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a b s t r a c t

We assembled a database of Holocene relative sea-level index points (n¼ 213) and marine (n¼ 211) and
terrestrial (n¼ 122) limiting points for the broader South and Southeast Asian region including the
Maldives, India and Sri Lanka. The standardized review of published age-elevation information from
corals, deltaic, estuarine and mangrove deposits, beachrocks and tidal notches, yielded a new suite of
relative sea-level index and limiting points produced according to a standardized protocol. Expected
spatial variability in Holocene relative sea-level change due to glacial isostatic adjustment was accounted
for, by first subdividing the study area into ten geographic sub-regions from the Central Indian Ocean to
the Western Tropical Pacific, and second by comparing sub-regional relative sea-level data to model
predictions of glacial isostatic adjustment. Results show that some of the regionally constrained relative
sea-level data are characterized by significant inconsistencies that cannot be explained by glacial isostatic
adjustment. Such inconsistencies of standardized relative sea-level data become particularly obvious in
areas around the Red River Delta in Vietnam, the Gulf of Thailand, the northwest coast of Malaysia and
the Spermonde Archipelago in Indonesia. Based on a critical evaluation of the reviewed relative sea-level
indicators, we discuss possible sources of local divergence and identify regions where data are currently
insufficient to constrain glacial isostatic adjustment predictions. The remaining quality-controlled and
consistent relative sea-level data show that glacial isostatic adjustment and syn-/post-formational in-
fluences such as tectonic uplift, subsidence and compaction were the dominant local drivers of Holocene
relative sea-level change. Collectively, the results of this review suggest that Holocene sea levels in South
and Southeast Asia and surrounding regions have been controlled by a variety of global and local drivers
and imply that additional index points from the Java Sea in Indonesia would be valuable to better assess
the spatial variability, and to calibrate geophysical models of glacial isostatic adjustment.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Coastal areas in South and Southeast (SE) Asia are among the
world'smost vulnerable in terms of flooding due to climate induced
sea-level rise and the associated land and economic loss (Nicholls
and Cazenave, 2010; Cazenave and Cozannet, 2013). Throughout
much of Asia, socio-economic risks primarily emerge from high
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rates of relative sea-level (RSL) rise in coastal megacities that are
largely a product of subsidence resulting from groundwater
extraction (Chaussard et al., 2013). Subsidence-driven RSL rise ex-
acerbates the climatic signal and is most problematic in rapidly
developing coastal megacities where population growth and ur-
banization will further increase the exposure to climate-related
weather extremes and sea-level rise in the future (Hanson et al.,
2011).

Located far field of ice-sheets that covered vast regions in higher
and middle latitudes during the Last Glacial Maximum (LGM, ~21
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ka before present, BP), deglacial RSL changes within the equatorial
ocean basins of SE Asia resulted from a combination of eustatic,
isostatic and local factors (Sieh et al., 2008; Mann et al., 2016;
Meltzner et al., 2017). In contrast to near- and intermediate-field
regions such as Greenland, Northern Europe and North America
(Long et al., 2006; Hijma and Cohen, 2010; Engelhart and Horton,
2012; Horton et al., 2013; Engelhart et al., 2015), the Holocene
RSL record in the far field is minimally influenced by isostatic
deformation resulting from weight relief after the melting of thick
LGM ice sheets (Shennan and Horton, 2002; Gehrels and Long,
2008). Rather, the melting of ice sheets in high-latitudinal regions
induced a collapse of the peripheral forebulge, which had been
surrounding the former ice margins, and thereby caused a redis-
tribution of water masses away from the tropics and towards
higher latitudes (i.e. ocean siphoning; Mitrovica and Peltier, 1991;
Peltier, 1999).

As a result, a Holocene RSL highstand in equatorial ocean basins
in SE Asia is predicted by geophysical models, unless the eustatic
contribution and subsequent redistribution of water following the
subsidence of the peripheral forebulge has been compensated by
contemporaneous hydro-isostatic subsidence of the oceanic crust
(i.e. continental levering; Lambeck et al., 2002; Mitrovica and
Milne, 2002; Lambeck et al., 2010; Woodroffe et al., 2012). The
interplay between these processes (i.e. ocean siphoning and hydro-
isostasy/continental levering) predominantly determines glacial
isostatic adjustment (GIA) patterns in equatorial ocean basins.
Furthermore, in regions such as South and SE Asia, the possibility of
tectonically-induced, post-formational changes in the elevation of
RSL indicators is often relevant, potentially adding additional un-
certainty to the interpretation of reconstructions.

Regional sea-level databases summarizing RSL index and
limiting points since the LGM provide meaningful insights to
disentangle the primary driving mechanisms of RSL change and its
potential environmental and societal impacts (e.g. Love et al., 2016;
Yousefi et al., 2018). Accurate and precise RSL reconstructions are
essential to understand variability in Earth's rheology (Engelhart
et al., 2011; Roy and Peltier, 2015), identify ice-volume equivalent
melt-water contributions (Lambeck et al., 2014; Bradley et al., 2016)
and to reconstruct shoreline responses to RSL changes as a valuable
benchmark against which to assess modern and ancient hominin
dispersals (Lambeck and Chappell, 2001; Carto et al., 2009;
Armitage et al., 2011; Fontana et al., 2017; Melis et al., 2018).

In SE Asia, RSL studies summarizing some of the hitherto
existing deglacial RSL data from within this region, as well as from
the broader Indo-Pacific region are provided by Horton et al. (2005)
for theMalay-Thai Peninsula andWoodroffe and Horton (2005). For
example, Horton et al. (2005) analyzed the facies of ancient
mangrove and freshwater swamps in the Great Songkhla Lakes at
the southwest coast of Thailand, and compared their results to
earlier RSL reconstructions from the Malay-Thai Peninsula. In this
region, they identified strong spatial variability of RSL signals across
the study sites culminating in amaximummid-Holocene highstand
of ~5m above present-day mean sea level (msl) by ~ 4.9e4.5 ka BP.
The spatial spread of Holocene RSL variability is explained by
regional differences in the hydro-isostatic response of the ocean
floor affecting the RSL signal in that area. Such datasets therefore
provide valuable contributions to the growing awareness of Holo-
cene sea-level variability, and, at the same time, call for an updated,
quality-controlled and standardized framework summarizing the
spatial and temporal variability of Holocene RSL change for the
broader SE Asian region.

