them according to the global sea level curve. They confirm these ages, though note that 

there is potential for open system behavior and cite regional sea level effects for the 

discrepancy with the global sea level curve.  Willis (2006) used OSL on the Talbot, 

Pamlico, and Princesses Anne deposits of South Carolina concluding that the Talbot was 

deposited during MIS 7, the Pamlico during MIS 5e, and the Princess Anne 80-90 ka 

confirming the U-series ages of previous works of Szabo (1985) and Wehmiller et.al. 

(2010).  These ages are stated as “preliminary” and “minimum ages” as few aliquots 

yielded useable equivalent dose (DE).   

The most recent work in Florida by Burdette et.al. (2012) and in Georgia by 

Markewich et.al (2013) and Turck and Alexander (2014) have provided ages independent 

of the traditional U-series and AAR that have been used extensively in the past in this 

area.  Burdette et.al. (2012) made use of ESR-OD to determine the age of the Trail Ridge, 

Effingham and Chatham deposits in Florida.  They concluded that Trail Ridge was 

deposited 2,200+/-400 ka but has remained active through reworking of the deposit up 

until 6ka.  The Effingham was deposited between 1,430-1,580 ka while the Chatham was 

deposited 860-1,090 ka.  Markewich et.al. (2013) used both OSL and 
10

Be to determine 

the age of deposits in inland sections westward of the northern coast of Georgia.  Using 

this combined approach they determined that the Princess Anne was deposited during 

MIS 5e (109-123 ka), the Pamlico during MIS 7 (191-243 ka), the Talbot and 

Penholoway during MIS 9 (300-337 ka), and the Wicomico as being less than 360 ka.  

OSL and radiocarbon dating of the Silver Bluff ACD (not explored in this study) (Table 

1) and Holocene barrier islands of Georgia by Turck and Alexander (2014) determine the 
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earliest age of deposition for these features to be between 45.8+/-10.2 ka and 62.3+/-13.0 

ka.  These ages provide a minimum age of deposition for the older Princess Anne ACD.   

 

1.4 Ground Penetrating Radar 

 

 1.4.1 Introduction to GPR  

Ground-penetrating radar (GPR) uses pulsed electromagnetic (EM) energy waves 

to detect and image subsurface stratigraphy and buried objects.  It achieves this by 

creating EM waves and propagating them through the subsurface and measuring their 

refection and reflections.  This non evasive and relatively cheap tool has many 

applications in the fields of geology, archeology, and geotechnical analysis (Neal, 2004).  

The following is an introduction GPR and GPR theory, those already familiar with GPR 

should proceed to Section 1.4.2.   

GPR theory and application has grown out of the field of seismic geophysical 

surveys and many of the terms and data processing and management techniques are 

borrowed from that field.  Like seismic surveys GPR measures the two way travel time of 

an energy wave through a medium, in this case, the earth.  Unlike seismic, GPR makes 

use of EM waves in the MHz range allowing for greater resolution of subsurface features 

while reducing the effectiveness of the techniques to the upper 50 m of the earth’s surface 

(Neal, 2004).   

The GPR system consists of a transmitting and receiver antenna and a controlling/ 

recording device (Figure 6) (Neal, 2004).  The EM pulse is directed into the subsurface 

by the transmitting antennae, travels through the subsurface and is reflected back where it 

is detected by the receiving antennae.  The time it takes for a signal to make this journey 

is the two way travel time (Figure 6).  The resulting two way travel data is recorded and 

then processed.  The processing phase consists of several steps that filter signals and 

apply gain to the data in an attempt to remove features created by the EM pulse and not 

lithology.  Corrections are also made for surface topographic changes and the two way 
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travel times converted to distance from the surface.  The completed radargram provides 

an accurate representation of the subsurface morphology (Neal, 2004).   

As the EM wave travels through the subsurface its velocity is modified by the 

materials it encounters.  A materials dielectric permittivity (ε), electrical conductivity (σ), 

and magnetic permeability (μ) effect the velocity of the EM wave.  The permittivity (ε) of 

a material is a measure of how the material stores EM energy compared to the energy 

storage ability of free spaces.  Conductivity (σ) is the ability of a material to transport 

charge within a static electrical field.  Both permittivity and conductivity are dependent 

 
Figure 6:  From Neal (2004), a schematic diagram of the GPR system and signals produced from the 

subsurface.   



Ph.D. Thesis-R. R. Hendricks; McMaster University-Earth Science 

 

18 

on the frequency of the EM wave and limit the useful frequencies of GPR to between 50 

MHz-1 GHz due to energy scattering and polarization (Neal, 2004).  Permeability 

measures the net magnetic field energy of a material within an induced magnetic field 

with respect to free space (Powers, 1997; Neal, 2004).  These properties change with a 

materials composition, grain size and shape, orientation and packing of the grains, as well 

as pore fluid material.  This allows for changes in the EM properties of a material to be a 

proxy for changes in subsurface lithology (Neal, 2004).  While some materials have EM 

properties that are ideal for transmitting the EM pulse of a GPR others are less than ideal 

due to their chemical composition, for example, while clean sand and fresh water 

transmit the EM pulse well, clay minerals and salt water do not as their ionic charges 

cause loss of energy due to conduction (σ) (Olhoeft, 1998).  For this reason the GPR 

pulse is not able to travel through these materials resulting in a loss of signal (Neal, 

2004).   

Where the EM properties of a material change there is the potential for reflection 

of the GPR wave.  The reflection coefficient (R) is a measure of how strong a reflection 

between two materials is likely to be and is determined by either the (ε) of the materials 

or the velocity of the materials through which the wave is traveling.  The R value is 

between -1 and +1, representing the polarity of the reflected wave, and can be calculated 

by equation 1 (Neal, 2004): 

  (1)  � =  √��� √�� 

√��	 √�� 
   =  


��
�


�	
�
     

Where ε1 is the relative permittivity of the upper medium and ε2 is the permittivity of the 

lower medium and V1 and V2 are the radar wave velocities in the upper and lower layers 

respectively. 

Resolution with GPR is concerned with two questions, 1) can a transition between 

materials be detected? and 2) is this transition in the correct location on the radargram in 

relationship to the subsurface?  These questions have to be answered in vertical and 

horizontal components.   

Vertical resolution depends on the frequency of the EM pulse used by the GPR, 

the EM properties of the material the wave travels through (ε, σ, μ), the size of the 
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material beds, and the topography of the surface on which the GPR unit transverses 

during its measurements.   

The material through which the radar wave travels can affect where the reflections 

occur.  GPR measures two way travel time to a feature, not depth to a feature, in the 

subsurface.  In order to convert this time in to depth the velocity of the EM wave in the 

material must be known.  This property can be calculated for different materials and for a 

specific frequency each material will have a unique velocity.  The materials within a 

vertical GPR profile can change frequently and as such the velocity of the EM wave as it 

travels through each material is changing.  This has an effect on the two way travel time 

and can lead to an error in the depth estimation for a reflection (Neal, 2004).  The use of 

sediment cores within a GPR profile can help to correlate GPR facies with lithological 

facies encountered in the profiles increasing the confidence in the vertical resolution 

(Mallinson et.al. 2010).   

While the differences in the EM properties of two materials affect the strength of 

the reflection the rate at which the EM properties change between the materials as well as 

the thickness of the material unit determines the clarity of the reflections and therefore 

the ability of the GPR to detect this boundary at a given frequency.  Generally transitions 

between two materials must be on the order of 3x larger than the wavelength of the GPR 

EM pulse in order to be resolved while the thickness of the unit must be greater than one-

quarter of the EM pulse wavelength (Sheriff, 1977; Neal, 2004) for a unit to be resolved 

(Neal, 2004).  As both of these factors are depended on the frequency of the EM pulse it 

is important that the selected antenna to be used in a GPR survey reflect the level of 

detail a research requires.  Unfortunately, while high frequency antennae can be used to 

resolve finer features, they have limited penetration depth due to attenuation of the EM 

wave.  The opposite applies to low frequency antennae (Davis and Annan, 1989).   

Surface topography must also be accounted for in order for vertical resolution to 

be accurate.  Any change in the elevation of the antenna and receiver must be accounted 

for so that the two way travel time to subsurface structures remains independent of 
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surface morphology.  This is done in the processing phase of developing a complete 

radargram.   

It is important that the elevation profile of the GPR line be recorded in the field using 

GPS or during processing uses other forms of elevation tracking (DEMs or LiDAR). 

Horizontal resolution is affected by the nature of the propagation of the EM wave 

in the subsurface.  Normally EM waves travel outward in all directions, but GPR units 

are shielded so that most of the wave energy is directed downward toward the ground.  

The EM wave propagates as a cone outward from the bottom of the GPR unit into the 

ground.  The further away from the GPR unit (ie. the deeper in to the subsurface) the 

wider the wave cone becomes.  A return signal can be received and recorded from any 

part of this curved wave front.  This can lead to reflections that show up in the GPR 

profile that do not accurately represent the subsurface morphology (Figure 7a) (Neal, 

2004).  This is taken into consideration in the processing of a GPR profile.   

The results of this propagation cone, in some cases, are features that appear on the 

radargram but are not an accurate representation of the subsurface.  Figure 7b shows how 

a reflections of the propagation cone on a down dip surface result in a radar boundary that 

is shallower than the real facies boundary in the in the subsurface.  One of the more 

common distortions is what is known as a “point reflector”.  These occur when the GPR 

transect encounters a larger isolated object in the subsurface such as a cobble or pipe 

(running perpendicular to the survey).   Multiple EM pulses bounce off this object with 

the first pulses (being further way form the object) record it being deeper than the object 

is in the subsurface.  The pulses from the when the GPR unit is directly over top of the 

object record its true depth.  The final pulses again record it being deeper than its true 

depth (again due to its distance from the GPR unit) (note the term “depth” is used here in 

place of two way travel time in order to allow the reader to visualize this concept better).  

The results is a reflection that appears like that in Figure 7c.  As stated above the 

processing phase of making a complete radargram attempts to correct for these objects.  

Though attempts are made to remove these features, the presence of these objects provide 

insight into subsurface lithology and EM velocity.  Areas of like reflection types are 
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grouped into radar facies which 

borrows its definition from the 

seismic geophysical school’s seismic 

facies term.  Radar facies is used to 

describe the configuration, 

amplitude, continuity, frequency, and 

internal velocity of a 2D or 3D set of 

radar reflections bounded by a radar 

surface (Baker, 1991; Neal, 2004).  It 

is similar to sedimentary facies in 

that it is used to describe, 

characterize, and separated unique 

packages of reflections within a GPR 

profile (while a sedimentary facies 

does the same task with rocks).  The 

types of and boundaries between 

radar facies can be used to 

hypothesize a depositional 

environment or subsurface structures.  

Once a radargram is complete the 

researcher can pick these facies out 

by their traits.   

As mentioned above change 

in the type and amount of pore fluid 

also change the ε, σ, and μ of the 

materials and as a result create a 

reflection of the EM wave within a 

homogeneous material.  The water 

table can also be the site of 

 
Figure 7:  From Neal (2004).  Diagram a) depicts the curved 

radar wave front locating a reflection at the wrong position 

in the subsurface, directly under the transmitter/antenna.  

Part b) shows how this type of reflection can affect the 

apparent dip of a stratigraphic surface in the radargram.  

Isolated point reflections, such as large boulders or pipes, 

appear as convex up signals due to the signals generated by 

the curved wave front as shown in c.   
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dissolution and precipitation of minerals within the subsurface.  This process can also 

occur outside of the water table through the concentration of minerals by downward 

percolating meteoric water.  These precipitated mineral deposits can be the source of a 

reflecting surface as well and likewise do not represent primary bedding structures.  

These features are not grouped into their own radar facies as they are not diagnostic of 

the original morphology.   

 

 1.4.2 GPR in Coastal Sites and in Conjunction with Geochronology 

GPR has been used extensively in coastal environments (see Neal, 2004 and 

references therein) as a tool for profiling the internal architecture of sand deposits, 

including coastal dunes and barrier systems (Jol, 1996).  GPR studies in barrier islands 

has shown that GPR has the ability to resolve fine-scale bedding, deposit architecture and 

morphology (e.g. bedforms, channels) as well as the freshwater/saltwater interface and 

channel features within the coastal deposits (Baker, 1991; Jol, 1996; Jol et.al., 2002; 

Mallinson et.al., 2008; Mallinson et.al., 2010).   

The application of GPR in coastal environments it is not without its challenges.  

The sands that compose the barrier islands allow for transmission of the radar pulse but 

clay materials, often found in the back barrier environment or mashes, attenuate the 

signal and making penetration through that layer impossible (Baker, 1991; Neal, 2004).  

The coast is also the location of the groundwater/seawater interface and fluctuations in 

groundwater head and tidal motions can allow for seawater to invade the freshwater table 

within coastal deposits (Johannes, 1980) (Figure 8).  The freshwater table can be seen on 

the radargrams, often cross cutting stratigraphy, but saltwater attenuates the GPR signal 

similar to clay materials (Baker, 1991; Jol, 1996; Neal, 2004).  GPR has been applied to 

the coastal deposits of the Florida (Burdette et.al., 2012), Georgia (Schultz, 2001; 

Hergett, 2011), South Carolina (Willis, 2006) and North Carolina (Mallinson et.al., 2008; 

Mallinson et.al., 2010) as well as the modern beaches of Georgia (Jol, 1996) with 

success.   
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Willis (2006), Mallinson et.al. (2008) and Burdette et.al. (2012) employed GPR as 

well as optical dating in their studies in South Carolina, North Carolina, and Florida 

respectively.  GPR was used to target core sample locations for dating as well as assist in 

interpretation of depositional environments.  This is particularly useful in optical dating 

were variations in age can occur within a sediment core.   

 

 1.4.3 Georgia GPR Surveys and Core Sampling 

The goal of the GPR surveys in this study were to aid in selecting coring 

locations, selection of samples for age determination and to determine the subsurface 

stratigraphy of the Georgia ACDs and their relationship to one another.  Shore 

perpendicular features within the ACDs are the focus of this work and GPR transects are 

run west to east over the ACDs as a consequence.  After GPR processing the core 

locations were selected based on the features observed in the radargrams.  Sediment cores 

were taken as close to the GPR transect as possible with two cores being taken at each 

 
Figure 8:  Diagram of the interaction between salt and fresh water at the coast. This interaction affects 

GPR’s ability to resolve structures in the near shore as the saltwater attenuates the GPR EM waves.  

Figure from Johannes (1980). 
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site.  One core is used for sedimentary logging and the other used for the optical dating.  

The exact procedure is discussed further in sections 2.2 and 2.3.   

 

1.5 Electron Spin (Paramagnetic) Resonance 

 

 1.5.1 Introduction to ESR 

Electron spin resonance (ESR), also known as electron paramagnetic resonance 

(EPR), measures the absorption of microwave energy at a particular resonance frequency 

by unpaired electrons contained within an object in a magnetic field (Ikea,1993).  It was 

discovered in 1945 and is very similar to Nuclear Magnetic Resonance (NMR) 

commonly used in the medical field as a MRI machine (Ikea, 1993; Blackwell, 1995).  

ESR is used in the fields of biochemistry, chemistry, and physics as well as in the fields 

of geology and archeology (Ikea, 1993; Blackwell, 1995; Rink, 1997).  The following 

sections are included to educate the reader in the use of ESR in geochronology and are by 

no means a complete review of the physics and application of ESR.    

When used as a geological or archeological dating method ESR measures the 

signal proportional to the number of unpaired electrons in an object, created by exposure 

radioactive doses, since the time of an event that removes all (or most) of the previous 

unpaired electrons (Grün, 1989; Blackwell, 1995).  An equivalent dose to the one accrued 

nature is obtained by adding laboratory doses to multiple subsamples carrying the burial 

dose followed by curve fitting of the dose response behavior. Comparing the equivalent 

dose to the radiation dose rate of the environment the object was exposed to during burial 

yields a time length in which that object resided in that radiation field (Hennig and Grün, 

1983; Ikea, 1993; Jonas, 1997).  A plethora of geological and anthropological materials 

have been dated using ESR ranging from carbonate speleothems and shells, to teeth, 

blood, and skins of various mammals, to geological sediments and rocks (Henning and 

Grün, 1983; Grün, 1989; Ikea, 1993; Blackwell, 1995; Rink, 1997).  Unlike a great many 

geochronological methods ESR can be done in a non-destructive manner and 

measurements can be repeated.   
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 1.5.2 Physics of ESR 

At its most basic, ESR measures a signal proportional to the number of 

paramagnetic electrons in the application of age determination of a material.  Due to an 

electron’s charge and spin, each electron has a very small magnetic field.  In most cases 

electrons are paired within a crystal structure with the magnetic field of one electron 

canceling the magnetic field of another electron with the opposite spin direction resulting 

in a zero net field (Ikea, 1993; Blackwell, 1995).  Ionizing radiation excites the electrons, 

energizing them, allowing them to split from their partner and travel through the crystal’s 

conduction band energy states.  After a time they lose energy and can become trapped by 

defects within the crystal.  Some sites, known as “trapped electron sites”, have an excess 

electron while others, “trapped holes”, are missing an electron.  As a result these 

electrons do not have an oppositely spinning electron to counteract their magnetic field 

and a net magnetic field is present (Figure 9) (Ikea, 1993).  An increasingly larger 

radiation dose received by an object results in more and more electrons becoming 

energized, traveling, and becoming trapped at defect sites.   

When exposed to an external magnetic field the unpaired electrons align 

themselves with the field and split into two energy levels known as Zeeman energies 

(Henning and Grün, 1983; Ikea, 1993; Blackwell, 1995) (Figure 10).  The difference 

between the energy levels, ΔE, is defined by the equation (equation 2): 

  (eq. 2)  ΔE = gβH 

Where β is the Bohr Magneton (9.27401x10
-24

 Joule/Tesla), H is the external 

magnetic field (in Teslas but commonly reported in Gauss), and g is the Lande’s Factor 

commonly referred to as the “g value” (Henning and Grün, 1983; Ikea, 1993; Blackwell, 

1995).  The number of high energy “up spin” electrons versus the number of lower 

energy “down spin” electrons can be calculated using the equation (equation 3): 

  (eq. 3)   N-/N+ = e
0.048(v/T)
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Where N- is the number of low energy electrons, N+ the number of high energy 

electrons, v is the frequency of the microwave field (GHz) and T is temperature (K) 

(Henning and Grün, 1983; Blackwell, 1995).  The addition of microwave energy will 

cause the down spin electrons to absorb some of the microwave energy and become 

excited into the up spin state.  This resonance absorption occurs when (equation 4): 

  (eq. 4)   gβH = hv 

where v is the microwave frequency in Hz and h is Planck’s Constant 

(6.62554x10-34 J/s).  After a period of time electrons that have transitioned to the upper 

energy level the return to the lower energy level by distributing their energy through the 

 
Figure 9:  Diagram a) illustrating the process of creating an unpaired electron and the resulting magnetic 

field.  After Ikea (1993).  Part b) depicts and electron, energized by irradiation, leaving the valence band 

energy state, traveling through the conduction band before losing energy and becoming trapped in a 

region between the valence and conduction band (from Grün, 1989).  These trapped electrons are 

responsible for the ESR signals.   
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crystal lattice, characterized by their “spin-lattice relaxation time” or through interactions 

with other spinning electrons through “spin-spin relaxation time”.  Given that these 

periods of time are long enough a signal can be measured (Ikea, 1993; Blackwell, 1995).  

Absorption spectra are generally displayed as the first derivative of the absorption peak 

(Figure 11) (Henning and Grün, 1983; Ikea, 1993; Blackwell, 1995; Jonas, 1997).   

The g value of a free electron is g = 2.0023 but when that electron is within a 

crystal structure the orbit of the electron in the crystal and the atoms near the electron 

create a variation in the g value that is specific to the location of the electron within the 

crystal (Blackwell, 1995).  Given this, specific defects within a crystal structure will have 

unique g values and as such absorb microwave energy at a particular combination of 

magnetic field strength and microwave frequency.  This allows for measurement of the 

detection of a signal that is proportional to the number of electrons present at a specific 

trap or hole within the crystal.   

 
Figure 10:  From Jonas (1997) showing the Zeeman Split of the energy levels of an electron in a 

magnetic field.  The magnetic field is needed to split the energy states of the spinning electrons. 
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An ESR spectrometer is used to obtain the ESR spectrum of an object.  The 

spectrometer consists of a microwave source (Klystron or Gunn-diode oscillators), a 

wave guide connecting the microwave source to the sample resonance cavity (tuned to a 

specific band of microwave frequencies), large electromagnets surrounding the cavity to 

provide the static magnetic field, microwave field detectors to detect energy absorption 

and relaxation, as well as associated control computers and power supplies (Figure 12), 

(Henning and Grün, 1983; Ikea, 1993).  With a sample in the resonance cavity and the 

microwave energy directed in to the cavity, the magnetic field is varied to cause 

resonance at selected range of g values (the tuned cavity prevents the varying of the 

microwave frequency thus allowing a resonance condition) (Henning and Grün, 1983; 

Grün, 1989; Ikea, 1993).  Absorption of the microwave energy is recorded by the 

detectors.  As shown by equation 3, the signal strength is dependent on frequency and 

temperature, with lower temperatures increasing the lower energy electron population  

 
Figure 11:  A schematic of an ESR microwave absorption spectrum.  The upper spectrum represents 

the absorption of the microwave energy (defined as intensity, I) with varying magnetic field strength 

(H).  The lower spectrum is the first derivative of the spectrum.  The first derivative is typically used 

when working with ESR to determine signal location and intensity.  From Jonas (1997).   
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yielding better signal to noise ratios (s/n) and high frequencies saturating the ESR signal 

(Grün, 1989; Ikea, 1993).  As stated above the first derivative of the energy absorption 

curve is displayed and the signal intensity is measured either from the high peak to the 

low peak or from a peak to a known base line.  

 

 1.5.3 ESR of Quartz  

There have been many studies using ESR on quartz for geochronological 

measurements, using a variety of defects whose paramagnetic condition has been reset, or 

whose paramagnetic condition is introduced from a zero state, using numerous methods.  

An extensive list can be found in Blackwell (1995) and Rink (1997).   

For optically bleached quartz geochronology (ESR-OD) being used in this 

research, the primary defect sites are the Al (Yokomata, et.al., 1985), Ti (Yoshida, 1996; 

Toyoda et.al., 2000), and Ge (Buhay et.al., 1988; Walther and Zilles, 1994).   

