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ABSTRACT
Evolution of North Malé Atoll Rim during the Last Full
Glacial Cycle (Malé Island, Republic of Maldives)
by

Tugba Koksal

My study focuses on Malé Island to elucidate the late Pleistocene-Holocene
evolution of the discontinuous North Malé Atoll rim. Analyses of two boreholes, published
information from additional boreholes, and a multi-beam bathymetric map for Malé Island
slopes and deep surroundings, are available for this study. Facies analyses of the lower
sedimentary unit reveal an overall deepening coralgal reef that accumulated probably
during the previous interglacial (MIS 5e) and subsequently was altered by meteoric
diagenesis during a 100 kyr-long exposure. The upper Holocene unconsolidated coralgal
reef, overlying the karstified coralgal MIS 5e lower unit, was initiated at ~8200 kyr BP and
vertically grew 25 m high until 6510 kyr BP, protected behind a karstified late Pleistocene
reef. A narrow 30-35 m deep, newly formed lagoon started to fill up only at ~5500 kyr BP,
when a reef initiated on top of the highest Pleistocene karstified reef and sea-level rise
stalled.

Acknowledgments

I would like to express my deep gratitude to my advisor, Dr. André W. Droxler,
who gave me the golden opportunity by involving me in a challenging research program.
He continuously supported and guided me during my two and a half year graduate program,
and taught me the world of carbonates. His enthusiasm and expertise in Carbonate
Sedimentology improved my research skills and prepared me for future challenges. I also
want to thank him for his help during writing-up my thesis. I would also like to thank my
thesis committee members, Dr. Dale Sawyer, Dr. Jeffrey Nittrouer, and Dr. Eberhard
Gischler, for their helpful suggestions and comments during different stages of my study.
I owe special thanks to Dr. Eberhard Gischler for preparing my thin sections,
hosting me at Johann Wolfgang Goethe-University, giving me an opportunity to attend his
`Carbonate Microfacies` course, and guiding me through the analyses and interpretation of
the late Pleistocene interglacial coralgal unit. I am highly appreciative of his contributions
to the success of my research. In addition, I would like to thank Dr. Rainer Petschick for
examining my Pleistocene samples with X-Ray Diffraction. I would like to thank Anja
Isaack for her brilliant hospitality during my stay in Frankfurt and help in the laboratory.
Moreover, I would like to thank Prof. Yusuke Yokoyama, Atmosphere and Ocean Research
Institute, Department of Earth and Planetary Sciences, University of Tokyo, Japan, for
benthic foraminifer radiocarbon dating analysis and Dr. Paolo Montagna at University of
Bologna, Italy, for U/Th coral age determination.

iv
I also would like to thank Brandon Harper for sharing his knowledge with me
during my laboratory work and research. I would like to thank my friends Dilan Derici,
Yesim Harmankaya, Mehmet Sahin, Mari Tesi, Ayca Agar Cetin, and Gulce Dinc for their
support. I owe special thanks to Mary Ann Lebar for her continuous support and guidance
to complete the bureaucratic requirements of a degree. I also would like to thank very much
the administrative and technical staff members Sookie Sanchez, Bonnie Hoffman, Sandra
Flechsig, Lee Wilson, Roger Romero, and Pat Jordan for their helps.
I am also grateful to the Turkish Petroleum Corporation (TPAO) for giving me a
full funding scholarship for my Master’s degree at Rice University. In addition, I would
like to thank Total (Pau, France) for the borehole subsampling acquisition in Malé and
some of the analytical costs .In the early part of the Malé Island research program, A.
Droxler received continuous help from many collaborators, including David Naar and
Brian Donahue at University of South Florida (St Petersburg, Florida, USA) during the
2008 acquisition of the multi-beam bathymetric map around Malé Island, Francois Flury
at MFR (Delémont, Switzerland), Gordon Ewers at ERC/World Bank, Mahmood Riyaz,
Ibrahim Mohamed, and Hussein Zahir at EPA (former ERC), and Ismail Ibrahim in Malé.
My sincerest appreciation to my loving family, Rahmi Koksal, Rubeyda Koksal,
and Tulin Apaydin; additionally, to Murathan Yildirim for their endless support and
encouragement during my stay in the USA.

Contents
Abstract ............................................................................................................................. ii
Acknowledgments ........................................................................................................... iii
Contents .............................................................................................................................v
List of Figures ................................................................................................................. vii
List of Tables ................................................................................................................... ix
Preface .................................................................................................................................x
1. Introduction .................................................................................................................1
2. Maldives Geographical, Climatic, and Oceanic Settings .........................................7
3. Maldives Geological Settings ......................................................................................9
3.1. Eocene to Early Pliocene Evolution ....................................................................9
3.2. Late Quaternary Atoll Rim Evolution and Island Formation........................10
4. Data Sets .....................................................................................................................14
5. Methods .......................................................................................................................18
6. Results .........................................................................................................................21
6.1. Late Pleistocene Unit ..........................................................................................21
6.1.1. Late Pleistocene Top Surface ..................................................................21
6.1.2. Borehole Analyses ....................................................................................23
6.2. Holocene Unit ......................................................................................................35

vi
6.2.1. Holocene Carbonate Mineralogy ............................................................35
6.2.2. Holocene Benthic Foraminifer Assemblage Analysis ...........................39
6.2.3. Holocene Succession, Timing, and Depositional Conceptual Model ...43
7. Discussion/Interpretation ..........................................................................................45
8. Conclusions .................................................................................................................50
9. References ...................................................................................................................52

APPENDIX A; Core Descriptions and Extra Results ..................................................57
A.1. Detailed Description of Boreholes .........................................................................58
A.2. Methods ....................................................................................................................63
A.2.1. Point Counting Analysis .................................................................................63
A.2.2 Facies Analysis..................................................................................................65
A.3. Results .......................................................................................................................65
A.3.1. Size Fraction Analysis.....................................................................................65
A.3.2. Benthic Foraminifer Assemblage Analysis ...................................................66

vii

List of Figures
Figure 1. Study Area Location Maps .............................................................................. 3
Figure 2. Shell Seismic line showing 55 million years carbonate deposition in the
Maldives ..............................................................................................................................5
Figure 3. Sea-level history since the last 5 million years ................................................6
Figure 4. Monsoonal switch of ocean current directions in the central part of the
Maldives ..............................................................................................................................8
Figure 5. Map showing the original physiography of Malé Island and the progress of
land reclamation...............................................................................................................13
Figure 6. Map showing borehole locations ....................................................................16
Figure 7. Multi-beam bathymetric maps of the deep surroundings of Malé Island and
slope failure area .............................................................................................................17
Figure 8. Multi-beam bathymetric maps of the deep surroundings of Malé Island
showing the late Pleistocene surface and modern Holocene small atoll .....................22
Figure 9. Thin section photographs of late Pleistocene limestones showing particular
features ..............................................................................................................................24
Figure 10. Plots of point counting analysis ....................................................................26
Figure 11. Tree diagram of cluster analysis ..................................................................28
Figure 12. Photographs showing different facies from ERC BH-01 ...........................30

viii
Figure 13. The results of XRD Analysis of late Pleistocene limestones from ERC BH01........................................................................................................................................31
Figure 14. Graphs showing the mineralogy of both fine and coarse fractions from
ERC BH-01 .......................................................................................................................37
Figure 15. Graphs showing the mineralogy of both fine and coarse fractions from
ERC BH-03 .......................................................................................................................38
Figure 16. Abundance and depth relation of two dominant genera, Amhistegina and
Calcarina, in ERC BH-01 and ERC BH-03 ...................................................................42
Figure 17. Conceptual model along a southwest to northeast transect across Malé
Island .................................................................................................................................44
Figure 18. Stratigraphic column of ERC BH-01 illustrating late Pleistocene and
Holocene depositions .......................................................................................................47
Figure A.1 Photographs of the late Pleistocene samples from ERC BH-01 ..............60
Figure A.2 Chart of estimating the accuracy of point counting analysis results ......64
Figure A.3 Dunham’s carbonate rock classification.....................................................65
Figure A.4 Abundances of different benthic foraminifers in relation with depth .....67

List of Tables
Table 1. Microfacies of late Pleistocene limestones derived from point counting
analysis based on tree diagram of cluster analysis ...................................................... 27
Table 2. XRD Analyses results of Holocene deposition ...............................................36
Table 3. Point counts of different benthic foraminifers from ERC BH-01 and BH-03
............................................................................................................................................40
Table 4. Radiocarbon ages of Holocene deposition ......................................................43
Table A.1. Location of ERC boreholes drilled on Malé Island....................................59
Table A.2. Results of size fraction analyses ...................................................................66

Preface

Based on this thesis work, a manuscript has been prepared to be submitted to Facies,
a peered reviewed journal.

