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Abstract
The most prominent abrupt climate event during the Holocene, the ‘8.2 ka event’, was characterized by
severe cooling at high northern latitudes causing diverse hydroclimate shifts globally. To date, a precise
understanding of the hydroclimate response of the Indo-Paci�c Warm Pool (IPWP) region to abrupt
climate changes in the North Atlantic around 8.2 ka remains elusive. Here we present a high-resolution
stable carbon isotope record on foraminifera species Asterorotalia pulchella and sediment characteristics
of a marine sediment core from the Kallang River Basin, Singapore. Foraminifer stable isotope data in
concert with sedimentological proxies provide coherent evidence of weakened rainfall for ~ 180 years in
the western tropical Indo-Paci�c region from ~ 8.14 ka to 7.96 ka BP. A robust age model suggests that
the timing of the onset of reduced convective activity in the western IPWP region lags the cooling in the
North Atlantic and the synchronous droughts in the Asian and Indian monsoon regions, by ~ 100years
possibly implying a north-south signal propagation via oceanic route that operates on centennial scales.
The termination of the ‘8.2 ka event’, however may have occurred near synchronously between high and
low tropical regions at ~ 7.96ka BP possibly linked via both atmospheric and oceanic processes.

Introduction
Abrupt short-term climate anomalies that punctuated the otherwise stable Holocene climate have drawn
considerable attention from the paleoclimate community in the past few decades 1–3. Abrupt climate
events during the Holocene also had associated cultural impacts 4–8 and are therefore crucial to examine
as they may provide essential information about the climate system’s sensitivity to future perturbations 9.
The most prominent of the abrupt climate anomalies during the Holocene occurred around 8.2 calendar
kiloyears before present (ka BP) from the perspective of Greenland temperature change 10,11. Greenland
temperature dropped by 3°C and methane concentrations declined by 80 ppbv, suggesting a signi�cant
change in the hydrologic cycle 12. It is now widely accepted that the drainage of meltwater from the
proglacial Laurentide lakes (lakes Agassiz and Ojibway) and icesheets around 8.5 ka BP into the Hudson
Bay probably caused perturbations in the North Atlantic thermohaline circulation 13,14 and slowed the
Atlantic Meridional Overturning Circulation (AMOC) 15. Now several climate model experiments
demonstrate the linkage between freshwater forcing and ensuing climate change globally 16–18. The
impacts of AMOC slowing was observed in the proxy records globally, for example, cave speleothems in
Oman, Yemen, China and Brazil 19,20; marine records in the Arabian Sea 8,21; lake sequences in
northwestern India 22,23 and tropical Africa (Gasse, 2000) and the Tibetan Plateau 24; pollen records from
the Mediterranean and east Asia 25,26; ice cores from eastern Africa 27. Owing to its widespread evidence
28,29, it is suggested that for the Early–Middle Holocene Boundary, the ‘8.2 ka event’ constitutes a
stratigraphic marker of near global signi�cance, now formally known as the Northgrippian 30.

The ‘8.2 ka event’ globally is well-documented by consistent evidence from multiple sites which are
robust enough for the model simulations to reproduce them 29,31. Although the ‘8.2 ka event’ involved
smaller, shorter-lived, and less areally extensive climatic anomalies than those associated with older
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events such as the Younger Dryas cold interval or Heinrich stadials, nonetheless, this event punctuated
early Holocene conditions that are inferred to be similar to or even warmer than today and therefore such
events can serve as a useful benchmark to understand the processes involved by anthropogenic forcing
in the future, and may provide useful estimates of limits on the magnitude of climate changes possible in
the future 29. However, there is a lot of ambiguity surrounding the occurrence and nature of 8.2 ka climate
anomaly in the northern hemisphere tropics with some studies supporting drying in speci�c regions,
some regions recording a double plunging structure 20 of climate drying and others arguing that the
duration of these anomalies were too long or started earlier than the North Atlantic cooling, to be
attributed simply to the actual ‘8.2 ka event’ 29,32. In particular, the effect of 8.2 ka North Atlantic cooling
on the hydroclimatic variability in the Indo-Paci�c Warm Pool (IPWP) region remains ambiguous 33.

