
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


 

 

SEDIMENTOLOGY AND FORMATION OF 

LAGOONAL PLATFORM REEF ISLANDS IN 

HUVADHOO ATOLL, MALDIVES 

 

 

Yiqing (Christine) Liang 

2016 

 

 

 

A thesis submitted in fulfilment of the requirements for the degree of Doctor of 

Philosophy in Environmental Science, School of Environment,  

University of Auckland.  

 

 

 



 

  



Thesis Title Goes Here - Your Name – Month Year 

  

 



 

ABSTRACT 
Sediment samples from the reef platform and island cores were collected from two 

lagoonal reef islands in Huvadhoo Atoll, Maldives, in order to investigate island 

evolution and building processes in a region where detailed sedimentary and chronology 

data do not yet exist. The chronostratigraphy of the study islands was resolved using 

sedimentary data from field samples, combined with radiocarbon ages of sediments and 

ground penetrating radar records of the island subsurface. Further, this study is the first 

to apply scanning electron microscopy and elemental mapping in the evaluation of 

single constituent dating of Halimeda spp. in order to investigate its suitability for 

inferring depositional chronology on reef islands. Chronostratigraphic results indicate 

that the lagoonal reef islands on Huvadhoo Atoll formed around 3000 years ago and 

reached their current dimensions by 350 cal yr BP. A three-phase model of island 

evolution was developed in relation to mid-Holocene sea-level rise, which presents the 

first incidence of island building over multiple phases of sea-level change in the Indian 

Ocean. Medium-scale (decadal) shoreline sediment redistribution identified from 

morphological field mapping and satellite imagery provide clues to the building 

processes that occurred during island evolution, and suggest frequent reworking of 

island sediments over the course of island building. Similar compositional properties of 

reef flat and island sediments suggest a reef-island link and that the study islands are 

still being maintained by their surrounding reefs at present. The formation of the 

lagoonal reef islands in Huvadhoo Atoll during various stages of sea-level change, 

along with the potential for shoreline adjustment and evidence of contemporary reef 

connectivity, suggest enhanced resilience of Maldivian reef islands in response to 

projected sea-level rise.  
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FRONTISPIECE  
 

“The lagoon-islands have received much the most attention; and it is not surprising, for 

every one must be struck with astonishment, when he first beholds one of these vast 

rings of coral-rock, often many leagues in diameter, here and there surmounted by a 

low verdant island with dazzling white shores…” 

- Charles Darwin, in The Structure and Distribution of Coral Reefs (1842). 

 

 
Corals exposed by low tide near the northern shores of Kan’dahalagalaa, Maldives. 
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Chapter 1: Introduction 

 

1 INTRODUCTION 

1.1 Introduction 

Coral reef islands are small, low-lying landforms (typically <3 m above mean sea level) 

that can be found on barrier reefs (e.g. Great Barrier Reef), open reef seas (e.g. Torres 

Strait), and mid-ocean atolls (e.g. Maldives; Webb and Kench, 2010). Reef islands are 

geologically young, formed mainly from bioclastic sands and gravels during the mid- to 

late-Holocene (last ~6000 years). The bioclastic sediments comprising islands are 

commonly derived from the surrounding coral reefs, and consist of the skeletal remains 

of reef organisms such as coral, coralline algae, molluscs, foraminifera and Halimeda 

(Barry et al., 2007; Dawson et al., 2012; Kench et al., 2005; Woodroffe, 2000; Yamano 

et al., 2000). Reef islands provide the only habitable land for atoll nations and support 

more than 700,000 people globally (Yamano et al., 2007). Islands in general are sites of 

high biodiversity. While comprising just 2% of the global terrain, islands harbour 

almost a quarter of all known extant terrestrial plant and vertebrate species (Kreft et al., 

2008; Wetzel et al., 2013). Reef islands are also critical nesting sites for a range of 
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fauna including turtles and seabirds (Andréfouët et al., 2014; Fuentes et al., 2010). 

Given the high socioeconomic and ecological value of islands, the vulnerability of reef 

islands to projected sea-level rise is a global concern (Dickinson, 2009; Oppenheimer et 

al., 2014). Roy and Connell (1991) state that the people of atoll nations “may become 

the first environmental refugees of the greenhouse era”. Potential impacts to reef islands 

and their inhabitants associated with sea-level rise include marine inundation, shoreline 

erosion, saltwater intrusion into groundwater, and in extreme cases, complete island 

submersion (Albert et al., 2016; Dickinson, 1999; 2009; Woodroffe, 2008; Yamano et 

al., 2007). Despite the significance of these threats, there is considerable debate 

surrounding the future of reef islands. Their future physical stability is difficult to 

predict since the controls of island formation and change are poorly understood. 

The Republic of Maldives, an atoll nation in the central Indian Ocean, consists of more 

than 1200 islands (of which ~200 are inhabited) perched on marginal reefs of atoll rims 

or platform reefs in the atoll lagoons. The Maldives has occupied a unique place in 

vulnerability studies. Former president Mohamed Nasheed stated in 2012 that “if we do 

not act now, my island nation will be submerged by the sea”, referring to evidence that 

the Maldives could be completely inundated by the end of the century (Anthoff et al., 

2010). IPCC sea level projections show a rise of between 0.3 and 1.8 m by 2100 

(Oppenheimer et al., 2014), which overtops the height of very low-lying reef islands 

(Anthoff et al., 2010; Bellard et al., 2014). However, it is unclear how islands in the 

Maldives will respond since there is evidence that some reef islands are physically 

resilient to the impacts of sea-level rise (Dawson and Smithers, 2010; Ford and Kench, 

2014; Kench and Brander, 2006a; Kench et al., 2009a; 2009b; 2015; McLean and 

Kench, 2015; Webb and Kench, 2010; Yamano et al., 2005). A few studies have 
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examined the formation of Maldivian reef islands (Kench, 2012; Kench et al., 2005; 

Perry et al., 2013) and found that these islands formed over submerged lagoonal 

sediments during periods of sea-level rise, approximately 5000 years ago. Study results 

question assertions of island vulnerability over the course of sea-level rise – though they 

represent only a few case studies from the northern archipelago. 

This thesis investigates the formation of lagoonal reef islands in Huvadhoo Atoll by 

employing coring, sedimentological analyses, radiocarbon dating and ground 

penetrating radar. The chronostratigraphic results will be used to generate the first 

model of formation for lagoonal reef islands in the south Maldives. The first section of 

this chapter will present the aims and objectives of this research. This will be followed 

by the field setting of Huvadhoo Atoll and the study islands. Lastly, the chapter will 

close with an outline of thesis structure.  

1.2 Research aims and objectives 

The overarching aim of this research is to resolve the formation and the 

sedimentological changes that occurred during formation of lagoonal platform islands in 

Huvadhoo Atoll, Maldives.  

The specific objectives of this study are to: 

a) Investigate the role of contemporary sediment supply in island building by 

examining the link between reef productivity and island sediments for two 

lagoonal platform islands on Huvadhoo Atoll: Kan’dahalagalaa and 

Kondeymatheelaabadhoo.  
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b) Detail the geomorphic characteristics (surficial island morphology and 

topography) and decadal-scale island change on Kan’dahalagalaa and 

Kondeymatheelaabadhoo in order to gain insights into contemporary island 

geomorphic processes.  

c) Identify the textural and compositional properties of sediments on 

Kan’dahalagalaa and Kondeymatheelaabadhoo by using a detailed coring and 

sampling strategy as well as quantitative sediment analyses. 

d) Explore the application of ground penetrating radar (GPR) in a reef island 

setting to construct modes of sediment accumulation during island building. 

e) Evaluate the use of single constituent Accelerator Mass Spectrometry (AMS) 

dating of Halimeda spp. to improve interpretations of island depositional 

chronology.  

f) Resolve the time of initiation and chronology of lagoonal reef island evolution 

in Huvadhoo Atoll, Maldives.  

1.3 Field Setting 

The Maldives archipelago is a chain of 22 atolls, consisting of a double strand of atolls 

in the central region sheltering an inner sea and flanked by single atolls to the north and 

south (Figure 1.1). The archipelago straddles the equator in the central Indian Ocean 

(northernmost point: 7°06'N 72°54'E; southernmost point: 0°42'S 73°09'E). The 

equatorial location means that the archipelago is outside of the zone of immediate 

cyclogenesis but is influenced by marked transitions in monsoons: wet southwesterly 

summer monsoon (April-November) and dry northeasterly winter monsoon (December- 
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Figure 1.1 Location of the Maldives: (A) in the central Indian Ocean (map data: Google, Landsat). 
The insets show: B) the Maldives archipelago and C) Huvadhoo Atoll, which includes study islands 
D) Kan’dahalagalaa (map data: Google, DigitalGlobe), and E) Kondeymatheelaabadhoo (map 
data: Google, CNES/Astrium), which are 44 km apart. 

March; Woodroffe, 1992). The southwesterly monsoon is associated with southwest-

northwest winds and the northeasterly monsoon generates east-northeast winds 

(Woodroffe, 1992). The reef system of the Maldives supports ~1200 reef islands. 

Maldivian islands provide a suitable site for studying reef island sediment structure 

since large scale reworking or mixing of sediments by tropical storms is rare. 
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Research on island formation in the Maldives has to date primarily focused on islands in 

the northern Maldives (Kench et al., 2005) or on rim islands (Woodroffe, 1992; H. East, 

personal communication, 2016). The geomorphology of Maldivian atolls differs 

considerably from north to south, with increasing lagoon depths and continuity of atoll 

rims towards the south (Woodroffe, 1992). There is also a north-south climate gradient, 

where annual rainfall increases and storm frequency decreases towards the south 

(Woodroffe, 1992). Furthermore, lagoonal islands experience different energy settings 

(Kench, 2012) and have differing reef growth histories (Gischler et al., 2008) to atoll 

rim islands. In order to develop a greater understanding of island formation in the 

archipelago, this study examines island sedimentary structure and formation in 

Huvadhoo Atoll in the south of the archipelago. Results provide an opportunity to 

compare with models developed in the central and northern Maldives.   

Huvadhoo Atoll is the largest atoll in the Maldives and the closest atoll to the equator 

(0°32'N 73°17'E). The atoll measures 79 km from the northern tip to the southern end 

and encompasses an area of 3279 km2 with an atoll perimeter of 241 km (Naseer and 

Hatcher, 2004; Figure 1.1C). The atoll is a relatively closed system with an effective 

aperture (hydrodynamic openness) of 0.09, as calculated by the ratio of the length of 

deep passages on the rim to the perimeter of the atoll (Naseer, 2003). The atoll rim is 

dissected by 38 deep passages that connect the open ocean and lagoon (Mandlier, 2008). 

These passages are typically 20-40 m deep but can reach depths of 70 m (Mandlier, 

2008). Water depth in the atoll lagoon ranges from 60-80 m, with a slightly deeper 

sector in the central and southeastern section of the lagoon that reaches depths of 90 m 

(Mandlier, 2008). There are 207 islands located on the atoll rim (rim islands) and a 

further 43 islands on reef platforms within the atoll lagoon (lagoonal islands). Field 
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work was undertaken on two islands on lagoon platform reefs of Huvadhoo Atoll: 

Kan’dahalagalaa and Kondeymatheelaabadhoo, hereby referred to as KAN and KOND, 

respectively (Figure 1.1D, E), during April-July of 2013. These islands were selected 

based on wave exposure and their position within the lagoon, being located on opposite 

sides of the atoll along the directional axis of monsoon winds (southwest to northeast). 

This selection was made to examine any atoll-scale differences in island formation due 

to differing wave or monsoonal wind energy across the atoll (described in the following 

sections). KAN is located near the southern rim of Huvadhoo Atoll (0°13'N 73°12'E) 

and is ~44 km apart from KOND, which is located near the north-eastern rim (0°30'N 

73°29'E; Figure 1.1C). 

1.3.1 Wind regime of Huvadhoo Atoll 

The wind regime in the Maldives is modulated by the monsoon seasons (Woodroffe, 

1992). The closest meteorological station to the study islands is Kaadedhdhoo 

Meteorological Station (0°29'N 72°59'E) on the western rim of Huvadhoo Atoll, which 

is approximately 38 km away from KAN and 56 km from KOND. Data from daily 

observations between January 1994 and December 2008 show the average wind 

direction to be 198° (south-southwest) with an average wind speed of 7 ms-1 (Figure 

1.2). Based on monthly average wind intensity and speed, the southwest summer 

monsoon season (April-November) brings southwesterly winds (230°) averaging 6.9 

ms-1 while the northeast winter monsoon (December-March) is dominated by east-

southeasterly winds (123°) averaging 5.7 ms-1 (Figure 1.3). Thus, wind intensity was 

greatest during the southwest monsoon compared to the northeast monsoon (Figure 1.3).  
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Figure 1.2 Wind speed and direction plot from daily observations between January 1994 and 
December 2008 from Kaadedhdhoo Meteorological Station on the western rim of Huvadhoo Atoll 
(Maldives Department of Meteorology, 2008). 

 

 
Figure 1.3 Monthly average wind speed and direction from daily observations between January 
1994 and December 2008 from Kaadedhdhoo Meteorological Station on the western rim of 
Huvadhoo Atoll (Maldives Department of Meteorology, 2008). 
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The transition periods in between the two monsoon seasons, which is approximately 

two months in duration, is characterised by more variable wind conditions (Mandlier, 

2008). 

1.3.2 Oceanographic setting of the Maldives 

The Maldives is characterised by a semidiurnal microtidal regime, with a mean tidal 

range of 1.2 m during spring tides and 0.6 m during neap tides (Kench et al., 2009a). 

Wind-generated waves are formed as energy is transferred from the cross-wind field 

over a still surface of water, forming ripples (capillary waves) that increase surface 

roughness and contact area, in turn resulting in energy transfer and the development of 

bigger waves (Komar, 1998). Seasonal shifts in monsoon winds in the Maldives, 

described in the previous section, result in wind-generated waves that fluctuate in 

intensity and direction (Kench and Brander, 2006a). Wave records obtained from wave 

gauges deployed on islands across Baa Atoll, Maldives indicate that wave energy was 

greatest during the southwest summer monsoon (Kench et al., 2006b; Kench and 

Brander, 2006a). Distinct wave energy gradients were observed, with significant wave 

height decreasing by up to 0.7 m from western to eastern islands during the southwest 

summer monsoon (compared to 0.3 m during the northeast winter monsoon; Kench and 

Brander, 2006a). In addition to locally-generated wind waves, the wave regime around 

islands is also influenced by swell, which is a series of waves generated by distant 

weather systems and not affected by local winds. Swell-generated waves on Baa Atoll 

typically occur from the south and are larger during the southwest summer monsoon, 

with a peak significant wave height of 1.8 m (Kench and Brander, 2006a).  
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Wave statistics from a global wave hindcast model by Durrant et al. (2014) show that 

average wave energy flux near Huvadhoo Atoll (0°N 74°E) is higher during the 

southwest monsoon, at 15.2 kW/m, whereas wave energy flux during the northeast 

monsoon is 7.6 kW/m (Figure 1.4). Significant wave height and period is also higher 

during the southwest monsoon (1.7 m and 10.2 s) than the northeast monsoon (1.3 m 

and 9.3 s), with mean peak direction shifting from 175.0° during the southwest 

monsoon to 164.7° during the northeast monsoon (Figure 1.4).  

 
Figure 1.4 Mean wave statistics over a 30 year period (1980-2011) for each month of the year at the 
coordinates 0°N 74°E, located ~70 km southeast of Huvadhoo Atoll (generated from Wavewatch III 
model data; Durrant et al, 2014).  
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The wave regime is also influenced by the position of the reef platform on the atoll, 

distance to neighbouring reefs and gaps in the atoll periphery (Kench et al., 2009a) so 

wave energy across the atoll may be variable. This variable wave energy is exhibited in 

a cross-atoll wave characteristic investigation of Huvadhoo Atoll by Mandlier (2008), 

which shows that significant wave height was higher at the outer margins of the atoll 

(0.66 m on the southwestern margin and 0.36 m on the northeastern margin) as 

compared to the centre of the atoll lagoon (0.13 m). This demonstrates the efficiency of 

the atoll rim of Huvadhoo at dissipating wave energy (Mandlier, 2008). However, the 

deep passages in the atoll rim and the relatively deep lagoon are thought to allow swell-

generated waves to cross the lagoon without substantial energy loss (Mandlier, 2008). 

Swell waves mainly enter the atoll rim of Huvadhoo from the south and southeast deep 

passages (Mandlier, 2008). Swell energy decreases by ~60% as it propagates from the 

centre of the lagoon to the northeast leeward rim of the atoll (Mandlier, 2008).  

1.3.3 Overview of morphology of Kan’dahalagalaa and 

Kondeymatheelaabadhoo 

KAN and KOND are both small in area (<0.1 km2) and surrounded by a platform reef 

system of similar size. During the field period of April-July 2013, KAN measured 423 

m (north toe of beach to south toe of beach) by 203 m (east toe of beach to west toe of 

beach) based on surveyed profiles. KOND was similar in size and measured 434 m by 

213 m. Based on satellite imagery, the reef platform of KAN measured 971 m long 

(east-west axis), compared to 1130 m long (east-west axis) on KOND. KAN is located 

in the south-central section of its reef platform whereas KOND is situated near the 

eastern section of its reef platform (Figure 1.1D, E). The islands are low-lying, with 
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maximum heights not exceeding 2.5 m above mean sea level (msl). The reef flat is 

around 1.0 m below msl but reaches depths of greater than 2.0 m below msl around the 

outer reef platform. Full descriptions of reef geomorphic zones are presented in Chapter 

3 while island geomorphic zones and elevation profiles are detailed in Chapter 4.  

1.4 Thesis outline 

This thesis is divided into three main themes: A) Setting and Background, B) 

Sedimentary Characteristics and Stratigraphy, and C) Island Evolution, and ends with a 

concluding chapter to discuss completion of research goals (Figure 1.5).  

 
Figure 1.5 Flow diagram of thesis structure. The chapters are categorized into 3 themes: A) Setting 
and Background, B) Sedimentary Characteristics and Stratigraphy, and C) Island Evolution, in 
order to achieve the goal of better understanding the evolution and sedimentological changes that 
occurred during island formation.  
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1.4.1 Section A: Setting and Background 

Chapter one introduces reef islands and discusses their vulnerability to sea-level rise. 

The research aims and objectives are presented, as well as a description of 

Kan’dahalagalaa and Kondeymatheelaabadhoo. Chapter one ends with an outline of the 

structure of this thesis. 

Chapter two presents an overview of factors affecting island formation. Previous reef 

island sedimentary and evolution studies are reviewed in order to determine research 

gaps associated with reef island formation, providing the rationale behind this research. 

1.4.2 Section B: Sedimentary Characteristics and Stratigraphy 

Chapter three presents an overview of the sedimentary analysis undertaken in this 

thesis, and examines whether KAN and KOND maintain active sediment linkages with 

their surrounding reefs. Abundance of sediment producers and gross carbonate 

production on the contemporary reef flat are linked to textural and compositional 

properties of surficial reef and island beach sediments. 

Chapter four presents descriptions of geomorphic characteristics (surface morphology 

and topography) of KAN and KOND as well as an analysis of decadal-scale island 

change. The zones of accretion and erosion on KAN and KOND are identified and 

medium-term processes of island change are discussed. The chapter also details 

quantitative textural and compositional properties of island sediments on KAN and 

KOND retrieved from core sampling. Results are used to statistically delineate sediment 

clusters in subsurface island sediments, which allow for the determination of distinct 

sedimentary changes during island building.  
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Chapter five presents ground penetrating radar data from KAN and KOND, and 

interprets major geophysical stratigraphic units based on these images and the sediment 

clusters from Chapter 4. Results are used to infer modes of accumulation for KAN and 

KOND during island building.  

1.4.3 Section C: Island Evolution 

The first section of Chapter six (Section 6.1) applies scanning electron microscopy 

(SEM) and elemental mapping (EDS) to investigate whether single constituent dating of 

Halimeda spp. is suitable for resolving depositional chronology on KAN and KOND. 

The SEM images and EDS plots of Halimeda segments selected for radiocarbon dating 

are presented along with AMS and bulk radiocarbon age determinations. Results are 

used to aid in interpretation of depositional sequences in Section 6.2.  

Section 6.2 presents a chronostratigraphic framework for KAN and KOND derived 

from sedimentary characteristics, radiocarbon dates, and supplemented with GPR 

records. Results are synthesized into a model of island development for lagoonal reef 

islands in Huvadhoo Atoll. The chapter discusses the sedimentological changes that 

occurred during island formation and building, and the possible factors that influenced 

the timing of these changes.  

Chapter seven summarizes key results of Chapters 3-6. Factors influencing reef island 

susceptibility or resilience to projected sea-level rise will be discussed, putting results in 

perspective of future island trajectories. 
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2 LITERATURE REVIEW 

2.1 Introduction 

This literature review first presents an overview of two key factors involved in island 

formation: 1) reef carbonate production to generate sediment, and 2) a suitable 

hydrodynamic regime to entrain and transport sediments to the island sink. The next 

sections present an outline of controls on island formation and subsequent geomorphic 

dynamics over a range of timescales.  This is followed by a review of studies that have 

examined geomorphology, sedimentology and depositional history of reef islands. 

These studies are reviewed to highlight geographical and methodological gaps in the 

literature, as well as the need for more case studies of island formation in order to gain a 

better understanding of island evolution.  

2.2 Reef carbonate production 

Reef islands are primarily formed from the accumulation of carbonate sediments from 

the surrounding reef. Carbonate sediments are derived from the skeletal remains of reef 
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organisms such as coral, crustose coralline algae (CCA), molluscs, foraminifera, and 

Halimeda spp. (Barry et al., 2007; Dawson et al., 2012; Kench et al., 2005; Woodroffe, 

2002; Yamano et al., 2000). Broadly, the two environments of sediment production are: 

1) the back reef, or reef flat, which consists of the inner platform and patch reefs, and 2) 

the fore reef, which includes the reef slope and reef crest (Gischler, 1994). Carbonate 

production occurs mostly on the fore reef, due to increased coral cover and a higher 

density of carbonate-producing organisms, and to a lesser extent on the back reef or 

lagoon (Gischler, 1994; Woodroffe, 2008). There is significant variability in reef 

growth (dependant on region, environmental conditions, and species type) with vertical 

growth of reef framework ranging from 1 mm per year to 30 mm per year (Hopley et 

al., 2007; Montaggioni, 2005). From this reef framework, there are two pathways of 

sediment production: either directly from skeletal remains of detrital organisms, or 

indirectly as a by-product of physical and biological erosion of the reef framework 

(Perry et al., 2011). For example, foraminifera, molluscs, and Halimeda directly 

contribute sediments upon death whereas coral and CCA require physical destruction or 

bioerosion in order to be broken down into reef sediments. The amount of sediment 

produced depends on the production rates of carbonate-producing organisms, which are 

influenced by their population density, calcification rate and turnover rate (Fujita et al., 

2009, Woodroffe, 2008).  

Consequently, reef productivity and sediment supply are important for island formation 

and ongoing delivery of sediments to island shorelines. However, not all sediments 

produced on the reef contribute to island building (Figure 2.1). The allocation of reef 

sediments to the island sink depends on their capacity for entrainment (affected by grain 

buoyancy and settling velocity), as well as the hydrodynamic regime, which governs the 
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waves that entrain and transport sediments (Dawson et al., 2012). Aside from being 

transported to the island, carbonate sediments can also be reincorporated into the reef 

framework, stored on the reef surface, transported off the reef (away from the island), or 

contribute to lagoon infilling (Hart and Kench, 2007). Upon death or breakdown of the 

organism, the skeletal sediments are transported and undergo taphonomic alteration 

before being deposited on the island or transported to other zones (Figure 2.1). 

Conceptually, a reef island that is both surrounded by a productive reef and connected 

to its sediment supply may be more capable of undergoing morphological adjustment 

than islands whose sediment supply has shut down (McKoy et al., 2010; Perry et al., 

2011). Model simulations also show that sediment supply is crucial to reef island 

stability since island shorelines were able to undergo adjustments through sediment 

redistribution and overwash processes (Kench and Cowell, 2000). Sea-level rise has 

often been the focus of studies predicting future morphological change in atoll islands, 

whereas sediment supply has largely been ignored.   

 
Figure 2.1 Upon death of carbonate producers, the skeletal fragments undergo taphonomic 
processes and an unknown period of transport before deposition to the island sink (figure adapted 
from Ford and Kench, 2012). 
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2.3 Hydrodynamic regime around reef islands 

Island formation and geomorphic processes driving island change are contingent to the 

interaction between waves and reef platforms (Gourlay, 1988). Waves breaking across 

the reef edge due to the abrupt change in water depth generate reef flat currents that can 

entrain and transport reef sediments (Kench et al., 2009a). Further energy dissipation 

over the reef flat is caused by friction, which is affected by reef flat width, rugosity, and 

water depth (Ferrario et al., 2014; Kench and Brander, 2006b). Once entrained by reef 

flat currents, sediments are allocated to different sediment pathways due to wave setup 

gradients across the reef (Gourlay, 2011). Island accumulation occurs when sediments 

are deposited to a nodal point of deposition on the reef platform, which is the zone of 

convergence where waves refract, wrap around the reef, and cross the reef flat (Kench, 

2013; Mandlier and Kench, 2012; Figure 2.2). Consequently, the shape of the reef 

platform affects the location of the nodal point, often resulting in an island that is 

similar in shape to the reef platform (Kench and Brander, 2006a). Any subsequent 

change to the wave energy vector shifts the location of the nodal point, leading to 

shoreline change (Kench and Brander, 2006a). 

 
Figure 2.2 Conceptual model of the cross section of a reef and island from Kench (2013), showing 
point of sediment deposition at the convergence of wave energy from the ocean and lagoonward 
directions.  
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Waves and currents are also critical for the ecological functioning of the reef system 

since the water movement renews oxygen and nutrients to reef organisms, removes 

metabolic waste, and disperses coral larvae (Hearn et al., 2001; Monismith, 2007; 

Schiel, 2004). Ultimately, the effect of the hydrodynamic regime on reef health affects 

sediment supply in turn. This connection exemplifies the network of physical processes, 

biological processes, and sediment supply that forms the morphodynamic reef island 

system, which will be discussed in the following section.  

2.4 Reef islands as morphodynamic systems 

Reef islands are constantly undergoing morphological adjustments (Hopley, 1978; 

Kench, 2013; Stoddart, 1965) in response to physical processes, biological processes, 

sediment supply, and platform development (Kench et al., 2009c; Figure 2.3). Typical 

morphological change on reef islands is manifested as shoreline erosion or accretion, 

overwash events, shoreline realignment, and island migration (Kench, 2013). 

Morphological change occurs at a range of timescales: long-term (response to global 

sea-level change over millennial timescales), medium-term (response to centennial and 

decadal climate variations), and short-term seasonal changes (response to monsoons; 

Figure 2.3).  

2.4.1 Long-term morphological change 

Global sea-level fluctuations are caused by glaciation and deglaciation cycles, and affect 

island development over millennial timescales. In the Maldives, sea level has been 

rising for most of the last 8000 years and has stabilised relatively recently during the  
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Figure 2.3 Conceptual flow diagram of processes controlling island morphology: long-term 
(millennial timescales, shaded dark grey) and medium- to short-term (contemporary to multi-
decadal timescales, shaded light grey). Arrows represent direction of influence and are labelled 
with the description of change that occurs. For example, reef carbonate production influences 
sediment supply following taphonomic alterations, and can be either a long-term island building 
process modulated by sea-level change, or a shorter-term process promoted by wave transport and 
reworking.  

latter stages of the Holocene (Camoin et al., 2004; Gischler et al., 2008; Kench et al., 

2009d). Since water depth affects wave energy dissipation over the reef flat, sea-level 

rise augments the hydrodynamic regime that transports and deposits sediments to the 

island sink (Kench and Brander, 2006b; Kench and Cowell, 2001). Reefs that are not 

sea level-constrained allow greater ocean wave propagation across the reef flat. Sea-

level rise during the mid-Holocene allowed higher-than-present water depth over reefs 

in the Great Barrier Reef and the Maldives, supplying the necessary energy to build 

landforms such as reef islands (Hopley, 1984; Kench et al., 2005). This period has been 

termed the mid-Holocene high energy window (Hopley, 1984; Kench et al., 2005). Reef 

islands generally form in periods of relative sea-level stability (McLean and Kench, 

2015), but recent evidence has shown that island formation can occur at varying stages 
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of sea-level change (Kench et al., 2012; 2014a; 2014b). Kench et al. (2012) suggest that 

no single sea-level change event is the catalyst for island formation. Rather, the 

interplay between sea level and the reef platform triggers a high-energy window that is 

favourable to island building (Kench et al., 2012).  

Aside from modulating reef platform depth for island accumulation, sea level also 

dictates the stage of reef platform development, which influences sediment productivity. 

According to Perry et al. (2011), the first order requirement of reef island initiation is a 

reef platform that is at or near sea level, followed by the second order requirement of 

sediment supply. Sea-level change can trigger a window of high sediment production by 

affecting the productivity and ecology of reefs, which in turn influences sediment 

supply to the island (Perry et al., 2011; Yamano, 2000). For example, reef-building 

organisms capable of rapid growth, such as Halimeda spp., may be better adapted for 

periods of sea-level rise (Perry et al., 2011). Conversely, emergent reef flats exposed 

after sea-level fall favour foraminifera production since foraminifera prefer shallower 

habitats (Perry et al., 2011). These ecological shifts affect patterns of sediment 

production (rates and types of sediment produced) and character (volume and 

composition), which influences island sediment supply and rate of island accumulation 

(Perry et al., 2011). The interaction between sea level and sediment supply and the 

resulting island morphological change highlights the interconnected nature of the 

morphodynamic reef island system (Figure 2.3). This interconnectedness implies that 

any change in boundary conditions can affect the island both directly, indirectly, or 

through feedback loops (Figure 2.3).  
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2.4.2 Medium-term morphological change 

Medium-term morphological changes of island shorelines are caused by decadal to 

centennial shifts in climate (e.g. prevailing winds; Flood, 1986), response to extreme 

events (e.g. hurricanes or typhoons; Ford and Kench, 2014; 2016; Stoddart et al., 1982), 

and decadal variations in sea level (Webb and Kench, 2010). Medium-term 

morphological responses include net island accretion (Dawson and Smithers, 2010; 

Kench et al., 2015), shoreline erosion (Kench et al., 2014a), migration across reef 

platforms (Webb and Kench, 2010; Kench et al., 2015), and even the formation of new 

islands (Ford and Kench, 2014). In many cases, decadal- to centennial-scale shoreline 

history studies of reef islands provide evidence that many reef islands are 

morphologically stable and that some are even accreting (Dawson and Smithers, 2010; 

Ford and Kench, 2014; Kench et al., 2015; McLean and Kench, 2015; Webb and Kench, 

2010; Yamano et al., 2005).  

The mode of planform adjustment over medium timescales is the redistribution of 

sediments from one shore to another (Kench et al., 2015; Webb and Kench, 2010). 

Generally, the vegetated island core remains intact while the shoreline readjusts to 

changing boundary conditions (Kench et al., 2015). Kench et al. (2015) describe five 

styles of island adjustment over a centennial period: 1) expansion or contraction around 

an island core, 2) island migration, 3) lateral extension of gravel spits, 4) merging of 

two or more islands, and 5) island rotation. However, there is a limited understanding of 

medium-term styles of planform change on reef islands and styles have only been 

identified in one multi-decadal study (Webb and Kench, 2010) and one centennial study 

(Kench et al., 2015). 
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2.4.3 Short-term morphological change 

Seasonal changes in climate processes have been shown to exert a degree of control on 

the short-term dynamics of island building by affecting the intensity and dominant 

direction of waves around reef islands, resulting in seasonal fluctuations of the island 

shorelines (Flood, 1986; Kench et al., 2009b; Kench and Brander, 2006a). For example, 

monsoonal winds in the Maldives cause seasonal reversals in wave energy that rework 

sediments around island shorelines (Kench and Brander, 2006a). However, these shifts 

often result in little annual net change in shoreline area and position. Kench and Brander 

(2006a) compared shoreline position of reef islands in Baa Atoll, Maldives, after a 

complete monsoon cycle and found near identical shoreline positions. On these reef 

islands, shoreline change was more apparent on the lagoonward side of islands in the 

atoll periphery since oceanward margins of islands were exposed year round to external 

wave energy (Kench and Brander, 2006a).  

Although seasonal shifts did not affect net change in shoreline area and position on Baa 

Atoll, they may have a longer term effect on reef and island elevation. For example, on 

Hulhadhoo reef (Baa Atoll), differences in wave energy across the reef platform, which 

is strongly modulated by seasonal monsoon winds, had significant implications to island 

and reef morphological change (Kench et al., 2009a). Increased wave energy on the 

western reef platform resulted in higher reef flat growth and island ridges on the western 

side (Kench et al., 2009a). Thus, a better understanding of short- and medium-term 

morphological change can provide insights into processes involved in longer-term 

island building.  
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2.5 Reef island geomorphology 

Early geomorphological investigations of reef islands identified a great diversity of 

island types (Bonney, 1904; Spender, 1930; Steers, 1929; Steers and Lofthouse, 1940; 

Stoddart et al., 1978; Umbgrove, 1947), summarized in Table 2.1 (Kench, 2013). A reef 

island classification scheme based on physical features has been developed under four 

principle criteria: 1) location and number of islands on a reef platform, 2) island shape 

and morphological complexity, 3) sediment calibre (size), and 4) extent of vegetation 

(Hopley et al., 2007). The geomorphic processes that shape the morphologies of reef 

islands are still poorly understood, owing to the paucity of island case studies as well as 

their complex morphodynamic nature.   

In the Maldives, island morphology has only been extensively studied on northern 

atolls. A study of island topography and elevation across Baa Atoll (in the north 

Maldives) identified that ridge elevation generally reflects energy exposure since higher 

ridges are related to higher wave energy (Kench, 2012). The geomorphic characteristics 

of reef islands in Baa Atoll have been detailed by Kench (2012) who identified three 

characteristic morphologies: 1) convex unvegetated sand cays, 2) basin-shaped 

(concave) vegetated islands, with high marginal ridges surrounding a central depression, 

and 3) asymmetric vegetated islands, where the ridge on one side of the island is more 

elevated (Kench, 2012). Medium to large islands are typically basin-shaped, the most 

common morphology identified on Baa Atoll (Kench, 2012). The topography and 

geomorphic characteristics of lagoonal reef islands in a southern Maldivian atoll have 

not been investigated prior to this study, so there is no comparative data from this 

region.
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Table 2.1 Summary of reef island morphologies from Kench (2013). Reef island types are presented along with typical features, settings, and geomorphic stability.  

Island type Morphology Vegetation Geomorphic features Setting Stability 
Solitary islands      
 Linear-oblate Unvegetated Small and ephemeral. Leeward lower-energy settings Very unstable 
     Intertidal shingle    
     deposits 

Form linear shingle ramparts, 
parallel to reef edge 

Unvegetated  Shingle ramparts can become 
cemented and form bassett edges. 

Windward higher energy reef 
settings 

Stable 

     Sand cays Subaerial accumulations of 
calcareous sand 

a) Unvegetated  Concentric parallel sand ridges. 
Distinctive swash ridges and central 
depressions. 

Leeward planar reefs in 
moderate to low energy settings 

Unstable 

  b) Vegetated when island 
core becomes stable 

Concentric ridges, seaward high 
swash ridges and central depression. 
Beachrock common on shorelines.  

Leeward planar reefs in 
moderate to low energy settings 

Stable core 
Mobile beaches 

     Shingle cays Subaerial deposits of coral shingle a) Unvegetated Recurved spits, partial cementation, 
beachrock and conglomerate. 

Small reefs and higher energy 
settings 

Variable 

  b) Vegetated when 
shingle becomes stable 

Commonly form linear ramparts. Can 
become cemented. Prominent 
seaward ridges.  

Windward margins of atolls or 
centrally on exposed reef 
platforms 

Stable 

     Mixed sand and  
     shingle cays  
     (Motu) 

Composite islands shingle seaward 
ridges and leeward sand ridges 

Vegetated Linear to oblate in plan. Basin surface 
morphology, prominent ridges. 
Beachrock prevalent. Conglomerate 
common. 

Exposed peripheral rim of atolls, 
or reef backed by lagoon 

Stable 

     Mangrove islands Mangroves colonize surface of reef 
platforms. Reefs may also have 
windward sand ridges. 

Vegetated with mangrove Cay has sand ridges. Mangrove traps 
fine sediments. Terrigenous 
sediments may be present. 

Sheltered locations, planar reefs 
with micro- to mesotidal range 

Unstable in storms 

Multiple islands      
 Two or more discrete island types 

on the same reef platform 
Vegetated and 
unvegetated 

Commonly windward shingle cay and 
leeward sand cay. Other features as 
for sand and shingle islands. 

Larger platforms that enable 
deposition of two geomorphic 
units 

As for other island 
types 

     Low wooded  
     islands 

Consist of: 
a) Windward shingle islands formed 
by ramparts 
b) Leeward sand cay 
c) Central platform occupied by 
mangrove 

Vegetated. Each island 
unit has unique 
vegetation characteristics 

Develop on small reef platforms with 
infilled lagoons. Can occupy large 
proportions of the reef top. Possess 
all features of all shingle and sand 
islands. Basset edges, ramparts. 

Small reef platforms in moderate 
to low energy settings 

Stable shingle island 
Less stable sand cay 
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2.6 Sedimentological controls on island building 

Sediment supply plays a significant role in reef island morphodynamics (Figure 2.3). 

However, there is limited research on how sediment supply affects island formation and 

building. Since sediment supply is linked to drivers of morphological change at a range 

of timescales (Figure 2.3), investigating changes in sedimentary characteristics over the 

course of island building could provide key insights into sedimentological feedbacks to 

changing boundary conditions. These sedimentological controls may also have 

implications for future island resilience. 

2.6.1 Reef island sedimentary characteristics 

Pioneering studies of reef islands often classified islands in terms of physical properties, 

which included sedimentary characteristics (Spender, 1930; Stoddart, 1965; Stoddart 

and Steers, 1977). Early classifications identified island type based on calibre of island 

sediments: sand cays are formed from sand-sized sediments and motu are composed 

predominantly of shingle (gravel and rubble size clasts), while it is also possible to have 

mixed shingle-sand islands (Stoddart and Steers, 1977). This selectivity in sediment 

calibre between island types is dictated by the energy regimes in which the islands are 

subject to, with shingle islands usually forming in higher energy environments as 

compared to sand cays (Barry et al., 2007; Folk and Robles, 1964). Thus, sediment size 

can provide clues to the energy regime in which the islands formed.  

Since reef islands are composed of sediments generated from their surrounding reefs, 

island sediment composition can also provide information on reef ecology and the 
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hydrodynamic regime governing sediment transport during time of island formation 

(Dawson et al., 2012). Geographic differences in reef island sediment composition 

(Table 2.2) arise from preferable habitats and growth conditions of different reef-

building organisms (Gischler, 2006; McKoy et al., 2010). Coral is the dominant 

constituent for reef islands in the Indian Ocean (Table 2.2) and is also responsible for 

the bulk of global reef carbonate production (Langer et al., 1997). Foraminifera are not 

a major contributor of reef carbonates on a global scale (4.8% of global reef carbonate 

budget) but they are capable of very high production rates and are important for island 

building and maintenance on Pacific atolls (Langer et al., 1997; Woodroffe and 

Morrison, 2001; Table 2.2). Halimeda is the major contributor to reef island sediments 

in the Caribbean Sea (Table 2.2). Halimeda is commonly found on Caribbean reefs and 

can contribute up to 77% of lagoonal sediments (Hillis-Colinvaux, 1980).  

The composition of island sediments can change over time, which can reflect changing 

conditions on the surrounding reef, or “ecological shifts” (Perry et al., 2011; Szabo et 

al., 1985; Zinke et al., 2005). For example, on two islands in the Mamanuca Island 

group, Halimeda abundance increased with depth by as much as 10% while coral and 

foraminifera abundance decreased, suggesting that conditions suitable for different reef-

building organisms had changed over time (McKoy et al., 2010). Since sea-level change 

can result in ecological shifts on the reef (Yamano et al., 2000), changes in island 

sediment composition could reflect reef response to changing sea levels.  
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Table 2.2 Compilation of reef island constituents by geographic region, based on quantitative and qualitative data from sedimentological studies (primary constituents ; 
secondary constituents ). Studies that employ quantitative sediment analyses (Quant) and/or core sampling methods (Cores) are denoted with a checkmark.  

Study site Constituents Methodology Reference 
 C CCA F H M Quant Cores  
Indian Ocean         
West Island, Cocos (Keeling) Islands        Woodroffe et al. (1994), Woodroffe et al. (1999) 
Feydhoo, Foammulah, Thoddoo (various atolls), Maldives        Woodroffe (1992) 

Kuramathi, Rasdhoo Atoll, Maldives        Gischler (2006) 
Angaga, Hurasdhoo, Ari Atoll, Maldives        Gischler (2006) 
Dhakandhoo, Baa Atoll, Maldives        Kench et al. (2005) 
Hulhudhoo, Baa Atoll, Maldives        Kench et al. (2005) 
Thiladhoo, Baa Atoll, Maldives        Kench et al. (2005) 
Vakkaru, Raa Atoll, Maldives        Perry et al. (2015) 

Malé Island, Maldives        Koksal (2014) 

Baa Atoll, Maldives (various)        Ali (2000), in Kench (2012) 
Vabbinfaru, North Malé Atoll, Maldives        Morgan and Kench (2016) 

Pacific Ocean         
Makin Island, Kiribati        Woodroffe and Morrison (2001) 
Tebikerai, Nuotaea (Maiana Atoll), Kiribati        Rankey (2011) 
Tekaeang, Bikentekai, Atintabuariki (Aranuka Atoll), Kiribati         Rankey (2011) 
Fongafale Island, Funafuti Atoll, Tuvalu        Collen and Garton (2004) 
Tepuka Island, Funafuti Atoll, Tuvalu        Kench et al. (2014a) 
Bikini Atoll, Marshall Islands        Emery et al. (1954) 
Laura Island, Majura Atoll, Marshall Islands        Yasukochi et al. (2014) 
Jabat Island, Marshall Islands        Kench et al. (2014b) 
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Kure Island, Kure Atoll, Hawaii        Gross et al. (1969) 
Midway Island, Midway Atoll, Hawaii        Gross et al. (1969) 
Namotu Island, Mamanuca Isl., Fiji        McKoy et al. (2010) 
Malamala Island, Mamanuca Isl., Fiji        McKoy et al. (2010) 
Navini Island, Mamanuca Isl., Fiji        McKoy et al. (2010) 
Vatunaquala Island, Mamanuca Isl., Fiji        McKoy et al. (2010) 
Vunavudra Island, Mamanuca Isl., Fiji        McKoy et al. (2010) 
Vegetated sand cay, Low Isles Reef, GBR        Frank (2008) 
Warraber Island, GBR         Hart (2008) 
Raine Island, GBR        Dawson and Smithers (2010), Dawson et al. 

(2014) 
Various reef islands, Northern GBR        McLean and Stoddart (1978), Fuentes et al. 

(2010) 
Green Island, GBR        Yamano et al. (2000) 
Bewick Cay, GBR        Kench et al. (2012) 
Ephemeral sand cay, Elizabeth Reef, GBR        Kennedy and Woodroffe (2004) 
Mba Island, New Caledonia        Yamano et al. (2014) 

Caribbean and region          
Turneffe Island, Belize Barrier Reef        Stoddart (1962), Stoddart and Fosberg (1982) 

Lighthouse Reef, Belize Barrier Reef        Stoddart (1962), Stoddart and Fosberg (1982) 

Glover’s Reef, Belize Barrier Reef        Stoddart (1962), Stoddart and Fosberg (1982) 

Isla Perez sand cay, Alacran Reef (Gulf of Mexico)        Folk and Robles (1964) 
Southeast Cay, Hogsty Reef (Bahamas)        Milliman (1967) 
Northwest Cay, Hogsty Reef (Bahamas)        Milliman (1967) 

N.B. Only island sediments are considered in this table. Other sedimentary studies that only investigated reef cores can be found in Appendix 1.  
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2.6.2 Internal sedimentary structure of reef islands 

Sedimentary characteristics of reef islands reflect processes and environmental 

conditions involved in island formation and building, yet internal sediment structure has 

not been studied in great detail. Given the significance of sediment shifts, few studies 

have considered downcore sediment changes during island evolution (Kench et al., 

2005, Perry et al., 2011; Woodroffe and Morrison, 2001; Yamano et al., 2001). The key 

question that arises from this literature is how these sedimentological changes are linked 

to island building?  

The sedimentary structure of reef islands can be investigated through quantitative 

sediment analyses of core samples. There are several recent studies (Collen and Garton, 

2004; Frank, 2008; Kench et al., 2012, 2014b; McKoy et al., 2010; Woodroffe and 

Morrison, 2001) of reef islands in the Pacific Ocean that analyse sediment samples from 

extracted cores (Table 2.2). However, of reef island sedimentary studies in the Indian 

Ocean, only two studies utilised both core sampling and quantitative sediment analyses 

(Table 2.2). Ali (2000, unpublished PhD thesis) analysed the percent composition of 

nine islands in Baa Atoll and found that on average, coral was the dominant sediment 

(up to 66%), followed by Halimeda and molluscs, while other components (including 

foraminifera and CCA) were sparse. However, Kench (2012) argues that the number of 

samples (n = 13) is insufficient for a robust assessment of sediment composition or to 

detect any spatial differences. Morgan and Kench (2016) found that sediments from 

island cores of Vabbinfaru (North Malé Atoll) were predominantly coral (mean of 

50%), followed by CCA (32%), molluscs (9%) and Halimeda (7%). Thus far, there is 
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no detailed research that quantitatively describes the subsurface sediment characteristics 

of reef islands in the south Maldives.  

2.7 Chronologies of reef island formation 

Early reef island researchers postulated that differing island morphologies – from 

simple to complex – represented a sequence of island development (Kench, 2013). 