1
1. Introduction
The Archipelago of the Maldives, mostly visible on satellite images, stretches
north-south on almost 8 degrees of latitude in the equatorial Indian Ocean (Figs. 1a and
1b). The archipelago consists of either a single or double chain of large and small atolls.
Their coralgal reef rims are at seldom barely exposed as small islands forming the very tip
of one of the largest Cenozoic carbonate platforms. The Maldives carbonate platform, 820
km and 130 km in length and width, respectively, grew 2.5 – 3.5 km-thick in the last 55
My on top of a subsiding exposed oceanic basaltic plateau, central part of the ChagosLaccadives Ridge (Aubert and Droxler 1992, Aubert and Droxler 1996; Purdy and Bertram
1993; Belopolsky and Droxler 2004; Figs. 1 and 2). The visible part of the Maldives
platform consists of 22 atolls (Naseer and Hatcher 2004), one of which is North Malé Atoll
located along the east chain of the archipelago (Fig. 1c). The depths of the North Malé
Atoll lagoon range between 40 and 60 m, averaging about 50 m (Droxler 2012). Its lagoon
is surrounded by a discontinuous rim that consists of several small atolls, some of them
partially exposed as rare small islands. One of them is Malé Island (Fig. 1d).
The long term edification of the Maldives platform was influenced first by the
tectonic deformation of a subsiding, initially exposed Chagos-Laccadives volcanic plateau,
part of the Island Reunion Hotspot track (Duncan et al. 1990). Then long term sea-level
fluctuations and monsoon generated currents influenced the edification of the Maldives
carbonate platform (Aubert and Droxler 1992 and 1996; Belopolsky and Droxler 2004,
Betzler et al. 2009 and 2012, Ludmann et al. 2013; Figs. 2a and 3). The morphology of the
modern atolls, such as North Malé Atoll, is regarded as the ultimate late Quaternary phase
of the 55 My-long platform evolution (Figs. 1c and 2b), linked to its long term exposure
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since the onset of the major Northern Hemisphere glaciations about 2.7-2.6 Ma, interrupted
by successive re-floodings during short term interglacial sea-level highstands, in particular
in the past 400 kyr since Marine Isotope Stage (MIS) 11 (Droxler et al. 2011; Fig. 3a). This
model is particularly well illustrated in a study from the Moruroa Atoll rim (Central
Pacific), where a series of boreholes recovered a vertically stacked interglacial reef units
spanning MIS 9 to MIS 1 that are individually separated by distinct exposure horizons
during intervening glacial sea-level falls (Braithwaite and Camoin 2011). In the last 130
kyr and in the context of this model, it is expected that two short re-flooding intervals,
corresponding to interglacial MIS 5e and Holocene MIS 1, should be separated by a long
term 80-100 kyr-long exposure (Figs. 3b and 3c). In the Maldives, these two re-flooding
intervals have been recovered in boreholes drilled on Rasdhoo and Baa atoll rims where
Holocene coralgal reef formation was re-initiated on top of MIS 5e positive relieves of
antecedent karstic morphologies formed during a long term exposure interval spanning
from MIS 4 to MIS 2 (Gischler et al. 2008; Kench et al. 2009; Perry et al. 2013; Figs. 3b
and 3c). In addition to partial dissolution as the immediate results of exposure effects on
aragonite and high magnesium calcite-rich metastable coralgal interglacial accumulation,
specific diagenetic pathways are expected to imprint the exposed accumulation as well.
Although, the Holocene successions of the Maldives western atolls, Rasdhoo and Ari
Atolls, are relatively well documented by previous studies and revealed information about
the Holocene facies, foraminiferal assemblages (Gischler 2006; Gischler 2008; Parker and
Gischler 2010), reef growth, and morphology of reef islands in the Maldives (Woodroffe
1992), the Pleistocene facies and diagenetic transformation of the previous interglacial
accumulation remained poorly studied.
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Fig. 1 a General location of the Maldives Archipelago in the Indian Ocean (Gischler et al.
2008). b Satellite image of the Maldives archipelago. c Satellite image of North Malé Atoll
showing the location of NMA-1 well; white line shows the Shell seismic profile included
in Fig. 2a. Yellow rectangle locates the small atoll part of the modern discontinuous rim
that could be used as an analogue for Malé Island MIS 5e reef morphology (see Fig. 8)
d Google Earth image of the Malé Island showing the high population density.

This study tests the model that the construction of the discontinuous North Malé
Atoll rim was intermittent; short intervals of coral reef edification during peak interglacials
are separated by relatively long periods of partial dissolution during glacial and subglacial
exposure, in particular when sea-level fell below the average depths of North Malé Atoll
lagoon (40-50m). Moreover, the model focuses on the last 130 kyr-long glacial cycle
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evolution of Malé Island (Figs 1c and 1d), a component of the North Malé Atoll
discontinuous rim (Figs 1c, 1d, and 2b). Samples from four 22 to 35 m-long boreholes,
drilled across Malé Island by the Environmental Research Center (ERC), are available for
this study, in addition to information from additional boreholes drilled throughout the
island from geotechnical surveys prior to the construction of the protection wall
surrounding the island (JICA 1992, Riyaz and Park 2009) and several high rise preconstruction reports (Riyaz 2007). Moreover, a detailed multi-beam bathymetric map is
available for the deep surroundings and the margins of Malé Island (Droxler et al. 2011).
This study focuses on analyzing first the lower lithified sedimentary unit
encountered in borehole ERC BH-01. In this unit, facies analyses should reveal information
on the initial coralgal reef accumulation and characterize the potential succession of
depositional environments most likely during the previous interglacial interval MIS 5e in
a segment of the North Malé Atoll rim; the diagenetic alteration of the Pleistocene deposits
in particular through meteoric diagenesis, is expected to imprint the primary interglacial
coralalgal accumulation during the 100 kyr-long exposure triggered by a systematic sealevel fall subsequent to MIS 5e (Fig. 3b). Then the chronological evolution, based upon
U/Th and radiocarbon ages, of the Holocene unlithified coral sand upper unit including
fossils of algae, mollusk, and benthic foraminifer, overlying the lower MIS 5e coralgal rock
unit, is expected to shed information on the timing of the Holocene re-flooding, the reestablishment and evolution of Malé Island itself, or to a large extent the North Malé Atoll
rim.
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Fig. 2 a. Elf NMA-1 well, located on Shell seismic line E310NMA, was drilled in the
lagoon of North Malé Atoll reaching the volcanic plateau on top of which the 2222 m thick
carbonate platform was established in the past 55 My. Red rectangle locates the illustration
shown in b. b. The modern atolls are part of the last phase of the carbonate platform
evolution triggered by high amplitude sea-level changes during the late Quaternary
(Belopolsky and Droxler 2004).

6

7
2. Maldives Geographical, Climatic, and Oceanic Settings
The Maldivian Archipelago consists of 22 major circular to elongate atolls forming
either a single or double chain extending from 7o06’ N (Ihavandiffulu Atoll) to 0o42’S
(Addu Atoll) and lies in between 72o32’E and 73o46’E with an area of over 100,000 km2.
Only an infinitesimal portion of the atoll rims are exposed. The average elevation of the
islands in the Republic of Maldives is 1.5 m above sea-level with a land surface of 298 km2
(Aubert and Droxler 1996). The Maldives Inner Sea lies between the central double atoll
chain (5o30’N and 2o30’N) and ranges in water depths between 200-600 m (Belopolsky
and Droxler 2004). Whereas, on the oceanic oriental and occidental sides of the archipelago
large atolls, water depths reach more than 2500 m (Aubert and Droxler 1992 and 1996;
Purdy and Bertram 1993; Belopolsky and Droxler 2004).
North Malé Atoll, located along the east central side of the archipelago, covers
approximately 1565 km2 with common lagoon depths ranging between 40 and 60 m
(Naseer and Hatcher 2004). On its southeastern corner, North Malé Atoll discontinuous
rim includes three main islands; Malé, Funadhoo and Hulhule Islands. Malé Island,
approximately 1.9 km wide and 1.2 km long, covers 2.28 km2, and, with an official
population of 103,693 (Department of National Planning, 2011), has one of the highest
population density on Earth.
Annual water temperatures range from 28o to 30oC (Gischler 2006) and annual air
temperatures oscillate between 27-28oC barely affected by seasonal variation (Purdy and
Bertram 1993). The Maldives experiences a tropical and monsoon-dominated climate with
two distinct monsoon seasons. The wet summer monsoon season occurs from April to
November with accompanying southwesterly winds and the dry winter monsoon season
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spans from December to March with northeasterly winds (Gischler 2006, Gischler et al.
2008). However, atmospheric data sets, recorded on the British Hydrographic Office Indian
Ocean Routing Charts 5126-1, demonstrates that winds blow more strongly and frequently
in an easterly direction. The monthly rainfall on the island averages 162.3 mm (JICA 1992).
Ocean surface currents are influenced by the monsoonal switch of the wind directions;
westerlies during winter monsoons and easterlies during summer monsoons (Fig. 4). Tidal
range over Malé and nearby islands is ranging from 0.3 to 0.7 meters (Coleman 2000 p
xiii).

Fig. 4 Monsoonal switch of ocean current directions in the central part of the Maldives.
Red rectangles locate the ocean current switch in the channel separating North from South
Malé Atolls, north of which Malé Island is located (Owen et al. 2011).

9
3. Maldives Geological Settings
3.1.

Eocene to Early Pliocene Evolution

The 850 km-long Maldivian Archipelago represents the ultimate growth phase of
one of the largest Cenozoic carbonate platforms, which grew in the past 55-57 My on a
subsiding and initially exposed volcanic plateau, part of the Laccadive-Chagos aseismic
submarine ridge, the expression of the Reunion Island hot spot track (Duncan et al. 1990;
Aubert and Droxler 1992 and 1996).
A late Paleocene-early Eocene volcanic faulted plateau served as a foundation for
the edification of a 2-3 km thick carbonate platform made of neritic and upper bathyal
limestone and dolostone sequences (Aubert and Droxler 1992 and 1996; Belopolsky and
Droxler 2004). Since the late Oligocene, tectonic activity decreased as demonstrated by the
lack of faulting in the last 30 My. The lack of tectonics is explained by the location of the
Maldives carbonate platform well within the stable part of the Indian plate (Belopolsky et
al. 2004). The average subsidence rate for the Quaternary is expected to be lower, because,
from Oligocene until middle Miocene time, a 18 My-long interval, one half of the platform
thickness (1125 m) was built, yielding an average subsidence rate of 60.5 mm/kyr, much
faster than the average subsidence rate for the 55 My long growth of the Maldives
carbonate platform. Moreover, because the Maldives have remained always far away from
India, the Cenozoic sedimentary succession in the Maldives is almost exclusively
carbonate in nature (Aubert and Droxler 1992; Purdy and Bertram 1993; Belopolsky et al.
2004; Betzler et al. 2012; Ludmann et al. 2013). The overall sequence stacking geometry
in the Maldives carbonate platform was mostly influenced by sea-level variations since the
early Eocene (Aubert and Droxler 1996; Belopolsky and Droxler 2004). However, starting
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in the middle Miocene, sediment lateral transports, linked to strong monsoon-generated
ocean currents has influenced, in addition to sea-level fluctuations, the accumulation of the
Neogene sequences (Betzler et al. 2009 and 2012; Ludmann et al. 2013). A series of early
Pliocene small neritic carbonate platforms in the Maldives, during a period of stable warm
climate and low amplitude sea-level fluctuations, became systematically flat-top banks.
3.2.

