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Introduction
The Holocene epoch was marked by substantial temporal and 
spatial variations in relative sea level (RSL) (e.g. Kidson, 1982; 
Smith et al., 2011). Temporally rapid RSL rise during the early 
Holocene (11,700–7000 cal. yrs. BP) provides a potential ana-
logue for understanding future sea-level rise (Fleming et  al., 
1998; Törnqvist and Hijma, 2012). During the early Holocene, 
global mean sea-level (GMSL) rose by up to 60 m (Lambeck 
et al., 2014; Smith et al., 2011) due to meltwater mainly derived 
from the final deglaciation of the Laurentide and Fennoscandian 
ice sheets (Stroeven et al., 2016; Ullman et al., 2016). The early 
Holocene is also characterized by a possible ‘stepped’ rise in 
GMSL (e.g. Hori and Saito, 2007; Liu et al., 2004) from meltwa-
ter events (e.g. Törnqvist and Hijma, 2012).

Spatially, Holocene RSL differs from GMSL mainly due to 
glacial isostatic adjustment (GIA), which is the dynamic response 
of the lithosphere and mantle to ice-water loading and unloading 
events during a glacial cycle (e.g. Mitrovica et al., 2001; Peltier, 
1999; Peltier and Andrews, 1976). Larger GIA signals are found 
in regions that were beneath (near-field) or at the margins (inter-
mediate-field) of the Laurentide and Fennoscandian ice sheets 
where loading/unloading of ice produced deformation of the solid 
Earth (e.g. Clark et  al., 1978; Milne, 2015; Peltier, 2004). The 
reverse is true for regions distal from the northern hemisphere ice 
sheets (far-field), where the surface deformation component of 
the signal reduces in magnitude and so the eustatic (or meltwater) 
signal becomes dominant (Fleming et al., 1998).

In contrast to near- or intermediate-field regions, sea-level recon-
structions from far-field regions, particularly during the early 

Holocene, are poorly constrained (e.g. Horton et al., 2005). In this 
study, we reconstruct Holocene RSL data from Singapore, which lies 
at the tip of Peninsular Malaysia (Figure 1a) in the core of the tectoni-
cally stable Sundaland (Tjia, 1996). There have been several notable 
attempts to produce a far-field Holocene RSL record for the Singa-
porean region (e.g. Bird et al., 2007, 2010; Hesp et al., 1998). How-
ever, the criteria necessary to produce accurate sea-level index points 
(SLIP) in Singapore (Bird et al., 2007, 2010) have infrequently been 
met (Khan et al., 2019). A sea-level index point (SLIP) estimates the 
position of relative sea level (RSL) at a particular point in space and 
time (Shennan and Horton, 2002). SLIPs must contain information 
regarding the relationship of the sample to a contemporary tidal level 
(termed the indicative meaning) (van de Plassche, 1986). Since RSL 
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are seldom reconstructed from a single type of sea-level indicator, 
each indicator is related to its own contemporary tide level (reference 
water level) such as mean tide level (MTL), mean high water spring 
tides (MHWST) or highest astronomical tide (HAT) (Engelhart et al., 
2011). Developing an accurate SLIPs from radiocarbon ages requires 
evaluation of all available information about radiocarbon samples 
and their stratigraphic or geomorphic context. A source of error in 
RSL studies stems from the calibration of radiocarbon dated samples 
to calendar years (e.g. Törnqvist et al., 2015). If ages are calibrated, 
different calibration programs are often used, and they produce 
slightly different results. Larger uncertainties are introduced by the 
application of corrections for the marine reservoir effect (e.g. Alves 
et al., 2019; Hua et al., 2015).

Here, we produced new SLIPs from a ~40 m continuous sedi-
ment core (MSBH01B) obtained from the southern tip of mainland 
Singapore (Figure 1b) to extend the RSL record to the early Holo-
cene. In addition, we re-evaluated published data from Bird et al. 
(2007, 2010) following the methodology of HOLocene SEA-level 
variability (HOLSEA) working group (Khan et  al., 2019). We 
assessed the existence of an inflection in the rates of RSL rise cen-
tred at ~7600 cal. yrs. BP previously suggested by Bird et al. (2010). 
We compared the revised RSL reconstructions for the Singapore 
region with a subset of the regional Southeast Asia, database (Mann 
et  al., 2019) and the latest iteration of GIA models (Li and Wu, 
2019; Peltier et al., 2015) to better understand the driving mecha-
nisms of temporal and spatial variability in Holocene RSL data.

Study area
Singapore is a small island (~725 km2) situated at the tip of Penin-
sular Malaysia (Figure 1a), which is a tectonically stable extension 
of Southeast Asia’s continental Sunda Shelf (Tjia, 1996) that was 
exposed during the glacial periods of the last two million years 

(Hanebuth et al., 2000, 2009). Singapore’s basement geology com-
prises late Palaeozoic and Mesozoic sedimentary rocks and intru-
sive igneous units, which are overlain by weathered shales and 
sandstones possibly of middle Triassic to lower Cretaceous age 
(Dodd et  al., 2019). The Quaternary deposits, mostly found in 
southern Singapore, consist of fluvial sands and clays of Pleisto-
cene age (Gupta et al., 1987). These fluvial deposits are succeeded 
by littoral/fluvial sands, organic peats and marine muds deposited 
possibly during interglacials of the late Pleistocene (~125 ka BP). 
The desiccated late Pleistocene marine muds (Marina South Mem-
ber) acts as a distinct stratigraphic marker (Figure 1c) for the Holo-
cene marine transgression (Chua et al., 2020).

Singapore is meso-tidal, with a mean tidal range of 2.4 m dur-
ing spring tides and 1 m during neap tides (Wong, 1992). These 
tide levels are measured to a fixed Chart Datum, established to be 
1.65 m below Singapore Height Datum (SHD) Tanjong Pagar 
tidal station (1°15.7′ N, 103° 51.1′E).

