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Abstract 

Abstract 

 

 Global sea level change in the glacial-interglacial cycles has been fluctuated 

with global ice volume change and also closely related to global and regional climate 

variabilities. A further understanding of climate variabilities requires the information of 

the timing and amplitude of sea-level change. Marine Isotope Stage 2 (MIS 2) is the latest 

glacial period (30,000–15,000 years ago), including the Last Glacial Maximum (LGM) 

characterized by the maximum of global ice volume. There are a plenty of paleoclimatic 

records during MIS 2 because this period is within the applicable age of radiocarbon 

dating, which is the widely accepted measurement. The comparison of various 

paleoclimatic records with sea-level change derives an understanding of the earth climate 

system. However, global sea-level change during MIS 2, especially the LGM, is less 

understood due to its paucity of data and its uncertainty. The Bonaparte Gulf, 

northwestern Australia, is a suitable region to reconstruct the global sea level change 

since the Gulf is far from the former ice sheet and tectonically stable. Marine sediment 

cores in the Bonaparte Gulf therefore could provide the accurate sea-level records during 

MIS 2. 

 The main objective of this thesis is to reconstruct sea-level change during MIS 

2 and revise the global ice volume history during the LGM. To achieve this objective, I 

constructed this thesis structure as follows. First, the sedimentary environment in the 

Bonaparte Gulf is discussed to evaluate the response to sea-level change during MIS 2 

(Chapter 2). Second, exceeding 250 radiocarbon dates of sediment cores with various and 

continuous depths provide relative sea-level change in the Bonaparte Gulf (Chapter 3). 

Third, the new ice volume equivalent sea level (ESL) is proposed based on relative 

sea-level change discussed in Chapter 3 using the glacial isostatic adjustment (GIA) 

model (Chapter 4). Finally, the comparison of the new ESL curve with other global sea 

level records and the implication for the relation with climate change are discussed 

(Chapter 5). 

 Sedimentary environmental change in the Bonaparte Gulf during Marine 

Isotope Stage 2 (Chapter 2): The Bonaparte Gulf, located in the northwestern Australian 
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continental shelf, is the widest in the world with shallow carbonate terraces and platforms 

that were exposed during lower sea level. The dominant sediments type switches between 

carbonate and siliciclastic over a sea-level cycle. However, the mechanism of 

sedimentary environmental change in the Bonaparte Gulf is not well understood. The 

Bonaparte Gulf is known as one of the gulf influenced by large tide, up to 6.0 m, 

corresponding to the volume of Greenland Ice Sheet. Researches on past tidal range are 

required to reconstruct an accurate sea-level change. I present a record of sedimentary 

environmental change from ca. 35 to 24 cal kyr BP (calendar age kilo years before 

present), which is related to a sea-level variability and exposure of carbonate terraces and 

platforms. Multi-proxy data from a marine sediment core shows a sea-level change 

induced change in sedimentary environment from siliciclastic to carbonate-dominated 

sedimentation during the last glacial. Radiocarbon ages show the timing of this switch 

occurred at ca. 26 cal kyr BP, associated with a local sea-level fall from -60 to -90 m. 

Tidal range during the lower sea level was negligible for sedimentary environmental 

change due to the protection of carbonate terraces and platforms from wave activity of the 

Timor Sea. 

 Marine Isotope Stage 2 relative sea-level records from sediment cores in the 

Bonaparte Gulf (Chapter 3): Yokoyama et al. [2000] reported that the LGM was 

terminated abruptly at ca. 19 cal kyr BP with a rapid sea-level rise (19 ka event) using 

marine sediment cores from the Bonaparte Gulf. Their sea-level reconstruction defined 

the age of the LGM termination, but the timing of its initiation was less constrained, 

partly because the number of radiocarbon analyses was limited to clarify the LGM 

duration. Here I document the MIS 2 sea level records using marine sediment cores with 

various depths from the Bonaparte Gulf, which would provide high-resolution 

information of paleo-water depth at the time of deposition. Sedimentary environments 

were determined using benthic foraminifera and geochemical analysis. More than 250 

radiocarbon dates on carbonates and bulk organic matters provide precise age-depth 

models. The results reveal that relative sea level shows the short LGM duration of ca. 

1,000 years at ca. 19 cal kyr BP. The pre-LGM sea level located a ca. 5 m shallower 

position than previous works suggested. 
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 Ice volume equivalent sea level based on relative sea-level records from the 

Bonaparte Gulf using glacial isostatic adjustment model (Chapter 4): Global ice volume 

change is obtained using the glacial isostatic adjustment (GIA) model. However, ice 

volume history in GIA model (ESL: ice volume equivalent sea level) during the LGM is 

less constrained due to the paucity of observations. I propose a new ESL model based on 

results from GIA model and new relative sea-level records for the Bonaparte Gulf. This 

model could explain well with other MIS 2 sea-level records.
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1.1  Climate variability during Marine Isotope Stage 2 
 

 Quaternary sea-level has fluctuated associated with continental ice volume 

change (Figure 1.1-1), which is related to abrupt climate changes recorded in 

high-latitude ice cores and marine sediment cores [Dansgaard et al., 1989; Bond et al., 

1992; Lambeck et al., 2002a; Naafs et al, 2013a]. Freshwater discharge to the ocean has 

influenced ocean circulations [Heinrich, 1988; Bohm et al., 2015; Hemming, 2004; 

Otto-Bliesner and Brady, 2010]. The shape of ice sheets also has an impact on 

atmospheric circulation [Manabe and Broccoli, 1985; Oka et al., 2012; Vettoretti and 

Peltier, 2013; Zhang et al., 2014], leading to sea ice extension (Figure 1.1-2). The 

response of atmospheric and ocean circulations to climate change also changes associated 

with the rate of exposure of continental shelf, which is fluctuated with a sea-level change 

(Figure 1.1-3) [Chivas et al., 2001; DiNezio et al., 2011, 2016; DiNezio and Tierney, 

2013]. A further understanding of sea-level change as the indicator of global ice volume 

is required to elucidate global and regional climate variability in the glacial period. 

 Marine Isotope Stage 2 (MIS 2) is known as the period of expansion of 

continental ice sheet in a high-latitude region [Lambeck and Chappell, 2001; Yokoyama 

and Esat, 2011]. This period contains the Last Glacial Maximum (LGM), characterized 

by the maximum volume of the global ice sheet (Figure 1.1-1). Global sea level fell to 

approximately -130 m during the LGM because ice sheets had been developed in 

high-latitude continents and mountain glaciers (Figure 1.1-4) [Fleming et al., 1998; 

Yokoyama et al., 2000a, 2001a; Clark and Mix, 2002; Clark et al., 2009]. This period was 

within the applicable age of radiocarbon dating, providing a sea-level comparison with 

other paleoclimatic records [Lambeck et al., 2014; Yokoyama and Esat, 2011]. This 

comparison provides a useful test of climate model to improve its accuracy for the 

prediction of future climate change [Mix et al., 2001]. 

 The mechanism of growth of ice sheet has been suggested to describe global 

sea level fall to its minimum [Cutler et al., 2003; Clark et al., 2009; Abe-Ouchi et al., 

2013]. Snow accumulation drives positive feedbacks of ice sheet growth since its high 
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albedo causes regional temperature lowering, reduces melting on the surface and 

enhances snow accumulation [Ruddiman et al., 1980; Cutler et al., 2003]. Summer 

insolation of 60ºN decreased during MIS 2 and had reached its minimum at 25 cal kyr BP 

(calendar kilo years before present), and this caused the growth of ice sheet [Clark et al., 

2009; Cutler et al., 2003]. 

 The onset of deglaciation at ca. 19 cal kyr BP is inferred from the decay of 

continental ice sheets, which has been recorded in marine sediment cores and corals 

[Yokoyama et al., 2000a, 2001a; Clark et al., 2004; Peltier and Fairbanks, 2006; 

Hanebuth et al., 2009]. This timing is almost consistent with increasing summer 

insolation at northern hemisphere [Clark et al., 2009]. A rapid sea-level rise at the onset 

of deglaciation was observed in marine sediment cores from the Bonaparte Gulf, 

northwestern Australia [Yokoyama et al., 2000a, 2001a], being consistent with records in 

the Sunda Shelf [Hanebuth et al., 2009] and Irish Sea Basin [Clark et al., 2004].  
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Figure 1.1-1: Variation of benthic oxygen isotope (δ18O) in two time-windows. (a) δ18O record 

from LR04 stack curve during 5.5 million years (Ma) [Lisiecki and Raymo, 2005]. (b) δ18O 

record during 500-kilo years (ka). Marine Isotope Stage (MIS) are given.  
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Figure 1.1-2: Schematic illustration of the impact on climate change in ice sheet fluctuations. 

Freshwater discharge is affected to ocean circulations and shape of ice sheet changes atmospheric 

circulations. 

Figure 1.1-3: Simulated ocean circulation change of sea level highstands and lowstands [DiNezio 

et al., 2016]. (a) present and (b) LGM simulated results. Velocity vectors are averages in upper 50 

m. (c) present and (d) LGM vertical differences due to tidal and background mixing at a depth of 

100 m.  

Paleoceanography 10.1002/2015PA002890

Figure 6. Simulated ocean currents and mixing around the Maritime Continent. Surface ocean circulation in the
(a) preindustrial (0ka) and (b) LGM sea level (21kaSL) simulations. Velocity vectors are averages over the upper 50 m
of the ocean model. Colors indicate current speed in cms−1. Vertical diffusivity due to tidal and background mixing
at a depth of 100 m in the (c) preindustrial (0ka) and (d) LGM sea level (21kaSL) simulations.

We also raised the sills of Mindoro Strait and Sibutu passages. Raising the sills of these passages leads
to a slower thermocline flow, which is compensated by faster surface flow, resulting in small changes in
depth-integrated transport.
2.2.3. Tidal Mixing
Tidal mixing is caused by the breaking of internal tides in places where the topography is steep, such as the
continental shelf break or within narrow straits. Recent estimates of dissipation and vertical diffusivity reveal
hot spots of mixing in the Banda Sea, with high diffusivity values of the order 1 to 10 cm2 s−1 in the thermo-
cline and at the base of the mixed layer [Koch-Larrouy et al., 2007; Hatayama, 2004]. Lowered sea level could
influence the magnitude and location of this mixing, as the shelf break becomes exposed, changing the spa-
tial distribution of tidal mixing [Montenegro et al., 2007; Egbert et al., 2004]. Climate models show that when
tidal mixing is included, SSTs over the Banda Sea are cooled by about 0.5∘C, reducing overlying deep convec-
tion by as much as 20% [Sprintall et al., 2014]. The effect of this mechanism on LGM climate was explored by
Montenegro et al. [2007] based on the parametrization of tidal mixing of Jayne and St. Laurent [2001] and esti-
mates of tidal dissipation by Egbert et al. [2004]. We largely follow their approach since POP2 uses the same
tidal mixing parametrization. We implemented the tidal dissipation rates used by Montenegro et al. [2007],
which result in increased mixing over the Banda Sea and decreased upper ocean mixing over the Timor Sea
(Figures 6c and 6d).

2.3. Simulations and Mechanisms
The simulations in our experiment aim to explore different combinations of the sea level boundary conditions.
Table 1 lists all the simulations performed and the changes in their boundary conditions with respect to
the control simulations. We ran additional simulations with CAM5, the atmospheric component of CESM1,
forced with prescribed climatological SSTs, in order to isolate atmospheric from ocean dynamical processes.

DI NEZIO ET AL. WARM POOL RESPONSE TO GLACIAL SEA LEVEL 872
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Figure 1.1-4: Distribution of ice sheet during the LGM [Clark et al., 2009]. LIS: Laurentide Ice 

Sheet, CIS: Cordilleran Ice Sheet, IIS: Innuitian Ice Sheet, BKIS: Barents-Kara Ice Sheet, BIIS: 

British-Irish Ice Sheet, SIS: Scandinavian Ice Sheet, GIS: Greenland Ice Sheet, WAIS: West 

Antarctic Ice Sheet, EAIS: East Antarctic Ice Sheet.  

The Last Glacial Maximum
Peter U. Clark,1* Arthur S. Dyke,2 Jeremy D. Shakun,1 Anders E. Carlson,3 Jorie Clark,1
Barbara Wohlfarth,4 Jerry X. Mitrovica,5 Steven W. Hostetler,6 A. Marshall McCabe7

We used 5704 14C, 10Be, and 3He ages that span the interval from 10,000 to 50,000 years ago
(10 to 50 ka) to constrain the timing of the Last Glacial Maximum (LGM) in terms of global
ice-sheet and mountain-glacier extent. Growth of the ice sheets to their maximum positions
occurred between 33.0 and 26.5 ka in response to climate forcing from decreases in northern
summer insolation, tropical Pacific sea surface temperatures, and atmospheric CO2. Nearly all
ice sheets were at their LGM positions from 26.5 ka to 19 to 20 ka, corresponding to minima in
these forcings. The onset of Northern Hemisphere deglaciation 19 to 20 ka was induced by an
increase in northern summer insolation, providing the source for an abrupt rise in sea level. The
onset of deglaciation of the West Antarctic Ice Sheet occurred between 14 and 15 ka, consistent
with evidence that this was the primary source for an abrupt rise in sea level ~14.5 ka.