However, Stoddart (1965) first recognised that the morphological features of reef 

islands reflect site-specific environmental conditions (e.g. strength of wave action, reef 

geometry) rather than representing an intermediary stage in a sequence of island types 

as previously thought. This recognition resulted in a shift of research direction towards 

understanding the controls of island formation, which has in recent times been 

exacerbated by the perceived threat of sea-level rise to future island resilience (Kench, 

2013). Unfortunately, few island formation studies exist overall, particularly of reef 

islands in the Indian Ocean (Table 2.3). Furthermore, few studies have overlapped both 

sedimentological and chronological datasets (Kench et al., 2014a; 2014b; McKoy et al., 

2010; Yamano et al., 2000; 2014; Yasukochi et al., 2014; Appendix 1). It would not 

only be beneficial to have geochronological investigations that cover both sedimentary 

and chronology datasets, but to also fill a geographic gap in island formation in order to 

better understand sedimentological controls on island building. 

2.7.1 Onset of reef island formation 

As discussed in Section 2.4.1, island initiation is often dependent on the relationship 

between sea level and reef growth (Perry et al, 2011). Since different geographic 
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Table 2.3 Summary of island chronology studies (dating methodologies and date of island formation) for islands in different geographic regions. Cores refer to any 
subsurface exposure including trenches, pits, and channels (for more detail see Appendix 1). Only island sediments are considered in this table. Other sedimentary studies 
that only investigated reef cores can be found in Appendix 1. 

Site Island 
cores (no.) 

Dating method Samples 
dated (no.) 

Material dated Date of island 
formation (yr BP) 

Reference 

Pacific Ocean       
Jabat Island, Marshall Islands  8  Conventional   22  Bulk sediment, coral 4800  Kench et al. (2014b) 
Laura Island (Majuro Atoll), Marshall Islands 
 

13  AMS  16 Foraminifera 2000  Kayanne et al. (2011), Yasukochi 
et al. (2014)  

Tepuka Island (Funafuti Atoll), Tuvalu 14 Conventional 9 Bulk sediment 1100-500  Kench et al. (2014a) 
Mba Island, New Caledonia 5 Conventional, AMS 28 Foraminifera, coral  4500 Yamano et al. (2014) 
Lady Elliot Island, GBR  0 Conventional 41 Mollusc 3200  Chivas et al. (1986) 
31 Various Cays, GBR 0 Conventional 26 Bulk sediment, coral, mollusc 3000-4000 McLean and Stoddart (1978) 
Sand cay of Low Isles Reef, GBR 5 AMS 5 Foraminifera, coral 2550 

 
Polach et al. (1978) in Frank 
(2008) 

Bewick Cay, GBR 6 Conventional 13 Bulk sediment, coral 4000-5000 Kench et al. (2012) 
Warraber Island, Torres Strait  9 Conventional, AMS 32 Coral, mollusc, foraminifera 2500-3000 Woodroffe et al. (2007) 
Seven islands of Mamanuca Islands, Fiji 6 Conventional, AMS 19  Bulk sediment, foraminifera, 

coral  
2100-2260 McKoy et al. (2010) 

Five islands on Makin Reef, Kiribati 9 Conventional, AMS 17 Bulk sediment, coral, foram 2000-2500 Woodroffe and Morrison (2001) 
Caroline and Marshall Islands 
 
Utrok and Maloelap atolls, Marshall Islands 

2 
 
n/a 

Conventional, 
Th230 
Conventional 

23 
 
41 

Coral, mollusc 
 
Bulk sediment 

2500-3000 
 
2400-2750 

Curray et al. (1970) 
 
Weisler et al. (2012) 

Indian Ocean       
North Malé, Addu, Kolamadulu and 
Foammulah, Maldives 

4 Conventional 7 Bulk sediment, coral 3000 Woodroffe (1992) 

Baa Atoll, Maldives 102 Conventional 29  Bulk sediment, coral  4500-5500 Kench et al. (2005) 
Baa Atoll, Maldives 34 Conventional 83 Bulk sediment, coral 2500-5500 Perry et al. (2013), Kench (2012) 
West Island, Cocos Islands 20 Conventional, AMS 56 Bulk sediment, coral, 

foraminifera, mollusc, CCA 
3400 Woodroffe et al. (1999), 

Woodroffe (2000) 
Caribbean Sea       
Turneffe Islands and Glover’s Reef, Belize 
Barrier Reef 

1 Conventional 20 Bulk sediments n/a Gischler and Lomando (2000) 

Glover’s Reef, Lighthouse Reef, Turneffe 
Islands, Belize Barrier Reef 

9 Conventional 
 

17 
 

Coral n/a Gischler and Hudson (1998) 
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regions experience different sea-level histories, the onset of reef island formation 

around the world is expected to vary. In the Indian Ocean, radiocarbon ages from 

islands in the Maldives indicate that islands developed between 3000-5500 years ago 

(Kench et al., 2005; Kench, 2012; Perry et al., 2013; Woodroffe, 1992), while the Cocos 

Islands formed ~3400 years ago (Woodroffe, 2000; Woodroffe et al., 1999; Table 2.3). 

In the Caribbean sea, ages from reef drillcores from the Belize Barrier Reef show that 

the Pleistocene carbonate platform was flooded between 6000-7500 years ago by rising 

Holocene sea level (Table 2.3), which is a prerequisite for later Holocene reef platform 

development (Gischler and Lomando, 2000). Although these ages do not represent reef 

island initiation in the Caribbean Sea, the timing of formation of the Holocene reef 

platform constrains the minimum age for reef island development. 

However, the data also show that islands in similar geographical regions have widely 

varied onsets of island formation (Table 2.3), suggesting that sea level is not necessarily 

the overriding factor in island formation. In the Pacific Ocean, Tepuka Island in Tuvalu 

formed as late as ~500 years B.P. (Kench et al., 2014a), while Jabat Island in the 

Marshall Islands formed ~5000 years ago (Kench et al., 2014b; Table 2.3). Kench et al. 

(2014b) attribute island initiation on Jabat to the small size of the reef platform, since 

the smaller areal extent allowed the island to more easily keep up with sea level and to 

retain sediment on the reef platform. This site-specificity highlights the importance of 

local controls on island formation, which are not well understood due to the complexity 

of processes and paucity of island case studies. 
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2.7.2 Investigating modes of reef island building 

Another poorly studied aspect of reef island formation is the mode of accretion in which 

islands formed over the underlying reef flat. The styles of island accumulation proposed 

by Woodroffe et al. (1999) provide theoretical interpretations of possible island 

accretion scenarios (Figure 2.4). Accretion expands the island laterally (horizontal 

accretion e.g. central core, lagoonward or oceanward) or upwards (vertical accretion; 

Figure 2.4). Some scenarios may be more likely to occur than others and a single island 

may exhibit a combination of more than one style of accumulation (Woodroffe et al., 

1999). These theoretical styles of accumulation provide an important comparison for 

empirical geochronological and morphostratigraphic studies (Woodroffe et al., 1999). 

However, since most islands are sparsely core sampled (Table 2.3), it is difficult to infer 

spatial patterns of deposition, and so little empirical evidence exists to classify styles of 

island formation against the scheme of Woodroffe et al. (1999).  

A further challenge to providing a robust model of island evolution is that typical core 

sampling provides a limited representation of subsurface stratigraphy, requiring 

extrapolation of structure between core sampling points. Using a combination of 

sediment cores and ground penetrating radar (GPR), subsurface morphology and the 

internal structure of the reef island can be inferred from the depositional layers and 

directions of slope in the GPR images (Bristow, 2013; Leatherman, 1987; Neal and 

Roberts, 2000). There is currently only one published study that uses GPR, in 

conjunction with morphostratigraphic analyses and radiocarbon dates, to investigate 

stratigraphy in a reef island environment (Kench et al., 2005). Kench et al.  
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Figure 2.4 Schematic cross-sectional view of an island showing possible styles of reef island 
accumulation. The oceanward shore is depicted on the left side and chronology of deposition is 
represented by isochrons (in ka), which denote direction of accumulation or erosion over time 
(from Woodroffe et al., 1999).  

(2005) used GPR records to infer sloping of facies on island margins and structure of 

the island core on Thiladhoo, Baa Atoll, Maldives. GPR data provides directionality of 

deposition, which is difficult to discern using chronostratigraphical data alone, and can 

contribute to forming a more robust model of island evolution. 

2.7.3 Radiocarbon dating approaches to developing island chronologies 

Radiometric dating is widely used to determine age of carbonate materials from the 

Pleistocene and Holocene (Taylor and Aitken, 1997). In the context of reef islands, 

radiometric ages from island sediments have been used to constrain dates of sediment 

deposition and construct a timeline of island accumulation (Dawson et al., 2014; Kench 

et al., 2014b; Woodroffe et al., 1999; 2007; Yamano et al., 2014). Of the limited 

number of studies on island formation, many present a sparse set of dates (Table 2.3), 

making it difficult to constrain phases of island building.  

Furthermore, conventional radiocarbon dating of bulk sediments as used in most studies 

(Table 2.3) could factor a range of dates (from each component) into the age 

determination (Woodroffe et al., 1999). This would not be an issue if all carbonate 
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clasts were deposited soon after organism death; however these clasts can have an 

unknown temporal gap between organism death and deposition on the island 

(Woodroffe et al., 2007). Some constituents have a higher potential for reworking and 

transport time due to their durabilities (Ford and Kench, 2012). The argument for single 

constituent dating in improving accuracy of depositional age is that one is able to select 

the component that has undergone minimal post-mortem transport from the range of 

components in a bulk sample (Linick et al., 1989; Woodroffe et al., 2007). However, 

few island chronology studies (Woodroffe et al., 1999; 2007) have explored methods to 

improve accuracy of chronostratigraphic interpretations by selecting appropriate clasts 

for AMS dating. Ensuring that the radiocarbon dating method and selection of targeted 

clasts will lessen the temporal gap between organism death and deposition is important 

for accurately interpreting depositional chronology. 

2.8 Summary 

Reef islands are composed of carbonate sediments produced by the surrounding reef, 

which are entrained and transported to the island by wave energy and reef flat currents 

(Kench et al., 2009a; Mandlier and Kench, 2012). Various processes control island 

building over different timescales, including: 1) millennial-scale sea-level fluctuations 

that influence reef growth, productivity and ecology (Perry et al., 2011), 2) decadal 

variations in climate and sea level that drive medium-term shoreline adjustments 

(Flood, 1986, Webb and Kench, 2010), and 3) seasonal changes in atmospheric 

circulation that affect direction and intensity of waves around reef islands (Flood, 1986; 

Kench and Brander, 2006). Controls of island building may not necessarily influence 
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island morphology directly, but rather through complex interactions, which highlights 

the interconnected nature of the reef island morphodynamic system (Figure 2.3). 

Investigations of reef island sediments and depositional chronology are scarce and more 

research in this field is needed. Specifically, since island formation is influenced by 

local controls (Kench et al., 2014b), more island evolution case studies in different 

settings and geographical regions are needed to broaden understanding of the range of 

controls involved in island building. This thesis will be the first to quantitatively detail 

the subsurface sediment characteristics of lagoonal reef islands in the south Maldives 

and results will be used to develop a model of island formation for this region. 

Chronostratrigraphic results also provide insights into factors involved in the onset of 

island formation on the study islands Kan’dahalagalaa and Kondeymatheelaabadhoo, 

and their evolution in relation to sea-level change. Thus, the broad significance of this 

research is its implications for future reef island resilience to projected sea-level rise. 

Furthermore, there are several gaps in pre-existing research:   

1) Few reef island formation studies (Perry et al., 2011; Yamano et al., 2000; 2014; 

Yasukochi et al., 2014) overlap detailed sedimentary and chronological datasets, 

which could provide insights into sedimentological controls on island building. 

2) While the importance of sediment supply in island building processes is 

recognised, it remains a relatively unexplored area of research. 

3) Styles of island development are poorly resolved (Woodroffe et al., 1999), in 

part due to the limitations of chronostratigraphical data in discerning 

directionality and spatial patterns of deposition.  
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4) Few island formation studies (Woodroffe et al., 1999; 2007) have explored 

methods to improve accuracy of radiocarbon age interpretations for inferring 

depositional history on reef islands.   

The advent of relatively new advances in radiocarbon age determinations (single 

constituent dating; Linick et al., 1989) and subsurface imaging (ground penetrating 

radar; Leatherman, 1987) technology can aid in bridging these research gaps, resulting 

in a better understanding of the controls on island formation, the modes of development 

on reef islands, and interpretations of depositional chronology based on radiocarbon 

ages.   
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3 LAGOONAL REEF SEDIMENT 
SUPPLY AND ISLAND 
CONNECTIVITY 

3.1 Introduction 

Reef islands are typically mid- to late Holocene in age (Stoddart and Steers, 1977; 

Stoddart et al., 1978) and composed of bioclastic sands and gravels, derived from the 

skeletal remains of reef organisms such as coral, coralline algae, molluscs, Halimeda 

and foraminifera (Kench et al., 2005). Consequently, reef productivity and sediment 

supply are fundamental for island formation and ongoing shoreline maintenance 

(Section 2.2). This chapter investigates the sedimentary link between the islands and 

surrounding reefs of Kan’dahalagalaa (KAN) and Kondeymatheelaabadhoo (KOND) in 

Huvadhoo Atoll, by comparing beach and reef flat sediments. Abundance of sediment 

producers on the contemporary reef flat and gross carbonate production will also be 

presented. 
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How reef islands will respond to changes in future sea level and the effects associated 

with sea-level rise are poorly understood. Research strongly suggests that reef islands 

are threatened by sea-level rise (Anthoff et al., 2010; Oppenheimer et al., 2002; Roy and 

Connell, 1991), although some studies have also shown that islands can adapt 

geomorphologically to rising sea levels (Kench et al., 2005; Kench et al., 2009a; Kench 

et al., 2015). Nevertheless, there are a number of processes aside from sea-level rise that 

could affect reef island stability, including sediment supply, which is an important yet 

poorly studied factor (Kench and Cowell, 2000).  

Sediment supply is important for island maintenance since, conceptually, an island that 

is coupled to a healthy reef (e.g. high productive reef cover and continuous sediment 

generation) is more capable of responding to changes in environmental conditions 

(McKoy et al., 2010). Accretionary adjustments in response to environmental change 

are more likely to occur when a contemporary sediment supply is available to feed 

island shorelines (McKoy et al., 2010). Islands will be more susceptible to erosion 

without a continuous supply of sediment or a hydrodynamic regime conducive to 

sediment transport from the reef to the island, since any morphological adjustments 

would depend on a finite sediment reserve (McKoy et al., 2010; Perry et al., 2011). Reef 

ecology influences sediment production regimes (rate, size, and composition of 

sediment produced), which in turn affects volume and characteristics of island sediment 

supply (Perry et al., 2011). In comparison to the northern Maldives (Kench et al., 2005; 

Morgan and Kench, 2016; Perry et al., 2015), there have been no detailed published 

studies that describe reef geomorphology and sediment composition in the southern 

Maldives. This chapter presents the first quantitative observations of lagoonal platform 
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reef flat morphology and sediment characteristics from the south Maldives, allowing a 

comparison with that from northern Maldivian atolls. 

3.2 Methods 

3.2.1 Field surveys and satellite image interpretation 

GPS (global positioning system) field surveys were undertaken on KAN and KOND 

between April and July, 2013 to identify and map key geomorphic features. The 

boundaries of major geomorphic features on the islands, including toe of beach, edge of 

vegetation, beachrock, and erosional scarps, were mapped in line mode using a Trimble 

Nomad GPS. In order to differentiate geomorphic zones on the reef flats of KAN and 

KOND, distinct geomorphic areas identified from satellite images were groundtruthed 

during field surveys. Reef geomorphic zone boundaries along six radial reef transects on 

each island were mapped using a water-resistant Garmin GPSMAP 64 GPS. The GPS 

data were uploaded into Google Earth and used along with satellite imagery to visually 

identify reef geomorphic zones. Each zone was delineated into polygons on Google 

Earth and the area of each zone was estimated by using the area calculator tool (Table 

3.1). Calculation of planimetric area of each reef zone using satellite imagery is subject 

to errors associated with image resolution, which may skew coral/sand discrimination 

(Isoun et al., 2001). As such, any small sand bodies within the dense coral zones of 

KAN and KOND were not subtracted from the total zone area since the resolution of the 

satellite image was not high enough to discriminate these small areas or to differentiate 

them from reflected sunlight.  
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Table 3.1 Area in m2 and % of total reef platform (excluding island area) for each reef geomorphic 
zone on KAN and KOND.  

Reef zone KAN (m2) KAN (%) KOND (m2) KOND (%) 

Sand 18795.6 6.7 44883.4 14.4 

Patch coral 121012.4 43.3 153779.5 49.4 

Dense coral 139472.9 49.9 112379.8 36.1 

Total reef platform 279281.0 100 311042.7 100 

3.2.2 Sediment sample collection and analyses 

A total of 84 surficial sediment samples were collected from the reef flats and beaches 

of KAN and KOND. On each reef platform, a sediment sample (~50 g) was collected 

from each reef zone along the 6 radial transects (n = 18 samples per platform; Figure 

3.1). Sediment samples were also collected from the toe of beach (TOB, n = 12 

samples) and top of beach (beach berm, n = 12 samples) on each island (Figure 3.1). To 

neutralise organic material, samples collected from the reef platform were soaked in a 

diluted 5% sodium hypochlorite solution prior to being rinsed with fresh water and oven 

dried at 40°C for 48 hours. Sediment texture was determined by dry sieving samples 

into half-phi size fractions from -2ϕ to 4ϕ and the mean grain size was calculated in 

GRADISTAT (Blott and Pye, 2001). Sediment composition was quantified by point-

counting 100 grains from each half-phi size fraction between -2ϕ to 3ϕ under a 

binocular microscope (n = 1100 grains per sample; as per the methods of Collen and 

Garton, 2004; Fuentes et al., 2010; Kench et al., 2014a; Yamano et al., 2000). Where 

less than 100 grains were present in a size fraction, the counts were based on a reduced 

sample. Sediments were classified into the following categories: coral, crustose 

coralline algae (CCA), Halimeda, molluscs, foraminifera, and other. The “other” 

category includes unidentifiable constituents as well as echinoderms (urchin remains), 
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due to low counts. Size fractions smaller than 3ϕ were not examined in composition 

analyses, as grains were too small to enable accurate constituent identification. The 

proportions of each compositional category in the entire sample were calculated by the 

summation of grain counts in each category relative to the proportion of each size 

fraction in the sample.  

3.2.3 Ecological surveys 

To quantify contemporary reef ecology and abundance of sediment producers, benthic 

ecological surveys were conducted at the same sites where the surficial reef sediment 

samples were collected (Figure 3.1), using an adapted version of the ReefBudget 

methodology (Perry et al., 2012). Benthic cover (live/dead coral cover, CCA, sand, 

rubble) was quantified along a line-intercept transect (LIT; n = 18 transects, per island) 

by recording the benthic component under every 10 cm increment from 0 m to 10 m 

along a measuring tape (n = 1818 data points, per island). Morphology of live coral 

(massive, branching, table, mushroom) was also noted for calculation of gross sediment 

production. For each ecological survey, the percent cover of each benthic component 

type was determined, which was used to calculate average percent substrate cover for 

each reef geomorphic zone on KAN and KOND. Abundances of coral and CCA were 

extrapolated to a 10 m2 survey area or reef zone area (Table 3.1) using their respective 

average percent cover.  

The density of additional sediment producers – foraminifera (e.g. Marginopora), 

molluscs, urchins, red coralline algae, Halimeda, and other calcifying green algae – was 

estimated visually within 0.5 m either side of the measuring tape, totalling a 10 m2 
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survey area. Since no red algae or calcifying green algae (with the exception of 

Halimeda) were found on the reef and in sediment, the “other” category consisted of 

echinoderms and unidentified organisms. Abundances of foraminifera and molluscs 

were expressed in number of individuals per survey or reef zone, while the abundance 

of Halimeda was expressed in number of thalli (individual plants) per survey or reef  

 

 
Figure 3.1 Location of ecological reef surveys (blue markers) along six radial transects on the reef 
platform of KAN (A) and KOND (B). Surficial sediment samples from the toe of beach (filled 
circles) and beach berm (empty circles) are also marked. Image date: 19/2/2014 for KAN (map 
data: Google, CNES/Astrium), and 13/4/2006 for KOND (map data: Google, DigitalGlobe). 

A 
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zone. All ecological survey data – benthic ecology census and visual survey of sediment 

producers – are available in Appendix 2.  

In order to determine reef topographic complexity in each zone, rugosity was assessed 

visually at each ecological transect on a scale of 0 to 5, where 0 represents a flat surface 

and 5 represents a high degree of structural complexity. Sediment thickness (thickness 

of sediment cover) was measured using a sediment probe. Sediment thickness was 

recorded at 1 m intervals along each 10 m transect, as well as 0.5 m either side of the 

transect, and then averaged for each survey (594 points, per island). Gross carbonate 

production (GCP) for coral and CCA was calculated following the methods of Morgan 

(2014; modified from Perry et al., 2012) using the equation:  

Rate of GCP = R × (X/100) × ((C × 10000)/1000)) 

where R is the rugosity coefficient, X is abundance of sediment producers, and C is 

calcification rate. Since rugosity measured in the field was qualitative on a scale of 0 

(no rugosity) to 5 (highest rugosity), this data was scaled to a quantitative value using 

the rugosity of the dense coral zone (R = 2) in Morgan (2014). Calcification values for 

the four coral morphologies and CCA were derived from Morgan (2014), and 

production rate of Halimeda, foraminifera and molluscs were derived from Perry et al., 

(2015; supplementary methods from GSA Data Repository, item 2015181). This 

yielded an estimate of gross carbonate production rate in kg CaCO3 per m2 per year for 

each reef zone on KAN and KOND. It is important to note, however, that gross 

carbonate production does not translate to amount of sediment produced as this step 

requires further information on physical and biological erosion processes (Perry et al., 

2012). Regardless, calculated gross carbonate production values can provide a 
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conservative estimate, or maximum potential, of sediment supply to KAN and KOND. 

This GCP represents a “snapshot” of reef productivity during the field period and may 

vary due to environmental perturbations (bleaching, storm damage) or natural 

fluctuations. Another uncertainty associated with estimating GCP on KAN and KOND 

is use of published calcification and production rates for sediment producers. However, 

this uncertainty is lessened by using experimentally determined rates from another 

Maldivian reef (Morgan, 2014) and site-specific data for benthic cover. Standard 

deviations around means and errors propagated through calculations represent other 

sources of uncertainty. 

3.3 Results 

3.3.1 An overview of reef geomorphic zones on Kan’dahalagalaa and 

Kondeymatheelaabadhoo 

The study islands and their surrounding reef platform were divided into five 

geomorphic zones (Figure 3.2). The two island geomorphic zones will be further 

described in Section 4.3.1 of Chapter 4. The three reef geomorphic zones (sand, patch 

coral, dense coral) were present on both KAN and KOND and were located in similar 

areas of the reef platform on both islands (Figures 3.2). The zones were differentiated 

mainly in terms of coral cover: the sand zone had no coral growth, the patch coral zone 

had discrete coral colonies that were surrounded by sand and rubble, and the dense coral 

zone was an area of high coral cover (~85%; Figure 3.3). The sand zone demarcated the 

boundary between the reef and the island and extended approximately 5 to 130 m 

seaward from the bottom of the beach step (Figures 3.2; 3.3A). The patch coral zone 
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was a transitional area, occurring between the sand zone and the dense coral zone 

(Figure 3.2; 3.3B). The dense coral zone formed the periphery of the reef platform 

(Figures 3.2; 3.3C). 

 

 
Figure 3.2 Geomorphic zones on the reef flats of KAN (A) and KOND (B): sand zone, patch coral 
zone, dense coral zone. Island zones (intertidal zone and supratidal zone) also shown in figures.    A 
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Figure 3.3 Photographs of reef flat geomorphic zones on KAN and KOND: A) sand zone, B) patch 
coral zone, and C) dense coral zone, as well as corresponding appearance from an aerial view 
(inset).  

3.3.2 Reef productivity 

3.3.2.1 Reef substrates and benthic cover on Kan’dahalagalaa 

The dense coral zone was characterised by the lowest sediment thickness (0.14 cm) and 

the highest rugosity values (4.3) of the three reef zones on KAN  (Table 3.2).  This zone  
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Table 3.2 Mean sediment thickness (cm, ± 1 s.d.) and mean rugosity (qualitative scale from 0 [flat] 
to 5 [highest rugosity]) of reef geomorphic zones on KAN and KOND. 

 KAN KOND 

Reef zone Sediment thickness Rugosity Sediment thickness Rugosity 

Sand 27.3 ± 0.4 1.0 17.6 ± 8.0 1.0 

Patch coral 3.0 ± 2.5 2.7 6.3 ± 4.5 2.6 

Dense coral 0.14 ± 0.1 4.3 0.5 ± 1.0 4.5 

 

was dominated by coral, which comprised almost 85% of benthic cover (x̅ = 67.2% live 

coral, x̅ = 17.2% dead coral), followed by CCA, which represented 8.8% of total cover 

(Table 3.3). Live coral cover in the dense coral zone ranged from 57-73% between 

survey sites, dead coral cover ranged from 13-24%, and CCA cover ranged from 4-14% 

(Appendix 2). Sand and rubble collectively covered less than 7% of total surfaces in the 

dense coral zone (Table 3.3).  

In the patch coral zone, mean rugosity was 2.7 and mean sediment thickness was 3.0 cm 

(Table 3.2). Sand and rubble were the dominant substrates in the patch coral zone, at 

almost 70% of total substrate cover (x̅ = 46.7% sand, x̅ = 23.2% rubble; Table 3.3). 

Sand cover in the patch coral zone ranged from 20-81% between surveys and rubble 

cover ranged from 6-45% (Appendix 2). Live coral cover was on average 19.3%, dead 

coral cover was on average 8.8%, and CCA characterised only 2% of benthic cover 

(Table 3.3). Live coral cover in the patch coral zone ranged from 10-37% between sites 

(x̅ = 19.3%), dead coral cover ranged from 2-18% (x̅ = 8.8%), and CCA cover ranged 

from 0-7% (x̅ = 2.0%; Table 3.3; Appendix 2).  
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Table 3.3 Mean substrate cover (%, ± 1 s.d.) for each reef geomorphic zone on KAN and KOND, 
averaged from the LIT census data (n = 606 data points per reef zone, per island). 

 Sand Patch coral Dense coral 

KAN    

Live coral (%)    - 19.3 ± 11.0 67.2 ± 6.6 

Dead coral (%) - 8.8 ± 7.2 17.2 ± 4.3 

CCA (%) - 2.0 ± 2.5 8.8 ± 3.6 

Sand (%) 99.2 ± 2.0 46.7 ± 27.8 3.5 ± 3.2 

Rubble (%) 0.8 ± 2.0 23.2 ± 15.9 3.3 ± 4.9 

KOND    

Live coral (%)    - 16.5 ± 11.7 55.2 ± 7.3 

Dead coral (%) - 10.5 ± 6.3 31.5 ± 10.9 

CCA (%) - - 2.8 ± 2.2 

Sand (%) 97.5 ± 6.1 45.0 ± 21.2 1.7 ± 2.9 

Rubble (%) 2.5 ± 6.1 28.0 ± 15.1 8.8 ± 7.7 

  

The sand zone was characterised by low rugosity (1.0) and over 99% sand cover (Tables 

3.2, 3.3; min 95% and max 100% sand cover; Appendix 2). Sediment thickness in this 

reef zone was highest, averaging 27.3 cm (Table 3.2). There was no coral or CCA 

benthic cover in this zone. 

3.3.2.2 Abundance of sediment producers on Kan’dahalagalaa 

In the dense coral zone (area = 139,473 m2), coral and CCA comprised 93,447 m2 and 

12,553 m2, respectively (Table 3.4). There were on average 163 individual plants (thalli) 

per survey of Halimeda and 2,278,691 individual plants in the entire zone (Table 3.4). 

Living molluscs (mobile gastropods and boring bivalves) and urchins were uncommon, 

ranging between 0 to 2 molluscs per survey, and 0 to 1 urchins per survey (Appendix 2). 
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This amounted to an estimated 9763 mollusc individuals and 4184 urchins in the entire 

dense coral zone (Table 3.4). Benthic foraminifera were not recorded in this zone. 

In the patch coral zone, live coral and CCA comprised 22,992 m2 and 2420 m2, 

respectively (Table 3.4). An average of 45 plants of Halimeda were recorded per 10 m2 

survey area, which amounted to 543,761 plants in the patch coral zone (Table 3.4). 

Living molluscs were recorded in very low numbers (0-2 individuals per survey; 

Appendix 2), totalling 6051 individuals in the entire zone. Benthic foraminifera and 

urchins were not recorded in the patch coral zone.  In contrast to the patch and dense 

coral zones, no living sediment producers were found during ecological surveys of the 

sand zone (Table 3.4).   

Table 3.4 Abundance of living sediment producers in each reef zone on KAN and KOND in a 10 m2 
survey area, averaged from 6 surveys per reef zone, per island (Appendix 2). Abundance of 
sediment producers in the total patch coral zone area (KAN: 121,012.4 m2; KOND: 153,778.5 m2) 
and total dense coral zone area (KAN: 139,472.9 m2; KOND: 112,379.8 m2) are also presented. 

 Sand Patch coral Dense coral 

KAN  Per survey Per zone Per survey Per zone 

Live coral (m2)1    - 1.9 22992.3 6.7 93446.8 

CCA (m2)1 - 0.2 2420.2 0.9 12552.6 

Halimeda (thalli) - 44.9 543761 163.4 2278691 

Foraminifera (no.) - - - - - 

Molluscs (no.) - 0.5 6051 0.7 9763 

Other (no.)2 - - - 0.3 4184 

KOND  Per survey Per zone Per survey Per zone 

Live coral (m2)1    - 1.6 24604.7 5.5 61808.9 

CCA (m2)1 - - - 0.3 3371.4 

Halimeda (thalli) - 10.4 160170 41.9 471799 

Foraminifera (no.) - 0.5 7689 5.3 59561 

Molluscs (no.) - 0.2 3075 0.5 5619 

Other (no.)2 - 0.3 4613 0.5 5619 
1Calculated from % substrate cover in Table 3.3 multiplied by 10 m2 survey area or total reef area. 
2Average number of individuals of urchins and unidentified organisms. 
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3.3.2.3 Gross carbonate production on Kan’dahalagalaa 

The sand zone on KAN was devoid of living sediment producers, thus, only gross 

carbonate production (GCP) for the patch coral zone and dense coral zone were 

calculated (Table 3.5). In the patch coral zone, coral was the dominant carbonate 

producer, generating 3.71 kg CaCO3/m2/yr, followed by Halimeda, which yielded 0.03 

kg CaCO3/m2/yr (Table 3.5). CCA generated 0.01 kg CaCO3/m2/yr while other 

carbonate producers (foraminifera, molluscs) contributed very little to gross carbonate 

production on the reef (Table 3.5). The sum of the GCP for all sediment producers 

found in the patch coral zone was 3.75 kg CaCO3/m2/yr (Table 3.5). Thus, scaled to the 

total area of the patch coral zone (121,012 m2), GCP in the entire zone was 453,456 kg 

CaCO3/yr (Table 3.5).  

In the dense coral zone, coral was by far the dominant source of carbonate out of all 

sediment producers, generating 19.91 kg CaCO3/m2/yr (Table 3.5). This was followed 

by the direct sediment producer, Halimeda, which generated 0.10 kg CaCO3/m2/yr 

(Table 3.5). CCA had a GCP rate of 0.07 kg CaCO3/m2/yr while foraminifera and 

molluscs had a negligible contribution to GCP (Table 3.5). In total, the GCP for all 

sediment producers was 20.08 kg CaCO3/m2/yr, which scaled to the area of the dense 

coral zone (139,472 m2) amounted to 2,800,836 kg CaCO3/yr (Table 3.5). 

3.3.2.4 Reef substrates and benthic cover on Kondeymatheelaabadhoo 

The dense coral zone on KOND had the lowest sediment thickness (0.5 cm) and the 

highest rugosity of the three reef zones (Table 3.2). Coral was the dominant substrate in 

this zone,  averaging 86.7% of total substrate  cover  (x̅ = 55.2% living coral, x̅ = 31.5%
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Table 3.5 Gross carbonate production (GCP) of sediment producers in the patch and dense coral zones of KAN. Total carbonate production for the patch coral zone 
(KAN: 121,012.4 m2) and dense coral zone area (KAN: 139,472.9 m2) are also presented.  

  Patch (R = 1.1)    Dense (R = 1.7)  

 

Abundance  
(% cover) (X) 

Calcification rate 
(g/cm2/yr) (C) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

 Abundance  
(% cover) (X) 

Calcification rate 
(g/cm2/yr) (C) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

Live coral1 19.30 
  

 67.20 
       Massive 2.38 1.38 0.36  8.65 1.38 2.03 

     Branching  12.04 1.75 2.32  41.10 1.75 12.23 

     Table  4.88 1.92 1.03  17.28 1.92 5.64 

     Mushroom  - 0.41 -  0.16 0.41 0.01 

Total coral GCP 
  

3.71  

  
19.91 

CCA1 0.02 0.05 0.01  0.09 0.05 0.07 

 

Abundance 
(thalli/m2) 

Production rate 
(kg/thallus/yr) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

 Abundance 
(thalli/m2) 

Production rate 
(kg/thallus/yr) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

Halimeda2 4.49 6.1X10-3 0.03  16.34 6.1X10-3 0.10 

 

Abundance 
(no./m2) 

Production rate 
(kg/individual/yr) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

 Abundance 
(no./m2) 

Production rate 
(kg/individual/yr) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

Foraminifera2 - 3.4X10-6 0.00  - 3.4X10-6 0.00 

Molluscs2 0.05 1.3X10-3 0.00  0.07 1.3X10-3 0.00 

        
Total sediment producer 
GCP (kg CaCO3/m2/yr)   3.75 

 
  20.08 

GCP (kg CaCO3/yr)3   453455.88    2800835.97 
1GCP calculated from rugosity coefficient (R), % substrate cover of each live coral morphology (Appendix 2), and calcification rate (C) using equation R × (X/100) × ((C × 
10000)/1000)) (Morgan, 2014). 
2GCP calculated from number of individuals/thalli multiplied by production rates from Perry et al., 2015 (production rate for molluscs is average of gastropods and bivalves). 
3GCP of total reef zone calculated from total carbonate producer GCP multiplied by area of reef zone from Table 3.1. 
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dead coral; Table 3.3). Live coral cover in the dense coral zone ranged from 48-68% 

between surveys and dead coral cover ranged from 12-43% (Appendix 2). Rubble 

covered 1-19%of surfaces (x̅ = 8.8%), followed by CCA, which covered 1-7% of 

surfaces (x̅ = 2.8%; Table 3.3; Appendix 2). Sand cover in the dense coral zone was low 

(x̅ = 1.7%; Table 3.3; min 0% and max 3%; Appendix 2).  

In the patch coral zone, average rugosity was 2.6, with sediment thickness averaging 6.3 

cm (Table 3.2). Sand and rubble were the dominant substrates and collectively 

represented 73% of substrate cover (Table 3.3). Sand cover in the patch coral zone 

ranged from 20-79% (x̅ = 45.0%) between surveys and rubble cover ranged from 8-46% 

(x̅ = 28.0%; Table 3.3; Appendix 2). Live and dead coral assemblages covered the 

remaining 27% (16.5% live coral and 10.5% dead coral; Table 3.3). Live coral cover in 

the patch coral zone ranged from 4-33% between surveys while dead coral cover ranged 

from 3-18% (Appendix 2). 

The sand zone on KOND was characterised by low rugosity (1.0) and the highest 

sediment thickness, averaging 17.6 cm (Table 3.2). The sand zone was 85-100% sand (x̅ 

= 97.5%) and 0-15% rubble cover (x̅ = 2.5%; Appendix 2), while coral and CCA was 

not recorded in this zone (Table 3.3). 

3.3.2.5 Abundance of sediment producers on Kondeymatheelaabadhoo 

Coral and CCA comprised 61,809 m2 and 3371 m2, respectively, throughout the entire 

dense coral zone (Table 3.4). An average of 42 Halimeda plants was found in ecological 

surveys of the dense coral zone on KOND, which amounted to 471,799 plants in the 

reef zone (Table 3.4). The only benthic foraminifera observed in ecological surveys was 
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Marginopora sp., ranging from 0 to 25 individuals per survey (Appendix 2), and 59,561 

individuals in the dense coral zone (Table 3.4). Living molluscs and urchins were 

uncommon, each averaging less than 1 individual per survey or 5619 individuals in the 

dense coral zone (Table 3.4). 

In the patch coral zone, live coral comprised 24,605 m2 of the entire zone (Table 3.4). 

CCA was not recorded in the patch coral zone. On average, 10 Halimeda plants were 

found per survey, which amounted to an estimated 160,170 plants in the entire zone 

(Table 3.4). Few living foraminifera, molluscs, and urchins were recorded in the patch 

coral zone; on average less than 1 individual per survey (Table 3.4; max 3 individuals; 

Appendix 2). No living sediment producers were recorded in the sand zone.  

3.3.2.6 Gross carbonate production on Kondeymatheelaabadhoo 

Gross carbonate production of the patch coral zone and the dense coral zone on KOND 

are detailed in Table 3.6. On the patch coral zone, coral had the highest GCP, totalling 

3.16 kg CaCO3/m2/yr (Table 3.6). Carbonate generated by CCA, Halimeda, 

foraminifera, and molluscs was negligible in this zone (Table 3.6). Total GCP from all 

sediment producers was 3.16 kg CaCO3/m2/yr. This amounted to 486,424 kg CaCO3/yr 

produced in the entire patch coral zone on KOND (153,779 m2; Table 3.6). 

On the dense coral zone, the dominant carbonate producer was coral, generating 17.63 

kg CaCO3/m2/yr (Table 3.6). Halimeda is estimated to produce 0.03 kg CaCO3/m2/yr 

and CCA is estimated to produce 0.02 kg CaCO3/m2/yr (Table 3.6). Contribution by 

foraminifera and molluscs was negligible (Table 3.6). Total GCP of all sediment 

producers was 17.68 kg CaCO3/m2/yr, which amounted to 1,987,729 kg CaCO3/yr in 

the entire dense coral zone (112,379 m2; Table 3.6). 
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C
hapter 3: Lagoonal reef sedim

ent supply and island connectivity 

Table 3.6 Gross carbonate production (GCP) of sediment producers in the patch and dense coral zones of KOND. Total carbonate production for the patch coral zone 
(KOND: 153,779.5 m2) and dense coral zone area (KOND: 112,379.8 m2) are also presented.  

  Patch (R = 1.1)    Dense (R = 1.8)  

 

Abundance  
(% cover) (X) 

Calcification rate 
(g/cm2) (C) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

 Abundance  
(% cover) (X) 

Calcification rate 
(g/cm2) (C) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

Live coral1 16.50 
  

 55.20  
      Massive 2.85 1.38 0.43  5.20 1.38 1.29 

     Branching  8.49 1.75 1.63  30.49 1.75 9.60 

     Table  5.16 1.92 1.09  19.51 1.92 6.74 

     Mushroom  - 0.41 -  - 0.41 - 

Total coral GCP 
  

3.16    17.63 

CCA1 0.00 0.05 0.00  2.80 0.05 0.02 

 

Abundance 
(thalli/m2) 

Production rate 
(kg/thallus/yr) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

 Abundance 
(thalli/m2) 

Production rate 
(kg/thallus/yr) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

Halimeda2 1.04 6.1X10-3 0.00  4.19 6.1X10-3 0.03 

 

Abundance 
(#/m2) 

Production rate 
(kg/individual/yr) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

 Abundance 
(#/m2) 

Production rate 
(kg/individual/yr) 

Gross carbonate production  
(kg CaCO3/m2/yr) 

Foraminifera2 0.05 3.4X10-6 0.00  0.53 3.4X10-6 0.00 

Molluscs2 0.02 1.3X10-3 0.00  0.05 1.3X10-3 0.00 

        
Total sediment producer 
GCP (kg CaCO3/m2/yr)   3.16 

 
  17.68 

GCP (kg CaCO3/yr)3   486424.29    1987728.81 
1GCP calculated from rugosity coefficient (R), % substrate cover of each live coral morphology (Appendix 2), and calcification rate (C) using equation R × (X/100) × ((C × 
10000)/1000)) (Morgan, 2014). 
2GCP calculated from number of individuals/thalli multiplied by production rates from Perry et al., 2015 (production rate for molluscs is average of gastropods and bivalves). 
3GCP of total reef zone calculated from total carbonate producer GCP multiplied by area of reef zone from Table 3.1.  
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3.3.3 Reef and beach sediments 

3.3.3.1 Reef and beach sediment on Kan’dahalagalaa 

Reef sediments on KAN were predominantly composed of coral, comprising at least 

50% of mean sediment composition (Figure 3.4). Reef zone sediments were largely 

sand-sized (>91% of sediment between -1ϕ to 4ϕ), with ~8% gravel (<-1ϕ), and very 

little silt-sized sediments represented (<0.8%, >4ϕ; Figure 3.6; grain size categories 

after Wentworth, 1922). The dense coral zone sediments were dominated by coral 

(55.5%), followed by molluscs (21.1%), foraminifera (9.5%), and Halimeda (8.8%; 

Figure 3.4). Of note, this percentage of molluscs was the highest found of all the reef 

zone sediments (Figure 3.4). CCA was not abundant in reef sediments of the dense coral 

zone (3.1%) and “other” skeletal constituents (urchins and unidentified grains) 

represented less than 2% of reef sediments (Figure 3.4). Reef sediments in the dense 

coral zone had a mean grain size of 1.08ϕ (medium sands, 1ϕ to 2ϕ; Figure 3.5). 

Halimeda flakes were typically found in the gravel (-1.5ϕ and -1ϕ) size fractions 

(Halimeda comprised 25.7% of the gravel fractions). 

Sediments within the patch coral zone contained the highest proportion of coral of all 

the reef zone sediments (x̅ = 56.1% of sediment samples; Figure 3.4). This was followed 

by molluscs (19.1%), Halimeda (14.6%) and foraminifera (6.8%; Figure 3.4). CCA 

represented 2.5% of reef sediments and “other” skeletal constituents represented only 

0.8% of sediments (Figure 3.4). Reef sediments in the patch coral zone were classified 

as coarse sands (0ϕ to 1ϕ), with a mean grain size of 0.99ϕ (Figure 3.5). 
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The sand zone sediments were comprised of 50.2% coral, followed by 19.1% Halimeda, 

16.8% molluscs, and 9.5% foraminifera (Figure 3.4). The sand zone sediments 

comprised the highest percentage of Halimeda and foraminifera of all the reef zones 

(Figure 3.4). CCA represented 3.3% of reef sediments and “other” skeletal constituents 

represented 1.1% of sediments (Figure 3.4). Reef sediments in the sand zone were 

classified as coarse sands (0ϕ to 1ϕ), with a mean grain size of 0.82ϕ (Figure 3.5). In 

general, mean grain size in the reef zones decreased towards the reef rim (from 0.82ϕ to 

1.08ϕ; Figure 3.5). 

Toe of beach (TOB) sediments were comprised of 52.7% coral on average (Figure 3.4). 

Molluscs, Halimeda, and foraminifera were secondary constituents of TOB sediments, 

representing 23.0%, 10.4%, and 8.6% of sediments, respectively (Figure 3.4). CCA 

represented 3.8% of TOB sediments and “other” skeletal constituents represented 1.4% 

of TOB sediments (Figure 3.4). TOB sediments were predominantly sand-sized (>94% 

between -1ϕ to 4ϕ), with 5.4% gravel (<-1ϕ; Figure 3.5). TOB sediments were the 

coarsest sediments of all reef and beach zones (mean grain size: 0.60ϕ; Figure 3.5). 

Beach berm sediments were comprised of 74.1% coral on average, followed by 13.5% 

molluscs, 4.7% foraminifera and 4.4% Halimeda (Figure 3.4). “Other” skeletal 

constituents represented 2.2% of beach berm sediments and CCA represented only 0.9% 

of beach berm sediments (Figure 3.4). Beach berm sediments were predominantly sand-

sized (>99% between -1ϕ to 4ϕ), with only 0.2% gravel (<-1ϕ; Figure 3.5). Beach berm 

sediments were the finest sediments of all reef and beach zones (mean grain size: 1.63ϕ; 

Figure 3.5). 
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Figure 3.4. Average sediment composition for each reef zone, toe of beach (TOB) and beach top 
samples on (A) KAN and (B) KOND. Values for mean skeletal composition available in Appendix 3. 

 
Figure 3.5. Mean (± s.d.) grain size distributions (ϕ) on KAN and KOND from surficial sediments 
taken from three reef zones, toe of beach (TOB), and top of beach (n = 6, per location). 
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3.3.3.2 Reef and beach sediment on Kondeymatheelaabadhoo 

Reef sediments on KOND were predominantly coral sands, with coral constituting at 

least 62% of average sediment composition (Figure 3.4). The dense coral zone 

sediments were dominated by coral (63.0%), followed by molluscs (19.1%), Halimeda 

(7.8%), and foraminifera (7.1%; Figure 3.4). Relative to other reef zones, sediments 

collected from the dense coral zone contained the highest proportion of molluscs and 

foraminifera (Figure 3.4). CCA represented 1.5% of reef sediments and “other” skeletal 

constituents (urchins and unidentified grains) represented less than 2% of reef sediments 

(Figure 3.4). The dense coral zones were dominated by sand-sized sediments (>91% 

between -1ϕ to 4ϕ), about 8% gravel (<-1ϕ), with very little silt-sized sediments 

represented (<0.3%, >4ϕ; Figure 3.5). Mean grain size of sediments in the dense coral 

zone was 0.84ϕ (coarse sands, 0ϕ to 1ϕ; Figure 3.5). 

Sediments within the patch coral zone contained the highest proportion of coral of all 

the reef zone sediments (x̅ = 67.9%; Figure 3.4). This was followed by molluscs 

(16.5%), Halimeda (6.9%) and foraminifera (5.0%; Figure 3.4). CCA represented 2.7% 

of reef sediments and “other” skeletal constituents represented only 0.9% of sediments 

(Figure 3.4). The patch coral zones were dominated by sand-sized sediments (>91% 

between -1ϕ to 4ϕ), about 8% gravel (<-1ϕ), with a small proportion of silt-sized 

sediments (<0.3%, >4ϕ; Figure 3.5). Reef sediments in the patch coral zone were 

classified as medium sands (1ϕ to 2ϕ), with a mean grain size 1.28ϕ (Figure 3.5). 

