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Abstract

Sea-level changes have shaped the world’s carbonate platform margins and continental
shelves, leaving typical geomorphic imprints, such as drowned reef terraces. In this paper,
we present the results of 112 scuba diving transects across seven different Maldivian atolls
and one multibeam survey around Malé Island, the capital of Maldives. We report on the
occurrence of drowned reef terraces down to 120 m depth. In total, we identified six levels
of submerged terraces that we consider as indicative of periods of time with stable or slowly
rising sea level that can be attributed either to deceleration of the last deglacial sea-level
rise or to Late Quaternary sea-level highstands. We compare our dataset to the depth of
reef terraces reported globally, and we discuss the reasons why common global submerged

terrace levels are difficult to identify in the field record.
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Introduction

Since the early work of Darwin (1842), coral reefs have captured the interest of ecologists
and geologists, who attempted to explain their formation (Braithwaite et al., 1973),
morphology (Stoddart, 1969a), the relationships between ecological and geomorphological
features (Lasagna et al., 2010a), and the inheritance of landforms from past sea levels
(Schlager, 2005; Montaggioni and Braithwaite, 2009). The Maldives represent the
archetype of an atoll reef archipelago (Naseer and Hatcher, 2004) and, as such, are a good
example of modern atoll morphology (Aubert and Droxler, 1992, 1996; Purdy and Bertram,
1993; Risk and Sluka, 2000; Belopolsky and Droxler, 2004; Morri et al., 2015).

Recent geomorphological studies on the Maldivian reefs aimed to constrain their
Holocene/uppermost Pleistocene inherited features (Gischler et al., 2008; Klostermann et
al., 2104), the role of environmental factors (such as wave energy or coral growth) in
shaping island morphology (Kench et al., 2006, 2009), the development of sub-aerial karst
morphologies during intervals of low sea level (Colantoni et al., 2003), and the effects of
human impacts on coral reef geomorphology (Brown and Dunne, 1988).

Similar to other continental shelves, both in tropical (Blanchon and Jones, 1995; Blanchon,
2011) and non-tropical areas (Rovere et al., 2011; Zecchin et al., 2015), earlier studies
reported that the Maldives are characterized by submerged terraces from few meters below
present sea level to 130 m depth (Bianchi et al., 1997; Anderson, 1998; Colantoni et al.,
2003; Firstenau et al., 2009; Rufin-Soler et al., 2013). Blanchon and Jones (1995), among
others, attributed the formation of submerged reef terraces to periods of stable or slowly
rising sea level, built by the interplay between coral reef growth and marine erosion near
sea level. More recent studies also highlighted that reef terraces could also form
contextually to rapid sea-level rise events by reef back-stepping (Schlager, 2005; Khanna
etal., 2017).

In this study, we present the results of 112 scuba diving transects, at 7 different Maldivian
atolls. We integrate our scuba surveys with the results of a high-resolution multibeam
survey acquired around Malé Island upper slope, part of the southeastern rim of North Malé
Atoll. We identify six levels of submerged reef terraces, from ~25 to ~106 m below present
sea level, that are widespread in the Maldivian Archipelago. We discuss the possible

mechanisms and timing of their formation, and we analyze them in the broader context of
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reef terraces reported globally.

Materials and Methods

Geological and Ecological Setting

The Maldivian Archipelago consists of a double chain of 22 atolls stretching over more
than 800 km from 7°04' N to 0°48' S and centered around 73° E in the Indian Ocean (Fig.
1a). The Maldivian atolls represent the top of one of the largest modern carbonate
platforms and constitute the central and largest part of the Chagos-Laccadives ridge (Risk
and Sluka, 2000). As the Maldives platform has been far from any terrigenous influence
for its 50 Ma-long history, this 2-3 km-thick edifice is composed entirely of carbonate
sediments. These modern atolls are part of the latest phase in the evolution of this
platform, which initially established itself on top of an early Eocene subsiding volcanic
plateau (Aubert and Droxler, 1992, 1996; Purdy and Bertram, 1993; Belopolsky and
Droxler, 2004).

Three distinct intervals have been identified in the Cenozoic stratigraphic evolution of the
Maldivian carbonate system, corresponding to the Palaeogene (Eocene to late Oligocene),
the Neogene (early Miocene to early Pliocene), and the late Pliocene-Pleistocene (Aubert
and Droxler, 1996). Eustatic sea-level changes in the last 3 Ma triggered increased
karstification of the reef framework, which is speculated to form the morphology
inherited by the modern reefs (Purdy and Bertram, 1993; Colantoni et al., 2003; Gischler
et al., 2014). The Holocene history of Maldivian (among other Indo-Pacific) coral reef
systems has been summarized by Montaggioni (2005), mostly based on Woodroffe
(1992, and references therein). The degree of modern reef development appears to be
linked to coral community structure. Communities consisting principally of branching
and domal corals underwent substantial accretion and produced well-developed reefs,
whereas assemblages comprising of foliaceous and encrusting corals produced only
incipient reefs (Bianchi et al., 2017). The highest accretion rates (up to 20 mm-a™) were

measured for tabular and aroborescent acroporids (Perry and Morgan, 2017b).

At the Last Glacial Maximum (LGM), from 23 to about 19 ka BP, reefs only developed

along what were to become the fore slopes of present reefs, forming accumulations a few
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meters thick at vertical rates of up to 1 mm-a™ (Kleypas, 1997; Montaggioni, 2005). The
rapid postglacial rise in sea level, from about 19 to 6.5 ka BP, was accompanied by the
settlement of three successive reef generations, within the periods 17.5-14.7, 13.8-11.5
and 10 ka BP to the present. From the LGM to the early Holocene, coral settlement has

probably declined (Montaggioni, 2005).

In the Maldives, Holocene reef growth started as early as 8.5 ka BP (Gischler et al.,
2008). Marginal reefs, dominated by robust branching corals and coralline algae, accreted
in the ‘keep-up’ mode at rates of 15 m-ka’. Rate of sea-level rise slowed significantly
from 7-6 ka BP and subsequently gradually rose at rates of 1 m-ka*. Lagoon reefs,
characterized by domal corals and detrital facies, accreted in the ‘catch-up’ mode at rates
of 0.25to 1 m'ka* (Gischler et al., 2008). Recent estimates on living reefs indicate that
the bioconstructional potential of oceanic reefs is higher than that of lagoon reefs;
however, both were able to exhibit superstratal bioconstruction in undisturbed conditions
(Bianchi et al., 2017). The overall Holocene reef thickness is generally less than 20 m
(Kench et al., 2009; Morri et al., 2015). Submarine cementation in Holocene reefs is
rather weak, presumably as a consequence of high accretion rates, i.e., short time
available for consolidation (Gischler et al., 2008). Present-day living reefs exhibit similar
features (Lasagna et al., 2010a; Morri et al., 2010). While information on bioerosion rates
in Maldivian coral reefs is not available, recent field work showed abundant clionaid
sponges on dead massive corals (Lasagna et al., 2008; Bianchi et al., 2017). This suggests

that bioerosion rates might be particularly high.