The coring site, Marina South (Figure 1b), is a reclaimed area 
on the southern coast of Singapore, which was previously a sandy 
estuarine mudflat environment fed by three converging tributaries 
(Chua et al., 2016). The data of Bird et al. (2007, 2010), which 
incorporates the RSL data of Hesp et  al. (1998), was obtained 
from 12 locations in Singapore: seven locations from south and 
southeast Singapore; two from the mangrove-dominated north-
west coastline at Sungei Buloh and Lim Chu Kang; one from a 
tidal creek at Nanyang Drive; and two from the offshore islands 
of Pulau Semakau and Pulau Sekudu (Figure 1b).

Methodology
Collection of Holocene sediment core
We obtained a continuous 38.5 m long sediment core (MSBH01B) 
from 1.27266° N, 103.8653°E at Marina South (Figures 1b and c) 

���������

��
�
���
���
���
���
���
���
���
���

��
�
���
���
���
���
���
���
���
���

�������

��
��
��
��

�
��
� �����
��
	�������������

����
���������������
�������

��
�������	������	��� ������
�������

���
�
����������­����
	������

� �� �
­
�	

��

�

���­���
��
	�������������

�

�����
��
	���������­���
����

(a) (b)

(c)

Figure 1.  (a) Glacial isostatic adjustment (GIA) relative sea-level (RSL) predictions ICE-6G_C (Peltier et al., 2015) in Southeast Asia at 
5000 cal. years. BP. White rectangles show the locations of three study regions, namely the west coast of the Malay-Thai Peninsula (WCMP), 
Singapore and the east coast of the Malay-Thai Peninsula (ECMP). Locations of individual study sites are denoted by white dots. (b) Map of 
Singapore showing the locations of sediment core MSBH01B (this study) and study sites of published relative sea-level reconstructions (Bird 
et al., 2007, 2010), shown as red and blue circles, respectively. The location of the Tanjong Pagar tidal station is shown as a light blue dotted 
circle. (c) Cross-section of Transect A – A′ showing the local stratigraphic succession and location of MSBH01B. The vertical exaggeration of 
the cross-section is set at 25 times (modified from Chua et al., 2020).
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using a rotary drilling machine coupled with a hydraulic piston 
and Selby thin-walled core tubes. The elevation of core MSBH01B 
was measured using a Leica System 2000 TCA1800 total station, 
which was then related to SHD. We converted all elevations from 
SHD to mean sea level (MSL) using the nearby tidal data from 
Tanjong Pagar tidal station (Figure 1b).

We focused on the Holocene section of the core (+4.1 m to 
−20.0 m MSL) (Figure 2). The top ~12 m of sediment was mod-
ern fill material and removed. Recovery of the remaining sedi-
ment was at least 90% with little slump loss or compaction during 
coring. Core material was removed by a motorized horizontal 
core extruder and housed in split PVC pipes, wrapped in plastic 
film, and stored at ~4oC to prevent sample deterioration.

Analysis of Holocene sediments
We measured grain size and Total Organic Carbon (TOC) at 2 cm 
resolution to establish stratigraphic facies variation and estimate 
sediment compaction. For grain size, approximately 10 g of each 
sample was pre-treated with 10 v/v% hydrochloric acid (HCl) and 
15 v/v% hydrogen peroxide (H2O2) to remove carbonate and 
organic matter, as well as to disassociate clays (Switzer and Pile, 
2015). Subsequently, we performed particle-size analysis using a 

Malvern Mastersizer 2000 where samples were first sonicated for 
60 seconds and three replicates averaged (Blott et al., 2004; Ryżak 
and Bieganowski, 2011). For TOC, sediment samples were milled 
and acidified (HCl conc. 5%) before centrifuging (at least four 
washes) and dried at 60oC. We weighed ~15 mg of sample that 
was placed in tin capsules before loading onto an autosampling 
plate. TOC was determined using a Costech Elemental Analyzer 
(e.g. Wurster et al., 2013).

We performed microfossil (pollen and foraminiferal) analyses 
to determine the depositional environment of core MSBH01B, a 
prerequisite to estimating the indicative meaning (Horton et al., 
2000; Shennan, 1986; van de Plassche, 1986). We performed pol-
len analysis on five samples from the organic unit from core 
MSBH01B. The samples were pre-treated by first adding sodium 
pyrophosphate (Na4P2O7), which removes clay by acting as a 
deflocculant. Subsequent centrifuging removed additional clay 
particles that remain in suspension. The samples were then 
washed with potassium hydroxide (KOH) to remove humic acids 
by bringing them into solution. Samples were then sieved and 
washed with 10% HCl to remove carbonates. Acetolysis was per-
formed to remove polysaccharides and help increase the contrast 
of ornamentation on pollen grains. Mineral fragments were then 
removed from organic particles through heavy liquid separation 
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Figure 2.  Lithology of core MSBH01B with calibrated 14C ages, grain-size and total organic carbon percentages shown. Relative foraminiferal 
abundances (genera/species abundance >2%) are shown corresponding to dated horizons. Relative pollen abundances are shown for mangrove 
(orange bars) and non-mangrove (green bars) species.
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using sodium polytungstate, [Na6(H2W12O40)] at a density of 2.0 
(Brown, 2008). Finally, samples were mounted on slides using 
glycerol before identifying pollen grains under a microscope. We 
counted at least 300 pollen grains per slide to assure representa-
tion of taxa. Once counts were completed, we calculated relative 
percent abundance and Shannon-Weiner Diversity. We then 
assessed the taxa present to identify the paleoenvironment (i.e. 
Hassan, 1989; Horton et al., 2005).