In this paper, we have standardized data from terrestrial,
intertidal and marine deposits into 546 RSL index and limiting
points from ten regions within South and SE Asia, including the
IndoeWest Pacific. To produce the RSL data points alongwith their
associated uncertainty, we followed the protocols described by
International Geoscience Correlation Programme (IGCP) projects
61, 200, 495, 588, and 639 (e.g. Preuss, 1979; Van de Plassche, 1986;
Gehrels and Long, 2008; Horton et al., 2009; Shennan et al., 2015).
Our results represent the first standardized Holocene RSL database
for broader SE Asia, Maldives, India and Sri Lanka (hereafter
abbreviated to SEAMIS). The new SEAMIS dataset allows for an
examination of driving mechanisms of RSL change within individ-
ual sub-regions as well as the identification of those areas where
additional focussed efforts to produce high-quality RSL data are
required.
2. Regional setting

2.1. Geography

SE Asia is a vast geographic zone comprising countries located
on the southeastern extension of continental Asia (Myanmar,
Thailand, Laos, Cambodia, Vietnam,Malaysia, Singapore), the island
of Borneo (comprising Brunei and parts of Indonesia and Malaysia)
and the archipelagos of Indonesia and the Philippines. In the
SEAMIS dataset, we have furthermore included RSL studies from
the Maldives (Kench et al., 2009) and Cocos (Keeling) Islands
(Woodroffe et al., 1990) in the central and eastern Indian Ocean,
southeastern India (Vaz and Banerjee, 1997; Banerjee, 2000), the
Palau Islands in the western tropical Pacific (Kayanne et al., 2002)
and the Huon Peninsula, Papua New Guinea (Chappell and Polach,
1991). This results in a geographical extension of the study area
ranging between 20�N and 20�S latitudes and 70�E�150�E longi-
tudes (Fig. 1).
2.2. Tectonics

The geographic region of this study is in many parts character-
ized by active tectonics, which have shaped the regional geo-
morphology through earth history and continue to influence the
behavior of the lithosphere today (Hall and Blundell, 1996;
McCaffrey, 1996; Simons et al., 2007; Hall and Spakman, 2015) and
inherently affect records of Holocene RSL change. The study area
comprises approximately 20 different tectonic plates and micro-
plates and an accordingly high number of plate boundaries (Bird,
2003, Fig. 1). If considered in terms of absolute length within the
study area, the dominant structural units delineating the different
plates from each other are subduction zones, followed by divergent
plate boundaries and transform faults. For example, along the
Sunda Megathrust, the Australian Plate is subducted beneath the
Sunda and Timor plates and have thereby created a volcanic arc
comprising the Indonesian islands of Sumatra, Java and Nusa
Tenggara (Darman and Sidi, 2000). In the SEAMIS database, we
exclude areas where tectonic variability represents a first-order
control on RSL change (e.g., south coast of Sumatra and Java and
much of the Philippines).
2.3. Climate

Located between 20�N and 20�S latitudes (Fig. 1), virtually all
countries in the study area experience tropical to sub-tropical cli-
mates with predictable reversals in monsoon wind directions and
associated changes between wet and dry seasons. As reefs and
mangrove environments cover large parts of the coastal landscape
of the region, RSL indicators that have been included in this data-
base are dominated by corals and sediment frommangrove swamp
deposits.



Fig. 1. Overview map of the broader SE Asian region showing the study sites of published RSL reconstructions implemented in this paper. Black numbers refer to studies listed in
Table 1. Red rectangles and numbered hashtags indicate the positions of geographical sub-regions. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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3. Material and methods

3.1. Studies reviewed and types of sea-level indicators

Sea-level changes in SE Asia have been studied since the 1970s
(e.g. Tjia et al., 1972). Most RSL indicators that have been analyzed
are of biological origin such as coral reefs and microatolls (e.g.
Chappell and Polach, 1991; Hesp et al., 1998; Kayanne et al., 2002;
Mann et al., 2016; Meltzner et al., 2017), or result from the partial
decay of plant material and leaf litter that accumulate in peatlands
and mangrove swamps (Geyh et al., 1979; Horton et al., 2005).
Other RSL indicators are preserved within beach deposits
(Stattegger et al., 2013) and deltas (Hori et al., 2004; Tamura et al.,
2009), or are reconstructed from geomorphic features such as tidal
notches (Scheffers et al., 2012). Table 1 summarizes all studies from
which data have been incorporated to the SEAMIS database and
gives the locations of the respective study sites.
3.2. Compilation of the dataset

The criteria to compile a standardized dataset of sea-level index
and limiting points has been primarily described and formalized
during the International Geological Correlation Program (IGCP)
Project 61 (Bloom, 1977; van de Plassche, 1982) and was subse-
quently refined in the follow-up IGCP projects 200, 274, 367, 437,
495 and 588 (Van de Plassche, 1986; Pluet and Pirazzoli, 1991;
Shennan, 1992; Murray-Wallace and Scott, 1999; Hopley and
Gehrels, 2007; Gehrels and Long, 2008; Switzer et al., 2012). Most
of these earlier works have been recently summarized by Shennan
et al. (2015), stating that four fundamental criteria need to be re-
ported for any index point in a standardized way (Hijma et al.,
2015):
(1) elevation measurements need to be undertaken using high-
precision topographic survey techniques where the obtained
results can be benchmarked to a tidal datum;

(2) for every sea-level index point, the Indicative Meaning (IM),
comprising the Indicative Range (IR) and the Reference
Water Level (RWL), need to be calculated. IR represents the
elevation range occupied by a sea-level index point relative
to contemporary tidal datums. The RWL is the midpoint of
the IR. Accordingly, the smaller the IR of a certain sea-level
index point, the lower its vertical uncertainty in the final
RSL reconstruction;

(3) the age of a sea-level index point must be obtained using
radiometric dating techniques and in the case of 14C dating,
calibrated to take into account the variation of radiocarbon
activity in the ocean and atmosphere over time;

(4) the location of a sea-level index point must be determined
relative to national or international conventions.
3.3. Reconstructions of relative sea-level positions

To standardize the RSL positions obtained from the literature
and apply the aforementioned criteria, we have critically reviewed
published RSL evidence and allocated each RSL indicator with an IR
and a RWL (Table 2).

If the IR for a given RSL indicator falls within the tidal range,
then it is considered a RSL index point. RSL index points provide
upper and lower limits of the elevation of RSL positions at a given
time (Van de Plassche, 1986; Shennan and Horton, 2002; Engelhart
et al., 2015; Shennan et al., 2015). For example, mangrove swamp
deposits interpreted from sedimentological information, micro-
and macrofossils and pollen assemblages (e.g. Horton et al., 2005;
Bird et al., 2007; Engelhart et al., 2007; Tam et al., 2018) have been
given an IR between Highest Astronomical Tide (HAT) and Mean
Tide Level (MTL). Furthermore, if the information provided in the



Table 1
Summary of reviewed RSL studies and respective locations within SE Asia.