Some studies on the topography of Maldivian reefs are available in the literature. The
shallow (<130 m depth) submarine geomorphology of Ari atoll was investigated using
multibeam sonar (Flrstenau et al., 2009), with the result of detailing the knowledge of
submerged reef terraces that were previously recognized solely on the basis of single beam
(Anderson, 1998) or scuba diving (Morri et al., 1995; Bianchi et al., 1997) surveys in
localized areas of the archipelago. In general, studies of the Maldives atoll upper slopes
have recognized breaks in slope at recurrent depths in Ari (14 dive surveys, Morri et al.,
1995, and 2 multibeam profiles, Firstenau et al., 2009) and Felidhoo (13 scuba transects,
Bianchi et al., 1997) atolls. An abrupt break in the reef slope at ~130 m below present sea

level has been associated to the Last Glacial Maximum (LGM) sea-level position
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(Anderson, 1998; Firstenau et al., 2009).

The earliest studies of Maldivian reef ecology date back to the turn of the 20th century
(Gardiner, 1901-1905; Agassiz, 1903), but thorough field investigations on coral
communities started with the Xarifa expedition in the late 1950s (Wallace and Zahir, 2007).
References for the ecology of Maldivian coral reefs are provided by Andréfouét (2012) and
by Morri et al. (2015). Research on coral zonation highlighted the dominance of tabular
and branching acroporid corals, which are responsible for superstratal growth and rapid
accretion, in shallow water (Davies et al., 1971; Scheer, 1972, 1974; Risk et al., 1994;
Lasagna et al., 2010b); below 20 m the only significant bioconstruction was due to the
azooxanthellate tree coral Tubastraea micranthus (Morri et al., 1995; Bianchi et al., 1997).
Overall, bioconstructional capacity of Maldivian coral reefs has been shown to be high
through a century of research. However, recent ecological crises resulting from major
bleaching episodes, outbreaks of the corallivorous crown-of-thorn starfish Acanthaster
planci, and other disturbances (Bianchi et al., 2006; Morri et al., 2010, 2015; Lasagna et
al., 2014; Saponari et al., 2015; Pisapia et al., 2016) reduced bioconstructional capacity
(Bianchi et al., 2017) and drew attention to the risk of platform drowning (Ciarapica and
Passeri, 1993). The 2016 bleaching event severely impacted the coral communities of the
Maldives (Perry and Morgan, 2017a), leading to a collapse in reef accretion potential and

carbonate budgets (Perry and Morgan, 2017b).

Scuba Diving Transects

In this study, we focus on the reef slopes of seven Maldivian atolls (Fig. 1a): Ari,
Felidhoo, North Malé, South Malé, Rashdoo, Suvadiva, and Thoddhoo. Across their
margins, we surveyed a total of 112 scuba diving transects (see Supplementary Data for
the location and data collected for each scuba survey). Depth measurements were
corrected for tidal variability according to local tidal predictions by the Hydrographic
Office (Malé Island) and referred to chart datum. In the central atolls, tidal range is
generally between 0.3 to 0.7 m (Flrstenau et al., 2009). The transects were surveyed over
a temporal interval between 1997 and 2013. Due to the long time span encompassed by
our dataset, it is possible that the terrace morphologies were subject to minor inter-annual

variations caused by debris flows and sedimentation.
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During the scuba surveys, we started each transect from the deepest reachable part of the
reef and took notes along a path perpendicular to the shoreline until the shallower part of
the reef. In general, the transects ended on either the reef flat (Fig. 2), at 2-3 m depth, or
on the upper terrace on the reef front (Fig. 2). Coordinates of each dive site were obtained
before the dive with a Garmin handheld GPS or extracted from nautical charts. We
estimate that the horizontal accuracy of the positioning is in the range of few tens of
meters. Before each dive, the type of reef (inner, that is in the lagoon, or outer, that is
facing the ocean, Fig. 3b) was annotated, and during each dive we surveyed the
prominent topographic and geomorphic features along the transect (Bianchi et al., 2004;
Rovere et al., 2011).

In particular, we measured the depth of the modern reef flat or upper terrace (Fig. 2), the
depth of submerged reef terraces (both on the inner and outer reefs, Fig. 2), and the depth
of the base of coral rubble deposits (Fig. 2), which accumulate with a slope angle of 25-
35°. Distances were measured with a 200 m-long graduated tape or with personal dive
sonar (PDS, i.e., a device that allows one to measure distances underwater based on the
round-trip time for an acoustic pulse to reflect off an object), and depths were measured
with a diving computer (depth accuracy between 0.4 to 3 m, Rovere et al., 2010;
Azzopardi and Sayer, 2012) or with PDS. Slope and directions were measured using a
handheld clinometer (~5° accuracy) and a diving compass (~5° accuracy).

We estimated, through repeated measurements of the same points during scuba surveys,
that the depths we measured carry a vertical uncertainty less than £1 m. In order to
calculate the modal depth of terraces in the Maldivian Archipelago, we describe each data
point (e.g., terrace depth) collected during scuba surveys as Gaussian with 16=1 m, in
order to account for measurement errors. Then, we sum all the individual Gaussians to
create a composite probability density function graph (the result is shown in Fig. 6b).
Peaks in the composite probability density function are interpreted as modal depths where

terraces are most likely to be found.

Multibeam Bathymetry

A high-resolution 300 kHz multibeam bathymetry and backscatter dataset was acquired

in summer 2008 using a Kongsberg EM 3000 system integrated with an Applanix
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Pos/MV navigation and motion system (Wright et al., 2002; Wolfson et al., 2007,
Mallinson et al., 2014). The merged system provides 127 1.5°x 1.5° overlapping beams
at a pulse width of 0.15 ms within a 130 degree swath. The differential GPS position
accuracy of the bathymetry was ~1.0 m with a depth resolution of ~1 cm and depth
accuracy of 5-10 cm. The bathymetric data were processed using the software CARIS
HIPS. An underwater pressure sensor was deployed in the southwestern portion of Malé
Island harbor and used to correct for sea-level variations due to tide and wind during the
multibeam survey (Wolfson et al., 2007). An approximation of the MLLW (Mean Lower
Low Water) sea level chart datum was established by using the lowest sea level recorded
over the 8-day period (Wolfson et al., 2007). The survey surrounded Malé Island (Fig.
1c) including the southeastern corner of the North Malé Atoll (Fig. 1b).