The Last Glacial Maximum (LGM) is con-
ventionally defined from sea-level records
as the most recent interval in Earth history

when global ice sheets reached their maximum
integrated volume (1). Because sea level is an
integrated signal, however, it does not distinguish
between globally synchronous ice-sheet maxima
that may have been in equilibrium throughout this
interval and temporally variable regional ice-sheet
maxima that combined to produce a millennia-
long sea-level lowstand. Resolving the timing
of regional variability in ice-sheet maxima is also
important for understanding ice-sheet sensitivity
to regional and global climate change, as well as
in establishing ice-sheet–climate feedbacks. In
particular, key questions that remain widely de-
bated are what initiated the last deglaciation of
the global ice sheets and what was their sub-
sequent role during deglaciation in climate change,
questions that are best assessed from the record of
individual ice sheets rather than the integrated sea-
level record.

We drew on 4271 14C ages and 475 terrestrial
cosmogenic nuclide (TCN) ages that span the
interval from 10,000 to 50,000 years ago (10 to
50 ka) to constrain the timing of maxima in global
ice-sheet extent (Fig. 1). For all but the Barents-
Kara and Greenland Ice Sheets, the spatial dis-
tribution of ages is sufficient to evaluate regional
variability in the timing of maxima for different
sectors of individual ice sheets. Because ice-sheet

extent scales with ice volume (2), our constraints
on regional variability in ice-sheet maxima allow
us to evaluate the temporal evolution of individual
ice-sheet contributions to global sea-level change.
Because mountain glaciers are highly sensitive to
climate change, we used an additional 172 14C
ages and 786 TCN ages to constrain mountain-
glacier fluctuations from five widely distributed
regions of the world (Fig. 1), allowing a more
comprehensive assessment of the response of
the cryosphere to climate change.

The LGM sea-level lowstand. We used exist-
ing relative sea level (RSL) data from far-field
sites to constrain the timing of the LGM as oc-
curring from 26.5 to 19.0 ka (Fig. 2) (3–5). The
sea-level change at these sites will differ from the
eustatic change because of the spatially varying
gravitational, deformational, and rotational pertur-
bations in sea level driven by the ice-ocean mass
transfer (6). In order to evaluate these effects, we
used a state-of-the-art theory that includes a real-
istic glaciation phase to predict the RSL change
at these far-field sites (7). Our ice model is char-
acterized by a peak eustatic sea-level fall of ~130m
over the LGM (Fig. 2), which is in agreement
with independent estimates (3, 8).

We find that in the prediction for Barbados,
peripheral bulge dynamics and, to a lesser extent,
the continental (lithospheric) levering effect dom-
inate the anti-syphoning effect during the LGM
(7), leading to a net sea-level fall of ~3 m. In
contrast, the remaining four sites lie well outside
the peripheral bulges, and the sea-level rise due
to anti-syphoning dominates; the net result is a
~4- to 5-m rise in sea level at these sites. Thus,
across the LGM period, when the modeled ice
history shows no change in the ice volume, the
differential sea-level change between Barbados
and the other sites approaches 10 m (Fig. 2 and
fig. S1).

Global ice-sheet history. Our compilation of
radiometric ages suggests that there is consider-
able regional variability in the timing of when

ice sheets (and various sectors of ice sheets) first
reached their local last glacial maxima (LLGM)
(9). Within uncertainties, the earliest maxima
were reached by several ice sheets (or sectors
of ice sheets) sometime between 29 to 33 ka
(Fig. 3B and figs. S2 and S3). This early re-
sponse included large and small ice sheets at
mid- and high northern latitudes, as well as the
West Antarctic Ice Sheet (WAIS) in the South-
ern Hemisphere. Over the next 2500 years, the
remaining ice sheets [and sectors of the Laurentide
Ice Sheet (LIS)] continued to grow, so that by
26.5 ka, nearly all ice sheets had attained their
maximum extents, corresponding to the onset
of the LGM sea-level lowstand (Fig. 3C). In the
context of the global sea-level record, we find
that this expansion of ice sheets to their maxi-
mum extent can explain much of the global
sea-level fall from intermediate levels during
marine isotope stage (MIS) 3 to the LGM low-
stand (7).

Based on the youngest possible age for
ice-sheet maxima derived from our uncertain-
ty assessment (7), most of the LIS, the northwest
Cordilleran Ice Sheet (CIS), the Barents-Kara
Ice Sheet (BKIS), the British-Irish Ice Sheet

RESEARCHARTICLES

1Department of Geosciences, Oregon State University, Corvallis,
OR 97331, USA. 2Geological Survey of Canada, 601 Booth
Street, Ottawa, Ontario K1A 0E8, Canada. 3Department of
Geology and Geophysics, University of Wisconsin, Madison, WI
53706, USA. 4Department of Geology and Geochemistry,
Stockholm University, SE-10691, Stockholm, Sweden. 5Depart-
ment of Earth and Planetary Sciences, Harvard University,
Cambridge, MA 02138, USA. 6U.S. Geological Survey, Depart-
ment of Geosciences, Oregon State University, Corvallis, OR
97331, USA. 7School of Environmental Science, University of
Ulster, Coleraine, County Londonderry, BT52 1SA, UK.

*To whom correspondence should be addressed. E-mail:
clarkp@onid.orst.edu

Fig. 1. Distribution of ice sheets at the LGM (51).
APIS, Antarctic Peninsula Ice Sheet; EAIS, East
Antarctic Ice Sheet. Also shown are areas of moun-
tain glaciation discussed in the text (a, western North
America; b, Europe; c, Tibet; d, tropics and subtropics;
e, Southern Hemisphere).
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1.2  Sea level change during Marine Isotope Stage 2  
 

 Global sea-level change has been reconstructed using oxygen isotope (δ18O) 

records of benthic foraminifera [Shackleton, 1967, 1987; Chappell and Shackleton, 1986; 

Waelbroeck et al., 2002] and planktonic foraminifera [Siddall et al., 2003; Grant et al., 

2012, 2014]. Tracing past shorelines provides sea-level information using corals [Bard et 

al., 1996; Esat et al., 1999; Cutler et al., 2003; Deschamps et al., 2012; Fairbanks, 1989; 

Peltier and Fairbanks, 2006; Yokoyama et al., 2001b] and marine sediment cores 

[Hanebuth et al., 2000, 2009; Yokoyama et al., 2000a, 2001a]. In this section, previous 

works of MIS 2 sea-level records will be presented. 

 

1.2.1  Oxygen isotope records in marine sediments 
 

 Oxygen isotope (δ18O) records of benthic foraminifera are an indicator of 

global sea level change since the amount effect of evaporation and condensation reflects 

the global ice volume change (Figure 1.2-1). 16O-rich water evaporates in the ocean and is 

transported to the high latitude, fixing as ice sheet. As a result, 18O-rich water dominates 

in the ocean. This mechanism can be observed on δ18O of benthic foraminifera, which 

varies in glacial-interglacial cycle [Emiliani, 1955]. After Emiliani [1955], a plenty of 

works have extended the studies of δ18O records and discussed the glacial-interglacial 

climate variability [Shackelton, 1967, 1987; Chappell and Shackleton, 1986; Waelbroek 

et al., 2002; Cutler et al., 2003; Lisiecki and Raymo, 2005]. Lisiecki and Raymo [2005] 

compiled 57 benthic δ18O records and presented 5.3 million years stacked δ18O curve 

(LR04) (Figure 1.1-1). However, ice volume records using benthic δ18O contain 

uncertainties from regional variability in δ18O and temperature of sea water [cf., Adkins 

et al., 2002; Waelbroeck et al., 2002; Cutler et al., 2003]. 

 The Red Sea is sensitive to sea-level change due to the narrow (~20 km) strait 

and shallow (~130 m) sill [Siddall et al., 2003]. δ18O values in planktonic foraminifera 

from the Red Sea sediments provide a centennial-scale resolution sea-level change 
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(Figure 1.2-2) [Siddall et al., 2003; Grant et al., 2012, 2014; Rohling et al., 2014] since 

the changes in the profile of strait with a sea-level change influence the exchange of water 

masses transport though the strait. This sea-level record provides an understanding of 

global climate since high-resolved and continuous sea-level change can be compared with 

other climate records (eg., high latitude ice cores and δ18O values in deep sea sediments) 

[Rohling et al., 2014]. However, there is no record during the LGM because of the 

aplanktonic condition, which is high salinity in exceeding 45 psu (practical salinity unit) 

[Fenton et al., 2000; Siddall et al., 2003]. During this interval, they interpolated the LGM 

sea level by δ18O values in benthic foraminifera from Hemleben et al. [1996]. 

 

 
Figure 1.2-1: Schematic illustration of δ18O variation between ocean and continental ice sheets. 

[http://earthobservatory.nasa.gov/Features/Paleoclimatology_OxygenBalance/]  
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Figure 1.2-2: Red Sea relative sea level record [Grant et al., 2014]. (a) Grey shade corresponds to 

the 95% probability interval of relative sea level (light grey) and its maximum probability (dark 

grey). The Red Sea relative sea level dataset is Grant et al. [2012, 2014] (blue dots). (b) 

Probabilistic relative sea level with superimposed benthic δ18O records (red line).  
Red Sea RSL variability. To complete our RSL reconstruction, we
combine synchronization (age) uncertainties between 150 and
500 kyr with sea-level uncertainties (±12 m at 2s (refs 4,27)) in a
Monte Carlo-style probabilistic assessment (Methods). Coupling
these new results to previous results for RSL150 (ref. 5) gives a
complete probabilistic assessment of Red Sea RSL over the last
500 kyr (Fig. 2; Supplementary Data 1). Chronological agreement
between RSL and U/Th-dated coral and speleothem sea-level
information for the intervals 0–150 kyr (ref. 5) and 150–500 kyr
(Supplementary Fig. 10), corroborates the timing of sea-level
highstands inferred from our RSL record (Supplementary
Table 2). RSL and global benthic d18O variations28 are also
broadly similar (Fig. 2), but phase and amplitude offsets exist that
require removal of the temperature component from benthic
d18O (ref. 1).

It is pertinent to briefly discuss the extent to which the Red Sea
RSL record approximates global (eustatic) sea level (ESL). RSL
reconstructions are, by definition, representative of sea-level
changes at a particular geographic location. Any isostatic and
tectonic effects on site elevation will result in deviations of the
respective ‘uncorrected’ RSL signal from ESL. The Red Sea RSL
record technically represents sea-level fluctuations at Hanish Sill
(RSLHS), the hydraulically limiting ridge at the southern entrance
to the Red Sea. Isostatic changes in Hanish Sill depth are
implicitly accounted for in the hydraulic model used to convert
Red Sea d18O to sea level, by scaling the model to the ESL glacial–
interglacial range indicated by coral sea-level data29. Tectonic
changes have been considered in the Red Sea RSL model29 and
are supported by subsequent work30, which concluded that
vertical tectonic stability characterized the Hanish Sill region for
at least the past 120 kyr.

Modelling the isostatic response of Hanish Sill using a global
ice model (ICE-5G)31 implies that, while the relationship between
RSL at Hanish Sill (RSLHS) and ESL varies in detail over time,
RSLHS generally scales proportionally with land-ice variations
(Supplementary Fig. 11). The offset between RSLHS and ESL is
greatest at glacial maxima (B8–20%, considering all Earth model
outputs). For example, regarding the last glacial maximum
(¼ 26 kyr in the model output), the modelled RSLHS and ESL
ranges are " 105.6 to " 123.3 m and " 132.4 to " 134.3 m,
respectively (Supplementary Fig. 11). The RSLHS:ESL relationship
also appears to depend on the phase of the glaciation–
deglaciation cycle (Supplementary Fig. 12): larger RSLHS:ESL
offsets are observed for deglaciations compared to glaciations. To
explore the potential effect of these pathways on the relationship

between RSLHS and ESL change rates (dRSLHS, dESL), we
compared modelled dRSLHS and dESL for a range of Earth
models (including variable lithospheric thicknesses and mantle
viscosities). Modelled dRSLHS and dESL vary in concert and are
strongly correlated (Supplementary Fig. 13). While the choice of
Earth model slightly modifies absolute values, there is no
apparent time lag between modelled dRSLHS and dESL
(Supplementary Fig. 13a). This suggests that observed hysteresis
in RSLHS:ESL glaciation/deglaciation pathways does not affect
RSLHS and ESL change rates, and instead simply relates to the
(variable) scaling factor between RSLHS and ESL.

Maximum rates of sea-level rise. Following a similar probabil-
istic approach as Grant et al.5, we determine rates of sea-level
change (dRSL) over the last 500 kyr (Fig. 3b; Supplementary Data
1). Our method involves a 500-year Gaussian smoothing of each
RSL realization, so resultant dRSL values may conceal shorter
periods of higher rates of sea-level change. Smoothing the RSL
record before calculating its derivative with respect to time is
necessary because sample-to-sample noise, inherent in any time
series, would otherwise be amplified in the resultant dRSL record;
hence, that record would be biased toward higher amplitudes.
Equally, smoothing will underestimate dRSL when RSL changes
abruptly. The sampling interval in the RSL record is
approximately one sample per B200 years, so our 500-year
smoothing optimizes the balance between competing smoothing
biases: a narrower smoothing window would place too much
emphasis on individual datapoints, and a wider window would
not accurately capture higher amplitude change rates.