The sand zone sediments were comprised of 64.6% coral, followed by 15.1% molluscs, 

10.6% Halimeda, and 5.8% foraminifera (Figure 3.4). Relative to sediments from other 

reef zones, the sand zone sediments comprised the highest percentage of Halimeda 
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(Figure 3.4). CCA represented 3.0 % of reef sediments and “other” skeletal constituents 

represented 0.8% of sediments (Figure 3.4). Sand-sized sediments were dominant 

(97.8%, -1ϕ to 4ϕ) within the sand zone, with just 2.2% gravel-sized sediments (<-1ϕ; 

Figure 3.5). Reef sediments in the sand zone were classified as medium sands (1ϕ to 

2ϕ), with a mean grain size of 1.34ϕ (Figure 3.5). In general, mean grain size in the reef 

zones increased towards the reef rim (1.34ϕ to 0.84ϕ; Figure 3.5). 

TOB sediments were comprised of 57.2% coral on average (Figure 3.4). The TOB had 

the highest proportion of molluscs (19.0%) and Halimeda (14.1%) of all reef and beach 

sediments (Figure 3.4). TOB sediments were also comprised of 6.7% foraminifera, 

1.8% CCA, and <1% “other” skeletal constituents (Figure 3.4). TOB sediments were 

predominantly sand-sized (>92% between -1ϕ to 4ϕ), with 7.8% gravel (<-1ϕ) and were 

the coarsest sediments of all reef and beach zones (mean grain size: 0.44ϕ; Figure 3.5). 

Beach berm sediments were comprised of 79.6% coral on average (Figure 3.4). Beach 

berm sediments had the lowest proportion of molluscs (9.5%) and Halimeda (4.7%) of 

all reef and beach sediments (Figure 3.4). Sediments here were also comprised of 3.9% 

foraminifera, 1.4% CCA, and <1% “other” skeletal constituents (Figure 3.4). Beach 

berm sediments were predominantly sand-sized (>99% between -1ϕ to 4ϕ), with only 

0.06% gravel (<-1ϕ; Figure 3.5). Beach berm sediments were the finest sediments of all 

reef and beach zones (mean grain size: 1.59ϕ; Figure 3.5). 

3.4 Discussion 

The linkages between reef and island sediments will be inferred in the following 

sections, along with implications for future island stability. Since results from KAN and 
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KOND were comparable in terms of abundance of sediment producers and sediment 

composition (Table 3.4; Figure 3.4), results will be discussed together, rather than 

distinctly. KAN and KOND also had similar substrate covers for each geomorphic zone: 

the sand zones were comprised of 97.5-99.2% sand cover, the patch coral zone was 

predominantly sand and rubble with ~28% coral (living and dead), and the dense coral 

zone was dominated by coral (84.4-86.7% living and dead coral; Table 3.3). Further, the 

results provide a point of reference from which to compare reef sediments and gross 

carbonate production to those from northern Maldivian atolls. These comparisons will 

be discussed, as well as the factors influencing redistribution of sediments to reef and 

island zones. 

3.4.1 Reef sediment production and supply 

The reef flats of KAN and KOND were comprised of a wide range of sediment 

producing organisms such as coral, CCA, Halimeda, foraminifera, and molluscs. The 

demarcation of the reef zones on KAN and KOND, which was defined by degree of 

coral growth, can be linked to substrate cover and sediment thickness. The sand zone is 

a depositional environment defined by a thick layer of sediment cover (27.3 cm on 

KAN and 17.6 cm on KOND; Table 3.2). Furthermore, evidence of wave-formed 

ripples in the sand zone (Figure 3.3A) suggest that sediments here are mobile (Dingler 

and Inman, 1976) and are thus not a suitable substrate for coral recruits to colonize and 

grow (Morgan and Kench, 2016). Morgan and Kench (2016) reported that on 

Vabbinfaru reef platform (Maldives), rubble surfaces provided a substrate for coral 

recruits and small Halimeda plants to attach to. Indeed, of all reef zones, the patch coral 

zones on KAN and KOND comprised the highest amount of rubble (46.7% on KAN 
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and 45% on KOND; Table 3.3), and may have created stable microhabitats for coral 

recruits to settle, forming the characteristic patches of coral in this zone. The dense coral 

zone had very little sediment cover and high rugosity (max 0.5 cm sediment cover and 

up to 4.5 rugosity; Table 3.2), which promotes further reef growth by providing a 

substrate and complex habitat space for reef organisms to attach (Perry et al., 2015). 

Coral, which is an important constituent for island building in north Maldivian islands 

(Table 2.2: Ali, 2000; Gischler, 2006; Kench et al., 2005; Koksal, 2014; Woodroffe, 

1992), was commonly found on the reefs of KAN and KOND. Coral was the most 

abundant sediment producer on the reef (up to 67% of the survey area; Table 3.4) and 

was found in all sediment samples (comprising >50% of all samples; Figures 3.4). Coral 

also contributed to the highest gross carbonate production (up to 19.91 kg CaCO3/m2/yr 

on KAN; up to 16.66 kg CaCO3/m2/yr on KOND; Tables 3.5, 3.6). Another indirect 

sediment producer, CCA, was common in benthic surveys (up to 9% of the survey area, 

Table 3.4), but produced a small amount of carbonate (up to 0.07 kg CaCO3/m2/yr on 

KAN; up to 0.02 kg CaCO3/m2/yr on KOND; Tables 3.5, 3.6), and was not commonly 

found in reef or island sediments (maximum 3.8%; Figure 3.4).  

3.4.2 Sediment availability for island building 

The role of bioerosion is important for sediment generation in a reef setting. The 

carbonate produced by coral and CCA does not directly contribute to sediment supply. 

Rather, through erosional processes, the reef framework is broken down into sediment 

for island building (Perry et al., 2015). The breakdown of reef framework into sand-

grade sediment can occur through three common processes: 1) physical abrasion of reef 
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rubble, 2) endolithic bioerosion by boring sponges, and 3) ingestion and excretion of 

reef framework by parrotfish or urchins (Perry et al., 2015). On a north Maldivian 

island, Vakkaru, parrotfish erosion was identified as a major producer of island-building 

sediment and was responsible for the generation of more than 85% of new sand-grade 

sediment annually (Perry et al., 2015).  

Though not quantified, there was evidence for the occurrence of bioerosion on the reefs 

of KAN and KOND. Parrotfish were commonly observed around coral framework 

during ecological surveys so it is likely that as on Vakkaru, parrotfish erosion is a 

significant factor to sediment generation on the study islands. There was an absence of 

sponges on the reefs of KAN and KOND, and very few urchins were found during 

ecological surveys (Appendix 2). Thus, sediment generation through these pathways are 

unlikely to be significant. Since bioerosion and physical abrasion was not measured, the 

GCP generated by coral and CCA represents a conservative estimate, or the maximum 

potential of sediment generation from the reef to the island. Furthermore, the sediment 

generated may not necessarily be available for island building due to loss of sediments 

offshore or off-reef (Morgan and Kench, 2016).  

In contrast to coral and CCA, direct sediment producers (Halimeda, foraminifera, 

molluscs) contribute to the sediment sink directly following death. After coral, 

Halimeda appeared to be the second most prolific carbonate producer, although to a 

much lesser extent. Halimeda was common in benthic surveys (163 plants per 10 m2 

survey area in the dense coral zone; Table 3.4) and had the second highest gross 

carbonate production on both KAN and KOND (0.10 kg CaCO3/m2/yr in the KAN 

dense coral zone; 0.03 kg CaCO3/m2/yr in the KOND dense coral zone; Tables 3.5, 3.6), 
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which was still much lower than the amount of carbonate produced by coral. Aside from 

Halimeda, contribution to gross carbonate production by other direct sediment 

producers was negligible (Tables 3.5, 3.6). Since direct sediment producers do not 

require an extra conversional step by bioeroders, total conversion from carbonate 

production to sediment generation is assumed. However, as previously mentioned, the 

generated sediment may not translate to sediment available for island building as a 

proportion of sediment is realistically transported offshore (Morgan and Kench, 2014). 

The variation in sediment cover between reef zones may provide clues as to the 

allocation of generated sediments. The dense coral zone had a very thin veneer of 

sediment cover (max 0.5 cm; Table 3.2), yet it is the most productive area, suggesting 

that the sediment produced in this zone is being transported away from the site of 

production. The zone is clearly well flushed and it is likely that redistribution and 

deposition of sediments occurs either shoreward or off-reef. However, since all reef and 

beach sediments were dominated by coral grains (up to 79.7%; Figure 3.4), this 

provides evidence that a substantial amount of sediment generated on the dense coral 

zone was redistributed shoreward. The sand zone, surrounding the periphery of the 

islands, is likely a temporary store for the sediments generated on the productive zones 

of the reef since it had the highest sediment thickness and sand cover (up to 27.3 cm 

sediment thickness and up to 99.2% sand cover; Tables 3.2, 3.3). This zone transitions 

into the toe of beach (Figure 3.1) and acts as a sediment reservoir for the islands, 

providing a temporary deposit of sediments for future reworking. Furthermore, the 

sediments in the sand zone and TOB contained the same skeletal constituents to that of 

sediments from productive reef areas (Figure 3.4), suggesting the sand zone and TOB 

retain and store sediment produced on the reef, which has the potential of being 
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transported to the island. Similar sediment reservoirs have been postulated on islands on 

Baa Atoll, Maldives and the Great Barrier Reef (GBR), Australia, and are capable of 

storing and distributing sediments around island peripheries (Dawson and Smithers, 

2010; Kench and Brander, 2006a).  

Results also suggest that the sediment available for island building is distinct from those 

found in sediment reservoirs and on the reef. On KAN and KOND, composition and 

texture of sediments at the beach berm were distinct from that at the TOB and other reef 

zones (Figures 3.4, 3.5). The proportion of coral in the reef zone sediments (50-57% on 

KAN, 63-68% on KOND) was comparable to the TOB sediments (~53% on KAN, 

~58% on KOND), as compared to the beach berm, which had a higher proportion of 

coral (~74% on KAN, 80% on KOND; Figure 3.4). The mean grain size of beach berm 

sediments was finer (1.63ϕ on KAN, 1.59ϕ on KOND), compared to the reef zones 

(0.82-1.08ϕ on KAN, 0.84-1.34ϕ on KOND) and TOB (0.66ϕ on KAN, 0.44ϕ on 

KOND; Figure 3.5). For various sand cays and reefs on the Great Barrier Reef, McLean 

and Stoddart (1978) found that reef flat sediments had a broader size distribution, 

whereas the island sediments were well-sorted due to very coarse material being broken 

down before reaching the island and very fine material being flushed past the island. 

More recently, Morgan and Kench (2016) also found that island sands on Vabbinfaru 

reef, Maldives, texture of island beach sediments were distinct from the reef sediments 

and tended to contain more durable constituents such as coral.  

Despite these differences in texture and composition, the same dominant constituents 

were still present in all reef and beach samples of KAN and KOND, which provides 

evidence that reef sediments are still being supplied to the island. McKoy et al. (2010) 
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suggest that when island sediments do not contain the same constituents as reef platform 

sediments, this is an indication that an island may be decoupled from its surrounding 

reef. Similarly, Dawson and Smithers (2010) found that on Raine Island (a platform reef 

island located on the GBR, Australia), the composition of beach sands and reef flat 

sediments were comparable, suggesting sediment transport and exchange from the reef 

to the island. This reef-island coupling is crucial for island maintenance since erosional 

processes can be counteracted by continued production, availability, and transport of 

contemporary reef sediments to the island sink, whereas decoupled islands composed 

solely of relict sediments face a larger risk of being eroded away (McKoy et al., 2010). 

On KAN and KOND, the link between the islands and their surrounding reefs is 

established by similarities in composition between reef and beach sediments. Assuming 

that carbonate production and sediment generation remain stable, the continuous 

sediment supply enhances the ability of KAN and KOND to adjust to sea-level rise. 

Also, as mentioned above, it is likely that sediment generated on the reef is transported 

by waves towards the island and stored in the sand zone, which surrounds the island 

beaches (Figure 3.2). This ensures that sediment is readily available to the islands, given 

a suitable hydrodynamic regime for sediment transport towards the island sink, allowing 

KAN and KOND to be less susceptible to erosion than if the islands were not supplied 

by contemporary reef sediment.  

3.4.3 Cross-archipelago comparison of carbonate production in the 

Maldives 

Estimates of gross carbonate production from this study allow a comparison with reef 

productivity on northern Maldivian atolls. Thus far, sediment production has been 
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described in two published studies of reef platforms in the northern Maldives: 

Vabbinfaru, North Malé Atoll (Morgan, 2014) and Vakkaru, Baa Atoll (Perry et al., 

2015). Further, Perry et al., (2016) detail the carbonate production rates of two 

Halimeda species on the southern reef platform of KAN. Coral was the main source of 

calcium carbonate produced on Vabbinfaru reef (14.41-19.08 kg CaCO3/m2/yr; Morgan, 

2014) with comparable production rates to KAN and KOND (17.6-19.9 kg 

CaCO3/m2/yr; Tables 3.5, 3.6). As on KAN and KOND, GCP of CCA and direct 

sediment producers on Vabbinfaru reef was low (Morgan, 2014). Perry et al. (2015) did 

not quantify GCP of coral and CCA, however, reef framework sediment generation by 

parrotfish bioerosion was highest (4.92 kg CaCO3/m2/yr) compared to generation by 

direct sediment producers.  

GCP of Halimeda on KAN and KOND (6.3 × 10-3-0.10 kg CaCO3/m2/yr; Tables 3.5, 

3.6) was similar to Halimeda production rates on Vabbinfaru reef (0-0.08 kg 

CaCO3/m2/yr; Morgan, 2014) and the southern reef platform of KAN (0.07 kg 

CaCO3/m2/yr; Perry et al., 2016). However, Perry et al. (2015) reported higher 

Halimeda carbonate production rates of 0.50 kg CaCO3/m2/yr on the outer reef and 0.18 

kg CaCO3/m2/yr on the inner reef of Vakkaru.  

The total GCP from all sediment producers in the dense coral zone on KAN (20.28 kg 

CaCO3/m2/yr; Table 3.5) and KOND (17.74 kg CaCO3/m2/yr; Table 3.6) was similar to 

carbonate generation on Vabbinfaru (inner reef: 14.55 kg CaCO3/m2/yr, outer reef: 

19.21 kg CaCO3/m2/yr; Morgan, 2014). Overall, compared to other reefs of the 

Maldives archipelago, KAN and KOND were quite similar in terms of GCP since coral 
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was the major carbonate producer on all reefs, with a much lesser contribution from 

other sediment producers.  

Comparative carbonate budgets from other regions of the world are difficult to glean 

from the literature since methodologies often differ. There are four common approaches 

to estimating GCP on the reef: 1) hydrochemical techniques, 2) census-based data 

collection, 3) measuring sediment accumulation, and 4) numerical modelling (Vescei, 

2004). Further, reef organism growth and carbonate production rates are site-specific 

and published data on these values are often limited (Morgan, 2014). Several studies 

(Harney and Fletcher, 2003; Hart and Kench, 2007; Stearn et al., 1977) in other regions 

of the world have estimated carbonate budgets using census-based data collection, 

which was the methodology used on KAN and KOND (as well as other Maldivian 

reefs: Morgan, 2014; Perry et al., 2015). GCP of the dense coral zones on KAN and 

KOND was comparable to that of Northern Bellairs Reef (Barbados, 15 kg 

CaCO3/m2/yr; Stearn et al., 1977) but much higher than on Warraber Island (Torres 

Strait, 1.7 kg CaCO3/m2/yr; Hart and Kench, 2007) and Kalua Bay (Hawaii, 1.4 kg 

CaCO3/m2/yr; Harney and Fletcher, 2003). Though the aforementioned studies use 

similar data collection techniques, discrepancies still exist in terms of reef type, scale of 

study, and calculation methods. 

3.4.4 Transport and distribution of sediments on Kan’dahalagalaa and 

Kondeymatheelaabadhoo 

The interaction between the physical properties of sediment grains and the 

hydrodynamic regime influences the redistribution of sediments to different zones 
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(Morgan and Kench, 2016). Reef and beach sediments on KAN and KOND 

demonstrate the selective entrainment of finer coral-dominated sands to the beach berm 

(Figures 3.4, 3.5). Sediments from the TOB were coarser than the beach berm 

sediments, which could reflect selective entrainment of grains with a high surface-

volume-to-area ratio (Morgan and Kench, 2016), such as whole Halimeda flakes or 

Marginopora individuals that dominated the -1.5ϕ and -1ϕ (gravel) size fractions. 

Similarly, island sediments on Vabbinfaru were generally composed of finer, more 

durable constituents since sediments from the reef were mobilized and broken down 

during transport (Morgan and Kench, 2016). The least durable grains tended to be 

filtered out before reaching the island beaches (Morgan and Kench, 2016).  

Physical properties also influence the persistence of certain constituents in reef and 

island sediments. For example, all sediment samples collected from the reef zones and 

beach on both islands contained molluscan and foraminifera remains (up to 21.1% and 

9.5%, respectively on KAN; up to 19.1% and 7.1%, respectively on KOND; Figure 

3.4), despite being absent or rare in reef benthic surveys (<1 and 0 individuals, 

respectively on KAN per survey; <1 and 5 individuals, respectively on KOND per 

survey; Table 3.4). These discrepancies may reflect differential sediment characteristics 

such as skeletal durability and transportability. The durability of different reef 

organisms varies widely, with coral being the most resistant to breakdown and 

Halimeda being the least durable (Ford and Kench, 2012). Molluscs are quite durable 

and have buoyant shells, which make them both easy to transport and less likely to 

break down during transport, resulting in higher potential for preservation and 

deposition onto the island (Ford and Kench, 2012; Hart, 2008). This could account for 

their persistence, becoming more concentrated over time in reef and beach sediments, 
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despite not having large living populations on the reef. Since foraminifera have been 

found to be notably less durable than molluscs (Ford and Kench, 2012), this implies 

they are less likely to withstand breakdown during transport and could explain why they 

are less prevalent than molluscs in beach berm sediments (3.9% on KAN; 4.7% on 

KOND; Figure 3.4) even though they have similar hydrodynamic properties (Hart and 

Kench, 2007). Foraminifera are also likely to be under-represented in reef flat cover 

since they were mainly found in 1ϕ to 2ϕ size fractions in sediment samples (Calcarina 

sp., Amphistegina sp.), which were too small to detect during benthic surveys. As 

Halimeda is less durable than other reef skeletal constituents (Ford and Kench, 2012), 

the beach top sediments contain a lower proportion as compared to the reef sediments, 

as Halimeda grains are rapidly abraded in the littoral zone (Morgan and Kench, 2016). 

3.5 Conclusions 

This chapter provides evidence that the surrounding reefs of KAN and KOND are 

actively delivering sediments to island beaches. Firstly, the reef appears to be healthy, 

with two zones of live carbonate producers generating 3,254,292 kg CaCO3/yr on the 

reef flat of KAN and 2,474,153 kg CaCO3/yr on the reef flat of KOND (Tables 3.5, 

3.6). The redistribution of sediment occurs primarily from the dense coral zone, which 

had the highest coral cover (84.4% on KAN and 86.7% on KOND; Table 3.3) and 

lowest sediment thickness (0.14 cm on KAN and 0.5 cm on KOND; Table 3.2), and is 

transported by waves towards the island shoreline. Furthermore, the reef and beach 

sediments had the same skeletal constituents, which is an indication that the island 

sediment is still being sourced on the reef (Figure 3.4; McKoy et al., 2010; Perry et al., 

2011). The skeletal compositions of sediment in the sand zone, which had the highest 

   71 

 



Sedimentology and formation of lagoonal platform reef islands in Huvadhoo Atoll, Maldives 

 

sediment thickness (27.3 cm on KAN and 17.6 cm on KOND; Table 3.2), were also 

similar to that of sediment from productive reef areas (Figure 3.4). This similarity in 

skeletal constituents suggests that the sand zone retains and stores sediment produced 

on the reef with the potential of being reworked or supplied to the island, given a 

suitable hydrodynamic regime to transport sediments to the island sink (Dawson and 

Smithers, 2010). Kench and Cowell (2000) suggest that the future responses of island 

shorelines will also depend on the reworking of the finite reserve of sediment within 

and around islands. Thus, based on the results of Chapter 3, the shoreline stability of 

KAN and KOND is likely to be enhanced by: 1) the contemporary delivery of 

sediments to island shorelines, and 2) stored sediment from the sand zone, which is 

available for island accretion. 
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4 GEOMORPHOLOGY AND 
SUBSURFACE SEDIMENTS 

4.1 Introduction 

This chapter presents detailed descriptions of the geomorphology, sedimentary 

characteristics and stratigraphy of the study islands, Kan’dahalagalaa (KAN) and 

Kondeymatheelaabadhoo (KOND), in Huvadhoo Atoll, Maldives. Skeletal composition 

and texture are used to identify subsurface sediment clusters, which are important 

precursors to the identification of sediment facies that will be discussed in Chapters 5 

and 7. Investigating downcore sediment characteristics can also provide insights into 

past reef ecology, styles of deposition, and depositional energy regimes (Hewins and 

Perry, 2006; Yamano et al., 2000). Results of this chapter also present geomorphic 

evidence of medium-term (decadal) processes involved in island change. The 

contemporary morphologies of reef islands and medium-term morphological change can 

be useful in interpreting past styles of island evolution and building. Previous studies of 

medium-term morphological change have found that some reef islands have been 
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morphologically stable or have accreted over timescales of decades to centuries 

(Dawson and Smithers, 2010; Ford and Kench, 2014; Kench and Brander, 2006a; 

Kench et al., 2009b; Kench et al., 2015; McLean and Kench, 2015; Webb and Kench, 

2010). These studies question assertions of island vulnerability, though they only 

represent case studies from the Pacific and the northern Maldives archipelago.  

4.2 Methods 

4.2.1 Geomorphic mapping and topographic surveys 

Field studies were carried out between April and July 2013. Key geomorphic features of 

each island were mapped by global positioning system (GPS) surveys, following the 

methods described in Section 3.2.1. To determine island elevation, topographic surveys 

were undertaken using a Leica Sprinter digital level along 6 transects for each island 

(Figure 4.1). Surveys were reduced to mean sea level (msl) using sea-level records from 

Gan (located 102 km to the south of KAN at 00°41S, 73°09E) from the University of 

Hawaii Sea Level Centre (Caldwell et al., 2015). The locations of transect lines were 

recorded on a Trimble Nomad GPS. To identify geomorphic zones on KAN and 

KOND, field surveys and morphological mapping (complemented by satellite imagery) 

were used to discern boundaries and morphological characteristics of distinct 

geomorphic zones on the islands. Locations showing evidence of erosion and accretion 

were also noted using current and past GPS measurements, as well as historical satellite 

imagery on GoogleEarth. This shoreline analysis is subject to uncertainty from the 

resolution of satellite images and the digitisation of shoreline data (Romine and 

Fletcher, 2013). Furthermore, the accuracy of the GPS during field data collection could 

74   

 



Chapter 4: Geomorphology and subsurface sediments 

 

 
Figure 4.1 Location of transects (black lines) and cores (black circles) on KAN (A) and KOND (B). 
Outline of island indicates toe of beach during field period April to July 2013 (KAN map data: 
Google, DigitalGlobe; KOND map data: Google, CNES/Astrium)  

also attribute to uncertainty. However, the GPS used (Trimble Nomad) has a 2-4 m 

range of accuracy (Trimble Navigation Ltd. website), which is within the range of the 

shoreline change estimated from GPS data (Section 4.3.1.2). 

4.2.2 Sediment collection and analyses 

Along each topographic transect, cores were retrieved using a combination of auger and 

percussion coring techniques. Upon reaching the water table by auger coring, a 4 m 

aluminium pipe (7.6 cm diameter, 3.1 mm thick wall) was inserted into the auger hole 

and percussion coring was achieved by manually hammering pipes into the ground 

(Figure 4.2). On KAN, 20 cores were retrieved whereas 17 cores were retrieved from 

KOND. All cores on KAN and KOND penetrated below mean sea level, up to 2.6 m 

below msl. Cores were manually extracted in the field and samples (~50 g) were 

collected along the core wherever a change in sediment characteristics was noted 

(generally every 25 cm; n = 159 samples for KAN, n = 147 samples for KOND).  

In the laboratory, all samples were rinsed with fresh water and oven dried at 40°C for 48 

hours. Sediment texture and composition were determined following the methods in 
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Figure 4.2 Technique and main components of percussion core sampling. A) An auger drill (with 
sand auger head) is employed in a shallow excavation until the water table is reached. B) The 
aluminium pipe is then inserted into the auger hole and driven into the ground using a hammer. 
Before manual core extraction, a hydraulic seal is made by filling the top of the core barrel with 
water and inserting a rubber plug in order to ensure full sediment recovery.   

Section 3.2.2. Sediment composition and texture data for all island samples are 

available in Appendix 4. A K-means cluster analysis performed using PAST software 

(version 2.14; Hammer et al., 2001) was used to examine and arrange the sample set 

into 4 clusters based on sediment composition. In cluster analysis, there is no rule to 

selecting the number of clusters (Ziadat, 2005). However, a principal component 

analysis performed in PAST indicated that over 99% of the variance in sediment 

composition can be explained by the first 4 principal components, or clusters (Figure 

4.3). Hence, K-means was performed to produce 4 clusters.  
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Figure 4.3 Principal component analysis indicating the percentage of variance in sediment 
composition on A) KAN and B) KOND that can be explained by the number of principal 
components from 1 to 6. Over 99% of variance can be explained by the first 4 principal 
components. 

4.3 Results 

4.3.1 Geomorphology of Kan’dahalagalaa 

4.3.1.1 Geomorphic zones on Kan’dahalagalaa  

KAN and the surrounding reef were divided into five geomorphic zones (two island and 

three reef zones) based on field surveys, morphological mapping, and satellite imagery. 

The two island zones are nested within the reef zones on the reef platform of KAN 

(described in Chapter 3). The island geomorphic zones are: 1) the intertidal zone, which 

includes the beach and beachrock, and 2) the supratidal zone, which includes the island 

ridges and the vegetated island basin (Figures 4.4, 4.5). The island of KAN is situated 

on the south-central portion of the reef platform and covers 68,577 m2 (19.7%) of the 

347,858 m2 reef platform (Figure 4.4). The intertidal zone includes the beach, which is 

located around the island periphery and seaward bound by the toe of beach, terminating  
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Figure 4.4 Boundaries and planform view of island and reef geomorphic zones on KAN (A). Cross-
sectional view shows elevation of island geomorphic zones across the mid-profile of the island (B). 
Areas of erosion (red crosses) and progradation of the vegetation (dashed line) and beach (red 
arrows) are also shown.  

landward at the island ridges (beach berm or scarp; Figure 4.4). The beach is 

characterised by unconsolidated medium to coarse-grained coral sands (Section 3.3). 

Three well-cemented beachrock outcrops protrude from the northeast beach of KAN 

and extend out between 25.0 and 33.5 m from the beach toe into the sand zone on the 

reef platform (Figure 4.4). Beachrock outcrops were comprised of well-consolidated 

carbonate sands and are perpendicular to the beach on KAN with a southwest-northeast 

orientation (Figures 4.4, 4.5A). The outcrops slope eastwards at an average slope of 

10.7˚ (northern outcrop) and 12.1˚ (eastern outcrop). The supratidal zone includes the 

vegetated island basin in the centre of the island which is enclosed by ridges formed 
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from beach berms and an erosional scarp on the north and east side of KAN (Figure 

4.4). The island basin represents the stable island core and was characterised by a thin 

soil horizon with various degrees of plant growth from sparse grasses to densely 

vegetated tree cover (Figure 4.5B). The beach and vegetation zone, are on average, at an 

elevation higher than msl (on average 0.41 m and 1.35 m above msl, respectively), 

while the average elevation of the beachrock zone is 0.81 m below msl.  

4.3.1.2 Indicators of geomorphic change on Kan’dahalagalaa 

Beach width varied around the island, and was generally wider on the western and 

southwestern margins of  KAN  (up  to  ~37 m wide on the northwest side of the island) 

 
Figure 4.5 Photographs of island geomorphic zones on KAN: A) intertidal zone and B) supratidal 
zone. 
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and was very narrow near the erosional scarps on the northern and eastern margins (~6 

m at the narrowest section on the north side of Transect 3; Figure 4.4). Erosional 

scarping represents an indicator of geomorphic change and was present in two forms on 

KAN. Scarping of vegetation occurred on the north and northeast side of KAN while 

beach scarping occurred on the eastern side of the island (Figures 4.4, 4.5). The average 

elevation of the erosional scarp on KAN was 1.45 m above msl and reached a maximum 

elevation of 1.59 m above msl on the northeast side of the island. The erosional scarp 

exposed roots of vegetation, with instances of completely uprooted coconut trees 

stranded on the adjacent beaches (Figure 4.5A).   

The shoreline of KAN is dynamic and adjusts morphologically to short-term seasonal 

changes (Kench and Brander, 2006a). However, evidence of medium-term (decadal) 

trends in erosion and accretion can also be observed through comparison of GPS field 

measurements from this study and previous GPS data from KAN (Figure 4.7). On the 

northeast side of KAN, the TOB migrated southwards between 4 m to 13 m from 2007 

to 2013 (Figure 4.7A) while the edge of vegetation around the areas of erosion (northern 

to eastern margins) migrated southwards between 5 m to 17 m from 2006 to 2013 

(Figure 4.7B).   However,  the edge of vegetation around  the erosional scarp and beach 

 
Figure 4.6 Pictures of erosional sites on KAN: scarping of vegetation (A), which occurred on the 
north to northeast island margin, and beach scarping (B), which occurred on the eastern margin. 
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scarping has not shown significant change from 2013-2016 (Figure 4.7C). The satellite 

image of KAN from 2016 shows new colonization of vegetation around the 

northwestern and southwestern shore, up to ~27 m of progradation (Figure 4.7C). The 

TOB around these sites has accreted up to ~19 m on the northwest side of the island and 

~9 m on the southwest side from 2007-2013 (Figure 4.7A). Net movement of KAN 

appears to be towards the southwest, indicating a medium-term shift of sediments in this 

direction and southward migration across the reef platform (Figure 4.4).  

 
Figure 4.7 Recent shoreline change and vegetation growth between 2006 and 2016 on KAN. A: 
TOB GPS data from 2007 (green), 2008 (blue), and the field survey in 2013 (red). B: GPS data for 
edge of vegetation from 2011 (cyan), and the field survey in 2013 (red). Satellite image for A and B 
recorded April 2006 (map data: Google, DigitalGlobe). C: TOB and edge of vegetation GPS data 
from the field survey in 2013 (red) overlaid on satellite image from June 2016 (map data: Google, 
CNES/Astrium). GPS data from before 2013 courtesy of Mohamed Aslam, LaMer (personal 
communication, 2013). 
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4.3.1.3 Surface morphology of Kan’dahalagalaa  

Cross-sections of Transects 1-5 from KAN reveal differences in island topography and 

morphology along the island (Figure 4.8). Transects 1 and 2 were asymmetrical, with an 

elevated berm crest on the south side of the island, reaching 1.66 m and 2.01 m above 

msl, respectively (Figure 4.8; Table 4.1). The island surface on these transects sloped to 

the north in a series of low amplitude ridges to the berm crest on the northern side of the 

island, which was elevated at 0.83 m and 1.36 m on Transect 1 and 2, respectively 

(Figure 4.8; Table 4.1). Transects 3 and 4 exhibited subtle basin morphology with 

peripheral ridges (south: 1.50-1.56 m high, north: 1.39-1.59 m high) and a central 

depression (1.10-1.32 m above msl; Figure 4.8; Table 4.1). Transect 5, on the eastern 

end of the island, was the shortest transect in length (80 m) and had a planar surface 

(Figure 4.8; Table 4.1). Transect 6 was asymmetrical with an eastward inclination and 

largest change in slope relative to Transects 1-5, climbing 0.87 m from the western 

beach berm (1.06 m above msl) to eastern beach berm (1.93 m above msl; Table 4.1).  

The highest elevation point on the island was located at the southern beach berm of 

Transect 2 (2.01 m above msl) while average island elevation was 1.35 m above msl 

(Table 4.1). 
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Figure 4.8 Cross sections showing the topography and stratigraphy of KAN. Sediment cores 
(labelled C1-C20) are shown across the transects. Inset planform map shows location of transects 
and cores (black circles). Cluster legend shows dominant constituent with average abundance in 
brackets, followed by other common constituents (>10%) in order of abundance (M: molluscs; F: 
foraminifera; H: Halimeda). Quantitative cluster constituents presented in Table 4.3. Arrows point 
to location of TOB (toe of beach), Veg. (edge of vegetation), lithified sediments (L), and layers of 
organic matter (O).  

Elevation (m
, m

sl) 
Elevation (m

, m
sl) 
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Table 4.1 Summary of the maximum ridge elevations (m above msl) on KAN. The average elevation 
(from ridge to ridge) and min/max elevation point (from ridge to ridge) of each transect is also 
listed. Transects 1-5 are oriented from south to north and Transect 6 is oriented west to east (as in 
Figure 4.8 inset map). 

          Ridges Transect 

Transect South North Average elevation Min elevation Max elevation 

1 1.66 0.83 1.07 0.76 1.66 

2 2.01 1.36 1.59 1.26 2.01 

3 1.56 1.39 1.31 1.10 1.56 

4 1.50 1.59 1.50 1.32 1.66 

5 1.45 1.38 1.36 1.15 1.45 

 West East Average elevation Min elevation Max elevation 

6 1.06 1.93 1.28 0.84 2.00 

4.3.2 Geomorphology of Kondeymatheelaabadhoo 

4.3.2.1 Geomorphic zones on Kondeymatheelaabadhoo 

The two island geomorphic zones on KOND are the intertidal and supratidal zones 

(Figures 4.9, 4.10). These zones are surrounded by the reef zones previously described 

in Chapter 3. The island of KOND is situated near the eastern margin of the reef 

platform and covers 73,400 m2 (19.1%) of the 384,443 m2 reef platform (Figure 4.9). 

The intertidal zone includes the beach, which is located around the island periphery and 

is seaward bound by the toe of beach and landward bound by the island ridges (beach 

berm or scarp; Figure 4.9). The beach was an area of unconsolidated medium to coarse 

coral sands (Section 3.3). Three well-cemented beachrock outcrops protruded from the 

south and northwest beach of KOND (Figures 4.9, 4.10A). Beachrock was well-

consolidated and comprised of carbonate material (Figure 4.10A). The beachrock 

outcrops on the south side extended up to 12 m from the beach toe into the sand zone on 
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Figure 4.9 Planform view and boundaries of island and reef geomorphic zones on KOND (A). 
Cross-sectional view shows elevation of island geomorphic zones across the mid-profile of the island 
(B). Areas of erosion (red crosses) and progradation of the vegetation (dashed line) and beach (red 
arrows) are also shown. 

the reef platform and the outcrop on the northwest side extended up to 21 m (Figures 

4.9, 4.10A).  Beachrock outcrops on KOND are parallel to the beach and generally 

mirror the orientation of the beach (Figures 4.9, 4.10A). The beachrock slopes seaward 

in the direction of the beachface with an average slope of 13.1˚ on the south (Transect 

3) and a steeper slope of 52.6˚ on the northwest (Transect 1). The supratidal zone 

included the vegetated island basin in the centre of the island, which was characterised 

by a thin soil horizon with grasses, shrubs, and tree growth (Figure 4.10B). The island 

basin was enclosed by the island ridges, which were either beach berms or the erosional 

scarp on the south side of KOND (Figures 4.9, 4.10B). 
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Figure 4.10 Photographs of island geomorphic zones on KOND: A) intertidal zone and B) 
supratidal zone. 

The beach and vegetation zone of KOND are on average, at an elevation higher than 

mean sea level (0.51 m and 1.37 m above msl, respectively) while the average elevation 

of the beachrock zone surveyed in Transects 1-4 is 0.53 m below msl. 

4.3.2.2 Indicators of geomorphic change on Kondeymatheelaabadhoo 

Beach width varied around KOND, and was generally wide on the eastern and western 

margins (during the fieldwork period in 2013) and very narrow near the erosional scarp 

on the southern side of the island (Figure 4.9). The narrowest section of the beach (~5 

m) was situated at the erosional scarp on the south side of the island (Transect 3) and 

this part of the beach was exposed only during lower tide levels (Figure 4.9). The widest 

sections of the beach were situated on the western side of the island   (~65 m) and the  
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Figure 4.11 Pictures of erosional sites on KOND: high elevation erosional scarping at the southern 
island margin (A) and lower elevation scarping at the southeast margin (B). 

eastern side (~66 m; Figure 4.9). Erosional scarping of the vegetation and beach 

occurred along the south side of the island (Figures 4.9, 4.11). The erosional scarp 

reached a maximum elevation of 2.40 m above msl (Transect 3). This site was 

characterised by exposed vegetation roots and stranded shrubs on the adjacent beaches 

(Figure 4.11).  

The eastern and western shoreline of KOND is morphologically dynamic, as evidenced 

by satellite images from 2006 and 2016 (Figure 4.12). Since there was no prior GPS 

data for this island, TOB migration could not be quantified, as satellite images may not 

depict the actual beach boundary (e.g. obscured by high tide). However, it appears that 

the western beach has prograded while the eastern beach has retreated (Figures 4.9, 

4.12), although seasonal shoreline change cannot be ruled out. Progradation of the 

western margin was further evidenced by new colonization of vegetation around the 

western edge of vegetation (upwards of ~30 m of progradation; Figures 4.9, 4.12B). 

This suggests that the western region of the island has been relatively stable in recent 

years. KON is dynamic in vegetation patterns and reversal of newly vegetated areas 

from 2006 to 2016 highlights rapidity of colonisation (Figure 4.11). Net movement of 

the island over a ten year period from 2006-2016 appears to be westward (Figure 4.11).  
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Figure 4.12 Recent shoreline change and vegetation growth from 2006-2016 on KOND. TOB and 
edge of veg GPS data from the field survey in 2013 (red) has been overlaid on satellite images from: 
A) April 2006 (map data: Google, DigitalGlobe), and B) July 2016 (map data: Google, 
CNES/Astrium).  

4.3.2.3 Surface morphology of Kondeymatheelaabadhoo 

KOND varied in topography and morphology along island transects (Figure 4.13). 

Transect 1 exhibited a basin morphology with peripheral ridges (south: 1.37 m high, 

north: 1.31 m high) and a central depression (0.54 m above msl; Figure 4.13; Table 4.2). 

Transect 2 was convex, reaching a maximum height of 2.44 m above msl near the centre 

of the profile, which was the highest elevation point on the island (Figure 4.13; Table 

4.2). Transect 3 was asymmetrical, with an elevated ridge on the south side of the island 

reaching 2.40 m above msl, almost a metre higher than the northern berm (1.42 m above 

msl; Figure 4.13; Table 4.2). Transects 4 and 5 exhibited a series of ridges along the 

island surface (Figure 4.13; Table 4.2). The elevation of the western shore of Transect 6 

(1.22 m above msl) was comparable to the eastern shore (1.33 m above msl; Figure 

4.13; Table 4.2). Average island elevation on KOND was 1.37 m above msl (Table 4.2).  
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Table 4.2 Summary of the maximum ridge elevations (m above msl) on KOND. The average 
elevation (from ridge to ridge) and min/max elevation point (from ridge to ridge) of each transect is 
also listed. Transects 1-5 are oriented from south to north and Transect 6 is oriented west to east 
(as in Figure 4.13 inset map). 

         Ridges Transect 

Transect South North Average elevation  Min elevation Max elevation 

1 1.37 1.31 1.06 0.54 1.58 

2 1.22 1.39 1.69 1.05 2.44 

3 2.40 1.42 1.39 0.90 2.40 

4 1.19 1.75 1.43 0.91 1.78 

5 1.24 1.45 1.31 0.87 1.57 

 West East Average elevation Min elevation Max elevation 

6 1.22 1.33 N/A N/A N/A 

N.B. Topography data only available for western and eastern shores of Transect 6. 

4.3.3 Island sediments of Kan’dahalagalaa  

4.3.3.1 Downcore variations 

Twenty cores were extracted from KAN reaching depths of between 0.1 m below msl to 

2.6 m below msl. Downcore depth of penetration ranged from 140 cm to 350 cm 

(Appendix 5). Sediment size throughout the cores varied from medium sands (1.94ϕ) to 

very coarse sands (-0.93ϕ; Appendix 4). Typically, the cores exhibited a fining upcore 

sequence with a coarse basal layer of the island (coral sticks) ranging from (0.92ϕ to -

0.93ϕ) while the sands on the island surface ranged from (1.10ϕ to 1.93ϕ; Appendix 4). 

This trend is exemplified in cores from Transect 3 (Figure 4.14), thus only these core 

logs will be presented for conciseness as there is little spatial variation between cores of 

all transects (Appendix 5). On Transect 3, the basal layer (lower 50 cm of cores) of C9, 

C12, C13 comprised coarse to very coarse sediments (0.63ϕ to -0.79ϕ), fining upwards 

to medium-grained sands (1.83ϕ to 1.55ϕ) towards the island surface (Figure 4.14). 
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Figure 4.13 Cross sections showing the topography and stratigraphy of KOND. Sediment cores 
(labelled C1-C17) are shown across the transects. Inset planform map shows location of transects 
and cores (black circles). Cluster legend shows dominant constituent with average abundance in 
brackets, followed by other common constituents (>10%) in order of abundance (M: molluscs; H: 
Halimeda; C: coral; F: foraminifera). Quantitative cluster constituents presented in Table 4.3. 
Arrows point to location of TOB (toe of beach), Veg. (edge of vegetation), lithified sediments (L), 
and layers of organic matter (O).  
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A thin soil layer comprised the upper ~0.5 m of sediment cores from KAN (Figure 4.8). 

The soil horizon was composed of organic material and fine to medium grey-brown 

coloured carbonate sands. Below this, island sediments were dominated by carbonate 

sands, with coral being the dominant constituent, ranging from 41.1% to 84.7% 

(Appendix 4). The greatest proportion of coral was found near the top and base of cores: 

for example, coral comprised up to 81.7%, 77.7%, and 84.2% of sediments between 50-

100 cm downcore in C9, C10, and C11, respectively and up to 81.8%, 84.7%, and 

84.1% of sediments in the lower 20-50 cm of C9, C12, and C13, respectively (Figure 

4.14). Excluding the coral-rich basal layer, the proportion of molluscs and Halimeda in 

sediments generally increased downcore, as shown in C9, C12, and C13 (Figure 4.14). 

Mollusc proportions in sediments increased from 9.9%, 14.0%, and 9.9%, in the upper 

50 cm of C9, C12, and C13, respectively, to 20.3%, 23.0%, and 20.3%, in the lower 150 

cm of C9, C12, and C13, respectively (Figure 4.14). Halimeda in these cores increased 

from 0.6%, 6.5%, and 3.9%, respectively, in the upper 50 cm of the cores, to 14.6%, 

18.9%, and 14.0%, respectively, in the lower 150 cm of the cores (Figure 4.14). 

Lithified (cemented) sediments were recovered from five cores on KAN – C9, C10, 

C12, C14, and C19 (Figure 4.8). The lithified sediments in C14 occurred at the level of 

the water table (Figure 4.8) and were typical of cay sandstone formation, which is 

related to water table chemistry (Kench, 2012). The cay sandstone was light cream in 

colour (similar to the unlithified island sediments around it) and was less than 10 cm 

thick (Figure 4.15A). Phosphate rock also forms at the water table and is associated 

with organic compounds and microbes (Cooper, 1991; Vousdoukas et al., 2007). Thus, 
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Figure 4.14 Downcore variations in mean grain size (ϕ), percent composition, and cluster type for 
cores in the mid-profile (Transect 3) of KAN. Core logs for all transects can be found in Appendix 
5.  

Reef 
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Figure 4.15 Photograph of examples of lithified sediments found in subsurface cores of KAN and 
KOND: A) cay sandstone, and B) phosphate rock (slightly brownish in colour with presence of 
organic material). One core on KAN (C9) also terminated on fossil reef flat material (C). 

the lithified sediments in C9, C12, and C19, which were brownish in colour and 

contained organic matter, were likely phosphate rock (Figures 4.8, 4.15B). These layers 

were no more than 10 cm thick. Another layer of lithified sediment that was not 

associated with the water table or organic matter was found in C10 (Figure 4.8). This 

layer was very well-cemented and prevented further coring. Eleven other cores 

contained subsurface layers of organic matter but were not associated with lithified 

sediments (Figure 4.8). One core (C9) terminated on ~10 cm of reef flat underlying the 

southern periphery of KAN (Figure 4.15C).  

4.3.3.2 Cluster analysis of sediments from Kan’dahalagalaa  

On KAN, four clusters were generated from a K-means cluster analysis of skeletal 

composition of subsurface sediments (Table 4.3; Figure 4.16A). All clusters were 
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dominated by coral but varied in proportion of secondary constituents (Table 4.3; Figure 

4.16A). Cluster 1 has the highest proportion of coral (~80%) and was further 

distinguished based on mean grain size into: 1a) medium sands (1.61ϕ), and 1b) very 

coarse sands (-0.55ϕ) (Table 4.3). Cluster 2 contains 66.8% coral and is characterised by 

molluscs and foraminifera as the dominant secondary components (both ~11.5%; Table 

4.3). Cluster 3 is characterised by 59.6% coral with molluscs (16.9%) and Halimeda 

(10.3%) as main secondary constituents (Table 4.3). Samples in Clusters 2 and 3 are 

medium-coarse sands (1.13ϕ and 0.72ϕ, respectively; Table 4.3). The coarse sands  

 

Table 4.3 Summary of clusters of island sediment samples from KAN (n = 159) and KOND (n = 
147) based on K-means cluster analysis of skeletal composition. Cluster 1 has been further divided 
based on mean grain size (m: medium sand; vc: very coarse sand). Average composition (% ± s.d.) 
for skeletal constituents in each cluster are presented along with mean grain size (µ, ϕ ± s.d.) and 
sorting (σ, ϕ ± s.d.). 