The multibeam survey covers minimum water depths of about 1 m and reaches water
depths beyond the slope break, often coinciding with a prominent break in slope at

~120 m on the southern margin. The southern margin quickly reached depths of ~150 m,
at which the 300 kHz multibeam system was unable to receive return acoustic signals due
to the attenuation caused by the warm saline waters of the area. This attenuation is
evident in the data gaps that appear in water depths greater than ~130 m in the detailed
multibeam bathymetry (Fig. 5¢,d). Similarly, attenuation data gaps were observed in the
warm saline waters around American Samoa with the same multibeam system (Wright et
al., 2002). The multibeam survey reaches down to 50-60 m water depth on the northern,
western, and eastern margins (Fig. 5a,b for details). These margins represent the inner
lagoon of North Malé Atoll. 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 (see Fig. 5a for details). To identify geomorphic features from this
dataset, slope gradient maps were overlapped with bathymetric maps and the edges of
reef terraces were traced as vectors in ArcGIS.

A series of twelve multibeam transects on the southern margin were selected at different
depths to identify terraces from the shallowest parts of the area down to ~120 m depth.
Hypsometric curves were plotted to identify the terraces at different depths. Minimum-
maximum depth values for each terrace were identified from the examination of all

twelve transects. To define the depth of a terrace and its associated uncertainty, we chose
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the median value and calculated the difference between the median value and the

maximum or minimum depths.

Calculation of Paleo Relative Sea Level

To calculate the position of paleo relative sea level (RSL) from the depth of one terrace, it
IS necessary to estimate the position of sea level at the time when the terrace was forming.
To do this, we use the concept of ‘modern analog’, which is often used in paleo sea-level
reconstructions both at Holocene and older timescales (Van de Plassche, 2013; Shennan,
2015; Rovere et al., 2016). This concept is rooted in the principle of uniformitarianism,
which applied to sea-level science would suggest that the environment of formation of a
given landform is the same today as in the past.

In this study, we consider the reef flat or the upper terrace (Fig. 2) of modern reefs as the
modern analog for the reef terraces that we observe at higher depths across the Maldivian
Archipelago. Therefore, knowing the depth of a submerged terrace and the depth of the
modern reef flat or upper terrace, we can reconstruct the paleo relative sea level (RSL)
using this simple formula:

RSL = RTd — MAd Eq.1
where RTd is the measured depth of reef terrace and MAd is the water depth at which the
modern analog is found today. The scuba data suggest that in the Maldives MAd is
6.1+2.6 m (see results).

The total uncertainty (oRSL) associated with the paleo RSL is obtained by adding

individual errors in quadratic:

oRSL = \oRTd? + cMAd? Eq.2

Global Database of Coral Reef Terraces

The database presented in Fig. 9 and annexed as online Supplementary data has been
assembled from studies reporting depths of reef terraces. The data were extracted from
literature following this simple approach: 1) if the study reported depths as ranges we
averaged the depth ranges and calculated their standard deviation (e.g., statements such
as ‘a terrace is found between 20 and 25 m’ were inserted in the database as one terrace

at 22.5+2.5 m); 2) uncertainties from literature were kept as reported; 3) if no
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uncertainties were reported, no uncertainty value was inserted in the included database

(this represents the majority of the cases).

Results

Scuba Diving Transects

In the seven atolls investigated (Fig. 1a), the results obtained from the scuba diving
transects show that the morphology of Maldivian reefs is characterized by sets of reef
terraces at recurrent depths (Fig. 3a). The same morphology can be found either on the
outer reefs, facing the open ocean, or in inner reefs, facing the inner atoll (1 and 3,
respectively, in Fig. 3b). In the next paragraphs, we describe the different morphological

elements that have relevance in terms of paleo RSL.

The reef flat/upper terrace. In the Maldives, the shallow-water portion of the reef
developing from the reef crest towards the inner lagoon and the outer ocean has the
morphology of a flat, shallow-water terrace (Fig. 3a,c), which ends in a sub-vertical mid-
shelf slope (Fig. 3d). This part of the reef is the most affected by modern constructional
and erosional processes. The scuba diving datasets indicate that the average depth of the
modern reef flat (inner reefs, Fig. 2) is 5.2+2.1 m. The average depth of the upper terrace
(outer reefs, Fig. 2) is instead 6.5+2.7 m. Overall, the average depth of the modern edges
of reef flats and upper terraces (MAd, see methods) is 6.1£2.6 m.

Terrace T1. The mid-shelf slope is interrupted by a first terraced surface (T1, Fig 3a, Fig.
4c,d,e,g) at a depth of 33 m. This terrace is characterized by a large depth span across the
Maldivian Archipelago (£8 m). Often, the inner margin of this terrace is covered by
accumulations of coral rubble deposits (Fig. 3a,d), only partially cemented by coralline
algae. The rockfall deposits create a slope of ~25-30°, and their toe is located at ~25 m
depth on average (dashed line in Fig. 6b). The outer edge of T1 is often sharp and ends in
another abrupt break in slope (Fig. 3e).

Terraces T2 and T3. While terrace T1 extends in general for 10-20 m and represents an
interruption of the mid-shelf slope, two other levels of terraces characterize the investigated
coral reefs between 50 and 60 m depth. The shallowest level is represented by T2, at
50£2.5 m (Fig. 4b,d), followed by T3 at 58.8+3.8 m (Fig. 4c). These terraces are separated
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by relatively short but almost vertical cliffs and are often 40-60 m wide. The break in slope
characterizing these deeper terraces is, therefore, better marked than that of T1 and is less
masked by debris at the toe of the slope; however, these terraces are usually covered by a
thin veneer of coralline sands.

Terrace T4. The deepest terrace found in a consistent number of scuba transects is T4, at

71.5+6 m (Fig. 4a,e,f,g). This terrace is usually up to 30-50 m wide (Fig. 4f).

Multibeam Bathymetry

The 2008 multibeam data sets (Fig. 5) show that the southern margin of Malé Island
(extending to the southeastern corner of Malé Atoll) is characterized by several
morphologically distinct sets of terraces, all shallower than 120 m. A total of nine terraces,
named M1-M9, have been identified.