The IPWP is known as the largest area of warm sea surface temperatures with the highest rainfall on
Earth. It is also the largest source of atmospheric water vapor and latent heat and therefore drives the
global atmospheric and hydrologic circulation 34. The complex climatic system of the IPWP is controlled
by large-scale phenomena such as the seasonal migration of the Intertropical Convergence Zone (ITCZ)
which causes the northwest and southeast monsoon circulation in the region as well as the tropical
Paci�c climate phenomena, the Indian Ocean Dipole in the west and the El Niño-Southern Oscillation
operating to the east. In addition to interactions of these climate phenomena, their in�uence varies across
the region due to island topography and ocean–atmosphere �uxes, which are mainly imposed by sea-
surface temperature (SST) variability 35. Because the IPWP lies at the intersection of such complex zonal
and meridional hydrological processes, it is important to have a clearer understanding of how this region
responded to abrupt climate changes such as the ‘8.2 ka event’ in the past.

Here we present high-resolution (sub centennial) stable carbon isotope record of carbonate shells of
benthic foraminifer species Asterorotalia trispinosa and sediment element analyses using X-ray
�uorescence data from a shallow marine sediment core retrieved from Kallang River Basin, Singapore.
We compare this data with a suite of regional records to examine the similarities/dissimilarities in the
nature of hydroclimate variability documented in the IPWP region between 7.0–8.5 ka BP. We also
analyze the timing of 8.2 ka-climate anomaly in the IPWP region in comparison with the evidence from
the North Atlantic and the Asian- Indian monsoon regions with the aim to discuss the possible controls
associated with the propagation of the ‘8.2 ka event’. Our results discuss the possible causes to which the
intra IPWP climate variability be attributed to and also the lead/lags observed in proxy records.

Kallang River Basin, Singapore

The Kallang River Basin (KRB) is located on the southern coast of Singapore (Fig. 1). This �uvio-deltaic
system is predominantly made of late Quaternary sediments deposited during periods of relatively high
sea levels during the present and last interglacials 36. The coring site at Marina South, is reclaimed land
that was previously a zone of shallow marine sedimentation. A continuous sediment core MS-BH01B
(1.27266° N, 103.8653° E, ~ 38.5m length obtained through geotechnical rotary drilling and hydraulic
piston coring, which allowed for > 90% of sediment recovery 36. The upper ~ 12 m was identi�ed during
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wash-boring as modern �ll material and discarded. The Holocene stratigraphy comprise early Holocene
transgressive peats (~ 9.5 ka BP) which is succeeded by marine muds and eventually littoral/tidal silty
sand deposited by ~ 7.2 ka BP. The period between 8.6 and 7.0 ka BP is well constrained by 9 AMS 14C
ages ranging from 7.19 ± 0.24 ka BP to 8.68 ± 0.57 ka BP. Well-preserved benthic foraminifera shells
appear following the transgressive peats at ~ 8.5 ka BP, which marks the beginning of the marine unit at
the study site 37. We focus on this Holocene marine unit from 8.6 to 7.0 ka BP to study the ‘8.2 ka event’
in the region.

Singapore experiences an equatorial type climate with rains throughout the year, with a relative minimum
in June–July–August and maximum during the northern hemisphere winter from November- January
with an average precipitation of ~ 250mm (Fig. 1). Rainfall, temperature and humidity are typically high
year-round, and is shaped by alternating north-easterly winds associated with circulation patterns of the
austral summer monsoon (November – March) and southeasterly trades that form during the boreal
summer southwest monsoon (June – September) seasons, as well as local convective systems.