The Ge site defect is easily bleached by sunlight in a matter of hours (Walther and 

Zilles, 1994) but due to its low signal intensity it is rarely used for dating purposes (Rink, 

1997).   

The Ti defect is a site in which the element Ti has replaced Si in the quartz crystal 

structure.  The presence of a trapped unpaired electron at this defect creates a net negative 

charge that attracts positive cations, the most common of these are H, Na, and Li (Ikea, 

1993; Rink, 1997) (Figure 13).  As a result the Ti defect in quartz has multiple peaks 

related to g values associated with each of the different cations present (Toyoda et.al., 

2000; Duval and Guilarte, 2014) (Figure 14).  The Ti signal is fully bleached by exposure 

to sunlight for 10-20 days (Yoshida, 1996; Toyoda et.al., 2000; Rink et.al, 2007).  Due to 

low signal intensity ESR of the Ti centers is done at low temperature (less than 100
o
K) 

(Grün, 1989; Ikea, 1993).  The Ti signal grows in intensity up to 10,000 Gy after which 

intensity becomes unstable with respect to dose and can be considered saturated (Duval 

and Guilarte, 2014).   
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The Al quartz ESR signal arises from the replacement of Al for Si in the quartz 

crystal that when irradiated results in an electron trapped hole (Rink, 1997) (Figure 13).  

Due to the interactions of the electron’s spin at the Al site with the nuclear spin of 
27

Al  

the Zeeman split described in section 1.5.2 is complicated resulting in numerous peaks 

(known as ‘hyperfine splitting” (Henning and Grün, 1983; Ikea, 1993; Blackwell, 1995; 

Jonas, 1997)) at a range of g values for this defect (Figure 14).  The Al signal is unable to 

be fully bleached by sunlight (ie. sunlight cannot reduce the signal to zero intensity) but 

signal intensity will reduced to a residual level of between 40-60% of the initial (natural) 

signal with approximately 100 days of sun exposure (Walther and Zilles, 1994; Yoshida, 

1996; Rink et.al., 2007).  As a result of this the residual “unbleachable” portion of the Al 

signal must be measured and removed to yield an accurate paleodose in a sample that had 

been bleached to a residual level in nature.  Like the Ti signal the Al center is measured 

at low temperature (Grün, 1989; Ikea, 1993) but unlike Ti the Al signal does not saturate 

at doses higher than 10,000 Gy (Duval and Guilarte, 2014).   

Yoshida (1996) describes another light sensitive defect in quartz that can be found 

at a g value of 1.9162.  This signal is bleached fully within 20 hours exposure to sun light 

and saturates around 1000 Gy (Yoshida, 1996; Rink, 1997) (Figure 15).  Yoshida showed 

that this ESR signal yielded ages that were in agreement with independent chronology 

established by 
14

C, OSL, and TL while the Al and Ti signal ages significantly over 

estimated independent chronology.  This signal is studied by Tissoux et.al. (2007) and 

described it as one of the Ti-H signals at g = 1.917.  In this work it is shown that this 

signal is completely bleached in half the time required of the Ti-Li signal.  Like the above 

Ti and Al signal, this signal is measured at low temperature.   

In the case of quartz optical ESR dating, the palaedose received, known as the 

equivalent dose (DE), is determined using the additive dose method.  The sample is split 

into numerous aliquots; one aliquot is retained as the “natural” (containing the dose 

experienced since the bleaching event) and at least one other used to determine the 

unbleachable portion of the ESR signal (in the case of the Al signal).  The remaining 

aliquots are exposed to known radioactive doses, each greater than the previous, so that 
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the total dose recorded by the aliquot is the “natural” + given known dose.  The ESR 

signal intensity of all aliquots is measured and a curve is used to extrapolate the intensity 

of the signal to zero dose.  The position of this point on the x-axis of a graph yields the 

DE of the sample (Henning and Grün, 1983) (Figure 16).   

Generally these data points do not fit a linear regression so a nonlinear fit is 

needed (Grün and MacDonald, 1989).  A Single Saturating Exponential (SSE) curve 

defined by (equation 5a) is generally used to fit quartz ESR: 

  (eq. 5a)  I = Imax*(1-e
(D/Do)

) 

I is the ESR signal intensity (in arbitrary units), Imax is the maximum intensity the 

ESR signal approaches, D is the dose in Gy, and Do is the characteristic saturation dose 

(Gy) describing the dose at which ESR signal intensity is equal to (equation 5b): 

  (eq. 5b)  I = (1-(1/e))*Imax 

 
Figure 15:  A schematic of an ESR microwave absorption spectrum of the light sensitive signal 

described by Yoshida (1996), shown at a g value of 1.9162.  Note the signals proximity to the Ti-Li 

signals.  From Yoshida (1996).   
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The Do value is equal to the dose at which the ESR signal intensity is at approximately 

60% of the saturation (Imax) value (Rink et.al., 2007).  While other types of curves have 

been suggested, the SSE curve seems to approximate the behavior of both the quartz ESR 

signal at least up to 10,000 Gy (Duval and Guilarte, 2014).   

To determine an age of the sample the DE is divided by the annual radioactive 

dose rate (Dr) the sample receives (equation 6); 

  (eq. 6)   Age = DE /Dr 

The Dr of a sample is calculated using the concentrations of radioisotopes 

(generally, U, Th, and K) within and surrounding the sample, by directly measuring the 

radiation flux of the environment surrounding the sample, or a combination of both 

(Grün, 1989; Blackwell, 1995).  In addition to the radioisotopes, the radioactive dose 

 
Figure 16:  Determining the paleodose of the ESR signal through back extrapolation.  The intersection 

of the fitted curve with the x-axis corresponds the paleodose.  From Henning and Grün (1983).   
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contributed by cosmic rays is calculated as well as the shielding effect caused by water in 

the sediments.  Both of these factors contribute to the total dose rate (Grün, 1989).   

While an individual ESR signal can provide an age for a sediment, it has been 

suggested by Toyoda et.al (2000) and Rink et.al. (2007) that a “multiple center method” 

(Tissoux et.al., 2008) be used to counteract the effects of incomplete bleaching of the 

ESR signals and provide a robust age estimate of the sample.  If the DE derived from two 

separate signals (with different bleachabilities) are approximately equivalent then the age 

is considered robust.  Toyoda et.al (2000) suggests using the DE estimates from two Ti 

signals, Ti-Li and Ti-H, to provide a robust age.  Rink et.al. (2007), Tissoux et.al. (2007) 

and Duval et.al. (2015) suggest the use of the Al center signal and the Ti-Li signal to 

insure an accurate estimate of the De.   

 

 1.5.4 Quartz ESR-OD of Coastal Deposits 

ESR has been used as a geochronological method in coastal environments in 

many studies.  This is due to the wide variety of materials that can be dated with ESR 

(coral, shells, etc.) that can also be found within this environment. The reader is referred 

to Blackwell (1995) and Rink (1997) for a list of materials and example of these studies.  

This project focuses on the use of quartz ESR within the coastal environment.   

Tanaka et.al. (1997) used ESR, Thermoluminescence (TL), and OSL to date a 

number of marine terraces in Japan with independent age control provided by tephra.  

While the TL and OSL agreed with the tephra ages the Ti-Li signal of the ESR 

measurement resulted in a large age overestimate.  While there was agreement of the 

ESR signal with the OSL and TL within a 1σ error, the DE error was approximately 60% 

of the DE value.  It was concluded that the Ti-Li signal was not fully bleached prior to 

deposition. 

Tissoux et.al. (2008) attempted to date marine terraces using ESR of quartz.  It 

was found that Ti-Li signal DE was larger (more than 50% larger) than the DE obtained 

from the Al signal and the Ti-H signal.  The Ti-H signal, though yielding larger DE 

errors, showed agreement with the Al signal and better agreement to the expected age 
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than the Ti-Li signal.  A series of bleaching tests showed that the Ti-Li signal was not 

bleached fully by UVA (315-400 nm) light alone and needs a full spectrum of sunlight to 

be bleached.  The Al signal on the other hand can be bleached by just UVA light.  They 

conclude that the Ti-Li signal was not completely bleached due to its deposition in water 

and suggest using the Ti-H and Al signal in these cases.   

Burdette et.al. (2012) used quartz ESR to date ancient shoreline deposits of 

Florida.  Following the methodology of Rink et.al., (2007) the Ti-Li and Al signals were 

used to determine the ages of the Trail Ridge, Effingham, and Chatham sequences (see 

section 1.2).  85% of the samples dated yield agreement between the Ti and Al signals 

with DE errors between 15-25%.  A study of modern beach sands was done to determine 

if the Ti-Li signal was bleached during its deposition.  The results indicate that modern 

Florida beach sands show no Ti-Li signal indicating that the Ti-Li signals along Florida 

shorelines can be fully bleached at deposition. 

 

1.6 Optically Stimulated Luminescence Dating 

 

 1.6.1 Introduction to Optically Stimulated Luminescence 

Optically Stimulated Luminescence (OSL) dating is very similar to ESR in that 

both methods involve signals that are proportional to the number of electrons within 

defects in a crystal structure which were trapped there due to the effects of ionizing 

radiation from the surrounding environment.  OSL generally makes use of quartz and 

feldspar minerals ability to release these stored electrons when exposed to light.  This 

exposure to light becomes the bleaching event and restarts the geochronometer.  Once the 

minerals have been buried ionizing radiation can again energize electrons and electrons 

begin to accumulate in traps (Murray and Olley, 2002; Preusser et.al, 2008; Preusser 

et.al., 2009; Duller; 2015).  As quartz is the most common mineral in earth’s sedimentary 

deposits this technique has been applied to a number of geological and anthropological 

applications within the Quaternary (Preusser et.al., 2009).  The following sections are a 

brief review of OSL physics and commonly used methods.  Extensive review on OSL 
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and its application can be found in Duller (2008), Preusser et.al. (2009), and Rink and 

Thompson (2015).   

 

 1.6.2 Theory 

 

 1.6.2.1 OSL Theory  

The most accepted model of the creation of the luminescence in OSL is known as 

the “energy band model” (Preusser et.al., 2009) (Figure 17).  It states that when the 

mineral (quartz in this case) is exposed to ionizing radiation electrons are energized and 

escape the valance band energies and travel through the crystal at conduction band 

energies.  Most electrons will return to the valance band releasing their energy as 

photons, but a few will become trapped in energy levels between the valance and 

conduction band.  These traps are formed by defects within the crystal structure.  The 

 

Figure 17: The energy band model of the source of the OSL signal.  Electrons trapped in the 

optically active centers can be stimulated by light.  Recombination of the electron with radiative holes 

(L-centre) can lead to the emission of a photon.  From Preusser et.al. (2009).   
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trapped electrons leave holes in the valance band energy level.  When these holes occur at 

negatively charge crystal defects within the crystal structure they create a condition that 

is attractive to free electrons.  These negatively charged defect holes are known as 

recombination centers.  When the mineral is exposed to light the electrons trapped in 

between the valance and conduction band can escape their traps and travel through the 

crystal.  They are attracted to the recombination centers where they release their energy 

either radiatively in the form of a single photon or non-radiatively (Preusser et.al., 2009).  

The photons released from the luminescent recombination centers are those measured 

during OSL dating.  OSL measurements cannot be repeated on a sample as the light 

exposure used to measure the signal also bleaches the quartz destroying the natural OSL 

signal.   

Just like in ESR, OSL uses the comparison between the luminescence intensity of 

known radiation doses to those found in the naturally derived signal to determine the 

equivalent dose or DE.  The Single Aliquot Regenerative-dose (SAR) procedure 

developed by Murray and Wintle (2000, 2003) is used to construct the dose response 

curve in OSL (Figure 18).  In the protocol each sample is subdivided into a number  of 

aliquots (usually 48).  The natural luminescence signal of each aliquot is measured 

completely bleaching the sample as well.  The aliquots are then given a small known dose 

of radiation, known as the test dose, and the luminescence responses measured.  The 

aliquots are then given a larger known dose of radiation call a regeneration dose.  The 

OSL signal is measured and the test dose procedure is repeated.  The aliquots are given a 

number of successively larger regeneration doses (each followed by the same test dose).  

The signal intensity of the natural and the regeneration doses (Lx) is divided by the 

intensity of their respective test doses (Tx) to correct for any changes in the minerals 

sensitivity to laboratory radiation doses that could occur throughout the SAR procedure.  

A single saturating exponential (SSE) is often fitted to the dose intensity (Lx/Tx) to 

create a dose response curve (Preusser et.al., 2009).  The natural signal DE is then 

interpolated from the curve (Figure 18).  An age is then calculated using the DE divided 

by the dose rate of the surrounding material (see section 1.5.3 and equation 6).   
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As in ESR there are a finite number of traps for the electrons to fill within an 

ionizing environment.  A quartz grain whose traps have been completely filled is said to 

be saturated.  When saturation occurs the mineral no longer acts as a geochronmeter 

giving an upper limit to the ages that OSL can be used effectively.  This generally occurs 

with quartz after exposure to between 100-200 Gy of radiation (Duller, 2015).  The Do 

value calculated in the building of the SSE dose response curve (equation 6) can be used 

to estimate the saturation dose.  Saturation occurs at a dose of 2*Do (Wintle and Murray, 

2006; Duller, 2015).  Typical Do values found in quartz are between 50-100 Gy (Wintle 

and Murray, 2006).  By dividing the saturation dose (2*Do) by the dose rate of a sample 

the hypothetical maximum possible OSL age of the sample can be found.   
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Figure 18: The Single Aliquot Regeneration method of OSL measurement.  The lower portion of the figure 

depicts the creation of the dose response curve from the test dose normalized luminescence intensity.  

From Duller (2008).   
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 1.6.2.2 TT-OSL Theory 

Aitken and Smith (1988) noted that the OSL signal of bleached samples 

“recovers” after exposure to heat or long storage time.  Wang et.al. (2006) first used this 

thermal transfer in an effort to extend the range of OSL.  Since that time a number of 

researchers (Wang et.al., 2007; Porat et.al., 2009; Stevens et.al., 2009) have modified and 

improved the protocols of TT-OSL.   

The TT-OSL signal is measured after the OSL signal has been bleached by optical 

stimulation within the laboratory.  The origin of the TT-OSL signal is still unknown at 

this time but two hypotheses have been proposed.  The first postulates that during the 

OSL bleach stored electrons are released, some recombine at luminescence centers 

(giving rise to the OSL signal) while others are stored in “refuge traps (Aitken, 1988)” 

(Adamiec et.al, 2010).  Heat then transfer these electrons from the refuge traps in to the 

now empty optically active traps allowing for a second stimulation and release of 

electrons.  The second hypothesis is that the heating transfers charge from optically 

insensitive traps in to the OSL traps (Adamiec et.al., 2010).  Based on the work of 

Adamiec et.al (2008) and Pagonis et.al. (2008) the second hypothesis is favored as the 

TT-OSL transfer method (Adamiec etl.al., 2010).   

TT-OSL is a new luminescence dating technique but has shown the potential to 

determine the age of quartz as old as the Plio-Pleistocene boundary.  Do values of TT-

OSL dose response curves routinely reach in to the 100-10000 Gy.  The TT-OSL ages 

presented in this research are the first to be applied to the coastal deposits of Georgia and 

to be directly compared to quartz ESROD.   

 

 1.6.3 Previous Works in the Georgia Coastal Setting 

OSL has been used with success in Georgia in both fluvial dunes (Leigh et.al., 

2004) and coastal environments (Markewich et.a., 2013; Turak and Alexander, 2014; 

Alexander et.al., unpublished data).  Markewich et.al. (2013) was able to use OSL to 

recover doses up to 170 Gy with saturation of the quartz occurring between 175-320 Gy.  

They used these ages to determine the age of the Wicomico, Penholoway, Talbot, 
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Pamlico, and Princess Anne deposits as well as a number you younger coastal deposits in 

along the northern coast of Georgia.  OSL has also been used on South Carolina coastal 

deposits (Willis, 2006) as well as in Florida (Burdette et.al., 2010, Burdette et.al., 2012).  

Burdette et.al. (2012) found all of the OSL signals measured within the Trail Ridge, 

Effingham, and Chatham sequences in Florida to be saturated at a value close to 200 Gy 

and unusable for that particular study.  Burdette et.al.’s 2010 work on Meritt Island, 

Florida recovered OSL doses ranging from 5-60 Gy.  Willis (2006) recovered OSL doses 

ranging from approximately 120-160 Gy for a sequence of sample representing the 

Talbot through Princess Anne deposits in South Carolina.   
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Chapter Two: Methodology 

 

2.1 Locations of GPR Transects and Cores 

This study was focus on the southern portion of the Georgia coast USA.  The 

study region contains the Princess Ann, Pamlico, Talbot, Penholoway, Wicomico, and 

Okefenokee ACDs in close proximity to one another.  Figure 19 shows the study area and 

locations of the GPR profiles, core locations, and the location of the ACDs as mapped by 

Rhea (1986) (Table A1-T1 provides the latitude and longitude of the sample locations).   

 

 
Figure 19:  South Georgia coastline showing the locations of the core sample locations (red circles).  The 

GPR Figures in Chapter 3 are sections of the total lines centered around the core locations.   
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2.2 GPR Methodology 

 

 2.2.1 GPR Survey Methods 

The GPR surveys were conducted using a Geophysical Survey Systems Inc. 

(GSSI) SIRS 2000 200 MHz ground-penetrating radar system (Figure 20).  One of the 

systems is owned by East Carolina University and operated with the supervision of Dr. 

David Mallinson (GPR collected in 2012) the other is owned by Murray State University 

and was operated with the supervision of Dr. Amanda Keen-Zebert (2013 GPR surveys).  

The 200 MHz GPR frequency provided penetration of up to 20 meters in sandy coastal 

deposits and a decimetric vertical resolution. The 200 MHz antenna was towed at a 

distance of 4 m behind a truck at a speed of 4-6 km/hr. One field member drove the truck 

and the other operated the GPR system (Figure 20). The GPR system was set to collect 

data at 16 bits/sample, 512 samples/scan and 20 scans/meter. In line positioning was 

provided with the GPR odometer wheel.  

 

 2.2.2 GPR Collection 

A total of 43 line km of GPR profiles were acquired on paved or dirt roads.  This 

allowed easy access for the vehicle as well as providing a very flat, smooth, and stable 

surface for the GPR antenna.  Each GPR profile was split into a number of lines 

approximately 1km long.  GPS was used to locate the start and end points of the 

individual GPR lines and to locate waypoints along the survey path.  These points were 

verified using Google Earth imagery in the field via cellular internet access.  Figure 20 

shows the typical GPR survey set up and equipment.  
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 2.2.3 GPR Processing and Interpretation 

GPR data were processed using RadExplorer 1.41.  Raw GSSI files underwent 10 

processing steps that included DC and background removal, bandpass filtering and 

amplitude correction.  Radar profiles were depth converted using an average radar 

velocity of 11cm ns
-1

 determined by analysis of hyperbolic reflections throughout the 

GPR profiles. The resulting processed lines were then corrected for topography using 

elevation information from Google Earth.   

Processed GPR profiles were then interpreted and radar facies identified based on 

radar reflection patterns and attributes (Neal, 2004).  Radar facies were determined based 

on the reflector dip (both direction and magnitude), shape, continuity, strength 

(amplitude), and the relationship of the reflection to those around it. Radar facies were 

 
Figure 20:  Set up of the GPR survey with a truck pulling the GPR unit behind it.   
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then used in conjunction with core lithofacies and the deposit context (i.e. landform-

sediment assemblages) to interpret the depositional environments (see section 2.3).   

 

2.3 Coring and Sediment Analysis 

 

 2.3.1 Coring Strategy 

Sites for sediment coring were targeted using the GPR survey results.  Sandy 

deposits identified in radargrams were selected for coring and targeted for age dating.  

Strong reflections that would indicate coarse (sand) material and the absence of mud or 

clay were targeted.  As sand size material is need for the dating processes there was a 

need to collect this specific lithology.  Also targeted were locations with numerous radar 

facies as this would allow for many features to be dated.   

While there were many locations that had the above required GPR features the 

ultimate location for sampling resulted from a combination of GPR targeting and site 

access.  As the GPR was conducted on roads the coring process had to be mindful of 

utilities and infrastructure in close proximity.   

 

 2.3.2 Core Collection 

The cores were collected using a direct push Geoprobe rig owned and operated by 

East Carolina University.  The probe used 1.22 m coring sections and barrel.  Two cores 

were collected from each of the locations (refer to Figure 19).  The first core used 

standard clear plastic core liners within the core barrel.  These samples were used to 

construct the lithologic logs of the stratigraphy.  The second core was drilled adjacent to 

the location of the clear liner core (between 15 and 20 cm away) and used a black opaque 

core liners (Figure 21).  The sediments from the black core liners were used for the OSL 

and ESROD dating.   
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 2.3.3 Core Logging 

All of the cores were shipped to McMaster University for analysis.  Each of the 

120 cm sections was split and visually logged on a standard core log.  Logging consisted 

of observations on mineral content, grain size, sorting, color, other materials present 

(charcoal or other organic matter), and condition of the grains.  Samples from each 

lithologic unit identified in the cores were studied under a microscope and the sediment 

composition and grain size characteristics (average grain diameter, sorting, roundness) 

determined.   The results of each of the individual 1.22 m cores were then compiled into a 

total composite core section for each site.  The composite cores were then compared to 

the GPR radargram.   

 

 
Figure 21:  Core liners used to collect the core for lithologic logging (clear) and geochronology 

(opaque black).   
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2.4 ESR dating 

 

 2.4.1 Sample Targeting 

Sediment to be used in the ESR dating was selected using the sedimentary core 

log and GPR radargrams.  The GPR profiles were consulted first and radar facies of 

interest, representing interpreted coastal deposition, were considered as potential 

candidates for dating.  After radar facies of interest were selected the lithologic core was 

examined in the region of the above mentioned facies.  Lithological units closest to the 

boundaries of the radar facies were targeted to provide an age for the beginning/end of 

that facies deposition.  Sediment from the clear core was also analyzed to insure that the 

potential horizon had desirable properties for dating (primarily the desired grain size and 

type).  Samples were selected from core segment locations that contained sand, lacked 

high heavy mineral concentrations, and that were homogenous over distances of 30 cm 

above and below the chosen core segment.  This was done to best approximate from core 

an homogeneous 30 cm sphere from which the core segments’ gamma dose came from.  

See Appendix 2 Figures A2-F1 through A2-F6 for sample collection location within each 

of the cores.   