Terraces M1 — M4. The shallower reef terraces are located at 252 m (M1), 29.5+1.5 m
(M2), 34.5+£1.5 m (M3), and 38+2 m (M4). These were observed on the southern margin
of Malé Island (Fig. 5c,e). These terraces are closely spaced along most of the southern
margin. They can be clearly identified in the multibeam bathymetric dataset on the
southwestern and southeastern corner of Malé Island (Fig. 5c,e).

Terrace M5 and M6. These two terraces are found at 464 m (M5) and 56+4 m (M6)
(Fig. 5¢,d,f). These terraces are wider than M1-M4, and they find a counterpart in T2 and
T3 identified by scuba diving transects (Fig. 6b).

Terrace M7 and M8. The depths of these terrace levels are 70.5£5.5m (M7) and
88.5£3.5 m (M8) (Fig. 5d,f,g). M7 correlates well to the terrace T4 identified by scuba
diving transects, while M8 occurs at a depth where scuba diving was not attempted (Fig.
6b); however, measurements taken with PDS by divers at shallower depths provided quite
consistent results (Fig. 4f,g).

Terrace M9. This is the deepest terrace identified by multibeam bathymetry, lying at a
depth of 106.5+3.5 m (Fig. 5d,g). It is narrow and bounded by two steep cliffs, clearly
visible in the bathymetry data.

The multibeam bathymetry also shows a distinct break in slope at ~120 m depth (Fig.
5c¢,d,g,). Moreover, the channel sea floor, separating Malé Island from Hulhule

International Airport Island and Funadhoo Island (Fuel Depot Island), ranging in water
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depths from 40 to 60 m, displays a series of enclosed and unfilled round to oval
depressions, typical of karst dissolution morphologies (sinkholes) (Fig. 5a,b). This typical
karst morphology clearly illustrates that the North Malé Atoll lagoon floor was exposed
when sea level was below 40-60 m as recently as during Marine Isotope Stages 3 and 2.

Paleo Relative Sea Level

In the scuba diving and multibeam surveys, we identified six general levels of submerged
terraces in the Maldivian Archipelago (Fig.6 a-c). Starting from these average terrace
depths (Fig. 6b), we used Eg.1 and Eq.2 to calculate paleo RSL at the time of terrace
formation. In Table 1, we report the calculation of the paleo RSL depth and associated
uncertainty from Eq.1 and Eq.2 for the terraces T1-T4 and M1-M9 (also represented in Fig.
6c).

Discussion

Depth of Maldivian Reef Terraces

The scuba diving and multibeam surveys confirmed earlier reports that several levels of
drowned reef terraces are imprinted in the insular shelves of the Maldives (Morri et al.,
1995; Bianchi et al., 1997; Anderson, 1998; Furstenau et al., 2009; Rufin-Soler et al.,
2013). While former studies were limited to few specific atolls, our data span most of the
archipelago. In first instance, it is worth noting that the depths of the terraces identified
through scuba diving transects (Fig. 6a,b) show a good match with those identified in the
multibeam bathymetry of the southeastern corner of Malé Atoll (Fig. 6c¢). In general, the
terraces M1 to M4 identified in the shallower areas provide further details on the terrace
T1 identified in the scuba transects. M5, M6, and M7 show a good fit with T2, T3, and T4,
respectively.

For the shallowest areas, T1 (M1-M4) is found across a large depth range throughout the
archipelago. This terrace, which in most transects has a limited width, serves as base for
coral rubble deposits, eroded and transported from the upper part of the reef front towards
deeper parts of the reef (dashed line in Fig. 6b). Given its limited depth, it is possible that
the large depth span of T1 (M1-M4) can be explained by differential reef growth or
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erosion at the wave base, which differs from site to site along the archipelago. The
multibeam bathymetry data support this hypothesis, as they show that this feature is
substantially more morphologically complex than the other terraces identified in this
study (Fig. 5¢). In further support of the dynamic character of the shallower terrace level,
we highlight that, three years after the mass coral mortality of 1998, the large amount of
newly generated coral rubble had obliterated many morphologies previously visible on
the reef slope of the Maldives (Morri et al., 2015). Previous studies pointed out to the
presence, at the same depth of T1, of several notches and caves (Bianchi et al., 1997;
Rufin-Soler et al., 2013), which were tentatively correlated to periods of brief Holocene
sea-level standstills.

T1 is probably still affected by modern geomorphic and ecological processes, and most
likely underwent morphological changes in the last part of the Holocene (i.e., since 5-

6 ka) when the pace of global Holocene sea-level rise slowed down and settled around its
modern value (e.g., curve in Fig.7b, Lambeck et al., 2014). Despite this caveat, we retain
T1 among the sea-level indicators due to its prominence and its widespread character.
Further work, including age constraints, would be needed to understand the mechanisms
of formation and morphological evolution of this terrace, as well as its relation to former
sea levels.

The depths of terraces T2 (M5), T3 (M6) and T4 (M7) are recurrent in the seven atolls
investigated (Fig. 6a,b) and correspond well with those identified in the Maldives by
previous studies (Morri et al., 1995; Bianchi et al., 1997; Rufin-Soler et al., 2013) (Fig.
6d). The only difference we highlight with respect to the data of Bianchi et al. (1997) is
that we attribute the large modal value that they identify at 20/25 m to accumulation of
coral rubble at the toe of T1 (M1-M4) rather than to a terrace level.

Two other terraces (M8 and M9) are found at 88 and 106 m, respectively. These two
terraces were identified by this study only in Malé, but their depth is consistent with earlier
reports that at least three terraces characterize the deeper Maldivian slopes (below 80 m
depth). In fact, Colantoni et al. (2003) suggested that the Maldivian atolls are characterized
by a terrace at about 85 m, which also coincides with the bottom of the Blue Hole in Ari
Atoll. This depth is consistent with our M8 terrace. Offshore Ari, two terraces were

identified by multibeam surveys at 94 and 97 m (Firstenau et al., 2009). These depths,
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despite being slightly shallower than M9, might be correlated to this terrace. Due to
limitations in scuba diving, depths greater than 70-75 m were reached only in few dives.
In South Malé atoll (Fig. 1b), one dive identified a terraced surface at 82 m, which,
although slightly out of the depth range of T4 (M7), could be related to it. A deeper terrace,
at 87 m (Fig. 4g) was instead identified in Suvadiva atoll (Fig. 1a), and correlates well with
terrace M8. The deepest scuba observation was made in Rasdhoo Atoll (Figs. 1a, 3f). Here
it was possible to identify a break in slope at 95 m. Due to the considerable depth, it was
impossible to verify the lateral continuity of this terrace, therefore this point has not been
considered in the terrace analysis shown in Fig. 6b. Nevertheless, we note that the depth of
this terrace is just slightly deeper than MO.