Results
The KRB’s  MSBH01B sediment core provides a high-resolution paleoclimate history from 8.5 to 7.0 ka BP.
The resolution for 8.5 to 8.10 ka BP and from 7.96 to 7.50 ka BP is on average one d13C measurement
per 40 years and 33 years for the respective interval – this was undertaken to obtain a sub-centennial
scale resolution of climate variability. To determine the exact timing and structure of abrupt peaks in d13C
values and XRF element (Al/Si and K/Al), the period from 8.14 to 7.96 ka BP was sampled and d13C  were
measured at approximately decadal scale resolution. The d13C values generally show a linear increasing
trend across the entire period between 8.5 and 7.0 ka BP with an average of -2.63 ‰ between 8.5 and 8.1
ka BP and peak values of ~-1.77 ‰ between 8.14 and 7.96 ka BP and   ~1.5 ‰ between 7.96  and 7.0
ka BP. The Al/Si and K/Al ratios have average values of  0.12 and 5.31 before and 0.14 and 3.16
respectively after the peak event. The peak drying event has an average value of 0.11 and 11.5 values for
Al/Si and K/Al respectively between 8.1 and 7.96 ka BP.

Interpretation of proxy indicators

Salinity is a major governing factor on A. pulchella occurrence, with optimum salinity range from ~31 to
33 psu. Rao et al., (2005) reported high total abundances (live+fossil) of A. pulchella throughout the year,
though the species was most abundant in January when the salinity was lowest  (31–32 psu) and least
abundant in April when the salinity was highest (34–35 psu). Stable isotopic of modern surface and
subsurface samples of A. pulchella demonstrate that it can be used as a good candidate for paleoclimate
reconstructions for the Indo–Paci�c region 39. Oxygen isotopes of foraminifer shells is controlled by the
regional temperatures and the isotopic composition of the water in which the shell calci�ed 40, which in
the case of marginal-marine/sub-tidal environments is dependent on the in�ux of freshwater
(precipitation/evaporation or glacial melt), hence making the interpretation complex. In marginal-marine
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or sub-tidal estuarine settings, the d13C of benthic foraminifera as a proxy of paleoproductivity/ rainfall is
suggested to be more reliable than oxygen isotopes for paleoclimatic inferences 41. The carbon isotope
composition (d13C) of dissolved inorganic carbon (DIC) which is taken up by foraminifera to form
carbonate shells re�ect the carbon sources in the coastal region, in particular between C3 and C4
vegetation i.e. the  relative input from terrestrial (through precipitation/river runoff) and marine (marine
organic matter) derived carbon ~−27‰ and ~−21‰ respectively. Such that high (low) d13C values thus
indicate decreased (increased) input of terrestrially-derived carbon at the study site.

Selection of weathering proxies for this study was based on the understanding of the palaeohydrology
and source rock mineralogy of Singapore. A previous attempt at paleochannel mapping suggest several
tributaries originating predominantly from the granitic exposures and hills in central Singapore (Mote et
al., 2009). Field observations reveal rapid weathering and decomposition of sur�cial granite forming a
deep residual soil pro�le in the region 42,43. The primary  product of chemical weathering of granite in hot
and humid tropical climates is kaolinite (Al2Si2O5(OH)4), a high-alumina clay which is readily

remobilized 44 and �ushed into �uvial channels during periods of high rainfall. Aluminium to silica (Al/Si)
ratio in the bulk sediment therefore re�ects the extent of chemical weathering to unweathered base
rock 45. We therefore use Al/Si as a proxy for chemical weathering as Al is normalized against other
siliceous sources (e.g. quartz sand). 

Both potassium (K) and aluminium (Al) occur in the clay minerals as weathering products. Potassium
occurs chie�y in illite while aluminium is abundant in all clay minerals 46. Illite is generally a weathering
product in temperate to arid climatic conditions that support strong physical weathering and weak
chemical weathering and kaolinite is typically a product of chemical weathering in tropical, humid
climates 46,47. Therefore K/Al is a physical to chemical weathering proxy re�ecting the abundance of illite
relative to kaolinite respectively. Since the bulk sediment is primarily made of clay minerals, a decrease
(increase) in K/Al of the bulk sediment would indicate a decrease (increase) in illite content and an
increase (decrease) in kaolinite content which in turn indicates strengthened (weak) chemical weathering
owing to high (low) rainfall. Taken together, high K/Al and low Al/Si indicate decreased chemical
weathering and in turn climate deterioration. 