 

 2.4.2 Sample Prep Methodology 

The black cores were taken to the dark room at the AGE Lab at McMaster 

University in Hamilton, Ontario.  Here they were opened under low intensity orange light 

that does not bleach ESR or OSL signals in the samples.  The sand used for the ESR 

sample was then removed from a volume along the central axis of the core tube, weighed 

and placed in a drying oven (approx. 60
o 

C).  Over the course of a week the samples were 

re-weighed until their weight stabilized indicating that all of the moisture had been 

removed (this data is used later to determine the moisture content of the sample for dose 

rate estimation).  A representative fraction of the dried samples was then removed for 

measurement by Neutron Activation Analysis (NAA) to determine the concentration of 

uranium, thorium, and potassium in the sample’s surroundings. 
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All of the samples were then treated with 10% Hydrochloric acid (HCl) overnight 

to remove all carbonate minerals.  Any sample that still appeared to be reacting after 24 

hours was re-treated with fresh HCl for another 24 hours (this process was repeated until 

all reaction ceased).  The samples were rinsed with de-ionized water and subsequently 

treated with 30% Hydrogen peroxide (H2O2) for 24 hours.  This was repeated for any 

sample that appeared to be reacting after 24 hours.  The samples were then rinsed with 

de-ionized water, dried and weighed.   

After weighing, the samples were sieved with 212 μm, 150 μm, and 90 μm nylon 

meshes.  Each of these size fractions (>212 μm, 212-150 μm, 150-90 μm, and <90 μm) 

were then weighed.  The size fraction that contained the most material across all the 

samples was chosen to undergo the quartz isolation process (excluding the >212 μm size 

fraction).   

The selected size fraction for each of the samples was added to ~10mL of Lithium 

Polytungstate heavy liquid with a specific gravity of 2.70 g/mL and mixed thoroughly in 

15 mL conical Falcon tubes.  After 20 minutes, the quartz floats to the top of the tube 

while heavy minerals sink to the bottom.  Liquid nitrogen was then used to freeze the 

bottom portion of the tube (trapping the heavy minerals) and the quartz at the top was 

subsequently poured off (Mahan, personal communications).  Both the quartz fraction 

and the heavy mineral fraction were dried and weighed.   

The quartz samples were treated in 40% Hydrofluoric acid (HF) for 40 minutes.  

This process dissolves any remaining feldspars and etches the quartz grain (needed to 

remove the part of the grain that received external alpha radiation doses).  Samples were 

then rinsed four times with de-ionized water and treated for 15 minutes in 10% HCl to 

remove any fluorides that may have precipitated.  The samples were rinsed for a final 

time with de-ionized water and then dried and weighed. 

ESR dating uses the multiple aliquot additive dose method (MAA) to determine 

the equivalent dose of the sample (see section 1.5.3).  The resulting quartz for each 

sample was then split into 19 0.100+/-0.01 g aliquots for dosing.  One aliquot of the 19 
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was used as the “natural” receiving no additional dose, and other was used for the Al 

bleaching experiment (see below).   

The remaining aliquots were given a dose of radiation on top of their inherited 

natural signal (ie. an “added dose”) in the McMaster University Nuclear Reactor’s 

Gamma Hot Cell or at a facility in Japan with the help of the Okayama University of 

Science Department of Applied Physics.  The McMaster Hot Cell makes use of a 
60

Co 

source to provide gamma radiation at very high dose rates (up to 1000+ Gy/hour).  The 

aliquots were placed in 6x50 mm borosilicate disposable culture tubes and then wrapped 

in a monolayer of aluminum foil to provide protection from light.  These tubes were then 

placed in the hot cell in a semicircle of uniform distance from the radiation source to 

insure uniform doses to all the samples.  Two dose fields were established, one at 250 

Gy/h and the other at 1000 Gy/h.  Samples were rotated through these fields to achieve a 

desired total additive dose.  The additive doses ranged from +250 Gy to +6500 Gy for 

samples dosed at McMaster and +200 Gy to +10000 Gy for those dosed at Osaka 

University.  The dose received during the raising and lowering of the 
60

Co source was 

accounted for as well and added to the total dose received to the aliquots.  A similar 

experimental set up was used in Japan.   

The aliquot to be used for the Al bleaching experiment was placed in a monolayer 

in a small glass dish in a Dr. Honle SOL 2 solar simulator.  This device exposes the 

sample to high intensity filtered UV light, which simulates daylight exposure.  Exposure 

for one hour within the simulator is equal to approximately 7 hours of natural light.  

Following the procedure of Voinchet et.al. (2003) for Al bleaching the samples were left 

in the simulator for 800 hours to insure complete bleaching of the Al signal to its 

minimum.  A new bulb was used for every bleaching cycle to insure constant power of 

the bulb.   

 

 2.4.3 ESR Spectrometry 

Measurements on the sample from the lower ACDs (Princess Anne and Pamlico 

ACDs, as well as a sample from the Talbot and Penholoway each) were measured with 
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Florida State University’s (FSU) Bruker ELEXSYS spectrometer, while the upper ACDs 

(Talbot, Penholoway, Wicomico, and Okefenokee, as well as the upper most Pamlico and 

Princess Anne) were measured at Osaka University (Japan) on a JEOL Re-1X 

spectrometer, both fitted with a X-band microwave source.   

In both cases measurements were conducted at liquid nitrogen temperature, 77
o
K 

through the use of a fused quartz dewar attached to the ESR sample cavity (all FSU and 

approximately half of the Osaka University samples were measured in this fashion).  In 

addition a number of samples measured at Osaka University were measured using a 

nitrogen gas system at 83
o 

K.  Measurements were conducted at a power of 5 mW with a 

modulation frequency of 100 kHz, time constants of 1.28 mT/min (FSU) and 0.03 

mT/min (Osaka) and modulation amplitudes of 1.6 mT.  At FSU measurement time was 4 

minutes and both the AL and Ti portions of the signal we measured using the same 

conditions, in the same measurement run.  Samples measured at Osaka measured the Al 

and Ti signals separately changing the gain respectively.  In addition samples measures at 

Osaka University underwent 5 rotation measurements (of 60
o
) to ensure signal 

homogeneity due to grain ordinations variations.  Table A1-T2 in Appendix 1 provides 

that details of the measurement conditions at both FSU and Osaka University.   

For all samples the bleached aliquot was measured first, followed by the natural, 

and then lowest additive dose aliquot followed by the next highest dose and so forth.  

This was done to prevent contamination of the low dose aliquots with any high dose 

quartz grains that may have not been removed completely from the ESR measurement 

tube.   

 

 2.4.4 Signal Processing 

ESR spectra were imported in to Origins 8.1 to measure peak to peak intensities.  

The Al signal was measured from the first to the last (16th) peak (Lin et.al, 2006).  The 

Ti-Li signal was measured using two methods described in Duval and Guilarte (2014).  

The first method, known as option A in Duval and Guilarte (2014) as well as in this 

work, is measured from the Ti-Li peak at g=1.979 to the peak at g=1.913.  The second 
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method, known as option D, is measured from the g=1.913 peak to a baseline (Tissoux 

et.al, 2008; Duval and Guilarte, 2014).  The Yoshida g=1.9162 peak (Tissoux et.al. 

(2007) g=1.917 Ti-H peak) was measured from the peak at g=1.9162 to the same baseline 

used to measure the Ti-Li peak (Yoshida, 1986; Tissoux et.al., 2007; Duval and Guilarte, 

2014) (Figure 22).   

The resulting peak to peak intensities and aliquot given doses were input in to the 

Origins 8.1 program and plotted as a scatter plot with 1/I
2
 weighing on the signal 

intensity (Grün and Brumby, 1994).  The Al signal was modified by subtracting the 

signal intensity of the bleached aliquot (see above) from the intensity of the natural and 

added dose aliquots.  This was done to remove the unbleachable component of the Al 

 
Figure 22:  ESR spectrum showing the location of the signals measured in this study.  The Al and Ti-

H/Yoshida signal are each measured using one method.  The Ti-Li is measured using two methods, 

option A and option D, so named after Duval and Guilarte (2014).  Modified from Tissoux et.al. (2008).   
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signal (see section 1.5.3).  Single saturating exponential curves (see equation 5) were 

fitted to the Al, Ti-Li, and Yoshida g=1.9162 signal data to determine a De, Isat, and Do 

for the signals and their associated errors.   In addition an exponential + linear curve was 

fitted to the Al signal as suggested by Duval (2012) and the Ti2 fit of Duval and Guilarte 

(2014) was fitted to the Ti signal of the samples measured at Osaka University (the FSU 

samples did not receive a high enough additive dose to make use of this fit).  

Modern samples collected from the most seaward modern beach dune as well as 

the active swash zone on Jekyll Island, Georiga (due east of the many of the samples 

sites) were also studied.  The modern samples were prepared as the ancient ones 

described above and the natural and bleached ESR signals measured.  This was done to 

determine whether the materials in these coastal environments had the potential to be 

fully bleached at deposition (Burdette et.al., 2012).  The measurements were conducted at 

77
o 

K at McMaster University as well as at Osaka University.  In these samples only the 

natural and bleach were measured and no aliquots were dosed.   

 

 2.4.5 Dose Rates 

The DE value of the samples signals calculated from the dose response curve as 

well as the results of the NAA elemental concentration measurements of each sample 

were imported in to Anatol (Mercier, 1998).  Anatol uses the elemental concentrations, 

grain size information, as well a burial depth (to calculate the cosmic dose component), 

and moisture content of the sample to calculate a yearly dose rate in μGy.  A global 

systematic error of 5% was incorporated in the dose rate contribution to the age 

calculation (Appendix 3 Figure A3-F15).  The program then divides the DE by the dose 

rate to determine the age of the sample’s signal (Ti-Li, Al, etc.).  Due to the sampling 

technique (from sediment cores) in-situ dose rate measurements could not be be obtained.  

As mentioned in section 2.4.2 samples were selected from homogenous units (with 30 cm 

of homogenous material above and below them in core) in an effort to reduce uncertainty 

in dose rate layered over distances smaller than 30 cm away from the ESR sample for 

dating.  
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 2.4.6 Sample Age Determination 

Dose response curves to determine an equivalent dose were considered reliable if 

the DRC of the signal had an r
2
 value (as calculated in Origins) of greater than 0.95.  

DRC’s with r
2
 values below 0.95 were considered to be unreliable (Duval et.al., 2013).  

Excluded from this condition were the Ti-H ESR DRC’s, the reason for this will be 

discussed further in Chapter 4.   

Following the procedure of Rink et.al (2007) and Burdette et.al. (2012) samples 

that showed agreement between the Ti-Li and Al signal were considered well bleached 

and reliable ages.  If the Ti-Li and Al signals were in agreement the ages were analyzed 

by two methods.  The first used by Burdette et.al. (2012) in which the age of the signals 

and their errors are averaged and the resulting age and error considered the age of the 

deposit.  The second method used is to determine the age range in which the Ti-Li and Al 

signals overlap.  This is done by calculating the maximum and minimum age of each 

signal based on the error in the age.  The oldest minimum age is considered to be the 

samples minimum age while the youngest maximum age between the two signals is 

considered the maximum age of the sample.  This method has the advantage of 

displaying the entire age range in which the Ti-Li and Al signal agree and the possible 

depositional ages assuming complete bleaching.   

 

2.5 OSL Dating 

 

 2.5.1 Sample Targeting 

Only samples from the lower ACDs were selected to be dated by OSL.  As these 

are potentially the youngest samples it was most likely that they would yield OSL ages 

while those of the older ACDs would almost certainly be saturated.  The same material 

that was used for the ESR measurements was used for the OSL dating process.   
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 2.5.2 Sample Preparation Methodology 

Sample preparation methodology is identical for the OSL and ESR samples (see 

section 2.4.2).  Once the quartz was isolated the sample was separated with half going 

toward the ESR preparation (see above) and the other half being used for OSL dating.   

 

 2.5.3 OSL Equipment and Measurement Conditions 

OSL measurements were conducted at McMaster University’s AGE Lab.  

McMaster University AGE Lab runs all of its OSL samples on a RISØ TL-DA-15 

automated OSL reader with blue (470 ± 30 nm) LEDs as a light source, a single 6mm 

Hoya U-340 (280-370 nm) detection window filter and a 
90

Sr/
90

Y Beta radiation source.  

1mm aliquot size was selected for all samples.  The pure quartz samples were first run in 

an “initial DE” measurement to insure that all feldspar minerals were removed and to 

provide an estimate of their DE.  A dose recovery test (DRT) was then preformed to 

insure that the quartz reacted to radioactive dose in a stable manner.  The DRT bleaches 

the samples natural signal away and replaces it with a known artificial dose which is then 

measured.  This dose recovery is performed under a range of pre-heat temperatures 

(160°C – 260° C) to assess pre-heat based sensitivity changes (ie. thermal transfer). The 

pre-heat temperature that provided a measured dose closest to the given dose for each 

sample was used for subsequent measurements of the natural signal (Madsen et al., 

2005).   

The Single Aliquot Regeneration (SAR) protocol was used on 1mm aliquots of all 

samples to obtain a final DE determination.  A complete explanation of the SAR protocol 

can be found in Murray and Wintle (2000; 2003) (see section 1.6.2.1).  Regeneration 

doses of 50 Gy, 100 Gy, and 150 Gy were selected with the addition of a 0 Gy dose 

regeneration point and a replicate 50 Gy regeneration dose at the end of the cycle.  A test 

dose of 25 Gy was used on all samples.   

The TT-OSL methodology used in this research is based on Stevens et.al. (2009) 

which uses the TT-OSL signal response to a test dose to normalize the SAR cycles.  A 

high temperature (280
o
) blue LED bleach for 400s was applied after both the dose 
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Table 2: TT-OSL Sequence 

Step Measurement Cycle Step Information 

1 Dose Natural and regeneration doses 

2 Pre-heat 10 s (260
o 

C)  

3 Blue stimulation at 125
o 

C for 

100 s 

Empty the OSL traps 

4 Pre-heat 10 s (260
o 

C) Induce thermal transfer 

5 Blue stimulation 125
o 

C for 

100 s 

Measure TT-OSL signal 

6 Blue stimulation 260
o 

C for 

400 s 

Bleach of residual signal 

7 Test dose (25 Gy)  

8 Pre-heat 10 s (260
o 

C)  

9 Blue stimulation at 125
o 

C for 

100 s 

Empty the OSL traps 

10 Pre-heat 10 s (260
o 

C) Induce thermal transfer 

11 Blue stimulation 125
o 

C for 

100 s 

Measure TT-OSL signal 

12 Blue stimulation 260
o 

C for 

400 s 

Bleach of residual signal 

13 Return to 1 Sequence repeated for all regeneration 

doses 

 

(including the natural and 0Gy) and the test dose measurements.  Regeneration doses of 

75 Gy, 175 Gy, 375 Gy, 475 Gy were selected as well as a 0 Gy and a repeated 75 Gy 

dose.  A test dose of 50 Gy was used.  A 260
o
 heat was used to induce thermal transfer 

based on the results of previous TT-OSL works (Wang et.al., 2007; Tsukamoto et.al., 

2008; Stevens et.al., 2009; Mercier personal communications, 2015).  The TT-OSL was 

measured on 8 mm aliquots to ensure that signal strength (Table 2). 

Prior to the TT-OSL measurements a bleaching test was done on each sample.  3 

aliquots were exposed to 7.5, 15, and 22.5 hours of stimulation in a SOL simulator (9 

aliquots total from each sample).  These exposures correspond to 1, 2, and 3 days, 

respectfully, of natural sunlight exposure.  This was done to determine the length of time 

needed to bleach the TT-OSL signal to a residual.   
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 2.5.4 Data Analysis 

The SAR data from each aliquot of a sample (both OSL and TT-OSL) were then 

analyzed in the Analyst 4.14.6 program by Duller (2013) to determine a DE and error 

(using 100 Monte Carlo repeats) for each aliquot.  The initial signal (0-0.4 seconds) 

consisting of the “fast component” was used for the OSL signal, while the “late 

background” signal was collected at the end of the measurement time (96-100 seconds) 

as per Banerjee et al. (2000) (OSL) and Tsukamoto et.al. (2008) (TT-OSL).  An 

exponential fit was applied to all of the samples.   

 Analyst was also used to calculate the Do value of each of the aliquots within a 

sample for estimation of the saturation dose (see section 1.6.2.1).  While not all of the 

aliquots may provide a DE (samples could be saturated or bleached) all aliquots that yield 

acceptable dose recovery curves (ie passes the acceptance criteria) were used to analyze 

the saturation conditions (Jakob Wallinga, personal communication).  The saturation dose 

of the sample was calculated as two times the average of the Do of all the aliquots in the 

sample.   

 

 2.5.5 OSL DE Models 

Each sample’s aliquot De results were then entered in to the numOSL package for 

R (Jun, 2014).  This package uses criterion from Bailey and Arnold (2006) and Arnold et 

al. (2007) to determine the best age model to use, Central Age Model (CAM) or 

Minimum Age Model (MAM) (Galbraith et al., 1999).  This is done by analyzing the 

skewness and kurtosis of the aliquot DE dose distributions (Bailey and Arnold, 2006; 

Arnold et.al., 2007).  Probability plots of the DE distributions as well as histograms of the 

dose equivalents were created using this package.  After the most appropriate model was 

identified by the numOSL package, the sample DE and its error were calculated using the 

selected model in the Luminescence package for R (Kreutzer, 2014).  In order to obtain 

the best possible age estimate for a sample, an over-dispersion (σb) was introduced into 

the selected model (CAM or MAM) (Galbraith et al., 1999; Arnold and Roberts, 2009; 

Cunningham et al., 2011).  This value can be measured and calculated using single grain 
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measurements.  In the event that single grain measurements are not available (as was the 

case for these samples) a σb can be estimated using the σb of similar depositional 

environments and a correction for the aliquot size (the number of grains measured in each 

aliquot, approximately 33 grains per aliquot for the OSL samples, 2090 grains for the TT-

OSL in this project) (Cunningham et al., 2011).  Furthermore an estimation of the 

samples over-dispersion can be made using the results of the DRT test (Bateman et.al., 

2010; Guhl et.al., 2013).  Using both the σb results from the DRT and σb values 

published previously a σb for the samples was determined.  This value was used for all of 

the samples due to their similar depositional environment and proximity.  The σb value of 

0.10 was used for these samples based on the σb values presented in Arnold and Roberts 

(2009), Anderson et.al. (2006) and Carr et.al. (2007) for material in a coastal environment 

and the conversion factor of Cunningham et.al. (2011).   

 

 2.5.6 Dose Rate 

The resulting DE and error calculated by the Luminescence package was then 

used to calculate an age for the sample.  The DE as well as the results of the NAA 

elemental concentration measurements was imported in to Anatol (Mercier, 1998).  The 

same dose rates found in the determination of the age of the ESR samples were used to 

determine the age of the OSL samples.   

The dose rates of the samples were also used with the saturation dose (2*Do) to 

determine the maximum OSL age the quartz can reliably record.   
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Chapter Three: Results 

 

3.1 Results of GPR Survey 

GPR data imaged the subsurface to depths of approximately 12 to 20 m, 

depending on the dielectric properties of the sediments. At some sites the GPR 

penetration was limited to <3 m due to attenuation by near-surface sediments.  Figures 

23-27 show the portions of the radargrams of the GPR profiles closest to the core 

locations.  Also shown in these figures is a simplified core log showing general grain size 

variations within the core.  Finer grain materials are shown by the log shifting to the left 

while coarse grains are depicted by a shift to the right of the log.  Radar reflections are 

generally continuous and medium to high amplitude.  Radar facies (after Neale, 2004) of 

the radargrams can be found in Table 3.   

Two types of radar facies were recognized in the shore perpendicular GPR 

transects.  The first facies was defined by west (landward) dipping (>5
o
-10

o
) clinoformal 

reflections (defined as Element A) and the second (defined as Element C) by east 

(seaward) dipping reflections with a slightly higher dip (5
o
-10

o
) than Element A. Both of 

these facies are present in the upper and lower ACDs.  In addition to the above facies the 

lower ACDs contain an additional facies of high angle (approx. 20
o
 apparent dip) 

shoreward-dipping sigmoidal reflectors (Element D).  Other radar facies observed include 

clusters of numerous point reflections (Element B), as well as two facies that obscured 

other reflections.  The first (Element F) consist of highly chaotic reflections, which do not 

allow for further radar penetration and the second facies (Element E) appears to attenuate 

the radar but which allow for further penetration.   

The Princess Anne GPR radargrams (Figure 23) show the upper portion of the 

ACD is composed of two element C regions separated by a weak boundary layer.  The 

bottom portion of the radargram is dominated by element A reflections that are obscured 

by element F reflections.   

Figure 24 shows the GPR radargram of the Pamlico ACD.  Element C composes 

the upper portion of the ACD.  This is overlies another element C region in the east and a 
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region defined by element D type reflections in the west.  The lower portion of the 

radargram is composed of reflections conforming to element A.   

The Talbot ACD radargram (Figure 25) shows three distinct facies.  The 

shallowest is composed of element C type reflections.  This unit is nearly completely 

obscured by element E type reflections.  Below this is a region defined by element B type 

reflections.  The lowermost region is composed of element F type reflections obscuring 

element A reflections.   

Figure 26 shows the radargram of the Wicomico and Penholoway ACDs.  These 

ACDs are composed of two element C regions separated by a weak bounding surface.  A 

significant portion of the units reflections are of element F type.  These reflections seem 

to occur in regions (noted on the radargram).  Between the Wicomico (left) and 

Penholoway (right) there appears to be a paleo-channel.  This feature is defined by 

dipping synclinal reflections.   

The Okefenokee ACD radargram (Figure 27) is similar to that of the Talbot ACD 

in that it features three facies.  Element C type reflections dominate the upper unit, while 

element A type reflections compose the unit below.  The element A unit is significantly 

obscured by element E type reflections.  The lower most portion of the radargram is 

composed of element B type reflections.   
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3.2 Sediment Analysis 

Core drilling reached a depth of between 3.5-7.5 m in the upper ACDs and 7.5-8.5 

m in the lower ACDs.  Core recovery was generally good (25-100%) with an average 

recovery of approximately 75%, although challenges were encountered during sediment 

coring.  At all core locations, coring was slowed by a highly compact and pressurized 

layer of sediments.  This layer would, to varying degrees at each location, prevent 

penetration and effectively stops the core process.  Once this layer was penetrated 

sediment would expand in the core line locking the core liner in the core barrel.  