Deeper terraces had been identified in the Maldives by multibeam surveys at 1253 m
(Furstenau et al., 2009) and by single beam sonar at 130£10 m (Anderson, 1998). These
correspond to a wide planar surface we identified in the multibeam surveys at a depth of
~120 m (Fig. 5c,d,e). This surface was interpreted by previous authors as being created
during the Last Glacial Maximum (~21 ka).

Other prominent features that characterize the sea bottom of the Malé islands are related to
karst morphologies that have been drowned by sea level during the last deglaciation. Such
karst morphologies are mostly observed in the channel between Malé and Hulhule Islands
(Fig. 5b) where Holocene sediments cannot accumulate due to strong tidal currents in this
narrow channel. The depth of these irregular depressions is 50-60 m, and is similar to other
water-filled karst features, such as the Blue Hole (Colantoni et al., 2003), observed in the
Maldivian Archipelago (Fig. 5b). According to global eustatic sea-level curves (Grant et
al., 2014), the channel between Malé and Hulhule Islands might have been exposed to
subaerial agents several times at least during the last 150 ka. Therefore, it is likely that the

karst morphology observed today has developed during this time frame.

Uncertainties in Paleo Relative Sea-Level Determinations

In Table 1, we present the results of the application of modern analog values (i.e., the depth
of the modern reef flat or upper terrace) to the recorded depth of reef terraces in the
Maldives to calculate the paleo RSL and associated uncertainties correlated with each

terrace. We remark that the modern reef flat value of 6.1+2.6 m (MAd in Eg.1 and 2) can
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be considered as reliable only for the terraces presented in this study, and it is consistent
with previous data for Maldivian inner and outer reefs by Lasagna et al. (2010a). It would
not be wise to apply this value to the study of reef terraces at other sites. Rather, we
highlight that the study of paleo reef terraces should always be coupled with an
investigation of modern reef morphologies. The MAd depends mostly on the balance
between incoming wave energy and reef growth rates near modern sea level, therefore
significant intra-site differences need to be taken into account when using the modern
analog concept. The small difference between the depth of the edge of the modern reef flat
between inner reefs (5.2+2.1 m) and outer reefs (6.5£2.7 m) found in this study justifies
the choice of one single value of MAd (6.1+2.6 m) in the calculations.

Another potential issue that might affect the paleo RSL calculation, as described by Egs.1
and 2, is that the reef terrace depth (RTd) measured today might misrepresent the original
terrace depth at the time of formation. It is indeed possible that the original terrace depth
was either higher or lower than the one we measure today due to bioconstruction,
deposition of coral rubble at the toe of the slope, or bio- and mechanical erosion (see Fig.
8). In this study, we adopt the scenario 1 illustrated in Fig. 8, i.e., we assume that the
location where we measure the depth of the reef terrace today corresponds to the original
surface where it was shaped by the paleo RSL. This is a simplistic approximation, also
dictated by the fact that we have no constraints on the timing of the terraces.

To give an order of magnitude on how the cases 2 and 3 shown in Fig. 8 might affect paleo
RSL calculations, Holocene reef accretion rates from more than 60 sites globally average
at ~4-5 m'ka! (Hubbard and Dullo, 2016, their Table 6.1). In the Maldives, values ranging
between less than 1 m-ka? (Gischler et al., 2008; Klostermann et al., 2014) and up to
15 m-ka* (Gischler et al., 2008, for periods of Holocene rapid sea-level rise) have been
reported. Fewer data are available for the planation rates of marine terraces, but they can
be up to several meters per ka.

The thickness of coral rubble or sediments deposited at the toe of the cliff should be also
subtracted from the measured depth of a reef terrace. During the surveys, we always
considered as the inner margin the innermost part of the terrace with a low inclination (10-
159), noting in the scuba transects whether coral rubble deposits were covering the inner

margin (e.g., Fig. 3e). While it is still possible that the depth of the measured inner margin
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is covered by coralline sands and coral rubble, this should only be a thin veneer upon the

terraced surface.

Timing of Formation: Deglacial vs. Past Interglacials

When were Maldivian reef terraces formed? In absence of dating constraints, it is only
possible to make two alternative hypotheses on the age of the reef terraces identified in
this study.

The first hypothesis is that the terraces were created by either reef catch-up during rapid
sea-level rise events (Schlager, 2005; Khanna et al. 2017) or by marine planation during
periods of deceleration/pauses of the postglacial sea-level rise (i.e., since 20 ka) followed
by meltwater pulses (e.g. Green et al., 2014; Liu et al., 2015) that caused sudden
increases in the rate of sea-level rise (Fig. 7a,b). This hypothesis is the one favored by
previous studies in the Maldives, which attribute submerged reef terraces to postglacial
and Holocene reef growth on the Pleistocene foundation (Bianchi et al., 1997; Flrstenau
et al., 2009; Rufin-Soler et al., 2013). One argument that supports the hypothesis that the
reef terraces observed in this study were created since the LGM (Fig. 7a,b) is the
observation that the terraces have widths most often included between 10 and 60 m. At
rates of marine planation of 40-70 m-ka* (Blanchon and Jones, 1995), reef terraces such
as the ones presented in this study would form in ~0.15-1.2 ka. This matches roughly the
duration of the periods of deceleration of Holocene sea level rise shown in Fig. 7a (~0.2-
1 ka). Recent studies also showed that, during periods of rapid sea-level rise, up to six
terraces within 2 ka can develop as a result of back-stepping (Khanna et al., 2017).

The notion that submerged reef terraces were formed during the last deglaciation has been
also proposed by previous studies, either through correlation with dated features such as
relic reef build-ups (Blanchon et al., 2002) or through chronostratigraphy and correlation
with other sites (Green et al., 2014). On the Texas shelf, the hypothesis that sudden
accelerations of Holocene sea level have shaped carbonate platforms has recently been
substantiated by rigorous data and radiometric age constraints (Khanna et al., 2017).

The second age hypothesis is that some or all of the submerged reef terraces described in
this study were instead shaped by past sea-level highstands peaking below modern sea level

(Fig. 7¢), and the reef growth since the Last Glacial Maximum represents only a thin veneer



465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490

491
492
493
494
495

upon these older surfaces. Past highstands that might have formed the terraces might
include substages of MIS 7, MIS 5 and MIS 3 (see Siddall et al., 2007 for a review of
eustatic sea-level position in these periods). If all the terraces described in this study were
formed during the Pleistocene, then the question remains whether each terrace should be
attributed to a single highstand or if the terraces represent different sea-level events within
a single highstand.