Map reference Literature reference Geographic subregion (map reference #) Latitudea Longitudea

1 Kench et al. (2009) Central Indian Ocean (#1) 5.19 73.00
2 Banerjee (2000) Southeastern India (#2) 9.29 79.22
3 Vaz and Banerjee (1997) Southeastern India (#2) 13.75 80.21
4 Woodroffe et al., 1990 Eastern Indian Ocean (#3) �11.83 96.82
5 Hori et al. (2004) Red River Delta (#4) 20.68 105.90
6 Tanabe et al. (2003a) Red River Delta (#4) 20.37 106.15
7 Tanabe et al. (2003b) Red River Delta (#4) 20.63 105.99
8 Somboon and Thiramongkol (1992) Gulf of Thailand (#5a) 14.34 100.96
9 Somboon (1988) Gulf of Thailand (#5a) 13.50 100.50
10 Tamura et al. (2007) South China Sea (#5a) 11.48 105.12
11 Tamura et al. (2009) South China Sea (#5a) 11.19 105.28
12 Hanebuth et al. (2012) South China Sea (#5a) 10.75 105.71
13 Stattegger et al. (2013) South China Sea (#5a) 11.40 109.00
14 Scheffers et al. (2012) Malay-Thai-Peninsula (#5b) 7.92 98.24
15 Scoffin and Le Tissier (1998) Malay-Thai-Peninsula (#5b) 7.75 98.42
16 Tjia et al. (1972) Malay-Thai-Peninsula (#5b) 6.28 99.82
17 Tjia and Fujii, 1992 Malay-Thai-Peninsula (#5b) 4.18 100.60
18 Geyh et al. (1979) Malay-Thai-Peninsula (#5b) 2.52 101.77
19 Hesp et al. (1998) Malay-Thai-Peninsula (#5b) 1.33 103.75
20 Bird et al. (2007) Malay-Thai-Peninsula (#5b) 1.34 103.89
21 Bird et al. (2010) Malay-Thai-Peninsula (#5b) 1.31 103.89
22 Horton et al. (2005) Malay-Thai-Peninsula (#5b) 7.75 100.17
23 Parham et al. (2014) Malay-Thai-Peninsula (#5b) 5.49 102.89
24 Kamaludin (2001) Malay-Thai-Peninsula (#5b) 3.00 103.25
25 Tjia et al. (1983) Malay-Thai-Peninsula (#5b) 2.75 104.25
26 Meltzner et al. (2017) Java Sea (#5c) �3.23 108.08
27 Azmy et al. (2010) Java Sea (#5c) �7.61 110.71
28 Mann et al. (2016) Strait of Makassar (#6) �5.04 119.33
29 De Klerk, 1982 Strait of Makassar (#6) �5.59 119.49
30 Kayanne et al. (2002) Western Tropical Pacific (#7) 7.37 134.38
31 Chappell and Polach (1991) Huon Peninsula (#8) �6.00 147.05

a Decimal degrees.

Table 2
Derivation of the indicative meanings for different indicator types implemented in this paper to calculate RSL positions for the SEAMIS database. Highest astronomical tide
(HAT), mean tide level (MTL), mean higher high water (MHHW), mean lower low water (MLLW) and lowest astronomical tide (LAT).

Sample type Evidence Reference
Water Level

Indicative
Range

Index points
Mangrove swamp Sedimentological information and plant macrofossils referring to a general marsh environment (Hesp et al., 1998;

Bird et al., 2007). Foraminiferal, diatom and pollen assemblages dominated by swamp taxa (Kamaludin, 2001;
Engelhart et al., 2007; Horton et al., 2007; Tam et al., 2018).

(HAT to
MTL)/2

HAT to
MTL

Mangrove upper swamp Sedimentological information and plant macrofossils referring to a high swamp environment (Horton et al., 2005;
Tam et al., 2018).

(HAT to
MHHW)/2

HAT to
MHHW

Tidal beach Clayey fine sand with silt beds, fining or coarsening upward, few organic spots, few foraminifers and shell fragments
(Hanebuth et al., 2012).

(HAT to
MHHW)/2

HAT to
MHHW

Intertidal beachrock Inter-granular aragonitic or high-magnesium calcite cements and sedimentary architecture characterized by
seaward-dipping parallel lamination (Michelli, 2008; Stattegger et al., 2013; Mauz et al., 2015).

(HAT to
MLLW)/2

HAT to
MLLW

Intertidal mudflat Sedimentary facies consisting of laminated sand with mud drapes and low-angle bi-directional cross-lamination
(Tamura et al., 2009).

(HAT to
LAT)/2

HAT to LAT

Microatoll (Individual,
not ponded)

Discoid-shaped reef-flat corals with flat ‘dead’ upper surface and ‘living’ polyps around the perimeter (Scoffin and
Stoddart, 1978; Smithers and Woodroffe, 2000).

(MLW to
LAT)/2

MLW to
LAT

Microatoll (Individual,
ponded)

Microatolls for which ponding cannot be excluded (Scoffin and Stoddart, 1978). (MHWN to
LAT)/2

MHWN to
LAT

Microatoll (Highest level
of survival)

Diedowns identified from slabbed and x-rayed specimens (Meltzner and Woodroffe, 2015; Meltzner et al., 2017). (MLLW to
LAT)/2

MLLW to
LAT

Oyster belts In situ belts of the oyster Saccostrea cucullata (Scheffers et al., 2012; Rovere et al., 2015). (HAT to
LAT)/2

HAT to LAT

Marine limiting Subtidal beachrock. Inter-granular, aragonitic or high-magnesium calcite cements and trough-cross stratification
(Stattegger et al., 2013; Mauz et al., 2015).
In situ corals. Reef and fore-reef corals identified up to genus level in cores or in outcrops (Yokoyama and Esat, 2015).
Marine shells without species description and microfossil assemblages. Found in sandy and silty sediments typical of
mudflat, lagoonal, upper shoreface, prodelta or marine environments, or attached to hard substrates (Tamura et al.,
2009).
In situ corals. Considered marine limiting if no microatoll structure is clearly described.

LAT Below LAT

Terrestrial limiting Backshore deposits. Landward-dipping parallel sediment lamination and beach ridges (Michelli, 2008; Stattegger
et al., 2013)
Limnological sediments. Plant macrofossils and microfossil assemblages typical for freshwater environments (Hesp
et al., 1998; Hori et al., 2004; Tamura et al., 2009).

HAT Above HAT

T. Mann et al. / Quaternary Science Reviews 219 (2019) 112e125 115
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literature (i.e., text, figures and profiles) was sufficient to allocate
the dated facies to an upper mangrove swamp environment, the IR
is therefore better constrained to HAT to Mean Higher High Water
(MHHW).

On the other hand, RSL positions that could not be allocated to a
tidal datum but rather have formed with certainty below Lowest
Astronomical Tide (LAT) or above HAT, have been considered as
marine and terrestrial limiting points (Shennan and Horton, 2002).
Such data indicate that at the time of formation, RSL was above or
below the elevation of the respective indicator. This category in-
cludes, for example, deposits that have formed as part of the
supratidal beach or in a freshwater environment (terrestrial
limiting), or are derived from in situ corals and marine shells
(marine limiting).