Extension of the dRSL record from one to five glacial cycles
allows well-constrained assessment of the relationship between
maximum ‘natural’ (preanthropogenic forcing) rates of sea-level
rise and ‘glaciation state’, where the latter is defined as past global
ice volume (approximated here by RSL, after conversion into
equivalent ESL values; Supplementary Fig. 12a) relative to
present-day global ice volume (equivalent to B65 m ESL;
Supplementary Data 2). We also define deglaciation ‘events’
and ‘pulses’, whereby a deglaciation event is an interval of
continuous positive dRSL values, and a ‘deglaciation pulse’ is a
spike of maximum dRSL (within a deglaciation event) that
immediately succeeds a negative inflection in the dRSL record
(Supplementary Fig. 14). Uncertainties in sea-level rise rates are
taken from Fig. 3b, and glaciation-state uncertainties are taken
from Supplementary Fig. 12a.

–120

–80

–40

0

R
S

L 
(m

)

0 50 100 150 200 250 300 350 400 450 500

Age (ka BP)

–120

–80

–40

0

R
S

L 
(m

)

2.8

3.6

4.4

5.2

0 50 100 150 200 250 300 350 400 450 500

B
en

th
ic

 δ
18

O
 (

‰
)

Figure 2 | Radiometrically constrained 500 kyr RSL record with fully propagated uncertainties. (a) Red Sea RSL data (blue) for 0–150 kyr (ref. 5)
and 150–500 kyr (this study), superimposed on the 95% probability interval of the RSL dataset (light grey) and 95% probability interval for the
probability maximum (dark grey). (b) Probabilistic RSL record as in a, but with superimposed (red) benthic foraminiferal d18O (ref. 28).
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1.2.2  Relative sea-level change 
 

 Tracing the past shoreline using indicators of shallow sedimentary 

environments can provide the information of past sea-level change. Observed sea-level 

change at a site is called as “relative sea level”, calculated as follows: 

 

Δ!!"# =  Δ!!"# +  !!!"#$%!"# + !!!"#!"# + !!!"#! 
----------(Eq. 1.2-1) 

 

where Δ!!"#  is the relative sea level and Δ!!"# is the ice volume equivalent sea level 

(ESL), reflecting global ice volume change history. !!!"#$%!"#  and !!!"#!"# are the isostatic 

effects of sea water and ice sheet, respectively, and !!!"#! is a regional effect, corrected 

factor of uplift and subsidence. !!!"#$%!"#  and !!!"#!!" are calculated by glacial isostatic 

adjustment (GIA) model [cf., Farrell and Clark, 1976; Lambeck and Nakada, 1992; 

Peltier and Fairbanks, 2006; Lambeck et al., 2000, 2014]. 

 A relative sea level is an observed sea level at a site, reconstructed by tracing 

past shorelines using fossil corals [cf., Bard et al., 1996; Cutler et al., 2003; Deschamps et 

al., 2012; Esat et al., 1999; Fairbanks, 1989; Peltier and Fairbanks, 2006; Yokoyama et al., 

2001b] and marine sediment cores [cf., Hanebuth et al., 2000, 2009, 2011; Yokoyama et 

al., 2000a, 2001a]. Uncertainties of relative sea level can be produced; vertical movement 

in a study site, age uncertainties, and paleo-water depth estimations [cf., Bard et al., 2010, 

2016; Hibbert et al., 2016; Clark and Tarasov, 2014]. To evaluate these uncertainties 

precisely, a comprehensive approach is required such as a selection of less tectonically 

active area, high- precision and resolution age-depth models, and accurate paleo-water 

depth reconstructions. 

 Previous works generally set !!!"#!  as constant through the target period, 

which is calculated by modern GPS data and altitude of the last interglacial coral reefs 

[cf., Edward et al., 1993; Chappell et al., 1996; Fairbanks, 1989; Yokoyama et al., 2001b; 

Peltier and Fairbanks, 2006]. !!!"#! can change due to an abrupt tectonic event and be 
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different between coring or drilling sites in some study sites [Bard et al., 2010, 2016; 

Carson and Clark, 2012]. A tectonically stable region during the target age is reliable to 

estimate uncertainties of relative sea-level changes precisely. 

 Radiocarbon dating on carbonates and organic matters is an essential dating 

method for late Quaternary samples [Jull et al., 2013]. Constraints on precise ages require 

verification of reliable ages using preservations of materials and sedimentological 

information of that horizon [Nakamura et al., 2016; Chapter 2 and 3: Ishiwa et al., 2016a, 

b]. Bulk organic matters in marine sediment cores are older than true ages due to the 

transportation time and the mixing of terrestrial and marine components [Raymond and 

Bauer, 2001; Kusch et al., 2010; Ohkouchi et al., 2010; Nakamura et al., 2016; Ishiwa et 

al., 2016a, b]. By contrast, carbonate ages of macrofossils and foraminifera indicate the 

reliable age of that horizon with correct local reservoir age [Nakada et al., 2016]. 

 Paleo-water depth for a sea-level reconstruction is deduced by coral habitat 

range [cf., Hibbert et al., 2016; Peltier and Fairbanks, 2006; Deschamps et al., 2012] and 

paleoenvironmental reconstruction using faunal assemblage and sedimentological 

information [cf., Hanebuth et al., 2000, 2009; Yokoyama et al., 2000a, 2001a]. Acropora 

palmate is suited for reconstructing sea-level change because of its small habitat depth 

(~5.0 m) [Fairbanks, 1989; Peltier and Fairbanks, 2006]. However, the uncertainties of 

coral habitat range have been mentioned, because coral ecology derives depth distribution 

with the changes in salinity and temperature [Hibbert et al., 2016].  

 Figure 1.2-3 illustrates locations of the representative MIS 2 sea-level records, 

the Bonaparte Gulf [Yokoyama et al., 2000a, 2001a; De Deckker and Yokoyama, 2009], 

the Sunda Shelf [Hanebuth et al., 2009], the Huon Peninsula [Yokoyama et al., 2001b; 

Cutler et al., 2003], and the Barbados [Fairbanks, 1989; Peltier and Fairbanks, 2006]. The 

Bonaparte Gulf relative sea level [Yokoyama et al., 2000a, 2001a; De Deckker and 

Yokoyama, 2009; Nicholas et al., 2014] shows the dates after 22 cal kyr BP using marine 

sediment cores (Figure 1.2-4). They reassessed brackish environment during the LGM sea 

level minimum by further analysis [De Deckker and Yokoyama, 2009], concluding that 

the LGM terminated at ca. 19 cal kyr BP with a rapid sea-level rise (19 ka event). The 
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Sunda Shelf [Hanebuth et al., 2009] sea-level record is consistent with this 19 ka event. 

However, the dates show the paucity of sea-level data before ca. 22.0 cal kyr BP (Figure 

1.2-4). The Huon peninsula sea-level records using uplifted corals [Yokoyama et al., 

2001b; Cutler et al., 2003] demonstrate that a sea-level fall at ca. 26 cal kyr BP, which is 

close to the transition of MIS 3 and 2. However, records during sea level lowstands at the 

LGM are not observed in the Huon Peninsula (Figure 1.2-4). The Barbados sea level is a 

continuous record during MIS 2 [Peltier and Fairbanks, 2006]. Uplifted corals were dated 

using U/Th dating and paleo-water depth was deduced from coral habitat (A.palmate, 

Montastrea annularis, P. asteroids, and Diproria sp.). They concluded that the LGM 

must have occurred at 26 cal kyr BP and the amplitude of LGM sea level was -120 m 

(Figure 1.2-4). 

 

 
Figure 1.2-3: Locations of represented MIS 2 sea level records. The Barbados [Fairbanks, 1989; 

Peltier and Fairbanks, 2006], the Red Sea [Siddall et al., 2003; Grant et al., 2012, 2014; Rohling 

et al., 2014], the Bonaparte Gulf [Yokoyama et al., 2000a, 2001a; De Deckker and Yokoyama, 

2009], the Sunda Shelf [Hanebuth et al., 2000, 2009], and the Huon Peninsula [Yokoyama et al., 

2001b; Cutler et al., 2003].  
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Figure 1.2-4: Relative sea level records during MIS 2. (A) The Bonaparte Gulf records 

[Yokoyama et al., 2000a, 2001a; De Deckker and Yokoyama, 2009; Nicholas et al., 2014]. White 

squares correspond to brackish, white circles to marginal marine, and black crosses to shallow 

marine environments [Yokoyama et al., 2000a, 2001a; De Deckker and Yokoyama, 2009]. Black 

circles correspond to Nicholas et al. [2014]. (B) The Sunda shelf records [Hanebuth et al., 2000, 

2009]. Circles correspond to data from Hanebuth et al. [2000]. Triangles correspond to leachable 

organic matters and rhombuses to insoluble matters [Hanebuth et al., 2009]. (C) The Huon 

Peninsula records. A circle corresponds to Yokoyama et al. [2001b] and triangles to Cutler et al. 

[2003]. (D) The Barbados sea level records [Peltier and Fairbanks, 2006]. Symbols correspond to 

coring sites.  
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1.3  A sea-level reconstruction inferred from glacial isostatic adjustment 

model 
 

 Relative sea levels are different among sites due to the glacial isostatic 

adjustment (GIA) process (Figure 1.3-1) [Lambeck and Chappell, 2001; Yokoyama and 

Esat, 2011; Dutton et al., 2015]. Ice sheets covered high-latitude region during the glacial 

period and depressed the crust due to their weight. During the deglaciation, ice sheet 

melted and the crust started to uplift in the ice-covered area. This movement is still active, 

called as “Glacial Rebound” [Farrell and Clark, 1976; Basset et al., 2005; Yokoyama and 

Esat, 2011]. Water loading due to ice sheet decay causes the same phenomena in the 

ocean. Contributions of this effect from ice sheet and seawater are defined as “glacio 

isostasy” and “hydro isostasy”, respectively. This redistribution of the surface load causes 

perturbations of the earth’s rotations and gravitational field. The water on the earth’s 

surface must remain a gravitational equipotential, governed by the redistribution of 

surface load. 

 GIA model is based on the “sea-level equation”, which was firstly derived by 

Farrell and Clark [1976]. This model has been developed [cf., Nakada and Lambeck, 

1987] to consider the effects of rotation [Milne and Mitrovica, 1996; Johnston and 

Lambeck, 1999; Mitorvica and Forte, 2004; Nakada and Okuno, 2003] and the migration 

of grounding line [Lambeck et al., 2003]. Relative sea level (RSL) at site φ and time t 

(∆ζ!"# φ, t ) is expressed as follows: 

   

∆ζ!"# φ, t = Δζ!"# t + δ!!"#$%!"# φ, t + δ!!"#!"# φ, t  

---------(Eq., 1.3-1) 

 

where  Δζ!"# t  is ice volume equivalent sea level (ESL) and δ!!"#!"# φ, t  and 

δ!!"#$%!"# φ, t  is the glacio- and hydro- isostatic contributions, respectively. Variations in 

δ!!"#!"# φ, t  and δ!!"#$%!"# φ, t  are controlled by the earth model as the elastic thickness 
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of lithosphere (Η), upper-mantle viscosity (η!"), and lower mantle viscosity (η!") 

(Figure 1.3-3). 

 A region close to former ice sheets is “near-field” with the large effect of glacio 

isostasy (Figure 1.3-2). Relative sea-level curves from near-field do not relatively follow 

the global sea-level change since the regional isostatic effect is larger than global signal 

[Yokoyama and Esat, 2011]. Near-field sea-level records are useful to reconstruct the 

each ice sheet history and the earth structure (elastic lithosphere thickness, upper mantle 

viscosity, and lower mantle viscosity) [cf., Lambeck and Nakada, 1990; Lambeck 2002; 

Ivins and James, 2005; Lambeck et al., 2010; Peltier et al., 2015; Whitehouse et al., 2012; 

Argus et al., 2014; Gowan et al., 2016; Simon et al., 2016; Steffen and Kaufmann, 2005]. 

Since “far-field" sites are far from former ice sheets (Figure 1.3-2), that glacial isostatic 

effects are small, these sites are suitable to reconstruct global ice volume changes 

[Yokoyama et al., 2000a, 2001a; Lambeck et al., 2014; Nakada et al., 2016; Nakada and 

Okuno, 2016]. “Intermediate-filed” sites are located between “near-field” and “far-field” 

regions, being under the influence of crust bulge due to mantle flow (Figure 1.3-2) 

[Peltier and Fairbanks, 2006; Austermann et al., 2013]. 

 ESL is defined as follows [cf., Lambeck et al., 2000; Lambeck et al., 2014]: 

 

Δ!!"# ! =  − 1
!!

1
!!(!)

!Δ!!"#
!" !" 

----------(Eq., 1.3-2) 

 

where ΔM!"# is the change in ice mass at time t with respect to present, A!(t) is the 

area of ocean at !, and ρ! is the density of the ocean. ΔM!"# depends on the ice history, 

which is constrained using direct evidence of ice sheet, sea-level data from near- and far- 

field, and the instrumental data (GPS and GRACE satellite system). 