We performed foraminiferal analysis on 12 samples from the 
blue-grey mud. These samples correspond to depths in the core 
where macrofossil radiocarbon samples were also obtained. Sedi-
ment from each sample was wet sieved through stacked 500 and 
63 μm sieves. The coarser residuals on the 500 μm sieve were 
inspected under the binocular microscope for foraminiferal speci-
mens before discarding the debris. Identification was performed 
under a binocular microscope with wet samples. At least 200 fora-
miniferal individuals were counted if possible; otherwise, the 
whole sample was counted. Reference for foraminiferal taxon-
omy followed modern foraminiferal studies from proximal areas 
in Peninsular Malaysia (e.g. Martin et  al., 2018; Minhat et  al., 
2016; Suriadi et al., 2019).

Reconstructing the elevation and age of former  
sea-levels
To estimate RSL for core MSBH01B and other published sea-
level data (Bird et al., 2007, 2010), the indicative meaning must 
be defined (Shennan, 2015). The indicative meaning comprises 
the indicative range (IR), which is the vertical range of the proxy’s 
relationship with tide levels, and the reference water level (RWL) 
or central tendency of the indicative range (Horton et al., 2000; 
Shennan, 1986; van de Plassche, 1986).

We used the microfossil data from core MSBH01B and the 
metadata from Bird et al. (2007, 2010) to assign the indicative 
meanings (Table 1). The Bird et al. (2007, 2010) data is obtained 
from mangrove, marine and intertidal environments whose depo-
sitional environment was determined from the lithology. The 
radiocarbon dates are derived from wood and shell material 
found in basal bleached clays, organic-rich mangrove peats and 
shelly sandy clays. We adopt a conservative indicative range of 
MTL to HAT for mangrove-derived samples (e.g. Khan et  al., 
2017; Mann et al., 2019) than Bird et al. (2007, 2010), which has 
been supported by local studies that have observed mangroves to 
colonize the upper intertidal zone between MTL and MHWST 
(Ng et al., 1999).

Where microfossil and/or metadata data indicated formation 
and deposition in marine environments, the sample was classified 
as a limiting date (Engelhart et al., 2011). Limiting data cannot be 
used to produce SLIPs but RSL must fall above marine limiting 

dates (Mann et al., 2019). We define the reference water level as 
MTL, and the indicative range as below MTL, for two main types 
of marine limiting data: plant macrofossils and marine shells 
found within marine sediments; and in-situ corals.

A significant uncertainty for the vertical position of RSL is 
sediment compaction, especially for early Holocene sediments 
with substantial sediment overburden (e.g. Törnqvist et al., 2008; 
Horton and Shennan, 2009). The data from Bird et al. (2007) have 
been previously corrected for autocompaction following the 
methodology of Bird et al. (2004). We used the same methodol-
ogy to correct the elevation of SLIPs and limiting dates of Core 
MSBH01B. Bird et  al. (2004) calculated compaction rates by 
comparison of the dry bulk density, total organic carbon (TOC) 
and grain-size parameters of a compacted sample with the uncom-
pacted dry bulk density of modern sediment samples with the 
same TOC and grain-size characteristics. Following Bird et  al. 
(2004), we predict the initial uncompacted dry bulk density of 
samples at 2-cm resolution within core MSBH01B using the fol-
lowing equation:

	
ln . . ln{( )

[ . ( )]

DBD F F

TOC

i m m( ) = + × ( )×
+ ×

< <0 316 0 0032

0 0665

63 63

0

µ µ

.. ln( )}5 × TOC
	 (1)

where DBDi is the initial uncompacted dry bulk density of the 
sample; F<63 μm is the combined silt and clay percentage of the 
sample; and TOC is the total organic carbon of the sample (Bird 
et al., 2004).

We calculated the sediment compaction correction for sedi-
ments below each SLIP/limiting data s for each 2 cm interval 
using the following equation:

	 SC DBD DBD DBDs s i s= ∑ −[ . ( ) / ]0 02m x 	 (2)

where SCs is the sediment compaction correction of SLIP/limit-
ing date s; DBDs is the compacted dry bulk density of the 
sample.

The RSL for each SLIP and limiting date is calculated using 
the following equation:

	 RSL = E RWL + SCs s s s− 	 (3)

where Es refers to the elevation of SLIP/limiting date s, and RWLs 
refers to the reference water level of the SLIP/limiting date s. 
Both are expressed relative to the same datum (e.g. MSL). SCs is 
the sediment compaction correction of SLIP/limiting data s.

We selected 16 wood, charcoal, and shell (bivalves and gastro-
pods only) samples from core MSBH01B to estimate the age of 
SLIPs/limiting dates. All samples were cleaned with deionized 

Table 1.  Definition of the indicative meanings for different indicator types implemented in this study to calculate RSL in order to develop the 
Singapore database.

Sample type Evidence Reference  
water level

Indicative  
range

Index points
Mangrove 
environment

Sedimentological information, in situ shells and plant macrofossils, mangrove pollen (>40% abundance), 
referring to a general mangrove environment (Bird et al., 2007, 2010; Hesp et al., 1998; this study).

(HAT to 
MTL)/2

HAT to 
MTL

Limiting points
Marine  
limiting

Plant macrofossils and shells within sub-laminated marine muds (identified by presence of benthic subtidal 
foraminifera) (Bird et al., 2010; this study).
In-situ marine shells without species description and microfossil assemblages. Found in sandy and silty 
sediments typical of mudflat, lagoonal, upper shoreface, prodelta or marine environments (Bird et al., 
2007, 2010; Hesp et al., 1998).
In-situ corals (Bird et al., 2007, 2010; Hesp et al., 1998).