Late Quaternary Atoll Rim Evolution and Island Formation

The Darwin’s model (1842) of atoll formation is based upon the understanding at
his time that the existence of continents was related to tectonic uplift, whereas oceans were
formed through the slow subsidence of the ocean floor. The Darwin’s model explains that
atolls were first initiated as fringing reefs surrounding a subsiding volcanic island. As
subsidence continues, the fringing reefs evolve into barrier reefs protecting a lagoon which
now separates the barrier reef from the exposed volcanic island; ultimately an atoll is
formed as the volcanic island subsides beneath the ocean surface, and the lagoon is now
surrounded by a coralgal rim (former barrier reef). However, Purdy (1974) proposed an
alternative model, ‘Antecedent Karst Theory’, taking into account the repeated sea-level
fluctuations during the Quaternary, and relating the similarities of karst topography formed
during time of exposures to the development of modern atoll morphology of a reef rim
enclosing a lagoon (Purdy and Winterer 2006). Seismic profiles from the northern part of
Ari Atoll to the North Malé Atoll Lagoon illustrate that modern atolls in the Maldives
Archipelago have grown on top of older early Pliocene flat top banks (Aubert and Droxler
1996), formed during the relatively low-amplitude sea-level changes (Fig. 2).
The Purdy model has been refined based upon our current knowledge of sea-level
changes in the last 5 My (Fig. 3). After the onset of major North Hemisphere glaciations at
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about 2.7-2.6 Ma, sea-level fluctuation amplitudes and frequencies systematically
increased through the Quaternary triggering long exposure intervals. As a result, the neritic
carbonate system in the Maldives became highly karstified in particularly during the early
Brunhes. Since the mid Brunhes (around MIS 11) and in the past about 500 kyr, five 100
kyr-long glacial cycles with maximum sea-level amplitude of about 120 m became well
established. During this last 500 kyr interval, the karstified bank top were reflooded only
for 10-20 kyr-long intervals separated by 100 kyr long period of exposures. It is interpreted
that, during the late Quaternary interval, modern atoll morphologies were formed not only
in the Maldives but also worldwide (Aubert and Droxler 1996; Droxler et al. 2011). The
Holocene reef growth in the past 10-8 kyr, established on top of the karstified atoll rim of
the previous MIS 5e interglacial, corresponds to the last phase of four to five vertically
stacked neritic limestone separated by distinct exposure horizons (Braithwaite and Camoin
2011; Fig.3).
Gischler (2008) dated, via U/Th, karstified limestone rock samples underlying the
Holocene sediments from Rasdhoo Atoll, located in the central western part of the
Maldives (Fig. 1b), as between 137 and 114 kyr BP, or last peak interglacial MIS 5e.
Similarly, uranium series dating of limestone samples underlying unconsolidated Holocene
sediments from South Maalhosmadulu, currently known as Baa Atoll (Fig. 1b), yielded a
minimum age of 122+7.0 kyr confirming also a last peak interglacial (Kench et al. 2009).
Based on the similarities among the lithologies recovered in boreholes from Malé Island,
Rasdhoo and Baa Atolls, and coral sands overlying karstified limestone, we assume that
the evolution models developed by Gischler et al. (2008) and Kench et al. (2009) are
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applicable to the evolution of Malé Island, and can explain the rim formation of the major
atolls in the Maldives Archipelago and most likely all modern atolls.
In the area of the 2002 upper slope failure in the northeast corner of Malé Island,
radiocarbon dating of corals exposed on or close to the sea floor indicates rapid vertical
growth (accumulation) of about 2000 year-long and 18-20 m thick reef section from 8200
to 6510 yrs (Riyaz and Park 2009; Fig. 3c). The Holocene reef growth initiation through
re-flooding the top of the last MIS 5e peak interglacial partially dissolved atoll rim through
karstification is relatively contemporaneous within the Maldives at least based upon two
studies, 8100 kyr BP in South Maalhosmadulu Atoll (Kench et al. 2009), and 8500 kyr BP
in Rasdhoo Atoll (Gischler et al, 2008). Moreover, some modern islands formed on a
foundation of Holocene sediments dated between 5500 and 4500 yr BP in three island of
South Maalhosmadulu Atoll (Kench, et al. 2009; Perry et al. 2013), when sea-level reached
about its present elevation.
Due to a series of island reclamation phases that started as early as 1950, the land
exposed surface of Malé Island has dramatically increased to its present size (Fig. 5b). The
original Malé island (about half in surface area of the current island) was originally
surrounded by a shallow lagoon bounded by horseshoe shaped reef flats (Fig. 5a); however,
to accommodate the increasing population on the island, some parts of the reef and lagoon
were reclaimed and the topography was changed (JICA 1992; Fig. 5b). The reclamation
project by the Japan International Corporation Agency was carried out along the western
and southern margins of the island (JICA 1992). The northeast and eastern margins of Malé
Island are characterized by a series of slope failures, the most recent one occurred in 2002
(Riyaz and Park 2009; Fig. 7b). Observations, mostly through diving, post the 2002 slope
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failure when an important jetty in the harbor disappeared overnight, illustrated that a 2~3
m thick tightly consolidated coral rocks and rubbles on the surface were underlain by a 4~6
m thick weakly cemented layer and loose gravel and sand in water depths ranging between
4~35 m. A distinct field of large fallen reef blocks is observed at the toe of the slope in
depths ranging between 30~40 m (Riyaz and Park 2009). Additionally, it is observed that
the collapsed parts of the reef are exposed to strong currents and wave actions, therefore,
weakly-cemented layers, coral sands and rubbles, have been eroding continuously.

Fig. 5 a Map showing the original physiography of Malé Island with its reef flats and
lagoon prior to reclamation (MFR 2009). b The progress of land reclamation on Malé
Island since 1950s (JICA 1992).
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4. Data Sets
In order to understand the late Pleistocene-Holocene evolution of Malé Island,
samples were collected from three 22 to 35 m-long boreholes drilled across the island by
the Environmental Research Center (ERC), currently the Environmental Protection
Agency (EPA) of the Republic of Maldives (Fig. 6 and Table 1). ERC BH-01 was drilled
at 4o10’22.21” N and 73o30’33.24” E, and recovered 22.9 m of unconsolidated sediments
(upper 10 m) overlying 12.90 m of carbonate rock. ERC BH-02 was drilled at the northeast
part of the island at 4o10’37.14” N and 73o31’6.62” E, and recovered 35.45 m long
unconsolidated sediments and did not reach down to the rock surface. ERC BH-03 was
drilled at the northeast of the island at 4o10’38.21” N and 73o31’4.55” E, recovering 27 m
unconsolidated sediments and 3 m long rock samples at the base. Samples were taken at
0.5-1 m intervals down the cores. In this research, 27 unconsolidated sediment samples and
30 rock samples from ERC BH-01 and ERC BH-03 were studied in great details.
Additional borehole data sets are available from the JICA seawall construction
project, and from geotechnical reports parts of the Holiday Inn and Traders Hotel
construction planning. Information from those projects was combined in this study. Diving
surveys along the western margin of Malé Island revealed a series of notches, variable in
size, occurring at depths between 5 and 15 m (JICA 1992). In addition, many cores, drilled
by JICA on the southern and western parts of Malé Island, recovered a late Pleistocene
surface at 10 to 13m below modern sea-level; however, on the north side of the island no
Pleistocene limestone were recovered in the JICA boreholes as deep as 38 m (JICA 1992;
Fig. 6). Three geotechnical boreholes were drilled in the northern central margin of Malé
Island prior to the building of the 15-storey high Holiday Inn Hotel by ELS Amin
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International Pvt. Ltd. in September, 2006 (Fig. 6). Riyaz (2007) documented the borehole
depths and described the recovered Holocene and late Pleistocene sedimentary units. BH01 recovered 35 m, including 25.70 m of Holocene unconsolidated coral sand and 9.30 m
of late Pleistocene limestone. BH-02 penetrated into 24.00 m of Holocene coral sands and
26.00 m of late Pleistocene limestone. BH-03 recovered 22.50 m of Holocene
unconsolidated coral sands and 12.50 m of late Pleistocene limestone. The Holocene
sediment unit consists of fine to medium sized sand with coral and shell fragments. The
underlying Pleistocene lower unit is made of white, medium grained, highly fractured, and
porous coral limestones (Riyaz 2007). Geotechnical drilling for the preparation of the
Traders Hotel building was performed by Asia Georesearch Agency Corporation Pte. Ltd
(AGA) at 10 different locations in the southeastern part of Malé Island; penetrating into 12
m thick Holocene sediments that consist of fine to medium unconsolidated gravely silty
coral sands underlain by late Pleistocene altered limestone.
Additionally, a high resolution, multi-beam bathymetric map was acquired on the
slopes and lagoons surrounding Malé Island in August 2008, using a University of South
Florida (USF) Kongsberg Simrad EM 3000 (300 kHz); the bathymetric survey was funded
by ERC. The USF survey covers the slopes all around Malé Island from minimum water
depths of about 1 to 2 m to maximum water depths of nearly 200 m along its southern
margin (Fig. 7). In addition, the survey extends about 1 km west and 600 m north of Malé
Island and covers the channels separating Malé from Funadhoo and Hulhule Islands. The
sea floor of the deep area, Gaadhoo Koa channel, separating Malé to Hulhule islands,
ranges in water depths from -40 to -60 m; due to strong currents, the channel sea floor is
chiefly devoid of loose sediments and displays irregular morphologies, including a series
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of fully enclosed, 20-m deep, round to oval depressions unfilled by sediment, typical karst
dissolution morphologies aligned along pre-existing fractures (Droxler 2012; Fig. 7b).

