
1. Introduction
Marine Isotope Stage 3 (MIS 3), considered a relatively warm transitional interglacial stage that lasted from 
60 ka to the beginning of the Last Glacial Maximum (LGM; 26 ka), is characterized by highly variable climate, 
punctuated by repeated millennial-scale warming episodes, called Dansgaard-Oeschger events, during which 
the North Atlantic warmed 8°–15°C (Blunier et al., 1998). The extent and variability of continental ice sheets 
and global mean sea level (GMSL) during MIS 3 relative to the LGM and to the preceding interglacial (MIS 5), 
has been implicated in causing this climate variability (Siddall et al., 2008 and references therein) and remains 
controversial. Constraining MIS 3 GMSL is crucial for (a) evaluating how quickly ice sheets grew and sea level 
fell as global climate transitioned into the LGM (Dalton et al., 2019; Pico et al., 2017), (b) understanding ice sheet 
stability in the past, and (c) projecting future ice sheet melting because it precedes the LGM and is characterized 
by substantial climatic instability. It has proven difficult however, to constrain sea level during this interval (Pico 
et al., 2017; Siddall et al., 2008). Many studies have estimated global ice volume from foraminiferal δ 18O either 
by using paleo-reconstructions from regions where foraminiferal δ 18O is thought to be strongly correlated to ice 
volume (Rohling et al., 2008; Siddall et al., 2003, 2008) or by accounting for temperature using Mg/Ca based 
temperature compilations (Spratt & Lisiecki, 2016). These estimates generally suggest that peak MIS 3 sea level 
was −30 to −60 m relative to today (Rohling et al., 2008; Siddall et al., 2003, 2008; Spratt & Lisiecki, 2016). More 
direct coral and ice margin-based reconstructions are rare because shorelines are generally below modern sea 
level and glacial features were destroyed by subsequent ice sheet advance during the LGM (Siddall et al., 2008). 
Coral-based records do not show strong agreement, suggesting a wide range of maximum MIS 3 sea level of −30 
to −80 m (Chappell, 2002; Chappell et al., 1996; Cutler et al., 2003; Hanebuth et al., 2006; Thompson, 2005; 
Thompson & Goldstein, 2006; Yokoyama et al., 2001). While these direct coral-based and indirect marine sedi-
ment core δ 18O records of GMSL summarized above indicate wide ranges of maximum MIS 3 GMSL, most 
tend toward lower GMSL (−60 to −80 m) (Chappell, 2002; Chappell et al., 1996; Cutler et al., 2003; Hanebuth 
et al., 2006; Siddall et al., 2008; Thompson, 2005; Thompson & Goldstein, 2006; Yokoyama et al., 2001).
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More recent sea level and ice sheet extent studies have argued for higher MIS 3 sea level, suggesting substan-
tially more rapid ice sheet growth from MIS 3 to the LGM. Pico et al. (2016) argue for peak MIS3 GMSL of 
−38 ± 7 m relative to today on the basis of Glacial Isostatic Adjustment (GIA) modeling and analysis of Yellow 
Sea sediment cores. A similar conclusion was reached by Pico et al.  (2017) using modeling GIA simulations 
to show that peak MIS 3 GMSL of −40 m is consistent with paleo-shoreline indicators from the Albemarle 
Embayment in Virginia and North Carolina. Batchelor et al. (2019) estimate a comparable MIS 3 GMSL range 
based on their global compilation of Pleistocene ice sheet margin indicators, as do Gowan et al. (2021) who use 
a combination of ice sheet margin indicators and modeling. Accurate understanding of MIS 3 sea level is crucial, 
given (a) the importance of understanding rates of ice sheet growth as Earth's climate transitioned into the LGM, 
(b) how rapid climatic variability during MIS 3 impacted sea level, and (c) the ubiquitous use of stacked benthic 
foraminifera δ 18O composites as a indicators of ice volume and sea level. It is therefore clear that more research 
is needed to determine whether MIS 3 sea level is better represented by lower coral and foraminiferal δ 18O-based 
estimates (Chappell, 2002; Cutler et al., 2003; Hanebuth et al., 2006; Siddall et al., 2008; Spratt & Lisiecki, 2016; 
Thompson, 2005; Thompson & Goldstein, 2006) or more recent high GIA modeling, shoreline, and ice sheet 
margin indicator-based estimates (Batchelor et al., 2019; Pico et al., 2016, 2017).