MTL Below 
MTL

HAT: highest astronomical tide; MTL: mean tide level.
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water and sonicated at least three times to remove sediment and 
other impurities following the methods of Kemp et  al. (2013). 
Samples were sent to Rafter Radiocarbon Laboratory, GNS Sci-
ence in New Zealand for further pre-treatment (acid-alkali-acid) 
and Accelerator Mass Spectrometry (AMS) 14C dating (Baisden 
et  al., 2013). We calibrated radiocarbon dates from core 
MSBH01B and published studies of Bird et al. (2007, 2010) using 
IntCal20 (Reimer et  al., 2020) and Marine20 curves (Heaton 
et al., 2020) in Calib 8.20 (Stuiver, et al., 2020). We calculated 
ΔR, a regional correction to the globally averaged marine reser-
voir effect (Heaton et  al., 2020), from a paired in situ bivalve-
wood sample from −14.48 m MSL in core MSBH01B following 
Reimer and Reimer (2017). The deltar application (Reimer and 
Reimer, 2017) calculates ΔR and its uncertainty by first calibrat-
ing the terrestrial radiocarbon age from the piece of wood with the 
calibration curve. Deltar then reverse calibrates discrete points of 
the resulting probability density function (pdf) with the marine 
calibration curve. A convolution integral is used to determine a 
confidence interval for the offset between the radiocarbon dated 
bivalve marine sample and the reverse-calibrated pdf of the atmo-
spheric sample (Reimer and Reimer, 2017).

Uncertainty of the vertical position of RSL
The total vertical uncertainty for each SLIP and limiting date is 
estimated from the indicative range and a variety of factors inher-
ent in the collection and processing of samples for sea-level 
research (Engelhart and Horton, 2012; Hijma et al., 2015; Shen-
nan and Horton, 2002) (Table 2). Total uncertainty for each sam-
ple (Ei) was estimated from the expression:

	 E = e + e +&  +ei
2
1

2
2

2
n

1/2( ) 	 (4)

where e1.  .  .en are individual sources of error for sample i (Shen-
nan and Horton, 2002). Estimating palaeotidal range variation is 
beyond the scope of this study.

Quantitvative modelling of relative sea level and 
glacial isostatic adjustment
To estimate RSL for Singapore we combined the data from core 
MSBH01B and Bird et al. (2007, 2010). We subsequently applied 
the Error-In-Variables Integrated Gaussian Process (EIV-IGP) 
model of Cahill et  al. (2015) to derive quantitative RSL trends 

while incorporating vertical and temporal uncertainties of the 
SLIPs. The EIV-IGP model does not include limiting points. The 
EIV (errors-in-variables) approach (Dey et al., 2000) accounts for 
error due to radiocarbon age uncertainties, and the IGP (integrated 
Gaussian process) is useful for modelling non-linear trends in 
data. The EIV-IGP model calculates the behaviour and rate of 
RSL change over time by placing a Gaussian process prior speci-
fied by a mean function and a covariance function that smooths 
the RSL reconstructions.

We compared the RSL reconstructions for the Singapore 
region and a subset of the regional database of Southeast Asia, 
Maldives, India and Sri Lanka (SEAMIS) (Mann et  al., 2019) 
with the latest iteration of GIA models (Li and Wu, 2019; Peltier 
et al., 2015). We estimated the GIA response of a spherical, self-
gravitating, materially compressible Maxwell Earth using the 
Coupled Laplace-Finite Element (CLFE) method (Wu, 2004). 
The effects of rotational feedback and time dependent ocean mar-
gin were also included in the computation. The finite grid has a 
0.5 × 0.5-degree spatial resolution near the surface but decreases 
with depth to reduce the computation time. We used the 3D Earth 
model HetM-LHL140 (Li and Wu, 2019), coupled with the ICE-
6G_C (Peltier et al., 2015) surface loading history model, to pro-
vide the RSL predictions. The 3D Earth model HetM-LHL140 
includes lateral variations both in the lithospheric thickness and 
mantle viscosity, and has been tuned to fit deglacial RSL data, 
present-day rate of vertical land motion and gravity-rate-of-
change data in North America and Fennoscandia simultaneously 
(Li and Wu, 2019; Peltier et al., 2015).

Results
Litho-, bio- and chronostratigraphy of Core 
MSBH01B
The surface elevation of core MSBH01B is 4.1 m MSL and the 
top ~12 m is identified as surface fill material. We subdivided the 
Holocene sediments into four lithological units (Figure 2), which 
overlay a highly oxidised, weathered, incompressible stiff clay 
unit, interpreted as sub-aerially exposed, desiccated MIS 5 marine 
clay (Bird et al., 2007; Chua et al., 2020). Unit I is a dark brown, 
organic-rich medium-fine sandy silt from −19.4 to −18.7 m MSL, 
dominated by terrestrial macrofossils (wood, bark and root). Unit 
I grades gradually over 5 cm into Unit II (−18.7 to −12.6 m MSL), 
which is a greenish grey-to-grey homogenous, clayey silt with 
occasional shells and organic lenses. Unit III overlies Unit II at a 

Table 2.  Standardized vertical uncertainties adopted for the construction of the Singapore database.

Sources of uncertainty Description

Uncertainties related to the indicative meaning of a sample
  Indicative range uncertainty ±Indicative range/2
Uncertainties related to the determination of the depth of a sample in a core
  Sample thickness uncertainty* ±Sample thickness/2
  Sampling uncertainty ±0.01 m
  Core shortening/stretching uncertainty ±0.15 m for rotary coring

±0.05 m for hand coring
Non-vertical drilling uncertainty 0.02 m/m depth
Uncertainties related to the determination of the elevation of a core
Offshore sample collection
  Tidal uncertainty ±Tidal range/2
  Water depth uncertainty ±0.5 m
High-precision surveying methods
  Total station uncertainty ±0.01 m
  GPS or RTK uncertainty ±0.1 m
  Benchmark uncertainty ±0.1 m

*When the sample thickness was not originally reported it was estimated from the dating method (0.1 m for AMS radiocarbon dating).
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depth of −12.6 to −10.5 m MSL. It consists of blue-grey medium-
fine silt with few shell fragments. Unit IV overlies Unit III and is 
found between −10.5 and −7.5 m MSL where it is truncated by 
surface fill material. Unit IV is comprised of grey-brown, very 
coarse silt-medium silt with frequent shell and coral fragments.