 Lambeck et al. [2014] constraint ESL curve using an iteration approach by ca. 

1,000 far-field relative sea-level records. They also determine the earth rheology 

parameters (elastic lithosphere thickness and mantle viscosities). Figure 1.3-4 illustrates 

sea level curve of Lambeck et al. [2014], indicating that the duration of LGM is from ca. 
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30 to 21 cal kyr BP. A rapid ice growth of ~25 m within ca. 1,000 years is observed from 

31 to 29 cal kyr BP. They suggested that gradually increased ice volume occurs from ca. 

29 to 21 cal kyr BP due to the eastward and southward expansion of the Scandinavian ice 

sheet [Boulton et al., 2001]. The onset of deglaciation occurs from ca. 21 to 20 cal kyr BP 

with a ca. 10 m sea-level rise before 18 cal kyr BP. 

 

 
Figure 1.3-1: Observed sea level records since the timing of the LGM [Lambeck and Chappell, 

2001]. The isostatic effects derive the regional differences of relative sea-level records. (A) 

Ångerman, Gulf of Bothnia, Sweden. (B) Andøya, Nordland, Norway. (C) South of England. (D) 

Hudson Bay, Canada. (E) Barbados. (F) Bonaparte Gulf, northwestern Australia. (G) Orpheus 

Island, North Queensland, Australia. (H) Sunda Shelf, southeast Asia. The figure and caption are 

referred from Lambeck and Chappell [2001].  

some of the rapid changes in sea level in the
period leading up to the Last Glacial Maxi-
mum (LGM) (35, 39). Few corals from the
older Huon Peninsula reefs have been accu-
rately dated, although new results from else-
where (40, 41) suggest that this should be
possible.

Glacial Isostasy
When ice sheets melt, the resulting sea level
change is spatially variable because of the
deformation of Earth’s surface under the
time-dependent ice and water load and be-
cause of the changing gravitational potential
of the Earth-ocean-ice system. The combined
deformation-gravitational effects are referred
to as the glacio-hydro-isostatic contributions
to sea level, and it is they that cause the
spatial variability illustrated in Fig. 2. In a
first approximation, sea level rises by an
amount !"e(t) that relates to the land-based
ice volume Vi according to

!"e#t$ ! "
%i

%o
!

t

1
Ao#t$

dVi

dt
dt (1)

where Ao(t) is the ocean surface area and %i,
%o are the average densities of ice and ocean
water, respectively. !"e(t) is the ice-volume
equivalent sea level change, or simply the
equivalent sea level change. It equals eustatic
change if no other factors contribute to
changes in ocean volume. The relative sea
level change !"rsl(&, t) at position & and time
t, ignoring possible tectonic displacements of
the coastal zone, is

!"rsl#&,t) ' !"e#t) ( !"i#&,t) ( !"w(&,t)
(2)

where the !"i and !"w are the glacio- and
hydro-isostatic contributions. Both are func-
tions of position and time. The water depth or
terrain height, expressed relative to coeval
sea level, is

h#&,t$ ! h#&,t0$ " !"rsl#&,t$ (3)

where h(&,t0) is the present-day (t0) bathy-
metry or topography at &. Both isostatic
terms in Eq. 2 are functions of Earth rheology
as well as of fluctuations in the ice sheets
over time.

In formerly glaciated areas, it is the

glacio-hydro-isostatic term !"i that domi-
nates during and after deglaciation. It re-
sults in an uplifting crust at a rate that
exceeds the effect of the increasing ocean
volume, so that sea level locally falls [the
Ångerman result (Fig. 2)]. At the ice mar-
gin, this rebound is smaller than it is near
the ice center, and although the rebound
dominates initially, it is the equivalent sea
level rise from more distant ice sheets that
becomes important later. When all melting
has ceased, the residual rebound determines
the local sea level change (the Andøya
result). During ice sheet growth, mantle
material beneath the loaded area is dis-
placed outward, and broad bulges develop
around the loaded area. When the ice
sheets, melt these bulges subside. This re-
sults in signals where, after an initially
rapid rise, relative sea level continues to
rise slowly, once melting has ceased (the
southern England result). Much further
from the ice, the water load becomes the
dominant cause of planetary deformation
(this is the hydro-isostatic contribution
!"w). Here the ocean floor is loaded by the

Fig. 2. Observed spa-
tial variability of sea
level change since the
time of the LGM from
tectonically stable ar-
eas or areas where the
tectonic rate is known
and has been removed
from the observed sig-
nal. (A) Ångerman,
Gulf of Bothnia, Swe-
den (13). (B) Andøya,
Nordland, Norway
(12). (C) South of En-
gland (14). (D) Hudson
Bay, Canada (4). (E)
Barbados (16–18). (F)
Bonaparte Gulf, north-
west Australia (27).
(G) Orpheus Island,
North Queensland,
Australia [(23) and un-
published Australian
National University
data]. (H) Sunda Shelf,
southeast Asia (15).
Note the different
time and amplitude
scales. In the examples
illustrated, all observed
depths or elevations of
the sea level indicators
have been reduced to
mean sea level. All
time scales are in cal-
endar years.
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Figure 1.3-2: Sea level and ice sheet change effect to earth’s surface [Yokoyama and Esat, 2011]. 

(A) During the period of ice sheet growth. In near field, ice load and gravitational attraction of 

seawater to the ice margin are observed. In intermediate field, there are crustal bulge due to 

mantle flow. (B) During the period of ice sheet decay. There are uplifts in near filed. Bulge 

collapse is observed in intermediate field. Water load occurs in far-field regions. The figure and 

caption are referred from Yokoyama and Esat [2011].  
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microfossils and macrofossils. Although 
seawater temperature affects the CaCO3 
δ18O value, it can be accounted for with 
enough reliability in Late Pleistocene 
records to be a precise measure of global 
ice volume, making it a powerful climate 
indicator and correlation tool. When 
tied to dated material, the marine δ18O 
record provides much-needed detail 
between direct measurements of past 
elevations of sea level.

These direct measurements in the 
time interval considered here come 
from nearshore environments (see 
Englehart et al., 2011, this issue) and 
corals, although corrections are needed 
to return each to its elevation at the 
time of burial. Continuous records 
accumulate only at times of shoreline 
encroachment (transgression), so 
direct knowledge of sea level change is 
necessarily incomplete. This is where 
the proxy measurements of ice volume 
provided by δ18O make a contribution by 
filling in the record between established 
tie points from marshes and corals. But 
this method still leaves the challenge of 
determining age control with enough 
accuracy to capture especially rapid 
changes in sea level.

Radiocarbon dating of carbon-bearing 
material (microfossils, molluscs, corals, 
organic matter) is effective back to 
about 50,000 years ago, though external 
calibrations are needed to account for 
variations caused by cycling of carbon 
through major reservoirs such as the 
atmosphere, ocean, and biota (Reimer 
et al., 2004, 2009; Fairbanks et al., 
2005; Yokoyama et al., 2000a; Esat and 
Yokoyama, 2008). U-series dating of 
corals can extend knowledge of sea level 
events farther back in time, but samples 
older than 150,000 years are scarce 

and at present provide an incomplete 
record (Stirling and Anderson, 2009). 
High-precision U-series dating of corals 
depends on high-quality samples to 
ensure a closed system in which the 
parent and daughter nuclides in the 
decay chain remained undisturbed 
(Edwards et al., 1987; Gallup et al., 2002; 

Stirling et al., 1995). Unfortunately, this 
condition is difficult to satisfy; often 
there are systematic variations in age 
determinations apparently correlated 
with variations in the inferred composi-
tion of the ocean’s U isotopes when 
the corals were growing (Gallup et al., 
2002). These variations occur mostly 

Ice load

Mantle flow

Peripheral bulge
formation Water load

Uplift

Mantle flow

Bulge collapses

Water load

Gravitational 
attraction

Earth’s rotation

Earth’s rotation

Far-fieldIntermediate-field Near-field
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Water density changes

Figure 2. Several effects of changing the mass of large ice sheets. (A) During the growth 
stage, these are: local crustal loading and an intermediate crustal bulge due to mantle 
flow; gravitational attraction of seawater adjacent to and toward the ice margin; and 
perturbation of Earth’s rotational axis. (B) During the melting stage, there is local 
uplift, bulge collapse, and a decrease in rotational disturbances and local gravitational 
effects on seawater.
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Figure 1.3-3: Cross section of the Earth structure. In GIA model process, elastic lithosphere 

thickness, upper mantle viscosity, and lower mantle viscosity are defined as the input parameters.   

6,370 km

2,900 km

660 km

0 km

core

lower mantle

upper mantle

elastic lithosphere 



  Chapter 1 

 

  19 

 

Figure 1.3-4: ESL curve from Lambeck et al. [2014]. Individual esl estimates (blue) based on 

far-filed sea-level data and the objective estimate of the denoised time series (red line). The inset 

gives an expanded scale for the last 9,000 years.   

whereas it is increased to ∼30 m for the low-viscosity solution. The
choice of model could then be made on the basis of how much ice
can plausibly be stored in Antarctica during the LGM, consistent
with other geological and glaciological constraints. On the basis of
the comparison with independent estimates (55–57), we favor the
high-viscosity model.
Both solutions point to an ongoing slow increase in ocean

volume after 7 ka BP, even though melting of the large Northern
Hemisphere ice sheets had largely ceased by this time. The high
northern latitude Holocene Climate Optimum peaked between
6 and 4 ka BP, and some Greenland ice-margin retreat occurred
at least locally (60, 61). There is also evidence that some Antarctic
melting occurred after ∼6 ka BP (62). Furthermore, high and
midlatitude mountain glaciers, including remnants of Late
Pleistocene arctic and subarctic ice caps, may also have contin-
ued to decrease in volume (63). However, in all cases, there is
not enough observational evidence to independently constrain
global estimates of ice-mass fluctuations during this post-7-ka
period to permit discrimination between the two esl solutions.
One option is to impose constraints on the lower-mantle vis-

cosity from sources independent of the far-field results. Our
analyses of rebound data from formerly glaciated regions (64)
and of deglaciation-induced changes in the dynamic flattening
and rotation of the Earth (65–67) are consistent with the high-
viscosity results, although these solutions are also ice-model
dependent. Inversions of geoid and seismic tomographic data are
less sensitive to the choice of ice models (the observed geoid
needs corrections for the GIA contribution) and point to an
increase in depth-averaged mantle viscosity of one to three
orders of magnitude from average upper to lower mantle (68–
73). Likewise, inferences of viscosity from the sinking speed of
subducted lithosphere also point to high (3–5) × 1022 Pa s values
for the lower-mantle viscosity (74). On this basis, and because it
yields the smaller volume for the LGM Antarctic ice volume, we
adopt the high-viscosity lower-mantle solution.
The adopted esl function illustrated in Fig. 4 and SI Appendix,

Table S3, shows many features previously identified in one or
more individual records but which, because it is based on geo-
graphically well-spaced observations corrected for the isostatic

contributions, will reflect more accurately the changes in globally
averaged sea level and ice volume. These features are:

i) A period of a relatively slow fall in sea level from 35 to
31 ka BP followed by a rapid fall during 31–29 ka. This
is based on data from Barbados, Bonaparte Gulf, Huon
Peninsula (Papua New Guinea), and a few isolated obser-
vations from the Malay Peninsula and the Bengal Fan. It
points to a period of rapid ice growth of ∼25 m esl within
∼1,000 y to mark the onset of the peak glaciation, consis-
tent with the transition out of the Scandinavian Ålesund
Interstadial into the glacial maximum (75), although this
ice sheet alone is inadequate to contribute 25 m to esl.
Chronologically, the timing of the rapid fall corresponds
to the nominal age for the Heinrich H3 event (76, 77).

ii) Approximately constant or slowly increasing ice volumes
from ∼29–21 ka BP. The data for this interval are sparse
but are from geographically well-distributed sites (Barbados,
Bonaparte, Bengal Fan, East China Sea, and Maldives). The
slow increase in ice volume is consistent with eastward and
southward expansion of the Scandinavian ice sheet during
the LGM (78) as well as with the southward advance of the
Laurentide ice sheet (79). The esl reaches its lowest value of
∼134 m at the end of this interval, corresponding to ∼52 ×
106 km3 more grounded ice—including on shelves—at the
LGM than today. This is greater than the frequently cited
−125 m (e.g., 24, 80) that is usually based on observations
uncorrected for isostatic effects. Heinrich event H2 at
∼19.5–22 14C ka (∼25 ka BP) (77, 81, 82) is not associated
with a recognizable sea-level signal.

iii) Onset of deglaciation at ∼21–20 ka BP with a short-lived
global sea-level rise of ∼10–15 m before 18 ka. The evi-
dence comes from the Bonaparte Gulf (37, 38), has been
identified elsewhere (83, 84), and is supported by isolated
observations from five other locations (Bengal Bay, Cape St
Francis (South Africa), offshore Sydney, Barbados, Mal-
dives) which, although less precise than the principal data
set, spread the rise over a longer time interval than origi-
nally suggested. Chronologically, this rise occurs substan-
tially later than the H2 event.