In the database, we treated microatolls in different ways.
Microatolls comprise a relatively flat annular morphology, usually
with living coral polyps around their rims and dead upper surfaces
(Scoffin and Stoddart, 1978; Smithers and Woodroffe, 2000;
Meltzner andWoodroffe, 2015; Meltzner et al., 2017). These type of
intertidal reef-flat corals have often been used to reconstruct RSL
histories in tropical areas (e.g. Kench et al., 2009; Woodroffe et al.,
2012; Mann et al., 2016) because the elevation of their dead top
surface approximates a tidal datum that falls between Mean Low
Water Springs (MLWS) and Mean Low Water Neaps (MLWN) in
semidiurnal tidal systems. For microatolls that have been growing
in an open reef-flat environment (i.e. that were not ponded during
their lives), we used the range between LAT and Mean Low Water
(MLW) as nearly equivalent substitutes for MLWS and MLWN
(Table 2) because the OSU Tidal Prediction Software (see 3.2.2) does
not provide estimates of the former tidal datums. If instead fossil
microatolls have been subject to ponding during their lifetime,
their indicative range is larger and the RWL would fall between LAT
and Mean HighWater Neaps (MHWN) (Scoffin and Stoddart, 1978).
In the SEAMIS database, all microatolls were interpreted as non-
ponded due to the descriptions in the reviewed works.

Recent studies have demonstrated that an improved resolution
in RSL reconstructions can be achieved if die-downs within indi-
vidual microatolls are used as RSL index points (Meltzner and
Woodroffe, 2015; Meltzner et al., 2017). This requires the
analyzed fossil microatolls to be surveyed, slabbed and x-rayed. In
order to account for both, the newer (slabbing) and rather classic
(surface surveying) interpretation of microatolls as RSL indicators,
we have defined microatoll data as RSL index points with lower
precision (RWL between LAT and MLW) if the surface of individual
fossil colonies have been used to determine time-averaged RSL
data. These data will provide a broader timeframe of RSL change
where potential small-scale fluctuations due to dynamic oceano-
graphic and steric factors might not be resolved. If, however, Ho-
locene microatolls have been slabbed and die-downs have been
identified, these have been considered as RSL index points with
higher precision (RWL between LATandMLLW) (e.g. Meltzner et al.,
2017).

Due to lack of sufficient information within the original sources,
some RSL data were rejected. This was the case when (i) there was
no sample locationmentioned, (ii) no sample elevation given, (iii) it
was not possible determine a relation between the sample eleva-
tion and msl, (iv) there was no information about which specific
horizon of the respective indicator has been surveyed (eventually,
in that case, RSL positions have not necessarily been rejected but
were commonly “downgraded” from index to limiting points), (v)
no age was given, (vi) the upper bound calibrated age was older
than 12 ka BP, (vii) the radiocarbon age was too young to be cali-
brated, or, (viii) if the original reference was not available (see
Supplementary Table 1 for details on rejected data).
3.3.1. Age of RSL indicators
All radiocarbon age calibrations were done with the latest

version of the software CALIB using the Marine13 curve for marine
samples and the Intcal13 curve for terrestrial samples (Reimer et al.,
2013). Marine reservoir corrections have been applied according to
the closest available data in the Indian Ocean and Southeast Asia
(Southon et al., 2002). If a study site was located evenly distant
from two or more localities from which Delta-R values are known,
the weighted mean and standard deviation has been used for
calibration. A notable concern is the lack of a correction for isotopic
fractionation for radiocarbon dates from the older literature
(Stuiver and Polach, 1977; T€ornqvist et al., 2015). This became a
standard procedure in most radiocarbon laboratories by the late
1970s, but some have only applied fractionation corrections (e.g.,
normalized to �25% PDB) since the mid 1980s (Hijma et al., 2015).
We performed a correction for d13C fractionation, and for these
calculations further information about the sample age details (e.g.
the lab code or whether a bulk error was added) is available in
Supplementary Table 1.

U-series ages and uncertainties (±) were taken from the original
sources. Reviewed ages and uncertainties are placed in a related U-
series table with further information about the measured thorium
isotopes or the U/Th isotope combination that was used
(Supplementary Table 1).
3.3.2. Elevation of RSL indicators
RSL positions have been calculated as the height difference be-

tween the indicator elevation and RWL (Shennan and Horton,
2002) relative to local msl obtained from the OSU Tidal Predic-
tion Software (Egbert and Erofeeva, 2002) for each geographic sub-
region (see section 3.4). The total vertical uncertainty associated
with every RSL indicator includes any possible error related to the
production of index and limiting points (Shennan and Horton,
2002; Vacchi et al., 2016). It comprises the IR and the uncertainty
associated with calculating the sample altitude (Shennan and
Horton, 2002), a sampling uncertainty (Hijma et al., 2015), a sur-
vey and benchmark uncertainty (T€ornqvist et al., 2004; Engelhart
et al., 2011) and an uncertainty associated with the modeled tidal
information (Vacchi et al., 2016). We also accounted for possible
post-formational changes in the position of an index point by
sediment compaction from coring (whichwould result in lower RSL
positions) by considering the original position of a sample within
the surrounding substrate (i.e. basal vs. intercalated; Engelhart
et al., 2015).

Such uncertainties, related to the depth of a dated sample in a
core that has shortened due to different coring techniques, have
been treated following the suggestions from Hijma et al. (2015) in
cases where exact uncertainties have not been reported in the
respective papers. Additionally, if no precise sample elevation was
provided, the sample thickness uncertainty has been defined as half
of the sample thickness. Details on the individual vertical un-
certainties for each RSL indicator defined as index point are re-
ported in Supplementary Table 1. The resulting total vertical upper
and lower 2-sigma uncertainty is calculated as the root sum square
of each individual source of uncertainty (Shennan and Horton,
2002).
3.4. Subdivision into geographical sub-regions

Holocene RSL histories are characterized by notable spatial and
temporal variability, particularly with regard to the magnitudes of
Holocene highstands after meltwater input decreased (e.g.
Lambeck et al., 2002; Mitrovica and Milne, 2002; Lambeck et al.,
2010; Woodroffe et al., 2012). For the Malay-Thai Peninsula, for



Fig. 2. Age-elevation plot of standardized Holocene RSL indicators compiled in the
SEAMIS database.
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example, this was demonstrated by Horton et al. (2005). In order to
account for the Holocene RSL spatial variability, we have sub-
divided our dataset into ten regions, based on a number of criteria
such as data availability, inferred tectonic activity and homogenous
GIA patterns. This minimizes the risk of potentially erroneous
compilations resulting from naturally variably RSL signals due to
GIA.

The Sunda Shelf, which marks the central portion of the study
area, contains the majority of RSL studies included in the present
dataset. This relatively shallow platform connects the South China
Sea, the Gulf of Thailand and the intervening seas between Suma-
tra, Java and Borneo. It is the largest shelf area within the tropics
and covers an area of approximately 1.8� 106 km2 (Hanebuth et al.,
2000). During the LGM, when the global eustatic sea-level low-
stand reached a maximum value of �130m msl (Yokoyama et al.,
2018), large parts of the shelf were subaerially exposed, with late-
glacial flooding initiated around 14.5 ka BP (Hanebuth et al. 2000,
2011).

The Sunda block in the central part of the Sunda Shelf has
recently relative tectonic stability with vertical crustal plate mo-
tions <0.1mm/yr (Tjia, 1996) and horizontal deformation
rates< 0.4mm/yr (Simons et al., 2007). It has beenwidely assumed
that the Sunda block was tectonically stable at least since the
Pliocene/Pleistocene boundary (Simandjuntak and Barber, 1996;
Tjia and Liew, 1996). New data on deformation patterns of the
Sunda Shelf based on geomorphological observations and numer-
ical simulations of coral reef growth suggest that the shelf is slowly
subsiding at rates between 0.2 and 0.3mm/yr due to long-
wavelength dynamic topography (Sarr et al., 2019). Due to these
comparably low deformation rates, late- and mid-Holocene RSL
studies from the Sunda Shelf provide a good opportunity to
constrain GIA models.