Expansion of this layer would hamper extraction of the core stem and upon removal of 

the drill stem this layer would collapse the borehole requiring further drilling to reach the 

desired depth.  Figure 28 shows the approximate location of the cores within a cross-

section of the Georgia Coastal Plain (modified from Huddlestun, 1988).   

Detailed core logs are presented in Appendix 2.  Cores from the upper ACD sites 

contain generally homogeneous well to moderately sorted quartz sand while the lower 

ACDs have a more varied lithology, including clay beds in the lower sections.  The sands 

range from very fine to coarse quartz sand in discrete layers (mm-cm in thickness).  The 

quartz in the cores has medium to high sphericity and is sub-angular to sub-rounded.  

Quartz grains are smooth or pitted but not frosted.  Other minerals such as feldspar and 

 
Figure 28:  Location of the cores within the Georgia profile (modified from Huddlestun, 1988).       
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muscovite are observed but were rare in all the cores (1% or less).  Heavy minerals were 

found in small amounts in all the cores (1% or less), but heavy mineral rich beds are 

found in all cores with heavy mineral concentrations of up to approximately 20% in some 

cases.  Generally organic material (roots, plant fragments, etc.) are found in the tops of 

the cores.  Further down charcoal could be found in many cores.   

Upper ACD cores contain clay with in the core averaging around 5% but 

increasing to 20% in locations.  Furthermore cores GP12-3 and GP12-4 (Wicomico and 

Penholoway ACD respectively) contain clay concretions that resemble internal molds of 

shells.  These concretions are generally small (1-2 mm) with few (<1%) reaching 2 cm in 

size.  Few (<1%) feldspar grains are observed in all upper ACD cores.  Heavy mineral 

concentrations in the cores range from <1% to approximately 2% on average.  

Laminations of heavy mineral rich horizons less than a millimeter in diameter and 

containing up to 20% heavy minerals are found in the lower 4 to 5.5 meters of the core 

GP12-4 (Penholoway ACD).  These laminations are slightly parabolic concave down 

core; this is assumed deformation due to the coring process and not as a primary 

structure.  The upper ACDs contain almost exclusively sand rich lithologies.  The 

exception is the Wicomico core (GP12-3) in which a clay rich layer is found in the lower 

1/3 of the core.  This clay layer appears to be composed an amalgamation of clay 

concretions within a matrix of sand.  This layer is tan in color.   

The upper 5 m of cores GP14-21 and GP14-22 (Pamlico and Princess Anne 

ACDs respectively) show many of the same lithologies (heavy mineral bands, clay 

concretions) as the upper ACD cores.  In the lower sections of these cores clay layers 

become more abundant and sorting decreases.  Clay layers range from 1 cm to 10s of cm 

in scale and are composed of sticky grey/green clay.  The clay rich region in the Pamlico 

core (GP14-21) can be found in the lower most section of the core and shows alteration 

between clay layers and coarse poor sorted sand layers.  In the Princess Anne core 

(GP14-22) the clay rich lay occurs as a discrete layer bounded by medium-coarse sands 

above and coarse sands followed by fine sands below.   
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All of the 

cores contain units 

of coated or stained 

grains that varied 

with depth and from 

core to core.  This 

staining ranged from 

a bright orange 

coating to a very 

dark black/brown 

stain (described as 

“black organic?” or 

just “organic?” in 

the core logs) that 

nearly cements the 

sediments.  Based on 

the location within 

the core and the 

depths in which field 

coring became 

difficult the dark 

black material is the 

lithology that made 

trouble for coring.   

 

3.3 ESR Results 

Figure 29 shows an example of a sample ESR spectrum (measured at Osaka 

University).  All of the samples show signal intensity growth with respect to dose for the 

Al signal with a decrease in the Ti-Li signal intensities at high added doses (>+5000 Gy).  

Figure 29: Examples of the typical ESR spectrum measured at Osaka 

University.  Note that the signal gain between the two signals has been 

changed so that the Ti signal region is measurable.   
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Figures 30 and 31 shows 

the ESR spectrum of a 

bleached, natural and 

additive dose aliquots with 

noticeable growth in the 

ESR intensity of all signals 

studied.   

All signals, Al, Ti-

Li (option A and D), and 

Ti-H (Yoshida g=1.9162) 

signal intensities are fitted 

with a SSE curve.  In 

addition the Al signals were 

fitted with an exponential + 

linear (exp+lin) fit.  The Ti-

Li option A and D of 

samples measured at Osaka 

University are fitted with 

the Ti2 fit of Duval and 

Guiliarte (2014) as well.  

Examples of the plots of the 

signal intensity with respect 

to dose for samples gp1421f 

and gp124e can be found in Figures 32 and 33.  The plots for the remaining samples can 

be found in Appendix 3 (Figures A3-F1to A3-F14).  For the SSE fits all the additive dose 

aliquots are used to build the Al curve while only the aliquots up to +6500 Gy and +3000 

Gy were used to fit the Ti-Li and Ti-H signals respectively.  This is to exclude the part of 

the dose response curve where the SSE fit no longer models the behavior of the samples.  

For the Ti-H (Yoshida g=1.9162) signal only the dose up to +3000 gy are used due to the 

 
Figure 30: Examples of the typical ESR signal growth with dose 

measured at Osaka University.  The Al signal is shown in A and 

the Ti signal in B.  All samples showed similar growth.  Note that 

signal intensity of the Ti signals decrease at high additive dose 

(+6500Gy, +10000Gy) while the Al signal continues to show 

growth.   
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fact that the signal saturates around 1000 gy.  The characteristics of this signal are 

somewhat unstable (Duval and Guilarte; 2014) and a maximum accepted dose higher 

than the typical saturation value of this signal was chosen to fully capture the signal.  For 

the Ti2 fit all of the additive doses aliquots are used to construct the dose response curve.  

The Do of all of the signal curves can be found summarized in table 4.  The Do values of 

the Al signal range from 1555+/-265 Gy to 10197+/-4729 Gy (note that Do values for 

samples with DRC r
2
 values over 0.95 are not included in this range).  Ti-Li option A Do 

values range from 803+/-353 Gy to 2149+/-201 Gy, Ti-Li option D ranges from 912+/-83 

Gy to 2207+/-232 Gy (note that Do values for Ti-Li signals with DRC r
2
 values over 0.95 

are not included in these ranges), and the Ti-H Do values range between 192+/-73 Gy and 

1054+/-287 Gy.   

   

Figure 31 ESR signal growth with dose as measured at FSU.   
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Figure 32:  Dose response curve (DRC) of sample gp1422c of the Princess Anne ACD measured at 

Osaka University.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H 

signal fitted with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus 

Linear (Exp+Lin) fit of the Al signal.  C is the DRC of the Ti-Li (option A and D) including points at 

additive doses over +6500 Gy and fitted with the Ti2 curve of Duval and Guilarte (2014).  D shows 

the SSE fit of all the ESR signals, fitted with a SSE, that have had the calculated relict signal intensity 

removed (see part 4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of the curve.   
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Figure 33:  Dose response curve (DRC) of sample gp124e of the Penholoway ACD measured at 

Osaka University.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H 

signal fitted with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus 

Linear (Exp+Lin) fit of the full Al signal as well as modification were outlying dose points were 

dropped.  C is the DRC of the Ti-Li (option A and D) including points at additive doses over +6500 

Gy and fitted with the Ti2 curve of Duval and Guilarte (2014).  D shows the SSE fit of all the ESR 

signals, fitted with a SSE, that have had the calculated relict signal intensity removed (see part 

4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of the curve.  Note that the Al 

(SSE) and (Exp+Lin) have r
2
 values over 0.95 and are considered unreliable.   
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The natural signal from sample 0s and 0d collected from the active coast of 

Georgia are measured as well as a bleached aliquot for each of these samples (measured 

at Osaka University).  The natural aliquots of these samples showed an appreciable 

natural signal in both the Al and Ti (Li and H) portions of the spectrum relative to the 

bleached aliquots (Table 5).   

Dose rate information can be found in Table 6.  Dose rates were calculated using 

a linear accumulation for the cosmic dose component (calculated assuming the burial 

depth was on average 50% of the present day burial depth).  Doses rates varied from 

0.26-1.2 Gy/ka for the ACDs, with the modern swash zone sample being significantly 

more radioactive, with a dose rate of 2.5 Gy/ka).  The most significant variations in dose 

rates between samples collected in the same core occur in the Penholoway, Wicomico, 

and Okefenokee ACDs.  The Talbot, Pamlico, and Princess Anne samples have more 

Table 4 

 Do (SSE fit) (Gy) 

Sample Al Ti-Li A Ti-Li D Ti-H 

gp1422c 3788+/-685 1797+/-141 1685+/-155 629+/-96 

gp1422d 2125+/-799* 1732+/-303 1788+/-233 1054+/-287 

gp1422g 2900+/-877* 2019+/-410* 2200+/-399 854+/-283 

gp1421c 6336+/-2661* 1736+/-108 1640+/-122 424+/-70 

gp1421d 4858+/-2131* 7225+/-8435* 2207+/-232 598+/-259 

gp1421f 1555+/-265 2149+/-201 1506+/-115 664+/-226 

gp129b 2520+/-345 1423+/-119 1557+/-164 389+/-95 

gp129c 7158+/-1442 1342+/-166 1439+/-161 192+/-73 

gp124b 2543+/-597 1761+/-219 1818+/-121 359+/-284 

gp124e 14948+/-22143* 1530+/-196 1855+/-225 814+/-428 

gp123c 17758+/-20720* 2003+/-166 2089+/-171 591+/-134 

gp123d 6228+/-2368* 1706+/-283 1723+/-317 883+/-235 

gp123f 4781+/-1197 1885+/-237 2037+/-230 799+/-215 

gp127b 6.70E8+/-4.09E13* 883+/-62 912+/-83 442+/-164 

gp127c 10197+/-4729 1922+/-248 1504+/-167 866+/-231 

gp127e 13257+/-9833* 803+/-353* 898+/-338* 452+/-94 

Table 4: Do values of the various ESR signals from the Georgia ACD samples when fitted with a SSE 

fit.  Samples with DRC r
2
 values over 0.95 are indicated with an asterisk.  Note the low Do values for 

the Ti-Li signals and the large error on the Ti-H values.   
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consistent dose rates both within the cores and between them.  All dose rates are 

consistent with Georgia deposits measured by other luminescence researchers 

(Markewich et.al., 2013; Alexander, personal communications). Variations in heavy 

mineral content  are also consistent with other Georgia deposits (Kellem et.al., 1991). 

Results of the ESR dating of the Georgia ACDs can be found summarized in 

Table 7.  Of the 16 samples measured using ESR no agreement is found between the Ti-

Li option D and Al signals of any of the samples using a single saturating exponential 

(SSE) fit.  Only 7 samples yielded Al (SSE) DRCs with r
2
 values over 0.95, 13 samples 

had DRC r
2
 values were over 0.95 for the Ti-Li option A, and 15 samples had DRC r

2
 

values were over 0.95 for Ti-Li option D (see Table 7).  Two samples, gp129b, and 

gp124b, (measured at FSU), show agreement between the Al and Ti-Li option A signal 

using a SSE fit but the option A and option D signals of these samples do not agree (more 

 Table 5: Natural signal intensity (a.u.) 

Sample Al (natural-bleach) Ti-Li (A) Ti-Li (D) Ti-H 

0s 385+/-17 268+/-11 196+/-13 21+/-28 

0d 300+/-37 275+/-7 184+/-5 30+/-33 

gp1422c 505+/-25 374+/-5 236+/-6 81+/-8 

gp1422d na  na  na  na  

gp1422g na  na  na  na  

gp1421c 509+/-30 419+/-9 261+/-10 58+/-9 

gp1421d na  na  na  na  

gp1421f na  na  na  na  

gp129b na  na  na  na  

gp129c 407+/-19 996+/-20 580+/-5 95+/-16 

gp124b na  na  na  na  

gp124e 403+/-33 702+/-19 453+/-13 148+/-13 

gp123c 613+/-28 964+/-9 617+/-13 193+/-15 

gp123d 698+/-37 778+/-17 526+/-7 157+/-17 

gp123f 655+/-17 824+/-16 539+/-14 166+/-14 

gp127b 252+/-13 659+/-6 417+/-9 120+/-8 

gp127c 614+/-21 975+/-12 596+/-15 169+/-19 

gp127e 483+/-3 832+/-9 517+/-5 111+/-8 

Table 5: Signal intensity of the natural aliquot of the samples measured at Osaka University.  The 

samples measured at FSU are not included due to the differences in measurement conditions prevents 

direct comparison.   
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on this in Chapter 4).  When an exponential + linear fit is applied to the Al signals, two 

samples (gp1421f and gp129b) show agreement with the Ti-Li option D SSE fit (an 

additional 3 samples also show agreement, but r
2
 values under 0.95 for the Al age 

excluded these from being considered reliable) .  No agreement was found between the 

Ti-H or Ti-Li signals (A or D) with the Ti-H DE being consistently smaller than the Ti-Li 

DE (SSE fit).   
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3.3.1 Use of Correlation Tables 

The ages resulting from each of the signals (Al, Ti-Li A and D, Ti-H) and their 

different fits (SSE, Exp+Lin, Ti2) can be found in Correlation Tables 8 and 9, and  

Appendix 3 (Tables A3-T2 through A3-T15).  A summary of the results of these tables is 

included below.  These tables use a homogeneity test developed by Galbraith (2003; 

Galbraith and Roberts, 2012; Arnold et.al., 2014) to determine if the age values of each 

of the fits agree with one another.  For determining age agreement of the set of signals 

within a given sample, a P number critical value of 0.32 was chosen.  This indicates that 

the signals agree at the 1σ confidence level and values above this number indicate 

agreement between the two signals/fits.  Included in this table is the percent error of the 

age estimate as well as the R squared value of the fit.   

Decisions on the value and use of certain signals in each sample was determined 

using the correlation tables. A summary of these correlations is given here. 

Sample gp1422c (Princess Anne ACD) (Table A3-T2) shows agreement at the 1σ 

level between the Al (SSE) and the Al (Exp+Lin) ages.  Both of the Al signals (SSE and 

Exp+Lin) show no agreement with any of the Ti-Li (option A or D, SSE or Ti2) ages as 

well as no agreement with the Ti-H age.  The Ti-Li option A (SSE) age shows agreement 

with the Ti-Li option A (Ti2) and the Ti-Li option D (both SSE and Ti2) ages at 1σ, no 

agreement is found with the Ti-H signal.  The Ti-Li option A (Ti2) age shows 1σ 

agreement with the Ti-Li option A (SSE) and the Ti-Li option D (Ti2) age estimate, no 

agreement is found with the Ti-H age.  Likewise the Ti-Li option D (SSE) shows 

agreement with the Ti-Li option D (Ti2) and the Ti-Li option A (SSE) but not the Ti-Li 

option A (Ti2) or the Ti-H ages.  The Ti-Li option D (Ti2) age agrees with all of the Ti-Li 

ages estimates.  There is no age agreement between the Ti-H age and any of the other age 

estimates. 

Sample gp22d (Princess Anne ACD) (Table A3-T3) shows 1σ age agreements 

between the Al (SSE) age and the AL (Exp+Lin) and Ti-Li option A (SSE), but as both 

of the Al signals have DRC r
2
 values under 0.95 this is correlation is not accepted.  No 
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other agreements at the 1σ level were found.  Note that this sample was run at FSU and 

therefore has no Ti2 fit to the Ti-Li data.   

Sample gp1422g (Princess Ann ACD) (Table A3-T4) shows an age correlation at 

the 1σ level between the Al (SSE) and Ti-Li option A (SSE).  The Al (Exp+Lin) age 

correlates at the 1σ level to both the Ti-Li option A (SSE) as well as the Ti-H age.  All of 

the above signals have DRC r
2
 values over 0.95 and are considered unreliable.  No 

further correlations were found. 

Gp1421c (Pamlico ACD) (Table A3-T5) shows no correlation of the Al (SSE) age 

with any other signals age.  The Al (Exp+Lin) age correlates at the 1σ level with all of 

the Ti-Li signal ages except the Ti-Li option D (SSE) age.  Both of the Al signals have 

DRC r
2
 values under 0.95 and are considered unreliable.  There is correlation between all 

of the Ti-Li signals with the exception of between the Ti-Li option A (Ti2) and the Ti-Li 

option D (SSE).  The age of the Ti-H signal shows no correlations.   

Gp1421d (Pamlico ACD) (Table A3-T6) shows correlation between the Al (SSE) 

signal and the Al (Exp+Lin) and Ti-Li option A (SSE) ages at the 1σ level.  The Al 

(Exp+Lin) age agrees with the Ti-Li option D (SSE).  Only the Ti-Li option D (SSE) 

signal has a DRC r
2
 value over 0.95 and is considered reliable.  This correlation will be 

discussed in detail in Chapter 4. 

Sample gp1421f (Pamlico ACD) shows only one age correlation between the Al 

(Exp+Lin) and the Ti-Li option D (SSE) ages (Table 8).  This sample will be discussed 

further in Chapter 4.   

Similarly sample gp129b (Talbot ACD) (Table A3-T7) shows only one `1σ 

correlation between the Al (SSE) and the Ti-Li option A (SEE) age.   

Gp129c (Talbot ACD) (Table A3-T8) shows 1σ level correlations between the Al 

(SSE) and the Al (Exp+Lin) ages.  Furthermore the Al (Exp+Lin) age agrees at the 1σ 

level with both the Ti-Li option A (Ti2) and the Ti-Li option D (Ti2) ages.  There is a 

correlation at the 1σ level between the Ti-Li option D (SSE) age and the Ti-Li option A 

(SSE) and (Ti2) ages.   
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Sample gp124b (Penholoway ACD) (Table A3-T9) shows 1σ age correlation 

between the Al (SEE) and the Ti-Li option A (SSE) as well as between the Al (Exp+Lin) 

and Ti-H (SSE) ages, though due to the DRC r
2
 value the AL (Exp+Lin) is considered 

unreliable.  No further correlations are observed.   

Sample gp124e (Penholoway ACD) (Table 9) shows a 1σ correlation between the 

Al (SSE) and the Al (Exp+Lin) ages, though both have DRC r
2
 values under 0.95.  There 

are 1σ age correlations between all of the Ti signal ages, including the Ti-H signal age, 

with the exceptions of between the Ti-Li option A (SSE) signal and the Ti-Li option D 

(SSE) and (Ti2).   

Gp123c (Wicomico ACD) (Table A3-T10) shows 1σ level agreement between the 

Al (Exp+Lin) age and the Ti-H age, though both of the Al signals have DRC r
2
 values 

under 0.95 and are considered unreliable.  There is agreement at 1σ between all Ti-Li 

signals with the exception of between the Ti-Li option A (SSE) and the Ti-Li option A 

(Ti2) ages.   

Sample gp123d (Wicomico ACD) (Table A3-T11) shows a 1σ correlation 

between the Al (SSE) and (Exp+Lin) ages though both have DRC r
2
 values under 0.95 

and are considered unreliable.  All of the Ti-Li ages agree at the 1σ level but the Ti2 fits 

of the Ti-Li data have DRC r
2
 values under 0.95 and are therefore unreliable.  No 

correlations are seen to the Ti-H signal age.   

Gp123f (Wicomico ACD) (Table A3-T12) shows 1σ correlations between all of 

the Ti-Li signals ages.  No further correlations are seen.  The Al (Exp+Lin) has an DRC 

r
2
 value under 0.95.   

Sample gp127b (Okefenokee ACD) (Table A3-T13) shows correlation at the 1σ 

level between the Ti-Li option A (SSE) and the Ti-Li option D (SSE).  Also seen is a 

correlation between the Ti-Li option A (Ti2) and the Ti-Li option D (Ti2).  The Al (SSE) 

DRC r
2
 value for this sample is under 0.95.  No further correlations are noted.   

 

  



Ph.D. Thesis-R. R. Hendricks; McMaster University-Earth Science 

 

85 

 

  

2
1

f 

%
 A

g
e

 e
rr

 
2

0
%

 
2

4
%

 
1

1
%

 
n

a
 

1
1

%
 

n
a

 
3

6
%

 

A
g

e
 (

k
a

) 
6

7
6

.6
7

 
3

1
6

.2
3

 
1

5
0

7
.8

2
 

  
3

4
2

.9
0

 
  

7
5

.0
1

 

A
g

e
 e

rr
 

(k
a

) 
1

3
2

.0
6

 
7

5
.7

1
 

1
6

1
.7

8
 

  
3

6
.9

1
 

  
2

7
.1

3
 

R
 

sq
u

a
re

d
 

A
g

e
 

(k
a

) 

A
g

e
 e

rr
 

(k
a

) 
  

A
l 

(S
S

E
) 

A
l 

(E
x

p
+

Li
n

) 

T
i-

Li
 A

 

(S
S

E
) 

T
i-

Li
 A

 

(T
i2

) 

T
i-

Li
 D

 

(S
S

E
) 

T
i-

Li
 D

 

(T
i2

) 

T
i-

H
 

(S
S

E
) 

0
.9

5
5

1
 

6
7

6
.6

7
 

1
3

2
.0

6
 

A
l 

(S
S

E
) 

1
.0

0
 

  
  

  
  

  
  

0
.9

7
9

1
 

3
1

6
.2

3
 

7
5

.7
1

 

A
l 

(E
x

p
+

Li
n

) 
0

.0
2

 
1

.0
0

 
  

  
  

  
  

0
.9

8
7

6
 

1
5

0
7

.8
2

 
1

6
1

.7
8

 

T
i-

Li
 A

 

(S
S

E
) 

0
.0

0
 

0
.0

0
 

1
.0

0
 

  
  

  
  

  
  

  

T
i-

Li
 A

 

(T
i2

) 
n

a
 

n
a

 
n

a
 

n
a

 
  

  
  

0
.9

9
1

3
 

3
4

2
.9

0
 

3
6

.9
1

 

T
i-

Li
 D

 

(S
S

E
) 

0
.0

1
 

0
.7

5
 

0
.0

0
 

n
a

 
1

.0
0

 
  

  

  
  

  

T
i-

Li
 D

 

(T
i2

) 
n

a
 

n
a

 
n

a
 

n
a

 
n

a
 

n
a

 
  

0
.9

2
9

4
 

7
5

.0
1

 
2

7
.1

3
 

T
i-

H
 (

S
S

E
) 

0
.0

0
 

0
.0

0
 

0
.0

0
 

n
a

 
0

.0
0

 
n

a
 

1
.0

0
 

T
ab

le
 8

: 
A

g
e 

co
rr

el
at

io
n

 t
ab

le
 f

o
r 

P
a
m

li
co

 g
p

1
4

2
1

f.
  