  Skeletal composition Texture 

Cluster No. Coral CCA Halimeda Molluscs Forams Other (ϕ) (ϕ) 

KAN  

1a (m) 54 79.8±3.6 1.1±0.9 4.3±2.5 8.3±2.6 5.4±2.3 1.1±0.7 1.61±0.22 0.64±0.13 

1b (vc)        -0.55±0.35 1.73±0.36 

2 37 66.8±3.8 1.0±1.0 6.8±2.1 11.5±2.3 11.3±2.7 2.5±2.5 1.13±0.38 0.86±0.36 

3 41 59.6±2.8 1.8±1.0 10.3±3.5 16.9±3.8 9.7±3.3 1.7±0.6 0.72±0.40 0.65±0.41 

4 27 48.5±3.1 1.6±1.1 12.7±4.3 20.4±2.2 15.1±4.6 1.8±0.6 0.70±0.28 0.90±0.20 

KON  

1a (m) 61 81.7±4.3 1.9±1.3 3.8±1.8 7.3±2.9 4.5±2.8 0.8±0.8 1.41±0.22 0.57±0.09 

1b (vc)        -0.80±0.19 1.68±0.30 

2 44 67.5±2.8 2.3±1.5 6.0±2.4 16.2±3.1 6.9±2.3 1.0±0.7 0.80±0.48 0.79±0.19 

3 32 55.9±5.5 2.2±0.7 15.1±3.8 17.4±6.4 7.6±2.4 1.8±2.8 0.58±0.33 0.90±0.29 

4 10 33.6±4.3 1.2±1.0 32.8±4.5 18.2±3.8 13.8±2.0 1.4±1.1 0.43±0.35 0.90±0.11 

N.B. Constituents comprising on average >10% of total sample are underlined. 
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(0.70ϕ) of Cluster 4 have the lowest proportion of coral of all clusters (48.5%) and are a 

“mixed” group containing >10% of all secondary components except CCA (Table 4.3).  

Downcore variations in sediment clusters were observed, with Cluster 1a and Cluster 2 

generally found above msl (upper 100-150 cm of cores) while Clusters 3, 4, and 1b 

were found below msl or in the lower 150-200 cm of cores (Figures 4.8). Cluster 1a 

formed the upper 100-150 cm of 13 out of 20 cores on KAN (Figure 4.8). Sediments 

from Cluster 2 formed the upper layers (100-150 cm) of the remaining cores, with the 

exception of C20 (Figures 4.8). Cluster 1b was only found at lower depths, between 

265-350 cm  downcore  (Figure 4.8).  Five cores on KAN terminated on sediments from  

 
Figure 4.16 K-means cluster groups of island sediment composition from A) KAN (n = 159) and B) 
KOND (n = 147) showing constituent percentage makeup in each group. 
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Cluster 1b (C3, C9, C12, C13, and C19), while the other cores did not reach sufficient 

depth to terminate on these sediments (Figure 4.8). 

4.3.4 Island sediments of Kondeymatheelaabadhoo 

4.3.4.1 Downcore variations 

Seventeen cores were retrieved from KOND, ranging in depth of penetration from 0.6 m 

below msl to 2.6 m below msl (Figure 4.13). Downcore depth of penetration varied 

from 130 cm to 370 cm (Appendix 5). Island sediments ranged in size from medium 

sands (1.90ϕ) to very fine gravel (-1.08ϕ; Appendix 4), and typically, the cores 

exhibited a fining upcore sequence. This is due to the basal layer of the island being 

comprised of coarse sediments with coral sticks (0.93ϕ to -1.00ϕ), while the island 

surface was much finer (1.06ϕ to 1.90ϕ; Appendix 4). The upcore fining of sediments is 

well-documented in the cores of Transect 3 on KOND (Figure 4.17), although the trend 

is evident in cores of all transects (Appendix 5). However, only Transect 3 will be 

described in detail in this section for conciseness. In cores C9, C10, and C11, the lower 

50 cm of cores comprised coarse to very coarse sands (0.17ϕ to -1.06ϕ), fining upward 

to medium sands (1.67ϕ to 1.09ϕ), towards the island surface (Figure 4.17). 

The soil layer of KOND occupied the upper ~0.5 m of cores and was composed of 

organic material with fine to medium grey-brown coloured carbonate sands (Figure 

4.13). Below this, island sediments were dominated by carbonate sands, with coral 

being the dominant constituent, ranging from 44.8% to 91.8%, with the exception of 

cores from Transect 4 (C14-C16) that were very Halimeda-rich (upwards of 37.7%; 

Appendix 5). The highest percent coral in sediments was found near the top and base of 
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cores: for example, coral comprised up to 80.6% and 87.9% of sediments between 50-

125 cm downcore in C10 and C13, respectively and up to 82.8% and 80.6% of 

sediments in the lower 25 cm of C10 and C13, respectively (Figure 4.17). The 

proportion of molluscs generally increased downcore, as shown in C9, C10, and C12 

(Figure 4.17). Mollusc abundance increased from 8.8%, 6.7%, and 7.8% in the upper 

100 cm of C9, C10, and C12, respectively, to 27.6%, 25.0%, and 24.5% in the lower 

100 cm of C9, C10, and C12, respectively (Figure 4.17). Halimeda was generally found 

lower downcore, as shown in C9, C10, and C13 (Figure 4.17). Halimeda proportions in 

sediments increased from 5.9%, 5.6%, and 5.5% in the upper 100 cm of C9, C10, and 

C13, respectively, to 21.4%, 18.2%, and 8.7% in the lower 100 cm of C9, C10, and 

C13, respectively (Figure 4.17). 

Lithified sediments were recovered in over half of the cores on KOND (10 of the 17 

cores; Figure 4.13). The lithified sediments in C5, C8, C12, and C15 occurred near the 

water table and was typical of cay sandstone (Figures 4.13, 4.15A). The cay sandstone 

here was light cream in colour and no more than 10 cm thick. Phosphate rock, which 

was brownish in colour and contained organic matter, formed at the water table in C7, 

C11, and C16 (Figures 4.13, 4.15B). These layers were also less than 10 cm thick. Other 

lithified sediments that were not associated with the water table or organic matter were 

found in C1, C4, C14, and C15 (Figure 4.13). The lithified layer at the bottom of C4 

was very well-cemented and prevented further coring. Five other cores contained 

subsurface layers of organic matter that were not associated with lithified sediments 

(Figure 4.13). 
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Figure 4.17 Downcore variations in mean grain size (ϕ), percent composition, and cluster type for 
cores in the mid-profile (Transect 3) of KOND. Clusters correspond to Table 4.3 and Figure 4.10. 
Core logs for cores in other profiles can be found in Appendix 5.  
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4.3.4.2 Cluster analysis of sediments from Kondeymatheelaabadhoo  

On KOND, four clusters were generated from a K-means cluster analysis of skeletal 

composition of subsurface sediments (Table 4.3; Figure 4.16B). Cluster 1 was 

characterized by the highest proportion of coral (81.7%; Table 4.4). To account for 

texture differences, this cluster was further divided into: 1a) medium sands, and 1b) 

very coarse sands (Table 4.4). Cluster 2 is composed of medium-coarse sediments (-

0.58Φ) and contains 67.5% coral with molluscs being the main secondary constituent 

(16.2%; Table 4.3). Cluster 3 is dominated by 55.9% coral, with molluscs (17.4%) and 

Halimeda (15.1%) as main secondary constituents (Table 4.3). Cluster 4 has the lowest 

proportion of coral of all clusters (32.4%) and contains >10% of all secondary 

components except CCA, with a marked increase in Halimeda (33.3%; Table 4.3).  

Clusters 3 and 4 are composed of coarse-sized sediments (-0.49Φ and -0.29Φ, 

respectively; Table 4.3).  

Downcore variations in sediment clusters were observed. Cluster 1a was the only 

sediment cluster on KOND that was found above mean sea level (upper 100-150 cm of 

cores), while Clusters 2-4 and 1b were found below 150 cm downcore (Figure 4.13). 

Cluster 1a formed the upper layer (50-150 cm) of all cores on KOND, with the 

exception of C1 and C11 (Figure 4.13). Similar to KAN, Cluster 1b on KOND was 

found at lower depths, between 280-370 cm downcore (Figure 4.12). On KOND, four 

cores terminated on sediments from Cluster 1b – C10, C11, C13, and C17 (Figure 4.13). 
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4.4 Discussion 

Results of surface morphology reveal atoll-scale differences as well as within-island 

differences in terms of island basin topography and ridge elevation. Differences in 

energy exposure influencing this variation between KAN and KOND will be discussed, 

as well as implications of medium-term shoreline change for ongoing island 

development. The sedimentary composition of islands will be discussed, which is 

relevant for the interpretation of styles of island development (Chapter 5) and sets the 

context for timing of changes in sediment supply (Chapter 6). 

4.4.1 Variations in topography on Kan’dahalagalaa and 

Kondeymatheelaabadhoo  

Variations in surface morphology and topography were exhibited between KAN and 

KOND and within each island. Both islands displayed asymmetric and basin surface 

morphologies typical of Maldivian islands of Baa Atoll described by Kench (2012; 

Section 2.5). However, KAN further exhibited planar topography, while KOND also 

exhibited convex and undulating topographies (Figures 4.8, 4.13). The southern side of 

KAN and KOND was higher in elevation than the northern side (Table 4.1; Figure 4.8). 

Most noticeable in Transect 1 of KAN, the south berm (elevation: 1.66 m above msl) is 

twice as high as the north berm (elevation: 0.83 m above msl; Table 4.1). In Transect 3 

on KOND, the erosional scarp on the southern side (elevation: 2.40 m) is almost a metre 

higher than the northern berm (elevation: 1.42 m above msl; Table 4.2). These 

variations within island elevation and between KAN and KOND can indicate differing 

energy exposure around the islands and their proximity to the reef edge. Higher 
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elevation ridges tend to form in areas of higher wave energy as a result of greater swash 

excursion, or greater distance inland of deposition (Kench et al., 2008). Evidence of this 

was observed in Baa Atoll, where eastern islands had lower ridges than western and 

central islands due to higher energy wave conditions caused by the dominant westerly 

monsoon (Kench et al., 2008). Since wind intensity on Huvadhoo Atoll is greater during 

the southwesterly monsoon (6.9 ms-1) compared to the northeast monsoon (5.7 ms-1; 

Figure 1.3), KAN and KOND experience greater wave energy on the southwest side of 

the islands. Furthermore, swell generally penetrates the lagoon from the south via deep 

passages in the atoll rim and is also stronger during the southwest monsoon season 

(Section 1.3.2; Kench and Brander, 2006a; Mandlier, 2008). The greater wave energy 

caused by a stronger southwest monsoon and southerly swell could account for the 

higher southern margins on KAN and KOND.  

In general, KOND had higher elevation ridges (max ridge elevation: 2.40 m above msl) 

as compared to KAN (max ridge elevation: 2.01 m above msl; Figures 4.8, 4.13; Tables 

4.1, 4.2). Differences in topography between KAN and KOND can be partly attributed 

to their locations on Huvadhoo Atoll. The location of a reef platform within an atoll and 

distance to neighbouring reef platforms can influence reef island morphology through 

differential sheltering or exposure (Kench et al., 2009b). KAN and KOND are both 

located near the periphery of the atoll lagoon: KAN is closer to marginal reefs of the 

atoll rim on the southern shore (~4 km away) and is largely exposed to the atoll lagoon 

on the northern shore (Figure 1.1C). Conversely, KOND is closer to marginal rim reefs 

on the northeastern shore (~5 km away) and exposed to the atoll lagoon on the 

southwestern shore (Figure 1.1C). Thus, the northern side of KAN and the southwestern 

side of KOND are exposed to a longer distance (fetch) of the atoll lagoon (~50 km; 
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Figure 1.1C). Since a greater fetch on which waves can be generated often results in 

increased significant wave heights (Tartinville and Rancher, 2000), the northern side of 

KAN and southwestern side of KOND (exposed to a greater fetch) would be subject to 

larger waves. This could account for why the erosional scarp on KAN is located on the 

northeast side of the island (Figure 4.4), despite this side experiencing weaker 

monsoon-generated waves (Figure 1.3; Kench and Brander, 2006a). The combination of 

larger waves from greater lagoon fetch and the stronger southwest monsoon could 

explain why KOND is higher in elevation as compared to KAN (Tables 4.1, 4.2).  

4.4.2 Medium-term planform change on Kan’dahalagalaa and 

Kondeymatheelaabadhoo  

Although evidence of erosion was present on both KAN and KOND (scarping of 

vegetated areas or beach; Figure 4.6, 4.11), other sections of the vegetated island basin 

and shoreline are continuing to accrete. On KAN, the edge of vegetation is expanding 

on the northwest and southwest sides of the island (Figures 4.4, 4.7), which indicates 

that the island has been stable at these sites for some time, allowing plants to colonize 

these areas. GPS data from the TOB and edge of vegetation over the period of 2007-

2013 also suggest that the northwest and southwest beaches are accreting (Figure 4.7). 

On KOND, expansion of the vegetated core occurs on the western margin of the island 

and is accompanied by accretion of the western beach (Figures 4.9, 4.12). However, 

satellite imagery over the period of 2006-2016 shows that the areas of new vegetation 

on KOND are dynamic, shifting from the eastern region of the island in 2006 to the 

western region of the island in 2016 (Figure 4.12). These trends of erosion and accretion 

are likely signs of medium-term change rather than seasonal monsoon shifts since 
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satellite imagery and field data were obtained during the same monsoon period (April-

July, southwest summer monsoon; Figures 4.7, 4.12). 

Based on the styles of medium-term planform island adjustment outlined by Kench et 

al., (2015; described in Section 2.4.2), KAN exhibits adjustment by island migration. 

Erosional processes occur on the northeast shore of the island while accretionary 

processes occur on the southwest shore, resulting in a southwest migration of the island 

across the reef platform (Figure 4.7). This is also evidenced by the position of 

beachrock, which commonly occurs in the intertidal zone as a result of constant wetting 

and drying and usually mirrors the contemporary shoreline (Kench, 2012). However, on 

KAN, the beachrock was elongated and perpendicular to the beach (Figure 4.4), 

suggesting more dramatic changes in beach position on KAN since detached beachrock 

can represent remnants of previous shoreline positions (Kench, 2012). The southwest-

northeast orientation of the beachrock on KAN indicates that the beach in these areas 

has migrated landward towards the southwest, which is congruent with the location of 

the erosional scarp and the zones of accretion (Figure 4.4). Furthermore, the beachrock 

on KAN sloped a different direction (eastward) to the contemporary beach, which 

suggests that the processes governing shoreline change may have shifted over time. If 

island migration continues southwards, a limit of progradation may be achieved where 

the shoreline becomes too close to the high-energy reef margin (Kench, 2013), 

especially since KAN is already quite close to the southern reef edge (~120 m away; 

Figure 4.4). At this point, the zones of accretion may shift to erosion and vice versa, 

reflecting the morphodynamic nature of Maldivian island shorelines.  
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KOND also exhibits island migration, although the direction of migration is different to 

KAN. Sections of erosion are observed on the southeast shore while the western beach 

and areas of vegetation are accreting (Figures 4.9, 4.12). This is consistent with the 

extensive beachrock outcrop on the southern side of KOND, which was found parallel 

to the beach with a similar slope magnitude and direction as the contemporary 

beachface (13.1-52.6˚; Figure 4.9). Since the island has migrated on an east-west axis, 

there should be no detached beachrock on the southern side of the island. A shift in area 

of new vegetation growth from the eastern side of the island to the western side of the 

island during the period of 2006-2016 indicates medium-term morphological change 

(Figure 4.12). As on KAN, limitations in accommodation space may offer a possible 

explanation for the shift in net movement and direction of shoreline sediments on 

KOND as well. As KOND is very close to the eastern edge of its reef platform (~50 m 

away), it has most likely reached the eastern limit of island progradation (Figures 4.9, 

4.12), both in terms of accommodation space and exposure to the high-energy reef 

margin (Kench, 2013).  

Surface morphological features also provide insights into island development and 

ongoing change. On KAN, higher beach berm ridges on the southwest side of the island 

provides evidence of accretion, possibly through overwash processes (Figure 4.8), 

which is consistent with direction of planform accretion (Figures 4.4, 4.7). KAN and 

KOND are predominantly vegetated, which is evidence for long-term island 

stabilization (Stoddart and Steers, 1977). Vegetation binds loose sediments and protects 

them from wind scour or entraps more sand onto the island, which can contribute to 

accretion (Stoddart and Steers, 1977). Another form of island sediment stabilization on 

reef islands is lithification of sediments, which occurs through secondary cementation 
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of unconsolidated sediments (Stoddart and Steers, 1977), and can be observed on KAN 

and KOND externally as beachrock and internally as phosphate rock formation. The 

erosional scarp was associated with all three areas of beachrock formation on KAN and 

two of three areas of beachrock formation on KOND (Figures 4.4, 4.9). Consolidation 

of sediments can be accelerated by organic compounds and microbes (Cooper, 1991; 

Vousdoukas et al., 2007). This process was observed in subsurface sediments where 

lithified sediment samples were often associated with organic matter (Figures 4.8, 4.13). 

Thus, the formation of beachrock on KAN and largest beachrock outcrop on KOND 

could be aided by the soil chemistry from the scarp that has eroded away and been 

deposited onto the beach. Furthermore, the lithification of subsurface sediments could 

contribute to increased island resistance to erosion (Stoddart and Steers, 1977).  

4.4.3 Spatial patterns in island sediments 

Conceptually, since lateral island accumulation occurs when the shoreline progrades 

outwards, the island can be viewed as a sequence of previous beaches. During lateral 

accumulation, finer coral sand from beach sediment is selectively entrained to the top of 

the beach (Section 3.4.4), enlarging the berm or forming a new berm (the previous berm 

then becomes a paleo-berm). This process is repeated, resulting in progradation of the 

shoreline and a deposit of finer coral sands overtopping the island. A comparison of the 

beach sediments (Chapter 3) to island sediments does indeed reveal that the beach berm 

is very similar to the island surface; both containing a higher proportion of finer 

(medium-sized) coral sands (Table 4.4). Furthermore, the “sequence” of beaches is 

especially evident in KOND Transect 5, which shows an undulating topography of 

berms and paleo-berms (Figure 4.13). Paleo-berms are also evident in most other 
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transects of KAN and KOND, though more subtle, as a series of low amplitude ridges 

(Figures 4.8, 4.13). This provides evidence of how the islands developed and is relevant 

to the interpretation of styles of island accumulation, which will be discussed in Chapter 

5.  

Large sediment depositions and island overtopping may have also occurred during 

episodic events, such as the 2004 Sumatran tsunami, which resulted in overwash sand 

sheets on Maldivian islands that added up to 0.3 m of vertical sediment accumulation 

(Kench et al., 2006; further discussed in Section 6.2.4.3.3). Tsunami deposits in the 

geological record are often apparent through sand sheet deposits over layers of topsoil 

(Gouramanis et al., 2015). Although on KAN and KOND, these sand sheets were not 

obvious in subsurface stratigraphy, occurrence of subsurface organic matter (e.g. KAN 

C11-C13, KOND C11-C13; Figures 4.8, 4.13) may be evidence of overwash deposits 

that occurred during tsunami events. 

As discussed in Chapter 3 (Section 3.4.3), the same main constituents were present in 

all reef and beach samples, which suggests that material comprising island sediments 

are still being produced on the reef (McKoy et al., 2010). These main constituents are 

present in island subsurface sediments as well, revealing that the main reef building 

organisms on the contemporary reef were present during island building. However, the 

proportion of these reef builders has not remained consistent over time. On KAN and 

KOND, downcore variations in composition show that the proportion of coral sands 

decrease with depth (with the exception of cores that terminated on coarse sands with 

coral branches) and the proportion of molluscs and Halimeda increase with depth 
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Table 4.4 Mean skeletal composition (% ± s.d.) and mean grain size (ϕ ± s.d.) of all island core 
sediment samples, compared to top core samples only and surficial beach samples on KAN and 
KOND. 

  Skeletal composition Texture 

 No. Coral CCA Halimeda Molluscs Forams Other (ϕ) 

Kan’dahalagalaa       

Island 
surface1 

20 75.8±8.0 0.7±0.6 3.2±2.2 10.2±2.4 8.7±3.4 1.2±1.2 1.41±0.24 

Beach berm2 12 74.2±8.2 0.9±0.6 4.4±1.7 13.5±4.3 4.7±2.4 2.2±1.8 1.63±0.33 

Beach toe2 12 52.7±5.9 3.8±0.9 10.4±3.0 23.0±3.2 8.6±2.2 1.4±1.0 0.60±0.27 

Kondeymatheelaabadhoo       

Island 
surface1 

17 76.1±7.6 2.0±1.1 6.5±5.0 8.0±1.8 5.8±4.0 1.5±1.2 1.44±0.24 

Beach berm2 12 79.7±3.8 1.5±1.5 4.7±2.1 9.5±2.3 3.9±1.1 0.7±0.7 1.59±0.18 

Beach toe2 12 57.2±4.2 1.9±0.9 14.2±2.4 19.1±3.0 6.7±2.0 0.9±0.6 0.44±0.24 

1First sand sample under soil layer in each island core. 
2Beach top and TOB sediment data from Table 3.5, Chapter 3. 

(Figures 4.14, 4.17). As stated in Section 3.3, the overrepresented proportion of 

molluscs as compared to their abundance on the contemporary reef is likely due to their 

high durability, which translates to their persistence in reef and island sediments. 

However, the low durability of Halimeda means that these grains are easily abraded in 

the littoral zone (Morgan and Kench, 2016). Thus, the proportion of Halimeda in island 

sediments may be underrepresented compared to Halimeda generation on the reef. 

Using inverse modelling and coefficient of decay derived from tumbling barrel 

experiments, Ford (2009) determined that the sediment generation rate of Halimeda 

needs to be 120 times that of coral and molluscs in order to produce similar volumes. 

Thus, small changes in proportion of Halimeda in island subsurface sediments may 

reflect much bigger ecological shifts on the reef. Shifts in reef ecology can be attributed 

to a variety of biotic and abiotic factors, and over longer timescales, sea-level change 

can be a critical factor (Hewins and Perry, 2006; Yamano et al., 2000). In the north 
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Maldives on Baa Atoll, Halimeda sediments accumulated rapidly as the reefs accreted 

to sea level and once this had occurred, sediment supply shifted from Halimeda to coral 

and coralline algae (Kench et al., 2005). Thus, the increases in Halimeda between 0.41-

0.47 m below msl on KAN and 0.29-0.41 m below msl on KOND could be a 

sedimentological response to rising sea levels or other changes in environmental 

conditions. Timing of these sedimentological changes will be further discussed in 

Section 6.2.   

4.5 Conclusions 

This study provides the first detailed description of surficial island morphology and 

topography of reef islands on a south Maldivian atoll. It is also the first detailed 

investigation of reef island subsurface morphology in this region. As with other islands 

in the Maldives, KAN and KOND are very low-lying, reaching no more than 2.5 m 

above mean sea level at their highest points (Tables 4.1, 4.2). KAN and KOND 

exhibited higher elevation southern ridges, which reflect higher wave energy generated 

by the stronger southwest monsoon (Tables 4.1, 4.2). The five characteristic 

morphologies of island topography on KAN and KOND were: 1) convex, 2) basin-

shaped, 3) asymmetrical, 4) planar, and 5) undulating ridge topography (Figures 4.8, 

4.13). Undulating ridge topography was exhibited in multiple transects on KAN and 

KOND, which provides evidence of the developmental style of the islands as a 

cumulative series of relict shorelines.  

Results of contemporary island morphology present evidence of medium-term (decadal) 

processes of island change on KAN and KOND. The island margins showed evidence 
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of both zones of accretion and erosion. Island accretion was evidenced by extension of 

the edge of vegetation and expansion of beaches on the northwest and southwest sides 

of KAN, as well as the western side of KOND (Figures 4.4, 4.7, 4.9, 4.12). The style of 

medium-term adjustment for both KAN and KOND is through island migration, with 

direction of migration influenced by progradational limits across the reef platform. Two 

forms of sediment-stabilizing processes also occurred: 1) lithification of sediments, and 

2) vegetation growth. The zones of erosion were characterised by scarp formation, 

exposed vegetation roots, and uprooted trees on the beaches (Figures 4.6, 4.11). Results 

suggest that hydrodynamic conditions associated with the zones of erosion were a 

function of the position of the islands on the atoll rather than magnitude of monsoon 

winds. The location of KAN and KOND near the atoll periphery resulted in a less stable 

lagoonward shoreline from a longer lagoonward fetch (Figure 1.1C) and a stronger 

effect from seasonal reversals in wave energy (Kench and Brander, 2006a). Beachrock 

is a record of previous island shorelines (Kench, 2013) and beachrock outcrops on KAN 

suggests that the island migrated towards the southwest while on KOND, the southern 

shoreline migrated northwards (Figures 4.4, 4.9). Since the beachrock outcrops on KAN 

extended farther from the present shoreline than the beachrock outcrops on KOND 

(Figures 4.4, 4.9), this suggests that erosion of the northeast shore of KAN may have 

started earlier than the erosion of the southern shore of KOND.  

The islands were mostly comprised of medium-grained sands dominated by coral 

constituents (Appendix 4). The island constituents were similar between beach and reef 

sediments (Tables 4.4, 4.5), extending the results of Chapter 3 and providing further 

evidence that the reef and island system are connected. Downcore variations in 

sediment texture and composition were also observed (Figures 4.14, 4.17). Most 
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notably, higher proportions of Halimeda were found at increased depths along cores, 

which could correspond to higher reef generation rates or hydrodynamic conditions that 

favoured Halimeda transport and deposition. The timing and implications of these 

changes will be further explored in Chapter 6, Section 6.2. 
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5 INTERNAL STRUCTURE AND 
MODES OF ACCRETION 

5.1 Introduction 

Chapter 5 explores the use of ground penetrating radar (GPR) to better understand styles 

of island building. This chapter uses the conceptual modes of island accretion proposed 

by Woodroffe et al. (1999) as a framework to examine GPR images of Kan’dahalagalaa 

(KAN) and Kondeymatheelaabadhoo (KOND) and to infer styles of accumulation. 

Interpretation of GPR data will build upon the geomorphic and sedimentological 

evidence presented in Chapter 4 to infer depositional models of island development. 

Based on these models, a temporal framework for island accumulation will be 

developed in Chapter 6.   

As presented in Section 2.7.2, Woodroffe et al. (1999) outlined a number of different 

modes of accretion representing a range of possibilities for island building (Figure 2.4). 

Accretion expands the island laterally (horizontal accretion e.g. central core, 

   111 

 



Sedimentology and formation of lagoonal platform reef islands in Huvadhoo Atoll, Maldives 

 

lagoonward or oceanward) or upwards (vertical accretion; Figure 2.4). Furthermore, 

horizontal accretion and vertical accretion occur at different rates (accelerating, 

decelerating, episodic) and are characterised by distinct phases of deposition 

(Woodroffe et al., 1999). Beyond these theoretical modes of accretion, empirical 

research has shown that reef island shorelines can accrete by overwash deposition of 

sand sheets (Kench et al., 2006). Rollover is a similar process whereby sediment is 

redistributed from one shore to the other, resulting in island “migration” across a reef 

platform (Woodroffe et al., 1999). Empirically, the style of island accumulation can be 

resolved through geochronological studies, which constrain chronology of island 

deposits using radiometric age control (further discussed in the next chapter). 

Morphostratigraphic studies are also used to discern island development by 

investigating the internal structure (subsurface morphology) of the island.  

Interpretation of the internal structure of reef islands has been based mainly on corehole 

datasets (Woodroffe et al., 1999). Studies based off cores require extrapolating facies or 

sedimentary structures between cores (Neal and Roberts, 2000). Thus, there is 

considerable uncertainty in determining depositional styles using corehole data. Coring 

techniques carry additional complications such as limitations in penetration depth, 

sediment collapse from groundwater tables, as well as time and resource intensiveness 

(Leatherman, 1987; Neal and Roberts, 2000; Jol et al., 1996). These complications, 

along with limited sedimentological and core data from a small number of reef island 

evolution studies (Table 2.2), mean that the internal structure and modes of accretion for 

reef islands remain poorly understood. 
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5.2 Overview of the GPR technique 

Ground penetrating radar (GPR) is a non-invasive geophysical technique used to assess 

subsurface stratigraphy and could provide a means to better resolve the internal 

structure of reef islands. Along with corehole data to constrain interpretations, this 

method provides a means of visualizing depositional layers (Bristow, 2013; Neal and 

Roberts, 2000). After being commercially introduced in the 1970s, GPR has been used 

with great effect to investigate the stratigraphy of coastal sedimentary environments in 

order to infer their evolution (e.g. Barboza et al., 2011; Bennett et al., 2009; Dougherty, 

2014; Clemmensen and Nielsen, 2010; Gouramanis et al., 2015; Jol et al., 1996; 2003; 

Neal et al., 2001; Nichol, 2002; Switzer et al., 2006). These studies use GPR images to 

effectively map internal structure of sedimentary environments, delineate sedimentary 

facies, and determine style of progradation or aggradation (Figure 5.1).  

Despite the advantages compared to coring and excavation techniques, use of GPR on 

reef islands has not been widely used. In addition to being a relatively new technique, a 

possible reason for its limited use on reef islands may stem from the concern that the 

range and quality of GPR images is hindered by salt-water intrusion, which causes 

attenuation of the electromagnetic signal (Neal and Roberts, 2000). Contamination of 

freshwater by salt-water intrusion is particularly problematic in small, low-lying reef 

islands. However, the use of GPR in several barrier-island studies provides confidence 

that GPR can be used to discern stratigraphy on low-lying marine sedimentary 

landforms analogous to reef islands (Anderson et al., 2000; Barnhardt et al., 2002; 

Buynevich, 2006; Garrison et al. 2010; Jol et al., 1996; Otvos, 2011; Panageotou and 

Leatherman, 1986). 
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Figure 5.1 The effectiveness of GPR in sedimentary environments is demonstrated in this 
comparison from Dougherty (2011) of a GPR image recorded along the top of an exposed outcrop. 
The GPR image (B) effectively replicates stratigraphy of the outcrop (A) to sub-meter accuracy 
(Dougherty, 2011).  

GPR has only once been employed on reef islands in an island evolution study by 

Kench et al. (2005) on South Maalhosmadulu Atoll, Maldives. The GPR images in the 

study were able to show shoreline progradation and beach ridge aggradation, as well as 

significant subsurface features such as the reef surface and facies boundaries (Kench et 

al., 2005). This thesis integrates extensive GPR data with sedimentological data from 

island cores to resolve modes of reef island formation and development for KAN and 

KOND. Although the radiocarbon ages for the island facies will be presented in the next 

chapter (Chapters 6), the relative chronology of radar units will be inferred following 

the law of superposition (where each stratigraphic unit is younger than the one below 

and older than the one above; Bristow, 2013). The reconstruction of internal island 

structure will strengthen the understanding of island evolution on KAN and KOND and 
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also demonstrates the great potential of GPR for discerning styles of reef island 

accumulation. 

5.3 Methods 

5.3.1 GPR principles of operation 

The GPR system transmits a high-frequency electromagnetic signal (10-1000 MHz), 

which is reflected back at different velocities depending on the subsurface material’s 

electrical properties (Figure 5.2A; Neal and Roberts, 2000). The receiver system detects 

these abrupt changes in velocity and records the two-way travel time (time it takes for 

the signal to bounce back), which is affected by water content variations, saline 

concentration, and sedimentary changes such as composition, grain shape, orientation, 

and packing (Figure 5.2A; Neal and Roberts, 2000). GPR data acquisition occurs at an 

individual survey point (Figure 5.2A), so signal data must be collected in continuous 

mode at sequential survey points and then stacked laterally to create a subsurface radar 

reflection profile (Davis and Annan, 1989).  

5.3.2 GPR field surveys 

A total of 655 m of GPR reflection profiles were collected from KAN and 305 m from 

KOND. Due to the extensive vegetation of the central region of the islands, it was not 

possible to obtain continuous GPR profiles from all island transects since monostatic 

antenna systems must be towed along the ground (Figure 5.2B). A continuous GPR 

profile through the vegetated island basin on KAN (Transect 6) was possible due to the 

existence of a track through the island that was clear of dense vegetation. 
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Figure 5.2 Schematic diagram of GPR data acquisition from Neal and Roberts (2000), and picture 
from the field showing the main components of the GPR system used in this thesis. A) Diagram 
shows data collection at an individual survey point with a bistatic system (separate transmitter and 
receiver). The transmitter antenna (A1) produces a short pulse of high frequency electromagnetic 
energy aimed into the ground. This transmitted signal is then reflected back into the receiver (A2) 
where it is amplified, digitized, and stored for display and processing on the control unit. B) The 
GSSI SIR2000 GPR system has two main units that correspond to the schematic diagram: the 
control unit (framed in yellow) and the antenna (framed in blue), which was a monostatic system 
(merged transmitter and receiver). Other components of the GPR are also labelled. 
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Pegs were inserted into the ground at 5 m spacing on Transects 2, 3, and 6 on KAN and 

KOND (Figure 5.3), beginning as close to the water line as possible. Surveying of pegs 

was undertaken concurrently with topographic surveys (Section 4.2.1). Any obvious 

changes in slope between pegs were also marked and surveyed. GPR start and end 

positions were recorded with the Trimble Nomad GPS.   

The physical set-up of the GPR system is presented in Figure 5.2B. GPR data was 

collected using the GSSI (Geophysical Survey Systems Inc.) SIR2000 system with a 

monostatic 200 MHz shielded antenna, recorded continuously and stacked laterally to 

create the radar reflection profile. See Appendix 6 for control unit settings (data 

acquisition parameters) that were set before each run.   

5.3.3 GPR image processing 

GPR images were processed using RADAN 6.6 software (GSSI), which improves 

image quality as well as adding distance and topography parameters (Figure 5.3). The 

protocol used in this study to improve signal-to-noise ratio, distance-normalization, and 

topographic correction in RADAN is detailed  in  Appendix 6.  The two-way travel time  

 
Figure 5.3 Location of GPR surveying on KAN (A) and KOND (B). Red lines indicate parts of the 
transects where GPR was used. Outline of island indicates toe of beach during field period April-
July 2013 (KAN map data: Google, DigitalGlobe; KOND map data: Google, CNES/Astrium).  
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in nanoseconds (ns) is converted to depth (m) by using a known or experimentally 

derived dielectric constant, which is a measure of relative permittivity of high frequency 

waves through any given material (Davis and Annan, 1989). The dielectric constant (T 

= 9) was determined by ground-truthing the position of the water table signal on the 

GPR image to the recorded depth of the water table in cores. In RADAN, the dielectric 

constant was applied to each GPR image to convert the y-axis from nanoseconds to 

metres, which constrained depth of signal penetration and allowed images to be overlaid 

with topographical survey and core data. In addition, correction of the velocity under 

the water table was applied by transforming the scale of the section of GPR image under 

the water table by a factor of 50%. This step was undertaken to account for material 

differences since saturated sands under the water table take about twice as long for 

signal propagation than dry sands above the water table (Neal and Roberts, 2000). 

5.4 Results 

5.4.1 GPR profiles of Kan’dahalagalaa 

GPR profiles of KAN reveal several distinct units: northward-dipping and southward 

dipping clinoforms around the island shores, as well as a core radar facies with notable 

presence of concave-upward reflectors around the centre of the island (Figure 5.4). The 

GPR profile of Transect 6, running west to east, showed a progradational unit with 

seaward-dipping clinoforms around western shores (gentle to strong slope: 0.5-8.2°) and 

eastern shores (gentle to strong slope: 2.1-9.2°) reaching depths of 0.5 m below msl 

(Figure 5.4A; slope classification after the British Geomorphological Research Group).  
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Figure 5.4 Cross-sectional view of GPR profiles on KAN. Red lines mark strong radar reflectors (which have been transferred to Figure 5.5). Blue lines mark position and 
depth of cores, and water table (WT) is indicated with an arrow. A) Transect 6 runs through the middle (A-axis/long axis) of KAN, from west to east. B) Transect 3 runs 
through the middle (B-axis/shorter axis) of KAN, from south to north. C) Transect 2 runs through the mid-west part of KAN, from south to north. See Appendix 7 for raw 
GPR data.  
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These seaward-dipping clinoforms can be observed up to a distance of 191 m inland 

from the western toe of beach (TOB) and 161 m inland from the eastern TOB on the 

GPR profile of Transect 6 (Figure 5.4A). Another GPR unit dominated by distinctive 

concave-upward radar reflectors appears in the middle of the island, between 200-300 m 

from the west end of the GPR image of Transect 6, and reaching depths of 1.2 m below 

msl (Figures 5.4A). The shape of these reflectors suggest depositional layers that are 

basin-shaped: central depressions (concave reflectors) surrounded by ridges (convex 

reflectors; Figure 5.4A). 

On GPR records of transects running south to north, steeper southward-dipping 

reflectors occur for a distance of at least 183 m (moderate to strong slope: 4.4-10.4°; 

Transect 3, Figure 5.4B) and 157 m (moderate to strong slope: 4.5-7.3°; Transect 2, 

Figure 5.4C) from the south TOB. Another radar unit with northward-dipping reflectors 

occurs only in the GPR profile of Transect 2 (at least 55 m from north TOB; moderate 

to strong slope: 5.8-10.7°) and are absent in the image of Transect 3 (Figure 5.4B, C). 

The central core in Transect 3 shows only stacked, southward-dipping reflectors, which 

differs from the concave reflectors of the central core in Transect 6 (Figure 5.4A, B). 

The reflectors of the central core reach depths of 1.5 m below msl in Transect 3 (Figure 

5.4B). 

In all transects, the signal of the GPR record near the shorelines is weaker due to 

saltwater intrusion from the ocean and there is generally increased penetration depth 

towards the centre of the islands (Figure 5.4). Signal attenuation also differs near the 

surface of the island. Generally, weak to very weak amplitude reflectors can be 

observed in the top 0.5 to 1 m of the island while stronger amplitude reflectors were 
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recorded below these (Figure 5.4). The radar signal does not reach beyond a depth of 

1.2 m below msl, or there may be too much noise to discern any reflectors beyond this 

depth (Figure 5.4). 

5.4.2 GPR signal attenuation through subsurface sediments of 

Kan’dahalagalaa  

Ground-truthing GPR records with island cores and sedimentary characteristics 

provides physical context for the GPR data. Differences in signal attenuation reflect 

changes in material characteristics of the subsurface profile (Davis and Annan, 1989). 

Thus, the observed variations in reflector strength in the GPR records of KAN could 

reflect different sediment characteristics. Downcore sedimentary analyses on KAN 

revealed coarser sediments with increasing depth, with five cores terminating on a 

foundation of very coarse, poorly sorted coral sand with Acropora branches (-0.55ϕ, 

79.8% coral; Section 4.3.3). In the GPR record of Transects 3 and 6, the strong radar 

reflectors terminate around the depth of foundation sediments in C12 (1.5 m below msl 

in Transect 3 and 1.2 m below msl in Transect 6; Figure 5.5A, B), and could indicate 

scattering of the signal by larger clasts such as coral branches (Garrison et al., 2010). 

Similar to the scattering effect from coral branches, coarser shelly or flaky units may 

also cause a change in signal attenuation since these materials are more reflective 

(Garrison et al., 2010). Clusters 2 to 4 on KAN have an increase in molluscs and 

Halimeda and are coarser in size (0.90ϕ to 0.65ϕ; Section 4.3.3). An increase in signal 

noise on the GPR image can be observed in C3 around mean sea level and in C12 at 0.3  

  

   121 

 



Sedimentology and formation of lagoonal platform reef islands in Huvadhoo Atoll, Maldives 

 

 
Figure 5.5 Sediment cluster profile of KAN (Chapter 4) overlaid with GPR reflectors (Figure 5.4). 
Arrows denote features: toe of beach (TOB), edge of vegetation (Veg.), and lithified sediments (L) 
or organic matter (O). A) Transect 6 runs through the middle (A-axis/long axis) of KAN, from west 
to east. B) Transect 3 runs through the middle (B-axis/shorter axis) of KAN, from south to north. 
C) Transect 2 runs through the mid-west part of KAN, from south to north. 

m above msl, where the strong reflectors (red lines) terminate at the start of Clusters 2 

and 4 (Figure 5.5A). At C7, the Cluster 3 mollusc-rich sediments (16.9% molluscs, 

Table 4.3) result in a ringing reflector pattern around mean sea level (Figure 5.5A). 

The weak signal amplitude near the surface of the island could be attributed to grain 

size differences. The surface of the island (down to ~1 m) includes the beach berm and 

the soil horizon and is composed of finer sands (1.63ϕ and 1.41ϕ, respectively; Table 

4.4). This well-sorted, medium-sized sand layer appears in the GPR image as weak 
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amplitude reflectors or reflector-free areas (Figures 5.4, 5.5), which is typical of signal 

attenuation in well-sorted, finer grained sands (Dougherty, 2011).  

Breaks in the reflector lines also occur in GPR images and provide evidence of a change 

in sediment characteristics or presence of features. The most easily detectable instance 

of line breaks is at the location of the water table, which appears as a strong, relatively 

level reflector on images (Figure 5.4). Line breaks can be seen in almost every core 

around the location of the water table (Figure 5.4). Line breaks also appear at layers of 

lithified sediments in C9, C10, C12 and layers of organic matter in C13, C7 (Figures 

5.5). The slopes of the reflector lines also provide information about energy regimes, 

where a steeper slope infers a higher energy depositional environment (Dougherty, 

2014). KAN Transect 6 shows reflectors with shallow slopes at a distance of 45-70 m 

from the west end of the transect, increasing in slope until 160 m and decreasing in 

slope again before increasing at 190 m (Figure 5.5).  

5.4.3 GPR profiles of Kondeymatheelaabadhoo 

The GPR profiles of KOND show seaward-dipping units in all transects and a core 

radar facies of concave-upward reflectors in one transect (Figures 5.6). A GPR profile 

was not able to be obtained through the dense vegetated basin of Transect 6 so only 

western and eastern shorelines are presented in the GPR record (Figure 5.6A). The 

images show a progradational unit with seaward-dipping clinoforms around western 

(moderate to strong slope: 3.1-10.8°) and eastern shores (gentle to strong slope: 0.6-

7.4°), reaching depths of 1.5 m below msl (Figure 5.6A). Seaward-dipping reflectors  
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Figure 5.6 Cross-sectional view of GPR profiles on KOND. Red lines mark strong radar reflectors (which have been transferred to Figure 5.8). Blue lines mark position 
and depth of cores, and water table (WT) is indicated with an arrow. A) Transect 6 runs through the middle (A-axis/long axis) of KOND, from west to east. B) Transect 3 
runs through the middle (B-axis/shorter axis) of KOND, from south to north. C) Transect 2 runs through the mid-west part of KOND, from south to north. See Appendix 
7 for raw GPR data.   
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were present until at least 80 m inland from the western TOB and 86 m inland from the 

eastern TOB (Figure 5.6A). 

The vegetation on KOND was too dense for continuous GPR profiles through Transects 

2 and 3, but partial images were obtained along most cores of these transects (Figure 5.6 

B, C). A radar unit with southward-dipping reflectors on GPR records is present from at 

least 99 m inland from the southern TOB in Transect 3 (gentle to strong slope: 1.9-

12.0°; Figure 5.6B) and 105 m from the southern TOB in Transect 2 (gentle to moderate 

slope: 2.0-4.4°; Figure 5.6C). Another radar unit with northward-dipping reflectors is 

present for at least 91 m (gentle-strong slope: 2.9-9.6°; Transect 3, Figure 5.6B) and 111 

m (gentle to strong slope: 1.8-11.0°; Transect 2, Figure 5.6C) inland from the northern 

TOB. The southward- and northward-dipping reflectors could be found up to 0.8 m 

below msl on Transects 2 and 3 (Figure 5.6B, C). A third radar unit only present in 

Transect 2 is characterized by distinctive concave-upward radar reflectors and occurs in 

the middle of the GPR profile for Transect 2 (~150 m from the south end of the transect; 

Figure 5.6C). These stacked, concave reflectors reach depths of 0.8 m below msl 

(Figure 5.6C).  

The GPR signal penetration near the shorelines of KOND was greater than on KAN, 

with strong reflectors present at increased depths (Figure 5.6). Similar to KAN, the 

signal propagation was stronger below 0.5-1.5 m from the surface of the island, as 

evidenced by strong amplitude reflectors (Figure 5.6). The reflectors in the top 0.5 to 

1.5 m of the GPR record were weak to very weak in amplitude (Figure 5.6).  
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5.4.4 GPR signal attenuation through subsurface sediments of 

Kondeymatheelaabadhoo 

As on KAN, GPR signal amplitude on KOND was weak near the surface of the island 

(up to ~1.5 m below the surface) and reflector strength was generally stronger below 

this depth (Figure 5.6). No reflectors were present beyond 1.5 m below msl due to either 

too much signal noise or high signal attenuation (Figure 5.6). Differences in signal 

attenuation in the GPR records of KOND can also be attributed to varying sediment 

characteristics, which augments (scatters, attenuates, or absorbs) the behaviour of the 

GPR signal. Scattering of GPR signal through the subsurface of reef islands can be 

caused by higher proportion of reflective materials (e.g. coral branches, mollusc shells, 

Halimeda flakes). The foundation of KOND, on which four cores terminated, was 

composed of very coarse sand with Acropora branches (-0.80ϕ; Section 4.3.3). On the 

GPR profiles of Transects 3 and 6 of KOND, the termination of strong radar reflectors 

around coral fragments at C11 and C17 could be a result of signal scattering off coral 

branches (Garrison et al., 2010; Figure 5.6A, B). 

Similarly, the coarser mollusc and Halimeda-rich sediments belonging to Clusters 2 and 

3 (0.80ϕ and 0.58ϕ, respectively) are more reflective to the GPR signal and tend to 

cause signal noise (Garrison et al., 2010). This can be observed in the GPR profile of 

Transect 3 around C10, where the strong reflectors (red lines) terminate at the start of 

Cluster 2 sediments around mean sea level (Figure 5.7B). At 0.5 m below mean sea 

level in C10, where Cluster 3 sediments begin, there is a ringing pattern in the GPR 

signal that could indicate scattering of signal by mollusc shells and Halimeda flakes 

(Figures 5.6B, 5.7B). 
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Figure 5.7 Sediment cluster profile of KOND (Chapter 4) overlaid with GPR reflectors (Figure 5.6). 
Arrows denote features: toe of beach (TOB), edge of vegetation (Veg.), and lithified sediments (L) 
or organic matter (O). A) Transect 6 runs through the middle (A-axis/long axis) of KOND, from 
west to east. B) Transect 3 runs through the middle (B-axis/shorter axis) of KOND, from south to 
north. C) Transect 2 runs through the mid-west part of KOND, from south to north.  