Fig. 6 Map, modified from 1992 JICA Report, where available boreholes drilled on Malé
Island are located. Numbers, beside the circles identifying core locations, show the depth
of the Pleistocene limestone unit top.
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Fig. 7 USF maps provided by Dr. A. Droxler. a Multi-beam bathymetric maps of the deep
surroundings of Malé Island, southeastern part of the North Malé Atoll rim (Fig. 5a). Blue
rectangle locates the bathymetric details shown in b. b Northeastern margin of Malé Island
where 8 slope failures are clearly identified; clear karstic flooded morphologies are also
observed as a series of sinkholes aligned along some fractures on the sea floor of Gaadhoo
Koa channel, the deep area separating Malé and Hulhule islands. The “a” slope failure,
located in the yellow rectangle, corresponds to the February 2002 slope collapse event
(Riyaz and Park 2009).
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5. Methods
Twenty nine late Pleistocene rock samples from ERC BH-01 were cut vertically to
locate a series of 29 thin sections. The 3x4 cm thin sections were produced in Prof.
Eberhard Gischler’s laboratory at the Johann Wolfgang Goethe University, Frankfurt,
Germany. The thin sections were studied under a Leica petrographic microscope using a
Prior J0415G point counter to quantify different components. A minimum of 300 points
were counted per thin section on a two-dimensional grid. Counting was performed with
regard to different grain types, cements, porosity and mud. According to the chart of Van
Der Plas and Tobi (1965), absolute error for each grain, cement, pore space or mud with
an abundance of 50% was 6%; and with an abundance of 10% was 3%. To determine the
different facies occurring in the late Pleistocene samples, point counting data sets were
analyzed via cluster analysis by running PAST software. Facies are classified according to
Dunham’s classification (1962).
Unconsolidated Holocene samples were dry sieved in order to separate the fine
(<63 μm) sediment fraction from the coarse (>63 μm) fraction. The coarse fraction was
disintegrated in a buffered solution of phosphate (pH 7.5) for a day. After washing the
samples over a 63 μm screen, they were left in an oven to dry. The coarse and fine fractions
were weighed. In order to separate different sizes of the coarse material, dried samples
were sieved through a set of three 125 μm, 500 μm, and 2 mm screen sieves. The fraction
between 0.5 and 2 mm size was observed under a binocular microscope to identify the
benthic foraminifer assemblages and pick a series of foraminifer tests for radiocarbon
analyses.
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Benthic foraminifer assemblage analysis was performed along the ERC BH-01 and
ERC BH-03 cores. Foraminifers were hand-picked with a thin brush out of 27 loose
sediment samples between the 0.5 and 2 mm size fraction using a binocular microscope.
At least 300 specimens were picked from each sample when possible and identified
according to the different genera. Each individual foraminifer test from the varying genera
was counted and the data were standardized to obtain percentage abundance for statistical
analyses. Eight Amphistegina tests were picked in twenty seven of samples from ERC BH01 and ERC BH-03. The foraminifer tests in each sample were packed in a small glass vial,
mixed with methanol and cleaned in a Branson 2200 Ultrasonic Cleaner. Once cleaned, all
foraminifer samples were separated in glass vials. The samples were analyzed with
accelerator mass spectrometry (AMS) radiocarbon dating by Prof. Yusuke Yokoyama,
Atmosphere and Ocean Research Institute, Department of Earth and Planetary Sciences,
University of Tokyo, Japan. Results were calibrated with software CALIB 7.0.2 by using
Marine 13 data; a reservoir correction of 132 + 25 years was applied as a best
approximation of reservoir effect for the central Indian Ocean (Southon et al. 2002; Kench
et al. 2005; Kench et al. 2009). Uranium/Thorium (U/Th) age determination was performed
on two well preserved coral samples from 25 to 27 m depth of BH-03 at the University of
Bologna, Italy, by Dr. Paolo Montagna.
The mineralogy of late Pleistocene and Holocene carbonates was determined by XRay Diffraction (XRD) analyses (Milliman 1974, pp 21-29) and three main carbonate
minerals, aragonite, high magnesium calcite (HMC), and low magnesium calcite (LMC),
were identified. Twenty nine late Pleistocene rock samples and one Holocene coral sample
were cut and powdered with Rocklabs. 160 mg sample powders was mixed with 40 mg
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Corundum (Al2O3) powder. 2 ml of acetone was added to the powder mixture which was
homogenized with an ultrasonic bath for approximately 10 seconds. Samples were left to
dry overnight. Dried powdered samples were packed into the sample holders. Samples
were analyzed by PANALYTICAL X'Pert Pro in Dr. Rainer Petschick’s laboratory at the
Johann Wolfgang Goethe University (Frankfurt, Germany), with a Cu X-ray tube and
scanning through a range of 18 to 35 degrees 2-theta. Step interval was set to 0.008 degrees
2-theta and a dwell time of 30 seconds.
Thirty unlithified Holocene samples, 5 coarse and 5 fine fractions from ERC BH01, in addition to 10 coarse and 10 fine fractions from ERC BH-03 were powdered by using
a mortar and pestle. Powdered samples were analyzed at Rice University with a Rigaku
D/Max Ultima II Powder XRD 6s scanning the same 2-theta angle range, 18-35 degrees.
Step width was set to the 0.01 degrees 2-theta and counting time of 0.5 seconds. Raw data
was studied by MDI Jade 2010 Software (Material Data Inc., Livermore, CA, USA) to
determine different carbonate phases considering 2-theta and d-spacing of different
carbonate minerals defined by Milliman (1974). The relative weight percentages of
different carbonate phases are calculated by applying Rietveld Refinement.
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6. Results
6.1.

Late Pleistocene Unit
6.1.1. Late Pleistocene Top Surface

Based on the multiple boreholes drilled on Malé Island for pre building construction
studies and the seawall construction project operated by JICA, the top surface of the late
Pleistocene karstified limestones was loosely determined. Figure 8a illustrates that the
depth of the late Pleistocene limestones is approximately 10-13 m along the south and
southwest parts of the island. On the other hand, the ERC, Holiday Inn Hotel, and JICA
boreholes on the north part of the island recovered 25-30 m thick Holocene sediments as a
minimum. The top of the late Pleistocene karstified unit is recovered at a depth of 27 m in
ERC BH-03 and 24-26 m in the Holiday Inn Hotel cores. Based upon the information
gathered in the available cores, the late Pleistocene top surface on the northern part of the
island is quite deeper than the surface along its southern part and forms a much narrower
and deeper ridge than on the southern part of the island (Fig. 8a). The late Pleistocene, most
likely MIS 5e, topography can be visualized as a small atoll, often referred to as a faro,
analogous to the faro illustrated in Figure 8b, a part of the modern North Malé Atoll
discontinuous western rim (Fig. 1c). In addition, multi-beam bathymetry data covers the
floor of Gaadhoo Koa Channel, the deep area separating Malé from Hulhule Islands,
ranging in water depths from -40 to -60 m. Irregular morphologies appear on the channel
floor because of the non-accumulation of loose sediments due to strong currents. Those 20m deep unfilled round to oval depressions are typical karst dissolution morphologies
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aligned along pre-existing fractures, formed during successive exposures of Malé Island
and North Malé atoll linked to intervals of sea-level lowstands below the atoll margin.

Fig. 8 a Multi-beam bathymetric maps of the deep surroundings of Malé Island. Existing
boreholes on Malé Island (Fig. 6) show the elevation of late Pleistocene karstic topography
as pink shaded areas, with its possible extension in the yellow dash line areas (USF base
map is provided by Dr. A. Droxler). b The Pleistocene MIS 5e morphology under Malé
Island can be visualized as the small atoll (often referred as faro) shown in the figure, a
part of the modern North Malé Atoll discontinuous western rim (Location of modern atoll
is shown in Fig. 1c).
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Moreover, on the southwestern part of the bathymetric map of Malé Island and deep
surroundings in particular along the margin of North Malé atoll (Fig. 8a), several
topographic highs, 25 to 30 m above the surrounding lagoon floor, are interpreted as karstic
towers, potentially late Pleistocene partially dissolved patch reefs. These late Pleistocene
highs are at similar elevations as the late Pleistocene surface top under the western and
southern parts of Malé Island. The reported depth of a series notches on the western margin
of the island are for the shallowest at approximately 10 m deep (JICA 1992) and the deepest
at about 20-25 m (MFR 2009) may correspond to the late Pleistocene surface at 10-13 m
and 25 m, respectively.
6.1.2. Borehole Analyses
Thin Sections:
The skeletal grains of late Pleistocene rocks include aragonite producing corals,
mollusks, and green algae, Halimeda; high magnesium calcite producing coralline algae
(red algae) and Echinoderm; calcite producing foraminifers. Grains are highly dissolved
and altered in borehole ERC BH-01, most of the aragonite producing grains are either
dissolved or neomorphosed. Primary porosity is poorly preserved, secondary porosity is
mostly moldic and vuggy. Grains are highly cemented with blocky calcite cement (calcite
spar). Epitaxial cement is rarely present around Echinoderm grains and dogtooth and
meniscus cements are uncommon occurrences. None of the samples are cemented with
fibrous aragonite cement. Caliche occurs relatively in the deepest part of ERC BH-01.
Micrite envelopes are common in the deepest samples of ERC BH-01, outlining the former
aragonite or HMC grains which were dissolved or replaced by calcite spar. All samples
include mud which frequently forms peloidal texture (Fig. 9).
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Fig. 9 Thin section photographs of Pleistocene limestones showing particular features
under plain light (Scale bar is 1 mm). a ERC BH-01 21.9-22.9 m. Dissolved mollusk
(moldic porosity). b ERC BH-01 11.5-13.4 m. Blocky calcite cement and peloidal mud. c
ERC BH-01 20.1-21.9 m. Coralline algae fragments and numerous dissolved grains with
micrite envelopes. d ERC BH-01 10.5-11.5 m. Echinoderm with epitaxial cement in the
middle. e ERC BH-01 20.1-21.9 m. Moldic porosity, benthic foraminifers, coralline algae,
and mollusk fragments f ERC BH-01 20.1-21.9 m. Caliche formation.
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Point Counting Analysis
The skeletal grains are composed in order of decreasing abundance of coralline
algae, foraminifers (benthic foraminifers including encrusting forms), coral, mollusk,
Echinoderm and Halimeda. Secondary porosity is more abundant than primary porosity
and reaches up to 29.33%.
The percentage distribution of individual components relative to depth in borehole
ERC BH-01 show different trends (Fig. 10). The percentage abundance of aragonite
producing grains as corals, Halimeda, mollusks decreases upwards in the core, whereas the
abundance of calcite producing foraminifer and high magnesium calcite producing grains
as coralline algae and Echinoderm increases up the core. The percentage abundance of
blocky calcite cement also increases from bottom to top. On the other hand, the abundance
of secondary porosity (%) shows slight increase, whereas mud content slightly decreases
up the core.
Microfacies Analysis
Pleistocene samples in the southern part of the North Malé Atoll rim are composed
of skeletal grains including corals, Halimeda, red algae, mollusk and foraminifers, also
including mud which frequently forms peloidal texture. Microfacies were defined by
cluster analysis according to the abundance of different grains considering mud presence
as a cement and/or sediment. The mud origin is difficult to identify and will be discussed
later. Different grain percentages were compiled to run a cluster analysis which reveals 4
different

microfacies:

1)

Coralline

Algae

Dominating

Mixed

Skeletal

Grainstone/Packstone, 2) Coralline Algal Grainstone/Packstone, 3) Coral-Algal
Grainstone/Packstone, and 4) Halimeda Grainstone/Packstone (Fig. 11).
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Fig. 10 Plots of point counting analysis. Plots show the percentage distribution of
components in relation with depth (Numbers after slash symbol refers to different samples
ordered with depth).
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Fig. 11 Tree diagram of cluster analysis produced by PAST software based on different
skeletal grains including coral, red algae, mollusk, foraminifer, Echinoderm, and
Halimeda. (Ward’s method).