Without further chronological constraints it is not possible to discern between these two
hypotheses. At the present state of the art, most of the radiocarbon age constraints for reef
formations in the Maldives are younger than ~8 ka (Gischler et al., 2008; Kench et al.,
2009) (blue dots in Fig. 7b). In some case, radiocarbon dates may be complicated by the
recycling of more recent radiocarbon, produced withi the reef setting. However, too much
organic carbon would likely preclude reef growth. Using a ramped pyrolysis radiocarbon
dating technique (e.g., Rosenheim et al., 2013) could potentially address the recycling of
carbon if sufficient organic carbon was deposited during the reef formation at that time.
A future feasibility study of using this technique in this tropical setting would appear
warranted. We therefore remark that recent improvements in the precision of U-series
disequilibrium dating (U-Th dating) should prove a more useful dating technique because
it avoids the issue of radiocarbon recycling and also offers a greater age resolution than
the shorter radiocarbon half-life dating technique (see Dutton, 2015, and references
therein for a more complete discussion). One fragment of Acropora sp., collected in a
core at 15 m depth on Rashdoo Atoll, was dated with the U-series disequilibrium
technique to the onset of MIS 5e (136.9+2 ka) (Gischler et al., 2008). North of Rashdoo,
in Maalhosmadulu Atoll, Kench et al., 2009 used U-series to date the last interglacial

reef (12217 ka) at 14.2 meters below present sea level.

Departures from Eustasy

In conjunction with paleo RSL calculations and age determinations, it is necessary to
consider whether the reef terraces presented here underwent significant vertical
movements since they were formed. In first approximation, there are two main factors
that need to be considered: tectonics (e.g., Sugihara et al., 2003) and glacio-hydro
isostatic adjustment (GIA) (e.g., Milne and Mitrovica, 2008). As both processes are time-



496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

dependent, the unresolved issue of timing of formation allows us only to explore the
sensitivity to our dataset to different scenarios of tectonics or GIA.

Regarding the tectonic factor, the Maldives have undergone long-term subsidence.
Published subsidence rates vary between 0.035 m-ka™ to 0.15 m'ka™* since the onset of
the last interglacial (Gischler et al., 2008). With the caveat that assuming linearity from
long-term tectonic histories can be misleading, we show how these tectonic rates would
affect eustatic sea-level curves in Fig. 7b,c (see gray band in both panels versus the
dashed line, representing global eustatic sea level). As an example, a reef formed at 6 ka
BP in the Maldives would be displaced downwards by 0.2-0.9 m. Similarly, a 21 ka BP
reef would be displaced dwnwards by 0.7 to 3.2 m. Under the same long-term tectonic
rates, a MIS 5e (deposited 125 ka ago) reef in the Maldives would have been displaced
downwards 4 to 18 m. Any long-term subsidence estimate should also account for earth
dynamic topography, in particular at timescales of hundred thousands of years
(Austermann et al., 2017). For the Maldives, dynamic topography models predict from

~3 m of uplift to ~13 m of subsidence, the latter again in broad agreement with both long-
term subsidence rates and the depth of dated last interglacial reefs (Gischler et al., 2008;
Kench et al., 2009).

The GIlA-related departure from eustasy has a slight latitudinal dependence in the
Maldivian Archipelago (Morri et al., 1995). According to published GIA models (Milne
and Mitrovica, 2008), a shoreline deposited 6 ka in the Maldives should have been
displaced by -1.5m in Rashdoo (north) and by -2 m in Suvadiva (south). Shorelines
deposited 21 ka ago should be instead found 5.7 and 3.2 m (in Rashdoo and Suvadiva,
respectively) below the eustatic value (Milne and Mitrovica, 2008). Also a Last Interglacial
shoreline would be displaced in the Maldives due to GIA. The few models currently
available for this region (Austermann et al., 2017) predict that a shoreline deposited in
Rashdoo atoll 125 ka ago would be today 1.5+0.3 m higher than the MIS 5e eustatic value.
The data presented above show that GIA and tectonics contributed several meters to the

vertical displacement of the reef terraces described in this study, regardless of their age.
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A Global Sequence of Submerged Reef Terraces?

As reported in the discussion above, submerged reef terraces are common features on
tropical and subtropical atolls, barrier reefs, and continental shelves. In total, we
identified 52 areas (including the Maldives) where levels of submerged reef terraces have
been reported in literature (Fig. 9a-e). When plotting the depths of these reef terraces
(Fig. 9f), we show that there is very little agreement towards common global levels. The
reasons for this mismatch are evident from the points raised in the discussion of the
Maldivian terraces. In summary, global levels of submerged reef terraces do not emerge
because of the following reasons:

1. Fig. 1f compares depths of terraces and not paleo RSL. This is due to the fact that
most studies do not report enough data on modern analogs to allow the use of
Eq.1 and Eq.2 to properly calculate RSL and its related uncertainties.

2. Even if it would be possible to calculate paleo RSL from the terraces at each site,
most reef terraces plotted in Fig. 9a-e do not have radiometric age constraints. To
be able to compare terrace levels at different sites, it would be necessary to
establish the age of each terrace level and account for departures from eustasy
caused by GIA and/or tectonics. An example of the magnitude of GIA-induced
departures from eustasy for a shoreline deposited 6 ka is shown in Fig. 9a-e using
the GIA model results of Milne and Mitrovica (2008).

3. Itis necessary to disentangle timing and mechanisms of formation, in order to
understand which terraces formed during rapid sea-level rise events, or during
decelerating events, or on top of topographic features developed during previous
interglacials. Besides U-series or radiocarbon dating of the different terrace levels,
one solution to disentangle different timings of formation is represented by the
application of stratigraphic forward models at different time scales and with
different sea level scenarios (Warrlich et al., 2002; Koelling et al., 2009; Barret
and Webster, 2012; Seard et al., 2013; Camoin and Webster, 2015).

It is worth noting that, overall, age constraints are available for only few sites among
those reported in the database (see Supplementary Materials). Where available,
radiometric ages of superficial sediments collected above the terraces indicate a post-

LGM age, and attribute the formation of the terrace to short periods of deceleration or
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pause of the sea-level rise since 21 ka BP (e.g., Nair, 1974; Vora and Almeida, 1990;
Wagle et al., 1994). In general, only few studies in our database (e.g. Stanley and Swift,
1968; Gvirtzman, 1994) assume that the reef terraces might have formed during previous
interglacial periods.