The surface of the island, as well as the beach berm, were composed of much finer coral 

sands than the rest of the island (medium-sized: 1.41ϕ) and were well-sorted (0.57 σ; 

Section 4.3.3). This finer sand layer shows up in the GPR record as weak to reflector-

free areas at the top 0.5 m to 1.5 m of the image (Figure 5.6). The weaker amplitude 

reflectors in these areas are typical of GPR signal attenuation through well-sorted and 

finer materials (Dougherty, 2011). Changes in reflector properties on the GPR record 

can also be caused by subsurface features such as the water table and lithified units. 
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Breaks in the reflector lines are common around the water table, which appears as a 

strong, relatively level reflector on the GPR record (Figure 5.6). Line breaks can be seen 

in most cores around the location of the water table and also appear at the layer of 

lithified sediments in C4, as well as layers of organic matter in C12 and C17 (Figure 

5.7).  

5.5 Discussion 

5.5.1 Geophysical stratigraphy of Kan’dahalagalaa and 

Kondeymatheelaabadhoo 

Using GPR reflector amplitude and inferences of major boundary changes in signal 

reflector characteristics, one radar surface and six radar facies were identified in the 

GPR records of KAN and KOND (Figure 5.8). These radar units, along with 

sedimentological data, were used to interpret four stratigraphic units on KAN and 

KOND (Figures 5.9, 5.10). The stacked, southward dipping reflectors in KAN Transect 

3 (Rf1a) and concave-upward reflectors in KAN Transect 6 (Rf1b) are interpreted to be 

the shape and location of the initial island core on KAN (Figure 5.9A, B). From the 

GPR image of Transect 3, it appears that the initial core on KAN was primarily built up 

from sediments delivered from the south (Rf1a; Figure 5.6B). Furthermore, a basin-

shaped radar surface (Rs1) and lack of strong reflectors under this surface in GPR 

images of KAN Transects 3 and 6 is evidence of a central depression under the islands 

over which lagoon infill began (Figures 5.4A, B). This is consistent with other 

Maldivian islands, where a basin-shaped island foundation has been inferred (Kench et  
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Figure 5.8 Examples of a radar surface and radar facies identified in the GPR images of KAN and 
KOND. 
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Figure 5.9 Internal structure of KAN based on GPR interpretations. Interpreted facies are 
delineated by dashed black lines and interpreted modes of deposition are indicated by grey lines. 
Question marks denote inferred direction of deposition where GPR data is unavailable. A) Transect 
6 runs through the middle (A-axis/long axis) of KAN, from west to east. B) Transect 3 runs through 
the middle (B-axis/shorter axis) of KAN, from south to north. C) Transect 2 runs through the mid-
west part of KAN, from south to north.   

al., 2005). The shallow depression under the island core is the central depression 

occluded by the peripheral reef (Perry et al, 2013), and forms the basis of lagoon infill, 

or the velu (lagoon) facies (termed by Kench et al., 2005). 

The concave-upward reflectors in KOND Transect 2 (Rf1b) are interpreted to be the 

shape and location of the initial island core on KOND (Figure 5.10A). Although there is 

an absence of GPR data for the central area of KOND in Transect 3 (where the initial 

node is presumed to be), the GPR image suggests that the initial island core is located 
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Figure 5.10 Internal structure of KOND based on GPR interpretations. Interpreted facies are 
delineated by dashed black lines and interpreted modes of deposition are indicated by grey lines. 
Question marks denote inferred direction of deposition where GPR data is unavailable. A) Transect 
6 runs through the middle (A-axis/long axis) of KOND, from west to east. B) Transect 3 runs 
through the middle (B-axis/shorter axis) of KOND, from south to north. C) Transect 2 runs 
through the mid-west part of KOND, from south to north. 

around 150 m from the west end of the transect (Figure 5.6B). Several indicators 

support this position: firstly, the section of GPR to the north of C11, which has strong 

horizontal reflections and minimal dipping reflections, contrast with the rest of the GPR 

image (Figure 5.6B). Secondly, on KAN, the hyperbolic reflectors on either side of 

C12, where the initial island core is located, are stronger and deeper than the dipping 

reflections moving away from the core (Figure 5.4A), which is similar to the section to 

the south of C11, where the initial core of KOND presumably begins (Figure 5.6B). 

Finally, the concave reflectors of the island core in Transect 2 on KOND are smaller in 
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size than those observed in KAN Transect 6 (Figures 5.4A, 5.6C). These smaller 

reflectors of KOND Transect 2 could represent the western margin of the island core, 

which would place the island core near the middle of Transect 3 (Figures 5.4A, 5.6C).  

The initial core of the islands accreted vertically over lagoon infill, and are composed of 

medium-grained mollusc and Halimeda-rich sands on KAN (Clusters 3 and 4; Figure 

5.5) and on KOND (Clusters 2 and 3; Figure 5.7). The initial island core is termed the 

finolhu (unvegetated sandbank) facies (after Kench et al., 2005). The convex reflectors 

bordering the island core (Rf1b) are characteristic of paleo-ridges and reflect the 

magnitude of contemporary island ridges (Figures 5.9A, 5.10C). For example, the 

convex reflectors east of the island core in KAN Transect 6 were higher in elevation 

than the convex reflectors to the west of the island core (Figure 5.4A), while the eastern 

ridge of the island (1.93 m above msl) was higher in elevation than the western ridge 

(1.06 m above msl; Table 4.1). The higher and lower convex reflectors suggest differing 

energy regimes, which is consistent with the variations in monsoonal wind and wave 

energy that influence the geomorphology of contemporary island ridges (Section 4.4.1). 

Higher energy exposure results in higher elevation ridges (Kench, 2013), and 

similarities between magnitudes of reflector ridges in GPR images to contemporary 

beach ridges suggest similar energy regimes during island building. 

On either side of the central node on KAN and KOND, horizontal accretion layers 

appear (Rf2a, Rf2b), prograding the shoreline (Figures 5.9, 5.10). The seaward dipping 

clinoforms present in all transects are interpreted as progradational depositional layers 

and form the athiri (beach) facies. This horizontal accretion occurs over coarse Cluster 

1b sediments, which can be observed under C3, C9, and C19 on KAN (Figure 5.5); and 
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C10, C13, and C17 on KOND (Figure 5.7). This underlying coarse sediment layer (with 

coral branches) is evidence of the islands expanding over in situ reef sediment (Figures 

5.9, 5.10), which will also be termed velu sediments since they form the foundation of 

the islands. On KAN, athiri layers were composed of sediments from Clusters 3 and 4, 

which were overtopped by finer, coral-rich sands (Clusters 1 and 2; Figures 5.5, 5.9). 

This finer layer of sediments is represented by the muraka (coral) facies and is found at 

and just below the humus layer, as well as on the top of beach, and shows up on the 

radar image of all transects as weak amplitude reflectors (Rf3a, Rf3b; Figure 5.4). On 

KOND, athiri layers were composed of sediments from Clusters 2 and 3, which were 

overtopped by muraka facies sediments from Clusters 1 or 2 (Figures 5.7, 5.10). The 

muraka facies on KOND also appears on GPR images as weaker amplitude reflectors 

((Rf3a, Rf3b; Figure 5.6). The athiri and muraka facies are progradational facies and 

are evidenced by contemporary transect topography: transects display a series of low 

amplitude ridges (Figures 4.9, 4.10), which could represent previous positions of athiri 

and muraka deposition. Further, the slope of the reflectors in these progradational facies 

are comparable to the slope of the contemporary beach face (Figures 5.4, 5.6). This style 

of progradation is consistent with the GPR profile of Kench et al. (2005) for a reef 

island in the north Maldives, where steeply dipping beds in the facies around the central 

node of Thiladhoo indicated shoreline progradation and aggradation of the island ridge.  

5.5.2 Modes of island accretion 

Referring to the modes of island accretion (Figure 2.4) proposed by Woodroffe et al. 

(1999), evidence from GPR records of KAN and KOND support the occurrence of 

several styles of island building. On KAN, the GPR profile of Transect 6 implies central 
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core accretion, with vertical accretion occurring on the initial core and progradation 

occurring outwards in both directions (Figures 5.4A, 5.9A). However, the GPR profile 

of Transect 3 on the same island shows deeper reflectors towards the lagoonward shore 

with oceanward-dipping reflectors extending farther inland than the lagoonward-dipping 

reflectors (183 m and 157 m from the south TOB on Transect 3 and 2, respectively; 

Figures 5.4, 5.6). This infers that the nodal point of the island has prograded 

lagoonward (north of C12, Figure 5.4B), which would suggest that the mode of 

accretion for Transects 2 and 3 is oceanward (towards the atoll rim). The radar record to 

the west of the central core of KAN Transect 6 shows alternating progradation patterns 

of steeper and shallower sloped reflectors (gentle to strong slope: 0.5-8.2°; Figure 

5.4A), which could indicate accelerating and decelerating accretion. 

On KOND, the island appears to have built up primarily through central core accretion. 

The initial core displays vertical accretion, as evidenced by the stacked reflectors in the 

GPR image of Transect 2 around the island node (Figure 5.6C). Following development 

of the initial node, Transect 2 and 3 both show evidence of central core accretion, where 

both south and north sides receiving similar amounts of sediment during island building 

(Figures 5.6, 5.10). On the GPR image of Transect 3, northward-dipping reflectors 

(Rf2b) occur 91 m from the north TOB while southward-dipping reflectors (Rf2a) occur 

99 m from the south TOB (Figures 5.6B, 5.10). On Transect 2, northward-dipping 

reflectors (Rf2b) occur 105 m from the north TOB while southward-dipping reflectors 

(Rf2a) occur 111 m from the south TOB (Figures 5.6C, 5.10).  

Evidence from GPR records of KAN and KOND support the potential for several 

modes of accretion occurring on one island. According to Woodroffe et al., (1999), a 
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single reef island can undergo more than one style of island building, which has also 

been postulated for West Island (Cocos Islands) in the eastern Indian Ocean. Different 

modes of accretion were inferred on different transects, including decelerating 

oceanward accretion, episodic oceanward accretion and central core accretion 

(Woodroffe et al., 1999). The initial island core was towards the lagoonward shore 

(similarly to KAN) and predominant mode of accretion was oceanward (Woodroffe, 

2000).  

5.6 Conclusions 

Combined with detailed subsurface sedimentology, the GPR images from KAN and 

KOND show the capability of GPR to discern sedimentary facies, subsurface features, 

and changes in sediment characteristics on reef islands. The GPR image of KAN 

Transect 6 represents the first continuous GPR record along the length of a reef island, 

and provides visual evidence of the mode of island evolution. Using inferences of major 

radar units and boundary changes in signal reflector characteristics, the subsurface 

stratigraphy of the island sediments was divided into four discrete facies: velu (lagoon 

infill), finolhu (initial island core), athiri (beach and paleo-beach), and muraka (fine 

coral sands) facies. On KAN, island building first started around an initial core and 

accreted vertically (Figures 5.4, 5.9). Central core accretion is observed in Transect 6 

while oceanward accretion occurs in Transects 2 and 3 (Figures 5.4, 5.8). There is also 

evidence of erosional and rollover or overwash processes that may have contributed to 

island migration. KOND exhibited fewer modes of accretion than KAN: the 

predominant styles of deposition are vertical accretion of the island node, followed by 

progradation by central core accretion (Figures 5.6, 5.10). The GPR records on KAN 
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and KOND have demonstrated that island building is complex and can incorporate 

multiple modes of island accretion.   
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6 ISLAND EVOLUTION 

6.1 Suitability of Halimeda for resolving depositional chronology 

of reef islands 

6.1.1 Introduction 

Interpretation of island evolution is underpinned by radiocarbon dating of island 

sediments. Section 6.1 explores the dating of carbonate materials for the purpose of 

constructing chronologies of reef island development. The use of radiocarbon dating to 

establish a timeline of island evolution has been the subject of considerable debate 

(Ford and Kench, 2012; Roy and Connell, 1991; Woodroffe et al., 2007). The problem 

centres on the recognition that dating carbonate sediment from reef islands does not 

reflect time of deposition but rather death of the organism, which is subsequently 

subjected to unknown periods of transport, breakdown, mixing, and re-deposition (Ford 

and Kench, 2012; Roy and Connell, 1991; Woodroffe et al., 2007). Section 6.1 tests this 

assertion and attempts to better resolve the temporal gap between organism death and 
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deposition in the interpretation of radiocarbon dates. In particular, the section examines 

the use of single constituent dating of the green calcareous macroalgae Halimeda. 

6.1.2 AMS radiocarbon dating 

Reef island chronology studies have employed conventional (decay counting), and 

Accelerator Mass Spectrometry (AMS; ion counting) methods (Table 6.1), in order to 

infer broad dates of sediment deposition and construct a timeframe of island 

accumulation. To date, most reef island chronology studies have used conventional bulk 

dating methods, although AMS dating has become increasingly common in recent 

studies (Table 6.1). Analytically, the main difference between the two techniques is that 

AMS utilizes direct ion counting, which has a greater detection efficiency, faster 

analysis time, and higher accuracy than conventional decay counting (Taylor and 

Aitken, 1997). These advantages allow a smaller amount of carbonate material (<1 g for 

AMS, compared to >15 g required for conventional dating; Taylor and Aitken, 1997) to 

be analysed without loss of accuracy and thus, single constituent dating of small reef 

organisms is possible with the AMS technique.  

The use of AMS presupposes that single constituent dating provides for better 

inferences of depositional age on reef islands than conventional dating of bulk 

sediments, since the latter may be composed of grains produced at different times 

(Woodroffe et al., 2007). For example, coral grains may experience 2000-4000 years of 

episodic transport before they are deposited on the island or they may be transported 

quickly but be sourced from fossil reef material under the modern reef flat (Woodroffe 

et al., 1999). If these fossil coral branches or grains are dated, the result is an older age 
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Table 6.1 List of reef island chronology studies and method of radiocarbon determination and 
material dated.  

Site Radiometric 
method 

Material dated Reference 

Pacific Ocean    

Jabat Island, Marshall Islands  Conventional  Bulk sediment, coral Kench et al., (2014) 

Laura Island (Majuro Atoll), 
Marshall Islands 

AMS  Foraminifera Yasukochi et al. (2014) 

Tepuka Island (Funafuti Atoll), 
Tuvalu 

Conventional Bulk sediment Kench et al., (2014) 

Mba Island, New Caledonia AMS 

Conventional 

Foraminifera 

Coral  

Yamano et al. (2014) 

Lady Elliot Island, GBR  Conventional Mollusc Chivas et al., (1986) 

31 Various Cays, GBR Conventional Bulk sediment, coral, 
mollusc 

McLean and Stoddart 
(1978) 

Sand cay of Low Isles Reef, GBR AMS Foraminifera, coral Frank (2008) 

Bewick Cay, GBR Conventional Bulk sediment, coral Kench et al. (2012) 

Raine Island, GBR AMS Foraminifera Dawson et al. (2014) 

Warraber Island, Torres Strait  AMS 

 

Conventional 

Coral, mollusc, 
foraminifera 

Bulk sediment 

Woodroffe et al. (2007) 

Seven islands of Mamanuca 
Islands, Fiji 

Conventional 

AMS 

Bulk sediment, coral, 
foraminifera 

McKoy et al. (2010) 

Five islands on Makin Reef, 
Kiribati 

Conventional 

AMS 

Bulk sediment, coral 
Foraminifera 

Woodroffe and Morrison 
(2001) 

Guam, Caroline and Marshall 
Islands 

Conventional 

U-Th 

Coral, mollusc Curray et al. (1970) 

Indian Ocean    

North Malé, Addu, Kolamadulu 
and Foammulah, Maldives 

Conventional Bulk sediment, coral Woodroffe (1992) 

Baa Atoll, Maldives Conventional Bulk sediment, coral  Kench et al. (2005) 

Baa Atoll, Maldives Conventional Bulk sediment, coral Perry et al. (2013), 
Kench (2012) 

West Island, Cocos Islands Conventional 

AMS 

Bulk sediment, coral 

Foraminifera, mollusc, 
CCA 

Woodroffe et al. (1999), 
Woodroffe (2000) 

Caribbean Sea    

Turneffe Islands and Glover’s 
Reef, Belize Barrier Reef 

Conventional Bulk sediments Gischler and Lomando 
(2000) 

Glover’s Reef, Lighthouse Reef, 
Turneffe Islands, Belize Barrier 
Reef 

Conventional 

 

Bulk sediments 
Coral 

Gischler and Hudson 
(1998) 

N.B. “AMS” refers specifically to the radiometric dating method, not just single constituent dating. Where 
single constituents (i.e. coral) have been dated using standard decay counting, the method is still listed as 
“conventional”. 
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than the time of deposition (Woodroffe et al., 2007). To ensure the temporal lag 

between organism death and subsequent deposition is minimal necessitates 

identification of skeletal constituents that when deposited, might reflect a rapid post-

mortem transfer. As discussed in Section 3.4.3, the durability of reef sediments varies 

widely, with coral being the most durable and Halimeda being the least durable due to 

its weak crystalline structure that readily abrades into fine aragonite crystals (Ford and 

Kench, 2012). The difference in durability of skeletal constituents implies some 

constituents such as coral, CCA and molluscs are able to withstand longer periods of 

transport that have little impact on size before being deposited (Ford and Kench, 2012). 

In contrast, Halimeda is more fragile and cannot withstand extended transport as 

physical abrasion rapidly degrades segments (Morgan and Kench, 2016). Thus the 

presence of “pristine” Halimeda segments in deposits might suggest shorter transport 

times between production and burial, and consequently a shorter temporal gap between 

death and deposition. Of the studies that utilize AMS single constituent dating, 

Halimeda has not yet been targeted for this purpose (Table 6.1), although Kench et al. 

(2005) bulk dated unfragmented segments of Halimeda, which dominated the velu and 

finolhu facies of islands on Baa Atoll, Maldives. Other studies that utilize single 

constituent dating have used durable grains such as coral and molluscs (Frank, 2008; 

Woodroffe, 2000; Woodroffe et al., 2007; Woodroffe and Morrison, 2001).  

6.1.3 Secondary cementation in Halimeda 

In theory, the fragile nature of Halimeda segments should reduce the errors of 

radiocarbon dating interpretation that arise from the temporal gap between organism 

death and island deposition, assuming pristine mineralogy. However, Alexandersson 
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and Milliman (1981) first documented the widespread presence of secondary 

cementation in Halimeda segments, reporting that the aragonitic structure is prone to 

infilling of secondary magnesium calcite (Mg-calcite). Primary cementation is 

differentiated from secondary cementation in that the former is a metabolic process that 

occurs in living segments, helping the Halimeda to grow and calcify, whereas 

secondary cementation takes place after the organism has died as an abiotic reaction to 

seawater chemistry (Wizemann et al., 2015a). Mechanisms controlling the degree of 

secondary cementation are not well understood, but this process appears to affect 

Halimeda in all localities (Alexandersson and Milliman, 1981; Wizemann et al. 

(2015a). 

The secondary cementation of Halimeda segments may increase its durability and allow 

the green algae to be a key contributor to island building. Halimeda segments represent 

a major component of tropical shallow marine sediments (Hillis-Colinvaux, 1980; 

Milliman, 1974; Wizemann et al., 2014; 2015a; 2015b), owing to their rapid turnover 

rate (5.7 crops per year for H. macrophysa and 9.7 crops per year for H. micronesica, 

two dominant Halimeda species on KAN; Perry et al., 2016). Although the high 

preservation potential of well-cemented Halimeda segments and the implications for 

island building have been inferred (Alexandersson and Milliman, 1981; Perry et al., 

2006; Wizemann et al., 2015a), no study has examined the possible radiocarbon age 

discrepancies that secondary cementation may cause. There are two opposing ways that 

the presence of secondary cementation in Halimeda could result in difficulties with 

radiocarbon age interpretation: 1) the radiocarbon age could reflect the later secondary 

cement formation rather than death of organism, yielding an age that is younger than 

depositional age; or 2) the added durability may allow Halimeda segments to withstand 
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greater periods of transport and reworking, yielding an age that is older than 

depositional age.  

Secondary cementation in Halimeda segments from Kan’dahalagalaa (KAN) and 

Kondeymatheelaabadhoo (KOND) will be investigated, which will provide insights into 

the effects of secondary cementation on radiometric determinations of age. Furthermore, 

this chapter presents the radiocarbon ages used to constrain timing of island deposition 

and interpret island chronology, which is further discussed in Section 6.2. 

6.1.4 Methods 

6.1.4.1 Sample collection 

Thirty-seven cores were obtained from KAN and KOND (Figures 4.5, 4.10). The coring 

technique and methods of sediment collection are described in Section 4.2.2. From 

island subsurface sediments, 41 Halimeda segments from different sediment samples 

were chosen for AMS radiocarbon dating in order to temporally constrain island 

stratigraphy. Reef flat Halimeda segments were collected from surficial reef sediments 

for comparison of internal microstructure and elemental makeup. Cleaning and 

preparation of reef samples is described in Section 3.2.2. Although species of each 

Halimeda segment was not determined, the two dominant species of Halimeda currently 

living on the reef around KAN were reported to be H. macrophysa and H. micronesica 

(Perry et al., 2016). The island and reef Halimeda segments were inspected under a 

binocular microscope and initially deemed “pristine” if the whole segment was intact 

and there was little evidence of surface abrasion or chemical alteration. Bulk sand (40 g) 

was sub-sampled for conventional radiocarbon dating, from six samples that Halimeda 
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segments were selected from in order to compare and evaluate Halimeda ages. Two 

Acropora branches were selected from the bottom of cores KAN C12 and KOND C11 

due to absence of intact Halimeda segments. The Acropora branches were selected 

under the binocular microscope based on well-preserved corallite structure and minimal 

signs of encrustation and bioerosion. The branch from KOND C11 also provides an 

opportunity to compare the age of the single coral clast to the age of a Halimeda 

segment retrieved from a similar depth (10 cm above the coral branch). 

6.1.4.2 SEM and EDS analysis  

To assess the condition of the Halimeda segments at a higher resolution, a scanning 

electron microscope (SEM) was used to image the exterior and interior of the segments, 

and elemental mapping (or energy dispersive spectroscopy, EDS) was used to detect 

presence of Mg-calcite, which is characteristic of secondary cementation. These 

methodologies have successfully been utilized to visualize the effects of seawater 

chemistry on Halimeda segments (Alexandersson and Milliman, 1981; Perry and 

Taylor, 2006; Wizemann et al., 2014; 2015a; 2015b). From the 41 Halimeda segments 

selected for dating, 6 Halimeda segments from KAN and 18 segments from KOND 

were selected for SEM and EDS analysis. Three reef flat segments from KAN were also 

examined for comparison, as these segments were assumed to be pristine. 

Each Halimeda segment was prepared in the following way before imaging: 1) the 

segments were placed in plastic vials with distilled water and cleaned in a sonic bath for 

10 seconds and then dried, 2) the segments were fractured in half along the B-axis 

(Figure  6.1A),  and then secured to a pin stub using carbon conductive adhesive tabs on 
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Figure 6.1 Internal microstructure of Halimeda. Segments were fractured on the shorter B-axis (red 
line in [A]) for SEM imaging. SEM images of: B) basic structure of Halimeda segments showing a 
lateral branch system of primary utricles (i), which are connected to a central core or medulla and 
medullary utricles (ii) and opens out to utricle pits on the surface (iii); C) primary cementation 
occurring in living segments: micro-anhedral carbonate (MAC) utricle linings (iv) and short 
aragonite needles (v); D) secondary cementation morphologies that form post-mortem: long 
aragonite needles (vi) and solid utricle infilling, suspected to be Mg-calcite (vii).  

a rectangular mount. The orientation of the fracture was chosen to better view utricle 

infilling as the fracture bisects the longitudinal direction of utricles (Figure 6.1B). The 

conductive adhesive was free of solvents and easily removable, which allowed the 

Halimeda segments to be later radiocarbon dated without contamination. Stub mounting 

was used instead of thin sections to better show the microstructural topography of the 

Halimeda segments since the polishing process of thin sections destroys the internal 

architecture (C. Hobbis, personal communication, 2015). The samples from KAN were 
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sputter-coated with platinum for image enhancement (Clay and Peace, 1981). The 

KOND Halimeda segments were not sputter-coated so the same samples could be 

subsequently used for radiocarbon dating. The samples were imaged with a FEI Quanta 

200 Field Emission Environmental SEM to achieve magnifications of 50 to 4000 times 

(in this study). The gaseous secondary electron detector (LFD) setting, which is the 

detector that is best for observing topographical contrast (Pedergnana et al., 2016; 

Zankel at al., 2009), was used to image the Halimeda segments. In accordance with 

LFD use, beam current and vacuum were set under the conditions of spot size 3, 10 kV 

voltage, and 0.6 Torr pressure (FEI Company, 2003). Contrast (an applied voltage) was 

adjusted to 75. 

Detection of magnesium in EDS analyses was used as a proxy for the presence of Mg-

calcite, following the methods of Wizemann et al. (2015b). Elemental mapping was 

targeted in three places on the interior of the Halimeda segment, where present: 1) 

micro-anhedral carbonate (MAC) utricle linings, 2) long aragonite needles, and 3) solid 

utricle infilling (Figure 6.1C, D). Areas of interest for elemental mapping on the 

Halimeda segment were about 2500 µm2 in size. EDS elemental mapping was 

undertaken using the backscattered electron detector (SSD), which is sensitive to 

chemical contrast and best for elemental microanalysis (C. Hobbis, personal 

communication, 2015). In accordance with SSD use, beam current and vacuum were set 

under the conditions of spot size 4, 20 kV voltage, and 0.08 Torr pressure (FEI 

Company, 2003).  
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6.1.4.3 Radiocarbon dating and statistical analysis 

All Halimeda segments (n = 41) were dated using AMS radiocarbon techniques at the 

Waikato Radiocarbon Dating Laboratory (WRDL) at the University of Waikato. The six 

bulk sand samples and two Acropora coral branches were dated using conventional 

radiocarbon dating. Radiocarbon dating pretreatment involved etching with dilute HCl 

to minimize contamination and crushing the samples to increase surface area (WRDL 

website). Ages were calibrated using OxCal version 4.2 (Bronk Ramsey, 2001), which 

compares radiocarbon determinations to materials of known age to determine the 

“calendar age” of the sample. A Delta-R value of 132 ± 25 from the central Indian 

Ocean was used to correct for the marine reservoir effect (Southon et al., 2002). Degree 

of cementation and abrasion were qualitatively determined using a visual scale (Figure 

6.2). The visual scale was created by examining all SEM images of the interior and 

exterior of the Halimeda samples and generating a graded scale based on comparative 

cementation and abrasion. Thus, the scale represents the least and most cemented or 

abraded instances of Halimeda used in this study. Linear regression analysis was used 

to detect correlations between radiocarbon ages and core depths to degree of 

cementation, abrasion and amount of magnesium. 

6.1.5 Results 

Radiocarbon age determinations of Halimeda segments, coral branches and bulk sand 

from KAN and KOND are presented. Ages from AMS dating of Halimeda segments 

range from 355 to 2935 cal yr BP on KAN and 341 to 3610 cal yr BP on KOND (Table 

6.2). Conventional single constituent dating of coral branches yielded an age of 1944 cal 

146   

 



Chapter 6: Island evolution 

 

yr BP on KAN and 2827 cal yr BP on KOND (Table 6.2). Ages from conventional 

dating of bulk sand ranged from 620 to 1133 cal yr BP on KAN and 1474 to 3024 cal yr 

BP on KOND (Table 6.2). Results also detail internal structure of Halimeda segments 

used for AMS dating and the characteristics of secondary cementation are identified. 

The age results and internal condition of Halimeda segments are compared to discern 

any effects of secondary cementation on radiocarbon age determinations. 

 
Figure 6.2 Visual scale of secondary cementation and abrasion. Degree of secondary cementation is 
based on vacuity of the utricles, which become increasingly cemented until they cannot be 
delineated from the surrounding interutricular space. Degree of abrasion is based on surface 
porosity, which becomes increasingly abraded until the utricle pits have been smoothed down and 
are no longer visible. An evaluation of 1 represents no visible signs of secondary cementation or 
abrasion while 5 represents an extensively cemented and abraded segment. 
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6.1.5.1 Internal structure of Halimeda segments and characteristics of cementation 

Table 6.3 presents summary data on Halimeda segments including age, degree of 

cementation and abrasion, and percent magnesium (all SEM images and EDS 

determinations are available in Appendix 8 and 9). Secondary cementation had occurred 

in almost all Halimeda segments that were sampled from island sediments (with the 

exception of KOND-C10-370 and KOND-C15-222; Table 6.3). Signs of abrasion were 

present in all Halimeda segments, including those collected from the reef (Table 6.3). 

Magnesium (Mg) was also detected in all island Halimeda segments, as well as two reef 

flat segments (Table 6.3). Halimeda segments from KAN generally had a higher level 

of Mg than samples from KOND even though they were, on average, less cemented and 

abraded (Table 6.3). 

Table 6.2 Uncalibrated (yr BP) and calibrated (cal yr BP) radiocarbon ages of samples within 
island cores from KAN and KOND. Range of calibrated ages (lower to upper, 2 σ) are also 
presented. Sample nomenclature refers to the island, core number and depth downcore that the 
sample was retrieved from (e.g. KAN-C3-140 refers to a sample from KAN, core 3, 140 cm 
downcore). Ages in this thesis will only refer to the median calibrated age. 

Sample Lab code Uncalibrated  Standard error Calibrated age range (2 σ) 

  C14 (1 σ) Lower Upper Median 

KAN AMS Halimeda segments 

KAN-C3-140 Wk40681 2026 20 1525 1350 1438±87 

KAN-C3-320 Wk40661 1849 20 1340 1200 1270±70 

KAN-C4-45 Wk40666 966 20 521 411 466±55 

KAN-C4-120 Wk40664 1732 20 1250 1068 1159±91 

KAN-C4-200 Wk40665 3277 20 3045 2825 2935±110 

KAN-C6-40 Wk40667 1134 20 644 524 584±60 

KAN-C6-130 Wk40668 1826 20 1310 1175 1243±67 

KAN-C6-215 Wk40669 1975 20 1485 1300 1393±92 

KAN-C6-320 Wk40670 1800 20 1293 1161 1227±66 

KAN-C8-110 Wk40671 2347 20 1902 1711 1807±95 

KAN-C8-165 Wk40672 1919 20 1401 1265 1333±68 

KAN-C9-100 Wk40673 1707 20 1231 1047 1139±92 

KAN-C9-170 Wk40674 1369 20 881 696 789±92 

148   

 



Chapter 6: Island evolution 

 

KAN-C9-312 Wk40675 838 20 430 279 355±75 

KAN-C12-45 Wk40676 1489 20 974 797 886±88 

KAN-C12-150 Wk40659 1994 20 1506 1321 1414±92 

KAN-C12-235 Wk40677 2321 20 1874 1693 1784±90 

KAN-C12-300 Wk40660 1516 20 1031 850 941±90 

KAN-C13-150 Wk40678 1897 20 1383 1252 1318±65 

KAN-C13-300 Wk40679 2373 20 1937 1742 1840±97 

KAN-C13-350 Wk40680 2888 20 2644 2347 2496±148 

KAN-C19-130 Wk40663 1165 20 660 540 600±60 

KAN-C19-305 Wk40662 1096 20 625 504 565±60 

KAN Single constituent date of coral branch and bulk sand samples (B) 

KAN-C12-345 Wk40302 2455 20 2041 1846 1944±97 

KAN-C6-320B      Wk42999 1700 29 1240 1026 1133±107 

KAN-C9-100B  Wk42997 1198 31 695 545 620±75 

KAN-C9-312B  Wk42998 1260 20 746 628 687±69 

KOND AMS Halimeda segments     

KON-C2-70 Wk43017 1154 20 655 534 595±60 

KON-C2-160 Wk43018 2604 20 2269 2017 2143±126 

KON-C6-115 Wk43013 2438 20 2011 1821 1916±95 

KON-C6-300 Wk43014 2204 20 1743 1541 1642±101 

KON-C9-130 Wk43015 1059 20 610 481 546±64 

KON-C9-303 Wk43016 1268 20 753 634 694±59 

KON-C10-370 Wk43007 2797 20 2464 2287 2376±88 

KON-C11-60 Wk43003 1315 20 797 655 726±71 

KON-C11-200 Wk43004 1492 20 978 800 889±89 

KON-C11-260 Wk43005 2778 20 2455 2250 2353±102 

KON-C11-330 Wk43006 2497 20 2096 1891 1994±102 

KON-C13-210 Wk43019 1796 20 1291 1157 1224±67 

KON-C13-350 Wk43020 3830 22 3716 3503 3610±106 

KON-C15-100 Wk43011 1302 20 782 653 718±64 

KON-C15-222 Wk43012 1276 20 760 639 700±60 

KON-C17-140 Wk43008 813 20 416 266 341±75 

KON-C17-210 Wk43009 1368 20 880 695 788±92 

KON-C17-280 Wk43010 1434 20 921 761 841±80 

KOND Single constituent date of coral branch and bulk sand samples (B) 

KON C11-340 Wk40301 3186 20 2910 2743 2827±83 

KON-C6-300B Wk43000 2740 22 2358 2155 2257±101 

KON-C9-303B Wk43001 2065 20 1567 1381 1474±93 

KON-C13-350B Wk43002 3348 32 3155 2892 3024±131 
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The three reef flat segments from KAN showed pristine internal microstructure and 

external surfaces, and were presumed to be modern (Figure 6.3). Sample KAN-RF1 

represents a Halimeda segment with pristine microstructure (Figure 6.3). Primary 

utricles stemming from the central medulla to the porous surface pits were observed 

separated by interutricular spaces (IUS) with short aragonite needles (Hillis-Colinvaux, 

1980; Figure 6.3). Another form of primary growth lining the utricle walls was dense 

networks of crystal-shaped calcium carbonate, termed micro-anhedral carbonate (MAC) 

by Wizemann et al. (2014; Figure 6.3C). Aside from these forms of primary growth, 

reef flat segments showed minimal secondary cementation. However, RF2 and RF3 

already showed early signs of secondary cementation in utricles and precipitation on 

surface pits (Table 6.3), and RF1 and RF3 had been compromised by the infiltration of 

diatoms (Figure 6.3). Diatoms were found in only two of the island samples (KAN-C9-

312, KON-C17-280), although their presence in other Halimeda segments may have 

been masked by the extensive secondary cementation. Based on all reef flat segments, 

visual characteristics indicative of pristine segments were uncemented utricles, less 

extensive IUS, and utricle pits clearly visible on the external surface (Figure 6.3A-D).  

Aside from visual signs of pristine microstructure, chemical evidence also supported 

minimal occurrence of secondary cementing. EDS detected very low levels (0.08%) of 

Mg (a proxy for Mg-calcite, a secondary cement) from the IUS and aragonite needles 

(0.06%), and no Mg from the MAC utricle lining (Figure 6.3i-iii). EDS graphs only 

displayed elements that were typical of uncontaminated Halimeda segments retrieved 

from a marine environment: the elemental makeup of calcium carbonate (Ca, C, O), as 

well as the salt from seawater (Na, Cl), and the platinum (Pt) used for sputter-coating 

(Figure 6.3i-iii).  
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Figure 6.3 SEM images of KAN-RF1 displaying exemplary characteristics of pristine Halimeda 
microstructure internally (A and C) and externally (B and D). Yellow arrow on image A points to 
infiltration of diatoms. Red dots on image A are locations of EDS analyses and roman numerals 
indicate corresponding graphs. Since there were no signs of secondary cementation to target, 
locations for EDS are the IUS (i), short aragonite needles (ii), and MAC utricle lining (iii). The 
graphs show 5 discernible spikes that represent elemental composition. The last two spikes are Ca 
(tallest spike) and its shake-up peak. Small spikes that cannot be seen in the graphs are Na, Cl, and 
Mg (labelled with percentage). See Appendix 9 for percent-value of each element.  
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Secondary cementation of island Halimeda segments was present in the form of two 

different morphologies: long aragonite needles and solid infill (Figure 6.1D). The 

secondary aragonite needles, termed “long aragonite needles” by Wizemann et al. 

(2015b), were more elongated than primary short aragonite needles (Figure 6.1C, D). 

The secondary long aragonite needles tended to form over the MAC utricle linings and 

occupied the utricle space (Figure 6.1D). For example, sample KAN-C6-320 represents 

a heavily cemented Halimeda segment, which displayed extensive utricle infill (Figure 

6.4A, C). This particular segment showed moderate degrees of surface abrasion, with 

utricle pits still present but visibly smoothed (Figure 6.4B, D). KAN-C6-320 showed a 

very advanced degree of utricle infill, with complete infilling occurring at Figure 

6.4A(ii). 

Less extensively cemented Halimeda segments displayed partial utricle infilling, as in 

Figure 6.4A(iii). Based on all island Halimeda segments, secondary cementation 

appeared to begin from the primary utricles and diffused inward, with advanced 

cementation stages showing infilling of central medullary utricles as well (Figure 6.2), 

which is a logical progression since the primary utricles are the first areas to be exposed 

to seawater chemistry. As with the pristine segment, all EDS graphs showed presence of 

calcium carbonate, salt and platinum from the sputter-coating process (Figure 6.4i-iii). 

However, Figure 6.4ii, iii also showed a distinct spike that indicates presence of Mg. 

Targeted EDS analyses suggested that the needle-like secondary cementation was 

aragonite and the areas of solid infill were Mg-calcite (Figure 6.4i, ii). There was very 

little Mg in secondary long aragonite needles (0.09%), but the areas of solid infill were 
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Table 6.3 Age (cal yr BP), degree of cementation and abrasion, as well as EDS determination of 
magnesium (Mg) for all imaged Halimeda segments from KAN and KOND. SEM images for all 
Halimeda segments are available in Appendix 8.  

Sample Calibrated median age Halimeda condition 

  Deg. of cementation Deg. of abrasion Mg (%)1 

KAN AMS Halimeda segments 

KAN-RF1 Modern2 1 1 0.08 

KAN-RF2 Modern2 2 2 0.07 

KAN-RF3 Modern2 2 1 0 

KAN-C6-130 1243±67 2 3 0.29 

KAN-C6-215 1393±92 3 3 2.96 

KAN-C6-320 1227±66 5 3 3.38 

KAN-C9-100 1139±92 3 4 1.93 

KAN-C9-312 355±75 4 5 0.76 

KAN-C12-300 941±90 2 3 0.64 

KOND AMS Halimeda segments    

KON-C2-70 595±60 2 3 0.16 

KON-C2-160 2143±126 5 5 0.16 

KON-C6-115 1916±95 5 5 0.24 

KON-C6-300 1642±101 5 5 0.08 

KON-C9-130 546±64 5 5 0.15 

KON-C9-303 694±59 3 4 0.20 

KON-C10-370 2376±88 1 2 0.25 

KON-C11-60 726±71 2 4 0.24 

KON-C11-200 889±89 5 4 0.51 

KON-C11-260 2353±102 5 5 0.18 

KON-C11-330 1994±102 4 4 0.58 

KON-C13-210 1224±67 5 4 0.23 

KON-C13-350 3610±106 5 4 0.76 

KON-C15-100 718±64 3 5 0.27 

KON-C15-222 700±60 1 2 0.41 

KON-C17-140 341±75 3 4 0.16 

KON-C17-210 788±92 4 4 0.25 

KON-C17-280 841±80 3 5 0.21 
1Percentage shown is the highest value detected out of the three EDS analyses for that segment. 
2Reef flat segments were not radiocarbon dated but presumed to be modern. 
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Figure 6.4 SEM images of KAN-C6-320 displaying characteristics of heavily cemented Halimeda 
microstructure internally (A and C) and externally (B and D). Red dots on image A are locations of 
EDS analyses and roman numerals indicate corresponding graphs and Mg percentage. Locations 
for EDS are long aragonite needles (i), solid utricle infill (ii), and MAC utricle lining (iii). The 
graphs show 5 (i) or 6 (ii, iii) discernible spikes that represent elemental composition. The last two 
spikes are Ca (tallest spike) and its shake-up peak. Small spikes that cannot be seen in the graphs 
are Na, Cl, and Mg (as in graph i). See Appendix 9 for percent-value of each element. 
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composed of 3.38% Mg-calcite, the highest percentage detected of all samples (Figure 

6.4). However, high levels of Mg were not found in every area of solid infill, and 

percent Mg ranged from 0.29-3.38% in island Halimeda segments on KAN and 0.08-

0.76% on KOND (Table 6.3). 

6.1.5.2 Radiocarbon age and secondary cementation 

Preservation of specimens is usually a function of age so abrasion should be related to 

radiocarbon age of the grain, as found by Dawson et al. (2014) of formanifera species. 

However this was not the case for Halimeda samples in this study. Although a 

correlation analysis showed that degree of cementation was positively correlated with 

age (r = 0.32), this relationship was not significant (p = 0.12; Table 6.4). There was also 

no significant relationship between age and abrasion (r = 0.01, p = 0.95) or percent Mg 

(r = 0.04, p = 0.84) of the Halimeda segment (Table 6.4). Depth of sample retrieval may 

also be related to the condition of the Halimeda segments. However, there was no 

significant relationship to degree of cementation (r = 0.13, p = 0.55) or abrasion (r = -

0.17, p = 0.44) of the Halimeda segment (Table 6.4), and no significant relationship to 

percent Mg was evident (r = 0.17, p = 0.43; Table 6.4). 

Table 6.4 Correlation analysis of radiocarbon age and core depth to degree of cementation, degree 
of abrasion and percent Mg. Table presents correlation coefficient r, indicating strength of the 
relationship (linear), and p, the significance of correlation (n = 24). No significant relationships (p < 
0.05) could be detected. 

 Radiocarbon age Core depth 

 r p r p 

Degree of cementation 0.32 0.12 0.13 0.55 

Degree of abrasion 0.01 0.95 -0.17 0.44 

Percent Mg 0.04 0.84 0.17 0.43 
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A comparison of ages between Halimeda segments with either single constituent coral 

or bulk sand is presented in Table 6.5, along with the microstructural condition of the 

Halimeda segment. A younger AMS Halimeda age was expected compared to their 

coral or bulk sand counterparts based on differences in durability (Ford and Kench, 

2012; Woodroffe et al., 2007; Woodroffe and Morrison, 2001). However, two Halimeda 

segments from KAN and one segment from KOND were found to be older than bulk 

sand taken from the same location (Table 6.5). In three instances (KAN C6-320 and C-

100, KOND C13-350), the Halimeda segment was older than the bulk sand sample by 

~100-600 years and EDS detected 0.76-3.38% magnesium in the area of utricle infilling 

(Table 6.5). The most advanced stage of cementation (rating of 5) was displayed by two 

of the three segments that were older than their bulk sediment counterparts (Table 6.5).  

Table 6.5 Comparison of AMS ages of Halimeda to conventional dating of coral or bulk sediments. 
Condition of Halimeda microstructure and amount of magnesium is also presented. 

Core # 
and depth 
(cm) 

AMS 
Halimeda 

age 

Coral 

age 

Bulk 
sand 

age 

Difference in 
median age 

Halimeda condition 

Degree of 
Cementation 

Degree of 
Abrasion 

Mg (%)2 

KAN        

C6-320 1227  1133 Older (+94) 5 3 3.38 

C9-100 1139  620 Older (+519) 3 4 1.93 

C9-312 355  6871 Younger (-332) 4 5 0.76 

KOND        

C6-300 1642  2257 Younger (-615) 5 5 0.08 

C9-303 694  1474 Younger (-780) 3 4 0.20 

C11-330 1994  28271   Younger (-833) 4 4 0.58 

C13-350 3610  3024 Older (+586) 5 4 0.76 
1Sample taken 10 cm below AMS Halimeda sample 
2Percentage shown is the highest value detected out of the three EDS analyses for that segment. 

 

Although EDS detection of magnesium suggested that diagenetic alteration (formation 

of Mg-calcite) in these segments had occurred, Halimeda samples that were younger 
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than bulk ages also contained some level of magnesium (Table 6.5). Thus, it is unclear 

whether there is a certain threshold percentage of magnesium that signifies if the 

segment is unsuitable for dating to infer depositional history (Table 6.5). 

6.1.6 Discussion 

Results provide useful insights into the approach of single constituent dating using 

Halimeda to interpret reef and island deposits. The results are relevant to the 

interpretation of ages in Section 6.2, and the suitability of AMS Halimeda ages for 

reconstructing depositional chronology on KAN and KOND will be discussed. 

6.1.6.1 Screening of Halimeda segments for radiocarbon dating 

The premise of targeting Halimeda for AMS radiocarbon dating was to better resolve 

interpretations of ages to infer depositional history of reef islands. In theory, dating 

fragile Halimeda segments lessens the temporal gap between organism death and 

subsequent deposition, assuming that ideally, the Halimeda segment chosen for AMS 

dating is rapidly transported and deposited after organism death. However, selection of 

clasts for dating needs to be undertaken carefully due to taphonomic effects. Two 

taphonomic processes – abrasion and secondary cementation – were observed in SEM 

images of island Halimeda segments and were responsible for the alteration of 

Halimeda microstructure (Figure 6.2). Results are consistent with the condition of 

Halimeda from reef islands in Indonesia, where onshore segments showed signs of 

advanced cementation and surface abrasion as compared to segments collected from the 

reef flat (Wizemann et al., 2015a). A new question arises here of whether the extent of 

surface abrasion is analogous to the extent of interior cementation? As observed in 
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Halimeda segments of this study, the degree of surface abrasion varied with degree of 

cementation, and highly abraded segments often paired with both high and low degrees 

of cementation, and vice versa (Table 6.3).  