3.5. Glacial isostatic adjustment models

The primary aim of this study is to review and standardize RSL
indicators in SE Asia, Maldives, India and Sri Lanka, and to assess
the quality and rigor of the published datasets. For those sub-
regions where the individual study sites are distributed over a
large area, we use a set of GIA model predictions to examine spatial
variability within a sub-region due to GIA (see section 5.1).
Furthermore, RSL also records tectonic uplift/subsidence. In Mann
et al. (subm.), we use robust results from those localities, where
RSL is reliably constrained by index and limiting points, and where
the tectonic overprint can be approximately corrected for (study
sites in the Maldives, Palau Islands and Huon Peninsula), to
compare these against the output of GIA models (Mann et al.
subm.). Collectively, this allows us to (i) discuss the relationship
of robust and corrected RSL data with the predictions, (ii) evaluate
potential post-formational changes in the elevations of RSL data
where tectonic influences and sediment compaction rates are un-
known, and (iii) validate the GIA model parameters considered
here (see section 5.2.). Details on how the model runs were per-
formed can be found in Table 1 of Mann et al. (subm.).

4. Results

We present our results subdivided into eight geographical re-
gions (#1 e #8), including three sub-regions (#5a - #5c), as shown
in Fig. 1. Overall, we standardized 546 RSL indicators divided into
213 index points,122 terrestrial and 211marine limiting points. Our
data spans the past 12 ka and cover RSL signals from �45 m msl
to þ12 m msl (Fig. 2). Detailed information on the age-elevation
information of each RSL indicator as well as additional evidence
such as species information or other supporting evidence for the
extraction of a RSL signal from each data point can be found in
Supplementary Table 1.

4.1. Central Indian Ocean (#1)

Holocene RSL data for the central Indian Ocean originates from a
study that was conducted in Hulhudhoo and Funadhoo islands,
South Maalhosmadulu Atoll, Maldives by Kench et al. (2009). The
dataset consists of 23 marine limiting points, obtained from three
reef cores extracted from the southern Hulhudhoo reef platform,
and three index points formed by in situ fossil microatolls surveyed
on the reef flats of Hulhudhoo and Funadhoo (Fig. 3a). Early Ho-
locene reefs in the central Indian Ocean initiated upward growth at
~8 ka BP when RSL was above �14m below msl. Marine limiting
points indicate a continuous rise in RSL until it reached msl for the
first time at around 4.5 ka BP. The three reviewed index points from
the Maldives date between 3.5 and 2.0 ka BP and place RSL a few
decimeters above msl, thus providing evidence for a mid-to late-
Holocene RSL Highstand in the central Indian Ocean.

4.2. Southeastern India (#2)

RSL data for the eastern and southern part of the sub-continent
India are provided by Vaz and Banerjee (1997) and Banerjee (2000)
and consist of one index point obtained through a peat layer and 13
marine limiting points comprising corals and marine molluscs
(Fig. 3b). One RSL index point with an age of 8 ka BP lies ~4.5m
above present-day msl and it is followed by a series of marine
limiting points that indicate RSL was above 1m msl between 8 ka
BP and 6 ka BP, and likely higher than 2e3m msl between 6 ka BP
and 4 ka BP. From 4 ka BP to present, RSL is constrained to
above �4m msl at 2 ka BP, and above �1.5m msl since 2 ka BP.

4.3. Eastern Indian Ocean (#3)

The Holocene RSL history of the eastern Indian Ocean is



Fig. 3. Holocene RSL data for all sub-regions. a) Central Indian Ocean. b) Southeastern India. c) Eastern Indian Ocean. d) Red River Delta. e) South China Sea. f) Malay-Thai-Peninsula.
g) Java Sea. h) Strait of Makassar. i) Western Tropical Pacific. j) Huon Peninsula. k) Frequency distribution of index and limiting points in the SEAMIS database. l) Histogram showing
the absolute numbers of different RSL indicators implemented in the SEAMIS database. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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currently limited to three index points from in situ Holocene Porites
microatolls on the Cocos (Keeling) Islands (Woodroffe et al., 1990).
The microatoll record, from which the index points have been
deduced place RSL between ~0.5e1m abovemsl at approximately 3
ka BP (Fig. 3c), therefore providing evidence for a RSL highstand of
similar magnitude and timing as in the Central Indian Ocean (#1).

4.4. Red River Delta (#4)

Early Holocene RSL data from the southeastern coast of Vietnam
comes from rotary drilling in the Red River Delta region and has
been provided by Tanabe et al. (2003a), Tanabe et al. (2003b) and
Hori et al. (2004). The entire dataset consists of 27 marine limiting
points, mainly marine molluscs and shell fragments from prodelta
deposits, eleven terrestrial limiting points containing laminated
sediment samples enriched with organic material and character-
ized by freshwater macro- and microfossil assemblages, and seven
index points interpreted as mangrove swamp deposits or intertidal
mudflat accumulations (Fig. 3d). There is considerable internal data
inconsistency between index and limiting points. Index points, for
example, put RSL at ~�40m at around 10 ka BP reaching its mod-
ern position at approximately 6 ka BP. In contrast, marine limiting
points places RSL at above ~�20m msl at 10 ka BP rising to
present-day msl by about 7 ka BP.

4.5. The Sunda Shelf (#5)

4.5.1. Gulf of Thailand/South China sea (#5a)
The Gulf of Thailand/South China Sea region is characterized by

a temporally well-distributed dataset of 14 marine and 41 terres-
trial limiting points, and 68 index points throughout the Holocene
(Somboon, 1988; Somboon and Thiramongkol, 1992; Tamura et al.
2007, 2009; Hanebuth et al., 2012; Stattegger et al., 2013). Never-
theless, the resulting age-elevation plot of reviewed RSL data for
this area appear ambiguous (Fig. 3e). For example, Tamura et al.
(2009) present a series of terrestrial limiting points based on
massive clayey to silty deposits containing freshwater diatom as-
semblages and interpreted as having been deposited on a flood
plain or as levee. These deposits are increasing in elevation
from �15m msl to �10m msl between 9 and 8 ka BP (thus indi-
cating that RSL was lower at that time). In contrast, index and
marine limiting points from Somboon (1988), Somboon and
Thiramongkol (1992) and Tamura et al. (2009) indicate a RSL that
was substantially higher (on average �6m msl) at that time.
Allowing for some internal variability, another dataset consisting of
marine limiting and index points place RSL at or slightly below
modern msl between 8 and 2 ka BP (Hanebuth et al., 2012). Con-
straining the late Holocene history from 1 ka BP, only three RSL
index points from Stattegger et al. (2013) derived from intertidal
beachrock samples were found. They indicate a slightly higher-
than-present RSL during the Late Holocene in the region.