Discussion

Hydroclimate changes in the western tropical warm pool
The general long term Kallang basin δ13C record follows the summer insolation at equator 48 suggesting
a relatively decreasing productivity across 8.5–7.2 ka BP owing to the lower terrestrially-derived carbon
brought by Kallang river runoff. For the interval under consideration in this study, the peak productivity or
high rainfall period occurs between 8.5 to 8.12 ka BP (Fig. 2). This is in line with most tropical palaeo-
precipitation records from north of the Equator that contain maxima in the range 10.0–8.0 ka BP 49,50. In
Southeast Asia, early Holocene were marked by submersion of large parts of the shallow landscapes in
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the Sunda Shelf and northern South China Sea 51, as well as the incised channels on the continental
shelves including those near Singapore. During the early Holocene, the Singapore Strait opened and
ocean circulation patterns altered 52,53. The �ooding of the Sunda Shelf also contributed to increasing the
quantity and intensity of moisture transport from the oceans to continents 54,55. Such changes in both
sea level and climate likely led to increased �uvial discharge from small rivers, such as Kallang and rapid
in�lling of the incised channels and seabed of the upper continental shelves throughout the
Holocene.53,56.

An abrupt peak in δ13C of foraminifera at ~ 8.14 ka BP suggest decreased contribution of the terrestrial
organic matter via the Kallang River runoff at the study site implying a weakened convective activity in
the region. This is followed closely by a period of diminished chemical weathering beginning at ~ 8.05 ka
BP, inferred from high K/Al values suggesting weak chemical weathering and beginning of climate
deterioration (less humid conditions) in the region. The other weathering proxy Al/Si also show a lower
value during this period indicating decreased kaolinite (chemical weathering product) as compared to
unweathered siliceous base rock, which in turn indicates weakened chemical weathering due to lower
rainfall in the region. The century scale lag in timing of the productivity/ rainfall changes (inferred from
δ13C) and the chemical weathering (inferred from K/Al and Al/Si ) presumably stems from the time taken
for the silicate rocks to weather into clays and the vegetation proxies are generally believed to have
responded promptly to abrupt climate events 26. Our δ13C and sediment proxy records suggest that an
abrupt drying event began at 8.14 ka and ended at ~ 7.96 ka BP, lasting for about 180 years.

Regional Evidence Of The ‘8.2 Ka Event’
Owing to the high sedimentation rate (~ 4.4 mm/yr) in KRB cores, it is possible to examine the timing and
nature of the ‘8.2 ka event’ in detail in this region making this an invaluable and unique archive to study
up to sub-centennial changes when sampled every centimeter. This is rare in marine sediment cores
which are typically characterized by lower sedimentation rates, contributing to di�culties in collating
results from other regional high-resolution archives (e.g. speleothems). In the IPWP region, the
discordance between the type and resolution of marine and terrestrial (speleothem, corals and lacustrine)
records is one of the several reasons that climate inferences are often contradictory 33. The ‘8.2 ka event’
in the IPWP region is rather poorly documented and the differences in timing of drying between
paleoclimate records in the IPWP region mainly stems from (1) different monsoon systems/ moisture
sources affecting the region; (2) inadequate age control and differing sampling resolution; and (3)
complex topography of the region. We discuss the prominent relatively high-resolution records from the
IPWP region that have documented an 8.2 ka signal with respect to the KRB records in this section.