Wizemann et al. (2014) show that abrasion and secondary cementation acted in parallel 

but that the processes were non-uniform in nature. Abrasion of Halimeda segments in 

shallow fore-reef sites were dominated by physical abrasion processes (as opposed to 

chemical and biological dissolution; Perry, 2000). Physical abrasion is most likely the 

cause of abrasion in island Halimeda samples from KAN and KOND. Physical abrasion 

is associated with transport and inter-grain collision in the littoral zone (Milliman, 

1974), as opposed to secondary cementation, which is a continuous process related to 

seawater chemistry (Wizemann et al., 2015a). The reason that abrasion does not appear 

to be related with age (p = 0.95; Table 6.3) is that the degree of abrasion does not 

account for the period of time when the Halimeda segment is immobile, whether buried 

on the reef or in a sediment reservoir. For example, a Halimeda segment that has 

detached from the plant and is subsequently buried for thousands of years before being 

transported to the island would visually appear to be younger than a segment that has 

undergone more physical abrasion during a shorter transport time (Figure 6.5). The 

abraded segment in this situation might be better for inferring depositional chronology 

since the time of death would more closely represent date of deposition than the non-

abraded Halimeda flake that appears more pristine (Figure 6.5). Thus, assessing 

“pristineness” of Halimeda segments based on surface abrasion, either using a binocular 

microscope or enhanced SEM imagery, does not guarantee that it minimizes the 

temporal gap between death and deposition. 
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Figure 6.5 Conceptual diagram of three transport scenarios for a single Halimeda flake (A), with 
degree of abrasion (B) and cementation (B) for each scenario. The ideal segment for radiocarbon 
dating should be selected from the red zone (B, C), indicating rapid transport after death with 
minimal signs of abrasion or cementation. In these scenarios, cementation of the Halimeda segment 
is a better indicator of time between death and deposition than abrasion.  

The rate of secondary cementation in Halimeda is not known and depends on local 

environmental conditions, but the onset in shallow waters is quite rapid (Wizemann et 

al., 2015a). For example, evidence of rapid post-mortem cementation can be observed in 

the reef flat samples from KAN, where the commencement of secondary cementation 

appears in conjunction with near pristine condition of utricle pits (Table 6.3). Thus, 

assuming that secondary cement forms recently after organism death, the age of the 

secondary cement has only a relatively minor influence on the radiocarbon date of the 

Halimeda segment and would not cause the age to be drastically younger.  

In addition, secondary cementation increases the durability of clasts, allowing the 

Halimeda segment to persist for a longer period after death. For example, a heavily-

cemented Halimeda segment from a Brazilian reef yielded a date of more than 10,000 
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years old (Alexandersson and Milliman, 1981). Furthermore, since the degree of 

cementation was not statistically correlated to age (p = 0.12; Table 6.4), this could 

signify that once the Halimeda segment has cemented, it can be subsequently 

transported for an indeterminate amount of time. Alexandersson and Milliman (1981) 

also found that degree of cementation was not indicative of its age, where an intensely 

cemented Halimeda flake had an age of 2770 years while a less cemented flake was 5 

times older. While the degree of secondary cementation may not be an indicator of 

relative age, occurrence of secondary cementation may indicate that the Halimeda 

segment has a higher residence time in the active sediment reservoir. It is also unclear 

whether the process of secondary cementation continues once the Halimeda segment 

reaches the island. However, the occurrence of segments with different degrees of 

cementation throughout the island (Table 6.3) provides evidence that the secondary 

cementation process ceases post-deposition on the island. Furthermore, there is no 

relationship between depth of segment retrieval and degree of cementation (Table 6.4), 

suggesting that secondary cementation occurs on the reef before the segment is 

deposited on the island.  

Radiocarbon dating results of Halimeda segments and bulk samples show that AMS 

dating of Halimeda does not necessarily yield younger ages than their bulk counterparts. 

As previously discussed, secondary cementation increases durability of Halimeda 

segments, which could account for their persistence over durable coral clasts. Two of 

the three Halimeda flakes that were older than the bulk sand from the same sample had 

the highest degree of cementation and contained relatively high percentages of 

magnesium (Table 6.5). The two Halimeda segments from KAN had the highest and 

third highest percent magnesium detected of all samples from that island (n = 9), and 
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the segment from KOND had the highest percent magnesium of all samples from the 

island (n = 18) (Table 6.3). These higher levels of magnesium could provide evidence 

of secondary cement formation, contributing to the higher durability and increased 

persistence on the reef before island deposition. The threshold percentage of 

contamination is unclear since overall levels of magnesium were lower in KOND 

samples than those from KAN (Table 6.3). This is an indication that the threshold is 

likely site-specific since Halimeda cementation is affected by local environmental 

conditions such as seawater pH and carbonate saturation state (Wizemann et al., 2015b).  

While additional data is needed to make a strong statistical connection between percent 

magnesium and formation of secondary cement, the results of this study suggest that 

comparatively high levels of Mg-calcite appear to be associated with well-cemented 

Halimeda segments. This may be related to the extent of preservation offered by 

different types of secondary cementation. As noted in Section 6.3.1, secondary 

cementation could form as both aragonite (long needles) and Mg-calcite (solid infill; 

Figure 6.1D). The secondary aragonite is likely to be diagenetically altered in a similar 

fashion to the primary aragonite needles and may not offer the same preservation 

potential as the more solid Mg-calcite infilling. Further experimentation is needed to 

discern age differences between secondary cement types. 

6.1.6.2 Suitability of Halimeda ages for resolving depositional chronology 

Secondary cementation is capable of diagenetically increasing the durability of 

Halimeda segments, which in part allows Halimeda to be an important contributor to 

island building on KAN and KOND. However, secondary cementation may result in 

errors associated with determining age of deposition on these islands if the added 

   161 

 



Sedimentology and formation of lagoonal platform reef islands in Huvadhoo Atoll, Maldives 

 

durability has allowed the Halimeda flake to persist long after death. Results highlight 

that caution must be exercised when selecting Halimeda samples for single constituent 

dating in order to infer depositional history on reef islands. Both the external and 

internal structure of Halimeda segments should be inspected to account for diagenetic 

alteration. Preliminary screening of in-tact segments for minimal surface dissolution 

should be undertaken under a binocular microscope or using SEM imaging, as this 

signifies shorter periods of transport. The internal microstructure should then be 

inspected to determine degree of chemical alteration. This can be undertaken by 

assessing SEM images for signs of extensive cementation and complete utricle infilling. 

An extra precaution of screening for percent magnesium may be applied if extensive 

utricle infill is detected. The amount of Mg can be determined using EDS mapping, 

which can then be compared to other Halimeda segments from the same area to assess if 

this level is unusually high. 

The results presented in Section 6.1 are intended to improve interpretation of 

radiocarbon dating results (Section 6.2) by identifying Halimeda segments that have 

been subject to taphonomic processes that may bias interpretation of depositional 

history. Based on the screening process proposed above, it is likely that Halimeda 

segments with both extensive cementation and higher percentages of magnesium 

compared to other segments at that site have undergone diagenetic alteration that 

increases their skeletal durability. Assuming that onset of cementation is rapid (i.e. the 

age of the secondary cement is not drastically younger), presence of secondary 

cementation is an indication of increased potential for persistence before deposition. 

Thus, when two ages from the same sample location have been obtained, the older age 

should be discounted and the younger age should be used for interpretation. Under this 
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criteria, younger bulk sand dates will be used in place of AMS Halimeda dates for 

samples C6-320 and C9-100 on KAN, and sample C13-350 on KOND. 

Despite the influence of secondary cementation on durability, Halimeda segments are 

still considered an instructive constituent for AMS dating in this study. Halimeda is 

common on the reef (0.4 kg/10 m2 on KAN; 0.1 kg/10 m2 on KOND; Section 3.3) and 

in island sediments of KAN and KOND (up to 33% of total sediment composition; 

Section 4.3), implying that segments are less likely to be sourced from fossil deposits 

(Frank, 2008; Woodroffe et al., 2007; Woodroffe and Morrison, 2001). Bulk sands from 

KAN and KOND were predominantly coral (on average 65% for all island sediments; 

Table 4.3), which is known for its high durability (Ford and Kench, 2012). 

Consequently, coral branches or bulk sands from KAN and KOND are still more likely 

to withstand breakdown than Halimeda segments, which may or may not be reinforced 

by secondary cement.  

The selection of Halimeda for AMS dating is based on the specific reef organism 

abundances and compositional properties of island sands on KAN and KOND, implying 

that selection of components for single constituent dating should be assessed on a case-

by-case basis. For example, on Warraber Island, gastropod shells were deemed ideal for 

single constituent dating since they were consistently the youngest components of island 

sand samples where coral, foraminifera, and bulk sands were also dated (Woodroffe et 

al., 2007). The foraminifera tests had the oldest ages compared to the other grains in the 

same island sample, and also yielded the oldest age for surficial reef flat sediments 

(Woodroffe et al., 2007). This contrasts the findings in previous studies that reported 

foraminifera as the most suitable component for AMS dating (Frank, 2008; Woodroffe 
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and Morrison, 2001; Yamano et al., 2014; Yasukochi et al., 2014). These discrepancies 

arise from differences in sea-level history and ecology of the reefs, which suggests that 

the “best” component for single constituent dating is site-specific (Woodroffe et al., 

2007). In some cases, bulk dating may be entirely appropriate as well. For example, 

Kench et al. (2005) bulk dated the unfragmented Halimeda segments that dominated 

island sediments, which inferred in situ production and a smaller temporal gap between 

transport, breakdown, and mixing.  

6.1.7 Conclusions 

This study is the first to examine internal structure of Halimeda segments in relation to 

its suitability as a component for AMS dating. SEM imaging revealed distinct 

characteristics separating reef flat Halimeda segments and those found in island 

sediments. Halimeda segments from the reef had uncemented utricles, less extensive 

IUS, and unabraded utricle pits (Figure 6.3). Halimeda segments from the island (with 

the exception of two samples) showed evidence of secondary cementation and all 

segments showed signs of abrasion (Table 6.3). Secondary cementation appeared as two 

different morphologies with different chemical properties: 1) long aragonite needles, 

and 2) solid Mg-calcite infill (Figure 6.4i, ii). The progression of secondary cementation 

initiated at the primary utricles, which are the first areas to be exposed to seawater 

chemistry, and diffused inward towards the central medulla (Figure 6.2). Secondary 

cementation may have increased the durability of island Halimeda segments, which 

allowed some segments to persist for longer on the reef before being deposited onto the 

island, resulting in older ages than bulk sand taken from the same location (Table 6.5). 

These segments had extensive cementation and relatively high levels of Mg-calcite 
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(Table 6.5). Thus, future screening processes of Halimeda segments for AMS dating 

should account for this diagenetic alteration of the internal microstructure.  

A screening process for single constituent dating of Halimeda segments is proposed to 

reduce taphonomic issues: 1) preliminary screening of in-tact segments for minimal 

surface abrasion using optical light microscopy or SEM imaging, as this signifies 

shorter periods of transport, followed by 2) inspection of the internal microstructure to 

determine degree of secondary cementation by assessing SEM images. 3) Chemical 

alteration (presence of Mg) can be detected using EDS, and Mg levels should be 

compared to other Halimeda segments from the same area to determine if this level is 

unusually high (since percent Mg appears to be site-specific; Table 6.3). This method 

provides a cost-effective measure in preparation for radiocarbon dating, since pre-

screening Halimeda segments and excluding those that are unsuitable for dating 

decreases unnecessary costs. 

Results highlight the complex nature of dating carbonate sediments for inferring 

depositional history on reef islands, which should be a consideration for interpretation 

of radiocarbon ages of any constituent. However, Halimeda remains an instructive 

constituent for AMS dating on KAN and KOND due to pervasiveness on the 

surrounding reefs and in island sediments if carefully examined for abrasion and 

secondary cementation.  
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6.2 Evolution of lagoonal reef islands on Huvadhoo Atoll, 

Maldives 

6.2.1 Introduction 

Sediment cores extracted from islands can be used to reconstruct how a reef island has 

developed upon a reef platform and sediments within the cores can be dated to constrain 

the timing of island development (Kench et al., 2005; 2012; 2014a; 2014b; Woodroffe 

et al., 1999; 2007; Yamano et al., 2000; 2014; Yasokochi et al., 2014). As discussed in 

Section 6.1, Halimeda segments from island sediment samples are considered an 

instructive constituent for AMS dating to infer depositional history on Kan’dahalagalaa 

(KAN) and Kondeymatheelaabadhoo (KOND), although the effects of secondary 

cementation on interpretation of ages must be carefully considered. Section 6.2 

combines the radiocarbon ages from the previous section with sedimentological data 

and ground penetrating radar (GPR) images from KAN and KOND in order to 

reconstruct a model of island evolution for lagoonal reef islands in the south Maldives.  

Models of reef island evolution have been described in different localities, in relation to 

differences in sea-level change and reef platform development. Sea-level fall or 

stabilization is often implicated as a trigger for island building, which stems from 

evidence of reef islands perched on emergent reef platforms (Dickinson, 1999; 2004; 

Schofield, 1977; Yamano et al., 2000; 2014; Yasokochi et al., 2014). However, studies 

show that reef islands can form during varying stages of sea-level change, including 

sea-level rise (Kench et al., 2005; 2012; 2014a; 2014b). This infers that other factors 

aside from sea-level history are involved in triggering island initiation. Islands in the 
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same region that underwent similar Holocene sea-level changes are also influenced by 

local factors (e.g. energy exposure, antecedent topography, sediment supply) that affect 

reef and island development (Gischler and Lomando, 2000; Kench et al., 2014b). Thus, 

island evolution cannot be characterized through sea-level history alone and additional 

studies of island evolution in various geographic regions are needed to better understand 

the factors governing island formation. 

As stated in Section 1.3, there are two main gaps in the understanding of island 

evolution aside from paucity of research: 1) descriptions of geographical diversity 

(Table 2.2), and 2) characterisation of styles of island evolution. There are few studies 

with more than a handful of radiometric ages per island (Table 2.2), resulting in a lower 

chronostratigraphic resolution and a less precise window of chronology for island 

formation. A rigorous radiometric dating program is required in order to discern 

patterns of reef island accumulation (Woodroffe et al., 1999). These spatial patterns, or 

styles, of island evolution have not been extensively investigated and are largely 

theoretical (Woodroffe et al., 1999). GPR used across a reef island surface can provide 

information about directionality of sediment deposition (Kench et al., 2005). Thus, 

when used in conjunction with chronostratigraphical data, GPR can contribute to 

forming a more robust model of island evolution. However, few chronology studies 

have employed a high-resolution of island coring (>15 cores per island; Kench et al., 

2005; Woodroffe et al., 1999) and even fewer have employed GPR on reef islands 

(Kench et al., 2005). 

Chronostratigraphic interpretations of KAN and KOND, supported by GPR imagery, 

are used to develop a model of island evolution for lagoonal reef islands on Huvadhoo 
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Atoll. The subsequent model is the first to examine lagoonal reef island evolution in the 

south Maldives and comparisons to previous models are discussed. Results from this 

chapter infer island response to various stages of sea-level change during the mid-

Holocene, which has implications for the stability of reef islands in the face of projected 

acceleration of sea-level rise. 

6.2.2 Methods 

6.2.2.1 Determining subsurface island chronostratigraphy 

A chronology of island deposition was reconstructed by investigating the stratigraphy in 

cores extracted across the island, along with radiocarbon ages from sediments within 

these cores and GPR images. Cores (n = 20 on KAN; n = 17 on KOND) were extracted 

using percussion core and augering techniques, as described in Section 4.2.2. Sediment 

samples (n = 159 samples for KAN, n = 147 samples for KOND) were collected along 

the cores wherever a change in sediment characteristics was visibly noted. Sediment 

composition and textural properties were analysed, and selected samples were 

radiocarbon dated, following the methods in Section 6.2. Sections of GPR profile were 

obtained on Transect 2, 3, and 6 for both islands (Figure 5.3). GPR data collection and 

processing methods are outlined in Section 4.3. 

6.2.3 Chronostratigraphy of Kan’dahalagalaa and Kondeymatheelabaadhoo 

The radiocarbon ages of subsurface sediments from KAN and KOND vary from 341 to 

3610 cal yr BP (Figures 7.1, 7.3). Age inversions (downcore age reversals) of Halimeda 

segments from KAN were present in six cores: C3, C6, C8, C9, C12, and C19 (Figure 
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7.1). Fewer age inversions were present on KOND, and were found in three cores: C6, 

C11, C15 (Figure 7.3). Stratigraphic units are represented by the depositional facies 

described in Chapter 5, which were interpreted from GPR images and characteristics of 

subsurface sediments (Section 5.4.1). Four sedimentary units were identified: the velu 

facies formed the foundation sediments upon which the island develops; vertical 

accretion of the finolhu facies (island node) occurred over the velu facies, which was 

followed by horizontal accretion of the athiri facies (beach and relict beaches) and the 

muraka facies (layer of finer coral sands; Section 5.4.1). These sedimentary units 

represent different stages of island evolution on Kan’dahalagalaa and 

Kondeymatheelaabadhoo, as discussed in detail below.    

6.2.3.1 Chronology of stratigraphic units on Kan’dahalagalaa 

6.2.3.1.1 Stratigraphic unit: velu facies 

On KAN, five cores (C3, C9, C12, C13, C19) terminated 1.3-2.2 m below msl on velu 

sediments, composed of very coarse, poorly sorted coral sands with Acropora branches 

(-0.55Φ, 1.73σ; Table 4.4; Figure 7.1). Radiocarbon ages from the velu facies were used 

to approximate when the island foundation sediments were deposited. The oldest velu 

sediments (2496 cal yr BP) were located on the north central region of the island, as 

evidenced by the Halimeda age at the bottom of C13 (2.2 m below msl; Figure 7.1). 

This date constrains deposition of the velu facies on KAN to at least 2496 cal yr BP 

(Figure 7.1). 
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Figure 7.1 Transect cross-sections and subsurface morphology of KAN with radiocarbon age 
determinations. Inset planform map shows location of transects. Constituent key: H = Halimeda, C 
= coral, B = bulk sand. Unless indicated, dates represent AMS radiocarbon age of Halimeda 
segments.  
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As stated in Section 5.3, in situ reef framework that was overtopped by island 

progradation will also be referred to as velu sediments since they also represent the 

foundation of the island. The variation in the ages of central and peripheral velu 

sediments reflect differences between deposition of lagoon infill before island core 

accumulation (older) and overtopping of reef framework during island lateral accretion 

(younger). The youngest velu sediments were found at the south central region of KAN 

(C13; 355 cal yr BP; Figure 7.1). The peripheral velu sediments under the eastern region 

of the island (C19; 565 cal yr BP) and the western region (C3, 1270 cal yr BP) were 

also younger than the north central region (C12: 1944 cal yr BP; C13: 2496 cal yr BP; 

Figure 7.1). Although the cores in the north central region (C12, C13) did not penetrate 

to the reef platform, the GPR profile of Transect 6 showed that concave-upward 

clinoforms were present, reflecting the shape of the island basin (Section 5.5.1).  

6.2.3.1.2 Stratigraphic unit: finolhu facies 

Sediment comprising the finolhu facies ranged in age from 1840 to 941cal yr BP 

(Figure 7.2). The finolhu facies represents the initial vertical accumulation occurring 

over the velu facies and was composed primarily of sediments from Clusters 3 and 4, 

which were rich in molluscs, Halimeda, and foraminifera (molluscs: 16.9-20.4%, 

Halimeda: 10.3-12.7%, foraminifera: 9.7-15.1%; Table 4.4; Figure 7.1). GPR records 

presented in Chapter 5 suggested that the finolhu facies accumulated primarily from 

sediments delivered from the south since only southward-dipping reflectors were 

present in this region (Section 5.4.1; Figure 7.2B). Further evidence of southward 

accumulation is provided by radiocarbon ages of depositional layers in the finolhu 

facies (C12, C13), which showed generally decreasing ages towards the south (Figure
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Figure 7.2 Major stratigraphic units with radiocarbon dates. Diagrams show cross-sectional view of KAN Transect 6 (A), Transect 3 (B), and Transect 2 (C). Dashed lines 
represent facies boundaries interpreted from GPR images and sediment clusters. Depositional layers (grey lines) are inferred from slope of GPR reflectors.   
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7.2B). The oldest depositional layer of finolhu sediments was 1840 cal yr BP in age 

(C13, -2.1 m below msl), followed by a depositional layer of 1318 cal yr BP (C13, 0.2 

m below msl), and subsequent depositional layers were at least 941 cal yr BP (C12, 1.8 

m below msl; Figure 7.2B). Subsequent ages from sediment above this were older, 

which represents an age inversion (Figure 7.2B). Thus, there are two possible timelines 

for finolhu development: 1) if the age inversion (941 cal yr BP) is removed, accretion of 

the finolhu facies would have occurred for ~600 years (1944-1318 cal yr BP), or 2) 

assuming that 941 cal yr BP is an accurate radiocarbon age, vertical accretion of the 

finolhu facies would have occurred for ~1000 years (1944-941 cal yr BP; Figure 7.2). 

However, the internal microstructure of the Halimeda segment that yielded the age of 

941 cal yr BP (C12-300) showed a low degree of secondary cementation (2 on a visual 

scale; Figure 6.2) and low levels of Mg (0.64%; Table 6.3; Section 6.3.2). This suggests 

that the segment has not been extensively diagenetically altered and is not likely to be 

an anomalous age. 

6.2.3.1.3 Stratigraphic units: athiri and muraka facies 

Subsequent island building since accumulation of the finolhu facies by 941 cal yr BP 

was predominantly driven by horizontal accretion (Figure 7.2), and is represented by the 

athiri (beach and paleo-beach) and muraka (fine coral) facies. The athiri facies was 

deposited directly over velu sediments whereas the muraka facies overtops either the 

athiri or finolhu sediments (Figure 7.2). The athiri facies was composed of a mix of 

sediments from Clusters 2, 3, and 4 (48.5-66.8% coral, 0.70-1.13Φ), whereas the 

muraka facies was composed of coral-rich Cluster 1 sediments that were finer in texture 

(79.8% coral, 1.61Φ; Table 4.4; Figure 7.1). Sediments from the athiri facies ranged in 
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age from 600 cal yr BP at the eastern section (Transect 5) of the island to 2935 cal yr 

BP at the southwest region (Transect 2; Figure 7.1). However, since the finolhu facies 

accumulated by ~1000 cal yr BP, ages older than this date from the overlying athiri 

facies presents several age inversions (Figure 7.1). Sediments from the muraka facies 

ranged in age from 466 to 886 cal yr BP, with the youngest age located on the south 

central side of the island (C4, 1.1 m above msl; Figure 7.1). However, ages in this facies 

were derived from radiocarbon dating of subsurface sediments and it is likely that 

surficial or beach sediments would yield younger or modern ages since carbonate 

production on the reef platform of KAN is still occurring (Section 3.3.5).  

6.2.3.2 Chronology of stratigraphic units on Kondeymatheelaabadhoo 

6.2.3.2.1 Stratigraphic unit: velu facies  

On KOND, four cores (C10, C11, C13, C17) terminated 1.6-2.4 m below msl on velu 

sediments, which were composed of very coarse, poorly sorted coral sands with 

Acropora branches (-0.80Φ, 1.68σ; Table 4.4; Figure 7.3). The oldest velu sediments 

were located on the north central region of the island, and were deposited 3024 cal yr 

BP (C13, 2.4 m below msl), constraining start of lagoon infill on KOND to at least this 

date (Figure 7.3). Further south of C13, radiocarbon dating of velu sediments near the 

centre of the island yielded ages of 2376 cal yr BP and 1994 cal yr BP (C10, C11; 

Figure 7.3). As on KAN, the island basin on which the velu sediments were deposited 

was presumed to be a shallow depression, as evidenced by the concave-upward 

clinoforms in GPR images from Transect 2 (Section 5.5.1).  
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Figure 7.3 Transect cross-sections and subsurface morphology of KOND with radiocarbon age 
determinations. Inset planform map shows location of transects. Constituent key: H = Halimeda, C 
= coral, B = bulk sand. Unless indicated, dates represent AMS radiocarbon age of Halimeda 
segments.  
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Figure 7.4 Major stratigraphic units with radiocarbon dates. Diagrams show cross-sectional view of KOND Transect 6 (A), Transect 3 (B), and Transect 2 (C). Dashed 
lines represent facies boundaries interpreted from GPR images and sediment clusters. Depositional layers (grey lines) are inferred from slope of GPR reflectors.   
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Towards the island periphery (C17), ages of velu sediments were younger than central 

lagoon infill (841 cal yr BP; Figure 7.3). The velu sediments at C17 and under the island 

periphery represent the reef framework that was overtopped by island expansion.  

6.2.3.2.2 Stratigraphic unit: finolhu facies 

Ages of finolhu sediments on KOND ranged from 2353 to 889 cal yr BP (Figure 7.4). 

The finolhu facies on KOND was composed primarily of sediments from Clusters 2 and 

3, which were rich in molluscs and Halimeda (molluscs: 16.2-17.4%, Halimeda: 6.0-

16.1%; Table 4.4; Figure 7.3). GPR images suggested that the  

finolhu facies began to accumulate near the middle of the island, ~100 m from the 

southern TOB (Section 5.4.1; Figure 7.4B, C). Stacked, hyperbola-shaped reflectors 

indicated that the finolhu facies accreted vertically (Section 5.4.1; Figure 7.4B, C). 

Further evidence of vertical accretion is provided by radiocarbon ages of depositional 

layers from C11, which increased with depth: 889 cal yr BP at 0.8 m below msl and 

2353 cal yr BP at 1.5 m below msl (Figure 7.4B). However, this trend was not observed 

in radiocarbon ages from adjacent cores C6 (westward) and C15 (eastward), which 

presented several age inversions (Figure 7.3). Vertical accretion of the finolhu facies on 

KOND occurred for ~1100 years (from 1994 to 889 cal yr BP; Figure 7.4). 

6.2.3.2.3 Stratigraphic units: athiri and muraka facies 

Following deposition of the finolhu facies by ~900 cal yr BP, subsequent island building 

switched from vertical to horizontal accretion, as indicated by progradational seaward-

dipping clinoforms in all GPR images (Section 5.4.1; Figure 7.4). Horizontal accretion 

was represented by the athiri facies, which prograded out from the initial island node 
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over velu sediments derived from in situ reef framework (Figure 7.4). The muraka 

facies was located above the athiri and finolhu facies and forms the uppermost layer of 

the island (Figure 7.4). The athiri facies was composed of sediments from Clusters 2, 3, 

and 4 (33.6-67.5% coral, 0.43-0.80Φ), while the muraka facies was dominated by 

Cluster 1 sediments that were finer in texture and contained more coral sands (81.7% 

coral, 1.41Φ; Table 4.4; Figure 7.3). Sediments from the athiri facies ranged from 341 

cal yr BP (C17) to 2143 cal yr BP (C2), meaning that ages older than 1994 cal yr BP 

represent age inversions and were likely sourced from Halimeda that died long before 

deposition onto the island. Sediments from the muraka facies ranged from 726 to 595 

cal yr BP (Figure 7.3). The most recently deposited sediments from the horizontal 

accretion facies (341 cal yr BP) was found on the eastern region of KOND (C17; 0.1 m 

below msl; Figure 7.4A). However, since the reef platform of KOND continues to 

produce carbonate for sediment supply (Section 3.3.5), it is likely that radiocarbon 

dating of surficial or beach sediments would yield even younger or modern ages.  

6.2.4 Discussion 

Based on the chronostratigraphic results, a model of evolution for lagoonal platform 

reef islands on Huvadhoo Atoll is proposed. Island building on KAN and KOND 

occurred between approximately 2000-350 cal yr BP upon a thin (at least 90 cm on 

KAN, 80 cm on KOND) layer of lagoon infill that accumulated from ~3000-2000 cal yr 

BP (Figures 7.2, 7.4). Vertical accretion of the initial island core occurred from ~2000-

900 cal yr BP and lateral island accretion occurred from ~900 to at least 350 cal yr BP 

(Figures 7.2, 7.4). Present day lateral island accretion may still be continuing since 
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contemporary analysis of reef platform gross carbonate production suggests that the 

islands are still being supplied with sediment (Section 3.3.5).   

6.2.4.1 Sea level and island building 

The Maldives has experienced gradual sea-level rise for most of the last 8000 years 

(Camoin et al., 2004; Gishler et al., 2008). Kench et al. (2009d) present evidence of a 

sea-level highstand of up to 0.5 m above present occurring during the period that KAN 

and KOND formed (3000-350 cal yr BP; Figure 7.5). Radiocarbon ages of in situ corals 

and emergent fossil microatolls from Hulhudhoo reef (Baa Atoll) suggest the 

occurrence of a mid-Holocene sea-level highstand around 4000-2000 cal yr BP, where 

current mean sea level was first achieved 4500 years ago (Figure 7.5). Furthermore, 

radiocarbon age of an emergent in situ fossil Heliopora sample from the reef of 

Feydhoo, Addu Atoll also indicates that sea level was possibly higher than present 

~3000 years ago (Woodroffe, 1992). 

The timing of the major phases in island building on KAN and KOND appear to 

coincide with the occurrence of the mid-Holocene highstand and subsequent sea-level 

fall (Figure 7.5). The accumulation of the velu facies on KAN and KOND (3000-2000 

cal yr BP) would have coincided with the latter stages of sea-level rise and peak of the 

highstand (~2500 cal yr BP), when sea level was up to 0.5 m higher than present level 

(Figure 7.5). A high-energy window associated with the highstand allows increased 

wave energy to cross the reef flat and deposit sediment to island shores (Kench et al., 

2012; 2014b). Subsequent island building 2000-350 cal yr BP would have occurred as 

sea level began to fall to present level (Figure 7.5). Distinct phases of island building on  
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Figure 7.5 Reconstructed sea level curves for the Maldives region. The region has experienced sea-
level rise for most of the last 8000 years, with the occurrence of a sea-level highstand at 4000-2000 
cal yr BP (red line). Major phases of island building on KAN and KOND are annotated on the 
graph: lagoon infilling (3000-2000 cal yr BP), vertical accretion of the initial island core (2000-900 
cal yr BP), and island progradation across the reef platform (900-350 cal yr BP). Figure adapted 
from Kench et al. (2009d).  

KAN and KOND suggest that there was a shift in conditions associated with 

depositional environments – such as sediment supply and transport potential – at 3000 

cal yr BP to favour deposition of lagoon infill sediments (Figures 7.2, 7.4). Then at 

2000 cal yr BP, another shift in conditions initiated deposition of sand-sized sediments 

to form the initial island node (Figures 7.2, 7.4).  

Since present day sea level is lower than at the time of the highstand (Figure 7.5), it is 

likely that the high-energy window for island sediment accumulation has since closed. 

This closing of the process window in response to falling sea level is also proposed on 
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Bewick Island, Great Barrier Reef (Kench et al., 2012) and on Jabat, Marshall Islands 

(Kench et al., 2014b). Sea-level fall could have slowed island accretion by changing 

reef ecology, decreasing reef productivity and lowering sediment transport potential, 

which will be further discussed in the next section.   

6.2.4.2 Sea level and reef development 

Kench et al. (2012) propose that the interplay between sea level and reef development 

can result in a process regime of enhanced sediment production, triggering island 

development. Sea-level change can affect island depositional environments by changing 

sediment supply and transportability, as both reef ecology and hydrodynamic regime are 

influenced by water depth over the reef platform (Perry et al., 2011; Yamano, 2000; 

Yamano et al., 2000).  

Reef platforms can respond to sea-level rise in one of three ways: 1) keep-up reefs grow 

at a rate approximating sea-level rise, 2) catch-up reefs lag behind sea level but catch up 

when sea level stabilizes, or 3) the reef may simply give up and drown (Neumann and 

Macintyre, 1985; Kennedy and Woodroffe, 2002). In the lagoon of Rasdhoo Atoll, 

Maldives, reef growth started as early as 5500 yr BP and accreted in catch-up mode at 

rates of 4 m/kyr, then decreased to <1 m/kyr when rates of sea-level rise began to slow 

4000 years ago (Gischler et al., 2008). Keep-up and catch-up growth would require 

reefs to accrete vertically at faster rates, which could result in an ecological shift to 

rapidly growing reef organisms. For example, Perry et al. (2011) predicted that the 

sedimentary response of reefs to a 0.5 m rise in sea level would result in increased 

production of Halimeda, followed by production of coral after an initial lag. The rapid 

response of Halimeda growth is related to the high turnover rate of its calcified 

   181 

 



Sedimentology and formation of lagoonal platform reef islands in Huvadhoo Atoll, Maldives 

 

segments (Hillis-Colinvaux, 1968), and its direct contribution to sediment production 

after death as opposed to coral, which must first undergo breakdown processes (Perry et 

al., 2011). The lag between the growth response of Halimeda and coral in the above 

scenario (Perry et al., 2011) could affect sediment supply to the island and appear as 

discrete sedimentary facies with increased Halimeda.  

Evidence of discrete sedimentary facies can be observed in subsurface sediments of 

KAN and KOND, which were statistically grouped into four clusters based on skeletal 

composition: the dominant constituent on both islands is coral, however, the main 

secondary components differ between clusters. Most notably, from Cluster 1 to Cluster 

4, the percent composition of Halimeda and molluscs increase by up to 29% and 12%, 

respectively (Section 4.3; Table 4.4). The mollusc and Halimeda-rich sediments 

(Clusters 3, 4 on KAN and Clusters 2, 3 on KOND) of the finolhu facies began to 

accumulate on both islands following the peak of the highstand (~2500 cal yr BP; 

Figures 7.2, 7.4). Hence, the increased proportion of Halimeda in these early island 

deposits may have resulted from the catch-up growth strategy of the reef during this 

time (Gischler et al., 2008). Molluscs also have a higher turnover rate than coral and 

directly contribute to sediment production after death (Hart and Kench, 2007), which 

could account for their increased prevalence in finolhu sediments. A return to sediments 

composed almost entirely of coral (79.8% on KAN and 81.7% on KOND) in the 

youngest muraka facies and on the contemporary beach may have been influenced by 

an ecological reef response to post-highstand sea-level fall. An ecological shift is also 

evident in reef island sediments on Baa Atoll, where Halimeda sediments accumulated 

rapidly as the reefs accreted to sea level and once this was achieved, sediment supply 

shifted from Halimeda to coral and coralline algae (Kench et al., 2005).  
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Furthermore, increased proportions of Halimeda in sediments during the initial stages of 

island building could also reflect an increase in transport potential. Transport potential, 

governed by skeletal structure of reef organisms and hydrodynamic regime, controls 

how likely waves or currents will transport certain sediment types from their habitats to 

the island depositional centres (Kench, 1997; Yamano et al., 2000). Under different 

hydrodynamic regimes, sediments with differing characteristics (e.g. grain size and 

shape) will be selectively removed from the reef or preferentially entrained to the island 

sink (Perry et al., 2011). The combined effects of sediment supply and transport 

potential result in varying sediment composition and textural properties under different 

regimes (Perry et al., 2011), which is represented by distinct sedimentary clusters on 

KAN and KOND during island evolution. 

6.2.4.3 Model of island formation 

Chronostratigraphical results from KAN and KOND show that the timing of evolution 

for both islands is similar. Based on these results, as well as morphological data from 

Chapter 4, a single model of formation for lagoonal reef islands in Huvadhoo Atoll is 

proposed, which shows temporal development of depositional and morphological units 

in relation to sea-level change (Figure 7.6). Postulated reef heights are modelled based 

on accretion rates for lagoon reefs in Rasdhoo Atoll, Maldives (<1 m/kyr) at 4000 cal yr 

BP (Gischler et al., 2008) and in Baa Atoll, Maldives (0.8 m/kyr) at 6400 cal yr BP 

(Kench, 2012). However, as no data for reef accretion rates at KAN or KOND exist, the 

actual rate of reef growth during the period of island building remains unknown.  
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6.2.4.3.1 Phase A: Accumulation of the velu facies 

Lagoon infilling, or accumulation of the velu facies, began at least ~3000 years ago over 

a central depression (island basin) in the reef platforms of KAN and KOND (Figure 

7.6A). During this time, sea level was approaching the peak of the mid-Holocene 

highstand, which was 0.5 m higher than present level (Kench et al., 2009d; Figure 

7.6A).  

On KAN, the age of Halimeda segments from the velu sediments of C13 (355 cal yr BP; 

south central region) and C19 (565 cal yr BP; eastern region) were much younger than 

the velu sediments of the north central region (1944 cal yr BP, 2496 cal yr BP; Figure 

7.1). The western margin of the island also had younger velu sediments (C3, 1270 cal yr 

BP) than the north central region (1944 cal yr BP, 2496 cal yr BP; Figure 7.1). This 

suggests two types of velu sediments: the older sediment (at C12 and C13) represent 

lagoonal infill, whereas the younger sediment (at C3, C9 and C19) represent later 

lagoon infill from in situ reef framework or rubble that was overtopped during island 

expansion (Figure 7.2). Similarly, on KOND, the older velu sediments (at C10, C11, 

C13) represent lagoonal infill, whereas the younger sediments found at C17 represent 

coral rubble or in situ reef framework overtopped during island expansion (Figure 7.4). 

Ages from early lagoon infill sediments (under the initial island cores) range from 3024 

to 1944 cal yr BP, implying a depositional period of ~1000 years that favoured 

generation of coarse sands with coral rubble (-0.55 to -0.80Φ; Table 4.4). 
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Figure 7.6 Model of reef island evolution during the mid-late Holocene for KAN and KOND. Island 
cross-section shows development of the island in relation to the mid-Holocene highstand: lagoon 
infilling occurred during sea-level rise to the peak of the highstand (A), vertical accretion of the 
initial island core occurred as sea-level began to fall (B), and lateral accretion occurred as sea level 
reached present position and stabilised (C). Shoreline adjustments and formation of stable 
vegetated core are also presented (D). Postulated reef height is derived from known reef growth 
rates of 0.8 m/kyr on northern atolls of Maldives (Gischler et al., 2008; Kench, 2012). Grey arrows 
convey direction of sediment flux and black arrows convey direction of island accretion.   
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The reefs of KAN and KOND may have accreted ~0.8 m over this 1000-year period due 

to catch-up reef growth in response to sea-level rise (Gischler et al., 2008; Kench, 2013; 

Figure 7.6A). On KAN, the oldest lagoon infill age (2496 cal yr BP) was located under 

the initial island node, whereas on KOND, the oldest lagoon infill age (3024 cal yr BP) 

was north of the island node (Figures 7.2, 7.4). Due to its position near the northern 

atoll periphery, KOND is exposed to higher southerly wave energy compared to KAN 

due to a combination of greater wind intensity from the southwest (wind speed of 6.9 

ms-1 compared to 5.7 ms-1 from the northeast) and a greater fetch towards the south (~50 

km; Section 4.4), which is associated with increased significant wave heights 

(Tartinville and Rancher, 2000). Thus, as reflected by older ages of lagoon infill at the 

north central region of KOND (Figures 7.3, 7.4), there may have initially been enough 

energy to deposit lagoon infill further north along the island basin as compared to on 

KAN. 

6.2.4.3.2 Phase B: Vertical accretion of the finolhu facies 

The onset of sand-sized sediment deposition (deposition of the finolhu facies) occurred 

~2000 years ago over lagoon infill, as sea level began to decrease from the peak of the 

highstand (Figure 7.6B). Initial island accumulation is characterized by vertical 

accretion (Figures 7.2, 7.4) and was deposited through the focusing effect of waves, 

accumulating at a nodal point of deposition (Kench, 2013). Vertical accretion occurred 

for ~1100 years, from 1944 to 941 cal yr BP on KAN and 1994-889 cal yr BP on 

KOND (Figures 7.2, 7.4). Deposition of this facies on both islands occurred until ~900 

years ago, depositing coral sands enriched with Halimeda and mollusc grains (Figure 

7.6B).  
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This period of active sand-sized sediment generation on the reef may reflect shifts in 

reef ecology and hydrodynamic regime (as discussed in Section 7.4.2). It is unclear 

whether growth of the reef platform continued during the period of sea-level fall from 

2000-900 years ago, but the reef may have continued to accrete in catch-up mode a 

further ~0.8 m (Gischler et al., 2008; Kench, 2013). Reef accretion in catch-up mode is 

consistent with the high generation of sediments for island building during the finolhu 

and lateral accretion phase. As discussed in Chapter 3, the sand zone is an area of high 

sediment thickness (on average 27.3 cm on KAN and 17.6 cm on KOND) and acts as a 

sediment reservoir for the island (Section 3.4). The deposition of relict sediments from 

the sand zone reservoir during island accumulation could account for age inversions in 

the finolhu facies (KAN C8, C12; KOND C6).  

GPR evidence shows that the initial core on KAN built up primarily from sediments 

delivered from the south while on KOND, sediment deposition occurred from both 

south and northward directions (Section 5.4; Figures 7.2, 7.4). These differing styles of 

accumulation underscore the importance of GPR images for supplementing radiocarbon 

age interpretations. Interpreting chronology of deposition using radiocarbon ages along 

depths of cores cannot differentiate the direction of accumulation, especially when age 

inversions are present.  

6.2.4.3.3 Phase C: Lateral accretion of the athiri and muraka facies 

When the initial node reached ~1 m above current msl on both islands (~900 years ago), 

the mode of subsequent island development shifted from vertical to horizontal 

accretion, as represented by the athiri and muraka facies (Figure 7.6C). Together these 

facies represent previous island shorelines: the athiri sediments form the paleo-beach 
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face and the muraka sediments form the paleo-beach berm, which is evidenced by the 

undulating ridge topography within transects (Section 4.3; Figures 7.1, 7.3).  

A notable difference between the two facies is the composition of the muraka facies, 

which contains finer-sized coral sands (79.8% coral, 1.61Φ on KAN; 81.7% coral, 

1.41Φ on KOND; Table 4.4). The variation in elevation and sediment characteristics 

between the athiri and muraka facies suggests that they were deposited under different 

energy regimes. The muraka sediment deposition may have occurred under intermittent 

periods of higher energy regimes (swell and overwash events) or possibly aeolian 

transport, allowing overtopping of the athiri facies. This is consistent with sedimentary 

characteristics of the contemporary beach berm on KAN and KOND, which was finer in 

size and contained more coral (KAN: 1.63ϕ 74.2%, KOND: 1.59ϕ 79.7%; Section 3.3).  

Alternatively, large sediment depositions and island overtopping may have occurred 

during episodic events (Kench et al., 2006; 2014b). A recent example is the 2004 

Sumatran tsunami, which resulted in overwash sand sheets on Maldivian islands that 

added up to 0.3 m of sediment and extended up to 60 m landward of the shoreline 

(Kench et al., 2006). Layers of organic material were found in subsurface sediments of 

KAN and KOND between 1.0 m below msl and 0.5 m above msl (Figures 4.8, 4.13), 

which is evidence of vegetation being overtopped by overwash deposits (Kench et al., 

2014b). The overwash deposits represent depositional events in response to increased 

wave energy conditions (Kench et al., 2014b). Age inversions of sediments within the 

athiri facies (KAN C6, C19; Figure 7.2) may be the result of sediment reworking during 

these higher energy deposition events (Kench et al., 2014a; 2014b). Further evidence of 

reworking is derived from the varied sedimentary composition within the athiri facies, 
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which is represented by a mix of sediments from Clusters 2, 3, and 4 (Section 5.3). 

Considerable mixing can also be observed on the west side of KAN (C2) and the east 

central region of KOND (C14, C16; Figures 7.1, 7.3).  

Ages of the velu sediments near the island peripheries can provide evidence of the 

timing of island lateral expansion. The velu sediments on the west side of KAN (C3; 

1270 cal yr BP) are older than the east side (C19; 565 cal yr BP), suggesting that the 

east side of the island built up later and the west side reached the limit of its lateral 

margin earlier on (Figure 7.1). Lateral island growth of the south margin of the island 

occurred relatively recently, at least ~350 years ago (Figure 7.1). The most recent age of 

island sediments is 355 cal yr BP on KAN and 341 cal yr BP on KOND, which 

constrains the cessation of island building to at least ~350 cal yr BP, although ages of 

surficial beach sediments are most likely younger. Following island progradation from 

~900-350 cal yr BP, several morphological changes have occurred, which are further 

discussed in the following section.  

6.2.4.4 Recent morphological changes 

Both KAN and KON were mostly emplaced on the reef platform by ~350 years ago, 

once sea level reached present day level and stabilized (Figure 7.5). This coincided with 

stabilisation of the island centre, as evidenced by vegetation and formation of the humus 

layer (Stoddart and Steers, 1977; Figure 7.6D). The occurrence of the stabilised island 

basin implies relative geomorphic inactivity over the past 350 years of KAN and 

KOND, which suggests that post-highstand sea-level fall may have shut down the high-

energy window of sediment accumulation (Kench et al., 2012; 2014b). However, 

additional factors aside from sea-level change are implicated in shifting process regimes 
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and thus, depositional environments on reef islands. On Baa Atoll, in the north 

Maldives, stability of reef islands over the last 3500 years is attributed to continued 

vertical growth of outer reef margins over this time period, which changed the 

hydrodynamic process regime and essentially closed the energy window that affects 

shoreline change (Kench et al., 2005). Alternatively, the islands may have reached the 

limits of their accommodation space on the reef platforms, which can occur when an 

island occupies a large proportion of its reef platform (Kench et al., 2014b). Indeed, the 

eastern region of KOND is <50 m from the reef edge in some areas (Figure 4.3), 

indicating that further lateral progradation of the island is constrained.   

The northern margin of KAN and the southern margin of KOND may have also reached 

a limit of accommodation space, as evidenced by erosional scarps (Figure 7.6D), despite 

the fact these margins are not in close proximity to the reef edges. This constraint may 

arise from higher-energy wave conditions reaching island shorelines due to a longer 

fetch (~50 km), which results in higher wave heights (Tartinville and Rancher, 2000), 

on the north side of KAN and the south side of KOND (Section 4.3).  The erosional 

scarps are also associated with beachrock outcrops, which indicate former island 

shoreline positions (Figure 7.6D). Recent geomorphic evidence (expansion of the 

vegetated core and toe of beach) suggests that KAN is accreting on the southwest and 

northwest margins of the island, and KOND is accreting on the western margin (Figures 

4.2, 4.3; Section 4.3). Since these zones of accretion were generally on opposite sides of 

the erosional scarping on the islands, this suggests that rollover processes may also be 

involved in shaping the islands, with sediments from one shore being reworked and 

transported to another, resulting in island “migration” (Woodroffe, 2008). Occurrence 
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of this process is relevant for interpretation of radiocarbon dates, since reworked 

sediments would result in age inversions.   