Fig. 4. Solution for the ice-volume esl function and change in ice volume. (A) Individual esl estimates (blue) and the objective estimate of the denoised time
series (red line). The Inset gives an expanded scale for the last 9,000 y. (B) The same esl estimate and its 95% probability limiting values. Also shown are the
major climate events in the interval [the Last Glacial Maximum (LGM), Heinrich events H1 to H3, the Bølling-Allerød warm period (B-A), and the Younger
Dryas cold period (Y-D)] as well as the timing of MWP-1A, 1B, and the 8.2 ka BP cooling event. (C) The 95% probability estimates of the esl estimates. (D)
Estimates of sea-level rate of change.
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1.4  Issue of sea-level change during Marine Isotope Stage 2 
 

 The definition of LGM includes not only global sea-level minimum but also the 

coldest and driest part of last glacial period [Shakun and Carson, 2010; Hughes and 

Gibbard, 2015]. Global dust variation in high-latitude ice core records provides 

opportunities to define the LGM as an event with Greenland Stadial 3 (27.540–23.340 cal 

kyr BP) [Hughes and Gibbard, 2015]. However, this timing is not consistent with global 

sea-level records [Lambeck et al., 2002a, 2014; Yokoyama et al., 2000a, 2001a]. This 

inconsistency suggests that there is a difficulty attempting to define the global LGM 

(Table 1.4-1). One of the reasons is difficulty to obtain records of the pre LGM due to 

potential erosion during an ice volume maximum and a sea-level minimum. 

 In this thesis, the LGM is defined as the period of global ice volume maximum 

during MIS 2, corresponding to the global sea-level minimum. The number of sea-level 

data during MIS 2 is not enough to reconstruct global ice volume change. Lambeck et al. 

[2014] reported that the duration of LGM is from 30 to 21 cal kyr BP. In contrast, Peltier 

and Fairbanks [2006] conclude that the duration of LGM is from 26 to 16 cal kyr BP 

(Table 1.4-1). To detect the amplitude and timing of LGM, the accurate MIS 2 sea-level 

records are required, which would provide the opportunity to further understand the earth 

environmental system.  
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1.5  Oceanography of the Bonaparte Gulf, northwestern Australia 
 

 The Bonaparte Gulf, northwestern Australia, is a suitable region to reconstruct 

relative sea-level change during MIS 2 [Yokoyama et al., 2000a; 2001a]. The shallow 

water depth (ca. 200 m) and gentle slope of the Bonaparte Gulf (ca. 40 km/10 m) [Lees, 

1992a, 1992b] would be sensitive to sea-level changes (Figure 1.5-1), suggesting that 

there is the potentiality of precise sea-level reconstruction during MIS 2 period. Moreover, 

relative sea level in the Bonaparte Gulf reflects global ice volume change since this site is 

located at a far-field region [Yokoyama et al., 2000a, 2001a]. 

 

1.5.1  Geological setting  
 

 The Bonaparte Basin is located at the center of gulf, initiated at Paleozoic 

period [Longley et al., 2002; Courgeon et al., 2016]. The last phase of tectonic activity in 

the Bonaparte Gulf started during the late Miocene, which was associated with the onset 

of collision between the Australian continent and the Banda Arc [Haig, 2012, Bourget et 

al., 2014]. The rate of subsidence during late Quaternary is ca. 100 m/million year 

[Courgeon et al., 2016], suggesting that this rate does not affect the paleoclimate 

reconstructions during MIS 2. 

 The modern Bonaparte shelf extends up to 500 km wide. Carbonate platforms, 

the Londonderry, Sahul, and van Diemen Rises, have been developed with shallow depths 

of -30 to -70 m (Figure 1.5-1). The sediments of platforms are composed by carbonate 

depositions as sponges, corals, and mollusks [van Andel et al, 1967; Anderson et al., 

2011; Przeslawski et al., 2014; Lavering, 1993]. These carbonate platforms were exposed 

during sea-level lowstands (Figure 1.5-1) [Bourget et al., 2013, 2014; van Andel et al., 

1967]. Carbonate terraces and platforms contain incisions with deeper depth than -100 m, 

connecting the Timor Sea and the Bonaparte Basin [Courgeon et al., 2016]. Siliciclastic 

sediments, transported by monsoon-influenced fluvial activity, dominate the near-shore 

region. The amount of terrestrial sediments to the basin reaches to approximately 
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196×10! !"# in each year [Lees, 1992a; Anderson et al., 2011; De Deckker et al., 2014; 

Nicholas et al., 2014]. 

 The three-dimensional and two-dimensional seismic profiles combined with 

well data show the isolated carbonate platforms and fluvial deposition in the Bonaparte 

Basin [Courgeon et al., 2016]. The Bonaparte Gulf has experienced the depositional cycle, 

associated with the global sea-level changes. This cycle enhances the repetitions of active 

and drowned carbonate platforms and the deposition of terrestrial sediments [Courgeon et 

al., 2016].  
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Figure 1.5-1: Map of the Bonaparte Gulf, northwestern Australia. The bathymetry data is from 

Whiteway [2009]. (top) The center of gulf locates the Bonaparte Basin, surrounded by carbonate 

terraces and platforms, the Sahul Rise, van Diemen Rise, and Londonderry Rise. The Timor Sea 

extends in the outer of the Bonaparte Gulf. (bottom) NW-SE transect of the Bonaparte Gulf.  
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1.5.2  Climate variability  
 

 Today, northwestern Australia experiences a semi-arid climate. Southeast 

winds prevail in the Austral summer and northwesterly winds in the Austral winter. 

During the Austral summer, there is strong rainfall seasonality. This precipitation pattern 

is the Australian monsoon [De Deckker at al., 2014; De Deckker, 2016; Gallagher et al., 

2014a]. The seasonal migration of the Intertropical Convergence Zone (ITCZ) and 

monsoonal activity derives the distribution of rainfall (Figure 1.5-2). The intensity of 

rainfall has varied with the movement of the ITCZ over the past 30,000 years (Figure 

1.5-2) [cf., Ding et al., 2013; Khunt et al., 2015; Mohtadi et al., 2011]. Exposure of the 

Sunda Shelf during global sea level lowstands influenced the hydrologic pattern in this 

region [DiNezio and Tierney, 2013]. 

 The Australian monsoon was stopping or weak during the glacial period 

inferred from records in marine sediment cores and speleothem because of northward 

migration of ITCZ [Lewis et al., 2011; Partin et al., 2007; Fitzsimmons et al., 2013; 

Reeves et al., 2013]. This northern migration would change pattern of precipitation and 

dry/wet conditions in Indonesian and Australian region (Figure 1.5-3). Latitudinally 

transected marine sediment cores indicate that development of the Australian monsoon 

during the deglaciation was associated with the warming history of Antarctica (Figure 

1.5-2) [Kuhnt et al., 2015]. The variation of the stable carbon compositions of vascular 

plant fatty acids shows the regional vegetation shift during the deglaciation in the 

southern Indonesia and the northern Australia, which is sensitive to changes in rainfall 

[Dubois et al., 2014].  
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Figure 1.5-2: Displacement of the Australian monsoon in the tropical Australian region [Kuhnt et 

al., 2015]. Stars correspond to study sites discussed in Kuhnt et al. [2015]. Red squares 

correspond to the Bonaparte Gulf. (a) Modern precipitation pattern (mm/day) and wind direction 

in the summer. (b) Positions of the southern limit of precipitation. The ACR (Antarctic cold 

reversal) and YD (Younger Dryas) correspond to red and blue lines. Brown-shaded area is the 

exposed shelf at -120 m sea level during the LGM. The caption is modified from Kuhnt et al. 

[2015].  

the eastern part of the Timor Strait and Banda Sea coincided with
Meltwater Pulse 1A, which led to the flooding of Sundaland
(14.6–14.3 ka)23. A similar mechanism has been recently proposed
for the strong intensification of monsoonal rainfall over Flores at
B9.5 ka (ref. 24). The disappearance of a large exposed land mass
probably resulted in both enhanced atmospheric cross-equatorial
flow of wind surges from the South China Sea and intensified
tropical convection and moisture supply over the region during
austral summer25. These changes in land exposure were probably
less significant over the Indian Ocean region, where sea-level
induced changes in land–ocean configuration were restricted to
the NW Australian shelf and had no influence on moisture supply
along the monsoonal pathway (Fig. 4). Numerical simulations
support that the ITCZ over the eastern Indian Ocean sector and
over the Australian continent exhibit different responses to
insolation forcing26. However, further work is required to
elucidate regional rainfall-distribution patterns during deglacial
warming and sea-level rise, and to tease out relationships to
forcing mechanisms and amplifying feedbacks.

Our results lead to two important conclusions concerning the
processes controlling the evolution of the Australian monsoon

over the last glacial termination: (1) the intensification of the
Australian monsoon following the ACR paralleled Southern
Hemisphere warming; we speculate that intensification of the
NW Australian Pilbara heat low through enhanced greenhouse
forcing accentuated the southward pull of the ITCZ, thus
controlling the spatial and temporal evolution of the monsoon;
(2) sea-level and sea surface temperature related land–sea
interactions over the Indonesian–Australian Maritime Continent
altered water vapour and heat take-up by the atmosphere, as well
as cross-equatorial moisture transfer, imparting a distinct spatial
asymmetry to the onset and development of the monsoon
through time.

Methods
Chronology. The chronologies of Cores SO185-18506, SO185-18579 and
SO185-18460 are based on AMS14C dating of the surface-dwelling foraminifer
Globigerinoides ruber supplemented by two oxygen-isotope tie-points over the
LGM part of the record (Supplementary Fig. 10; Supplementary Tables 2 and 3).
For Core MD01-2378, we used published AMS14C and stable isotope data27–30

(Supplementary Tables 2 and 3). About 800–1,500 well-preserved tests of G. ruber
were picked from the 4250-mm-size fraction. AMS14C dating was performed at
the Leibniz Laboratory, Kiel University, following the protocol described in refs
31,32, except for the top sample of Core SO185-18506, which was dated at the
Australian Nuclear Science and Technology Organisation, Menai, Australia
(ANSTO code OZJ355).

Conventional ages were converted to calendar ages following the protocol
detailed in ref. 33. We applied consistent marine reservoir age corrections of
400 years (ref. 34). However, the assumption of constant marine reservoir ages is
problematic for the LGM, and the calibrated AMS14C dates older than 18 ka should
be considered minimum ages30,35.

An interpolated curve was fitted through the AMS14C data points using a
Stineman function (interpolate function in KaleidaGraph) (Supplementary Fig. 10).
This function fits a curve that passes through the data points and matches the
slopes at these points, without producing spurious results near changes of the slope.
For Core MD01-2378, the function additionally has a geometric weight applied to
the current point and ±10% of the data range (smooth function in Kaleidagraph),
which reduces the effect of individual outliers. The resulting interpolated/smoothed
curves were then sampled at intervals corresponding to XRF scanner data points
(1 cm for Cores MD01-2378, SO185-18460 and SO185-18579; 0.2 cm for core
SO185-18506).

XRF-scanner proxy data for riverine runoff and aeolian dust. Elemental
composition was analysed using the second-generation AVAATECH XRF core
scanners36 at MARUM, University of Bremen and at IfG, Kiel University. XRF
scanner data were collected every 1 cm (Cores MD01-2378, SO185-18460 and
SO185-18579) or every 0.2 cm (Core SO185-18506) over a 1-cm2 area with a
downcore slit size of 10 mm using generator settings of 10 and 50 kV, a current of
0.25 and 1.0 mA and a sampling time of 30 s directly at the split core surface of the
archive half. The split core surface for the cores was covered with a 4-mm-thin
SPEXCerti Prep Ultralene1 foil to avoid contamination of the XRF measurement
unit and desiccation of the sediment. The data reported here were acquired using a
XR-100CR detector from Amptek and an Oxford Instruments 50W XTF5011
X-Ray tube with rhodium (Rh) target material. Raw data spectra were processed by
the analysis of X-ray spectra with the Iterative Least square software (WIN AXIL)
package from Canberra Eurisys. Results are reported in the natural logarithms of
elemental ratios, which provide the most easily interpretable signals of relative
changes in chemical composition downcore and minimize the risk of measurement
artefacts from variable signal intensities and matrix effects37.