Pollen analysis of Unit I revealed an assemblage dominated 
by mangrove pollen (Figure 2). We assumed that samples with 
over 40% mangrove pollen represent mangrove swamps (e.g. 
Hassan, 1989; Horton et al., 2005). Consistently high amounts 
of mangrove pollen are present across all five samples between 
−19.3 and −18.8 m MSL. The percentage abundance of total 
mangrove pollen ranged from 55% to 74% and the samples all 
had a low to moderate diversity (1.67–2.13) of pollen taxa. The 
dominant species observed in Unit I are mangrove taxa such as 
Bruguiera (32% ± 10%) and Rhizophora (32% ± 5%). Greater 
abundance of Rhizophora pollen found at the lower part of Unit 
I (19.3–19.0 m MSL), coupled with higher diversity, suggests a 
deltaic or estuarine environment (Hassan, 1989). The presence 
of some freshwater taxa, such as Macaranga and Shorea and 
grasses suggest that there were other types of environments, 
such as freshwater wetlands and grasslands, located nearby; 
however, the low abundance of any of these taxa indicates that 
these environments were not present at the sampling location 
(Hassan, 1989).

A total of 113 foraminiferal species belonging to 30 genera 
were identified and comprise predominantly calcareous benthic 
foraminifera. Foraminifera are absent in Units I and II between 
−18 and −14 m MSL (Figure 2) suggesting possible taphonomic 
impacts resulting in poor preservation of foraminifera tests which 
are common on tropical intertidal environments (Berkeley et al., 
2007). Foraminifera present in Units II–IV are dominated by 
three different assemblages. The assemblage of the uppermost 
part of Unit II was comprised of Elphidium spp. (47.2 ± 8.7%), 
Asterorotalia pulchella (16.0% ± 7.1%) and Ammonia spp. 
(18.9% ± 4.2%). The assemblage in Unit III had increased rela-
tive abundance of Ammonia spp. (44.0% ± 6.0%) and decreased 
relative abundance in Elphidium spp. (19.3% ± 2.5%) and Aster-
orotalia pulchella (11.2% ± 6.6%). The foraminiferal assem-
blages observed in Units II and III are comparable to modern 
subtidal assemblages found at the eastern coast of Johor, Malay-
sia, where water depths are less than 20 m (Minhat et al., 2016). 

Ammonia and Elphidium are found mainly in sheltered, shallow 
marine, slightly brackish environments and widespread in the 
eastern coast of Peninsular Malaysia (Suriadi et al., 2019). The 
assemblage in Unit IV is dominated by Asterorotalia pulchella 
(28.7% ± 6.0%), Ammonia spp. (22.5% ± 11.6%) with common 
species Textularia spp. (12.6% ± 6.0 %), Cavarotalia annectens 
(8.4% ± 4.2%) and Quinqueloculina spp. (7.9% ± 0.6%). This 
assemblage displays higher species diversity and comprise com-
mon species recovered from subtidal sediments of Johor charac-
terizing the typical tropical shallow marine environments. The 
increase in abundance of the agglutinated species Textularia 
imply greater water depths (>20 m) (Minhat et al., 2016).

We generated 16 radiocarbon dates from −19.4 to −9.2 m 
MSL with no age reversals with respect to the uncertainty of the 
calibrated ages (Table 3). We applied a local marine reservoir 
correction to the eight shell dates using paired bivalve-wood 
samples from −14.48 m MSL, which indicates a ∆R of −235 ± 
104 years (Reimer and Reimer, 2017). This value is similar to the 
average ∆R of −193 ± 84 years from pre-bomb bivalve shells 
from Singapore (Heaton et al., 2020; Southon et al., 2002) and 
−278 ± 139 years from Geylang (Bird et al., 2007; Heaton et al., 
2020; Reimer and Reimer, 2020). After calibration, the eight 
shell dates provided ages between 9266–8595 and 8151–7635 
cal. yrs. BP. Four dates from wood and charcoal in Unit I pro-
duced ages between 9529–9320 and 9423–9128 cal. yrs. BP. The 
12 dates from Units II-IV provided ages between 9266–8595 and 
7270–7082 cal. yrs. BP.

Reconstruction of sea-level index points and limiting 
data
We produced four SLIPs and six marine limiting data from core 
MSBH01B where there was microfossil evidence to define the 
indicative meaning (Table 4). For example, we selected a piece of 
charcoal from basal mangrove peat (Unit I) from −19.3 m MSL 
revealing a 14C age of 8372 ± 39 (1σ) years which was subse-
quently calibrated to 9483–9286 cal. yrs. BP. The pollen assem-
blage indicates the presence of mangroves (e.g. Hassan, 1989; 
Horton et  al., 2005), thus the SLIP formed between HAT and 
MTL (1.1 ± 1.1 m MSL). We corrected the elevation of −19.3 m 
MSL for 0.1 m of compaction.

Table 3.  Accelerator Mass Spectrometry (AMS) 14C dating of 16 samples from core MSBH01B. The ages were calibrated with CALIB v. 8.20 
(Stuiver et al., 2020) using the IntCal20 curve for terrestrial materials, as well as the Marine20 curve for shells with a local marine reservoir 
correction (ΔR) of −235 ± 104 obtained from paired-samples at 14.48 m MSL (indicated by *).