6.2.4.5 Archipelago-scale comparisons of island evolution in the Maldives 

Timing of island formation on KAN and KOND can be compared to other reef islands 

in the Maldives in order to discern archipelago-scale patterns in island evolution. Island 

chronology data is available for lagoonal islands on a north Maldivian atoll (Kench et 

al., 2005) and rim islands on two southern atolls (H. East, personal communication, 

2016; Woodroffe, 1992).  

KAN and KOND are relatively young compared to their northern counterparts. 

Lagoonal reef islands on Baa Atoll (~500 km north of Huvadhoo Atoll) began to accrete 

5500-4500 years ago (Kench et al., 2005), which precedes lagoon infilling on KAN and 

KOND by 2500-1500 years (Figure 7.6A). By the time the islands on Baa Atoll were 

fully formed ~4000 years ago (Kench et al., 2005), KAN and KOND had not yet started 

to accrete (Figure 7.6). Feydhoo, an atoll rim island located approximately 120 km 

south of Huvadhoo Atoll in Addu Atoll, formed around the same time as KAN and 

KOND (Woodroffe, 1992). Woodroffe (1992) radiocarbon dated in situ Heliopora on 

Feydhoo reef, which yielded an age of 2710 cal yr BP, as well as coral clasts 0.5 m 

below the island surface, which yielded an age of 3150 cal yr BP. These ages suggest 

that the reef of Feydhoo had reached sea level by 3000 years ago and the island started 

to accumulate at around the same time (Woodroffe, 1992). Although it is unknown 

when the reefs of KAN and KOND reached sea level, the onset of island accumulation 

on their respective reef platforms occurred at a similar time to that of Feydhoo (~3000 

cal yr BP; Figure 7.6A).  
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On Huvadhoo Atoll, island development on KAN and KOND lagged slightly behind the 

rim islands on this atoll. The onset of rim island formation on Huvadhoo Atoll occurred 

from 4203-3613 cal yr BP and preceded formation of KAN and KOND by ~1200-600 

years. However, the youngest ages of sediments from rim islands was 640 cal yr BP on 

Mainadhoo (11 km away from KAN) and 524 cal yr BP on Baavanadhoo (5 km away 

from KOND), which were comparable to the youngest sediment ages found on KAN 

and KOND (~350 cal yr BP; Figures 7.1, 7.3). 

In summary, KAN and KOND are between 2500-1500 years younger than lagoonal 

islands on Baa Atoll, 1200-600 years younger than rim islands on Huvadhoo Atoll, and 

similar in age to a rim island on Addu Atoll. The age difference between the lagoonal 

islands from Baa Atoll (north Maldives) and Huvadhoo Atoll (south Maldives) may be 

attributed to a lagoon depth gradient across the Maldivian archipelago. The lagoons of 

north Maldivian atolls are 50-60 m in depth whereas lagoons of atolls in the south were 

up to 80 m deep, possibly due to greater subsidence or increased rainfall (and 

dissolution of emergent Pleistocene foundation) towards the south of the archipelago 

(Woodroffe, 1992). Thus, it is possible that the deeper reefs of KAN and KOND would 

have required more time to accrete to sea level and form a reef platform, resulting in a 

later date of island formation upon the reef platform.  

The difference between ages of lagoonal islands (KAN and KOND) to the rim islands 

of the same atoll may be explained by differences in reef accretion rates. Lagoonal reefs 

on Rasdhoo Atoll started to accrete 3000 years later than marginal reefs on the atoll rim 

since the lagoonal reef accretion rate was lower than the rate of atoll rim reef accretion 

(4 m/kyr versus 6-7 m/kyr; Gischler et al., 2008). This disparity between lagoonal and 
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atoll rim reefs could explain why KAN and KOND are younger than the nearby rim 

islands. However, the rim islands ceased accretion at a similar time to KAN and KOND 

(within ~170-300 years), suggesting that the process regime for increased sediment 

production and deposition shut down in parallel.  

KAN and KOND formed at around the same time as Feydhoo due to the combination of 

the two previously discussed factors: deeper reefs in southern atolls and higher marginal 

reef accretion. Since Addu Atoll is ~120 km south of Huvadhoo, it may have had deeper 

reefs (Woodroffe, 1992), which accreted to sea-level later than on Huvadhoo Atoll. 

However, since Feydhoo is situated on a marginal reef, which accreted earlier and faster 

than lagoonal reefs (Gischler et al., 2008), this factor would have counteracted the 

effects of deeper reefs, resulting in similar timing of island formation to KAN and 

KOND.   

These archipelago-scale differences in island evolution show that timing of island 

formation is not solely influenced by sea-level change, since the islands across the 

Maldives formed at different times under similar sea-level regimes. Comparisons of 

Maldivian islands show that differences in timing in the Maldives archipelago can be 

attributed to antecedent atoll topography, which is influenced by local subsidence or 

rainfall during the Pleistocene. Atoll-scale differences highlight that reef island 

evolution is complex and site-specific, and is dependent on local factors such as the 

interaction of reef growth and sea level, antecedent topography, currents and wave 

exposure, as well as available sediment supply (Gischler and Lomando, 2000; Kench et 

al., 2014b).  
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6.2.4.6 Comparison to previous models of reef island evolution 

The model of evolution for KAN and KOND not only addresses a geographical gap in 

island evolution studies, it also presents Maldivian reef island response over a spectrum 

of sea-level changes from sea-level rise, fall, and stabilization. As previously stated, reef 

islands can form during varying stages of sea-level change (Kench et al., 2005; 2012; 

2014a; 2014b). However, island formation tends to occur over a discrete phase of sea-

level change: during Holocene sea-level rise (as in north Maldivian islands; Kench et 

al., 2005), during the sea-level highstand (Cocos Islands, Indian Ocean, in Woodroffe et 

al., 1999; Bewick Island, GBR, in Kench et al., 2012), during sea-level fall (Warraber 

Island, Torres Strait, in Woodroffe et al., 2007), at contemporary sea-level (Tepuka 

Island, Tuvalu, in Kench et al., 2014a), or post-sea-level fall (Dickinson, 1999; 2004; 

Schofield, 1977; Yamano et al., 2000; 2014; Yasukochi et al., 2014). The model of 

evolution for KAN and KOND differs from these Indo-Pacific models in that several 

phases of sea-level change are implicated in island development. This is similar to a 

recent study of Jabat, Marshall Islands, that presents a three-phase model of 

development over the course of rising sea level, during the highstand, and as sea level 

fell to present position (4800-2500 cal yr BP; Kench et al., 2015b).  

6.2.5 Conclusions 

This study presents the first model of evolution for lagoonal reef islands in the southern 

Maldives, and is the first study to use extensive GPR imaging on a reef island, 

combined with island coring and a robust radiocarbon dating dataset. The resulting 

three-phase model of reef island evolution begins with lagoon infill from 3000-2000 
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years ago, which began during a period of sea-level rise and occurred over the peak of 

the mid-Holocene highstand at ~2500 cal yr BP (Figure 7.6A). As post-highstand sea 

level began to fall 2000 years ago, vertical accretion of the initial island core occurred 

(Figure 7.6B). The last phase of island building (horizontal island accretion) occurred as 

sea level fell to present position 900-350 years ago (Figure 7.6C). This model presents 

the first incidence of island building over multiple phases of sea-level change in the 

Indian Ocean, which extends other models in this region that show island formation 

during Holocene sea-level rise (5500-4500 cal yr BP; Kench et al., 2005) or during the 

mid-Holocene highstand (4000-3000 cal yr BP; Woodroffe et al., 1999). In the 

Maldives, archipelago- and atoll-scale differences in onset of island formation are 

identified, which might be attributed to lagoon depth gradients across the archipelago 

(Woodroffe, 1992). Varying growth rates of atoll rim and lagoonal reefs (Gischler et al., 

2008) also affect the timing of reef platform formation and subsequent island 

development. 

Archipelago- and atoll-scale differences in formation dates highlight the need for 

consideration of local factors governing island formation in addition to sea-level 

history, such as antecedent topography, reef platform development, hydrodynamic 

regime, and sediment supply  (Gischler and Lomando, 2000; Kench et al., 2014b). Thus, 

the findings of this research contribute to an enhanced understanding of the factors 

involved in island formation beyond sea-level history.  

The subsequent fall in sea level to present position suggests that the high-energy 

window favourable to island growth has closed (Kench et al., 2012; 2014b). This 

implies that sea-level rise over the next century may not necessarily be detrimental to 
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KAN and KOND since rising sea levels may return reefs to the process regime under 

which the islands formed. However, additional factors aside from sea-level change such 

as vertical growth of outer reef margins (Kench et al., 2005) and accommodation space 

limitations (Kench et al., 2014b) are implicated in shifting process regimes and thus 

depositional environments on reef islands. Further, projected decreases in ocean pH 

(ocean acidification) and increases in sea surface temperatures (Oppenheimer et al., 

2014) could affect reef ecology and growth, and consequently reef island sediment 

supplies. 
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7 CONCLUSIONS 

Reef islands are at the forefront of concern for future accelerating sea-level rise since 

their low-lying and isolated nature puts them at higher risk of marine inundation 

compared to continental coastlines (Dickinson, 2009; Oppenheimer et al., 2014). The 

perceived threat of complete submersion as implied by projected future sea-level rise 

and current island elevations (Anthoff et al., 2010) do not consider the morphologically 

dynamic nature of reef island systems (Kench and Brander, 2006a; Kench and Cowell, 

2000; McLean and Kench, 2015). This incomplete view of reef islands as static systems 

limits effective prediction of future island trajectories. Understanding future island 

resilience or susceptibility requires improved resolution of the controls governing island 

formation and change. The aim of this thesis was to resolve the evolution of lagoonal 

reef islands on a south Maldivian atoll and the sedimentological changes that occurred 

during island building. The aim was achieved through the generation of a model of 

island evolution using detailed sediment analyses of core samples, single constituent 

dating of Halimeda segments, and ground penetrating radar (GPR) images of the island 

subsurface. Specifically, this study presents the first detailed sedimentary analyses of 
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surficial and subsurface sediments of reef islands in this region. This chapter re-visits 

the objectives of the research that were presented in Section 1.2 and summarizes the key 

findings associated with each objective. Furthermore, sedimentological controls on 

island building, implications for future island stability and future research directions are 

considered.  

7.1 Major research findings 

7.1.1 The role of contemporary sediment supply in island building 

Ecological surveys (Chapter 3) show a healthy contemporary reef flat with a variety of 

carbonate producers. There were two reef zones of live carbonate producers generating 

an estimate of 3,289,131 kg CaCO3/yr on the reef platform of KAN and 2,481,345 kg 

CaCO3/yr on the reef platform of KOND. These estimates represent the gross carbonate 

production on the reefs, or potential for sediment generation. Reef sediments had 

comparable skeletal compositions to beach sediments, which is a sign that the islands 

are still connected to and supplied by their reefs (McKoy et al., 2010; Perry et al., 

2011). The high volume of sediment within the sand zone (17.6-27.3 cm sediment 

thickness), surrounding the peripheries of the islands, suggests that this zone is a 

sediment reservoir and acts as a store for sediment supply or shoreline reworking. 

Availability of sediments for reworking enhances an island’s resilience to erosion (Perry 

et al., 2011) and is also critical for the ability of shorelines to adjust to environmental 

changes such as sea-level rise (Kench and Cowell, 2000). 
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7.1.2 Detailed description of textural and compositional properties of 

sediments on Kan’dahalagalaa and Kondeymatheelaabadhoo 

This study is the first to detail the subsurface morphology of lagoonal platform reef 

islands in the Maldives using both quantitative sediment analyses and core sampling 

that extends below the level of live coral growth on the adjacent reef flats. Results of 

sediment analyses from Chapter 4 showed that downcore variations in sediment texture 

and composition were present on both KAN and KOND. Sediment size throughout the 

cores varied from medium sands (1.94ϕ on KAN and 1.90ϕ on KOND) to coarser 

sediments (-0.93ϕ KAN and -1.08ϕ on KOND) and typically, the cores exhibit a fining 

upcore sequence. Island sediments were dominated by coral sands, with proportions of 

coral in sediment samples ranging from 41.1% to 84.7% on KAN and 44.8% to 91.8% 

on KOND (with the exception of samples from three cores on KOND). Proportions of 

secondary constituents varied, which will be further discussed in Section 7.2.  

7.1.3 Detailed description of surficial island morphology and topography of 

Kan’dahalagalaa and Kondeymatheelaabadhoo  

This study provides the first detailed description of surficial island morphology and 

topography of reef islands on a south Maldivian atoll (Chapter 4). KAN and KOND 

were very low-lying (< 2.5 m above msl) and displayed five distinct morphologies of 

island topography: 1) convex, 2) basin-shaped, 3) asymmetrical, 4) planar, and 5) 

undulating ridge topography. The latter was exhibited in multiple transects on KAN and 

KOND, which provides evidence of the developmental style of the islands as a 
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cumulative series of relict shorelines, which is further supported by GPR (Chapter 5) 

and sedimentological data (Chapter 7).  

The morphodynamic nature of island shorelines on KAN and KOND is evident from 

GPS and satellite data from the last decade, which show that some sections of the island 

shoreline are eroding (north to eastern margin of KAN and southern margin of KOND) 

while others are accreting (western margin of KAN and KOND; Chapter 4). These 

medium-scale processes of island change highlight a dynamic equilibrium of reef 

islands that is maintained by redistribution of shoreline sediments, accommodation 

space on the reef platform, and wave energy gradients across the reef flat (Kench et al., 

2014b; 2015; Kench and Brander, 2006a; Woodroffe, 2008). 

7.1.4 Application of GPR in a reef island setting 

Contemporary and medium-scale processes also provide insights into past processes of 

island building. The redistribution of island sediments during island formation is 

evident in the occurrence of downcore age inversions, which can also be caused by 

sediment reworking from higher energy deposition events (Kench et al., 2014a; 2014b). 

Consequently, this reworking of sediments and subsequent age inversions complicate 

the interpretation of depositional chronology on KAN and KOND. This difficulty 

emphasizes the high potential of GPR imaging for supplementing determinations of 

subsurface stratigraphy and depositional chronology on reef islands. Furthermore, GPR 

images can aid in resolving modes of island development since it provides important 

information such as directionality and slope of depositional units, which is difficult to 

infer from traditional coring methods (Neal and Roberts, 2000). GPR images of the 
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internal structure of KAN and KOND presented in Chapter 5 were able to show that 

both islands exhibit vertical accretion of the initial cores, and subsequent progradation 

was primarily oceanward on KAN while KOND displayed central core accretion. 

7.1.5 Suitability of single constituent dating of Halimeda spp. to infer 

depositional history on reef islands 

The interpretation of depositional chronology on KAN and KOND was further refined 

through the exploration of AMS dating of Halimeda segments from subsurface island 

sediments (Chapter 6, Section 6.1). Scanning electron microscope images of the internal 

microstructure of Halimeda segments revealed that secondary cementation was 

prevalent and present to some degree in almost all segments. This has implications for 

the selection of Halimeda for single constituent dating since the post-mortem 

reinforcement by secondary cementation means that Halimeda is more durable than 

previously believed. Despite this finding, on KAN and KOND, Halimeda is still the 

most suitable constituent for AMS dating since this organism is prevalent on the 

contemporary reef (Chapter 3) and in island sediments (Chapter 4), and its relative 

durability is still low compared to other constituents such as coral and molluscs (Ford 

and Kench, 2012). However, caution must be exercised when selecting Halimeda 

segments for dating to ensure that minimal chemical alteration has occurred, which may 

be linked to particularly well-cemented segments. 
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7.1.6 Onset and timing of island evolution on Kan’dahalagalaa and 

Kondeymatheelaabadhoo  

The model of evolution for KAN and KOND from Chapter 6 (Section 6.2) shows that 

lagoon infill (velu facies) occurred as sea level was rising to the peak of the mid-

Holocene highstand (~3000-2000 cal yr BP) whereas formation of the initial island core 

(finolhu facies) was triggered by post-highstand sea-level fall (~2000-900 cal yr BP). 

Island progradation (athiri and muraka facies) occurred until sea level reached its 

present position and stabilised (~900 to at least ~350 cal yr BP). Since the main phases 

of island building are closely coupled to the stages of sea-level change associated with 

the mid-Holocene highstand, results imply that sea-level shifts resulted in changing 

environmental conditions that promoted the onset and development of KAN and 

KOND. Sea level modulates the water depth over the reef platform, which influences 

sediment supply by changing reef productivity and sediment transportability (Perry et 

al., 2011; Yamano et al., 2000). Rising sea level 3000-2000 years ago during the peak 

of the mid-Holocene highstand resulted in a reef environment that was conducive to the 

production and transport of very coarse coral sands (-0.55 to -0.80Φ) and Acropora 

branches to the lagoon of the reef platform whereas subsequent sea-level fall from 

~2000 cal yr BP shifted the production and selective entrainment of sediments to finer 

sands (0.43 to 1.61Φ). Results imply that vertical accretion of the initial island core 

likely ceased when sea level either dropped to the height of the island, or the height of 

the island caught up to sea level. At this point, 900 years ago, the initial island core 

acted as a barrier to further vertical accretion, and the islands began to prograde 

outwards. Thus, the controls of island building on KAN and KOND are the interplay 
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between sea level, water depth over the reef platform and the water depth in relation to 

island height.   

Furthermore, the date of the onset of island formation is influenced by vertical growth 

of the Holocene reef platform to sea level, which is dependent on the accretion rate of 

lagoonal reefs in this region (Gischler et al., 2008; Kench, 2013) and the antecedent 

topography (lagoon and reef depth; Woodroffe, 1992). These local factors could explain 

why KAN and KOND formed 2500-1500 years later than their northern counterparts 

(Kench et al., 2005), and also did not coincide with the formation date of rim islands on 

the same atoll (4200-3600 cal yr BP; H. East, personal communication, 2016), despite 

these islands sharing the same sea-level histories.  

7.2 Sedimentological controls on island building  

By investigating changes in downcore sediment characteristics of KAN and KOND, 

several notable variations were observed, which were discussed in Chapters 4 and 6. 

Downcore variations in composition show that the proportion of coral sands decrease 

with depth (with the exception of cores that terminated on coarse sands with coral 

branches) and the proportion of molluscs and Halimeda increase with depth. Distinct 

sediment clusters statistically determined from percent composition also note an 

increase in Halimeda from 4.3% to 12.7% on KAN and 3.8% to 32.8% on KOND in 

sediments found deeper underground. The proportion of molluscs also increases from 

8.3% to 20.4% on KAN and 7.3% to 18.2% on KOND. Finolhu facies sediments in 

particular were generally comprised of these mollusc and Halimeda-rich sediments. 

Since this facies began to accumulate ~2000 cal yr BP on both islands following the 
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peak of the highstand ~2500 cal yr BP, the increased proportion of Halimeda and 

molluscs in these early island deposits may have resulted from the catch-up growth 

strategy of the reef during the mid-Holocene highstand (Gischler et al., 2008). Both 

Halimeda and molluscs have high turnover rates and directly contribute to sediment 

production after death, as opposed to coral, which is an indirect sediment producer (Hart 

and Kench, 2007). In the Pacific, Woodroffe (2000) suggests that increased foraminifera 

productivity on the reef flat of Makin Island during sea-level fall triggered island 

formation. On KAN and KOND, although increased Halimeda and mollusc productivity 

may not have “triggered” island building, they may have been important contributors as 

the reef caught up to rising sea level. 

7.3 Implications for future island resilience 

The fate of reef islands in response to sea-level rise and climate change has been a 

concerning issue in recent times and was endorsed in the last IPCC assessment report in 

2014 (Oppenheimer et al., 2014). As this study and others have found, reef islands have 

been shown to form during various stages of sea-level change, from falling, stable and 

rising sea levels (Kench et al., 2005; 2014a; Woodroffe et al., 1999; 2007). Island 

building is complex and relies heavily on sea level-driven reef growth (Kench et al., 

2012). Reef islands are dynamic and not only able to adjust morphologically, their reefs 

are able to adjust ecologically to rising sea levels (Perry et al., 2011). This is evident 

during island building on KAN and KOND, which persisted during varying stages of 

sea-level change. Also, evidence of contemporary reef productivity on the reef 

platforms of KAN and KOND indicate that the islands may be more capable of 

adjusting their shorelines to environmental change such as sea-level rise, which makes 
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them less susceptible to erosion (McKoy et al., 2010). However, the IPCC reports that 

reef islands are potentially threatened by a number of climate change effects besides 

sea-level rise, including increased storm intensity, changes in ocean chemistry, and sea 

surface temperature rise (Oppenheimer et al., 2014). These factors could present barriers 

to reef health and sediment supply that morphological or ecological adjustments may 

not be able to overcome.  

Furthermore, island landforms may physically persist but socioeconomic ramifications 

need to be considered as well. Vulnerability of infrastructure near island coasts and 

contamination of the fresh water lens by saline intrusion are consequences of sea-level 

rise that threaten inhabited reef islands. Seawalls and other shore defences are currently 

popular management strategies for marine inundation, however these structures disrupt 

the natural sediment transfer from reefs to islands (McLean and Kench, 2015). Future 

management strategies should consider natural shoreline adjustments and also take into 

account the effects of anthropogenic shoreline modifications on sediment transfer. 

7.4 Future directions 

Based on the findings of this study, avenues for future research include two new 

methodological approaches for better understanding reef island evolution: 1) use of 

GPR for inferring style of island development and boundaries of major stratigraphic 

units, and 2) application of SEM and EDS for screening of Halimeda for single 

constituent dating, in order to improve accuracy of radiocarbon age interpretations for 

depositional chronology. In the past, GPR has not been employed on reef islands, with 

the exception of Kench et al. (2005). However, this study has demonstrated the 
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technique’s potential for mapping internal structure of reef islands and determining 

directionality of sediment deposition.  

Future research may choose to apply the screening method proposed in Chapter 6 for 

single constituent dating of Halimeda segments. Given the low durability of Halimeda 

(Ford and Kench, 2012), selection of pristine segments (not heavily cemented or 

chemically altered) using SEM and EDS could greatly improve accuracy of resolving 

depositional chronology and could allow for higher-resolution investigations of 

depositional ages. There is also potential for further exploration on the effects of 

secondary cementation on radiocarbon age. Questions that arose from this study were 

whether percent magnesium could be statistically correlated to extent of secondary 

cementation and whether age differences existed between secondary cement types? 

As found in this study and previous research (Gischler and Lomando, 2000; Kench et 

al., 2014b), local factors such as reef platform development and antecedent topography 

play an important role in island formation in addition to sea-level history. The findings 

of this research contribute to a better understanding of the factors involved in island 

formation beyond sea-level change. However, more research on island evolution should 

be conducted on reef islands of contrasting morphologies in different regions and 

energy settings to better understand site-specific controls on island building.  

Numerical modelling of morphodynamic change on reef islands can predict how islands 

respond to changes in environmental conditions such as sea-level rise (Beetham et al., 

2016; Kench and Cowell, 2000; 2001; Quataert et al., 2015). These models investigate 

the effects of hydrodynamic processes on shoreline change and with the exception of a 

handful of studies (Kench and Cowell, 2000; 2001), sediment supply is often not 
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considered despite its importance in shoreline maintenance. Numerical modelling of 

reef island morphodynamics in relation to hydrodynamic sediment transport factors as 

well as ecological factors such as reef ecology and sediment production may be a 

possible future direction. 
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APPENDIX 1 TABLE OF ISLAND FORMATION STUDIES 
Summary of island formation studies: setting, radiometric age data, and methodologies.   

 

 

Island 

 

 

Region 

 

 

Setting 

 

 

#cores 

Chronology Data Morphology Data  

 

Reference 

Dating 
technique 

#samples 
dated 

Sample 
dated 

Date of 
formation 
(yr BP) 

Reef 
platform 
dated 

Surveys and 
topographic 
data 

Texture 
analysis 

Composition 

analysis 

Pacific Ocean 
Jabat Island  Marshall 

Islands 
 

Platform reef 8 island, 2 
reef flat 

Bulk gravel/sand, 
coral in 
conglomerate, in 
situ fossil   

22 dates Bulk sediment, 
Coral 

4800  3 dates from 
reef flat 
(5000 yr BP) 

5 profiles Settling 
tube 

Point counts  Kench et al., 
(2014) 

Laura Island 
(Majuro Atoll) 

Marshall 
Islands 

Atoll rim 
island  

13 
trenches 
(1-2 m), 4 
reef cores 

AMS  16 Calcarina sp. 2000  Reef flat (4300 
yr BP) 

1 profile Sieve Thin sections Yasukochi et 
al. (2014) 

Tepuka Island 
(Funafuti Atoll) 

Tuvalu Atoll rim 
island  

14 Bulk sediment 
samples 

9 Bulk sediment 1100-500   3 profiles Sieve Point counts Kench et al., 
(2014) 

Mba Island New 
Caledonia 

Vegetated 
sand cay on 
platform reef 

5 AMS 
 
Conventional 

28 Forams 
(Baculogypsina) 
Coral microatoll  
In situ coral 

4500  2 profiles Sieve Point counts Yamano et al. 
(2014) 

Lady Elliot Island  Great 
Barrier 
Reef 

Coral cay on 
platform reef  

Samples 
from 20 
shingle 
ridge sites 

Conventional 41 Tridacna shells 3200   3 profiles   Chivas et al., 
(1986) 
 

Various Cays 
(31, including 
Low Isles) 

Northern 
GBR 

Sand, shingle, 
mixed, 
composite 
cays on 
lagoonal 
platform or 
platform reef 

 Bulk sand samples 
Conventional 
single constituent 
dating 

16 sand samples 
8 corals/tridacnids 
2 Coral/Tridacnid 

Bulk sand, coral, 
tridacnids 

2900-3400 
 
3500 
 
4000 
 
Overview: 
3000-4000 

Reef samples 
collected for 
texture analysis 
only 

 Sieving and 
tri-axes 
measureme
nts 

Yes (also 
mineralogical 
determinations) 

McLean and 
Stoddart (1978) 

Sand cay of Low 
Isles Reef  

Northern 
GBR 

Small sand 
cay on 
platform reef 

5 on reef 
flat 

AMS 5 Benthic 
foraminifera 
Acropora sticks 

2550 (from 
Polach et al. 
1978) 
 

3000 yr BP Traverses made 
for sampling but 
no topographic 
data 

Sieving Point counts Frank (2008) 

Bewick Cay Northern 
GBR 

Low wooded 
island on 
platform reef 

6 Bulk sediment 
samples 

13 island Bulk sediment 
(corals tested for 
recrystallization) 
 

4000-5000 7300 (from 
Polach et al. 
1978) – 6400 yr 
BP 

3 profiles Settling 
tube 

Point counts Kench et al. 
(2012) 
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Warraber Island  Torres 
Strait 

Sand cay on 
platform reef 

9 backhoe 
pits 

AMS 
(Bulk sand C14 
dates for 
comparison) 

32 10 Coral 
18 Gastropod 
4 Foram 

2500-3000     Woodroffe et 
al. (2007) 

Mamanuca 
Islands (7 
islands, 2 reefs) 

Fiji Sand cays on 
lagoon patch 
reefs and 
barrier reefs 

6 AMS 
 
Conventional 

19 (5 AMS) Bulk sand, 
Amphistegina 
lobifera, Porites 
sp.  

2100-2260 
years CalBP 

Modern reef flat 
surficial 
sediments 

1-2 topographic 
profiles per 
island/reef 

Settling 
tube 

Thin sections McKoy et al. 
(2010) 

Makin Reef (5 
islands) 

Kiribati Vegetated 
island on table 
reef 

9 soil pits Conventional 
 
 
AMS 

3 
 
 
14 

Coral shingle and 
bulk sand samples 

2000-2500  1 profile  Point counts Woodroffe and 
Morrison 
(2001) 

Guam, Caroline, 
and Marshall 
Islands 

Northwest 
Pacific 

Atolls and 
near-atolls  

1 core 
1 channel  
 

C14 
 
Th230 

19 
 
4 

Coral, Tridacna 2500-3000 3450 ± 105 yr 
BP 

   Curray et al. 
(1970) 

Raine Island Northern 
GBR 

Planar reef  AMS 40 Foram 
(Baculogypsina) 

  9 transects (1 
island profile) 

Sieving  Point counts Dawson et al. 
(2014) 

Indian Ocean 

South 
Maalhosmadulu 
Atoll 

Maldives Three islands 
formed on 
lagoonal 
sediments of 
atoll 

102 Conventional 29  Bulk sand, in situ 
reef rock, in situ 
coral, beachrock  

4500-5500 5802 ± 60 yr 
BP (6210-5910 
cal yr BP) 

10 transects Stratigraph
y discerned  

Stratigraphy 
discerned 

Kench et al. 
(2005) 

Baa Atoll Maldives 3 faro and 4 
platform 
islands 

34 Conventional 83 Bulk sand, coral 2500-5500 Reef rock 
dated  
~6000-7000 

7 bathymetric 
and topographic 
surveys   

Stratigraph
y discerned 

Stratigraphy 
discerned 

Perry et al. 
(2013) 

West Island Cocos 
Islands 

On margin of 
atoll rim 

20 pits Conventional 
 
Beta Analytic  
AMS 

20 
 
24 
12 

Microatoll, coral, 
bulk sand 
Coral shingle 
Foram, mollusc, 
coral, coralline 
algae 

3400 Reef flat 
formed 3000-
4000 yr BP 
 

3 transects Sedimentol
ogical 
analysis  

Sedimentological 
analysis 

Woodroffe et 
al. (1999), 
Woodroffe 
(2000) 

Caribbean 

Turneffe Islands 
and 
Glover’s Reef  

Belize 
Barrier 
Reef 

Long Cay, 
Middle Cay, 
Southwest 
Cay are 
situated on 
this reef 
platform 

13 reef, 1 
island 

Conventional 9  
 
 
4 
 
7 

Surface sediments 
from reef and 
lagoon 
Beachrock from 
cays 
Samples from 
rotary cores 

 
 
 
 
 

6000-7500 
(flooding of reef 
platform, not 
island 
formation) 
 

3 cross-sections 
(based on 
probing and 
lagoon 
bathymetrics) 

345 surface 
sediment 
samples 

Quantitative 
textural and 
compositional 
analysis of 345 
surface sediment 
samples 

Gischler and 
Lomando 
(2000) 
 

Glover’s Reef 
Lighthouse Reef 
Turneffe Islands 

Belize 
Barrier 
Reef 

Reef 
platforms 

9 
boreholes 

Conventional 
 
AMS 

16 
 
1 

Coral  
 
Peat sample 

 Glover’s 7500 
Lighthouse 
6500 
Turneffe 
Islands 
4750-5400 
(flooding of reef 
platform) 

 4 facies 
recognised 
in cores 

Thin sections under 
petrographic 
microscope  
 
Aragonite and 
calcite also 
determined 

Gischler and 
Hudson (1998) 

Glover’s Reef  Belize 
Barrier 
Reef 

Reef platform 27 
boreholes 
on reef 
and island 

Thermal-ionization 
mass spectrometry 
(U-TH dating) 

7 Pleistocene coral 
samples 

 125-130 ka 
(Pleistocene 
reef 
accumulation) 

   Gischler et al. 
(2000) 
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APPENDIX 2 ECOLOGICAL SURVEY DATA 
Substrate and ecological survey data from 18 surveys on KAN.  

Survey # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Transect 6 4 5 2 3 1 6 4 5 2 3 1 6 4 5 2 3 1 

Reef Zone Sand Sand Sand Sand Sand Sand Patch Patch Patch Patch Patch Patch 
Dense 
Coral 

Dense 
Coral 

Dense 
Coral 

Dense 
Coral 

Dense 
Coral 

Dense 
Coral 

Rugosity 1-5 1 1 1 1 1 1 2 3 3 2.5 3 3 5 4 4 4 4 5 

Sed. Depth (cm, 
avg. of 33 points) 45.27 26.33 29.33 14.15 33.03 16.18 4.69 0.66 0.66 1.18 1.15 6.66 0.16 0.16 0.23 0.10 0.17 0.003 

Live Coral % 0 0 0 0 0 0 10 15 37 13 29 12 70 61 73 69 57 73 

Dead Coral % 0 0 0 0 0 0 2 5 18 16 11 1 16 17 13 13 24 20 

CCA % 0 0 0 0 0 0 1 1 7 1 2 0 14 11 8 10 4 6 

Sand % 100 95 100 100 100 100 81 44 20 25 29 81 0 7 6 6 2 0 

Rubble % 0 5 0 0 0 0 6 35 18 45 29 6 0 4 0 2 13 1 

Urchins 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 

Live molluscs 0 0 0 0 0 0 1 0 0 0 2 0 2 0 0 0 0 2 

Foraminifera 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Red Algae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Green Algae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Halimeda (cm3) 0 0 0 0 0 0 100 15950 13600 1750 12000 0 17550 23650 57400 9200 45050 4950 

Halimeda (thalli) 0 0 0 0 0 0 0.621 99.08 84.48 10.87 74.54 0 109.0 146.9 356.5 57.15 279.8 30.75 

N.B. Number of thalli of Halimeda per survey was determined by multiplying the volume of Halimeda recorded in each ecological survey by the density of dried Halimeda (6.21 × 10-3 
thalli/cm3 experimentally determined in the field by collecting and measuring volume of 328 individuals). 
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Substrate and ecological survey data from 18 surveys on KOND.  

Survey # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Transect 1 4 5 3 6 2 1 4 5 3 6 2 1 4 5 3 6 2 

Reef Zone Sand Sand Sand Sand Sand Sand Patch Patch Patch Patch Patch Patch 
Dense 
Coral 

Dense 
Coral 

Dense 
Coral 

Dense 
Coral 

Dense 
Coral 

Dense 
Coral 

Rugosity 1-5 1 1 1 1 1 1 2 2.5 3 2.5 3 3 4 4 4 5 5 5 

Sed. Depth (cm, 
avg. of 33 points) 26.96 10.03 10.42 21 26.15 11.33 13.93 3.46 3.36 2.82 4.78 9.50 2.61 0.05 0.003 0.22 0 0.03 

Live Coral % 0 0 0 0 0 0 4 7 28 11 33 16 68 51 48 50 58 56 

Dead Coral % 0 0 0 0 0 0 6 18 6 13 3 17 12 30 30 43 34 40 

CCA % 0 0 0 0 0 0 0 0 0 0 0 0 7 1 3 3 2 1 

Sand % 100 100 85 100 100 100 79 43 20 39 30 59 7 0 0 3 0 0 

Rubble % 0 0 15 0 0 0 11 32 46 37 34 8 6 18 19 1 6 3 

Urchins 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 1 0 1 

Live molluscs 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 2 1 0 

Foraminifera 0 0 0 0 0 0 0 0 0 0 0 3 0 25 0 0 2 5 

Red Algae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Green Algae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Halimeda (cm3) 0 0 0 0 0 0 157 175 95 5025 4 4604 3814 1485 7275 5400 7600 14975 

Halimeda (thalli) 0 0 0 0 0 0 0.975 1.087 0.590 31.21 0.024 28.60 23.69 9.225 45.19 33.54 47.21 93.02 

N.B. Number of thalli of Halimeda per survey was determined by multiplying the volume of Halimeda recorded in each ecological survey by the density of dried Halimeda (6.21 × 10-3 
thalli/cm3 experimentally determined in the field by collecting and measuring volume of 328 individuals). 
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APPENDIX 3 BEACH AND REEF SEDIMENT COMPOSITION AND TEXTURE 
Summary statistics for mean skeletal composition (% ± s.d.) and mean (µ) grain size (ϕ ± s.d.) of sediment samples from beach and reef geomorphic zones on KAN and 
KOND.   

  Skeletal composition Grain size 

Location No. Coral CCA Halimeda Molluscs Forams Other µ 

KAN  

Beach (top) 12 74.2±8.2 0.9±0.6 4.4±1.7 13.5±4.3 4.7±2.4 2.2±1.8 1.63±0.33 

Beach (toe) 12 52.7±5.9 3.8±0.9 10.4±3.0 23.0±3.2 8.6±2.2 1.4±1.0 0.60±0.27 

Sand zone 6 50.2±4.9 3.3±0.9 19.1±2.6 16.8±2.7 9.5±1.7 1.1±1.3 0.82±0.51 

Patch coral 6 56.1±4.0 2.5±0.8 14.6±3.2 19.1±3.2 6.8±1.8 0.8±0.4 0.99±0.55 

Dense coral 6 55.5±6.6 3.1±1.2 8.8±4.5 21.1±2.9 9.5±2.8 1.9±0.4 1.08±0.38 

KOND  

Beach (top) 12 79.7±3.8 1.5±1.5 4.7±2.1 9.5±2.3 3.9±1.1 0.7±0.7 1.59±0.18 

Beach (toe) 12 57.2±4.2 1.9±0.9 14.2±2.4 19.1±3.0 6.7±2.0 0.9±0.6 0.44±0.24 

Sand zone 6 64.6±2.8 3.1±0.5 10.6±1.8 15.1±3.2 5.8±3.0 0.8±0.8 1.34±0.42 

Patch coral 6 67.9±4.5 2.7±0.9 6.9±2.8 16.5±3.0 5.0±1.5 0.9±0.7 1.28±0.78 

Dense coral 6 63.0±5.8 1.5±0.8 7.8±2.8 19.1±3.6 7.1±2.5 1.4±0.2 0.84±0.64 
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APPENDIX 4 ISLAND SEDIMENT COMPOSITION AND TEXTURE 
Sediment composition and texture data for all samples on KAN (n = 159).  
Sample ID Core Depth Coral CCA Halimeda Molluscs Forams Other Grain size Sorting Size Sorting 

C1-40 1 40 77.8 0.5 2.6 11.7 6.0 1.5 1.61 0.72 Medium Sand Moderately Sorted 

C1-80 1 80 83.6 1.3 1.6 8.2 3.9 1.5 1.81 0.50 Medium Sand Moderately Well Sorted 

C1-100 1 100 78.5 0.5 6.5 6.2 8.0 0.3 1.61 0.53 Medium Sand Moderately Well Sorted 

C1-125 1 125 84.6 0.8 2.4 9.4 1.7 1.0 1.95 0.46 Medium Sand Well Sorted 

C1-130 1 130 79.5 2.3 5.5 3.7 7.8 1.1 1.92 0.43 Medium Sand Well Sorted 

C1-145 1 145 82.5 1.8 7.8 3.1 2.8 2.0 1.77 0.47 Medium Sand Well Sorted 

C1-160 1 160 84.3 1.1 3.3 6.8 3.7 0.9 1.27 0.82 Medium Sand Moderately Sorted 

C1-185 1 185 70.9 1.3 4.9 9.4 12.3 1.2 0.41 0.78 Coarse Sand Moderately Sorted 

C1-205 1 205 62.8 2.3 6.2 11.9 15.3 1.5 0.85 0.68 Coarse Sand Moderately Well Sorted 

C2-30 2 30 72.4 1.0 5.4 9.4 10.4 1.3 1.43 0.70 Medium Sand Moderately Sorted 

C2-45 2 45 56.1 3.2 10.5 18.3 8.2 3.6 0.45 0.56 Coarse Sand Moderately Well Sorted 

C2-55 2 55 63.8 0.4 7.1 12.6 12.8 3.3 1.65 0.59 Medium Sand Moderately Well Sorted 

C2-80 2 80 61.3 3.8 9.1 17.9 7.8 0.1 0.97 0.81 Coarse Sand Moderately Sorted 

C2-90 2 90 66.3 0.4 7.1 11.1 12.3 2.8 1.43 0.82 Medium Sand Moderately Sorted 

C2-125 2 125 60.3 2.6 8.0 19.5 8.6 1.0 0.57 1.19 Coarse Sand Poorly Sorted 

C2-130 2 130 67.4 0.0 7.8 9.5 13.1 2.2 1.52 1.10 Medium Sand Poorly Sorted 

C2-170 2 170 60.5 0.3 11.7 17.5 9.7 0.4 0.06 1.04 Coarse Sand Poorly Sorted 

C2-200 2 200 59.6 1.8 10.8 20.7 6.5 0.7 1.18 1.27 Medium Sand Poorly Sorted 

C3-75 3 75 82.9 1.7 6.6 4.8 3.8 0.2 1.85 0.71 Medium Sand Moderately Well Sorted 

C3-85 3 85 73.5 1.7 6.8 6.3 8.6 3.2 1.02 0.91 Medium Sand Moderately Sorted 
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C3-140 3 140 67.5 0.5 7.2 10.1 12.7 2.0 1.28 1.04 Medium Sand Poorly Sorted 

C3-180 3 180 55.7 3.2 14.5 14.9 9.9 1.8 0.86 1.29 Coarse Sand Poorly Sorted 

C3-230 3 230 48.3 1.3 11.4 22.2 15.7 1.2 0.63 1.06 Coarse Sand Poorly Sorted 

C3-245 3 245 61.6 0.3 14.6 14.6 7.4 1.5 0.59 1.28 Coarse Sand Poorly Sorted 

C3-265 3 265 80.8 1.6 10.1 4.4 1.1 2.0 -0.05 1.42 Very Coarse Sand Poorly Sorted 

C3-285 3 285 83.9 0.6 2.2 8.2 3.7 1.4 -0.57 1.63 Very Coarse Sand Poorly Sorted 

C3-320 3 320 80.7 0.0 2.0 9.1 7.1 1.1 -0.03 2.00 Very Coarse Sand Very Poorly Sorted 

C3-340 3 340 74.1 0.5 7.3 10.1 7.0 1.1 0.14 2.07 Coarse Sand Very Poorly Sorted 

C4-45 4 45 65.1 1.0 4.5 12.1 15.4 1.9 1.28 0.67 Medium Sand Moderately Well Sorted 

C4-60 4 60 62.0 2.4 11.8 10.8 11.5 1.6 1.24 0.68 Medium Sand Moderately Well Sorted 

C4-70 4 70 66.6 1.3 5.9 12.2 11.6 2.4 1.23 0.59 Medium Sand Moderately Well Sorted 

C4-120 4 120 61.6 0.6 13.9 14.1 7.6 2.1 1.47 0.69 Medium Sand Moderately Well Sorted 

C4-150 4 150 66.4 0.9 6.5 11.6 12.0 2.6 0.96 0.73 Coarse Sand Moderately Sorted 

C4-200 4 200 56.2 1.9 11.4 17.8 11.5 1.2 0.55 0.83 Coarse Sand Moderately Sorted 

C5-40 5 40 69.7 1.0 3.3 11.9 10.9 3.1 1.40 0.73 Medium Sand Moderately Sorted 

C5-50 5 50 67.6 1.0 6.6 10.6 12.4 1.8 1.43 0.41 Medium Sand Moderately Sorted 

C5-65 5 65 72.5 1.5 4.8 10.0 10.0 1.1 1.11 0.92 Medium Sand Moderately Sorted 

C5-80 5 80 62.9 3.8 5.5 12.4 10.0 5.3 1.79 0.57 Medium Sand Moderately Well Sorted 

C5-150 5 150 72.8 1.4 3.3 10.5 10.3 1.7 1.16 0.56 Medium Sand Moderately Well Sorted 

C5-175 5 175 61.9 1.9 12.4 10.2 11.8 1.7 1.19 0.63 Medium Sand Moderately Well Sorted 

C5-180 5 180 66.8 1.5 7.3 14.6 8.5 1.3 1.17 0.76 Medium Sand Moderately Well Sorted 

C6-40 6 40 64.1 0.0 6.2 10.4 17.9 1.5 1.16 0.67 Medium Sand Moderately Well Sorted 

C6-60 6 60 70.2 1.5 6.9 12.6 7.0 1.7 1.42 0.45 Medium Sand Well Sorted 

C6-90 6 90 43.7 1.4 17.4 20.7 16.3 0.5 0.65 0.56 Coarse Sand Moderately Well Sorted 
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C6-130 6 130 41.3 2.0 10.7 22.9 20.0 3.0 0.56 1.06 Coarse Sand Poorly Sorted 

C6-130 6 145 49.2 0.1 10.6 18.3 20.1 1.7 0.54 0.98 Coarse Sand Poorly Sorted 

C6-165 6 165 70.7 0.8 5.5 8.9 12.7 1.4 1.42 0.78 Medium Sand Moderately Sorted 

C6-175 6 175 69.8 1.5 2.7 12.5 10.6 2.9 1.50 0.48 Medium Sand Moderately Sorted 

C6-195 6 195 58.6 2.6 9.6 21.9 6.3 1.1 0.21 0.94 Coarse Sand Moderately Sorted 

C6-215 6 215 55.7 0.9 16.3 14.4 10.2 2.4 0.92 0.63 Coarse Sand Moderately Well Sorted 

C6-245 6 245 47.8 0.1 13.0 19.6 18.6 0.9 0.20 1.00 Coarse Sand Moderately Sorted 

C6-265 6 265 46.5 0.6 17.1 21.0 14.4 0.5 0.71 0.79 Coarse Sand Moderately Sorted 

C6-280 6 280 48.2 1.0 12.7 23.5 13.5 1.1 0.09 0.81 Coarse Sand Moderately Sorted 

C6-320 6 320 47.9 1.4 9.5 18.1 21.7 1.5 0.91 1.12 Coarse Sand Poorly Sorted 

C7-30 7 30 73.7 1.5 4.9 11.3 7.1 1.5 1.10 0.68 Medium Sand Moderately Well Sorted 

C7-35 7 35 82.7 0.6 3.0 8.8 3.4 1.4 0.42 0.99 Coarse Sand Poorly Sorted 

C7-50 7 50 77.6 0.3 4.7 10.5 6.2 0.6 1.25 0.53 Medium Sand Moderately Well Sorted 

C7-100 7 100 60.2 0.9 15.7 14.7 5.8 2.6 0.92 0.86 Coarse Sand Moderately Sorted 

C7-120 7 120 60.2 0.2 11.9 20.2 5.5 2.0 1.16 0.78 Medium Sand Moderately Sorted 

C7-140 7 140 60.6 0.6 8.6 17.2 9.8 3.3 1.25 0.61 Medium Sand Moderately Well Sorted 

C7-150 7 150 60.3 1.9 9.1 20.1 8.3 0.4 0.87 0.81 Coarse Sand Moderately Sorted 

C7-170 7 170 59.5 1.0 11.9 21.2 6.2 0.1 1.18 0.64 Medium Sand Moderately Well Sorted 