We used the elements Al and K as proxies for the terrigenous-derived sediment-
component, mainly originating from riverine transport into the Timor Sea from
the NW Australian continent (Cores SO185-18506, SO185-18579 and MD01-2378)
and for the sediment component mainly originating from riverine transport into
the northern margin of the Timor Strait from Timor, the southern Moluku and
other Indonesian islands (Core SO185-18460). We normalized these records
against Ca, derived from the biogenic carbonate of a marine plankton. This
approach is commonly used in carbonate-rich environments, where no indication
of carbonate dissolution can be detected, for example, see refs 14,38. Carbonate is
the dominant component in the NW Australian cores (that is, varying between 62
and 72 weight % in Core SO185-18506, Supplementary Fig. 4). There is no clear
relationship between increases or decreases in carbonate percentages (reflected in
the XRF-scanner ln(K/Ca) records, and changes in sedimentation rates
(Supplementary Fig. 4), which would be expected if fluctuations in carbonate
production/dissolution were the main factors controlling the clay-carbonate ratio
in our cores. To further evaluate a possible bias of the Ca-normalized variability of
terrigenous elements, we additionally normalized against Ba (Supplementary
Fig. 5), which is related to particulate organic matter and/or the precipitation of
barite by marine bacteria39,40 and, thus, has no direct relation to carbonate flux.
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Figure 4 | Hypothesized deglacial displacement of the Australian
monsoonal rain belt. (a) Present-day austral summer monsoon winds
(arrows) and precipitation (shading; mm per day) over the Indonesian
archipelago and NW Australia. Climatological summer mean precipitation
(mm per day) is from climate prediction center (CPC) Merged Analysis of
Precipitation 1979–2000 data52. Austral summer wind trajectories (averaged
for February from 2000 to 2004)14 indicate present-day areas of strong
cross-equatorial flow. Southern limit of the rain belt is indicated by a white
dashed line. Location of marine cores and speleothem sites are indicated by
blue stars. (b) Tentative positions of the southern limit of the rain belt during
the Antarctic cold reversal (ACR) and Younger Dryas (YD) are indicated by
red and blue dashed lines. Brown-shaded area indicates exposed land during
the Last Glacial Maximum sea-level lowstand (120 m isobath).
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Figure 1.5-3: Climate variability in the southern Indonesia and northern Australia reconstructed 

from various archives [Reeves et al., 2013].  During the late deglacial period, marine records show d18O
varied little across the region around the timing of the ACR,
although there is some evidence of minor cooling and/or drying at
the extremities of the IPWP (Fig. 9D). SST again rose dramatically at
the end of the deglacial period, associated with peak flooding of the
continental shelf, re-initiation of coral reef growth and the devel-
opment of large estuarine systems. A rapid increase in precipitation
is evident in Borneo commencing w15 ka, with a brief hiatus
around the ACR. Modern vegetation was largely established in
Indonesia during this time.

There is a divergence in estimates of climate within the YD
chronozone between coral palaeothermometers (cooling) and
other SST techniques/terrestrial evidence (warming). Some of the
discrepancies in temperature estimates derived from different
marine organisms may be calibration specific and/or due to addi-
tional climate factors, such as influence of surface winds (Leduc
et al., 2010; Gagan et al., 2012). However, cooling during the YD
chronozone is apparent in deep sea records from the low latitudes
of the Northern Hemisphere and further north (Linsley and Thunell,
1990). In most records presented in this synthesis, climate shifts
during the YD chronozone are not evident.

Warmer and wetter conditions were established across the re-
gion as sea-level peaked and tradewinds re-invigorated in the early
Holocene (Fig. 9E). This is evident in all of the proxy records, with
peak wet conditions in Flores 8e6 ka, modern vegetation estab-
lishment in northeast Queensland and peak charcoal by 8 ka and
the thermal maximum of the IPWP 6.8e5.5 ka. The monsoon was
clearly at its peak through this time and the ITCZ in a southward
position.

A drying trend is noted in several of the records in the mid-
Holocene, including pollen in the Carpentaria region and speleo-
thems of Flores, coincident with increased precipitation in Borneo
(Fig. 9F). A contraction of the IPWP is also recorded in the corals of
this region. This implies a northward contraction of the ITCZ at this
time or a more El Niño-dominated system.

Increasingly variable conditions and localised aridity are char-
acteristic of the late Holocene (Fig. 9E). This is noted in temperature
records from corals, dune records from both lake and coastal sites of
northern Australia and pollen records from the Carpentaria region
of northeast Queensland. This enhanced variability has a close as-
sociation with ENSO, although the role of intensified human
occupation on vegetation should be further considered.

Fig. 9. Cartoons showing the change in temperature and precipitation through the last 30 kyr. Changes are noted with respect to the previous time interval. The periods represented
here are A) 30 ka, B) 20 ka, C) 17 ka, D) 14 ka, E) 9 ka and F) 5 ka and G) 2 ka.

J.M. Reeves et al. / Quaternary Science Reviews 74 (2013) 97e114 109
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1.6  Research objective and thesis structure 
 

 A further understanding of global and regional climate requires the precise MIS 

2 sea-level reconstruction since sea-level change provides global ice volume change and 

regional exposure history in the continental shelf. However, a relative sea-level record 

during MIS 2 is not reconstructed well due to its large uncertainty and insignificant 

number of the dataset. This derives the discrepancy of ice volume change history during 

the LGM [cf., Peltier and Fairbanks, 2006; Lambeck et al., 2014; Clark and Tarasov, 

2014]. 

 The main objective of this study is to improve ice volume history during MIS 2 

through a reconstruction of relative sea level in the Bonaparte Gulf. In Chapter 2 (cf., 

Ishiwa et al., 2016a), the sedimentary environment in the Bonaparte Gulf will be 

discussed since the understanding of regional setting is necessary to reconstruct the 

precise relative sea-level change. In Chapter 3 (cf., Ishiwa et al., 2016b), relative sea 

level records during MIS 2 will be presented using marine sediment cores in the 

Bonaparte Gulf. In Chapter 4, the new ESL curve will be proposed, which is based on the 

relative sea-level curve from the Bonaparte Gulf, and be evaluated by comparison with 

other relative sea-level records. Finally, in Chapter 5, the new ESL curve, which is a key 

finding in this dissertation, will be discussed in comparison with other ESL curves. In 

addition, future perspectives in the ice volume fluctuations during MIS 2 will also be 

suggested. 
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Chapter 2 Sedimentary environmental change in the Bonaparte 

Gulf during Marine Isotope Stage 2 
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Abstract 

 

 An understanding of sedimentary environments driven by paleoclimatological 

processes derives an accurate reconstruction of past sea-level change. The Bonaparte Gulf 

is among the widest in the world, ranging to 500 km, with shallow carbonate terraces and 

platforms that were exposed during periods of lower sea level. The dominant sediments 

type has switched between carbonate and siliciclastic over a sea-level cycle. However, the 

mechanism of sedimentary environmental change in the Bonaparte Gulf is not clearly 

understood. The Bonaparte Gulf is known as one of the largest tidal range regions, up to 

6.0 m, equivalent to the volume of Greenland Ice Sheet. An evaluation of past tide is 

required to reconstruct sea-level change precisely. In this chapter, I present a record of 

sedimentary environmental change from ca. 24 to 35 cal kyr BP that is related to sea-level 

variability and exposure of carbonate terraces and platforms, combined with a paleo-tidal 

model. Multi-proxy data from a marine sediment core shows a sea-level change induced 

switch in the sedimentary environment from siliciclastic to carbonate-dominated 

sedimentation during the last glaciation. Radiocarbon ages constrain the timing of this 

switch to ca. 26 cal kyr BP, associated with a local sea-level fall to -90 m. The influence 

of tide to the sedimentary environment was negligible due to the protection of carbonate 

terraces and platforms from wave activities of the Timor Sea. During sea level lowstands, 

the sedimentary environment in the Bonaparte Gulf was semi-enclosed from the Timor 

Sea and the depositions in the basin had been enhanced.  
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2.1  Introduction 
 

 The Bonaparte Gulf is a broad continental shelf with a water depth shallower 

than ca. 200 m (Figure 2.1-2) [Bourget et al., 2013, 2014]. Potentially, the sedimentary 

environment in the Bonaparte Gulf has changed due to shallow water depth (ca. -200 m), 

which is sensitive to sea-level change with the amplitude of ca. -130 m during the 

glacial-interglacial cycle. Researches on a sea-level reconstruction require better 

understanding of sedimentary environmental changes since precise age-depth models and 

paleoenvironmental reconstructions would provide an accurate relative sea-level record 

[cf., Yokoyama et al., 2000a, 2001a; De Deckker and Yokoyama, 2009]. Moreover, 

mixed siliciclastic-carbonate sedimentary environment in low-latitude and semi-enclosed 

marginal marine environments provides information on the mechanism of paleoclimatic 

and hydrologic change [cf., Bahr et al., 2005; Isaack et al., 2016; Soulet et al., 2011]. 

However, our understanding of late Quaternary evolution of the Bonaparte sedimentary 

environment is much less constrained. 

 In some basins, large tidal ranges are observed due to a node of the tide in the 

mouth of the basin. In this case, the resonant period (!) can be calculated as follows: 

 

! = 4!
!"

 

----------(Eq. 2.1-1) 

 

where ! is the length of the basin, ! is the gravitational acceleration, and ! is the 

average depth of basin. In the Bonaparte Gulf, ! is ca. 380 km, and ! is ca. 80 m [Louis 

and Radok, 1975]. For these values, !  is calculated to ca. 15 hours. This almost 

corresponds to the duration of the semidiurnal constituents (Table 2.1-1), indicating that 

there are large tidal ranges in the Bonaparte Gulf. 

 The large tidal range in near shore region is observed in the Bonaparte Gulf 

(Table 2.1-2) with the amplitude of up to 6 m. This value is equivalent to the volume of 

Greenland Ice Sheet. Global tideal model shows increasing trend from modern to the 
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LGM in the northwestern Australian region (Figure 2.1-2) [Griffiths and Peltier, 2009]. 

However, the resolution of bathymetry around the Bonaparte Gulf is not enough to detect 

the difference of tidal range between sea-level highstands and lowstands 

 Here I document evidence of environmental change in the Bonaparte Gulf due 

to exposure of these carbonate terraces and platforms during MIS 2. The Bonaparte Gulf 

is a “far-field” [cf, Yokoyama and Esat, 2011], tectonically stable site extremely suitable 

for global sea-level reconstruction [Yokoyama et al., 2000a; 2001a; De Deckker and 

Yokoyama, 2009; Ishiwa et al., 2016b]. I also describe the sedimentary consequences of 

past environmental change from a marine piston core (KH11-1-PC01) using Ca/Ti ratios, 

total organic carbon (TOC) and total nitrogen (TN), constrained by radiocarbon dating. 

Tidal evolution associated with sea-level change is also shown using the two-dimensional 

paleotidal model [Uehara, 2012] and discussed with the sedimentary environmental 

change. 

 

Table 2.1-1: Summary of tidal constituent discussed in this chapter [Shennan et al., 2015]. The 

Bonaparte Gulf has the large tidal range, caused by the semi diurnal tide (M2 and S2). 

constituent period (hour) 

M2 12.42 Lunar, principal 

K1 23.93 Solar, Lunar, declination 

S2 12 Solar, principal 

O1 25.82 Lunar, declination 
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Figure 2.1-1: Map of Bonaparte Gulf, northwestern Australia. (A) The location of core site 

KH11-1-PC01 (white square), bathymetry and named seabed features are referred to in the text. 

Bathymetric data is from Whiteway [2009]. The locations of Lacrosse Island and Darwin show 

red and blue circles, respectively. (B) Distribution of surface sediments, modified from van Andel 

et al. [1967]. 1: recent near-shore sediments, 2: calcareous silty clays of Bonaparte Depression, 3: 

shelf-edge foraminiferal calcilutites and calcarenites, 4: Timor Trough silty clay and calcilutites, 

5: relict transgressive quartzose calcarenites, 6: relict transgressive calcarenites, 7: bank facies. 

Legends refer to van Andel et al. [1967].  
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Figure 2.1-2: Tidel amplitude of M2 and K1 at present and LGM from TPXO 6.2 dataset and 

Global Tidal model [Griffiths and Peltier, 2009]. The figure and caption are modified from 

Griffiths and Peltier [2009].  
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Table 2.1-2: Tide of Darwin and Lacrosse Island in the Bonaparte Gulf in November 2016 

[http://www.bom.gov.au/ntc/]. Locations are shown in Figure 2.1-1. 

Date Darwin Lacrosse Island 

FRI 11 NOV 

HIGH 2:41 AM 5.91 m HIGH 2:33 AM 5.41 m 

LOW 9:40 AM 2.60 m LOW 9:11 AM 1.77 m 

HIGH 3:40 PM 5.72 m HIGH 3:31 PM 5.04 m 

LOW 9:42 PM 2.82 m LOW 9:17 PM 2.36 m 

SAT 12 

NOV 

HIGH 3:43 AM 6.27 m HIGH 3:28 AM 5.64 m 

LOW 10:29 AM 1.92 m LOW 9:51 AM 1.20 m 

HIGH 4:36 PM 6.45 m HIGH 4:17 PM 5.72 m 

LOW 10:39 PM 2.48 m LOW 10:13 PM 2.09 m 

SUN 13 

NOV 

HIGH 4:30 AM 6.65 m HIGH 4:09 AM 5.83 m 

LOW 11:13 AM 1.25 m LOW 10:26 AM 0.72 m 

HIGH 5:27 PM 7.11 m HIGH 4:58 PM 6.30 m 

LOW 11:28 PM 2.19 m LOW 10:59 PM 1.92 m 

MON 14 

NOV Full 

Moon 

HIGH 5:12 AM 6.98 m HIGH 4:47 AM 5.95 m 

LOW 11:55 AM 0.68 m LOW 11:01 AM 0.35 m 

HIGH 6:14 PM 7.62 m HIGH 5:39 PM 6.72 m 

   

LOW 11:41 PM 1.87 m 

TUE 15 

NOV 

LOW 12:11 AM 2.00 m HIGH 5:23 AM 5.99 m 

HIGH 5:51 AM 7.20 m LOW 11:36 AM 0.14 m 

LOW 12:35 PM 0.29 m HIGH 6:21 PM 6.95 m 

HIGH 6:59 PM 7.93 m 

   

WED 16 

NOV 

LOW 12:52 AM 1.94 m LOW 12:22 AM 1.93 m 

HIGH 6:28 AM 7.29 m HIGH 6:02 AM 5.95 m 

LOW 1:14 PM 0.12 m LOW 12:16 PM 0.11 m 

HIGH 7:43 PM 8.02 m HIGH 7:07 PM 7.02 m 

THU 17 

NOV 

LOW 1:32 AM 2.01 m LOW 1:04 AM 2.06 m 

HIGH 7:06 AM 7.21 m HIGH 6:45 AM 5.84 m 

LOW 1:55 PM 0.21 m LOW 12:58 PM 0.27 m 

HIGH 8:24 PM 7.90 m HIGH 7:55 PM 6.97 m 
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2.2  Materials 
 

 Core KH11-1-PC01 was recovered from a water depth of 140 m during the 

KH11-1 cruise of R/V Hakuho-Maru during January and February 2011 (Figure 2.1-1). 