The timing of drying between 8.14 and 7.96 ka BP recorded in the KRB cores is coincident with the drying
peak recorded in Gunung Buda cave in Borneo 57. Both these records document changes in the local
convective rainfall as compared to the variability in zonal and meridional processes such as the
monsoon systems plying to the west (Indian monsoon), north (Asian monsoon), or south (Indonesian-
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Australian monsoon) of the region. Mohtadi et al., (2014) used surface-dwelling planktonic foraminifer
Globigerinoides ruber δ18O to reconstruct variations in salinity from three marine sedimentary records off
Sumatra spanning 45ka and identi�ed ‘8.2 ka event’ along with past Heinrich events as dry periods in the
northern Indian Ocean realm linked with the North Atlantic cold spells. A close inspection of these
Sumatra marine records reveals a difference in timing of the 8.2 drying: 8.4–8.2 ka BP (in SO189-39KL),
8.3–8.1 ka (in SO189-144KL) and the northernmost core SO-189-119KL showing no drying at all across
8.5- 7.0 ka BP interval (Fig. 3). The inconsistency in the timing of drying between these three northern
Sumatra cores can probably be attributed to the inadequate age control and sampling resolution for each
of the cores (see Fig. 3). Another prominent study from the Sumatran island is from Tangga Cave
speleothems which document a drying peak between 8.4 to 8.1 ka BP, centered at ~ 8.25 ka BP 33. Both of
the marine cores off Sumatra as well as the Tangga cave speleothems seem to have a fairly similar
timing of drying centered at ~ 8.25 ka BP, which is also coincident with the drying in the Indian monsoon
regions (Fig. 4d). However, the timing of drying in the marine cores off Sumatra and Tannga Cave
speleothems leads the drying in the Kallang core and Borneo speleothem records by about 100 years.
Together, Sumatran marine and speleothem records portray a broad reduction in the hydrological activity
around 8.25 ka BP in western Sumatra mostly in�uenced by the equatorial Indian Ocean dynamics, which
also plays a crucial role in the Indian summer monsoon variability. On the other hand, Liang Luar cave
speleothems from Flores, Indonesia which record the Australian-Indonesian monsoon variability,
document no distinct drying around 8.2 ka BP and instead just follows the austral summer insolation
with increasing rainfall from early to middle Holocene 58.

Overall, the KRB proxy records provide an unequivocal evidence for weakening in the local convective
rainfall in the western IPWP between 8.14 and 7.96 ka BP associated with the 8.2 ka cooling in the North
Atlantic. The KRB record thus adds to the growing body of evidence of the impact of the cooling in the
high latitudes on the regional hydroclimate in the tropical oceans during the Holocene.

Comparison With North Atlantic And Indian-asian Monsoon
Records
It is clear that the 8.2 ka cold event in the North Atlantic was rapidly communicated through the ocean by
an AMOC slowdown and through changes in atmospheric circulation that caused climate anomalies
worldwide 1,13. Therefore the magnitude of temporal offsets and geographic reach can only be explained
through a combination of atmospheric (faster, on decadal scale) and oceanic (slower, centennial scale)
processes 59–61. The exact timing of the early Holocene meltwater pulse has been dated to 8.47 ± 0.3 kyr
BP (1σ) (Barber et al., 1999), with the onset of the sharp cooling in the Greenland ice cores at ~ 8.25 ka
BP (Fig. 4) 62,63. The timing of cooling centered at ~ 8.2 ka BP in Greenland ice cores is synchronous to
weakening of the Indian and Asian monsoon in well dated prominent speleothem records from Oman and
China (Fig. 4). The widely accepted mechanism for the coincident timing of the climate anomalies in the
North Atlantic and the monsoon regions is the signal propagation both via ocean and atmospheric energy
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transport. Decreased heat transport through oceans tend to shift the ITCZ southwards 20. Model
simulations demonstrate that the ocean meridional overturning circulation contributes signi�cantly to the
hemispheric asymmetry in tropical rainfall by transporting heat from the Southern to the Northern
Hemisphere, and thereby positioning the ITCZ northward, regardless of whether continents are present or
not 64. Therefore a consequence of North Atlantic cooling related to the reduced strength of the
meridional overturning circulation is more southwardly located ITCZ and a decline of monsoon rainfall 64.
The role of cross equatorial energy transport via atmosphere controlling the ITCZ position is also
suggested such that the position of ITCZ tends to shift southward as the northward atmospheric energy
transport across the equator strengthens in response to a northern high-latitude cooling 65–67.
Furthermore, the impact of change in Eurasian ice cover on the position of ITCZ is suggested via
reinforcement of boreal cooling 68. Thus a combination of atmospheric and oceanic processes linked to
the North Atlantic cooling displaced the mean latitudinal position of the ITCZ to the south in phase with
the Northern Hemisphere cooling. This north to south directionality, via the atmosphere and oceanic route,
of signal propagation also corroborates with the hypothesis proposed for the Younger Dryas and older
cold periods of the Dansgaard–Oeschger cycles 60,69.