Sample ID Elevation (m MSL) Material Lab code (NZA-) Lab ID 14C age (CRA) CRA error Calibrated age Error (2σ) δ13C

53_P1_79-80 9.21 Wood 63514 41068/7 6379 27 7297 122 −29.33
57_P2_20-22 9.52 Wood 63750 41068/8 6278 29 7176 94 −28.46
64_P3_46-47 10.63 Gastropod 64441 41111/1 7370 35 7893 258 0.51
65_P4_22-23 11.23 Gastropod 64558 41122/1 7280 31 7792 241 −0.4
66_P6_12-14 12.88 Bivalve 63515 41068/9 7804 35 8319 279 −1.55
73_P7_26-27 13.84 Bivalve 63516 41068/10 7904 33 8469 301 −3.28
77_P8_6-8* 14.48 Gastropod 63517 41068/11 8071 35 8676 301 −5.39
78_P8_8-8.5* 14.48 Wood 63746 41068/12 7843 33 8653 110 −31.27
80_P8_12-14 14.52 Bivalve 63518 41068/13 8076 34 8680 301 −2.3
87_P9_20-21 15.42 Wood 63747 41068/14 7887 33 8686 94 −31.52
99_P11_41-42 17.31 Bivalve 64443 41111/3 8296 41 8938 339 −3.36
107_OD2_14-15 17.91 Bivalve 64444 41111/4 8287 36 8931 336 −3.82
113_OD3_9-10 18.76 Charcoal 64445 41111/5 8278 39 9276 148 −28.25
116_OD3_25-26 18.92 Wood 63748 41068/15 8208 34 9154 128 −30.21
124_OD3_66-68 19.33 Charcoal 64446 41111/6 8372 39 9385 99 −28.41
126_OD3_72-74 19.39 Wood 63749 41068/16 8421 35 9425 105 −28.5
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Figure 3.  (a) Singapore relative sea-level (RSL) data comprising 
sea-level index points and marine limiting data. SLIPs and limiting 
dates from this study and Bird et al. (2007, 2010) are shown 
in red and blue shapes, respectively. (b) RSL data and Error-in-
Variables Integrated Gaussian Process (EIV-IGP) model. Dashed 
line represents a period with an absence of SLIPs. (c) Rates of RSL 
change estimated using the EIV-IGP model.
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Singapore sea-level database
We validated 88 sea-level data points consisting of 64 SLIPs and 
24 limiting dates (Table 4) from Bird et al. (2007, 2010), as well 

Σ

new data points from MSBH01B. The temporal distribution of the 
Holocene SLIPs is uneven with 93% between 9500 and 5600 cal. 
yrs. BP. The database has an absence of SLIPs between 5600 and 
2500 cal. yrs. BP, but four SLIPs constrain RSL from 2500 cal. 
yrs. BP to present (Figure 3a).

The SLIPs show a continuous rise in RSL during the early 
Holocene from −21.0 to −0.7 m from ~9500 to 7000 cal. yrs. BP 
(Figure 3b). The rate of rise was rapid during the early Holocene 
reaching a maximum rise rate of 14.5 ± 2.2 mm/yr. The rate of 
sea-level rise subsequently decreased from an average rate of 
10.2 ± 1.8 mm/yr between ~9000 and 8000 cal. yrs. BP to an 
average rate of 3.7 ± 1.6 mm/yr between ~8000 and 7000 cal. 
yrs. BP (Figure 3c). RSL continued to rise to the mid-Holocene 
highstand of 4.0 ± 4.5 m at 5200 cal. yrs. BP. Thereafter the mid 
to late-Holocene RSL is poorly constrained due to a lack of 
SLIPs, but two marine limiting dates suggest RSL was above 0.9 
m between ~5000 and 4200 cal. yrs. BP. SLIPs from the last 
~2500 years suggest RSL was near to present at 2800 cal. yrs. 
BP, before decreasing to −2.4 ± 2.8 m at 1000 cal. yrs. BP.

Discussion
We produced a Holocene RSL record for Singapore consisting of 
88 SLIPs and limiting data, extending the reconstructions of RSL 
into the early Holocene. To better understand the processes con-
trolling RSL, we compared the Singapore data with other studies 
(e.g. Mann et al., 2019; Tam et al., 2018) from the east coast and 
west coast of the Malay-Thai Peninsula (ECMP and WCMP) 
(Figure 1a). This Malay-Thai Peninsula database consists of 58 
data points (40 SLIPs, 16 marine limiting and 2 freshwater limit-
ing dates) that span the time interval from ~9500 to 600 cal. yrs. 
BP (Supplemental Appendix 1). The database shows differences 
in the rate of RSL change during the early and late-Holocene, and 
spatial variability in the magnitude and timing of the mid-Holo-
cene highstand.

Early Holocene relative sea-level rise
The most rapid increase in RSL on the Malay-Thai Peninsula is 
observed in WCMP and Singapore from ~9500 to 8000 cal. yrs. 
BP (Figures 4b and c). The databases of WCMP and Singapore 
have near identical records, showing a rapid RSL rise from −21.0 
to −4.4 m at average rates of ~8.4 ± 2.6 mm/yr. Such rapid RSL 
rise was driven by deglaciation of the Laurentide and Fennoscan-
dian ice sheets (e.g. Lambeck et al., 2014; Stroeven et al., 2016; 
Ullman et al., 2016), which discharged ~20 m of sea-level equiva-
lent into the global oceans during this period (Lambeck et  al., 
2014). The rates of GMSL change between 11,400 and 8200 cal. 
yrs. BP is higher than the regional signal of the Malay-Thai Pen-
insula, with Lambeck et al. (2014) predicting an average GMSL 
rise rate of ~15 mm/yr during this period.

Some early Holocene studies have identified a ‘stepped’ rise in 
GMSL (e.g. Liu et  al., 2004; Hori and Saito, 2007). Indeed, in 
Singapore, Bird et al. (2010) identified an inflection centred upon 
7600 cal. yrs. BP. Here, we used an expanded RSL database and 
the application of the EIV-IGP model, which is useful for non-
linear modelling (Cahill et al., 2015). Using this method we do 
not identify an inflection, although there is a deceleration in the 
rate of rise from 10.2 ± 1.8 mm/yr at 8500 cal. yrs. BP to 3.0 ± 
2.0 mm/yr at 7000 cal. yrs. BP (Figure 3c). The deceleration in the 
rate of RSL rise coincides with the final deglaciation of Fen-
noscandian ice sheets (e.g. Stroeven et al., 2016) and decreasing 
melt water input from the Laurentide (e.g. Ullman et al., 2016) 
and Antarctic ice sheets (e.g. Hillenbrand et al., 2017; Mackintosh 
et al., 2011). The presence of an inflection point centred at 7600 
years BP (Bird et al., 2010) may still exist, but cannot be verified 
from the expanded dataset and conservative approach employed 
here. The debate over whether Holocene sea-level rise was 
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oscillatory or non-monotonic in nature is not new (e.g. Fairbridge 
1961; Kidson, 1982). The approach applied here, reiterates the 
importance of a comprehensive, standardized approach to identi-
fying uncertainties inherent during reconstruction of RSL (Khan 
et al., 2019; Shennan, 1982).