The top 600 cm interval of core KH11-1-PC01 (core recovery length: 951 cm) was 

analyzed as it is within the range of radiocarbon dating. Well-preserved macrofossils 

(primarily bivalves) were collected for radiocarbon dating. 

 

2.3  Methods 

2.3.1  Physical properties and geochemical analysis 
 

 Color reflectance was measured at 2-cm intervals after splitting the cores on a 

ship using a Minolta CM-2002 photospectrometer. At the same time, magnetic 

susceptibility was measured at 2-cm intervals using a Bartington Instruments MS2C 

system. 

 TOC and TN were measured using an EA-IRMS (Elemental Analysis - Isotope 

Ratio Mass Spectrometry: Flash EA 1112 and Delta plus Advantage) at the Center for 

Advanced Marine Core Research, Kochi University (Figure 2.3-1) [cf., Ishiwa et al., 

2016b; Nakamura et al., 2016; Riethdorf et al., 2015]. Bulk sediments were treated with 3 

M HCl to remove inorganic carbonate. Split-core scanning X-ray fluorescence (XRF) 

analysis was then conducted at a 1-cm interval using the TATSCAN-F2 at the Center for 

Advanced Marine Core Research [Sakamoto et al., 2006]. XRF core scanner analysis was 

affected by the split-core surface condition and water content, especially for the light 

elements [Kido et al., 2006; Nakamura et al., 2016]. Hence, I discuss the variation of 

relatively heavy elements, calcium (Ca), potassium (K), manganese (Mn), iron (Fe) and 

titanium (Ti). For example, the flux of Ca, and Ti is calculated as follows: 

 

MAR = DBD × LSR 

----------(Eq., 2.3-1) 
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Ca (Ti) flux = MAR × Ca (Ti) (counts) 

----------(Eq., 2.3-2) 

 

where MAR is the mass accumulation rate (g/cm2�yr), DBD is the dry bulk density 

(g/cm3), and LSR is the liner sedimentation rate (cm/yr). 

 Radiocarbon dating was performed on marine macrofossils and bulk sediment 

organic matter. Macrofossils were etched by 10 M HCl to remove secondary and 

contaminating calcium carbonate [Yokoyama et al., 2016a]. Bulk sediments were 

pretreated twice in 3 M HCl for 12 hours to digest inorganic calcium carbonate [cf., 

Chapter 3; Ishiwa et al., 2016b]. I followed the methods of Yokoyama et al. [2007] and 

measured the graphite by the Single Stage Accelerator Mass Spectrometry (Figure 2.3-1) 

[Yokoyama et al., 2016b] and the Micro Analysis Laboratory Tandem Accelerator at the 

University of Tokyo.  

 

 

Figure 2.3-1: Photo of EA-IRMS, gratification, and AMS. (A) EA-IRMS (Elemental Analysis - 

Isotope Ratio Mass Spectrometry: Flash EA 1112 and Delta plus Advantage) at the Center for 

Advanced Marine Core Research, Kochi University. (B) Gratification systems at Atmosphere and 

Ocean Research Institute, The University of Tokyo. (C) Single Stage AMS at Atmosphere and 

Ocean Research Institute, The University of Tokyo.  
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2.3.2  Age-depth model 
 

 Calendar ages were calculated using Oxcal [Ramsey and Lee, 2013] with 

Marine 13 and Intcal 13 [Reimer et al., 2013] as calibration curves for macrofossils and 

organic matter ages. The local reservoir correction, ΔR, is undefined in the Bonaparte 

Gulf but expected to be minor [cf., Bowman, 1985; O'Connor et al., 2010]. Thus, we 

made no local correction consistent with previous works [Yokoyama et al., 2000a, 2001a; 

cf., Ishiwa et al., 2016b]. 

 The age-depth model of KH11-1-PC01 was constrained using the BACON 

model [Blaauw and Christen, 2011] based on macrofossil ages since organic matter ages 

are affected by the transportation time of terrestrial components [cf., Nakamura et al., 

2016; Chapter 3, Ishiwa et al., 2016b]. This model uses Bayesian analysis and the Monte 

Carlo methods to constrain the smoothing age depth model using the R statistical 

software package [cf., De Vleeschouwer et al., 2012; Shanahan et al., 2012].  

 

2.3.3  Calculation for exposure percentage in the Bonaparte Gulf 
 

 The area of carbonate terraces and platforms in the Bonaparte Gulf exposed 

during lower sea level was calculated using the bathymetric dataset from Whiteway 

[2009]. The data were interpolated to a uniform resolution of 0.5 minutes latitudinally and 

longitudinally. I calculated the area of exposure along the sea-level curve and set the 

exposure percentage to 0% at relative sea level = 0 m and to 100% at relative sea level = 

-120 m. This percentage was calculated at a 5-m interval.  
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2.4  Results 

2.4.1  Lithology and Physical properties 
 

 The interval from 600 to 560 cmbsf (cm below sea floor) of core KH11-1-PC01 

is silty clay with mm-scale shell fragments. Fine sand is present from 560 to 520 cmbsf 

and silty clay is from 520 to 510 cmbsf with shell fragments, foraminifera and 

nannofossils (as noted in shipboard smear slides). Fine sand is present from 510 to 490 

cmbsf and silty clay with shell fragments, and nannofossils from 490 to 60 cmbsf. The 

upper 60 cm of the core is silt and clay with shell fragments and bioturbation. Color 

reflectance (b*) values gradually increase from 1 to 9 in the uppermost 300 cm with a 

slight shift at 200 cmbsf, indicating an increasing yellow component. A relatively large 

increase in b* occurs at 30 cmbsf (Figure 2.4-1). Magnetic susceptibility (MS) shows a 

slight decrease from 7 to 4 SI 10-6 at 200 cmbsf with a maximum of 11 SI 10-6 at 10 

cmbsf. In the upper 10 cm, the MS decreases to 0 SI 10-6 (Figure 2.4-1). 

 

2.4.2  XRF core scanning and geochemical analysis 
 

 Ca counts are constantly at 600,000 from 600 to 200 cmbsf, increasing to ca. 

800,000 counts at 180 cmbsf (Figure 2.4-1). Decreased Ca is observed at 70 cmbsf. From 

30 cmbsf to the core top, Ca decreases to 400,000 counts. Ti gradually decreases from 

600 to 200 cmbsf, sharply decreasing to 20,000 counts at ca. 200 cmbsf (Figure 2.4-1). 

There is a peak of ca. 25,000 counts from 30 cmbsf to the core top.  

 TOC is ca. 0.7% from 600 to 200 cmbsf, sharply increasing to 1.5% at 180 

cmbsf with a peak of ca. 0.8% at 510 cmbsf (Figure 2.4-1). TOC is variable in the upper 

40 cm of the core. C/N ratios reach a maximum of ca. 15 at 510 cmbsf, then maintain a 

value of ca. 9 through the depth interval of 500–180 cmbsf, above which values are 

relatively constant at ca. 13 (Figure 2.4-1). In the upper 60 cm, ratios decrease upwards to 

the core top.  
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2.4.3  Radiocarbon dating 

 

 Table 2.4-1 and 2.4-2 summarize the results of radiocarbon dating and Figure 

2.4-2 shows the age-depth relationship. Macrofossils dates show the range from ca. 35 to 

24 cal kyr BP and bulk organic matter from ca. 37 to 25 cal kyr BP during the interval of 

600 to 60 cmbsf. The upper 60 cm is either disturbed by coring or winnowed by tidal 

currents [http://www.bom.gov.au/australia/tides/] and pockmark activity [Nicholas et al., 

2014]. X-ray image shows the accumulation of high-density materials in this interval, 

which is consistent with the high tidal energy in the Bonaparte Gulf during sea-level 

highstands (see section 2.5.3). The ages in this interval are not interpreted here (Figure 

2.4-2).  Below 60 cmbsf, the age-depth model is well constrained with an offset between 

macrofossils and organic matter ages [cf., Chapter 3: Ishiwa et al., 2016b]. The average 

value of this offset is ca. 800 14C yr within the period from ca. 35 to 25 cal kyr BP and ca. 

1,200 14C yr with the period from ca. 25 to 24 cal kyr BP. The average sedimentation rate 

is 0.47 m/kyr for the period from ca. 35 to 25 cal kyr BP and 0.75 m/kry for the period 

from ca. 25 to 24 cal kyr BP. 
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Table 2.4-1: Age results of macrofossils in core KH11-1-PC01. Data are calculated by Marine13 

[Reimer et al., 2013]. “YAUT-” is a laboratory number of the Single Stage Accelerator Mass 

Spectrometry at The University of Tokyo. “B274” is a laboratory number of the Micro Analysis 

Laboratory Tandem Accelerator at The University of Tokyo. 

Lab. No. Material 
Depth 

(cm) 

14C age 

(BP) 

Calendar age 

(cal BP) 1� 

Calendar age 

(cal BP) 2� 

YAUT-01960 bivalves 1 2320±30 1940±40 1940±90 

YAUT-01960 bivalves 3 10510±40 11730±140 11670±260 

YAUT-01960 bivalves 22 9750±40 10650±50 10660±110 

YAUT-01960 bivalves 31 18370±50 21770±100 21750±200 

B274 coral 43 590±130 200±140 - 

YAUT-01961 bivalves 64 20290±70 23930±120 23920±250 

YAUT-01961 bivalves 74 20290±70 23940±120 23930±250 

YAUT-01961 bivalves 133 20940±70 24710±180 24730±320 

B274 bivalves 166 20950±140 24740±240 24760±430 

YAUT-01964 bivalves 173 20910±70 24660±170 24690±310 

B274 bivalves 217 23320±210 27270±200 27160±450 

YAUT-01961 bivalves 218 23280±70 27250±100 27240±200 

YAUT-01962 bivalves 291 24280±90 27890±100 27920±220 

B274 barnacle 368 25330±280 28990±300 29020±610 

B274 gastropod 560 30060±230 33820±190 33820±410 

B274 bivalves 603 35020±550 39160±580 39270±1280 
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Table 2.4-2: Age results of organic matter in core KH11-1-PC01. Data are calculated by Intcal 13 

[Reimer et al., 2013]. “YAUT-” is a laboratory number of the Single Stage Accelerator Mass 

Spectrometry at The University of Tokyo. 

Lab. No. 
Depth 

(cm) 
14C age (BP) 

Calendar age 

(cal BP) 1� 

Calendar age 

(cal BP) 2� 

YAUT-003718 3 1790±30 1700±80 1720±100 

YAUT-003906 22 7650±30 8430±20 8450±60 

YAUT-003719 45 7040±70 7870±70 7840±140 

YAUT-012705 54 21040±80 25400±120 25390±230 

YAUT-003907 74 21450±60 25780±80 25770±150 

YAUT-004007 101 21180±70 25540±110 25510±220 

YAUT-003720 133 22200±110 26390±170 26440±350 

YAUT-003721 173 21780±100 26000±90 26010±200 

YAUT-003722 218 25060±110 29090±170 29110±320 

YAUT-014534 255 24370±90 28440±150 28420±280 

YAUT-004008 291 25090±90 29120±160 29140±300 

YAUT-003723 369 26360±130 30700±150 30660±300 

YAUT-003724 555 30600±150 34560±170 34530±330 

YAUT-003725 600 32810±200 36720±330 36930±680 
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2.4.4  Exposure of carbonate terraces and platforms in the Bonaparte 

Gulf 
 

 Figure 2.4-3 shows the calculated percentage of exposure and the rate of 

sea-level change from 0 m to -120 m in 5 m increments. During sea level lowstands, the 

proportion of carbonate terraces and platforms exposed in the Bonaparte Gulf ranged 

from 25% when sea level was at -60 m to in excess of 90% when sea level fell below 

-100 m. The rate of change from -70 to -90 m is greater than 1.5 %/m. The maximum rate 

of change is at -80 m. 