Conclusions

The results of the combined scuba and multibeam surveys in the Maldives, together with
the comparison with other studies worldwide, allow us to draw three main conclusions.

1. On atoll upper slopes of the Maldivian Archipelago, six levels of submerged reef

terraces are conserved between ~25 and ~106 m depth. These reef terraces are
ubiquitous in the archipelago. These submerged reef terraces are indicators of paleo
relative sea-level (RSL) positions. Comparisons with modern Maldivian reef flats show
that, to calculate paleo RSL from the modern depth of a reef terrace, one should add at
least ~6 m to the measured depth. Uncertainties on this estimate might be substantial,
up to a few meters.

Several studies suggest that reef terraces similar to those presented here could be related
to pauses or decelerations of sea-level rise since the Last Glacial Maximum, although,
at least in the Maldives, the absence of chronologic constraints leaves the question open
whether the terraces are instead relicts from past interglacials. Improving chronological
constraints on these terraces remains therefore a central goal for future studies, both in
the Maldives and elsewhere. With a more solid chronology for the reef terrace levels
presented in this study, departures from eustasy might be calculated more precisely.
Published GIA models and tectonic subsidence rates show that these processes might
affect paleo RSL estimates by several meters.

Understanding the timing of formation of reef terraces such as those shown in this study
is also important to gauge the sensitivity of ice sheets to sudden collapses. In fact, if
the terraces were formed during slowdowns of the Holocene sea-level rise, they would
have to be drowned under sudden sea-level accelerations to guarantee their
preservation. Holocene sea-level reconstructions show that such patterns of
deceleration-acceleration are indeed possible. The period between 11.4 and 8.2 ka is

generally characterized by high sea-level rise rates (Lambeck et al., 2014, Fig.7 a,b),
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punctuated by sudden decelerations that might have contributed to the creation of the
deeper terraces. It has been proposed that a meltwater pulse (MWP-1C) happened
~8 ka BP, causing drowning of reef terraces formed before this period (Blanchon,
2011). Around 12 ka the eustatic sea-level curve of Lambeck et al. (2014, Fig.7 a,b)
shows a deceleration in the sea-level rise, followed by MWP-1B (Bard et al., 2010)
(starting at ~11.3 ka BP). Before this, a period of falling sea level (Lambeck et al.,
2014, Fig.7 a,b) at ca. 15 ka was followed by a period of rapid sea-level rise at the onset
of the Bglling Allerad warm period, coinciding with the MWP-1A (Liu et al., 2015).
However, a recent study along the South Texas Shelf highlighted that reef terraces
could also form contextually to rapid sea-level rise events by reef back-stepping during
the Bglling Allerad warm period related to decadal or century-long ice sheet collapses
(Khanna et al., 2017). The existence of nine terrace levels in the Maldives would
suggest that the Holocene sea-level rise was punctuated by even more events such as

those described above.
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943 Table 1. Depth of terraces in the Maldivian archipelago, calculation of paleo relative sea level and values

944 used to estimate sediment cover and paleo water depth. See supplementary data, Egs.1,2 and Fig. 1a for the

945 calculations used to obtain the paleo relative sea level (RSL) estimates.
Measured Measured
Name Name
depth (RTd) | RSL +oRSL (m) depth (RTd) | RSL +6RSL (m)
(SCUBA) (Multibeam)
+6RTd (m) +6RTd (m)
M1 25+2 18.9£3.3
M2 29.5+1.5 23.4%3
T1 3318 26.918.4
M3 34.5+1.5 28.4+3
M4 38+2 31.9+3.3
T2 50+2.5 43.9+3.6 M5 46x4 39.9+4.8
T3 58.8+3.8 52.7+4.6 M6 56+4 49.9+4.8
T4 71.516 65.416.5 M7 70.5£5.5 64.416.1
M8 88.5+3.5 82.4x4.4
M9 106.5£3.5 100.4+4.4
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Fig. 1 a) The Maldivian Archipelago. The black dots represent the location of the 112 scuba
diving surveys, yellow dots indicate the location of the transects shown in Fig. 4. Note the
breaking in the latitude axis b) North Malé atoll. ¢) Malé Island, around which the 2008

multibeam survey was conducted (see Fig. 5). Map data: Google, Landsat, DigitalGlobe,

CNS/Astrium.
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transects. Note that two more submerged terrace levels were found from multibeam surveys.
Letters ¢ to g refer to approximate locations of photos shown in panels c-g. Block diagram
derived from an original sketch of V.Parravicini. b) Aerial view of part of a Maldivian Atoll. 1-
outer reef; 2-reef flat; 3-inner reef. c) Edge of the modern reef flat at 7 m (Gulhi Kuda Giri, S.
Malé). d) Mid-shelf scarp slope between the edge of the modern reef flat and T1 (Boldhuffaru
outer reef, S. Malé). e) Accumulation of coral rubble on top of T1. Slope is around 25-30°. The
base of this coral rubble deposit is at 23 m (Thoddhoo outer reef). f) Outer edge of T1

(Bodhofoludhoo, Ari). g) Outer edge of T3 (Thoddhoo outer reef).
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Fig. 4 a-g) Cross-profiles obtained from scuba diving transects. Location for each panel is shown

in Fig. 1a. The blue bands represent the calculated paleo sea level from Table 1. In the panel f),

the box on the upper right represents the planar view of a tract of the reef between 53 and 82 m

drawn during a deep scuba dive by C.N.Bianchi.
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Fig. 5 a) Bathymetric map of Male Island derived from multibeam surveys, with locations of b, c,
d, e, f, and g panels. b) Oblique view displaying oval depressions between 50 and 60 m depth,
interpreted as sinkholes formed during time of subaerial exposure. ¢) Slope map illustrating
terraces from M1 to M6. d) Slope map illustrating terraces from M5 to M9, separated by steep
cliffs. A total of two types of color stretch schemes were used to produce the slope maps:
histogram equalize (illustrate better shallow terraces) and percent clip (illustrate better deeper

terraces). e), f) and g) Cross profiles show casing terraces M1-M4, M5-M7, and M8-M9. Due to
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sediment burial, a continuous slope profile does not show all the terraces and, therefore, three
different cross profiles are chosen. These profiles are located in areas of strong currents and thus
less masked by sediment deposits. The base of the reef slope is shown by the arrows in (c) and (d)

at ~120 m depth.
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Fig. 6 a) Depth of reef flat/upper terrace (gray circles), of reef terraces (black circles) and of the

base of coral rubble deposits (white circles) for each scuba diving transect (see Supplementary