Within the uncertainty of 14C dated age model, the timing of the onset of drying at 8.14 ka BP observed
in KRB core, however, lags the timing of the onset of the North Atlantic cooling and monsoon weakening
by ~ 100 years. The termination of the ‘8.2 ka event’ at ~ 7.96 ka BP in Kallang records, however is
synchronous with the North Atlantic and the monsoon regions (Fig. 4).

A variety of mechanisms have been proposed to explain the signal propagation from the North Atlantic to
the tropical Indo-Paci�c hydroclimates for past cold events primarily via oceanic route : (1) a weakening
of the rainfall system in response to regional sea surface cooling; and (2) changes in the monsoon
intensity associated with a southward shift in the mean or winter position of the ITCZ or in the position of
oceanic fronts 71. Owing to the location of Singapore in the western Indo-Paci�c warm ocean region, its
complex climatic system is controlled by the combined in�uence of ITCZ migration, IOD, ENSO, all of
which are mainly imposed by SST variability 35. The northern high-latitude to low latitude directionality of
cooling signal was possibly communicated to the tropical IPWP mainly through the oceanic route (on
centennial scale) causing about a century scale lag. This highlights the role of oceanic processes (mainly
via changes in Southern Ocean temperature) in response to the abrupt change in the AMOC strength via
the bipolar seesaw 72,73. This mechanism is consistent with the notion that convectional rainfall in the
tropical warm pool region is fundamentally driven by oceanic dynamics and especially SST changes 35. A
similar hypothesis has been recently proposed for the Younger Dryas period, although the magnitude of
cooling was much higher if compared to the ‘8.2 ka event’ 69. Mohtadi et al.,71suggested that the
response of tropical Indian ocean involved similar mechanisms for the Heinrich stadials, the Younger
Dryas and the ‘8.2 ka event’, irrespective of glacial background climate states.

Unlike the Younger Dryas termination which is believed to have initiated in the tropical Paci�c region and
propagated to high latitudes, suggesting a tropics to North Atlantic–Asian Monsoon-Westerlies



Page 9/19

directionality of climatic recovery 69, the termination of the ‘8.2 ka event’ have a synchronous timing
across the tropical Paci�c- Indian/Asian monsoon – North Atlantic 19,21,70. Modeling simulations provide
a possible explanation for the centennial scale duration and synchronous termination of the ‘8.2 ka
event’. The 8.2 ka event demonstrated the existence of an additional equilibrium climate state primarily
controlled by the freshwater pulse causing reduced North Atlantic Deep Water formation, following which
when the meltwater runoff eventually waned, the initial circulation pattern was rapidly restored near
synchronously as the cold phase ended as seen in anomalies worldwide synchronously18,74.