 

 
Figure 2.4-3: (A) Proportion (%) of carbonate platform area in the Bonaparte Gulf exposed at 

lower sea levels; (B) Rate of change in proportional area of the platforms exposed at sea level fall.  
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2.5  Discussion 

2.5.1  Sedimentary environmental change during late Quaternary 
 

 Biogenic or precipitated carbonate shows high Ca-intensities with an inverse 

relationship to K-, Fe-, Mn-, and Ti- intensities that are correlated with siliciclastic 

components [cf., Bahr et al., 2005; Kuhnt et al., 2015]. Ca/Ti, Ca/K, Ca/Mn, and Ca/Fe 

ratios all exhibit a similar pattern of variability (Figure 2.5-1). Thus I focus on Ca/Ti 

ratios, which is less sensitive to changes in redox state. I suggest that calcium variation 

represents changes in biogenetic carbonate flux from the carbonate terraces and platforms 

of the Bonaparte Gulf. The Ca flux after 25 cal kyr BP is much higher than before 27 cal 

kyr BP, indicating a carbonate flux increase caused by exposure of the carbonate 

platforms during lower sea level at ca. 26 cal kyr BP (190 cm) (Figure 2.5-2). In addition, 

I use Ti variation to represent terrestrial sediment flux, derived from clay minerals [cf., 

Gingele et al., 2001; Gingele and De Deckker, 2003]. Magnetic susceptibility values 

decrease from 27 to 25 cal kyr BP (Figure 2.5-3). This pattern likely reflects the dilution 

by sediments dominated by biogenetic carbonate with low magnetic susceptibility.  

 Variation in terrestrial input would be related to changes in TOC flux and C/N 

ratios [cf., Yu et al., 2010; Mackie et al., 2005, 2007; Chapter 3: Ishiwa et al., 2016b]. 

Terrestrial sediment supply increases after ca. 26 cal kyr BP, as indicated by the increased 

TOC, C/N ratios, and sedimentation rate (Figures 2.5-2 and 2.5-3). Increasing terrestrial 

material during this time would make mixed marine-terrestrial organic matter older, 

increasing the offset from macrofossil ages (Figure 2.4-2). Additionally, mass 

accumulation rate calculated by the BACON model supports the carbonate terraces and 

platforms exposure after ca. 26 cal kyr BP (Figure 2.5-2).  
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Figure 2.5-1: Ca/K, Ca/Ti, Ca/Mn, and Ca/Fe variation from XRF core scanner.  
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Figure 2.5-2: Ca flux, Ti flux, and mass accumulation rate. Solid lines correspond to the average 

values during three periods, before ~27 cal kyr BP, during 25–27 cal kyr BP, and after ~25 cal kyr 

BP. Circles at the top of figure correspond to age control points.  
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Figure 2.5-3: Ca/Ti ratios, magnetic susceptibility, C/N ratios, TOC, TOC flux, and relative 

sea-level records. Grey shade corresponds to the timing of carbonate platform exposure due to 

sea-level fall. A: Ca/Ti ratios. B: Magnetic susceptibility. C: C/N ratios. D: TOC (%). E: TOC 

flux. F: Relative sea-level records in Huon Peninsula. Black circles correspond to Yokoyama et al. 

[2001b]. White circles to Cutler et al. [2003]. Red line to Siddall et al. [2003].  
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2.5.2  Mechanism for sedimentary environmental change  
 

 The carbonate terraces and platforms of the outer Bonaparte Gulf are dissected 

by a network of deeply incised paleochannels that would have been sediment transport 

pathways during lower sea level (Figure 2.5-4) [Courgeon et al., 2016]. Yokoyama et al. 

[2000a; 2001a] estimated the age of deposition in these paleochannels to be ca. 17.5 cal 

kyr BP, suggesting that carbonate sediments were produced and transported to the basin 

during lower sea level by fluvial activity or ocean currents. 

 Sedimentation pattern could have fluctuated with the relative strength of 

monsoon [Gallagher et al., 2014b; Kuhnt et al., 2015]. The Australian Monsoonal 

precipitation pattern is sensitive to latitudinal ITCZ migration [Lewis et al., 2011], while 

speleothem records from this region indicate low monsoon variability at ca. 26 cal kyr BP 

[Lewis et al., 2011; Partin et al., 2007], consistent with marine and terrestrial records 

[Fitzsimmons et al., 2013; Reeves et al., 2013] that show a northward ITCZ position. I 

suggest that the changes in monsoonal variability are not strong to control sedimentary 

facies in the Bonaparte Gulf around 26 cal kyr BP. A relative change in carbonate 

sediment flux increased at ca. 25 cal kyr BP as shown by physical properties and 

geochemical analysis (Figure 2.5-3). Rivers pass through the continent would have 

supplied siliciclastic sediments to the basin [Gingele et al., 2001; Gingele and De 

Deckker, 2003]. During this period, the supply of siliciclastic sediments did not 

significantly change due to the weak variability of monsoonal intensity. By contrast, the 

carbonate supply increased due to exposure of carbonate terraces and platforms. 

 Sea level below -90 m resulted in sufficient exposure of carbonate terraces and 

platform to increase the flux of carbonate sediments (Figure 2.5-4). During sea-level 

highstands, much of the shelf was submerged. During sea-level lowstands, the carbonate 

terraces and platforms were exposed and the Bonaparte Basin was semi-enclosed from 

the Timor Sea. The relative area of exposure was an important control on the sedimentary 

facies of the gulf. 

 While the hydro-isostatic effects in the Bonaparte Gulf do not affect to the 

current interpretation [Yokoyama et al., 2000a, 2001a, 2001c], this factor cannot be 
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entirely discounted due to paleotopography and paleo-water depth effects. Yokoyama et 

al. [2000a, 2001a] estimated the amplitude of this effect (offset between the global sea 

level and relative sea level) is less than 20 m (see also Chapter 4). Therefore, the 

bathymetry in Figure 2.5-4 has an error of 10% due to hydro-isostasy effects. 

 These observations indicate that the sedimentary environment in the Bonaparte 

Gulf is primarily driven by sea-level variability due to the distinctive topography with its 

central depression surrounded by higher-level carbonate terraces and platforms. Exposure 

of carbonate terraces and platforms with a sea-level fall enhances sedimentary 

environmental change, characterized by carbonate sediment production and 

transportation. 

 Sea-level change prior into the LGM has been estimated using the uplifted coral 

on the Huon Peninsula, indicating that sea level fell from -70 to -110 m from 30 to 24 cal 

kyr BP [Cutler et al., 2003; Yokoyama et al., 2001b]. This is consistent with sea level 

from the Red Sea [Siddall et al., 2003], which falls ~20 m from 28 to 26 cal kyr BP (-80 

to -100 m). This amplitude of a sea-level fall is enough to influence the sedimentary 

environment in the Bonaparte Gulf.  
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Figure 2.5-4: Bathymetry and sectional views of the Bonaparte Gulf at -60 m and -90 m sea level. 

Note that there are bathymetric errors estimates in the Bonaparte Gulf due to hydro isostatic effect 

[Yokoyama et al., 2000a, 2001a]. The effects are relatively minor (see Chapter 4). 
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Figure 2.5-6: Schematic transect of the Bonaparte Gulf showing at the period of sea-level 

highstands (a) and lowstands (b). (a) Sedimentary environments during sea-level highstands. 

Large tide is observed in inner shelf and sediments transport to the Timor Sea. (b) Sedimentary 

environments during sea-level lowstands. Deposition in the Bonaparte Basin is enhanced due to 

exposure of carbonate terraces and platforms.  

a: sea level highstands

b: sea level lowstands
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2.5.3  Comparison to other region 
 

 Mixed carbonate-siliciclastic sedimentary systems are observed in low-latitude 

tropical regions. Isaack et al. [2016] presents a sea-level driven model of sediment 

dynamics based on a multi-proxy records in the barrier- reef lagoon of Bora Bora in the 

South Pacific. They suggest that carbonate sediment produced at marginal reef areas and 

transported to the lagoons. This mechanism indicates that carbonate terraces and 

platforms in the Bonaparte Gulf can be the source of carbonate sediments, generating the 

variation of geochemical signal in the core. 

 The Black Sea becomes a semi-enclosed marginal sea, similar to the Bonaparte 

Gulf, during lower sea level [Bahr et al., 2005], and reconnected to the Mediterranean Sea 

at ~ 9,000 years ago associated with sea-level rising [Soulet et al., 2011]. On the basis of 

geochemical data, the hydrologic system has changed from lacustrine to marine, 

controlled by a water depth of sills connected to Mediterranean Sea. By contrast, during 

sea-level lowstands, the Bonaparte Gulf connected to the Timor Sea mainly by 

paleochannels with the water depth of ~200 m [Yokoyama et al., 2000a, 2001a]. The 

sedimentary environment in the Bonaparte Gulf is influenced by the exposure of 

carbonate terraces and platforms, which played a role in pathways of carbonate 

sediments.  
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2.6  Summary 
 

 Geochemical and chronological records from a piston core in the Bonaparte 

Gulf, northwestern Australia, show sedimentary environmental change at ca. 26 cal kyr 

BP. Carbonate terraces and platforms and their deeply incised paleochannels play an 

important role in this paleoenvironmental change. 

 Ca/Ti ratios as an indicator of changes in mixed siliciclastic-carbonate 

sediments increased at ca. 26 cal kyr BP, indicating the enhanced supply of carbonate 

sediments. TOC and C/N ratios as an indicator of terrestrial input also increased. The 

changes in these geochemical signals can be explained by the exposure of carbonate 

terraces and platforms. 

 Precipitation patterns shift can drive the change in sediment supply. However, 

during the period I investigate, the variability of Australian monsoon was not strong to 

change the sedimentary environment. By contrast, global sea-level fall to -90 m occurred 

at ca. 26 cal kyr BP, driving the exposure of carbonate terraces and platforms and the 

switch from siliciclastic to carbonate dominated sedimentation. Our research leads the 

understanding of a sea-level driven sedimentary environmental change in low-latitude 

mixed siliciclastic-carbonate environment. 

 Carbonate terraces and platforms in the Bonaparte Gulf protect inner shelf from 

wave activity of the Timor Sea at lower sea level. Deposition during sea-level lowstands 

occurs in moderate environments. This indicates that the Bonaparte Gulf is a suitable 

region to reconstruct sea level change during MIS 2 since there are less possibility of 

reworking and disturbance. 
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Chapter 3 Marine Isotope Stage 2 relative sea-level records 

deduced from sediment cores in the Bonaparte Gulf 

 

 

���!5��������������	 ��" 

  



  Chapter 4 

 

  56 

 

Chapter 4 Ice volume equivalent sea level based on relative 

sea-level records from the Bonaparte Gulf using glacial isostatic 

adjustment model 
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Chapter 5 General discussion and future perspectives 
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5.1  General discussion 

5.1.1  Global sea level change during MIS 2 
5.1.2  Implication for mechanism of a sea-level fall to its minimum 
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5.2  Future perspectives 
 

 The new ESL curve demonstrates that the duration of ice volume maximum is 

ca. 1,000 years during the LGM, suggesting that relative sea level during the LGM would 

not reach to isostatic equilibrium. This could be a key to solve “missing ice problem” 

[Lambeck et al., 2000; Clark and Tarasov, 2014]. 

 There are two approaches to constrain ice volume change during the LGM. One 

is to reconstruct the individual ice sheets using ice model, combined with relative sea 

level and GPS data in “near-field” regions [cf., Lambeck 1998; Whitehouse et al., 2012; 

Gowan et al., 2016]. A sum of the individual ice sheets equals to global ice volume. 

Secondly, far-field relative sea levels provide the information of global ice volume with 

isostatic corrections [Yokoyama et al., 2000a, 2001a; Lambeck et al., 2014]. The 

definition of “missing ice problem” is the mismatch between the first and second methods 

of global ice volume reconstructions [Lambeck et al., 2000; Clark and Tarasov, 2014]. 

 The solution of this problem is required to understand glacial-interglacial 

climate variability and improve climate modeling to predict future climate change. My 

ESL curve shows the ca. 1,000 years duration of the LGM, suggesting that each 

continental ice sheets had experienced the short duration of its maximum, not reaching to 

isostatic equilibrium. This would derive the overestimation of the maximum volume of 

each continental ice sheet. This suggestion reduces the offset between a sum of each ice 

sheet and global ice volume from far-field data. To investigate the validity of this 

hypothesis, accurate records of each continental ice sheet are required. In addition, 

uncertainties due to the earth model parameters and potential bias due to today’s ice sheet 

melting should be evaluated precisely in future works.  
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5.3  Conclusion 
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List of abbreviation 

Abbreviation Definition 

AORI Atmosphere and Ocean Research Institute 

BIIS British-Irish Ice Sheet 

BKIS Barents-Kara Ice Sheet 

cal kyr BP calendar kilo years before present 

CIS Cordilleran Ice Sheet 

cmbsf cm below sea floor 

EAIS East Antarctic Ice Sheet 

ESL ice volume equivalent sea level 

GIA glacial isostatic adjustment 

GIS Greenland Ice Sheet 

IIS Innuitian Ice Sheet 

ITCZ Intertorpical Convergense Zone 

L14 Lambeck et al., 2014 

LGM Last Glacial Maximum 

LIS Laurentide Ice Sheet 

MIS Marine Isotope Stage 

psu practical salinity unit 

RSL relative sea level 

SIS Scandinavian Ice Sheet 

TN total nitrogen 

TOC total organic carbon 

WAIS West Antarctic Ice Sheet 

δ13C stable carbon isotope 

! elastic lithosphere thickness 

!!" upper mantle viscosity  

!!" lower mantle viscosity 
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