4.5.2. Malay-Thai-Peninsula (#5b)
The most extensive RSL data subset comes from the central part

of the Sunda Shelf, the Malay-Thai Peninsula (Fig. 3f). It comprises
79 index points, 68 terrestrial limiting and 69 marine limiting
points, representing the results from 12 individual studies con-
ducted between 1972 and 2014 (Tjia et al., 1972; Geyh et al., 1979;
Tjia et al., 1983; Tjia and Fujii, 1992; Hesp et al., 1998; Scoffin and Le
Tissier, 1998; Kamaludin, 2001; Horton et al., 2005; Bird et al.,
2007; Bird et al., 2010; Scheffers et al., 2012; Parham et al., 2014).
An almost continuous series of RSL index points (flanked by
limiting points) depicts a rise of RSL from �33m msl at 10.5 ka BP
(peat from mangrove swamp; Geyh et al., 1979) to approximately
present-day msl at 7 ka BP (wood from mangrove saltmarsh; Bird
et al., 2007). A higher-than-present RSL is recorded by the index
point data between 6 ka BP and 4 ka BP, with amplitudes between
2m msl and 5m msl. After 4 ka BP, RSL has been falling and likely
reached msl probably during the past two millennia.

4.5.3. Java Sea (#5c)
The Java Sea RSL record is limited to two studies, both of which

used fossil microatolls as RSL indicators (Azmy et al., 2010;
Meltzner et al., 2017), resulting in a total of 31 index points. Index
points from Azmy et al. (2010) date between 7.2 ka BP and 5.5 ka BP
and indicate a RSL at about 1.5m msl. During a similar time period,
from 6.8 ka BP to 6.4 ka BP, Meltzner et al. (2017) provide index
points obtained from slabbed and x-rayed fossil microatolls,
showing that RSL within that timeframe fluctuated on decimeter-
scales between 1.8m and 1.2m above msl (Fig. 3g).

4.6. Strait of Makassar (#6)

The Holocene RSL history of the Spermonde Archipelago,
southwest Sulawesi, is limited to two studies (Kench and Mann,
2017) and contains 21 index points, 20 of which from fossil
microatolls (Mann et al., 2016), 18 marine limiting points e.g. from
bivalves such as Anadara sp., and unspecified oysters, and two
terrestrial limiting points (de Klerk, 1982). A number of marine
limiting points indicate that RSL was above present-day msl during
the past 8 ka with a peak elevation at least 6.5m above msl be-
tween approximately 6e4 ka BP (Fig. 3h). Notably, these marine
limiting points contrast with the mid-Holocene microatoll record
from the region that reaches a maximum elevation of ~0.2m msl
between 6 and 5 ka BP (Mann et al., 2016).

4.7. Western Tropical Pacific (#7)

Kayanne et al. (2002) provide 18 marine limiting points from
massive (Porites sp. andMontipora sp.) and branching (Acropora sp.)
corals as well as algal crusts that give minimum elevations to the
RSL history of the western tropical Pacific between 8 ka BP and 2 ka
BP (Fig. 3i). From this dataset, it can be deduced that RSL was
above �15m msl at 8 ka BP, reaching an elevation above �2m msl
at 6 ka BP.

4.8. Huon Peninsula (#8)

Chappell and Polach (1991) reconstructed one of the earliest RSL
records from a coral drill core on uplifted reef terraces at the east
coast of Huon Peninsula, Papua New Guinea. The reviewed dataset
consists of 29 marine limiting points (Fig. 3j), resulting in a
continuous early Holocene RSL record between 12 ka BP and 8 ka
BP. During the early phase of the record, core data indicate a RSL
position above�30mmsl. Core material dated to 8 ka BP indicate a
continuous rise of RSL up to a position somewhere above 8m
relative to msl.

5. Discussion

The SEAMIS database shows that the broader SE Asian region
experienced variable RSL histories during the Holocene. Our syn-
thesis of RSL index points reviewed and standardized for the
SEAMIS database provide records that constrain the first indicators
of early Holocene sea-level rise from 12 ka BP to 8 ka BP (Figs. 2,
Fig. 3aej). After 8 ka BP, the rate of eustatic sea-level rise slowed
down from approximately 9mm/year to about 1mm/year
(Lambeck et al., 2014), with a further and possibly stepwise
decrease until the onset of recent global sea-level rise some 150
years ago. It is likely that many of the index and limiting points that
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are younger than 8 ka record the effects of GIA, the predominant
control on RSL change in the far-field after 9e8 ka BP (Milne et al.,
2005; Lambeck et al. 2010, 2014). Taking into account that the ef-
fects of GIA on RSL are spatially and temporally variable (Lambeck
et al., 2002; Mitrovica and Milne, 2002), it is reasonable to expect
considerable variability in the RSL records from different regions
within South and SE Asia.

It is particularly apparent that the timing and magnitude of RSL
highstands that occurred after 9 ka BP in the far-field are effected by
GIA. When the number of RSL index and limiting points is plotted
against time, ~61% occur between 9 ka BP and 6 ka BP (Fig. 3k).
Looking solely at the number of index points within this time
window (143 points), the percentage is even higher (67%; cf. Fig. 3l).
This may imply that in most of the investigated regions, within this
time window RSL was higher than present, thus leaving behind RSL
samples that are more easily accessible than, for example, sub-
merged indicators. Yet RSL data from several sub-regions of the
SEAMIS database clearly show the occurrence of RSL highstands
later than 6 ka BP (e.g. Woodroffe et al., 1990; Kench et al., 2009).
Therefore, the prevalence of RSL data between 9 ka BP and 6 ka BP
in the SEAMIS database might be a geographical artifact as the
majority of RSL studies in the present database have been carried
out in the Gulf of Thailand, the South China Sea and the Malay-Thai
Peninsula, all regions where RSL data indicate a highstand that
occurred earlier and more pronounced than on the atolls of the
Indian Ocean.

There are also many instances of inconsistency between sub-
regional RSL records (e.g., terrestrial limiting points lying below
index or marine limiting points) in the SEAMIS database. Intrinsi-
cally contradicting results are mostly evident from the Red River
Delta (#4, Fig. 3d), the Gulf of Thailand/South China Sea (#5a,
Fig. 3e), the Malay-Thai-Peninsula (#5b, Fig. 3f) and the Strait of
Makassar (#6, Fig. 3h). In these areas, further field studies are
required to confirm whether the reported in situ indicators are
instead affected by reworking or other post-formational influences
on the original elevation. In the SEAMIS database, we have
attempted to exclude areas with noted tectonics of variable vertical
nature. However, the study area undoubtedly comprises unmapped
active fault zones and the site-specific inconsistencies between RSL
data within the individual sub-regions indicate that in some loca-
tions there might be a tectonic overprint. Similarly, the results of
many of the studies compiled in the SEAMIS database are based on
evidence from mangrove and delta deposits, both of which are
environments prone to subsidence, bioturbation and compaction
during sediment sampling (Brain et al. 2012, 2015). Ultimately, in
the sub-regions #5a and #5b, the study sites are spread over a large
area and therefore, RSL data inconsistencies in single age-elevation
plots for those sub-regions might also result from the spatial vari-
ability in RSL due to GIA. In the following section, we aim to resolve
possible sources of discrepancies between site-specific RSL data
and identify the most robust data.