C7-225 7 225 62.3 0.2 7.5 16.7 13.1 0.3 0.49 0.97 Coarse Sand Moderately Sorted 

C8-90 8 90 82.8 0.6 3.1 8.5 3.6 1.4 1.49 0.56 Medium Sand Moderately Well Sorted 

C8-110 8 110 78.9 1.0 1.8 12.3 4.8 1.2 1.31 0.68 Medium Sand Moderately Well Sorted 

C8-130 8 130 41.1 0.3 14.0 24.3 17.8 2.4 0.72 0.83 Coarse Sand Moderately Sorted 

C8-165 8 165 47.6 1.2 19.7 21.7 8.6 1.1 0.30 0.88 Coarse Sand Moderately Sorted 

C9-50 9 50 81.7 0.0 0.6 9.9 7.6 0.3 1.83 0.45 Medium Sand Well Sorted 
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C9-100 9 100 61.8 4.4 11.7 11.6 9.4 1.1 1.25 0.55 Medium Sand Moderately Well Sorted 

C9-125 9 125 59.8 2.6 10.1 11.8 13.7 2.0 1.23 0.54 Medium Sand Moderately Well Sorted 

C9-140 9 140 60.1 1.1 10.0 15.1 13.0 0.8 0.33 0.91 Coarse Sand Moderately Sorted 

C9-155 9 155 60.3 1.6 14.6 14.2 6.1 3.2 0.24 1.82 Coarse Sand Poorly Sorted 

C9-170 9 170 60.4 1.7 7.6 12.9 15.4 2.0 0.16 1.23 Coarse Sand Poorly Sorted 

C9-185 9 185 62.0 1.8 5.8 15.7 12.9 1.8 0.16 1.26 Coarse Sand Poorly Sorted 

C9-215 9 215 60.4 3.3 6.8 19.0 8.9 1.6 0.72 0.90 Coarse Sand Moderately Sorted 

C9-265 9 265 59.6 2.4 9.5 20.1 6.7 1.7 -0.32 1.76 Very Coarse Sand Poorly Sorted 

C9-275 9 275 61.9 1.6 12.5 18.1 4.2 1.8 0.62 1.71 Coarse Sand Poorly Sorted 

C9-285 9 285 59.1 1.0 7.5 20.3 9.8 2.3 0.61 1.73 Coarse Sand Poorly Sorted 

C9-300 9 300 81.8 1.6 5.4 7.5 3.1 0.7 -0.79 1.79 Very Coarse Sand Poorly Sorted 

C9-312 9 312 73.7 1.5 5.1 11.0 7.3 1.5 0.12 0.88 Coarse Sand Moderately Sorted 

C10-70 10 70 76.9 1.3 1.9 10.2 9.5 0.1 1.45 0.58 Medium Sand Moderately Well Sorted 

C10-100 10 100 77.7 0.5 2.4 12.0 5.8 1.5 1.51 0.64 Medium Sand Moderately Well Sorted 

C11-40 11 40 84.2 1.1 3.2 7.0 3.5 0.9 1.93 0.60 Medium Sand Well Sorted 

C11-100 11 100 73.6 1.5 4.8 11.6 7.0 1.5 1.50 0.57 Medium Sand Moderately Well Sorted 

C11-130 11 130 82.9 1.8 6.5 5.1 3.6 0.2 1.69 0.66 Medium Sand Moderately Well Sorted 

C11-150 11 150 78.9 1.0 1.7 12.6 4.6 1.2 1.63 0.70 Medium Sand Moderately Well Sorted 

C11-160 11 160 77.0 1.3 2.0 10.0 9.6 0.1 1.16 0.56 Medium Sand Moderately Well Sorted 

C12-65 12 65 63.9 0.1 6.5 14.0 12.5 3.1 1.55 0.65 Medium Sand Moderately Well Sorted 

C12-85 12 85 72.5 0.5 4.5 9.4 11.0 2.1 1.53 0.66 Medium Sand Moderately Well Sorted 

C12-100 12 100 66.5 0.6 8.5 13.5 9.2 1.7 1.90 0.91 Medium Sand Moderately Well Sorted 

C12-120 12 120 80.4 3.8 7.7 3.4 2.6 2.0 1.70 0.59 Medium Sand Moderately Well Sorted 

C12-150 12 150 74.9 1.3 2.2 9.2 9.9 2.5 1.42 0.68 Medium Sand Moderately Well Sorted 
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C12-180 12 180 44.7 2.1 18.9 20.2 12.0 2.0 0.57 0.86 Coarse Sand Moderately Sorted 

C12-220 12 220 49.2 3.4 16.1 16.8 12.1 2.4 0.80 0.82 Coarse Sand Moderately Sorted 

C12-235 12 235 46.2 2.1 16.7 23.0 11.5 0.6 0.62 0.86 Coarse Sand Moderately Sorted 

C12-270 12 270 57.2 2.3 11.8 12.8 13.9 1.9 0.95 1.04 Coarse Sand Poorly Sorted 

C12-300 12 300 61.8 0.8 13.6 18.6 3.9 1.2 0.63 1.64 Coarse Sand Poorly Sorted 

C12-315 12 315 76.1 1.3 7.0 9.0 4.9 1.6 -0.76 1.78 Very Coarse Sand Poorly Sorted 

C12-335 12 335 84.7 0.8 2.5 9.1 1.9 0.9 -0.73 2.10 Very Coarse Sand Very Poorly Sorted 

C12-345 12 345 80.0 0.4 5.3 10.4 2.8 1.1 -0.62 2.00 Very Coarse Sand Poorly Sorted 

C13-100 13 100 72.7 1.0 3.9 9.9 10.6 1.9 1.48 0.72 Medium Sand Moderately Well Sorted 

C13-110 13 110 70.2 0.7 5.8 11.8 9.5 1.9 1.48 0.80 Medium Sand Moderately Well Sorted 

C13-120 13 120 76.9 1.3 1.7 10.5 9.4 0.2 1.55 0.70 Medium Sand Moderately Well Sorted 

C13-150 13 150 74.4 2.3 10.4 4.0 7.7 1.2 1.58 0.69 Medium Sand Moderately Well Sorted 

C13-190 13 190 79.6 0.0 2.8 9.6 6.9 1.1 0.31 0.87 Coarse Sand Moderately Sorted 

C13-225 13 225 47.0 0.5 14.0 22.3 14.4 1.8 0.66 0.79 Coarse Sand Moderately Sorted 

C13-265 13 265 52.4 2.3 12.9 20.3 12.1 0.0 1.16 1.41 Medium Sand Poorly Sorted 

C13-285 13 285 64.9 0.2 10.0 7.1 14.2 3.5 0.15 1.63 Coarse Sand Poorly Sorted 

C13-300 13 300 66.6 1.0 7.9 14.0 8.9 1.5 0.62 1.74 Coarse Sand Poorly Sorted 

C13-310 13 310 65.4 0.4 8.8 15.0 7.7 2.7 0.63 1.78 Coarse Sand Poorly Sorted 

C13-325 13 325 63.3 0.4 7.7 14.5 12.4 1.8 0.32 1.69 Coarse Sand Poorly Sorted 

C13-345 13 345 83.0 1.7 6.7 4.5 3.9 0.2 -0.54 1.93 Very Coarse Sand Poorly Sorted 

C13-350 13 350 84.1 0.4 4.8 7.0 2.6 1.1 -0.93 1.82 Very Coarse Sand Poorly Sorted 

C14-60 14 60 51.9 0.0 5.8 21.4 19.6 1.3 1.26 0.52 Medium Sand Moderately Well Sorted 

C14-125 14 125 78.4 0.5 6.3 6.8 7.7 0.3 1.34 0.52 Medium Sand Moderately Well Sorted 

C14-155 14 155 61.4 1.2 7.4 14.9 12.1 3.0 0.86 1.20 Medium Sand Poorly Sorted 
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C15-40 15 40 79.6 0.0 2.9 9.4 7.0 1.1 1.46 0.63 Medium Sand Moderately Well Sorted 

C15-60 15 60 84.6 0.8 2.3 9.7 1.6 1.0 1.73 0.49 Medium Sand Well Sorted 

C15-90 15 90 57.6 1.2 10.3 17.6 12.2 1.1 0.82 0.65 Coarse Sand Moderately Well Sorted 

C15-125 15 125 60.1 1.6 9.0 20.3 7.6 1.3 0.83 0.86 Coarse Sand Moderately Sorted 

C15-160 15 160 53.3 1.0 13.7 17.4 13.7 1.0 0.43 0.99 Coarse Sand Poorly Sorted 

C15-175 15 175 53.3 1.7 12.5 16.9 14.0 1.6 0.55 0.95 Coarse Sand Moderately Sorted 

C16-40 16 40 83.5 1.3 1.5 8.5 3.7 1.5 1.84 0.47 Medium Sand Well Sorted 

C16-100 16 100 65.6 0.1 8.2 16.3 7.3 2.5 1.52 0.58 Medium Sand Moderately Well Sorted 

C16-120 16 120 61.3 1.3 9.0 14.4 10.4 3.6 1.46 0.60 Medium Sand Moderately Well Sorted 

C16-145 16 145 55.4 0.3 9.2 21.8 10.9 2.4 0.55 1.03 Coarse Sand Poorly Sorted 

C16-150 16 150 52.6 4.2 8.0 20.5 12.3 2.4 0.37 0.87 Coarse Sand Moderately Sorted 

C16-160 16 160 46.1 2.7 14.6 18.4 14.5 3.6 -0.18 0.78 Very Coarse Sand Moderately Sorted 

C16-180 16 180 53.3 3.0 6.8 18.2 17.0 1.8 1.09 0.90 Medium Sand Moderately Sorted 

C16-185 16 185 45.9 1.0 18.0 19.8 12.4 3.0 0.31 0.94 Coarse Sand Moderately Sorted 

C16-220 16 220 47.0 3.1 10.4 20.8 16.4 2.3 0.90 0.91 Coarse Sand Moderately Sorted 

C16-240 16 240 46.9 3.6 17.6 20.9 6.3 4.7 0.91 0.95 Coarse Sand Moderately Sorted 

C16-250 16 250 53.2 0.6 10.2 19.6 15.0 1.3 1.05 1.26 Medium Sand Poorly Sorted 

C17-60 17 60 78.4 0.5 6.4 6.5 7.8 0.3 1.59 0.56 Medium Sand Moderately Well Sorted 

C17-145 17 145 84.2 1.1 3.1 7.3 3.4 0.9 1.17 0.64 Medium Sand Moderately Well Sorted 

C17-160 17 160 78.8 1.0 1.5 12.9 4.5 1.2 1.33 0.68 Medium Sand Moderately Well Sorted 

C17-190 17 190 63.4 0.8 7.1 15.1 12.0 1.6 1.10 0.80 Medium Sand Moderately Sorted 

C18-40 18 40 77.6 0.3 4.6 10.8 6.1 0.7 1.46 0.57 Medium Sand Moderately Well Sorted 

C18-70 18 70 77.5 0.3 4.5 11.1 5.9 0.7 0.43 0.90 Coarse Sand Moderately Sorted 

C18-100 18 100 81.6 0.0 0.4 10.2 7.4 0.4 1.45 0.75 Medium Sand Moderately Well Sorted 
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C18-125 18 125 73.3 1.7 6.6 6.8 8.4 3.2 1.07 0.66 Medium Sand Moderately Well Sorted 

C18-150 18 150 83.4 1.4 1.4 8.7 3.6 1.5 1.39 0.68 Medium Sand Moderately Well Sorted 

C18-175 18 175 51.4 1.3 6.2 16.8 22.9 1.5 0.92 0.96 Coarse Sand Moderately Sorted 

C19-40 19 40 73.4 1.7 6.7 6.6 8.5 3.2 1.36 0.77 Medium Sand Moderately Well Sorted 

C19-85 19 85 78.3 2.3 6.3 4.3 7.6 1.2 1.39 0.70 Medium Sand Moderately Well Sorted 

C19-110 19 110 80.4 3.8 7.6 3.7 2.5 2.0 1.25 0.67 Medium Sand Moderately Well Sorted 

C19-130 19 130 70.4 1.2 5.2 12.4 9.1 1.8 1.19 0.83 Medium Sand Moderately Sorted 

C19-155 19 155 61.6 1.7 6.6 19.5 7.9 2.6 0.52 1.55 Coarse Sand Poorly Sorted 

C19-185 19 185 56.3 2.7 10.2 17.3 11.8 1.8 0.45 1.40 Coarse Sand Poorly Sorted 

C19-210 19 210 57.7 1.9 9.1 17.1 12.5 1.7 0.32 0.89 Coarse Sand Moderately Sorted 

C19-275 19 275 60.3 1.0 8.8 13.4 15.1 1.4 0.29 1.29 Coarse Sand Poorly Sorted 

C19-290 19 290 77.9 0.5 2.7 11.4 6.1 1.5 -0.18 1.37 Very Coarse Sand Poorly Sorted 

C19-305 19 305 65.1 0.7 9.4 7.6 13.9 3.3 0.30 1.63 Coarse Sand Poorly Sorted 

C20-50 20 50 50.9 4.3 10.2 18.8 14.4 1.4 0.55 0.74 Coarse Sand Moderately Well Sorted 

C20-100 20 100 52.8 0.0 11.4 16.0 17.0 2.8 0.85 0.50 Coarse Sand Well Sorted 

C20-135 20 135 60.5 2.4 6.5 12.4 15.7 2.6 0.56 1.09 Coarse Sand Poorly Sorted 

C20-140 20 140 62.0 2.3 11.3 17.6 4.5 2.4 1.39 0.59 Medium Sand Moderately Well Sorted 

C20-150 20 150 60.3 3.6 9.0 13.7 10.6 2.8 0.14 1.10 Coarse Sand Poorly Sorted 

Sediment composition and texture data for all samples on KOND (n = 147).  
Sample ID Core Depth Coral CCA Halimeda Molluscs Forams Other Grain size Sorting Size Sorting 

C1-40 1 40 65.9 0.2 4.6 18.2 10.7 0.4 1.68 0.49 Medium Sand Moderately Well Sorted 

C1-70 1 70 71.3 1.7 10.2 9.9 5.4 1.5 1.49 0.53 Medium Sand Moderately Well Sorted 

C1-80 1 80 69.4 3.2 7.9 14.3 5.0 0.1 1.00 0.58 Medium Sand Moderately Well Sorted 

C1-105 1 105 64.6 0.3 6.0 19.6 8.2 1.2 1.00 1.18 Medium Sand Poorly Sorted 
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C1-130 1 130 68.4 1.2 8.1 17.5 3.5 1.3 0.09 0.72 Coarse Sand Moderately Sorted 

C2-70 2 70 79.0 0.5 7.0 6.0 7.0 0.6 1.30 0.48 Medium Sand Well Sorted 

C2-100 2 100 80.6 3.1 2.7 9.6 4.0 0.0 1.35 0.48 Medium Sand Well Sorted 

C2-110 2 110 63.1 0.9 5.8 20.3 7.7 2.2 0.58 0.80 Coarse Sand Moderately Sorted 

C2-130 2 130 67.7 1.5 8.0 17.8 3.3 1.8 0.07 0.94 Coarse Sand Moderately Sorted 

C2-160 2 160 66.2 1.4 6.9 17.3 6.8 1.4 0.83 0.98 Coarse Sand Moderately Sorted 

C3-65 3 65 84.0 0.1 3.7 5.2 6.9 0.0 1.66 0.45 Medium Sand Well Sorted 

C3-100 3 100 78.3 0.8 7.5 5.6 7.1 0.8 1.40 0.51 Medium Sand Well Sorted 

C3-120 3 120 68.5 0.7 5.1 14.8 10.6 0.2 1.40 0.51 Medium Sand Well Sorted 

C3-160 3 160 65.4 1.7 6.8 17.6 6.6 1.9 0.50 0.78 Coarse Sand Moderately Sorted 

C3-170 3 170 62.7 2.4 8.6 18.2 5.9 2.1 1.14 0.59 Medium Sand Moderately Well Sorted 

C3-195 3 195 52.8 1.1 9.6 28.2 6.8 1.5 0.40 0.76 Coarse Sand Moderately Sorted 

C4-75 4 75 85.5 0.5 4.3 3.7 5.4 0.7 1.61 0.60 Medium Sand Moderately Well Sorted 

C4-100 4 100 82.9 2.5 3.5 5.7 5.2 0.2 1.39 0.73 Medium Sand Moderately Well Sorted 

C4-130 4 130 77.0 1.3 2.2 10.7 6.5 2.3 1.36 0.71 Medium Sand Moderately Well Sorted 

C4-175 4 175 78.1 4.3 6.4 8.4 2.6 0.2 1.51 0.64 Medium Sand Moderately Well Sorted 

C4-205 4 205 61.0 2.9 18.2 9.0 8.5 0.5 0.86 0.85 Coarse Sand Moderately Sorted 

C5-70 5 70 90.1 0.9 1.4 5.9 0.9 0.8 1.37 0.51 Medium Sand Moderately Well Sorted 

C5-100 5 100 86.2 0.2 3.8 4.1 5.2 0.5 1.64 0.45 Medium Sand Well Sorted 

C5-140 5 140 85.4 3.4 4.2 5.5 1.2 0.2 1.54 0.50 Medium Sand Well Sorted 

C5-190 5 190 76.4 2.1 6.0 11.0 4.1 0.3 1.30 0.58 Medium Sand Moderately Well Sorted 

C5-195 5 195 79.2 3.6 3.8 8.8 4.2 0.4 1.42 0.55 Medium Sand Moderately Well Sorted 

C5-215 5 215 86.5 3.9 2.6 3.4 2.6 1.1 1.19 0.63 Medium Sand Moderately Well Sorted 

C5-240 5 240 69.8 4.8 7.4 11.9 5.3 0.8 0.16 0.86 Coarse Sand Moderately Sorted 
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C6-60 6 60 87.2 3.6 2.1 3.8 2.4 0.9 1.65 0.45 Medium Sand Well Sorted 

C6-115 6 115 80.8 2.3 2.5 7.4 6.3 0.8 1.45 0.57 Medium Sand Moderately Well Sorted 

C6-125 6 125 83.6 2.2 3.0 6.1 5.1 0.0 1.43 0.51 Medium Sand Well Sorted 

C6-170 6 170 77.7 1.1 1.7 11.2 6.4 2.1 1.23 0.55 Medium Sand Moderately Well Sorted 

C6-200 6 200 67.8 1.0 5.0 15.2 10.4 0.7 0.21 0.79 Coarse Sand Moderately Sorted 

C6-215 6 215 67.9 3.8 7.7 14.9 4.5 1.1 0.99 0.67 Medium Sand Moderately Well Sorted 

C6-250 6 250 68.5 1.6 3.1 18.1 8.0 0.7 0.77 0.86 Coarse Sand Moderately Sorted 

C6-300 6 300 65.5 0.7 4.5 18.8 8.2 2.3 0.32 0.74 Coarse Sand Moderately Sorted 

C7-60 7 60 77.4 3.0 6.3 7.4 4.6 1.3 1.25 0.59 Medium Sand Moderately Well Sorted 

C7-90 7 90 74.4 2.3 5.2 6.7 10.9 0.5 1.62 0.44 Medium Sand Well Sorted 

C7-110 7 110 90.8 0.7 0.9 6.3 0.8 0.6 1.41 0.42 Medium Sand Well Sorted 

C7-120 7 120 86.1 3.1 3.7 6.0 1.1 0.0 1.49 0.58 Medium Sand Moderately Well Sorted 

C7-130 7 130 73.7 2.5 5.7 6.3 11.0 0.7 1.04 0.47 Medium Sand Well Sorted 

C7-145 7 145 69.3 1.3 3.2 17.8 8.3 0.3 0.44 0.78 Coarse Sand Moderately Sorted 

C7-185 7 185 66.3 0.4 4.6 18.5 8.4 1.8 0.32 0.65 Coarse Sand Moderately Well Sorted 

C7-220 7 220 62.7 4.7 4.6 18.0 9.2 0.9 0.56 0.65 Coarse Sand Moderately Well Sorted 

C8-75 8 75 82.6 3.5 2.4 4.9 2.8 3.8 1.51 0.68 Medium Sand Moderately Well Sorted 

C8-95 8 95 78.1 2.8 5.8 7.8 4.5 1.1 1.35 0.66 Medium Sand Moderately Well Sorted 

C8-115 8 115 70.2 1.4 8.3 11.0 8.9 0.1 0.51 0.69 Coarse Sand Moderately Well Sorted 

C8-140 8 140 68.7 2.0 8.1 11.7 8.4 1.0 0.59 0.69 Coarse Sand Moderately Well Sorted 

C8-160 8 160 63.3 4.7 9.2 12.8 9.3 0.8 0.80 0.76 Coarse Sand Moderately Sorted 

C8-175 8 175 70.0 5.0 4.5 14.1 6.4 0.0 0.66 0.71 Coarse Sand Moderately Sorted 

C9-70 9 70 78.8 4.0 5.9 8.8 2.5 0.0 1.67 0.57 Medium Sand Moderately Well Sorted 

C9-100 9 100 91.1 0.4 4.0 2.2 1.9 0.5 1.41 0.57 Medium Sand Moderately Well Sorted 
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C9-130 9 130 59.4 1.5 14.7 16.7 7.5 0.1 1.09 0.61 Medium Sand Moderately Well Sorted 

C9-165 9 165 58.2 2.5 10.8 20.2 7.1 1.1 1.06 0.68 Medium Sand Moderately Well Sorted 

C9-180 9 180 50.8 2.7 14.0 19.7 11.6 1.2 0.58 0.86 Coarse Sand Moderately Sorted 

C9-200 9 200 44.8 2.2 18.6 23.0 10.5 0.9 1.13 0.71 Medium Sand Moderately Well Sorted 

C9-215 9 215 51.8 1.6 8.9 23.9 12.5 1.3 0.95 0.87 Coarse Sand Moderately Sorted 

C9-225 9 225 60.6 2.8 18.4 8.5 8.9 0.8 0.48 0.77 Coarse Sand Moderately Sorted 

C9-250 9 250 49.8 1.4 21.4 20.5 5.6 1.3 0.64 0.96 Coarse Sand Moderately Sorted 

C9-265 9 265 52.4 1.1 9.8 27.6 7.2 1.9 0.22 0.98 Coarse Sand Poorly Sorted 

C9-290 9 290 57.5 2.5 11.2 19.1 7.9 1.8 0.30 0.83 Coarse Sand Moderately Sorted 

C9-303 9 303 59.5 2.5 18.0 15.5 4.0 0.5 0.17 1.04 Coarse Sand Poorly Sorted 

C10-70 10 70 79.9 1.2 5.6 6.7 4.9 1.8 1.06 0.58 Medium Sand Moderately Well Sorted 

C10-100 10 100 80.6 0.9 5.1 7.1 4.8 1.6 0.60 1.07 Coarse Sand Poorly Sorted 

C10-140 10 140 68.7 3.5 7.8 14.6 4.7 0.6 1.26 0.65 Medium Sand Moderately Well Sorted 

C10-170 10 170 70.6 4.5 7.5 11.6 5.6 0.3 0.24 1.01 Coarse Sand Poorly Sorted 

C10-205 10 205 51.1 2.7 13.8 20.2 11.2 0.9 0.22 0.85 Coarse Sand Moderately Sorted 

C10-210 10 210 62.1 2.3 17.1 13.2 4.8 0.4 0.60 0.84 Coarse Sand Moderately Sorted 

C10-270 10 270 45.1 2.2 18.4 23.5 10.1 0.6 0.93 1.16 Coarse Sand Poorly Sorted 

C10-280 10 280 51.5 2.7 13.6 20.8 10.8 0.6 0.41 1.07 Coarse Sand Poorly Sorted 

C10-290 10 290 45.5 2.3 18.2 24.1 9.7 0.3 0.33 1.16 Coarse Sand Poorly Sorted 

C10-330 10 330 52.5 1.7 8.4 25.0 11.7 0.7 0.28 1.80 Coarse Sand Poorly Sorted 

C10-350 10 350 79.7 0.2 6.5 6.4 6.9 0.4 -0.79 1.78 Very Coarse Sand Poorly Sorted 

C10-370 10 370 82.8 1.2 1.5 11.4 2.7 0.5 -1.00 1.82 Very Coarse Sand Poorly Sorted 

C11-60 11 60 63.2 1.8 14.7 10.8 6.2 3.4 1.09 0.86 Medium Sand Moderately Sorted 

C11-90 11 90 63.5 1.8 14.5 11.3 5.8 3.0 0.88 0.59 Coarse Sand Moderately Well Sorted 
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C11-95 11 95 57.0 4.0 14.6 8.3 5.8 10.3 0.85 0.59 Coarse Sand Moderately Well Sorted 

C11-105 11 105 56.6 4.0 14.9 7.8 6.2 10.6 0.57 0.87 Coarse Sand Moderately Sorted 

C11-120 11 120 59.1 2.5 18.2 15.0 4.4 0.9 0.55 0.86 Coarse Sand Moderately Sorted 

C11-130 11 130 61.4 2.2 17.5 12.2 5.6 1.0 0.43 0.96 Coarse Sand Moderately Sorted 

C11-150 11 150 59.8 2.5 17.8 16.0 3.6 0.2 0.48 0.50 Coarse Sand Moderately Well Sorted 

C11-170 11 170 61.8 2.3 17.3 12.7 5.2 0.7 0.37 0.67 Coarse Sand Moderately Well Sorted 

C11-200 11 200 63.5 4.4 4.7 17.6 9.4 0.4 0.57 0.83 Coarse Sand Moderately Sorted 

C11-260 11 260 70.5 2.0 10.1 10.2 5.2 2.0 0.41 1.10 Coarse Sand Poorly Sorted 

C11-290 11 290 81.9 3.8 2.9 4.5 2.9 4.0 -0.61 0.94 Very Coarse Sand Moderately Sorted 

C11-310 11 310 78.9 0.2 1.8 15.1 2.9 1.1 -0.79 1.74 Very Coarse Sand Poorly Sorted 

C11-320 11 320 79.2 1.5 6.2 6.2 5.0 2.0 -0.85 1.76 Very Coarse Sand Poorly Sorted 

C11-330 11 330 75.3 2.1 1.3 7.4 12.5 1.4 -0.87 1.91 Very Coarse Sand Poorly Sorted 

C11-340 11 340 77.2 3.0 2.1 10.5 5.0 2.2 -0.33 1.92 Very Coarse Sand Poorly Sorted 

C12-70 12 70 76.0 1.8 0.8 7.8 12.4 1.2 1.34 0.52 Medium Sand Moderately Well Sorted 

C12-80 12 80 76.7 1.5 0.3 8.2 12.3 1.0 1.88 0.53 Medium Sand Moderately Well Sorted 

C12-130 12 130 83.3 3.3 1.9 5.3 2.6 3.6 1.82 0.56 Medium Sand Moderately Well Sorted 

C12-170 12 170 52.1 1.6 8.7 24.5 12.1 1.0 0.32 0.88 Coarse Sand Moderately Sorted 

C12-205 12 205 67.8 1.8 3.0 18.4 7.8 1.2 1.90 0.74 Medium Sand Moderately Well Sorted 

C12-220 12 220 64.8 1.0 4.4 19.2 7.9 2.8 1.37 1.24 Medium Sand Poorly Sorted 

C12-235 12 235 69.2 0.9 8.2 17.2 3.8 0.8 1.17 1.23 Medium Sand Poorly Sorted 

C12-250 12 250 63.9 0.6 5.9 19.9 8.0 1.7 0.50 1.13 Coarse Sand Poorly Sorted 

C13-60 13 60 82.9 1.3 5.5 6.1 2.8 1.4 1.58 0.50 Medium Sand Moderately Well Sorted 

C13-115 13 115 87.9 3.3 1.6 4.2 2.3 0.7 1.40 0.42 Medium Sand Well Sorted 

C13-135 13 135 69.3 5.3 4.4 14.4 6.2 0.5 0.84 0.70 Coarse Sand Moderately Well Sorted 
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C13-170 13 170 63.5 2.1 8.7 17.9 6.2 1.6 0.98 0.69 Medium Sand Moderately Well Sorted 

C13-210 13 210 66.0 0.7 8.2 14.8 8.3 2.1 1.10 0.67 Medium Sand Moderately Well Sorted 

C13-235 13 235 62.0 5.0 4.5 18.3 8.9 1.4 0.44 0.80 Coarse Sand Moderately Sorted 

C13-240 13 240 66.7 0.4 8.3 14.5 8.5 1.6 1.49 0.91 Medium Sand Moderately Sorted 

C13-255 13 255 65.1 0.5 4.5 18.5 10.5 0.9 0.09 0.83 Coarse Sand Moderately Sorted 

C13-285 13 285 69.1 5.1 7.3 12.2 5.1 1.3 0.26 0.79 Coarse Sand Moderately Sorted 

C13-320 13 320 79.1 1.4 3.5 11.7 3.9 0.4 -0.72 1.89 Very Coarse Sand Poorly Sorted 

C13-330 13 330 76.7 3.3 6.8 7.0 4.7 1.5 -1.08 1.18 Very Coarse Sand Poorly Sorted 

C13-337 13 337 78.4 0.8 1.2 11.6 6.2 1.9 -1.00 1.82 Very Coarse Sand Poorly Sorted 

C13-350 13 350 80.6 2.1 4.1 9.8 3.2 0.3 -1.06 1.82 Very Coarse Sand Poorly Sorted 

C14-80 14 80 80.1 4.1 4.5 6.4 4.8 0.2 1.39 0.73 Medium Sand Moderately Well Sorted 

C14-100 14 100 82.2 1.7 1.5 8.2 6.0 0.4 0.87 0.73 Coarse Sand Moderately Sorted 

C14-125 14 125 29.5 1.8 34.1 22.5 10.0 2.1 0.16 0.88 Coarse Sand Moderately Sorted 

C14-140 14 140 89.4 1.2 1.9 5.5 1.0 1.0 1.42 0.55 Medium Sand Moderately Well Sorted 

C14-145 14 145 33.4 0.4 32.6 21.5 12.1 0.1 0.50 0.74 Coarse Sand Moderately Sorted 

C14-155 14 155 81.5 2.0 2.0 7.8 6.1 0.6 1.30 0.52 Medium Sand Well Sorted 

C14-170 14 170 39.1 0.2 28.9 17.4 13.5 0.8 0.51 0.94 Coarse Sand Moderately Sorted 

C14-180 14 180 84.7 3.7 4.7 5.1 1.3 0.4 1.30 0.88 Medium Sand Moderately Sorted 

C14-195 14 195 34.2 1.1 37.3 13.8 13.3 0.2 0.03 0.95 Coarse Sand Moderately Sorted 

C14-220 14 220 39.4 1.7 23.2 20.4 14.4 0.9 0.30 0.90 Coarse Sand Moderately Sorted 

C15-50 15 50 83.0 3.7 5.2 4.5 2.4 1.2 1.20 0.45 Medium Sand Well Sorted 

C15-70 15 70 79.9 3.4 3.3 9.2 4.1 0.2 1.07 0.59 Medium Sand Moderately Well Sorted 

C15-90 15 90 79.4 4.3 5.0 6.0 4.9 0.4 1.18 0.44 Medium Sand Well Sorted 

C15-100 15 100 61.3 2.9 18.0 9.5 8.1 0.1 1.29 0.57 Medium Sand Moderately Well Sorted 
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C15-120 15 120 59.0 1.5 14.9 16.2 7.9 0.4 0.45 1.18 Coarse Sand Poorly Sorted 

C15-130 15 130 53.1 1.1 9.4 28.7 6.4 1.2 0.24 1.79 Coarse Sand Poorly Sorted 

C15-150 15 150 49.4 1.4 21.6 20.0 6.0 1.6 0.16 1.18 Coarse Sand Poorly Sorted 

C15-165 15 165 57.9 2.5 11.0 19.6 7.5 1.5 0.33 0.74 Coarse Sand Moderately Sorted 

C15-190 15 190 32.4 1.4 33.3 17.6 13.8 1.5 0.15 0.70 Coarse Sand Moderately Well Sorted 

C15-222 15 222 25.9 0.3 37.7 21.5 14.2 0.4 0.03 1.00 Coarse Sand Poorly Sorted 

C16-50 16 50 83.7 3.4 4.7 4.9 2.3 1.0 1.34 0.66 Medium Sand Moderately Well Sorted 

C16-75 16 75 82.2 1.6 6.0 5.7 3.0 1.6 1.66 0.60 Medium Sand Moderately Well Sorted 

C16-105 16 105 84.4 3.1 4.2 5.3 2.2 0.8 1.68 0.61 Medium Sand Moderately Well Sorted 

C16-140 16 140 32.8 0.1 34.9 12.5 17.9 1.7 0.82 0.92 Coarse Sand Moderately Sorted 

C16-150 16 150 66.9 1.1 7.0 17.0 7.1 0.9 1.51 0.62 Medium Sand Moderately Well Sorted 

C16-160 16 160 31.5 1.6 36.3 13.5 13.7 3.4 0.81 1.08 Coarse Sand Poorly Sorted 

C16-170 16 170 64.2 1.8 8.8 17.6 6.4 1.1 1.38 0.63 Medium Sand Moderately Well Sorted 

C16-175 16 175 38.1 3.2 29.6 21.5 15.2 2.5 0.98 0.90 Medium Sand Moderately Sorted 

C16-200 16 200 69.5 1.7 8.2 11.4 8.7 0.5 1.17 0.69 Medium Sand Moderately Sorted 

C17-45 17 45 91.8 0.1 3.5 2.6 1.8 0.3 1.90 0.36 Medium Sand Well Sorted 

C17-110 17 110 84.8 0.7 4.8 3.3 5.5 0.9 1.65 0.48 Medium Sand Well Sorted 

C17-140 17 140 77.1 1.9 5.5 11.4 4.0 0.1 1.36 0.74 Medium Sand Moderately Sorted 

C17-155 17 155 83.3 0.4 4.2 4.8 7.0 0.2 1.35 0.62 Medium Sand Moderately Well Sorted 

C17-195 17 195 67.5 0.1 8.4 14.2 8.8 1.1 0.85 0.85 Coarse Sand Moderately Sorted 

C17-210 17 210 64.0 4.4 9.3 12.4 9.5 0.3 1.12 0.82 Medium Sand Moderately Sorted 

C17-255 17 255 69.8 2.3 10.0 10.6 4.9 2.5 0.72 1.17 Coarse Sand Poorly Sorted 

C17-280 17 280 79.5 1.8 5.0 10.1 3.1 0.4 -0.61 1.81 Very Coarse Sand Poorly Sorted 
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APPENDIX 5 SEDIMENTARY CORE LOGS 
KAN Transect 1 

 

 

KAN Transect 2 

 

 

 
240   

 



Appendices 

 

A
ppendices 

KAN Transect 3 

 

 
 

KAN Transect 4 
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KAN Transect 6 
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KOND Transect 1 

 

 
 

 
 

KOND Transect 2 
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KOND Transect 5 

 
 

 
KOND Transect 6 
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APPENDIX 6 GPR DATA ACQUISITION AND RADAN 
PROCESSING 
GPR data acquisition parameters 

Before each run, the data acquisition parameters were set on the control unit as follows, 

based on recommendations from the SIR2000 operation manual (GSSI, 2001) and data 

from several preliminary test runs: 

1) Range of the antenna signal was set to 80 ns on the control unit, which allowed signal 

propagation to a greater depth than needed in order to avoid bottoming out. The range 

was calculated using the following formula: 

RANGE = D * T * 1.5 

where D is the maximum depth of interest in metres, determined to be 4 m based on 

preliminary test runs. T represents the dialectric constant, with the unit of nanoseconds 

per metre. An estimated value of T = 13 ns/m was used in the field based on the known 

value for “dry sands” (GSSI, 2001).     

2) Gain was set to Auto, meaning that the system automatically sets a gain function 

(signal amplification) based on data input, and Gain points was set to 3, which is 

optimal for shallower scans (GSSI, 2001).  

3) Position was set to Auto, meaning that the system automatically detects the surface 

reflection and places it at the top of the image.  

4) Filters was set to Auto, meaning that the system automatically attempts to remove 

high frequency noise.  
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5) Scan was set to Auto and automatically applies the parameter of 512 samples per 

scan, which is the best value for most applications (GSSI, 2001). 

RADAN processing protocol for GPR images 

Signal-to-noise ratio for each image was improved using the following protocol, based 

on recommendations in the RADAN operating manual (GSSI, 2009):  

1) Range gain was adjusted to between 7-10 points. Gain was adjusted to 4-8 points. 

2) FIR filter was set to frequencies 100 MHz (low pass) and 800 MHz (high pass) using 

the Triangular Filter. 

4) Distance was corrected by deleting sections of “idling” (see below figure) and 

distance-normalization was achieved using distance markers from field surveys. 

5) The images were topographically corrected by entering the topographic survey data 

into RADAN at the corresponding distance markers. 

 
Raw GPR data versus post-processing in RADAN of KAN Transect 6. A) Raw data contains 
sections of “idling” where the antenna was recording but motionless (e.g. beginning of image), 
increased noise, and does not take into account distance or topography. B) Processed images show 
higher signal-to-noise ratio and are distance-normalized and topographically corrected. C) 
Correction of velocity under the water table is applied (to account for material differences: 
saturated sands under the water table versus dry sands above the water table).  
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APPENDIX 7 RAW GPR DATA 
GPR records from KAN and KOND. Signal enhancing and noise-reducing filters (Range Gain, 
FIR) have been applied for readability.  

KAN Transect 6 (west to east) 
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KAN Transect 3 (south to north) 

 
KAN Transect 2 (south to north, southern shoreline and C6-C8) 
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KOND Transect 6 (west to east, shorelines with C2 and C17) 

 

KOND Transect 3 (south to north, C9-C12) 
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KOND Transect 2 (south to north, C4-C8) 
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APPENDIX 8 HALIMEDA SEM IMAGES 
Scanning electron microscope images of Halimeda segments from the reef flat of KAN, and the 
island sediments of KAN and KOND.  
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APPENDIX 9 HALIMEDA EDS ANALYSIS 
EDS determinations: percent weight of individual elements from CaCO3, NaCl, and Mg, in 
Halimeda segments as determined from EDS analysis of long aragonite needles, solid infill, and 
MAC utricle lining (where available). 

Sample ID % Weight 
 Long aragonite needles Solid Infill MAC utricle lining 
KAN Samples 
KAN-RF1    

C 

O  

Na 

Mg 

Cl 

Ca 
 

11.83 

23.96 

0 

0.08 

0 

63.53 
 

11.82 

27.67 

0 

0.06 

0 

59.24 
 

11.62 

26.95 

0 

0 

0 

60.45 
 

KAN-RF2    

C 

O  

Na 

Mg 

Cl 

Ca 
 

12.8 

35.69 

0.76 

0.04 

0.63 

50.08 
 

11.81 

33.63 

0.52 

0.07 

0.42 

53.56 
 

7.65 

24.4 

0.15 

0 

0.51 

67.29 
 

KAN-RF3    

C 

O  

Na 

Mg 

Cl 

Ca 
 

13.46 

32.65 

0.5 

0 

0.95 

52.44 
 

7.5 

34.76 

0.47 

0 

0 

55.87 
 

7.76 

20.34 

0.35 

0 

1.24 

66.87 
 

KAN-C6-130    

C 

O  

Na 

Mg 

Cl 

Ca 
 

13.59 

31.05 

0 

0.29 

0 

54.01 
 

N/A 

16.96 

36.99 

0 

0.1 

0 

44.82 
 

KAN-C6-215    

C 

O  

Na 

Mg 

Cl 

Ca 
 

15.14 

30.78 

1 

0.55 

0.07 

50.56 
 

13.55 

29.21 

0.43 

2.96 

0.1 

52.27 
 

14.72 

32.3 

0.18 

2.24 

0.03 

49.34 
 

KAN-C6-320    

C 

O  

10.41 

29.87 

13.73 

36.39 

14.63 

40.24 

   261 

 



Sedimentology and formation of lagoonal platform reef islands in Huvadhoo Atoll, Maldives 

 

Na 

Mg 

Cl 

Ca 
 

0.15 

0.09 

0.28 

0 
 

0.38 

3.38 

0.18 

45.94 
 

0.43 

3.22 

0.06 

41.43 
 

KAN-C9-100    

C 

O  

Na 

Mg 

Cl 

Ca 
 

17.87 

31.83 

0.25 

0.17 

0.02 

46.46 
 

17.25 

33.24 

0.17 

1.93 

0.1 

45.74 
 

46.26 

20.41 

0.34 

0.11 

0.02 

31.54 
 

KAN-C9-312    

C 

O  

Na 

Mg 

Cl 

Ca 
 

12.23 

29.3 

0 

0.35 

0 

57.19 
 

11.68 

28.22 

0 

0.76 

0 

58.53 
 

N/A 

KAN-C12-300    

C 

O  

Na 

Mg 

Cl 

Ca 
 

14.69 

34.1 

0 

0.64 

0 

50.28 
 

N/A 

14.62 

33.02 

0 

0.45 

0 

51.01 
 

KOND Samples 
KON-C2-70    

C 

O  

Na 

Mg 

Cl 

Ca 
 

5.53 

4.69 

0 

0 

0 

83.55 
 

N/A 

14.82 

25.28 

0.13 

0.16 

0.1 

55.22 
 

KON-C2-160    

C 

O  

Na 

Mg 

Cl 

Ca 
 

17.41 

31.73 

0.17 

0.12 

0.07 

48.51 
 

13.37 

26.2 

0 

0 

0.11 

57.75 
 

15.4 

26.91 

0.32 

0.16 

0.15 

53.51 
 

KON-C6-115    

C 

O  

Na 

Mg 

17.06 

31.29 

0.18 

0.24 

17.51 

30.68 

0.16 

0.09 

N/A 
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Cl 

Ca 
 

0.06 

48.94 
 

0.04 

49.74 
 

KON-C6-300    

C 

O  

Na 

Mg 

Cl 

Ca 
 

14.09 

27.29 

0 

0.03 

0.06 

55.46 
 

17.99 

34.09 

0.17 

0.08 

0.03 

45.49 
 

15.3 

29.09 

0.03 

0 

0.04 

53.1 
 

KON-C9-130    

C 

O  

Na 

Mg 

Cl 

Ca 
 

19.08 

33.96 

0.11 

0 

0.03 

45.1 
 

17.42 

30.16 

0.09 

0.15 

0.07 

49.57 
 

N/A 

KON-C9-303    

C 

O  

Na 

Mg 

Cl 

Ca 
 

20.74 

37.62 

0.22 

0.14 

0.05 

39.52 
 

20.39 

35.66 

0.3 

0.2 

0.16 

41.57 
 

14.71 

21.02 

0.21 

0.17 

0.07 

55.9 
 

KON-C10-370    

C 

O  

Na 

Mg 

Cl 

Ca 
 

11.5 

17.22 

0.1 

0.17 

0.34 

58.65 
 

1 

34.74 

0.24 

0.25 

0 

47.54 
 

16.65 

36.74 

0.29 

0.16 

0 

44.38 
 

KON-C11-60    

C 

O  

Na 

Mg 

Cl 

Ca 
 

10.69 

26.51 

0.12 

0.09 

0 

61.2 
 

16.19 

36.35 

0.32 

0.24 

0.14 

44.93 
 

11.65 

27.82 

0.22 

0.16 

0.35 

58.12 
 

KON-C11-200    

C 

O  

Na 

Mg 

Cl 

Ca 
 

12.17 

31.05 

0.35 

0.13 

0.2 

54.37 
 

23.95 

39.71 

1.52 

0.51 

1 

31.54 
 

20.16 

39.78 

0.73 

0.27 

0.38 

36.71 
 

KON-C11-260    

C 13.47 11.82 15.85 

   263 

 



Sedimentology and formation of lagoonal platform reef islands in Huvadhoo Atoll, Maldives 

 

O  

Na 

Mg 

Cl 

Ca 
 

27.09 

0.16 

0.06 

0 

57.66 
 

29.73 

0.2 

0.18 

0.37 

55.46 
 

27.62 

0.16 

0.09 

0.24 

54.4 
 

KON-C11-330    

C 

O  

Na 

Mg 

Cl 

Ca 
 

13.08 

28.88 

0.3 

0.3 

0.34 

54.96 
 

19.02 

26.71 

0.43 

0.58 

0.22 

51.82 
 

14.18 

31.26 

0.31 

0.35 

0.18 

51.97 
 

KON-C13-210    

C 

O  

Na 

Mg 

Cl 

Ca 
 

13.49 

32.48 

0.14 

0.1 

0.28 

51.48 
 

15.84 

33.78 

0.36 

0.23 

0.06 

48.01 
 

N/A 

KON-C13-350    

C 

O  

Na 

Mg 

Cl 

Ca 
 

15.93 

32.79 

0.26 

0.13 

0.03 

49.29 
 

12.26 

31.8 

0.36 

0.76 

0.4 

52.87 
 

14.47 

34.16 

0.36 

0.27 

0 

48.98 
 

KON-C15-100    

C 

O  

Na 

Mg 

Cl 

Ca 
 

21.51 

33.59 

1.4 

0.27 

0.93 

40.7 
 

16.72 

29.19 

0.18 

0.15 

0.05 

51.59 
 

N/A 

KON-C15-222    

C 

O  

Na 

Mg 

Cl 

Ca 
 

15.85 

22.98 

0 

0 

0.13 

58.79 
 

16.6 

31.55 

0.17 

0.18 

0.06 

48.81 
 

17.04 

31.83 

0.2 

0.41 

0.12 

48.04 
 

KON-C17-140    

C 

O  

Na 

Mg 

18.94 

33.63 

0.19 

0.11 

17.76 

33.84 

0.19 

0.16 

15.35 

29.25 

0.11 

0.04 
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Cl 

Ca 
 

0 

44.53 
 

0.05 

46.31 
 

0.13 

52.76 
 

KON-C17-210    

C 

O  

Na 

Mg 

Cl 

Ca 
 

17.44 

31.45 

0.05 

0.08 

0.05 

49.07 
 

20.68 

35.37 

0.36 

0.25 

0.03 

40.98 
 

N/A 

KON-C17-280    

C 

O  

Na 

Mg 

Cl 

Ca 
 

11.73 

13.13 

0.17 

0.16 

0.06 

64.05 
 

17.19 

31.55 

0.24 

0.21 

0.09 

48.31 
 

21.12 

38.12 

0.42 

0.16 

0.08 

37.24 
 

Note: % Weight does not always total to 100 since EDS determinations of Pt and other trace elements are not listed. 
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