Coralline Algae Dominated Mixed Skeletal Grainstone/Packstone is the
shallowest facies underlying loose Holocene sediments in borehole ERC BH-01. The
abundant grain type is coralline algae with an average abundance of 13.63%, the other
constituent grains with a decreasing order are foraminifers (7.66%), mollusks (3.68%),
Echinoderm (3.48%), corals (1.59%), and Halimeda (0.42%). Primary porosity is poorly
preserved (1.33%) and secondary porosity is relatively higher than the other facies with a
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mean percentage abundance of 24.15%. These facies are highly cemented with calcite spar
(16.52%) and including mud approximately 26.35% (Fig. 12a-b).
Coralline Algal Grainstone/Packstone facies alternates with coralline algae
dominated mixed skeletal Grainstone/Packstone facies. The dominant grain type of this
facies is coralline algae (red algae) with an average percentage abundance of 35%. Other
grains include corals (5%), foraminifers (4.46%), Echinoderm (2.93%), and minor
contributions of Halimeda (0.73%) and mollusks (1.20%). Secondary porosity is
approximately 18.73% and grains are cemented with granular to blocky calcite cement
around 13.06%. Mud presence of this facies is approximately 17.40% (Fig. 12c).
Halimeda Grainstone/Packstone facies was recovered from the deepest part of
the borehole ERC BH-01 at approximately 22.9 m depth. This facies includes 32.33% of
Halimeda as a dominant grain type with a minor amounts of corals (4%), coralline algae
(8.33%), mollusks (5.66%), foraminifers (1.33%), and Echinoderm (1%). Primary porosity
is preserved up to 11.66% and secondary porosity is 12.33%. Blocky calcite cement is the
major cement type averaging 8.33%. Mud is also present at ~14% (Fig. 12d).
Coral-Algal Grainstone/Packstone facies is dominated by corals and coralline
algae with a mean abundance of 11.2% and 12.83%, respectively. Other constituents
include 5.36% of Halimeda, 4% of mollusks, 4.11% of foraminifers, and 2.93% of
Echinoderm grains. The other characteristics of this facies is the presence of caliche
averaging 11.55%, reaching up to 25.66%, and concentrated between 18.3 to 22.9 meters
in ERC BH-01. Mud percentage is 18% (Fig. 12e).
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Fig. 12 Photographs showing different facies from ERC BH-01 under plain light. Scale bar
is 1mm. a-b Coralline Algae Dominating Mixed Skeletal Grainstone/Packstone (Showing
red algae fragment in a, and encrusting foraminifer in b), depths 10.5-11.5 m, 11.5-13.4 m,
respectively. c Coral-Algal Grainstone/Packstone, depth 21.9-22.9 m. d Halimeda
Grainstone/Packstone, depth >22.8 m. e Coralline Algal Grainstone/Packstone
(Echinoderm with epitaxial cement in the middle), depth 10.5-11.5 m.
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Carbonate Mineralogy
X-Ray Diffraction analyses revealed that late Pleistocene samples in ERC BH-01,
on average, consist of 95.7% LMC and 4.3% aragonite (Table 1). High percentages of
aragonite in ERC BH-01 are preserved up to 30% in the deepest part of the core and
decrease up the core. Aragonite occurrence also demonstrates the correlation with
aragonite producing grains as corals and Halimeda which are also abundant in the deepest
parts of the ERC BH-01. On the other hand, low-magnesium calcite mineralogy
percentages increases reaching 100% at the top of the ERC BH-01 (Fig. 13). Since
aragonite and high-magnesium calcite are metastable minerals (Flugel 2004, p 70), in
particular under meteoric conditions during exposure, most of the aragonite is dissolved
and recrystallized to calcite. In addition, magnesium in the HMC crystals totally leached
out, HMC phase altered completely to LMC.

Fig. 13 The results of XRD analysis of late Pleistocene limestones from ERC BH-01.
Aragonite and calcite content of Pleistocene limestones with core depth (Numbers after
slash symbol refers to different samples ordered with depth).
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The mean percentages of aragonite and LMC phases of late Pleistocene facies were
also calculated. Halimeda Grainstone/Packstone facies includes 30% of aragonite and 70%
of LMC. Coral-Algal Grainstone/Packstone facies includes 8.43% of aragonite and 91.57%
of LMC. The shallowest facies, Coral algae dominated mixed Grainstone/Packstone facies
mineralogically consists of 1.76% of aragonite and 98.24% of LMC. Coralline Algal
Grainstone/Packstone facies includes 3.36% of aragonite and 96.64% of LMC.
Diagenesis:
According to acquired knowledge from the thin section analyses, all Pleistocene
samples are highly altered and dissolved during diagenesis. Dissolution patterns are visible
in all samples and forming mostly moldic and vuggy porosity (Figs. 9a, c, d). Dissolution
of aragonite and HMC grains are mostly followed by neomorphism, a change from
metastable phases to a stable phase (Flugel 2004, pg 70). Diagenetic patterns include
cementation in meteoric environment during approximately 100 kyr exposure since the
dominant cement type is blocky calcite spar which forms in meteoric phreatic environment
(Longman 1990; Fig. 9b). Aragonite cement is also defined by the same author as a sign
of marine diagenesis; however, none of the rocks are cemented with aragonite needles.
Micrite envelopes are present mostly at the deeper part of the borehole around former
aragonite and HMC calcite grains that have been dissolved or recrystallized with calcite
(Fig. 9c).
The XRD analyses of the Pleistocene facies also demonstrate the diagenetic
alteration because aragonite mineralogy is poorly preserved, mostly dissolved or
neomorphosed, HMC mineralogy is absent because of dissolution and recrystallization. On
the other hand, LMC percentage is very high throughout all the facies and increases up
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core ERC BH-01 due to the closer proximity of meteoritic diagenesis in the upper part of
the late Pleistocene sequence. In addition, caliche occurs at the deeper parts of ERC BH01, concentrated in Coral-Algal Grainstone/Packstone Facies (Fig. 9f).
Origin of Mud:
The origin of mud, microcrystalline carbonate, became a fundamental problem to
interpret carbonate facies since it is difficult to distinguish its origin as a sediment and
submarine cement (Reid et al. 1990; Friedman 1985). Previously carbonate mud was
interpreted as a deposition in low energy environments (Folk 1959; Dunham 1962).
However; relatively recent study supported that mud can also accumulate within the
sedimentary cavities, deposited in earlier times, forming either rim cement or sediment
(Reid et al., 1990). Longman (1990) explains that micritic Mg-calcite and Mg-calcite
pseudo-pellets correspond to cements, products of diagenesis in marine phreatic
environments.
In his studies from Belize, Gischler (2002) concluded that fine fractions (<63µm)
are biogenic in origin mostly including aragonite and they are the products of breakdown
of skeletal grains, Halimeda and red algae. He also explained that peloidal particles include
fecal pellets and micrite-size skeletal grains. However, some of his samples remained
unidentified due to the difficulties of distinguishing the origin of micrite. In addition, it is
reported that the origin of mud at Great Bahama Bank is inorganic precipitation (Milliman
et al. 1993; Robbins et al. 1997).
Mud can be produced by many different processes and it is well summarized in Eric
Flugel’s comprehensive book (2004). The origin of mud as a sediment is explained by
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Flugel (2004) as autochthonous and allochthonous. Allomicrite forms by physical and
biological disintegration of skeletal materials, in addition to mechanic erosion of
limestones. The same author also explains that organic matrices and metabolic activities of
bacteria triggers the precipitation of carbonate mud producing biogenic automicrite.
On the other hand, presence of mud forming peloidal texture is another rising
problem both in our study and previous studies. Many studies have been conducted
previously regarding the origin of mud and its peloidal texture. Macintyre (1985) states
that peloidal texture is a characteristic of HMC cement that forms in marine phreatic
environment and also a consequence of repeated nucleation of micrite in suspension. In his
paper, he also explains the possible origin of peloids as pellets formed by burrowing
organisms, such as sponges, producing sediment as they combine with surrounding
sediments. Other study also support that peloids are originally derived from replacement
of aragonite in fecal pellets with HMC (Shinn 1969); however, this hypothesis is doubtful
due to lack of chemical and petrographic analyses (Macintyre 1985). Schoeder 1972
proposed that coated algal filaments that look similar to pellet size magnesium calcite
cement might be the origin of peloids; nevertheless, Macintyre (1985) explained the mud
presence in submarine caves of Belize in which photosynthesizing algae cannot be the main
contributor of peloidal texture because of the light limitation. In summary, grain coating
peloidal texture in high-energy deposits is connected in most cases to unattached
precipitation from water column (Reid et al. 1990).
Because the origin of mud has been an issue for carbonate sedimentologists for a
long time, in our study, both origins of mud as a cement and sediment are considered and
facies were identified in this context as Grainstone/Packstone facies (Fig. 11). Facies
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analyses reveal that Pleistocene facies are grain supported and include mostly skeletal
grains, even if they contain mud. Therefore, it supports the idea of deposition in high energy
environments (Gischler et al. 2013) regulated by monsoons (Aubert and Droxler 2006;
Belopolsky and Droxler 2004, Betzler et al. 2009 and 2012, Ludmann et al. 2013).
6.2.