Data). b) Relative frequency of terraces plotted by depth, with modal depths of most recurrent

terrace levels and associated ranges (black line). The dashed line indicates rockfalls identified at

the toe of the reef slope, the gray line indicates the depth of the reef flat/upper terrace edge. c)

Terraces M1-M9 identified through multibeam bathymetry dataset, Malé Island. d) Depth of

terrace levels identified in the Maldives by previous studies.
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994  Fig.7 Sensitivity of the paleo relative sea level (RSL) calculation to possible perturbations on the
995  measured reef terrace depth. 1 — no perturbations considered, as in this study; 2 — the measured
996  depth is lower than the original inner margin depth due to reef building since the formation of the
997  inner margin; 3 — the measured depth is higher than the original inner margin depth (green circle)
998  due to erosion since the formation of the inner margin. The lower panel indicates how each case

999  would influence the paleo RSL calculation and associated uncertainties.
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Fig.8 a) Rates of eustatic sea-level (ESL) rise since the Last Glacial Maximum. b) Eustatic sea-
level changes since the Last Glacial Maximum. The blue dots represent dated relative sea-level
(RSL) index points in the Maldives. c) Eustatic sea-level changes in the last 250 ka. Colored
bands represent the paleo RSL inferred from Maldivian terraces (same color code as in Fig. 6¢).
The dashed line in both graphs represents ESL from Lambeck et al. (2014) (panel b) and Grant et
al. (2014) (panel c). The gray band in both graphs shows the Relative Sea Level calculated for the
Maldives adding a constant subsidence rate between 0.035 m-ka™* to 0.15 m-ka™. Neither panel b
nor c take into account the possible departures from eustasy caused by glacial isostatic adjustment

(GIA) in the Maldives, which are discussed in the text.



1010
1011

1012

1013

1014

1015

1 42\
@ 6
ass
3 5

a a
e @

ol

Departure from eustasy
(Milne and Mitrovica, 2008)
6ka
I |
>-10m Om <10m
21ka (contour)

0— Caribbean Red Sea India GBR
10 ® ® g © o
] 0]
204 ¢ 69 ¢ 44 @ $o00p 04° + $o 09 . WE.
304 ¢ ¢ + +¢ + © T )
_ 40 o o ° 4 o g o
£ 50 & ) ) ° T2
= 60 + % o 4, ¢ © ¢¢¢¢ o ¢ o0 13 04’0(#0, ¢
£ 70 Lok 0 i ° o
o ] ¢ 8 00%, °© o g
@ 80
B 9] o o 500 M8 4,0 $°¢o
100 + o+ + o . - op! Op
110 + + 0o Mo o 00®
120 ¢ + o
130—_f ° 7 .
O TETa 17 T T el sl Tral o1 T 2al 25177 Lol a1l 53] 367 T oo Lot T4 Las L7 Laa T o]
274768710 12714 16 18 207 2272477267 '287730" 32734 36 38" 40 42 44 46 48 50 52

Site number

Fig. 9 a) Sites where submerged reef terraces have been reported” (see Supplementary Materials
for details). b-e) Detailed view of, respectively: the Caribbean region, the Red Sea region, the
Indian region, the Great Barrier Reef region. f) Comparison between the reported depths of reef
terraces and the levels found in the Maldives. The background of panels a to e represents the

departure from eustasy at 6 ka due to GIA, as calculated by Milne and Mitrovica (2008).
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Contours represent the same at 21 ka. *Sites and references (see Supplementary Data for more
details): 1 - Johnston Atoll, USA (Keating, 1985 in Blanchon, 2011); 2 - Ohau, Hawaii, USA
(Fletcher and Sherman, 1995); 3 - Caroline Island, Kiribati (Tracey, 1968 in Blanchon, 2011); 4
- Tuamotus and Society Islands, French Polynesia (Newell, 1956 and Chevalier et al., 1968 in
Blanchon, 2011); 5 - Marquesas foreslopes (French Polynesia) (Cabioch et al., 2008); 6 -
Clipperton Island, France overseas (Glynn et al., 1996 in Blanchon, 2011); 7 - Gulf of Mexico,
USA (Poag, 1973); 8 — Yucatan, Mexico (Logan, 1962); 9 - Belize (James and Ginsburg, 1979 in
Blanchon and Jones, 1995); 10/11 - Grand Cayman (Rigby and Roberts, 1976 in Blanchon and
Jones, 1995); 12 - Great Bahama Bank, Bahamas (Hine and Neumann, 1977 and Wilber et al.,
1990 in Blanchon and Jones, 1995); 13 - Jamaica (Goreau and Land, 1974, Liddell et al., 1984
and Digerfeldt and Hendry, 1987 in Blanchon and Jones, 1995); 14 - Cuba (Kihlmann, 1970 in
Blanchon and Jones, 1995); 15 - Curacao, Netherland Antilles (Focke, 1978); 16 - Dominican
Republic (Barrett, 1962); 17/18 - Puerto Rico (Morelock et al., 1983 and Kaye, 1959a,b); 19 -
Bermuda (Stanley and Swift, 1968); 20 - Barbados (Acker, 1987 and Macintyre, 1967 in
Blanchon and Jones, 1995); 21 - Kwa Zulu Natal, South Africa (Green et al., 2014); 22 -
Mayotte Comoro Islands (Dullo et al., 1998); 23 — Eilat, Israel (Reches et al., 1987); 24/32 -
Egypt (Reiss and Hottinger, 1984; Fricke and Landmann, 1983; Gvirtzman, 1994; Moawad,
2013); 33 - Persian Gulf, Qatar (Houbolt, 1957 in Wagle et al., 1994); 34/36 - India (Nair,
1974; Vora and Almeida, 1990; Wagle et al., 1994); 37 - Laccadive Islands (Siddiquie, 1975);
38 - Maldives (This study); 39 - Cocos (Keeling) islands (Williams, 1994 in Blanchon, 2011);
40 - Western Australia (Carrigy and Fairbridge, 1954 in Wagle et al., 1994); 41 - Rottnest
Island, Australia (Collins, 1988); 42 - NW Shelf, Australia (Hengesh et al., 2011); 43 - South
China Sea, China (Wenke et al., 1982 in Wagle et al., 1994); 44/49 - Great Barrier Reef,
Australia (Sarano and Pichon, 1988; Abbey et al., 2011; Johnson and Searle, 1984); 50 -
Solomon Islands (Stoddart, 1969b in Blanchon, 2011); 51 - Alexa Bank, Melanesia (Fairbridge

and Stewart, 1960); 52 - Bikini, Marshall Islands (Tracey et al., 1948).
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