The ICE-6G_C ice model, coupled with 3D Earth model 
HetM-LHL140, predicts a continuous, but decelerating RSL rise 
in Singapore and WCMP in the early Holocene, which is consis-
tent with the trend identified from RSL reconstructions (Figure 4). 
Although the RSL predictions are higher in elevation compared to 
the early Holocene RSL reconstructions, the misfit magnitudes 
decrease markedly from ~15 m at 9500 cal. yrs. BP, to ~6 m in 
WCMP, and to ~5 m in Singapore at 8000 cal. yrs. BP, and inter-
sects with the RSL reconstructions in both regions at ~6000 cal. 
yrs. BP (Figures 4b and c). The data-model difference may imply 

that a greater amount of ice melting is required for the later part of 
the deglacial period (e.g. Bradley et al., 2016). Also, subsidence 
of the continental shelf could possibly have contributed to the 
elevation misfit (e.g. Sarr et al., 2019; Tam et al., 2018). Conti-
nental shelf sediments may be affected by subsidence due to long-
term (107–106 year) thermoflexural effects and compaction due to 
sediment loading and groundwater withdrawal (Horton et  al., 
2018). In New Jersey, thermoflexural subsidence in this region is 
less than 10 m/Myr (0.01 mm/yr) and subsidence due to deep 
(pre-Holocene) compaction is less (Miller et al., 2013). Yu et al. 
(2012) quantified a similar, low (<0.15 mm/yr) thermoflexural 
subsidence in the Mississippi delta region.

Magnitude and timing of the mid-Holocene 
highstand
Mid-Holocene highstands in far-field regions are attributed to the 
interplay between equatorial ocean siphoning and ‘continental 
levering’. The former is caused by the deglaciation of the Lauren-
tide and Fennoscandian ice sheets that cause the collapse of the 
peripheral forebulge leading to redistribution of the mass of water 
away from the far-field causing RSL fall (e.g. Mitrovica and Pel-
tier, 1991; Peltier, 1999). The latter is a result of hydro-isostatic 
subsidence of continental margins in far-field regions (e.g. south-
east Asia) (e.g. Mitrovica and Milne, 2002; Woodroffe and Hor-
ton, 2005). This produced uplift at more inland regions away from 
the subsiding ocean basins (Khan et  al., 2015; Mitrovica and 
Milne, 2002).

Defining the RSL elevation of the mid-Holocene highstand 
continues to be problematic in the Malay-Thai Peninsula (e.g. 
Horton et al., 2005; Tjia, 1996) due to a temporal gap in data dur-
ing this period. Only 10% of the SLIPs cover 6000 and 4000 cal. 
yrs. BP, and this lack of mid-Holocene SLIPs is particularly pro-
nounced in the ECMP with no SLIPs between 7800 and 2300 cal. 
yrs. BP (Figure 4a). However, pairs of coeval marine and terres-
trial limiting dates tightly constrain the mid-Holocene highstand 
at two different points of time. At ~6200 cal. yrs. BP the magni-
tude of the highstand is between 2.7 and 3.1 m, and at 2500 cal. 
yrs BP the magnitude is between 1.6 and 2.4 m. Nine marine lim-
iting data spanning the mid-Holocene do not exceed 3.1 m, but 
are consistently above 0.0 m. These data provide minimum RSL 
estimates of >2.7 m at 6200 cal. yrs. BP, to >1.6 m at 2500 cal. 
yrs. BP (Figure 4a).

We used the EIV-IGP model to infer the timing of the mid-
Holocene highstand in Singapore and the WCMP. The timing of 
the mid-Holocene highstand differs between these two regions. In 
the WCMP, the maximum amplitude of the highstand was 4.7 m 
at 4000 cal. yrs. BP (Figure 4b), whereas it was 4 m at 5100 cal. 
yrs. BP in Singapore (Figure 4c). Although hydro-isostatic sub-
sidence of continental margins will vary among regions, the tim-
ing of the highstand between 5100 and 4000 cal. yrs. BP is similar 
to that defined in other far-field records in southeast, Australia 
and northern Japan (e.g. Sloss et  al., 2007; Yokoyama et  al., 
2012). The late timing of the highstand suggests that the contribu-
tion of the Antarctic ice sheets to global sea levels continued pos-
sibly up to 2000 years BP (Bradley et al., 2016; Lambeck et al. 
2014; Prothro et  al., 2020). The ICE-6G model also does not 
agree with the timing of the mid-Holocene highstand from the 
SLIPs of the Malay-Thai Peninsula. The GIA model predicts an 
earlier timing at all three regions (~6500 cal. yrs. BP) with a max-
imum amplitude of 3.5 m, which underpredicts the elevation of 
the SLIPs. Again, notwithstanding hydro-isostatic subsidence of 
continental margins will vary among regions, other studies from 
far-field sites in the Caribbean (e.g. Khan et al., 2017), the Medi-
terranean (e.g. Vacchi et al., 2016) and northeast Australia (e.g. 
Leonard et al., 2018) suggest the maximum amplitude of the high-
stand also occurred earlier between 7000 and 5500 cal. yrs. BP.