Summary And Conclusions
It is imperative to analyse the cold event such as the ‘8.2 ka event’ to understand the impacts of future
freshening of the North Atlantic forced by anthropogenic global warming. Most 8.2 ka climate anomalies
documented in the existing paleoclimate records in mid-low-latitude systems suggest the downstream
impacts of a meltwater pulse into the North Atlantic and its associated sharp cooling event. Rohling et
al.,75 suggested that such a mechanism cannot be held responsible for the climate anomaly of longer
duration and/or early onset of climate deterioration well before the North Atlantic cold event and careful
consideration needs to be given while evaluating climate anomalies around ‘8.2 ka event’ and
establishing their causal mechanism.

Our high resolution KRB record adds to a growing body of evidence of the response of regional
hydroclimate changes in the tropical IPWP region to the North Atlantic forcing coincident with the ‘8.2 ka
event’. Owing to the location of the sediment core, the KRB provide independent records of local
convective rainfall of the western IPWP and a clear evidence of a drying event that lasted for about 180
years from 8.14–7.96 ka BP. We suggest that this drying event was the tropical ocean response to the ‘8.2
ka cold event’ in the North Atlantic. The timing of the onset of drying in our record lags the North Atlantic
cooling and concomitant drying in monsoon regions by about a century, which is possibly due to the time
taken for the redistribution of heat via oceanic processes.

Our proposed mechanism explaining the timing and mechanism of 8.2 ka signal propagation is based on
high-resolution KRB proxy records in conjunction with previously published modeling and proxy studies.
Nonetheless the causal sequence and mechanism between tropics and the North Atlantic still remains a
challenging issue for modeling approaches and therefore more proxy records with precise chronology
and spatial distribution spanning the entire complex IPWP are valuable for future model simulations.

Materials And Methods
Stable isotope ratios of Asterorotalia pulchella

We used benthic foraminifer species Asterorotalia pulchella for stable carbon and oxygen isotopic
analysis. A. pulchella is a benthic epifaunal foraminifera found to be endemic in South Asia. Previous
studies conducted along other inner shelves environment such as Moutama Bay, Muthupet Lagoon and
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Pahang River estuary show that it is a dominant species found in marginal marine environments 76–79.
This species is generally found in areas where water depth is low with �ne-grained silty to muddy
substrate. A. pulchella is also able to tolerate a wider range of salinity, from 34 to as low as 29 psu,
making it more euryhaline than other marine species 39,80. Its ability to tolerate a wider range of salinity
makes it a suitable candidate to ensure that this species is present throughout the period of interest
where freshwater in�ux is expected to vary. Previously, Panchang & Nigam (2012) also demonstrated that
stable isotopes of A. pulchella carbonate shells can be used for paleoclimate reconstructions for the Indo-
Paci�c region where this species is found to be prevalent in marginal marine environments.

Approximately 5–15 individual tests were picked for each measurement and analysed using a Thermo
Delta V isotope ratio mass spectrometer coupled with GasBench housed at the Asian School of
Environment, Nanyang Technological University, Singapore. The isotopic composition of the carbonate
sample was measured on the CO2 gas evolved by treatment with phosphoric acid at a constant
temperature of 75°C. For all stable isotope measurements an internal working standard was used, which
has been calibrated against VPDB (Vienna Pee Dee Belemnite) by using the NBS 18 and 19 standards.
Consequently, all isotopic data given here are relative to the VPDB standard. Analytical standard deviation
is about ± 0.06‰ for δ13C.

X-Ray Fluorescence (XRF) scanning

We measured the relative elemental composition of the core segments using an Avaatech micro- X-Ray
Fluorescence (XRF) Core Scanner II (AVAATECH Serial No. 2) housed at the Asian School of the
Environment, Nanyang Technological University. Each core surface was carefully covered with 4 µm
SPEXCerti Prep Ultralene® �lm to avoid sample contamination and carefully smoothed using sterile
plastic scrappers. All core segments were scanned at 1 cm resolution with measurement slit size at 1 x 1
cm. Generator settings of 10 kV and 30 kV settings, coupled with exposure times of 15 s and 25 s
respectively, were used to measure elemental abundance counts from Aluminium (Al) to Iron (Fe). All
element counts were normalized to the total count numbers to correct for drift of the XRF Core Scanner.