N
o

te
 a

 s
tr

o
n

g
 c

o
rr

el
at

io
n
 b

et
w

ee
n
 t

h
e 

A
l 

(E
x
p

+
L

in
) 

a
n
d

 t
h
e 

T
i-

L
i 

o
p

ti
o

n
 D

 (
S

S
E

).
  

T
h
is

 

co
rr

el
at

io
n
 h

as
 b

ee
n

 c
o

n
fi

rm
ed

 o
n
 a

cc
o

u
n
t 

o
f 

th
e
 r

el
at

iv
e
ly

 l
o

w
 e

rr
o

r 
o

f 
th

e 
A

l 
(E

x
p

+
L

in
) 

a
g
e 

es
ti

m
at

e.
  

T
h
er

e 
is

 a
ls

o
 a

 l
ac

k
 o

f 
a
g
re

e
m

e
n
t 

b
et

w
ee

n
 t

h
e 

T
i-

L
i 

o
p

ti
o

n
 A

 a
n
d

 o
p

ti
o

n
 D

 a
g
e 

d
et

er
m

in
at

io
n
s.

  
T

h
is

 i
s 

co
u
n

te
r 

to
 t

h
e 

re
su

lt
s 

o
f 

D
u

v
al

 a
n
d

 G
u
il

ia
rt

e 
(2

0
1

4
).

  
N

o
te

 t
h
at

 t
h
e 

w
o

rd
s 

“n
a”

 d
en

o
te

 a
 l

ac
k
 o

f 
d

at
a 

d
u
e
 t

o
 t

h
e 

ab
se

n
ce

 o
f 

a 
p

ar
ti

cu
la

r 
E

S
R

 s
ig

n
al

(s
) 

d
u
e 

to
 t

h
e 

m
ea

su
re

m
e
n
t 

co
n
d

it
io

n
s.

  
  

 



Ph.D. Thesis-R. R. Hendricks; McMaster University-Earth Science 

 

86 

 

  

 

4
e

 

%
 A

g
e

 e
rr

 
5

3
%

 
2

7
%

 
1

6
%

 
1

4
%

 
1

4
%

 
1

6
%

 
4

8
%

 

A
g

e
 (

k
a

) 
3

5
3

1
.4

7
 

3
6

6
5

.2
0

 
1

1
1

5
.7

1
 

1
2

8
0

.4
6

 
1

3
9

6
.6

8
 

1
4

5
2

.5
7

 
1

1
0

5
.5

3
 

A
g

e
 e

rr
 

(k
a

) 
1

8
6

2
.3

0
 

9
9

7
.1

1
 

1
7

6
.8

6
 

1
8

4
.8

2
 

1
9

7
.6

7
 

2
2

9
.0

7
 

5
3

6
.0

9
 

R
 

sq
u

a
re

d
 

A
g

e
 

(k
a

) 

A
g

e
 e

rr
 

(k
a

) 
  

A
l 

(S
S

E
) 

A
l 

(E
x

p
+

Li
n

) 

T
i-

Li
 A

 

(S
S

E
) 

T
i-

Li
 A

 

(T
i2

) 

T
i-

Li
 D

 

(S
S

E
) 

T
i-

Li
 D

 

(T
i2

) 

T
i-

H
 

(S
S

E
) 

0
.7

4
0

4
 

3
5

3
1

.4
7

 
1

8
6

2
.3

0
 

A
l 

(S
S

E
) 

1
.0

0
 

  
  

  
  

  
  

0
.9

6
0

0
 

3
6

6
5

.2
0

 
9

9
7

.1
1

 

A
l 

(E
x

p
+

Li
n

) 
0

.9
5

 
1

.0
0

 
  

  
  

  
  

0
.9

7
4

9
 

1
1

1
5

.7
1

 
1

7
6

.8
6

 

T
i-

Li
 A

 

(S
S

E
) 

0
.2

0
 

0
.0

1
 

1
.0

0
 

  
  

  
  

0
.9

7
7

3
 

1
2

8
0

.4
6

 
1

8
4

.8
2

 

T
i-

Li
 A

 

(T
i2

) 
0

.2
3

 
0

.0
2

 
0

.5
2

 
1

.0
0

 
  

  
  

0
.9

7
9

9
 

1
3

9
6

.6
8

 
1

9
7

.6
7

 

T
i-

Li
 D

 

(S
S

E
) 

0
.2

5
 

0
.0

3
 

0
.2

9
 

0
.6

7
 

1
.0

0
 

  
  

0
.9

7
2

1
 

1
4

5
2

.5
7

 
2

2
9

.0
7

 

T
i-

Li
 D

 

(T
i2

) 
0

.2
7

 
0

.0
3

 
0

.2
4

 
0

.5
6

 
0

.8
5

 
1

.0
0

 
  

0
.7

9
6

8
 

1
1

0
5

.5
3

 
5

3
6

.0
9

 
T

i-
H

 (
S

S
E

) 
0

.2
1

 
0

.0
2

 
0

.9
9

 
0

.7
6

 
0

.6
1

 
0

.5
5

 
1

.0
0

 

T
ab

le
 9

: 
A

g
e 

co
rr

el
at

io
n
 t

ab
le

 f
o

r 
P

en
h
o

lo
w

a
y
 g

p
1

2
4

e.
  

N
o

te
 a

 l
ac

k
 o

f 
co

rr
el

at
io

n
 b

et
w

ee
n
 t

h
e 

A
l 

si
g

n
al

s 
a
n
d

 t
h
e 

T
i 

si
g

n
al

s.
  

T
h
er

e 
is

 a
g
re

e
m

e
n
t 

b
et

w
ee

n
 t

h
e 

T
i-

L
i 

o
p

ti
o

n
 A

 a
n

d
 D

 i
n
 b

o
th

 t
h
e 

S
S

E
 a

n
d

 T
i2

 f
it

s 
as

 t
o

 b
e 

ex
p

ec
te

d
 (

D
u
v
al

 a
n

d
 G

u
il

ia
rt

e,
 2

0
1

4
).

  
 T

h
e 

ag
re

em
en

t 
in

 t
h
e 

T
i-

H
 a

n
d

 T
i-

L
i 

si
g

n
al

s 
is

 d
is

co
u

n
te

d
 d

u
e 

to
 t

h
e 

la
rg

e 
er

ro
r 

in
 t

h
e 

T
i-

H
 a

g
e
 e

st
im

a
te

. 
  



Ph.D. Thesis-R. R. Hendricks; McMaster University-Earth Science 

 

87 

Gp127c (Okefenokee ACD) (Table A3-T14) shows 1σ correlation between all of 

the Ti-Li ages with the exception of between the Ti-Li option A (SEE) and the Ti-Li 

option D (SSE).  No further correlations are seen.   

Sample gp127e (Okefenokee ACD) (Table A3-T15) shows 1σ correlations 

between the Ti-Li option A (SSE) and the Ti-Li option D (SSE).  Also seen is correlation 

between the Ti-Li option D (Ti2) age and the Al (SSE) and Ti-Li option A (Ti2) ages.  

All signals for this sample have DRC r
2
 values under 0.95 and thus these DRC’s are 

considered unreliable.  This sample will be excluded from formulation of conclusions but 

included in tables as a point of discussion.   

Table 10 shows the correlation of the ages between each of the samples the Ti-Li 

option D (SSE) fit.  The correlation tables for the other signals can be found in Appendix 

3 (Tables A3-T16 through A3-T21).  These tables use the same test but the critical value 

of agreement is lowered to 0.05 (agreement at the 2σ level).  Sample with a P value of 

0.06-0.32 are considered to agree while samples with P values greater than 0.33 are 

considered to show stronger agreement.  The results of these tables will be discussed 

further in chapter 4.   
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Table 10 shows a number of correlations between the Ti-Li option D (SSE) 

signals of the samples studied.   

Sample gp1422c (Princess Anne ACD) shows a 1σ correlation to sample gp1421f 

(Pamlico ACD) and 2σ correlations between gp1422d (Princess Anne ACD) and 

gp1421c (Pamlico ACD).   

Gp1422d (Princess Anne ACD) shows 1σ correlations with gp1422g (Princess 

Anne ACD), gp1421c (Pamlico ACD), gp123d (Wicomico ACD) and gp127b 

(Okefenokee ACD).  This sample shows 2σ correlations with gp1421d and gp1421f (both 

Pamlico ACD).   

The final Princess Anne ACD sample, gp1422g, shows 1σ correlations to 

gp1421d (Pamlico ACD), gp123 c and d (Wicomico ACD) and sample gp127b 

(Okefenokee ACD).  2σ correlations are observed between gp1422g and gp1421c 

(Pamlico ACD).   

Sample gp1421c (Pamlico ACD) shows a 1σ correlation with gp1422d (Princess 

Anne ACD).  2σ correlations are found with gp1422 c and g (Princess Anne ACD), 

gp123d (Wicomico ACD), and gp127b (Okefenokee ACD).   

Gp1421d (Pamlico ACD) shows 1σ correlations with gp1422g (Princess Anne 

ACD), gp123 c and d (Wicomico ACD) and gp127b (Okefenokee ACD).  Correlations at 

the 2σ level are found with gp1422d (Princess Anne ACD), gp129b (Talbot ACD) and 

gp124b (Penholoway ACD).   

Sample gp1421f has a 1σ correlation with sample gp1422c (Princess Anne ACD) 

and a 2σ correlation with gp1422d (Princess Anne ACD).  No other correlations are 

observed.   

Gp129b (Talbot ACD) displays a 1σ correlation with gp124b (Penholoway ACD).  

Correlations at the 2σ level are seen with gp1421d (Pamlico ACD), gp124e (Penholoway 

ACD) and gp123 c and d (Wicomico ACD).   

Sample gp129c (Talbot ACD) shows 2σ level correlations with samples gp124e 

(Penholoway ACD) and gp123f (Wicomico ACD).   
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Gp124b (Penholoway ACD) displays a 1σ correlation gp129b (Talbot ACD).  

Correlations at the 2σ level are seen with gp1421d (Pamlico ACD) and gp123c and d 

(Wicomico ACD).   

Sample gp124e (Penholoway ACD) shows 2σ correlations with sample gp129b 

and c (Talbot ACD).  No further correlations are noted.   

Gp123c (Wicomico ACD) shows 1σ correlations with gp1422g (Princess Anne 

ACD), gp1421d (Pamlico ACD) and gp123d (Wicomico ACD).  Correlations at the 2σ 

level are displayed with gp129b (Talbot ACD), gp124b (Penholoway ACD) and gp127b 

(Okefenokee ACD).   

Sample gp123d (Wicomico ACD) displays 1 σ correlations with samples gp1422 

d and g (Princess Anne ACD), gp1421d (Pamlico ACD), gp123c (Wicomico ACD) and 

gp127b (Okefenokee ACD).  2σ level correlations are seen with gp1421c (Pamlico 

ACD), gp129b (Talbot ACD) and gp124b (Penholoway ACD).   

Gp123f (Wicomico ACD) correlations at the 2σ level are observed with gp129c 

(Talbot ACD) and gp127c (Okefenokee ACD).  No further correlations are displayed.   

Sample gp127b (Okefenokee ACD) shows 1σ correlations with gp1422 and g 

(Princess Anne ACD), gp1421 (Pamlico ACD), gp123d (Wicomico ACD).  2σ 

correlations are seen with gp1421c (Pamlico ACD) and gp123c (Wicomico ACD).   

Gp127c (Okefenokee ACD) displays no 1σ level correlations with any of the 

other ACDs.  Correlations at the 2σ level are observed with gp123f (Wicomico ACD).   

Though included on the table for compleation of the data set due to the low DRC 

r
2
 value of the Ti-Li option D signal for sample gp127e this sample is considered 

unreliable and is excluded from further analysis.    

 

3.4 OSL Results 

Standard OSL dating of the Pamlico and Princess Anne ACDs yields the 

following results.  In all samples the number of aliquots that gave a DE was low with n = 

<13 and the other aliquots being saturated.  Table 11-14 summarize the results of the 

OSL dating experiments.  While few aliquots gave DE nearly all aliquots from the 
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samples display dose response curves that allow for an estimation of the saturation dose 

to be made and a minimum age of the deposit to be estimated.   

Due to the few aliquots to yield standard OSL DE in this study the analysis of the 

standard  OSL results of the of the samples is limited.  Statistical information on the DE 

distribution can be found in Appendix 4.   

Based on the character of the samples and the criterion proposed by Bailey and 

Arnold (2006) and Arnold et.al. (2007) the Minimum Age Model (MAM) (Galbraith 

et.al., 1999) was determined the best fit for samples gp1421d and gp1421f.  The Central 

Age Model (CAM) (Galbraith et.al., 1999) was determined as the best fit for sample 

gp1422d.  Sample gp1422g is omitted as only one aliquot yielded a DE.  Reported in 

Tables 11-14 is the DE value of the samples calculated using the CAM as well.  Also 

included is the mean DE of the samples and its 1σ error.   

The Do value for the samples can be found in Table 11-14.  This value was 

calculated using all aliquots that have acceptable growth curves (see section 1.6.1) 

(Figure 34).  Do values range between 40-47 Gy calculated from n = 46-48 aliquots.   

Thermal Transfer OSL (TT-OSL) was attempted on samples gp1422d, gp1422g, 

and gp1421d.  In all samples TT-OSL results in more aliquots being accepted than with 

standard OSL.  The results of the TT-OSL when fit to Bailey and Arnold (2006) and 

Arnold et.al. (2007) criterion determined that the CAM is the best fit all of the TT-OSL 

samples.  Results of the TT-OSL dating can be found in Tables 11-14.  The Do values of 

the TT-OSL test can be found in Tables 11-14.  The Do values of the TT-OSL test were 

determined using the same technique as the standard OSL (see above).  The TT-OSL Do 

values are within error of the standard OSL Do values.  A TT-OSL bleaching test shows 

that the TT-OSL signal is completely bleached after 24 hours in a SOL simulator.  This is 

equivalent to 3-4 days of natural sunlight exposure.   
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Included in tables 11-14 is an analysis of the OSL, TT-OSL, Ti-H, and Ti-Li 

option D (SSE) ESR results.  This analysis uses Galbraith (2003) homogeneity test 

(explained in section 3.3.1) to determine the age agreement between the above DE.  In all 

cases OSL did not agree with the Ti-Li D (SSE) ESR DE.  Sample gp1421f shows 

agreement at 1σ between the OSL DE and the Ti-H ESR DE.  Gp1421d shows agreement 

between the OSL DE and the Ti-H ESR DE at 2σ while the TT-OSL and Ti-H ESR DE 

show agreement at 1σ.  Sample gp1422d shows the best agreement with OSL, TT-OSL, 

and Ti-H ESR all agreeing at 1σ.  Gp1422g shows no agreement according to the test.   

Dose rates used to calculate the age of the OSL sample are the same as those used 

to calculate the age of sample with the ESR DE.  See section 3.3 for a review of the dose 

rates.   

 
Figure 34:  Typical OSL dose response curve (DRC) of a Georgia ACD measured at McMaster 

University.  Dose in time of exposure to the source is shown on the x axis with each 100 seconds 

correlating to roughly 12 Gy.  The regeneration points are shown as white boxes at 50, 100 and 150 

Gy.  The red box shows the natural luminescence of the signal.  Note that this is beyond the range of 

the dose points and very close at the saturation point making this aliquot unusable to determine a DE.  

The good fit of the DRC is still usable for determining the Do of the OSL signal.   
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The ages of the Pamlico OSL samples (gp1421d and gp1421f) agree 

stratigraphically with one another, with ages of 55.43+/-4.39 ka and 91.49+/-8.38 ka 

respectively.  While the Princess Anne deposits is stratigraphically younger than the 

Pamlico the OSL age from the upper sample yield an age of 121.72+/-15.48 ka.  This age 

is older than both of the Pamlico ages.  The significance and reliability of these ages will 

be discussed in Chapter 4.   

The calculated standard OSL saturation dose (2*Do) of these samples range from 

80-94 Gy (Tables 11-14).  Based on the dose rates observed in these samples this would 

indicate that the maximum age that could be measured with standard OSL would be 

approximately 150 ka (highest 2*Do/lowest dose rate).   
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Princess Anne GP1422d 

    (Gy)/(Ka) er(Gy)/(Ka) 

OSL 

N   7/48   

Model (suggested) CAM   

DE 102.48 11.98 

CAM DE NA   

Avg DE (STDV) 108.18 31.79 

Age 128.49 37.98 

D0 

AVG 47.14 35.27 

SD 13.47   

Max 60.61   

Min 33.67   

2xD0 

(Sat.) 

Max sat 121.22   

Min sat 67.34   

Avg sat 94.28 26.94 

Ti-H 

D0 957.45 217.58 

DE 91.6 21.53 

Age 108.79 25.95 

TT-OSL 

N 13/24   

Model (suggested) CAM   

DE 93.83 6.54 

Do (avg) 47.24 0.78 

Age 111.44 9.69 

  DE stats P value 

OSL v. TT-OSL 0.53 

OSL v. Ti-H 0.66 

TT-OSL v. Ti-H 0.92 

OSL v. Ti-Li (D SSE) ESR 0.00 

Table 11: OSL and TT-OSL results of the Princess Anne ACD sample gp1422d.  Agreement between 

the OSL, TT-OSL, and ESR Ti-H are shown.  Note the strong agreement between all of the age 

estimates.   
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Princess Anne GP1422g 

    (Gy)/(Ka) er(Gy)/(Ka) 

OSL 

N   1/48   

Model (suggested) NA   

DE Na   

CAM DE NA   

Avg DE (STDV) 123.83 11.37 

Age     

D0 

AVG 46.15 28.00 

SD 4.04   

Max 50.19   

Min 42.11   

2xD0 

(Sat.) 

Max sat 100.39   

Min sat 84.22   

Avg sat 92.31 8.08 

Ti-H 

D0 783.92 209.88 

DE 336.55 97.75 

Age 274.3 80.56 

TT-OSL 

N 24-Jul   

Model (suggested) CAM   

DE 114.67 14.52 

Do (avg) 48.56 1.62 

Age 93.46 12.85 

  DE stats P value 

OSL v. TT-OSL na 

OSL v. Ti-H na 

TT-OSL v. Ti-H 0.02 

OSL v. Ti-Li (D SSE) ESR na 

Table 12: OSL and TT-OSL results of the Princess Anne ACD sample gp1422g.  Due to the lack of 

accepted aliquots, OSL results of this sample are not available.  In addition there is no agreement 

between the TT-OSL and Ti-H ESR age estimates.     
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Pamlico Gp1421d 

    (Gy)/(Ka) er(Gy)/(Ka) 

OSL 

N 13/48   

Model 

(suggested) MAM   

DE 39.51 2.26 

CAM DE 70.5 10.41 

Avg DE (STDV) 81.72 44.05 

Age 55.43 4.39 

D0 

AVG 41.40 2.45 

SD 8.85   

Max 50.25   

Min 32.55   

2xD0 

(Sat.) 

Max sat 100.49   

Min sat 65.10   

Avg sat 82.80 17.70 

Ti-H 

D0 598.1 258.61 

DE 147.71 71.91 

Age 207.24 100.33 

TT-

OSL 

N 19/24   

Model 

(suggested) CAM   

DE 99.66 5.91 

Do (avg) 50.25 1.31 

Age 139.82 11.28 

  DE stats P value 

OSL v. TT-OSL 0.00 

OSL v. Ti-H 0.13 

TT-OSL v. Ti-H 0.51 

OSL v. Ti-Li (D SSE) ESR 0.00 

Table 13: OSL and TT-OSL results of the Pamlico ACD sample gp1421d.  Note the strong agreement 

between the TT-OSL and Ti-H ESR age estimates and the agreement between the OSL and Ti-H ESR 

age estimates.   
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Pamlico Gp1421f 

    (Gy)/(Ka) er(Gy)/(Ka) 

OSL 

N   7/48   

Model 

(suggested) MAM   

DE 76.05 5.67 

CAM DE 91.32 10.94 

Avg DE (STDV) 96.96 32.26 

Age 91.49 8.38 

D0 

AVG 40.00241 19.28 

SD 7.361987   

Max 47.36439   

Min 32.64042   

2xD0 

(Sat.) 

Max sat 94.72878   

Min sat 65.28084   

Avg sat 80.00481 14.723974 

Ti-H 

D0 620.58 196.99 

DE 62.35 22.53 

Age 75.01 27.13 

  DE stats P value 

OSL v. TT-OSL na 

OSL v. Ti-H 0.56 

TT-OSL v. Ti-H na 

OSL v. Ti-Li (D SSE) ESR 0.00 

Table 14: OSL results of the Pamlico ACD sample gp1421f.  TT-OSL was not conducted on this 

sample.  Shown are the results on correlation of the OSL age and the ESR signals.  Note the 

agreement between the OSL and Ti-H ESR age estimates.     
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Chapter 4:  Discussion and Conclusion 

 

4.1 GPR Discussion and Interpretation 

The GPR analysis of the Georgia ACDs provides deep penetration into the 

subsurface and allowed for imaging of subsurface features.  The younger ACDs appear to 

show more detail, clearer and more defined reflections, than the older ACDs.  This 

observation is consistent with those of Hails and Hoyt (1969b), Howard and Scott (1983) 

and Huddlestun (1988) that there is a lack of structure in the outcrops of the various 

ACDs.  They attribute this to post depositional modification.  Older ACDs will have 

experienced a longer period of modification and therefore greater post depositional 

modification.  The GPR reflection differences in the older versus younger GPR profiles 

support this conclusion.   

Table 3 provides a depositional environment interpretation to the radar facies 

presented in section 3.1.  Figures 23-27 (section 3.1) show the depositional environment 

of the GPR profiles.   

The two main radar facies found in the upper ACDs GPR transects are interpreted 

to represent washover deposition (westward, landward dipping facies, element A, 

washover fan) and beach deposition (eastward, shoreward dipping facies, element C, 

beach face) (Costas et.al, 2006).  The landward dipping facies also indicate a period of 

barrier vertical accretion (Costas et.al, 2006).  The element C east-dipping radar facies 

are nearly identical to modern barrier beach progradation observed by Jol et.al. (1996) on 

Jekyll Island, Georgia (Figure 35).  GPR10 (Okefenokee ACD) shows significant 

washover deposition (characterized by element A) while GPR1 (Talbot ACD) and GPR4 

(Wicomico and Penholoway ACD) contain more east-dipping beach progradation facies 

(characterized by element C).  This could indicate a longer period of stability, increased 

sediment supply, and slower abandonment of the Okefenokee ACD.  The lack of 

significant washover deposition in the Wicomico, Penholoway and Talbot ACDs would 

indicate that these surfaces experienced a low sediment flux during deposition and were 

abandoned quickly during regression.  The lack of a clear boundary on the land surface 
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between the Wicomico, Penholoway and Talbot ACDs suggest that they were deposited 

quickly one after the other without a major erosional period.  These conditions support 

the conclusions of Huddlestun (1988) that the Penholoway modified and reoccupied the 

Wicomico in southern Georgia and that the Talbot is a modification of the Penholoway.   