�����������������������
�������
�
	�����������	�����

���

���

���

���

��

�

�

�� � � � � � � � � � �

��	������������
 �		���	������������

�­����_­

����

���

���

���

���

��

�

�

��

��

�� � � � � � � � � � �

���

���

���

���

��

�

�

��

�� � � � � � � � � � �

(a)

(b)

(c)

Figure 4.  Comparison between ICE-6G_C (Peltier et al., 
2015) Glacial isostatic adjustment (GIA) relative sea-level (RSL) 
predictions with Holocene RSL data and Error-in-Variables 
Integrated Gaussian Process (EIV-IGP) model for (a) east coast of 
the Malay-Thai Peninsula (ECMP), (b) west coast of the Malay-Thai 
Peninsula (WCMP) and (c) Singapore. Dashed lines represent periods 
with an absence of SLIPs.
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Late-Holocene relative sea-level fall
The late-Holocene RSL records of Singapore and WCMP are 
poorly constrained by the limited number of SLIPs (n = 7) during 
this time period, which is reflected in the large uncertainty in the 
EIV-IGP model. The late-Holocene RSL record of ECMP is better 
constrained by 12 SLIPS obtained from Tam et al. (2018) span-
ning 2200–800 cal. yrs. BP (Figure 4a). All three regions exhibit 
a similar trend, which suggests that RSL falls from the mid-Holo-
cene highstand to below present-day levels between 2800 and 
1650 cal. yrs. BP. SLIPs reconstruct similar RSL lowstands of 
−2.4 ± 2.8 m at ~1000 cal. yrs. BP for Singapore, −1.3 ± 1.4 m 
at ~950 cal. yrs. BP for the WCMP, and −1.2 ± 1.3 m at ~700 cal. 
yrs. BP for the ECMP. However, we note that the elevation uncer-
tainties for the three locations during the late-Holocene are simi-
lar in magnitude to the RSL lowstand.

Limited evidence of RSL falling below present-day levels dur-
ing the late-Holocene in far-field regions has been found in north-
ern Brazil (Cohen et al., 2005) and the Maldives (Kench et al., 
2019). Kench et al (2019) obtained records showing that sea-level 
lowstands of up to −1.4 m MSL in the Indian Ocean are coinci-
dent with cooler periods during the Late Antiquity Little Ice Age 
(~1500 to 1300 cal. yrs. BP) and the Little Ice Age (~700 to 100 
cal. yrs. BP), but these sea-level variations are too large to be 
caused by climate-driven thermal contraction/expansion of sea-
water during the pre-industrial Common Era (Piecuch et  al., 
2021). The ICE-6G_C GIA model predict a near-linear RSL fall 
during the late-Holocene without going below 0 m because the 
model assumes 0 m of sea-level equivalent from the Antarctic ice 
sheet from 4000 cal. yrs. BP to present (Peltier et al., 2015). Simi-
larly, Lambeck et al (2014) found no evidence of fluctuations in 
GMSL during the late-Holocene.

Local explanation for the reconstructions of RSL lowstands in 
the Malay-Thai Peninsula include: (1) subsidence of Sundaland 
due to transient mantle flow disrupted by rapid continental sub-
duction (Sarr et al., 2019). Bird et al. (2006) and Sarr et al. (2019) 
estimated subsidence of Sundaland of 0.06–0.19 mm/yr and 0.2–
0.3 mm/yr, respectively. A rate of 0.2 mm/yr would translate to 
0.3 m of land-level subsidence over the last 1500 years; (2) global 
cooling during the pre-industrial Common Era followed by rapid 
RSL rise after 1850 CE (Kemp et al., 2018; Kopp et al., 2016; 
Tam et al., 2018); and (3) atmosphere-ocean dynamics. Meltzner 
et  al. (2017) recorded two 0.6 m fluctuations in RSL history 
between 6850 and 6500 cal. yrs. BP from Belitung Island on the 
Sunda Shelf that correlated with other records in the South China 
Sea. Such oscillations may have occurred during the late-Holo-
cene, associated with cooling of the tropical Pacific Ocean cou-
pled with a slowdown of water exchange between the western 
Pacific and the South China Sea (e.g. Moffa-Sanchez et al., 2019; 
Partin et al., 2007). However more data is needed to decipher the 
possible local explanations for RSL lowstands.

Conclusion
We produced new SLIPs (n = 4) and limiting data (n = 6) from a 
~40 m continuous sediment core from Singapore to extend the RSL 
record to the early Holocene. We re-evaluated published data to 
produce a standardized Holocene RSL database of 88 SLIPs and 
limiting dates. RSL increased rapidly in the early Holocene from 
−21.0 to −0.7 m from ~9500 to 7000 cal. yrs. BP with no evidence 
of inflection in RSL at ~7600 cal. yrs. BP. RSL reached a mid-
Holocene highstand of 4.0 ± 4.5 m at 5100 cal. yrs. BP, before 
falling to present. The nature of the late-Holocene fall, however, 
remains poorly understood because of the paucity of SLIPs.

We compared the revised RSL reconstructions for the Singa-
pore region with a subset of the regional database of Southeast 
Asia and the latest iteration of GIA models to better understand 
the temporal and spatial variability in Holocene RSL. We show 

there are substantial misfits between GIA predictions and regional 
RSL reconstructions: (1) the rate of RSL rise from the GIA model 
was lower during the early Holocene RSL rise with predicted RSL 
up to 15 m lower than GIA predictions at 9500 cal. yrs; (2) the 
timing of the mid-Holocene highstand was up to 2000 years ear-
lier in the GIA model; and (3) the GIA model predicted a gradual 
RSL fall to 0 m without a RSL lowstand below present. It is 
unknown whether these misfits are caused by regional processes 
such as possible subsidence of the continental shelf or inaccurate 
parameters used in the GIA model.

The findings from this study contribute towards greater under-
standing of the Holocene sea-level behaviour in far-field regions, 
which is dominated by the eustatic (or meltwater) signal. The stan-
dardized Holocene RSL data will further constrain GIA models for 
the Malay-Thai Peninsula to better understand the driving mecha-
nisms of temporal and spatial variability in Holocene RSL data.
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