Holocene Unit

Holocene accumulation was initiated at 10 m below sea-level (bsl) in ERC BH-01
and 27 mbsl in ERC BH-03. On the contrary to the cemented and altered Pleistocene
limestones, the Holocene unit includes unconsolidated sediments including coral and
coralline algae fragments, Halimeda, foraminifers, and mollusks. Loose Holocene
sediments are white in color and common throughout the ERC BH-01 and ERC BH-03.
However, the deepest two Holocene samples in borehole ERC BH-01 slightly brownish in
color which may due to reworking and mixing Holocene sediment with the underlying late
Pleistocene unit.
6.2.1. Holocene Carbonate Mineralogy
As expected, the XRD data sets revealed that the mineralogy of the unconsolidated
Holocene succession is very different than the one observed in the late Pleistocene
karstified limestones. On the contrary to the altered late Pleistocene limestones, the
Holocene samples are not or slightly altered because their carbonate mineralogy includes
higher percentages of aragonite and HMC.
XRD results demonstrate that the Holocene unlithified samples are mostly made of
aragonite and HMC, with a minor amounts of LMC. Ten meters of the Holocene succession
in ERC BH-01 includes on average 48.42% of aragonite, 28.7% of HMC, and 22.9% of

36
LMC in fine fraction, in addition to 51.19% of aragonite, 18.73% of HMC, and 29.88% of
LMC in coarse fraction. The Holocene succession in BH-03 includes mean amounts of
69.04% of aragonite, 29.25% of HMC, and 1.71% of LMC in fine fraction and 76.34% of
aragonite, 23.55% of HMC, and 0.11% of LMC in coarse fraction (Table 2).
BH-01
Fine Fraction
Coarse Fraction
Depth (m) % Aragonite %High Mg-Calcite %Low Mg-Calcite % Aragonite %High Mg-Calcite %Low Mg-Calcite
2.00-2.45
42.9
45.2
11.9
71.7
24.9
3.4
4.95-6.00
65.6
32.8
1.6
73.05
26.05
0
7.95-9.00
69.2
29
1.8
73.5
24.6
1.8
9.00-9.45
29.7
17.3
53
7
0
93
9.45-10.00
34.7
19.2
46.2
30.7
18.1
51.2
Mean
48.42
28.7
22.9
51.19
18.73
29.88
BH-03
Depth (m) % Aragonite %High Mg-Calcite %Low Mg-Calcite % Aragonite %High Mg-Calcite %Low Mg-Calcite
2.00-2.45
53
35.3
11.7
81.4
17.6
1
9.00-9.45
70.6
29.4
0
76.6
23.4
0
10.50-10.95
71.1
27.8
1.1
76.1
23.9
0
12.00-12.45
72
28
0
76.4
23.6
0
13.50-13.95
70.3
29.7
0
71.3
28.7
0
15.00-15.45
70.5
28.4
1.1
70.9
29.1
0
16.50-16.95
69.4
30.6
0
68.1
31.9
0
18.50-18.85
70.1
28.7
1.2
70.7
29.3
0
21.00-21.45
72.1
27.9
0
72
28
0
25.00-25.45
71.3
26.7
2
76.4
23.6
0
25.45-27.00
99.8
0
0.2
Mean
69.04
29.25
1.71
76.34
23.55
0.11

Table 2 XRD Analyses results of Holocene deposition including both fine (<63 µm) and
coarse (>63µm) fractions.
The graphs also show that aragonite and HMC is the dominant mineralogy in ERC
BH-01 and ERC BH-03. The oldest Holocene samples in ERC BH-01 was most likely
affected through contamination by the underlying altered sediments below 9 m; the XRD
results show that this particular Holocene sample is not well preserved, because the
aragonite and HMC percentages are lower than in the other Holocene samples (Fig. 14).
Mixing and reworking of sediments at the northeastern side of the island might have
occurred due to strong currents and bioturbation that explain the younger age (3,720 yrs
BP) for the sample between 7.95 and 9.00 meters, considered unreliable. In addition, the
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mineralogy of BH-03 is relatively constant through the borehole; however, the shallowest
sample includes relatively higher amounts of LMC (Fig. 15). Dating analysis also revealed
younger age (718 yrs BP) for the top sample of the BH-03 might have affected by infilling
during the island reclamation project.

Fig. 14 Graphs showing the mineralogy of both fine and coarse fractions from ERC BH01. Shaded areas point to level characterized by unusually low aragonite and HMC, and
high LMC percentages, probably caused by mixing sediment from the underlying altered
late Pleistocene unit.
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Fig. 15 Graphs showing the mineralogy of both fine and coarse fractions from BH-03.
Shaded levels point to relatively altered top sample, probably affected by infilling during
island reclamation.
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6.2.2. Holocene Benthic Foraminifer Assemblage Analysis
In total, 8 different genera are defined: Amphistegina, Calcarina, Textularia,
Sorites, Heterostegina, Elphidium, Quincueloqulina, and Spiroloculina. The statistical data
reveals two dominant genera with higher percentages; Amphistegina and Calcarina (Table
3). The borehole located just behind the modern active reef, ERC BH-01, includes 45.05%
of Amphistegina and 31.56% of Calcarina. Moreover, ERC BH-03, located at the
northeastern side of the island, includes 33.47% of Amphistegina and 44.03% of Calcarina.
Other genera show low abundances in both boreholes.
The plots of two dominant foraminifer genera in the two boreholes show different
trends with core depth (Fig. 16). The abundance of the Amphistegina genus percentages in
both borehole ERC BH-01 increases, whereas the abundance of Calcarina genus
percentages decreases up the core. While the two most dominant genera show trends in
ERC BH-01, data from BH-03 does not show a particular up core trend. However in BH03,

a reciprocal dominance of these two genera is still noticeable. Because BH-03 is

located at the northeastern side of Malé Island in a protected narrow deep lagoon between
the late Pleistocene karstified elevated remnant of the MIS-5e reef and the newly
established mid Holocene reef (Fig. 17), the fast sedimentation infilling the lagoon,
approximately 16 m thick during a 1000 yrs-long period (from 5535 to 4516 yrs BP),
explains the lack of trend at this site.

Table 3 Foraminifer counts of different benthic foraminifers from ERC BH-01 and BH-03.
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BH01 >0.5mm
<2mm Depth
(m)
2.00-2.45
3.45-4.50
4.50-4.95
4.95-6.00
6.45-7.50
7.50-7.95
7.95-9.00
9.00-9.45
9.45-10.00
Mean

% Amphistegina % Textularia % Calcarina % Elphidium % Heterostegina % Sorites % Quinqueloqulina % Spiroloculina
97.82
1.87
0.00
0.31
0.00
0.00
0.00
0.00
63.93
0.86
14.25
1.08
0.86
17.06
1.30
0.00
71.43
0.00
14.29
0.00
0.00
14.29
0.00
0.00
44.24
1.52
34.85
3.03
3.03
11.82
0.61
0.00
47.69
10.00
20.00
5.38
7.69
8.46
0.00
0.00
17.28
8.64
43.21
4.94
4.94
13.58
4.94
2.47
27.84
11.38
31.14
8.98
4.79
8.08
3.29
1.80
0.83
1.67
96.67
0.83
0.00
0.00
0.00
0.00
34.35
3.06
29.59
5.78
5.10
15.31
3.74
1.36
45.05
4.33
31.56
3.37
2.94
9.84
1.54
0.63

%?
0.00
0.65
0.00
0.91
0.77
0.00
2.69
0.00
1.70
0.75

BH-3 >0.5mm
<2mm Depth
(m)
2.00-2.45
4.95-6.00
6.45-7.50
7.95-9.00
9.00-9.45
9.45-10.50
10.50-10.95
10.95-12.00
12.00-12.45
12.45-13.50
13.50-13.95
13.95-15.00
15.00-15.45
15.45-16.50
16.50-16.95
18.50-18.85
21.00-21.45
25.00-25.45
Mean

% Amphistegina % Textularia % Calcarina % Elphidium % Heterostegina % Sorites % Quinqueloqulina % Spiroloculina
90.48
1.19
1.19
1.19
4.76
1.19
0.00
0.00
32.90
46.91
6.19
1.95
4.56
4.23
1.30
0.00
23.78
62.87
2.28
2.93
3.58
2.61
0.65
0.33
29.02
59.33
3.63
1.30
2.85
1.04
1.04
0.00
32.10
51.99
3.41
0.00
3.13
4.55
1.70
0.00
36.07
45.08
4.64
2.46
3.55
3.01
1.37
0.27
36.36
43.94
4.55
0.00
6.82
3.41
2.27
0.00
27.59
51.46
4.24
2.12
6.37
2.65
3.45
0.53
40.17
40.46
5.49
0.58
5.20
3.76
1.73
0.00
37.99
36.47
7.90
4.56
3.04
3.04
4.26
0.00
27.81
46.56
6.25
3.13
3.44
5.00
5.31
0.00
42.33
31.29
7.67
5.83
3.99
1.53
3.68
0.00
22.92
46.42
4.30
5.44
2.29
6.02
9.17
0.57
24.67
47.04
4.61
4.93
2.63
6.58
8.88
0.00
16.11
57.14
3.04
4.56
1.82
6.69
9.73
0.30
27.24
42.52
4.32
3.32
3.32
8.97
4.65
0.00
30.03
39.34
5.41
0.90
6.01
9.61
2.10
0.30
24.86
42.54
5.80
4.42
3.87
8.29
6.63
0.28
33.47
44.03
4.72
2.76
3.96
4.56
3.77
0.14

%?
0.00
1.95
0.98
1.81
3.13
3.55
2.65
1.59
2.60
2.74
2.50
3.68
2.87
0.66
0.61
5.65
6.31
3.31
2.59

Table 3 Continued
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Fig. 16 Abundance and depth relation of two dominant benthic foraminifer genera in ERC
BH-01 and ERC BH-03. Empty diamonds refer to foraminifer counts less than 300
(Pictures from www.foraminifera.eu). Radiocarbon dates are included to add a chronology
to the observed trends.
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6.2.3. Holocene Succession, Timing, and Depositional Conceptual Model
Uranium/Thorium dating of two coral samples, most likely faviid corals, from the
deepest part of the BH-03, 25-27 m, revealed ages around 7420 and 7120 years,
respectively. On the other hand, radiocarbon dating of benthic foraminifers overlying the
coral samples dated by radiocarbon analyses from BH-03 revealed ages at average depths
as followings: 718+73 yr at 2.23m, 4516+114 yr at 9.23 m, 5483+93 yr at 13.73 m, and
5535+88 yr at 25.23 m. Four calibrated radiocarbon ages from ERC BH-01 range between
1919+93 yr at 2.23 m, 3537+93 yr at 3.98 m, 4021+107 yr at 5.48 m, and 3478+88 yr at
8.48 m (Table 4).