The lower ACDs contain three major facies, the two found in the higher ACDs 

(element C, east dipping beach facies, and element A, west dipping washover facies) and 

an additional higher angle sigmoidal facies, element D.  This latter facies is interpreted as 

dune front type deposit.  The apparent dip of approximately 20
o
 would be a minimum dip 

angle for these deposits with the true dip being steeper.  This high angle facies D is found 

only in GPR21 on the Pamlico ACD.  Above the high angle D facies is a bounding 

surface between it and the shoreward dipping facies of element A.  This situation is not 

observed on the Princess Anne ACD radargrams, nor on those of the upper ACDs.  It is 

interpreted that facies D is a preserved dune facies and has been covered with material 

from a subsequent transgression (element C, beach facies).  This evidence supports 

Huddlestun’s (1988) hypothesis that the Pamlico back barrier region has been occupied 

many times in the Pleistocene to Recent.  It is possible that this facies is observed in the 

lower ACDs as a result of their younger age with well-preserved reflectors in comparison 

to the older upper ACDs.   

The boundary mentioned above (between facies D and facies C in the Pamlico) 

would be a useful sea level indicator as it represents a possible ravinement surface (see 

 
Figure 35:  Comparison between the GPR radargram seen the Georgia ACDs (element c, most common 

element) shown in A and GPR radargram of the modern Georgia barrier island, Jekyll Island, as shown 

by Jol et.al. (1996) shown in B.  Note the similar dip and character of the reflections.  Black arrow 

denotes humate development.   
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Figure 24).  This surface would indicate that sea level was between -4 to 2.25 m above 

the current sea level.  Two another possible ravinement surfaces are found in the Talbot 

ACD between facies B and C (see Figure 25) and the Okefenokee ACD between facies B 

and A (see Figure 27).  Facies B has been interpreted to represent a strata that contains a 

number of large pebbles (based on the numerous point reflections observed) 

unfortunately in both cases this interpretation could not be confirmed as sediment cores 

did not penetrate these units.  In the case of the Talbot the ravinement surface would 

indicate a sea level of approximately 9.5 m above current sea level and the Okefenokee 

surface a sea level 37 m above modern sea level.  It is possible other ravinement surfaces 

like those found in the Pamlico exist in the upper ACDs but due to the reduced structure 

seen in the older ACDs they are difficult to observe with GPR.   

In all cores except core gp124, a number of units contain sediment grains that are 

coated with a brown to black surface coating noted as “black organic?”.  This 

phenomenon has been observed by other workers as well (Swanson and Palacas, 1965; 

Hails and Hoyt, 1969; Parham et.al., 2013).  The coating is caused by humate leached 

into the groundwater from decaying surficial plant materials (Hails and Hoyt, 1969).  The 

presence of this material indicates a significant amount of groundwater flow through the 

ACDs and is consistent with other data indicating the highly weathered condition of these 

ACD deposits.  This humate can interfere with the coring process as it is well cemented 

and expands when cored, resulting in a foamy liquid that can lock core liners within the 

core barrels and render penetration impossible (at least by the coring equipment used in 

this study).  Comparison of GPR data and the location of humate, based on lithological 

logs and refusal depth during coring, now provides a method of identifying the humate 

rich regions with GPR.  The humate can be identified by a GPR facies with very low 

amplitude and little structure but which allows for the EM pulse to travel through it and 

image the strata below the humate region.  An example of this can be found in core 

gp1421 in GPR21 (Figure 35).  Note that the GPR signal becomes very weak (attenuated) 

in the region containing abundant humate.   
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4.2 Sediments and Nature of the ACDs Morphology 

 

 4.2.1 Georgia Sediments 

The dominance of quartz and lack of feldspar in these deposits has been noted by 

several previous works (see Chapter 1.) and confirmed in this study.  Hails and Hoyt 

(1969b) noted the lack of feldspars and attributed this to pedogenic and groundwater 

processes.  The hydrolysis of feldspars would provide the source of clay minerals found 

in the core which consists otherwise of moderately to well sorted quartz sands.   

The clay concretions found in cores gp124 and gp123 resemble shell castings.  

Dissolution of carbonate shells by groundwater movement in southern Georgia is 

discussed in Markewich et.al. (2013).  Significant clay or mud in the deposit (from 

weathered feldspars in this case) can infill the void left by the shells (Parham et.al., 

2013).  Parham et.al. (2013) noted the presence of these types of trace fossils in their 

work in Virginia and North Carolina in similar depositional environments as here in 

Georgia.  These trace fossils hint at a marine or near shore depositional environment for 

their associated lithological unit.  This is especially true for the Wicomico core which 

contains a layer rich in these concretions.   

In addition to the shell casts the condition of the quartz grains suggests deposition 

in a subaqueous environment.  The rounded and pitted conditions of the grains suggest 

significant transport but the lack of frosted grains suggest that this transport was not 

subaerial.  This indicates that the deposits are not subaerial aeolian near shore dunes.   

Heavy minerals layers in the core gp124 are common in foreshore and backshore 

beach environments (Howard and Scott, 1983).  Pirkle et.al. (2013) studied the heavy 

mineral deposits of Georgia and concluded that most of them found in with the sandy 

barrier deposits of the ACDs.  While distinct laminations sequences were not found in the 

cores of this study, fine isolated laminations and disseminated heavy minerals were.  The 

thick bands of heavy minerals noted by Pirkle et.al. (2013) and others could have been 

destroyed during post-depositional process or during coring (as we see occurring in the 

gp124 core where the layer appeared to be disturbed).  This combined with the shell casts 
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provides significant evidence that sea level was at the elevation of the ACD at one time.  

Previous works discussed in Chapter 1 also support this conclusion.   

The clay-rich lithologies found in the lower ACDs indicate a variable depositional 

environment.  The lower units of the Pamlico core (gp1421) contain beds of alternating 

clay and sands, consistent with descriptions of the Satilla Formation (Huddlestun, 1988).  

These clays are organic rich and sticky, and seem to be most similar to the marsh-type 

clays described by Huddlestun (1988).  This would indicate then that the sands above 

these clays were deposited on top of the paleo-marsh in a regressive or progradational 

environment.   

The core and GPR of the Princess Anne deposit appear to show a more complex 

history.  The core sediments show a number of fining upward sequences with coarse sand 

bases.  While the marsh-type clay is found in this core as well, it is much more isolated 

and appears higher in the core.  In terms of absolute elevation the clay units found in the 

Pamlico and Princess Anne ACDs occur within 1m of each other.  The upper portion of 

this cores lithology is again consistent with the description of the Satilla Formation by 

Huddlestun (1988).  Fine sands are found under the marsh-type clay in this cores.  This 

material could be of Satilla Formation or underlying Cypresshead Formations.  The 

lowest GPR facies found in this ACD is radar facies A similar to that found in the 

Pamlico GPR.  The numerous graded sequences found in this ACD and limited marsh-

type clay indicates that the Princess Anne may have been formed from a number of sea 

level occupations.  Its low elevation would allow for relatively small variations in sea 

level to flood the ACD.   

 

 4.2.2 Morphology of the ACDS 

Rhea (1986) and Kellam et.al. (1991) note that the morphology of the upper and 

lower ACDs is different, with the upper ACDs appearing more continuous and elongated 

and the lower ACDs shorter and dissected similar to the modern barrier islands.   

The modern barriers of Georgia (as well as southern South Carolina and very 

northern Florida) are classified as short with large marshes, the result of the shallow shelf 
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morphology of the Georgia Bight.  To the north in northern South Carolina and south in 

Florida the barrier islands become elongated and their marshes shrink as a result of the 

diminished influence of the Georgia Bight and increasing wave energy (Hayden and 

Dolan, 1979).   

The Pleistocene barrier islands of Georgia “stand out clearly as anomalous 

feature” (Hayden and Dolan, 1979) in that they do not seem to follow the morphological 

patterns seen throughout the modern Atlantic coast.  Furthermore the modern Georgia 

barriers do fit the patterns discovered by Hayden and Dolan (1979).  This would indicate 

that processes not explored by authors controlled the morphology of the Pleistocene 

barriers of Georgia or that they were formed under different bathymetric conditions than 

the present.  Bathymetric changes associated with the formation of the Georgia Bright 

could account for a shift in barrier morphology through time.  In this case the ages of 

formation of the upper and lower ACDs would provide the timing of such a change.   

 

4.3 ESR Discussion 

The average percent error for each of the samples (including all signals and fits 

except the Ti-H signal) ranges from 13-45%.  The larger error percentages are generally 

found in the Al signal age estimates and in the Ti-Li option A values measured at FSU.  

While most of the signals had DRC r
2
 values that were above 0.95, those that didn’t were 

generally the Al signals and the Ti-Li option A signals.   

 

 4.3.1 ESR Ages  

The lack of agreement between the Al and Ti-Li option D signal ages in this study 

suggest that the sediments were not exposed to enough light to fully reset the ESR signal 

during deposition.  This is supported by the ESR signals found in the modern dune and 

swash zone on Jekyll Island, Georgia.  In this case the Ti-Li would better approximate the 

true age of the deposition due to the shorter exposure time needed to bleach the Ti-Li 

than the Al signal, allowing for more of the residual signal to be removed.   
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In this study the Ti-Li DE is determined using two methods, option A and option 

D (Tissoux et.al, 2008; Duval and Guilarte, 2014).  Duval and Guilarte (2014) state that 

the DE value of these two measurements should be equivalent.  In the samples measured 

at Osaka University this is the case, while samples measured at FSU yield a larger DE for 

the Ti-Li option A.  As mentioned in Chapter 3 option A Ti signals in some cases agree 

with the Al signals seeming to indicate a robust age but due to the r
2
 value of the Al 

signals this age is unreliable.  The reason for this apparent agreement in the FSU data 

could be result of interference from the Al signal resulting in an overestimate of the first 

Ti-Li peak.  This issue was eliminated by using measurement conditions at Osaka which 

the isolated the Ti-Li signal, that is conditions that more accurately measured the Ti-Li 

signal.  For this reason Ti-Li option A ages that do not agree with the option D ages 

should be disregarded as inaccurate in this study no matter the r
2
 values of the DRCs.  Ti-

Li option D ages are therefore the closer approximation of the depositional age of the 

samples.   

When the exponential+linear fit is applied to the Al signal (Table 7 continued) 

five samples show age agreement between the Ti-Li D (SSE) DE and the Al (Exp+Lin) 

signals.  Three of these samples are disregarded as the Al Exp+Lin fit results in a DRC r
2
 

value of under 0.95 and a DE error estimate that was close to or greater than 50%.  

Sample gp1421f (Pamlico ACD) shows agreement between the Ti-Li D (SSE) and Al 

(Exp+Lin) signals (both with r
2
 values over 0.95)with and average age of 329.57+/-86.51 

ka with the Al signal age being reduced to allow for agreement (when compared to the Al 

(SSE) fit).  The other sample that shows agreement is gp129b (Talbot ACD) (both signals 

r
2
 values are over 0.95), though not at a 1σ level, with an average age of 917.94+/-200.18 

ka.  In addition to these samples, sample gp129c shows agreement between the Al 

(Exp+Lin) and the Ti-Li D (Ti2) (as well as the Ti-Li A (Ti2)) at a confidence level of 1σ 

with and average age of 2431.23+/-672.15 ka with all signals r
2
 values over 0.95.   

Based on all of the ESR data, it seems best to proceed with an analysis which 

makes the assumption that comparisons among samples where good agreement between 

Al and Ti-Li signals does not occur can still be made using an assumption that the Ti-Li 
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D signal option provides the best age estimate. Though it is acknowledged that these may 

be significant overestimates, the shorter zeroing time relative to the Al signal leads to the 

use of this assumption.  The SSE fit of the Ti-Li option D signal is chosen to make the 

comparisons as all samples have the additive dose range to fit this curve while only the 

samples measured at Osaka University can fit the Ti2 curve.   

The above assumption is complicated by the discovery of a non-zero Ti-Li signal 

in the modern shoreface.  The reworking of the Satilla and Cypresshead Formations 

during formation of the ACDs would result in sediments that received variable zeroing of 

their Ti-Li signals depending on the amount of exposure experienced during the 

reworking.  Some samples could have experienced an exposure time long enough to 

completely bleach the Ti-Li signal but too short to completely bleach (or bleach to the 

residual level) the Al signal.  In this case the Ti-Li signal age would be accurate.  Other 

samples may have been exposed for less time than sufficient to completely bleach the Ti-

Li signal as well as the Al signal.  Here the Ti-Li signal age would be an over estimate of 

the age deposit.   

Evidence of variable bleaching is characterized by age inversions which can be 

seen in the Ti-Li option D signals seen in the Pamlico, Wicomico (the lower most sample 

of the Okefenokee, which has an age that would lead to an inversion, has been rejected 

due to the low r
2
 value of its Ti-Li option D DRC).  Problems with the local dose rate 

estimates (associated with true moisture content or local heterogeneity in the 30cm radius 

around the sample) could also contribute to these age inversions but we attempted to be 

minimized by the sampling strategy.  In the case of the age inversion in the Pamlico ACD 

(gp1421 c, d and f) the variability in the dose rates among the samples is approximately 

15% indicating that the age inversion is caused by the DE of the signal not the dose rate 

(Table 5).  The Ti-Li ages of these samples do not agree with one another at either the 1σ 

or 2σ level.  This is evidence of variable bleaching of the sediments of this ACD.  This 

will be discussed further below.  In the Wicomico ACD the age inversion occurs between 

sample gp123c and gp123d.  In this case, while dose rate variation is approximately 30%, 

the samples do agree within error and no conclusion can be made about the source of the 
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inversion (ie. dose rate variability of variable bleaching) (Table 5).  In addition the 

overall trend for the Ti-Li D option ages is found to be as expected to some extent, due to 

considerations of the geomorphological landscape (from east to west) and from the 

underlying mapped geology, as seen below. 

As mentioned above inaccurate estimates of the true long-term burial dose rates 

may be responsible for age inversions in this study.  In addition to this, previous works 

that have concluded that the ACDs of Georgia have been modified post-depositional 

(Neiheisel, 1962; Hails and Hoyt, 1969b), specifically with respect to feldspar content (a 

major source of K and radiation dose), would indicate that the dose rate measured using 

the modern sediments may not be representative of the dose rate conditions experienced 

by the sediments in the past.  As noted in section 1.3, it appears that the removal of 

feldspars from the ACDs occurred rapidly over geological time with significant reduction 

in the feldspar content seen between ACDs of Holocene age and those of late Pleistocene.  

This would expose the sediment samples to a brief period of high dose during their initial 

deposition (perhaps approximately 10,000 years) as the feldspars present were slowly 

removed, followed by a dose rate more similar to those measured in this study for their 

remainder of their burial.  This situation would result in a true age of the material that is 

overestimated by the ages given in this study (ie. the true age of the deposits would be 

younger than the ages given), which in many cases are only maximum age estimates 

anyway.  The modeling and determination of the dose rate of these samples over 

geological time is a complex endeavor requiring research and experimentation outside the 

realm of this project.  As such the modern sediment dose rates are used to estimate the 

maximum age of the deposits.   

Using the Ti-Li option D (SSE) and the homogeneity chart a number of 

correlations using their P-values between the ESR sample ages within core and among 

ACD’s in this study can be seen.   

The Princess Anne ACD shows strong correlation (at 1σ uncertainty) between the 

lower most samples gp1422d and gp1422g.  The correlation between the upper two 

samples gp1422c and gp1422d is less robust (2σ).  Based on the GPR results (Figure 36) 
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and the ESR correlation data it is interpreted that samples gp1422 d and g represent one 

depositional age and gp1422c represents a younger depositional event.   

Samples collected from the Pamlico ACD (gp1421 c, d, f) show an age inversion 

with the youngest sample, gp1421f, being the stratigraphically lowest sample collected 

(Figure 37).  There is no correlation between any of these samples at a value greater than 

2σ.  These results are interpreted to be the result of more incomplete bleaching of the 

ESR signal (see section 4.3.2 for more about incomplete bleaching) in the upper two 

samples as discussed previously.  As stated above when the Exp+Lin fit is applied to the 

Al signal there is an age correlation at 330+/-87 ka in the sample gp1421f.  This sample is 

therefore the most reliable age of the Pamlico ACD.  As this is the lower most sample 

this would indicate that the samples above gp1421f (samples gp1421 d and c) were 

deposited after 330+/-87 ka and the ages indicated by the Ti-Li option D (SSE) signals 

are over estimates.  Any age correlations based on the upper two samples are discounted 

based on this evidence.  This would indicate that the possible ravinement surface 

observed in the Pamlico GPR would be younger than a maximum age of 330+/-87 ka 

based on sample gp1421f.  As the sample above the surface is  rejected due to other 

criteria, a minimum age of this surface is not obtainable.   

Age correlation in the lower ACDs show that the sample gp1422c correlates with 

sample gp1421f.  This would indicate that all the samples for the Pamlico ACD correlate 

with the upper most sample of the Princess Anne ACD being deposited between 243-417 

ka (Figure 38).  This time range covers Marine Isotope Stages MIS 11, MIS 9, and MIS 

7.  These ages estimates are in agreement with those made by Hoyt and Hails (1967), 

Colquhoun (1969), and Huddelstun (1998) of these ACDs being formed during the 

deposition of the Satilla formation during the Pleistocene to Late Pleistocene.  While ESR 

ages agree with the above mentioned estimate from fossil assemblages, they do not agree 

with the ESR ages of the FL correlative unit, the Chatham Formation, as published by 

Burdette et.al. (2012) of 860-1090 ka.  While the lower end of the age estimates 

determined by ESR of the Pamlico agrees with the Pamlico ages published by Markewich 
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et.al. (2013) (191-243 ka), the ESR age Princess Anne deposits appear to be much older 

than the range stated by Markewich et.al.   

The lower samples of the Princess Anne (gp1422 d and g), while correlating well 

to each other, do not correlate with the above mentioned previous works.  They do show 

strong correlation (at 1σ) to upper ACD samples gp123 c and d (Wicomico ACD) and 

gp127b (Okefenokee ACD).  These deposits cover a depositional time frame ranging 

between 429-816 ka.  Due to the strong correlation between these lower ACD units and 

those of the upper ACDs these deposits are considered to be the same deposit.  This 

hypothesis will be explored further below.    
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Figure 38:  Ti-Li option D (SSE) ESR ages of the lower ACDs of Georgia.  Shown in italics are those 

samples attributed to the Satilla Formation, while those that are un-italicized are attributed to the 

Cypresshead Formation.  The sample shown in red has agreement between the Al (Exp+Lin) age and the 

Ti-Li option D (SSE) and is considered a more robust age estimate.   
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No correlation exists between the Talbot samples gp129b and gp129c.  This result 

is interesting as these samples were collected very close together (Figure 39) with no 

GPR boundary between them.  Sample gp129b shows a strong correlation to sample 

gp124b (Penholoway) and less robust correlations between samples gp124e 

(Penholoway) and pg123 c and d (Wicomico).  Sample gp129c correlates at the 2σ level 

with gp124e (Penholoway) and gp123f (Wicomico).  Although sample gp129b is one of 

the samples that yield an age agreement between the Ti-Li D (SSE) and Al (Exp+Lin) 

(918+/-99 ka, average age), the age disagreement between the upper and lower sample 

still stands.  Unlike the situation in the Pamlico where the age agreement could shed light 

on the status of the samples above, gp129b is the upper most sample and the age provides 

a lower bound for the depositional age, not an upper.  These ages indicate that the 

possible ravinement surface observed in the GPR radargram of the Talbot ACD would 

have to be older than the maximum age of 1719+/-230 ka.   

Like the Talbot ACDs, the Penholoway ACD samples show no agreement 

between the upper and lower samples measured.  Gp124b with an age of 949+/-82 ka 

does show agreements at the 2σ level with gp123c (age of 745+/-71 ka) and d (Wicomico 

ACD) (age of 661+/-135 ka) (Figure 40).  No agreements are found when using Ti2 or 

Exp-Lin fits instead of SSE fits.  Sample gp124b estimated age falls in the range of ages 

assigned to the Chatham Sequence (Burdette et.al., 2012) while gp124e coincides with 

the Effingham Sequence age range (Burdette et.al., 2012).  A GPR boundary between the 

two samples (see Figure 40) further supports that these two samples do not come from 

the same depositional time period.   

Samples gp123 c, d, and f, of the Wicomico formation show a slight age inversion 

between the uppermost sample, gp123c, and gp123d. (Figure 40)  These samples agree 

within a 1σ range and therefore the samples can be considered the same age.  As 

mentioned above these two samples have strong correlations to the lower Princess Anne 

samples.  They also correlate to sample gp127b (Okefenokee) at both the 1σ (gp123c) 

and 2σ (gp123d) confidence levels.  Sample gp123f, while not correlating to the above 

samples, does correlate at the 1σ with sample gp127e and at the 2σ gp129c (Talbot) and 
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gp127c (Okefenokee) at the 1σ level.  In this the Wicomico ACD it appears that there are 

two depositional events one characterized by the deposition of gp123f and the other by 

the deposition of gp123d and c.  GPR from this ACD supports this conclusion (Figure 

40).  The ages of the upper samples of this ACD do not correlate any of the previous ages 

estimates while the lower sample does correlate to the Trail Ridge age estimate of 2210-

6ka- from Burdette et.al. (2012).   

The Okefenokee ACD ESR samples (gp127 b, c, and e, Figure 41)) show an age 

inversion similar to that of the Wicomico ACD.  In this case sample gp127c is estimated 

to be older than sample gp127e below it.  Sample gp127e has been rejected on that 

grounds that none of its ESR signal DRC r
2
 values are over 0.95.  This negates the age 

inversion for this ACD.  Gp127b does not agree with gp127c.  There is a GPR boundary 

between these two samples (Figure 41) supporting the conclusion that they represent two 

different depositional events.  This would allow for this sample to correlate to the 

deposition of the Trail Ridge in FL dated to as old as 2200 ka by Burdette et.al. (2012).  