Age model

The age model is based on 16 accelerator mass spectrometry (AMS) 14C ages ranging from 9.5 to 7.2 ka
BP 37. AMS 14C dating was carried out at the Rafter Radiocarbon Laboratory at GNS Science, New
Zealand. Radiocarbon ages were converted to calibrated calendar years before present (ka BP) using the
calibration software CALIB 8.2 (Stuiver, et al., 2020) and the IntCal20 (Reimer et al., 2020) and Marine20
calibration curves 82. ΔR was calculated using the deltar application 83 from a paired in situ bivalve-wood
sample in core MSBH01B 37.

The age-depth model was produced using BChron (Parnell, 2020), an open source R package utilising a
Bayesian statistical approach, which provides uncertainties and increases robustness of the age model,
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for chronological reconstruction. Here, 1050 age-depth realizations were obtained to estimate the median
age and 95% con�dence intervals at 1 cm resolution.
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Figures

Figure 1

(a) Map of Singapore showing approximate extent of the Kallang River Basin (yellow shading); (b) Mean
monthly precipitation (1981–2010) for Singapore from Changi climate station (1981-2010) Source :
weather.gov.sg (accessed 10 October 2019); (c) Topographic map of the Maritime Continent with
prominent published paleoclimate work used in this study marked. Red circle denotes location of the
sediment core MSBH01B. Note that the current coastline is reclaimed and further seaward than during the
early Holocene.
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Figure 2

Results from KRB sediment core MSBH01B. Stable carbon isotopes on benthic foraminifera A. pulchella
(green), summer insolation at equator in W/m2 in grey dashed line 48 and K/Al ( pale yellow) and Al/Si
(orange) XRF elemental ratios on the sediment core. Note that the insolation values are plotted in reverse
axis to highlight productivity (rainfall/runoff) following decreasing insolation from 8.5 to 7.0 ka BP.

Figure 3

Comparison of results from KRB core MSBH01B with other prominent paleoclimate studies from the
IPWP region. (A) Speleothem d18O from Tangga Cave, Sumatra (Wurtzel et al., 2018); (B) d18O  of
foraminifera G. ruber from marine sediment cores off northwestern Sumatra (Mohtadi et al., 2014); (C)
Liang Luar cave speleothem d18O, Flores (Gri�ths et al., 2009); (D) Gunung Buda Cave speleothem d18O,
Borneo (Partin et al., 2007); (E) Al/Si count , (F) K/Al counts from MSBH01B core (this study); (G) d13C  of
benthic foraminifera A. pulchella from MSBH01B core (this study). Red triangles at the bottom denote the
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14C AMS dated horizons in the MSBH01B core and the red squares in other records denote the dated
horizons in the 7.0-8.5 ka BP interval. Orange bar denote the ‘8.2 ka event’ observed in Kallang record
from 8.14-7.96 ka BP. The dashed red line indicates the end of the drying period at ~7.95 ka BP in all the
records. 

Figure 4

Comparison of results from KRB core MSBH01B results with NGRIP, Asian and Indian monsoon studies.
(A) Greenland NGRIP d18O 63; (B) Dongge Cave d18O , China 70; (C) Qunf Cave speleothem d18O 19; (D)
%G. bulloides from Arabian Sea 21; (E) Al/Si count , (F) K/Al counts from MSBH01B core (this study); (G)
d13C of benthic foraminifera A. pulchella from MSBH01B core (this study). Red triangles at the bottom
denote the 14C AMS dated horizons in the MSBH01B core and the red squares in other records denote the
dated horizons in the 7.0-8.5 ka BP interval. The orange bar denotes the drying event observed in Kallang
record from 8.14-7.96 ka BP. The dashed red line indicates the beginning of the ‘8.2 ka event’ in the
Greenland at ~8.25 ka BP and end of the drying period at ~7.95 ka BP in all the records. 