Table 4 Radiocarbon ages of Holocene deposition determined using benthic foraminifer,
Amphistegina. Conventional radiocarbon ages have been calibrated to calendar year BP by
using CALIB 7.0.2 software with the Marine13 data set and 132+25 Delta-R value for the
central Indian Ocean reservoir effect (Southon et al. 2002; Kench et al. 2005; Kench et al.
2009).

During the 2002 slope failure along the northeastern margin of Malé Island (Fig. 7b
and 17), exposed corals are often massive, thick branching and encrusting corals (Riyaz
and Park 2009). Based upon radiocarbon ages of those corals (6510 yr ~3m, 6570 yr ~10m,
7150 yr ~13m, 7640 yr ~18m, and 8200 yr ~22m), the coralgal reef accretion rate was
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calculated as 11.24 m/kyr during an 1690 years-long interval spanning from 8200 to 6510.
Radiocarbon ages of benthic foraminifers were also used to calculate sedimentation rates.
Data from ERC BH-01 revealed a rate of 1.55 m/kyr in a 2102 years-long time interval
from 4021 to 1919 years spanning 4 m of cores from 6 to 2 mbsl. Data from BH-03 revealed
relatively higher sedimentation rates around 4.78 m/kyr for 4817 years-long interval from
5535 to 718 years. Figure 17 illustrates that the Holocene deposition was established on
top of the karstified Pleistocene limestones. Coral U/Th ages and radiocarbon dating of
foraminifers are included in the figure and interpolate deposition timelines are drawn.

Fig. 17 Conceptual model along a southwest to northeast transect across Malé Island, along
with 3 ERC boreholes are located. Additional boreholes are projected on transect (TH:
Trader’s Hotel, HI: Holiday Inn). Existing radiocarbon dates from the area of 2002 upper
slope failure and the results of benthic foraminifer radiocarbon dating were plotted.
Possible Holocene deposition is marked by blue timelines. Flooding history of the
Pleistocene topography illustrated by using a sea-level curve for the 12 kyr (Modified from
Gischler 2008).
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7.

Discussion/Interpretation
Analyses of boreholes scattered across Malé Island demonstrate that the late

Pleistocene rim at the location of the modern Malé Island is asymmetrical, broader and
shallower in the southern and southwestern side of the Malé Island, relatively deeper and
narrower in the northern part of the island. The Pleistocene surface is also visible on the
bathymetric map as karst morphologies, such as dolines in the channel between Malé and
Hulhule Islands reaching as 60 m in depth below sea-level, in addition to the towers at the
southwestern part of the Malé Island approximately 10 m deep.

The late Pleistocene

surface of Malé Island is analogous to the surface underlying Rasdhoo Atoll displaying
asymmetry; shallower in the western part facing the open ocean and deeper along the
northern, southern and eastern margins (Gischler et al. 2008).
Pleistocene facies identified in this study seem to have counterparts in the IndoPacific region reviewed by Montaggioni (2005). Similarly, coralline algal facies are
dominant in windward reef crests and reef flats, coral facies are highly encrusted by
crustose corallines and bored by sponges. On the other hand, Halimeda rich facies are
identified in lagoonal environments (Montaggioni 2005); however Halimeda rich mollusk
wackestones were recovered in Pleistocene Belize patch reef cores and Halimeda
Grainstone/Packstone facies recovered in our study in the deepest parts of ERC BH-01.
The trends of skeletal grains acquired by point counting analysis shows that coral and
Halimeda including facies are present at the bottom part of the ERC BH-01 and they are
almost absent at the uppermost parts of the borehole (Fig. 10). Instead of coral and green
algae comprising facies, the facies turn into coralline algae dominated facies up core ERC
BH-01. Change in the dominance of grain types may be explained by a change in water
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depth. Coralline algae indicate a relatively deep water settings (Gischler 2008) in the
deepest parts of the photic zone where the light is reduced (Coleman 2000, p. 2). Coleman
also explains that the green algae, Halimeda, favor the maximum light in the photic zone,
in other words, it prefers the shallowest depths. Therefore, the dominance of Halimeda and
corals in the bottom of ERC BH-01 and the dominance of coralline algae facies in the upper
parts of the borehole may be interpreted as a deepening upward sequence (Fig. 18). On the
other hand, caliche is interpreted as a sign of subaerial exposure, and the occurrence of
caliche might correspond to a transition between vertically stacked interglacial highstand
facies (Braithwaite and Camoin 2011). Similarly, Gischler (2007) found caliche deposits
at the Pleistocene-Holocene boundary in Belize atolls. The presence of caliche in the
deepest parts of ERC BH-01 may imply such a transition from one interglacial facies to
another or at least two depositional phases during the late Pleistocene interglacial, MIS5e? (Thompson and Goldstein 2005).
Diagenetic alteration of the late Pleistocene facies recovered under Malé Island
include dissolution, cementation, and neomorphism of grains, processes occurring in
meteoric environments because the dominant cement type is blocky calcite spar. Aragonite
producing grains are mostly dissolved and HMC is totally leached out leaving LMC
mineralogy during the ~100 kyr-long (MIS 5d-MIS 2) exposure. The absence of aragonite
marine cementation, excluding the presence of micrite envelopes in the deepest parts of the
ERC BH-01, demonstrates that Pleistocene facies were not affected by marine diagenesis.
Therefore, diagenetic diversity of the late Pleistocene at Malé Island is relatively low,
especially when compared with the diagenetic diversity from other similar late Pleistocene
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facies such as the ones in Belize (Gischler 2007), French Polynesia (Braithwaite and
Camoin 2011), and Great Barrier Reef (Gischler et al. 2013).

Fig. 18 Stratigraphic column of ERC BH-01 illustrating late Pleistocene and Holocene
depositions in relation with depth. Late Pleistocene facies are overlaid by unconsolidated
Holocene deposition.

As expected, the Holocene samples of Malé Island are very different when
compared with the late Pleistocene limestones. Rather than an altered and cemented
limestones, Holocene samples include unconsolidated coral sands with skeletal grains. The
lack of cementation in Holocene deposits may be explained by a sudden increase in sealevel causing limited time for cementation (Gischler et al. 2008). Holocene reefs on Malé
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Island grew using the antecedent Pleistocene topography as substratum and also as a
protection. First the Holocene reef initiation occurred at the northern side of the Malé
Island around 8200 years ago and vertically grew until 6510 yrs BP (Riyaz and Park, 2009)
creating a relatively deep, narrow, and partially enclosed lagoon, between the Holocene
coral reef and the Pleistocene reef remnant along the southern margin of North Malé atoll.
The Holocene reef accretion rate is calculated as 11.24 m/kyr between 8200-6510 kyr BP
from the coral ages analyzed by Riyaz and Park (2009). Gischler also calculated even faster
accretion rates from Rasdhoo Atoll, even higher than 15m/kyr from 8.5 to 7.5 kyr BP with
a sudden decrease to 2 m/kyr from 7.5 to 6 kyr BP. Since 6000 yrs ago, when sea-level rise
stalled or continued to slowly rise to present sea-level (Gischler 2008), reef accretion rates
between 6000-3000 yrs BP dramatically decreased (Montaggioni 2005). Based upon dating
corals by radiocarbon, Kench (2009) found some evidence that sea-level had risen slowly
between 6000 to 4500 yrs BP, even exceeding the present sea-level by about 0.5 + 0.1 m
at 2100 yrs BP, and then falling to its present level. Even if we have no evidence for sealevel higher than today during the late Holocene, in both scenarios, a decrease in the rate
of the sea-level rise caused lateral transport of reef rim-derived material in to adjacent small
atoll lagoons that became either fully or partially filled (Kench et al. 2005; Purdy and
Gischler 2005; Gischler 2006; Perry et al. 2013). Holocene reefs of Malé Island reached
about 2 meters below modern sea-level approximately 6000 yrs ago. The oldest and deepest
benthic foraminifers from BH-03 revealed an age of 5535+88 cal BP. Radiocarbon dating
of corals from Malé Island by Riyaz and Park (2009) and benthic foraminifers also
demonstrates rapid infilling of the Malé Island Holocene lagoon with sediments shed from
the northern Holocene reef that grew almost to sea-level. A coralgal reef established itself
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between 5000 and 4000 yrs ago on top of the highest late Pleistocene karst remnant
topography in the highest energy environment in southern part of Malé Island and then
grew relatively slowly to present sea-level (Fig. 17).
The Holocene samples from which benthic foraminifers were picked include other
grains, such as corals, Halimeda, red algae, and mollusks. Previously, the species of these
two genera were characteristic of two different reef assemblages with abundant coral,
Halimeda, and red algae from Rasdhoo and Ari atolls (Parker and Gischler 2010). This
interpretation also explains the dominance of these two genera in ERC BH-01 and BH-03
boreholes from Malé Island, part of the North Malé Atoll discontinuous rim. In addition,
different trends of the most dominant species might be related to environmental factors,
such as energy level. Fujita et al. (2008) supported that Amphistegina species are more
vulnerable to high energy environments due to weak pseudopodial attachments, whereas
Calcarina is better adapted to high energy conditions, because of its ability to attach itself
to the substratum. Therefore, increasing trend of Amphistegina and decreasing trend of
Calcarina up core and their reciprocal relation throughout boreholes ERC BH-01 and ERC
BH-03 can be explained by a slight decrease in water energy through time.
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8.

Conclusions


This study was based on a series of boreholes drilled throughout Malé Island

and a detailed multi-beam bathymetric map for the deep surroundings and margins of Malé
Island. It tests the model that the construction of the discontinuous North Malé Atoll rim
was intermittent; short intervals of coral reef edification during peak interglacials are
separated by relatively long periods of partial dissolution during glacial and subglacial
exposure, in particular when sea-level fell below the average depths of North Malé Atoll
lagoon (40-50m). The late Quaternary evolution of North Malé Atoll rim was studied at
the location of Malé Island where it includes two distinct sedimentary units: a lower unit
made of late Pleistocene karstified coralgal limestone and an upper unit consisting of
unaltered and unconsolidated Holocene sediments.