Furthermore the possible ravinement surface located below sample gp127e would have to 

be older than a maximum age of 2596+/-382 ka.   

The upper ACDs show 2 distinct age groups.  The first consist of gp123 c and d as 

well as gp127b that range from 526-796 ka.  The second is a group that consists of gp129 

b and c, gp124 b and e, gp123f, and gp127 c.  This group has an age range of 867-2978 

ka.  If the Exp+Lin Al fit is used to confirm the age of the sample gp129c (with the Ti-Li 

D (Ti2) age, 2431+/-672 ka) the sample would still fall into this group and age range.  

Including this sample age pushes the maximum age range of the deposition to 3103 ka 

(Figure 42).   
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Taken together, the ESR age results from this study show that there are 3 major 

depositional events.  The first includes sample gp1422c (Princess Anne) and all of the 

Pamlico, gp1421, samples (recall that the age inversion dictates that the age of sample 

gp1421f be considered the maximum age of the entire deposit).  This deposition ranges in 

age from 243-417ka.  The confirmed age of the Al (Exp+Lin) and the Ti-Li D (SSE) on 

sample gp1421f falls within this age range, supporting this conclusion.  These deposits 

are concluded to represent the deposition of the Satilla Formation.  This is consistent with 

the age range estimated by Hoyt and Hails (1967), Colquhoun (1969), and Huddelston 

(1998) for the deposition of this formation.  The second is from between 433-796ka and 

is represented by samples gp1422 d and g, gp123 c and d, and gp127b (occurring within 

the Princess Anne, Wicomico and Okefenokee ADCs).  The third consists of samples 

(from the Talbot, Penholoway, Wicomico and Okefenokee ACDs), which are samples 

gp129 b and c, gp124 b and e, gp123f, and gp127 c and ranges from 867-2978 ka (3103 

ka if the Ti-Li option D (Ti2)/Al (Exp+Lin) agreement of sample gp129c is accepted).  

These latter two depositional events are within the time frame of the Cpyresshead 

Formation (Hoyt and Hails, 1967; Colquhoun, 1969; Huddelston, 1998).  Core location 

and elevation data (Figure 43) show that the 433-796 ka group would compose the upper 

portion of the Cypresshead formation while the group deposited 867-2978(3103) ka 

would compose the lower portion of the Cypresshead.  All of these ages are to be 

considered maximum age estimates as the incomplete bleaching situation does not allow 

for confirmed ages to be established.  In cases where there is agreement between the Ti-

Li signal and the Al (Exp+Lin) the ages can be considered to be more robust.     
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  4.3.2 Incomplete Bleaching Remediation Test 

The following section contains an experimental procedure that does not play a 

significant role in the interpretation of the ESR results.  This section has therefore been 

placed within the context of the discussion of the data.  The presentation of this data is 

meant to stimulate further research in using these methods.   

The non-zero Ti-Li ESR signal measured in the modern coastal deposits of 

Georgia is unlike the results of Burdette et.al. (2012) from Florida which show complete 

zeroing of the Ti-Li signal.  The source of the sediment for both coastlines is the same 

(see Chapter 1).  The sediments of the Georgia coast are much closer to the source than 

those in Florida.  This suggests that the bleaching of the Florida ESR signal, in particular 

the Ti-Li signal, occurred during longshore transport of the sediments.  As the deposits in 

Florida are composed of sediments that have a longer longshore transport history they 

were completely bleached while those in Georgia were not.   

Do values reported in Table 4, show that the Al signal would saturate between 

2580-46180 Gy while the Ti-Li signal would saturate between 900Gy-4878 Gy (this 

include both option A and D measurement methods).  Saturation at below 5000 Gy is low 

for the Ti-Li signal which typically saturates at around 10000 Gy (Duval and Guilarte, 

2014).   

Due to the presence of a non-zero modern signal at Jekyll Island, an experiment 

was conducted to attempt to remove this “relict” signal from the ESR signals in the 

ACDs.  The goal of this was to ascertain if the removal of the relic signals would result in 

better agreement between the Al and Ti-Li signals.  For the samples measured at Osaka 

University the average signal intensity of all the signals (Al, Ti-Li A and D, and Ti-H) in 

the 0d (dune) and 0s (swash zone) samples were subtracted from all of the signal 

intensities in the ACDs.  For the samples measured at FSU (under different measurement 

conditions that make the direct subtraction above impossible) the percent difference 

between the bleach and natural of the modern samples was applied to the bleach of the 

FSU samples and then this value removed from the ACD signals.  Due to the above 

discussion in section 4.3.1 only the option D Ti-Li signals were analyzed from FSU.  
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Results of this procedure are shown in Table 15.  This procedure assumes that each of the 

ACDs was deposited under the same conditions as the modern barriers (which evidence 

in section 4.2 above suggest otherwise) and experienced that same degree of incomplete 

bleaching (i.e. sunlight exposure time prior to burial).   

After applying this method two samples show agreement between the Al and Ti-

Li signals, sample gp124b and gp124e.  Sample gp124b yields and average age (between 

the Al (SSE) and Ti-Li option D (SSE)) of 614+/-141 ka while gp124e has and average 

age (same method) of 847+/-304 ka.  The age confirmation created by this method of 

gp124b would fall into the age range of the upper Cypresshead group stated above.  The 

age estimate of gp124e would still be grouped within the lower Cypresshead (within 

error).  Within its error range it could also be grouped with the upper Cypresshead 

depostion as well.  This evidence, if accepted would suggest that there was continuous 

deposition between the upper and lower Cypresshead.   

As sample 4b was measured at FSU and required a more elaborate signal removal 

method this age is less reliable.  No other samples show agreement indicating that the 

assumptions stated above are not true.  Samples measured at FSU show significant 

variations between the Al and Ti-Li signals with some samples the Al DE being less than 

the Ti-Li or the Ti-Li resulting in a negative De.  This could be due to the more elaborate 

method required to remove the relict signal.  Due to the measurement conditions used at 

FSU there was significant difficulty in determining the signal intensity of the Ti-Li 

signals in the bleached aliquots of these samples.  This is the most likely reason for the 

negative DE values in the Ti-Li signals.  Further experimentation is need to determine if 

this method is useful in ESR dating of incompletely bleached coastal deposits.   
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 4.3.3 Ti-H (Yoshida, 1986) Signal  

The Ti-H quartz ESR signal bleaches considerably faster than the Ti-Li signal 

(Tissoux et.al., 2007) and could potentially determine the depositional age of a deposit 

that was exposed to less sunlight than necessary to bleach the Ti-Li signal fully.  The 

additive dose plan of the samples measured at Osaka University was designed to measure 

the Ti-H as well as the Al and Ti-Li signals.  In many studies additive dose steps are too 

large or the first additive doses that are applied are too high.  As a result few additive 

dose points are within the useful range (<+1000 Gy) of the Ti-H signal.  This makes 

fitting of the Ti-H signal difficult with a SSE equation resulting in large DRC r
2
 values 

for this signal.  The Osaka samples received additive doses of +200, +400, +600, +800, 

and +1000 Gy allowing for at least four points within the range of Ti-H stability.  

Additive doses up to +3000 Gy were used to fit the curve.  This was done ensure that the 

saturation condition of the signal was met.  Even with this methodology error estimates 

remain high as too few data points are present at the <1000 Gy portion of the dose 

response curve (ie. additive doses close to the natural).  For this reason age estimates with 

DRC r
2
 values under 0.95 were accepted in an effort to explore the use of this signal.   

All of the Ti-H ages measured (at FSU and Osaka) resulted in DE lower than that 

of the Ti-Li signal as was observed in Duval and Guilarte (2014).  As all of the Ti-H dose 

response curves show an increase in intensity with additive doses up to +1000 Gy it can 

be concluded that the Ti-H signal is not completely saturated in these samples.  

Furthermore evidence discussed above regarding the modern samples concludes that it is 

likely that the Ti-Li signal was not completely bleached.   

As shown in Table 25-28 the DE estimates of samples derived from OSL agree 

with the DE estimates derived from the Ti-H signal.  Using the homogeneity test, 

discussed numerous times in this text, the Ti-H signal agrees within a 1σ error to all of 

the OSL DE (in samples in which it was possible to obtain a DE) with the exception of 

sample gp1421d in which the agreement is only 2σ.  In samples gp1422d and gp1421d 

the Ti-H signal DE agree with the TT-OSL derived DE at 1σ as well.  These results are 

similar to those found by Beerten (2006) in which Ti-H ESR ages of materials less than 
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350 ka agree better with independent ages determined by OSL than the Ti-Li ESR 

signals.  This could indicate that the Ti-H signal shares similar characteristics to the OSL 

signal.   

While one could conclude that the Ti-H signal should be used to determine the 

age of these deposits, the large error in the DE estimates (resulting from DRC r
2
 values 

under 0.95), low saturation dose (between 238Gy-2682 Gy in this study as determined by 

2*Do of the maximum and minimum Do values of all the samples), and unknown 

behavior of the signal at high additive doses suggest that more research is needed before 

this method can be considered reliable.  The results of these signals will be discussed 

further.   

 

 4.3.4 Ga Ages vs Fl Ages 

As only two age agreements between the Al and Ti-Li were found in the Georgia 

samples (gp1421f Al (Exp+Lin) and Ti-Li option D and gp129b Al (Exp+Lin) and Ti-Li 

option D), unlike the Florida samples in which nearly all showed Al/Ti-Li agreement as 

measured by Burdette et.al. (2012), a direct comparison of ages is not feasible as too few 

Georgia samples could be used.  Ti-Li option D (SSE) ages were selected to represent the 

maximum age of deposition of the Georgia ACDs.  Burdette et.al. (2012) used the Ti-Li 

option A signal without a 1/I
2
 in their study of the Florida coastal deposits.  This 

difference also makes a direct comparison to the Florida samples weak.   

Table 16 is an age homogeneity chart, similar to those shown in chapter 3, that 

shows the homogeneity between the Ti-Li option D (SSE) ages of the deposits in Georgia 

dated in this study and the Ti-Li ages published by Burdette et.al. (2012) of similar 

(correlative) deposits in Florida.  This table shows that many of the deposit ages in 

Florida agree with those found in Georgia at both the 1σ and 2σ confidence levels using 

this signal alone.   
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In particular the samples gp1422d and gp1422g, from the Princess Anne ACD, 

agrees well with low elevation Chatham and Effingham Florida sequences (rrg-01, srq-01 

through 03, and dsq-02).  In particular is the correlation between the FL dsq-02 sample 

representing the Chatham sequence and Georgia sample gp1422g representing the 

Princess Anne ACD, in which there is an exact match in age (shown by a P value of 1.00) 

at nearly the same elevation.  These lower ACD samples show a great many agreements 

with Florida samples from higher elevations as well.   

Age agreements are indicated for the samples gp1421c and gp1421d but as 

mentioned above these are likely age overestimates as the lower most sample gp1421f is 

dated to be much younger than those above.  Sample gp1421f of the Pamlico ACD does 

correlate to sample cjr-01 of the Effingham Sequence emplaced at a much higher 

elevation than the Pamlico samples from Ga.  Winker and Howard (1977) note an 

increase in elevation of the Effingham Sequence between Georgia and Florida.   

Georgia upper ACDs (sample gp12 9, 4, 3, and 7) show many correlations to the 

higher elevation Florida sequences of the Effingham and Trail Ridge.  In addition sample 

gp123c, gp123d, and gp127b show correlation between themselves and the lower 

elevation Effingham and Chatham Florida samples mentioned above in the discussion of 

gp1422d and gp1422g.   

These results indicate that there is correlation between all of the Georgia samples, 

with the exception of gp1422c and the gp1421, to all of the Florida ESR samples.  It is 

possible then that the majority of the ESR ages in Burdette et.al. (2012) (exception being 

cjr-01) represent the ages of emplacement of the Cypresshead Formation or its Florida 

equivalent.  Florida sample cjr-01, gp1422c and the gp1421 samples represent the 

deposition of the Satilla Formation (or Florida equivalent).  This conclusion is supported 

in the correlation in age of both high elevation and low elevation ACDs/sequences.  
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4.4 OSL Discussion 

 

 4.4.1 Standard OSL 

Standard OSL measurement of the lower ACDs resulted in few aliquots accepted.  

While recycling ratios were acceptable and sensitivity changes were normal, the lack of 

accepted aliquots is the result of a saturated OSL signal.  Those aliquots that were 

accepted would represent a minimum age of the deposit (ie the youngest grains not 

saturated).  The ages determined by OSL should be considered with caution.  The limited 

number of aliquots accepted results in a poor estimation of the DE distribution and leads 

to a less robust determination of the age model to be used (CAM or MAM based on the 

Bailey and Arnold (2006) Criterion).   

The age estimates derived from OSL of these samples are in line with the ages 

estimated by Hoyt and Hails (1967), Colquhoun (1969), and Huddelston (1998) of these 

ACDs being formed during the deposition of the Satilla formation during the Pleistocene 

to Late Pleistocene.  The ages are similar (being within the age range or slightly younger) 

to U-series age studies conducted Szabo (1985) and Wehmiller et.al. (2004) and OSL 

studies by Willis (2006) with a MIS stage 5e depositional age of the Pamlico and slightly 

younger (80-90ka) deposition of the Princess Anne.  These ages do not agree with the 

ages of the correlative Chatham Formation in Florida as determined by Burdette et.al. 

(2012) with ESR to between 860-1090 ka in age.  They agree with Markewich et.al. 

(2013) estimates of the age of the Princess Anne at 109-123 ka, but are younger than the 

stated age of the Pamlico at 243-191 ka.   

As stated in section 4.3.3 above the OSL ages do display agreement with the Ti-H 

ESR measurements of the respective samples.   

 

 4.4.2 OSL Saturation Work 

Typical Do values found in quartz OSL range between 50-100 Gy (Wintle and 

Murray, 2006).  In this study the OSL Do value range from 37-52 Gy, much lower than 

the typical quartz.  As 2*Do can be used as a proxy for the saturation dose, these results 
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indicate that the maximum recordable OSL dose the GA quartz can obtain is 

approximately 100 Gy (half the normal dose).  This reduces the age range that OSL can 

be effectively used on these deposits to less than 115 ka (using an average dose rate of 

0.87 Gy/ka)   

Pietsch et.al. (2008) and Jeong and Choi (2012) suggest that significant transport, 

associated with numerous irradiation and bleaching events increases the sensitivity of 

quartz.  The low Do values associated with the GA quartz could be associated with 

limited depositional cycles.  Jeong and Choi (2012) also indicate that the source of the 

quartz determines how it behaves when exposed to OSL testing.  They state that while 

sedimentary rock-sourced quartz shows great sensitivity, quartz from igneous and 

metamorphic host rock do not.  As the material found in the GA ACDs is sourced from 

igneous and metamorphic rock in the GA highlands this too could account for the low 

saturation values observed.   

 

 4.4.3 TT-OSL 

TT-OSL measurements increased the number of accepted aliquots in a sample but 

still resulted in general saturation conditions of the TT-OSL signal.  In samples gp1421d 

there is no agreement between the OSL (MAM) and TT-OSL based on the result of the 

homogeneity test.  In sample gp1422d both the OSL and TT-OSL ages agree.  In both 

samples TT-OSL ages agree with the Ti-H ESR age.  Furthermore TT-OSL, OSL, and 

Ti-H ESR ages all agree in sample gp1422d.   

TT-OSL results of these samples display the sample’s low saturation dose (low 

Do value) characteristics found in both the ESR and OSL dose response curves.  Typical 

TT-OSL have Do values in the 50-100s Gy while the GA ACD TT-OSL range from 46-

51 Gy.  As in OSL, this limits the maximum dose that the TT-OSL signal can record and 

therefore its usefulness for determining the age of older materials.  As the TT-OSL ages 

agree with the OSL ages, agreements between the TT-OSL and other studies are the same 

as the agreements as those stated for the OSL portion of this project.   
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4.5 Summary and Conclusions 

 

 4.5.1 Ages ACDs Based on ESR and OSL (objective 1) 

Based on the age estimates from previous works (excluding Burdette et.al. 2012) 

as well as the age estimates from the OSL and TT-OSL experiments in this work, and the 

strong ESR signal observed in the modern Georgia coastal samples as well as the 

numerous age inversions seen in the ESR data the following conclusions can be reached.  

The ESR ages provided in this study do not accurately reflect the formation of the 

Georgia ACD shoreline events as was the goal of this study.  They are an over estimate 

brought about by an incomplete bleaching of the ESR signals prior to the formation of the 

ACD.  Using the assumption of reasonably complete zeroing of the Ti-Li D signal, the 

ages do however appear to reflect the depositional age of the geological formations (the 

Cypresshead and Satilla Formations) that underlies and form the subsurface of the ACDs.  

The ESR age estimates for the deposition of these formations based on this assumption is 

consistent with other geological evidence published previously by others.  It can be 

concluded that although the formation of the ACDs did not fully reset the Al ESR signals, 

tentative correlations based on the assumed near zeroing of the Ti-Li D option signal 

provide some indications of the ages of various events in the history of these formations 

and that the samples do not necessarily reflect clear indications of sea level fluctuations 

with full resetting at shoreline formation events on the Georgia Coastal Plain.  Voinchet 

et.al. (2007) and Tissoux et. al. (2007) have both shown that fluvial transport is effective 

at bleaching the Ti-H, Ti-Li, and Al signals in ESR.  It is therefore more likely that some 

bleaching of the ESR signal occurred during transport of the quartz to the Georgia coast.  

In cases such as the Pamlico ACD where the youngest age is the lower-most sample, 

mixing of older sediments transported down from higher on the coastal plain (or older 

ACDs) could account for the age inversions observed.  The use of ESR on the Georgia 

Coastal Plain will be discussed further in section 4.5.4.   

OSL and TT-OSL ages estimates, as well as Ti-H ESR age estimates seem to 

correlate better with other ages estimates in previous works in Georgia and along the 
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Atlantic coast.  Due to the limited information provided by the OSL and TT-OSL data 

these results must be considered with caution (more in section 4.5.4).  Likewise the use of 

the Ti-H signal in quartz ESR-OD requires more research and the ages provided by that 

method must also be considered skeptically (more in section 4.5.4).   

While the initial goal of determining the depositional age of the series of ACDs 

along the Georgia Coastal Plain proved challenging, ESR was useful in estimating the 

depositional age of events within the coastal geological formations in Gerogia.  

Considering only the Ti-Li option d ESR ages, the maximum depositional age of the 

Satilla Formation is between 243-417 ka.  This would indicate that the Satilla Formation 

was being deposited during MIS 11 until the beginning of MIS 7 or later.  The ESR data 

show the deposition of the Cypresshead Formation possibly took place in two distinct 

pulses.  The early deposition occurred at a maximum age of 867-2978(3103) ka followed 

by a second at 433-796 ka.  It is possible that deposition was continuous between these 

two phases.  The GPR boundaries between these two age groups does not suggest 

significant erosion but does suggest a change of some sort or a short break in deposition.   

These ages are consistent with estimate of others (Hoyt and Hails, 1967; Colquhoun, 

1969; Huddelston, 1988), in that the Cypresshead was deposited during the Late Pliocene 

to Early Pleistocene (recall the Pilo-Pleistocene boundary was changed in 2009, after the 

publication of these previous works, from 1.81 Ma to its current 2.86 Ma so that while 

Epoch name may not now be accurate the age estimate is still valid), and the Satilla 

Formation deposited during the Pleistocene to Late Pleistocene.   

 

 4.5.2 GPR Stratigraphy and Sediment Analysis (objective 2) 

GPR proves a valuable tool for sampling of the Georgia ACDs.  GPR penetration 

is deep and allowed for targeting of specific sites of interest.  The radargrams showed 

facies that were interpreted to be of shoreline features such as beach face deposits and 

overwash deposits (shown in Figure 24 element C and A respectively) as well as channel 

features (shown in Figure 26) and dunes (shown in Figure 25).  The interpretation of 

these features is strengthened by the GPR studies by other of the modern Georgia barrier 
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islands which show similar features and radar facies (shown in Figure 35).  The discovery 

of potential ravinement surfaces in the Pamlico, Talbot and Okefenokee ACDs 

radargrams show that GPR can be used to help locate sea level indicators in the 

subsurface in Georgia.  These results show GPR is viable tool for the exploration of the 

Georgia ACD and should be used in further studies of these deposits.   

Furthermore correlation between radar facies Element E regions and the humate 

that prevented geoprobe penetration could be useful to future researches.  GPR scans of 

their potential core sites could be used to locate the problematic humate and another 

location could be selected or a more robust drill brought in to complete the job.  This 

research could be a benefit to any group planning on doing subsurface work in Georgia, 

both academic research and industrial.  A GPR survey of the project site to identify and 

map the extent of potential subsurface humate regions could save time, money and 

resources.   

GPR radargrams of the upper and lower ACDs appear quite different.  While the 

upper ACDs show little structure the lower ACD show more.  This is consistent with 

Hails and Hoyt (1969b), Howard and Scott (1983) and Huddlestun (1988) in that the 

ACDs lack structure, and were modified by post-depositional processes.  The lower 

ACDs radargrams show more structure suggesting that less time has passed for post-

depositional process to occur.  What structures can be seen appear in both the upper and 

lower ACDs suggesting similar depositional processes.   

Sediments in the cores of the ACDs appear similar.  This is particularly true for 

the upper ACDs.  Sediment lithology of these ACDs is consistent with the Cypresshead 

Formation as described by Huddlestun (1988).  The lower ACDs do show clay layers 

similar to those attributed to the Satilla formation by Huddlestun (1988).  This is 

particularly true for the Pamlico core.  The ESR data from the Princess Anne core shows 

that the upper portion could belong to the Satilla Formation while material in the lower 

portion of the core could belong to the Cypresshead Formation.   

Sediments in the Georiga cores do appear to be less mature (containing clays and 

mica, less sorted) than those described by Burdette (2010) in Florida.  This has 
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implications for the amount of transport and exposure experienced by the quartz in the 

sediment.   

 

 4.5.3 Georgia and Florida deposit correlations (objective 3) 

Due to the lack of agreement between the Al and Ti-Li signals of the Georgia 

ESR measurements and the differences between the ESR methodological approach 

employed in this work and Burdette et.al. (2012) there are limited comparisons that can 

be made between the Florida deposits dated by Burdette et.al. (2012) and the correlative 

deposits in Georgia.  A comparison of the ages derived from the Ti-Li signals allows for 

the maximum age of the Georgia samples to be tentatively compared to the ages of the 

Florida samples as the Al ages of the Georgia samples can be considered over estimates.  