5.1. Data inconsistency assessment

5.1.1. Red River Delta (#4)
RSL data from the Red River Delta derive from three studies that

describe facies variations within a number of sedimentary drill
cores (Tanabe et al. 2003a, 2003b; Hori et al., 2004). In some in-
stances, interpretations of the depositional environment are based
on the presence and absence of brackish-water molluscs. For
example, Unit 2 (consisting of Facies 2.1e2.3) in core ND1 of Tanabe
et al. (2003a) is interpreted as having completely been deposited in
a brackish-marine environment based on the occurrence of
P. amurensis (Shrenck) and Corbicula sp. For the SEAMIS database,
we have carefully re-interpreted sub-sections of the individual
facies as marine or terrestrial limiting. Furthermore, reworking of
the dated material (shells, roots and plant fragments) cannot be
excluded, and delta sediments are also prone to natural subsidence
over time. These processes that cause post-depositional distortions
of the sedimentary sequences have not likely been adequately
taken into account in the studies from the Red River Delta. Even
though we included an additional uncertainty term of ±0.15m for
those samples to account for the unknown degree of compaction as
suggested by Hijma et al. (2015), compaction is likely different
across different coring techniques and through different sedimen-
tary facies. This complicates the determination of the original
sample position and elevation during deposition.

5.1.2. Gulf of Thailand/South China sea (#5a) and Malay-Thai-
Peninsula (#5b)

In order to determine whether or not significant variations in
RSL due to GIA can be expected in sub-regions #5a and #5b, we use
the output of GIA models for the past 10 ka at 2-ka increments
(Fig. 4). At each analyzed time step between 10 and 2 ka BP, all
combinations of different model parameters considered here (see
Mann et al. subm. for details) predict a significantly lower RSL in the
area around the Mekong Delta in South Vietnam (Tamura et al.
2007, 2009; Hanebuth et al., 2012) than at the east coast of Viet-
nam (Stattegger et al., 2013) or the west coast of Thailand
(Somboon, 1988; Somboon and Thiramongkol, 1992). Likewise, GIA
models predict a higher RSL along thewest coast of theMalay-Thai-
Peninsula (Tjia et al., 1972; Geyh et al., 1979; Tjia and Fujii, 1992;
Hesp et al., 1998; Scoffin and Le Tissier, 1998; Bird et al., 2007; Bird
et al., 2010; Scheffers et al., 2012) than on the east coast (Tjia et al.,
1983; Kamaludin, 2001; Horton et al., 2005; Parham et al., 2014).
However, when the study sites are considered individually, it be-
comes clear that the age-elevation information for sub-region #5a
is mostly inconsistent between approximately 8e6 ka BP, where
numerous index points plot above terrestrial limiting points. The
majority of these inconsistent RSL data stem from two studies that
have been conducted around the Chao Phraya Delta in Thailand
(Somboon, 1988; Somboon and Thiramongkol, 1992). The inter-
pretation of the depositional environment in these studies is based
on faunal and floral assemblages without considering the oppor-
tunity of reworking based, for example, on the recognition of shell
disarticulation or a comparison with the modern pollen distribu-
tion. An additional shortcoming in these studies is that no 14C
laboratory code is provided, which prevents us from obtaining in-
formation on how the samples have been treated before radio-
carbon dating (Millard, 2014). Such imprecise descriptions result in
additional uncertainties regarding both age and elevation of RSL
data that cannot be quantified.

The remaining studies from the Gulf of Thailand part of sub-
region #5a (Tamura et al. 2007, 2009; Hanebuth et al., 2012) and
those studies from sites susceptible to compaction within sub-
region #5b (Geyh et al., 1979; Hesp et al., 1998; Kamaludin, 2001;
Horton et al., 2005; Bird et al. 2007, 2010) all consider and discuss
the possibilities of reworked dated material and sediment
compaction. We were largely able to follow the original in-
terpretations of intertidal index or limiting points contained in
these studies. Therefore, the individual datasets themselves should
be considered robust.

5.1.3. Strait of Makassar (#6)
In sub-region #6, the Strait of Makassar, marine limiting points

from de Klerk (1982) plot considerably higher than the index points
presented by Mann et al. (2016). In a discussion on the potential
reasons for the inconsistent pattern, Mann et al. (2016) argue that
the previous dataset might be less robust due to uncertainties in
the IM of the implemented indicators and the lack of detail in the



Fig. 4. RSL predictions for the broader SE Asian region between 10 ka BP and 2 ka BP based on different iterations of ice and earth models. Numbers along the left and bottom map
edges indicate latitudes and longitudes. Color scales below maps indicate RSL in m relative to present-day msl. Note differences for RSL in the color values for each map. Top row:
ICE5g-VM2-90 km 2nd row: ICE5g-VM2-120 km; 3rd row: ICE5g-VM2b-90km; 4th row: ICE5g-VM3-90 km; Bottom row: ICE5g-VM4-90 km. See Mann et al. (subm.) for details of
simulations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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description of the survey methods. With regards to the offset be-
tween microatoll records from two islands in the Spermonde Ar-
chipelago, Mann et al. (2016) discuss the possibility of a localized
subsidence. This assessment is based on the analysis of microatoll
morphologies on the different study sites.

5.2. Driving processes of RSL change in SE Asia, Maldives, India and
Sri Lanka

Following the discussion about possible sources for RSL data
inconsistencies in the SEAMIS database, site-specific discrepancies
between Tanabe et al. (2003a), Tanabe et al. (2003b) and Hori et al.
(2004) (sub-region #4), Somboon (1988) and Somboon and
Thiramongkol (1992) (sub-region #5a), Tjia et al. (1972) (sub-re-
gion #5b) and de Klerk (1982) and Mann et al. (2016) (sub-region
#6)must be resolvedwith additional high-accuracy RSL data before
the existing datasets can be used to decipher regional driving
processes of Holocene RSL change within SE Asia. The remaining
data indicate reliable RSL curves that allow assessment of driving
processes of Holocene RSL change for the different sub-regions in
the SEAMIS database. Moreover, the comparison between quality-
controlled and tectonically corrected RSL data can potentially be
used to validate model output for the suite of parameters consid-
ered here (Mann et al., subm.).

In the Central Indian Ocean, the Western Tropical Pacific, and
the Huon Peninsula, the elevation of the Pleistocene unconformity
underlying the Holocene reefs (Kench et al., 2009; Kayanne et al.,
2002) or the last interglacial barrier reef (Chappell and Polach
1991) is commonly known. These elevations are �14.12m msl
(Central Indian Ocean; Kench et al., 2009), �15.70m msl (Western
Tropical Pacific; Kayanne et al., 2002) and þ226 m msl (Huon
Peninsula; Chappell and Polach, 1991). Taking into account the
timing (116e129 ka BP) andmost recent constraints on the position
of global mean sea level (6e9m msl) during the Last Interglacial
(Dutton and Lambeck, 2012; Dutton et al., 2015), it is possible to
approximate subsidence and uplift rates, and replot these three RSL
records corrected accordingly (Mann et al., subm.). We remark that
this is a simplified assessment, not taking into account possible
perturbations to the elevation of the Last Interglacial sea level
caused by GIA or mantle dynamic topography (Austermann et al.,
2017).