A 12 m thick lower late Pleistocene (MIS 5e?) interglacial unit was

recovered in ERC BH-01 in which 4 different microfacies were identified: 1) Halimeda
Grainstone/Packstone, 2) Coral-Algal Grainstone/Packstone, 3) Coralline Algae
Grainstone/Packstone,

and

4)

Coralline

Algae

dominating

mixed

skeletal

Grainstone/Packstone. Based on the vertical succession of these 4 microfacies, the lower
coralgal unit is interpreted as a deepening upward sequence.


Based on the multiple boreholes, the top surface of the late Pleistocene

limestones was loosely determined. The late Pleistocene rim topography can be visualized
as a small atoll, often referred as faro, comparable to a part of the modern North Malé Atoll
discontinuous western rim, as an analogue. Several boreholes recovered across Malé
Island showed that the top surface of late Pleistocene highstand depositions is ~10 mbsl at
the southern and southwestern part, >25 mbsl at the northern part of the island.
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The late Pleistocene interglacial coralgal unit was diagenetically altered in

meteoric environment during a 100 kyr-long exposure (MIS 4 to MIS 2); diagenetic
features include selective grain dissolution, blocky calcite cementation, and neomorphism.
The carbonate mineralogy of late Pleistocene samples in ERC BH-01 (95.7% LMC and
4.3% aragonite) clearly results of an alteration of the original composition. Dissolution
features are also visible on bathymetric map as karst morphologies; for example, a series
of dolines in the channel between Malé and Hulhule Islands reaching 60 mbsl.


The upper Holocene unconsolidated coralgal reef, overlying the karstified

coralgal MIS 5e lower unit, was initiated at ~8200 kyr BP and grew vertically 25 m high
until 6510 kyr BP, protected behind a karstified late Pleistocene reef. A small, though 3035 m deep, newly formed lagoon started to fill up only at ~5500 kyr BP, when a reef
initiated on top of the highest elevated Pleistocene karstified reef and sea-level rise stalled.
On the contrary to the altered late Pleistocene limestones, the Holocene samples are not or
slightly altered because their carbonate mineralogy include higher percentages of aragonite
and HMC, the original mineralogy produced by neritic carbonate grains. Benthic
foraminifer assemblages of two dominant genera, Amphistegina and Calcarina, support
the deposition in high energy environments and the reciprocal relationship of the two
dominant genera might be related to slight energy change through the upper Holocene.
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APPENDIX A. Core Descriptions and Extra Results
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A.1. Detailed Description of Boreholes
In order to understand late Pleistocene-Holocene evolution, samples were collected
from three 22 to 35.45 m-long boreholes drilled across Malé Island by Environmental
Research Center (ERC), currently the Environmental Protection Agency of the Republic
of Maldives (Table 5). ERC BH-01 was drilled at the premises of Old Jamaluddin School
with coordinates of 4o10’22.21” N and 73o30’33.24” E, and recovered 22.9 m of
unconsolidated sediments (upper 10 m) overlying 12.90 m of carbonate rock. ERC BH-02
was drilled at the northeast part of the island, within the premises of Carnival with
coordinates of 4o10’37.14” N and 73o31’6.62” E, and recovered 35.45 m long
unconsolidated sediments and did not reach to the rock surface. ERC BH-03 was placed at
the premise of Government Employee’s Club at the northeast of the island at 4o10’38.21”
N and 73o31’4.55” E, recovering 27 m unconsolidated sediments and 3 m long rock
samples at the base (Table 1). Samples were taken at 0.5-1 m intervals down the cores. In
this research, 27 unconsolidated sediment samples and 29 rock samples from ERC BH-01
and ERC BH-03 were studied. Detailed photographs of the cores and samples are shown
in figure A.1. Horizontal scale is approximately 5 cm for most of the samples. Sample BH01 16.5-18.3/3 and BH-01 18.3-20.1/2 has a width around 3cm.
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Location of the
ERC cores

Groundwater Drilling in
Drilling in Total Depth
Level (m)
Overburden(m) Rock (m) (m)

Old Jamaluddin
School, BH-01

1.00

10.00

12.90

22.90

Carnival /
North, BH-02

1.00

35.45

0.00

35.45

1.30

27.00

3.00

30.00

1.00

31.45

0.00

31.45

Government
Employ’s Club,
BH-03
Carnival / West
BH-04

Table A. 1 The location of ERC boreholes drilled on Malé Island.
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Fig. A.1 Photographs of Pleistocene samples from ERC BH-01. Sample depths and sample
numbers are shown at the top of each photograph. The width of the samples is ~ 5 cm.
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Fig. A.1 Continued.
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Fig A.1 Continued.
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Fig. A.1 Continued
A.2. Methods
A.2.1. Point Counting Analysis
During point counting analysis, the number of 300 counts was believed to reflect
the approximate constituents of facies, since this number is defined as a `magic number`
by Flugel (2004, p 256) to provide enough precision of measurements. Therefore, 300
points were counted on a two dimensional grid. The chart of Van Der Plus and Toby (1965)
is utilized to check the reliability of measurement. According to this chart, in 300 counts,
the error of a grain with an abundance of 50% is 6%; and with an abundance of 10% is 3%.
(Fig. A.2).
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Fig. A.2 Chart of estimating the accuracy of point counting analysis results (Van Der Plas
and Tobi 1965).
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A.2.2. Facies Analysis
By using the results of point counting analysis, facies were defined according to
Dunham’s Carbonate Rock Classification (1962). This classification is based on three
important criteria: first, the recognition of original texture; second, the presence or absence
of mud; third, whether the deposition is mud or grain supported (Fig. A.3).

Fig. A.3 Dunham’s carbonate rock classification modified by Kendall (2005) (Picture was
taken from http://www.sepmstrata.org/page.aspx?pageid=89).

A.3. Results
A.3.1. Size Fraction Analysis
Unconsolidated samples were dry sieved in order to separate fine (<63 μm)
sediment fractions from the coarse (>63 μm) fractions. The coarse fraction was
disintegrated in a buffered solution of phosphate (pH 7.5) for a day. After washing the
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samples over a 63 μm screen, they were left in the oven to get dry. The coarse and fine
fraction were weighed. In order to separate different sizes of coarse material, dried samples
were sieved through a set of three 125 μm, 500 μm and 2 mm screen sieves. The weight of
all fractions are recorded and weight percentage abundances are calculated. Results showed
that all Holocene samples are more than 90% coarse sized (Table A.2).
Coarse Fine
Grain
Grain
Weight of Fractions (g)
Weight Weight
(g)
(g)
BH-01 Depth >2 mm
0.5<..<2 mm 125<..<500 µm 63<..<125 µm <63 µm >63 µm <63 µm
2.00-2.45
80.24
34.43
24.79
4.62
2.17
144.08
2.17
3.45-4.50
47.45
48.60
51.94
16.34
8.29
164.32
8.29
4.50-4.95
83.56
15.25
6.31
1.03
0.73
106.15
0.73
4.95-6.00
74.13
16.94
11.58
3.11
4.25
105.77
4.25
6.45-7.50
35.87
34.61
8.86
0.65
0.55
79.99
0.55
7.50-7.95
47.10
3.96
4.88
3.96
5.61
59.89
5.61
7.95-9.00
40.32
72.76
21.80
3.33
2.93
138.20
2.93
9.00-9.45
207.23
26.67
12.67
7.14
4.94
253.71
4.94
9.45-10.00
40.38
41.26
6.82
0.72
0.71
89.17
0.71
BH-03 Depth
2.00-2.45
56.68
6.94
6.04
0.95
1.20
70.62
1.20
4.95-6.00
23.06
83.76
21.82
0.83
0.36
129.47
0.36
6.45-7.50
6.23
52.53
17.28
0.62
0.18
76.66
0.18
7.95-9.00
6.53
90.34
23.18
0.88
0.23
120.93
0.23
9.00-9.45
24.81
23.41
17.13
4.84
4.00
70.20
4.00
9.45-10.50
1.20
91.30
8.07
0.09
0.18
100.65
0.18
10.50-10.95
27.74
30.92
20.72
4.90
4.74
84.28
4.74
10.95-12.00
9.63
39.34
21.85
2.45
1.17
73.27
1.17
12.00-12.45
26.01
36.69
29.69
8.67
7.00
101.06
7.00
12.45-13.50
5.71
47.93
11.67
0.34
0.22
65.64
0.22
13.50-13.95
5.37
28.49
36.29
4.73
4.25
74.87
4.25
13.95-15.00
9.15
75.32
8.61
0.21
0.24
93.29
0.24
15.00-15.45
4.12
18.65
37.03
13.01
5.24
72.81
5.24
15.45-16.50
1.20
68.20
51.54
3.42
0.87
124.36
0.87
16.50-16.95
0.21
19.06
45.20
15.37
5.97
79.83
5.97
18.50-18.85
0.49
40.08
37.55
7.06
3.68
85.18
3.68
21.00-21.45
0.22
30.59
42.15
13.96
9.18
86.92
9.18
25.00-25.45
17.22
17.59
21.85
3.34
2.31
60.00
2.31

Total
%
% Fine
Weight Coarse
Fraction
(g)
Fraction
146.25
172.61
106.88
110.01
80.54
65.51
141.13
258.65
89.88

98.52
95.20
99.32
96.14
99.32
91.43
97.93
98.09
99.21

1.48
4.80
0.68
3.86
0.68
8.57
2.07
1.91
0.79

71.83
129.83
76.85
121.16
74.19
100.83
89.02
74.44
108.06
65.86
79.12
93.53
78.05
125.23
85.81
88.85
96.10
62.30

98.33
99.73
99.76
99.81
94.61
99.83
94.67
98.43
93.52
99.67
94.63
99.74
93.29
99.31
93.04
95.86
90.45
96.30

1.67
0.27
0.24
0.19
5.39
0.17
5.33
1.57
6.48
0.33
5.37
0.26
6.71
0.69
6.96
4.14
9.55
3.70

Table A.2 The results of size fraction analyses.
A.3.2. Benthic Foraminifer Assemblage Analysis
Besides the two dominant genera, Amphistegina and Calcarina, six different genera
were identified as a result of fauna analysis: Textularia, Heterostegina, Sorites,
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Spiroloculina, Quinqueloqulina, Elphidium. However, those genera have minor
contributions in each sample (Fig. A.4).

Fig. A.4 Abundances of different benthic foraminifers in relation with depth.