Based on the group associations discussed above the deposition of both the Satilla and the 

upper Cypresshead occurred after the deposition of the Chatham Sequence (860-1090ka).  

The lower Cypresshead group correlates to the deposition of the Effingham and Trail 

Ridge sequences in Florida.   

As Burdette et.al. (2012) found evidence for complete bleaching of the Al and Ti-

Li ESR signals in the modern coastal deposits of Florida and the sediment source for both 

is the Georgia Highlands (ie. the source of the quartz is the same) the bleaching of the 

relict signals of the sediment must occur during littoral transport alongshore to the south.  

Sediment maturity differences between Georgia and Florida support the hypothesis that 

the sediments are reworked as they travel longshore.  This would allow for multiple 

exposures to sunlight.  Even if the relict ESR signal is not fully bleached after a cycle of 

exposure and burial, the next cycle could remove the signal associated with the previous 

burial as well as a portion of the relic signal.  Over multiple cycles this could effectively 

zero the relict ESR signals.   

 

 4.5.4 Suitability of OSL and ESR-OD in Georgia (objective 4) 

This is the first study that attempts to use ESR to date sediments in Georgia.  This 

study also makes use of OSL and TT-OSL.  The results of this project can be used by 
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others who attempt to use these methods in Georgia.  Of interest to note is that in all three 

dating methods that were attempted in this study (ESR, OSL, TT-OSL) all samples 

showed a significantly lower than typical saturation dose (2*Do).  In all methods these 

low saturation values limit the effective range in which these methods can be used and 

increase the DE error estimates in sample age ranges that have been found suitable in 

other locations.   

 

  4.5.4.1 Using OSL in Georgia 

OSL geochronological methods work well in Georgia, though OSL should be 

used with caution, because of the limited range of the method.  Although this study did 

not yield any robust OSL ages the quartz did produce good regeneration curves and 

recovered dose well.  While OSL is possible to use on Georgia sands, future researchers 

are cautioned that the Do values and therefore low saturation doses of the Gerogia sand 

may limit the age range that OSL is effective.  This low saturation dose is likely 

associated with the proximal source of the sediments not allowing for many sensitization 

cycles to occur.   

To determine the age of deposits expected to be outside realm of traditional OSL 

TT-OSL was attempted.  The results of this work again show a significantly lower Do 

value than expected.  This limits the effective range of TT-OSL.  While few studies have 

been attempted to determine the sensitivity changes with dose and bleaching with TT-

OSL it is possible that the low maturity of the sediments affects the TT-OSL signal as it 

does the OSL signal.    

 

  4.5.4.2 Using ESR in Georgia 

As stated above the low saturation dose of the ESR method limits its use in 

Georgia.  Furthermore the presence of a relict ESR signal in both the AL and Ti-Li 

signals of the modern Georgia barrier islands calls in to question the extent of bleaching 

that occurred during formation of the ACDs.  As no agreement was found in the Al (SSE) 

and Ti-Li (SSE) signals there are no ages that can be fully confirmed.  For this reason the 
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ages reported in this work are from the Ti-Li option D (SSE) signal and should be 

considered maximum age estimates, though analysis of the correlations using the 

assumption of near or complete zeroing of the Ti-Li D signal provided intriguing 

correlations.  Although there are two samples that showed agreement between the Al 

(Exp+Lin) and the Ti-LiD (SSE), the fact that only two the 16 did agree using this 

technique suggest that bleaching is still a significant issue when working with ESR on 

Georgia coastal deposits.  As deposits in Florida did not have this problem (Burdette 

et.al., 2012) it can be concluded that the sediments were bleached during longshore 

transport from their source in Georgia to their depositional sites in Florida.   

The experimental technique to remove the modern relic signal from the ACDs 

met with limited success.  Two samples did show an age agreement between the Al (SSE) 

and Ti-Li D (SSE) after this technique was applied but the negative DE estimates in some 

samples and the continued non-agreement shows that this technique needs refinement.  

Having stated this, this technique does show promise and further experimentation could 

show that accurate age estimates are possible for samples that are incompletely bleached 

using modern relic dose analogs.   

The Ti-H signal measured in this study is unique in that the dose response curve 

incorporated a number of low additive dose intervals to construct a dose response curve 

for this low saturating signal.  Even with 5 doses below the typical saturating dose (1000 

Gy) of this signal De error was high (up to 87% in one case) owing to a low r
2
 value of 

the DRC.  Despite this, there does appear to be some correlation between the OSL, TT-

OSL and Ti-H ESR signals.  With additional additive doses under +1000 Gy it may be 

possible to use Ti-H to confidently date sediments.  As this signal bleaches quickly 

(Yoshida, 1986) it could be used instead of the Al signal to confirm Ti-Li ages where 

bleaching times maybe less than optimal to fully rest the Al signal.  The low saturation 

dose would limit use of this signal to younger sediments.   

Future researchers should be cautious when working with ESR in Georgia.  

Incomplete bleaching and low signal saturation doses create challenges to working with 

ESR on the ACD sediments of Georgia.  It is apparent that both the Al and Ti-Li signals 
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have issues with incomplete bleaching while the inability of the Ti-H to register high 

dose values limits its usefulness in the older deposits along the Georgia coast.   

 

 4.5.5 Future work 

Future work into the use of the Ti-H signal is required before it can become a 

useful ESR signal.  An additive dose plan that includes more low dose steps would allow 

for better fitting of the signal (higher r
2
 values) and reduced error.  More work is needed 

to confirm that longshore transport is in fact producing better bleached sediments further 

down drift.   

Low Do values are pervasive in this study.  Future work in confirming that cycles 

of irradiation and bleaching raise the Do to normal levels would show that the low Do 

values are due to low cycling and not an inherent characteristic of the quartz.  These 

experiments would make use of OSL, TT-OSL, and ESR to determine if there are any 

similarities between saturation dose changes with cycling between all the methods.  

Similar changes between the methods would suggest that the physics involved in the 

creation of these signals may share some common processes.   

Specific to Georgia, expansion of the TT-OSL dating would provide age 

confirmations of either the ESR or OSL ages.  Low Do values of the Georgia sands could 

limit the use of this method to the lower ACDs.   

 

 4.5.6 Closing Remarks 

This was the first study to attempt ESR-OD on coastal deposits in Georgia.  The 

goal of determining the age of the ACDs of Georgia using ESR-OD was not reached in 

this study due to the incomplete bleaching of the ESR signals.  This makes drawing 

conclusions about the sea level history of Georgia from this data impossible.  Maximum 

ages estimates for the age of the Satilla and Cypresshead Formations underlying the 

ACDs was determined from the ESR results.  ESR ages derived from the Ti-Li option D 

(SSE) ages indicate that the Satilla Formation was deposited during or after 243-417 ka 

while the Cypresshead Formation was deposited in two events during or after 867-2978 
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ka and during or after 433-796 ka.  These age estimates agree with previous 

geochronological work in the area further confirming the depositional age of these 

deposits.   

Data collected with ESR, OSL, and TT-OSL indicates that the quartz of southern 

coastal Georgia exhibits a low saturation dose.  This characteristic limits the age range in 

which these methods can be used with confidence in this environment.  Further 

luminescence geochronological studies of the Georgia ACD must take this in to account.  

The Ti-H signal shows potential as a geochronological tool through a specific additive 

dose regime is need to use the signal to its potential.   

GPR proved useful in targeting lithologies as well as selecting core sites.  Coastal 

features similar to those found in the modern barrier islands of Georgia were identifiable 

in the ACDs validating the use of GPR in the study of the paleo-coastal region of 

Georgia.  GPR reflection data and coring data has made the identification of potential 

humate horizons viable with GPR.  This data has potential use for many aspects of 

geological investigation and geotechnical within the Georgia coastal region.   
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Appendix 1 : Locations 

  

 
A1-F1: Location of the Georgia ACDs according to the Georgia Geological Survey Map of 1979.  The 

location of the core sample sites are shown as red circles.  Note the lack of the Okefenokee ACD and 

the location of the Wicomico ACD in its place.  The reclassification of these ACDs as mapped by 

Rhea (1986) and described by Huddlestun (1988) is used in this study.       
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Table A1-T1 

Sample  

ACD 

Name 

Latitude 

(
o
N) 

Longitude 

(
o
W) 

Surface 

Elevation 

(m) 

0s 

J.I. 

swash 31.049981 81.408327 0 

0d J.I. dune 31.050085 81.408722 1 

gp1422c PA 31.024775 81.530049 3 

gp1422d P A 31.024775 81.530049 3 

gp1422g P A 31.024775 81.530049 3 

gp1421c pam 31.029803 81.580026 6 

gp1421d pam 31.029803 81.580026 6 

gp1421f pam 31.029803 81.580026 6 

gp129b tal 31.258100 81.747990 13 

gp129c tal 31.258100 81.747990 13 

gp124b pen 30.840250 81.976120 19 

gp124e pen 30.840250 81.976120 19 

gp123c wic 30.837270 81.982080 24 

gp123d wic 30.837270 81.982080 24 

gp123f wic 30.837270 81.982080 24 

gp127b oke 31.101642 82.107803 42 

gp127c oke 31.101642 82.107803 42 

gp127e oke 31.101642 82.107803 42 

 

A1-T1: Location of the ACD sample sites in Georgia, USA.  Locations ate 

given in decimal degrees and elevation in meters above sea level in WGS84 

(Google Earth geographic coordinate system).    
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Appendix 2 : Core logs 

The following images are the visually logged core of this project.  Shown are the 

core length, grain size and features, color, a brief description of the lithology and the 

GPR reflections in the vicinity of the core.  Larger format digital images of these cores 

can be found in the folder titles core logs in the CD accompanying this document.   
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Appendix 3: ESR data 

Appendix 3 contains information on ESR measurement conditions at both FSU 

and Osaka University (Table A3-T1), Dose Response Curves (DRCs) for the ESR signals 

(Figures A3-F1 to A3-F15), and correlation charts correlating the ESR signals within a 

sample (Table A3-T2 to A3-T15) as well as correlating the ESR signals between samples 

(Table A3-T16 to A3-T21).   

As stated in Chapters 3 and 4 Tables A3-T2 to A3-T15 show the correlation 

between the different ESR signals measured within each sample.  Each chart shows a P 

value as calculated by Galbraith (2003) and described in Galbraith and Roberts (2012) 

and Arnold et.al. (2014).  Strong correlations with P values over 0.32 (representing 

correlation at the 1σ confidence level) are highlighted in green.  Those values not 

highlighted do not show any correlation.  These values were taken into consideration 

when determining which samples showed agreement between the ESR signals and in the 

case of no agreement which age should be used to interpret results.   

Tables A3-T15 to A3-T21 show the correlation between ESR signals of the 

samples of the study.  Each chart shows a P value as calculated by Galbraith (2003) and 

described in Galbraith and Roberts (2012) and Arnold et.al. (2014).  Strong correlations 

with P values over 0.32 (representing correlation at the 1σ confidence level) are 

highlighted in green while those with correlation have P values of between 0.5 and 0.31 

(representing correlation at the 2σ confidence level) are highlighted in yellow.  Those 

values not highlighted do not show any correlation.  All ESR signals studied in this 

project are shown below, with the exception of the Ti-Li option D (SSE) as it is shown in 

Figure 23.  As stated in Chapter 4 the Ti-Li option D signal was considered the most 

likely signal to represent the maximum age of the samples in this study.  As such all 

correlations between samples as stated in Chapters 3 and 4 are made using the Ti-Li 

option D signal.  The charts of the remaining signals are included in the hopes that it will 

benefit future ESR research in incomplete signal bleaching.   

Raw ESR data, including spectra, intensity measurements and Origins plots can 

be found in the supplemental data disc included in this work.   



Ph.D. Thesis-R. R. Hendricks; McMaster University-Earth Science 

 

155 

 

  
Table A3-T1 

  

Florida 

State 

University Osaka University 

Measurement Conditions   Al Ti 

Temperature (K
o
) 77 77/83 77/83 

Cooling system dewar 

dewar/ 

gas 

system 

dewar/ 

gas 

system 

Sample size (g) 0.1 0.1 0.1 

Modulation frequency 

(kHz) 100 100 100 

Modulation amplitude 

(mT) 1.6 1.6 1.6 

Time constant (mT/min) 1.28 0.03 0.03 

Measurement time (min) 4 8 8 

Microwave power (mW) 5 5 5 

Rotations none 5 5 

 

A3-T1:  Measurement conditions of the ESR samples at both FSU and Osaka 

University.  Note that at FSU both the Al and Ti signals were measured 

during the same run while at Osaka University these signals were measured 

in separate runs with similar measurement conditions.      
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Figure A3-F1:  Dose response curve (DRC) of sample gp1422d of the Princess Anne ACD measured 

at FSU.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H signal fitted 

with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus Linear (Exp+Lin) 

fit of both the Al signal as well as a modified Al signal with an outlying dose point removed.  C is the 

DRC of the Ti-Li (option A and D) fitted with the Ti2 curve of Duval and Guilarte (2014) but as this 

sample did not have aliquots at the high additive dose the curve did not fit.  D shows the SSE fit of Al 

and Ti-Li option D the ESR signals, fitted with a SSE, that have had the calculated relict signal 

intensity removed (see part 4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of 

the curve.   
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Figure A3-F2:  Dose response curve (DRC) of sample gp1422g of the Princess Anne ACD measured 

at FSU.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H signal fitted 

with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus Linear (Exp+Lin) 

fit of the Al signal.  C is the DRC of the Ti-Li (option A and D) fitted with the Ti2 curve of Duval and 

Guilarte (2014) but as this sample did not have aliquots at the high additive dose the curve did not fit.  

D shows the SSE fit of Al and Ti-Li option D the ESR signals, fitted with a SSE, that have had the 

calculated relict signal intensity removed (see part 4.3.3.1).  Included in each graph is the Imax, Do, 

DE, and R squared fit of the curve.   
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Figure A3-F3:  Dose response curve (DRC) of sample gp1421c of the Pamlico ACD measured at 

Osaka University.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H 

signal fitted with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus 

Linear (Exp+Lin) fit of the full Al signal as well as two modifications: the outlying dose points were 

dropped.  C is the DRC of the Ti-Li (option A and D) including points at additive doses over 

+6500GY and fitted with the Ti2 curve of Duval and Guilarte (2014).  D shows the SSE fit of all the 

ESR signals, fitted with a SSE, that have had the calculated relict signal intensity removed (see part 

4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of the curve.   
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Figure A3-F4:  Dose response curve (DRC) of sample gp1421d of the Princess Anne ACD measured 

at FSU.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H signal fitted 

with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus Linear (Exp+Lin) 

fit of the Al signal.  C is the DRC of the Ti-Li (option A and D) fitted with the Ti2 curve of Duval and 

Guilarte (2014) but as this sample did not have aliquots at the high additive dose the curve did not fit.  

D shows the SSE fit of Al and Ti-Li option D the ESR signals, fitted with a SSE, that have had the 

calculated relict signal intensity removed (see part 4.3.3.1).  Included in each graph is the Imax, Do, 

DE, and R squared fit of the curve.   
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Figure A3-F5:  Dose response curve (DRC) of sample gp1421f of the Pamlico ACD measured at 

FSU.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H signal fitted with 

a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus Linear (Exp+Lin) fit of 

the Al signal.  C is the DRC of the Ti-Li (option A and D) fitted with the Ti2 curve of Duval and 

Guilarte (2014) but as this sample did not have aliquots at the high additive dose the curve did not fit.  

D shows the SSE fit of Al and Ti-Li option D the ESR signals, fitted with a SSE, that have had the 

calculated relict signal intensity removed (see part 4.3.3.1).  Included in each graph is the Imax, Do, 

DE, and R squared fit of the curve.   
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Figure A3-F6:  Dose response curve (DRC) of sample gp129b of the Talbot ACD measured at FSU.  

Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H signal fitted with a 

Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus Linear (Exp+Lin) fit of 

both the Al signal as well as a modified Al signal with an outlying dose point removed.  C is the DRC 

of the Ti-Li (option A and D) fitted with the Ti2 curve of Duval and Guilarte (2014) but as this 

sample did not have aliquots at the high additive dose the curve did not fit.  D shows the SSE fit of Al 

and Ti-Li option D the ESR signals, fitted with a SSE, that have had the calculated relict signal 

intensity removed (see part 4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of 

the curve.   
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Figure A3-F7:  Dose response curve (DRC) of sample gp129c of the Talbot ACD measured at Osaka 

University.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H signal fitted 

with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus Linear (Exp+Lin) 

fit of the Al signal.  C is the DRC of the Ti-Li (option A and D) including points at additive doses over 

+6500GY and fitted with the Ti2 curve of Duval and Guilarte (2014).  D shows the SSE fit of all the 

ESR signals, fitted with a SSE, that have had the calculated relict signal intensity removed (see part 

4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of the curve.   
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Figure A3-F8:  Dose response curve (DRC) of sample gp124b of the Penholoway ACD measured at 

FSU.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H signal fitted with 

a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus Linear (Exp+Lin) fit of 

both the Al signal as well as a modified Al signal with an outlying dose point removed.  C is the DRC 

of the Ti-Li (option A and D) fitted with the Ti2 curve of Duval and Guilarte (2014) but as this 

sample did not have aliquots at the high additive dose the curve did not fit.  D shows the SSE fit of Al 

and Ti-Li option D the ESR signals, fitted with a SSE, that have had the calculated relict signal 

intensity removed (see part 4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of 

the curve.   
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Figure A3-F9:  Dose response curve (DRC) of sample gp123c of the Wicomico ACD measured at 

Osaka University.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H 

signal fitted with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus 

Linear (Exp+Lin) fit of the full Al signal as well as modification were outlying dose points were 

dropped.  C is the DRC of the Ti-Li (option A and D) including points at additive doses over 

+6500GY and fitted with the Ti2 curve of Duval and Guilarte (2014).  D shows the SSE fit of all the 

ESR signals, fitted with a SSE, that have had the calculated relict signal intensity removed (see part 

4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of the curve.   
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Figure A3-F10:  Dose response curve (DRC) of sample gp123d of the Wicomico ACD measured at 

Osaka University.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H 

signal fitted with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus 

Linear (Exp+Lin) fit of the full Al signal as well as modification were outlying dose points were 

dropped.  C is the DRC of the Ti-Li (option A and D) including points at additive doses over 

+6500GY and fitted with the Ti2 curve of Duval and Guilarte (2014).  D shows the SSE fit of all the 

ESR signals, fitted with a SSE, that have had the calculated relict signal intensity removed (see part 

4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of the curve.   
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Figure A3-F11:  Dose response curve (DRC) of sample gp123f of the Wicomico ACD measured at 

Osaka University.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H 

signal fitted with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus 

Linear (Exp+Lin) fit of the full Al signal as well as a modification where outlying dose points were 

dropped.  C is the DRC of the Ti-Li (option A and D) including points at additive doses over 

+6500GY and fitted with the Ti2 curve of Duval and Guilarte (2014).  D shows the SSE fit of all the 

ESR signals, fitted with a SSE, that have had the calculated relict signal intensity removed (see part 

4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of the curve.   
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Figure A3-F12:  Dose response curve (DRC) of sample gp127b of the Okefenokee ACD measured at 

Osaka University.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H 

signal fitted with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus 

Linear (Exp+Lin) fit of the Al signal, thought this equation did not fit the data for this sample so it is 

omitted.  C is the DRC of the Ti-Li (option A and D) including points at additive doses over +6500GY 

and fitted with the Ti2 curve of Duval and Guilarte (2014).  D shows the SSE fit of all the ESR 

signals, fitted with a SSE, that have had the calculated relict signal intensity removed (see part 

4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of the curve.   
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Figure A3-F13:  Dose response curve (DRC) of sample gp127c of the Okefenokee ACD measured at 

Osaka University.  Part A shows the Al, Ti-Li option A and option D signals, as well as the Ti-H 

signal fitted with a Single Saturating Exponential (SSE) fit.  Shown in B is the Exponential plus 

Linear (Exp+Lin) fit of the Al signal, thought this equation did not fit the data for this sample so it is 

omitted.  C is the DRC of the Ti-Li (option A and D) including points at additive doses over +6500GY 

and fitted with the Ti2 curve of Duval and Guilarte (2014).  D shows the SSE fit of all the ESR 

signals, fitted with a SSE, that have had the calculated relict signal intensity removed (see part 

4.3.3.1).  Included in each graph is the Imax, Do, DE, and R squared fit of the curve.   
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Figure A3-F14:  Dose response curve (DRC) of sample gp127e of the Okefenokee ACD measured at 

Osaka University.  Due to the low r
2
 values observed in all of this signals this sample has been omitted 

from final analysis of the Georgia deposits and is included to complete the data set.  Part A shows the 

Al, Ti-Li option A and option D signals, as well as the Ti-H signal fitted with a Single Saturating 

Exponential (SSE) fit.  Shown in B is the Exponential plus Linear (Exp+Lin) fit of the Al signal, 

thought this equation did not fit the data for this sample so it is omitted.  C is the DRC of the Ti-Li 

(option A and D) including points at additive doses over +6500GY and fitted with the Ti2 curve of 

Duval and Guilarte (2014).  D shows the SSE fit of all the ESR signals, fitted with a SSE, that have 

had the calculated relict signal intensity removed (see part 4.3.3.1).  Included in each graph is the 

Imax, Do, DE, and R squared fit of the curve.   
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Appendix 4: OSL results statistics 

Following are the results of the statistical analysis of the OSL and TT-OSL 

measurements.  Please note that OSL data from gp1422g is omitted as only 1 aliquot 

yielded a De.  TT-OSL was not conducted on gp1421f.   

Raw OSL/TT-OSL data can be found on the supplemental data disc included in 

this work.   
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Figure A4-F1: TT-OSL results of sample gp1422g (Princess Anne ACD) 
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Figure A4-F2: OSL results of sample gp1422d (Princess Anne ACD) 
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Figure A4-F3: TT-OSL results of sample gp1422d (Princess Anne ACD) 
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Figure A4-F4: OSL results of sample gp1421f (Pamlico ACD) 
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Figure A4-F5: OSL results of sample gp1421d (Pamlico ACD) 
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Figure A4-F6: TT-OSL results of sample gp1421d (Pamlico ACD) 
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Supplemental data 

Please refer to the author of this work for access to all the raw data pertaining to 

this project.  This includes raw ESR and OSL data as well as spreadsheets of processed 

data that were used to create the results and figures in this work.  The author can be 

reached at the email: hendricks.robert.r@gmail.com.   