After tectonic correction, it is instructive to see that Holocene
reefs in all three study sites plot considerably lower than the GIA
predictions used here. In the Central Indian Ocean, Holocene reef
growth initiated at 8 ka BP when RSL (inferred from GIA modeling)
was as much as 10m above the Pleistocene unconformity. Corals
continued to grow upwards with a reconstructed mean rate of reef
growth of 4.7m/ka until sea-level rise slowed and the reef reached
an intertidal environment at around 6 ka BP. The reef crest core
from the Western Tropical Pacific (PL-I; Kayanne et al., 2002)
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similarly indicates that the Pleistocene unconformity was flooded
at approximately 8 ka BP, which is comparable to the Central Indian
Ocean record. Furthermore, the initiation of Holocene reef growth
in the Western Tropical Pacific took place when the model-derived
relative water depth accounted for 10e12m and the mean recon-
structed growth rate of corals between 8 and 6 ka BP was 6.1m/ka.
On Huon Peninsula, the corrected reef record spans from 12 to 8 ka
BP and is characterized by an increasing rate of growth of 7.8m/ka
until 10 ka BP, and 15.6m/ka from 10 to 8 ka BP and a decreasing
vertical lag to modeled RSL from 20m at 11 ka BP and 11m at 8 ka
BP.

Based on the estimated paleo-bathymetry of particular coralgal
species assemblages associated with algal crust thickness, vermetid
gastropods and benthic foraminifera, paleo-water depth ranges of
distinct coral reef core sections can be reconstructed (Yokoyama
and Esat, 2015). The reviewed coral descriptions from within the
cores are limited to genus level, which prohibits us to constrain the
paleo-water depth range of the dated facies to less than 10e15m
(Hibbert et al., 2016). This uncertainty precludes a coherent esti-
mate of whether the corrected coral reef records reveal a uniform
catch-up reef response during the early and middle Holocene RSL
rise (Davies and Montaggioni, 1985; Neumann and Macintyre,
1985).

A number of observations regarding the driving processes of RSL
change can be made from the comparison of quality-controlled RSL
indicators with the modeled RSL. First, in all study sites within the
SEAMIS database, the primary driving process of RSL change is GIA.
This becomes especially obvious in the results from the Central
Indian Ocean (Kench et al., 2009), Southeastern India (Vaz and
Banerjee, 1997), the Eastern Indian Ocean (Woodroffe et al.,
1990), the Malay-Thai Peninsula (Geyh et al., 1979; Hesp et al.,
1998; Kamaludin, 2001) and the Java Sea (Azmy et al., 2010;
Meltzner et al., 2017), where quality-controlled, tectonically cor-
rected and internally consistent Holocene RSL index points plot
significantly above the eustatic sea-level curve (Mann et al. subm.).

Second, RSL data from several studies considered in the SEAMIS
database appear to be effected by syn- and post-formational sedi-
ment compaction and subsidence when compared to the modeled
RSL predictions. This accounts for sites in the South China Sea
(Tamura et al. 2007, 2009; Hanebuth et al., 2012) and the Malay-
Thai-Peninsula (Bird et al., 2007; Bird et al., 2010; see Mann et al.
subm.).

Lastly, for a few study sites, it appears that the mismatch be-
tween model output and RSL data cannot be explained by local
tectonics, compaction or subsidence. For example, the Geyh et al.
(1979) study indicates a RSL rise from e 22m at 9.5 ka BP to e

2m at 8 ka BP, followed by a RSL highstand at ~5 ka BP. Here, the
model likely overestimates the early Holocene RSL rise and un-
derestimates the magnitude of the highstand (see Mann et al.
subm.). The inconsistent deviations between RSL based on field
evidence and modeled RSL during the early and middle Holocene
suggests that for this part of the Malay-Thai Peninsula, the model
output is invalid. Similarly, RSL data frommicroatolls in the Java Sea
(Meltzner et al., 2017) show that RSL was 1.2e1.8m above present
between 6.8 and 6.4 ka BP. The models used here however do not
predict a highstand at this time or of this magnitude (see Mann
et al. subm.). Accordingly, additional data from these sites could
be helpful to better constrain mantle viscosities for modeling sea-
level change since the Last Interglacial and to better understand
the Earth-Ocean-Ice system in general.

6. Conclusions

A solid understanding of the primary driving mechanisms of
future RSL rise is one of the fundamental requirements for effective
and sustainable coastal management on regional scales in South
and SE Asia. In order to identify the processes that were responsible
for Holocene RSL changes in that region, we have standardized 546
published data points in the SEAMIS database. The geographical
range of the SEAMIS database stretches from the Maldives in the
west to Papua New Guinea in the east, and from Vietnam in the
north to Cocos (Keeling) Islands in the south. Our results show that
the individual sub-regions experienced RSL histories of consider-
able variance. In particular a clear signal in RSL highstand variability
has been detected between the Central Indian Ocean, Southeastern
India, the Eastern Indian Ocean, the Malay-Thai-Peninsula, the Java
Sea and the Strait of Makassar. However, neither latitudinal nor
longitudinal patterns can be well constrained in the reviewed RSL
data and therefore we assume that continental levering, which
causes strong gradients of RSL perpendicular to the coast, is one
dominant driver of the spatial variability in the magnitudes of the
observed highstands.

We have furthermore identified several instances of inconsis-
tency between grouped RSL records that do not arise from spatial
variability of GIA. Following a detailed assessment of robustness we
considered each data point based on the quality and RSL-related
detail provided within the original sources. We then identify a
number of datasets (i.e. some specific studies) that are likely
responsible for the discrepancies observed. It should be noted
however that the datasets are not invalid. These data meet, in the
first place, the criteria for RSL index and limiting points and have
accordingly been included in the SEAMIS database. It is conceivable
that with more data this initial assessment on data inconsistency
may change. However for the moment, we recommend end-users
of the database put more weight on the consistent and quality-
controlled data sets (see Mann et al. subm.).

The SEAMIS RSL data reveal that besides GIA, Holocene RSL in
the region has also been affected by syn- and post-formational
tectonics, compaction and subsidence. This becomes particularly
evident in some sites of the central and eastern Indian Ocean, the
South China Sea, the Malay-Thai-Peninsula, the Western Tropical
Pacific and Huon Peninsula. However, study sites in the Strait of
Malacca and the Java Sea appear to be relatively unaffected by post-
formational influences. Accordingly, additional high-quality RSL
data, especially from the Java Seawhere little data is available so far,
could be useful to calibrate competing GIA models with different
eustatic history, in order to better constrain earth rheology and ice-
equivalent melt-water input after 9 ka BP.
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