While coral and foraminiferal δ 18O-based estimates of MIS 3 sea level vary widely, they almost universally agree 
that MIS 3 sea level was substantially lower (generally >40 m lower) than MIS 5a–5d (72–117 ka), the previous 
warm period (Dalton et al., 2019; Siddall et al., 2008; Spratt & Lisiecki, 2016; Thompson, 2005; Thompson 
& Goldstein,  2006). In contrast, more recent GIA modeling, shoreline, and ice sheet margin indicator-based 
estimates suggest MIS 3 and MIS 5a–5d sea level were much more similar, with MIS 3 sea level only ∼20 m 
below MIS 5a–5d (Batchelor et al., 2019; Pico et al., 2016, 2017). Previously published δ 18O results from Sulu 
Sea sediment cores generated using the surface-dwelling foraminifera G. ruber have been proposed to accurately 
reflect variations in sea level based on their near identical scaling of glacial-interglacial variability with benthic 
foraminifera δ 18O stacks (Dannenmann et al., 2003; Linsley, 1996; Oppo et al., 2003b; Rosenthal et al., 2003a). 
The most obvious departure from this trend however occurs during MIS 3, when Sulu Sea G. ruber δ 18O in 
MD97-2141 and Ocean Drilling Program Site 769A is nearly equivalent to MIS 5a–5d (Dannenmann et al., 2003; 
Linsley, 1996; Oppo et al., 2003b; Rosenthal et al., 2003a) (Figures 1 and 2). The surface mixed-layer foraminif-
era δ 18O record from the Sulu Sea appears to support more recent GIA modeling and ice margin-based recon-
structions of MIS3 sea level, but foraminiferal δ 18O is controlled by a combination of temperature and local 
seawater δ 18O (δ 18Ow) which is a function of global ice volume/sea level effects on global ocean δ 18Ow and 
local  salinity. Because the Sulu Sea is a marginal basin located in the center of the Indo-Australian Monsoon 
Region, any surface ocean-based foraminiferal shell δ 18O record is susceptible to changes in local temperature 
and salinity potentially obscuring the sea level signal (Figure 1).

In order to isolate the sea level signal in the Sulu Sea G. ruber δ 18O record, we reconstruct water temperature 
variability by extending the previously existing G. ruber Mg/Ca-based temperature record from Sulu Sea core 
MD97-2141 to the beginning of MIS 5e (132 ka). We use the G. ruber δ 18O and Mg/Ca based temperature 
records to calculate a surface ocean δ 18Ow record which primarily reflects ice volume/sea level effects on global 
ocean δ 18Ow and local salinity. Lastly, we generate δ 18O and Mg/Ca records spanning MIS 3 to MIS 5d using 
the thermocline dwelling foraminifera G. tumida (calcification depth in the Sulu Sea 100–130 m from Weiss 
et al. (2021b)) from the same core and derive a δ 18Ow reconstruction that reflects both ice volume/sea level effects 
on global ocean δ 18Ow and local thermocline salinity. Sulu Sea thermocline and surface salinity are controlled 
by different mechanisms (Gordon et al., 2011, 2012; Weiss et al., 2021b), whereas ice volume/sea level effects 
on δ 18Ow are global in nature and affect the Sulu Sea surface and thermocline equally. We are therefore able to 
use any differences between our G. ruber surface and G. tumida thermocline δ 18Ow records to deconvolve the G. 
ruber δ 18Ow record into its component local surface salinity and global ice volume fractions during MIS 3 and 
determine whether the global ice volume fraction is consistent with higher or lower MIS 3 sea level estimates.

1.1. Environmental Setting and Controls on Sulu Sea Surface and Thermocline δ 18O

IMAGES core MD97-2141 is a 36 m giant piston core collected as part of the IPHIS-IMAGES III cruise of the 
R/V Marion Dufresne in May 1997 at 08°78’N, 121°28’E and 3,633 m water depth. Due to the shallow depth 
of the sills surrounding the Sulu Sea, deepwater ventilation is limited and a deep lysocline (∼3,800 m) leads to 
excellent carbonate preservation (Miao et al., 1994).
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Modern Sulu Sea surface salinity is only very weakly correlated to local precipitation (r-value = 0.06) (Weiss 
et  al.,  2021b) but is instead dominated by the salinity of advected water from the South China Sea (Miao 
et al., 1994). South China Sea surface water mixes with monsoonal runoff to produce relatively fresh surface 
salinity of 33 (Miao et al., 1994), before exiting the South China Sea via two routes. Approximately 1.62 Sv of 
South China Sea surface water enters the Sulu Sea through the shallow Balabac (132 m) and Mindoro (440 m) 
Straits to the southeast before exiting the Sulu Sea through the Sibutu Passage (234 m) into the Sulawesi Sea and 
the northern Makassar Strait (Gordon et al., 2012; Miao et al., 1994). The remaining ∼0.74 Sv of South China Sea 
outflow moves over the Sunda Shelf to the southwest, through the shallow Karimata Strait (Wang et al., 2019) 
which has a maximum depth of ∼36 m (NOAA National Geophysical Data Center, 2009) (Figures 3a and 3b; 
Figure S2 in Supporting Information S1), and into the southern Makassar Strait (Xu et al., 2021). As a result of 
the advection of relatively fresh surface water from the South China Sea, the Sulu Sea surface is relatively fresh 
as well, with a salinity of ∼34 (Miao et al., 1994) and the southern Makassar Strait freshens from ∼34 during the 

Figure 1. The Sulu Sea and marginal Indonesian Seas. (a) Sibutu Passage. (b) Balabac Strait, (c) Mindoro Strait, and (d) Panay Strait. Figure was made using the 
GeoMapApp: http://www.geomapapp.org (Ryan et al., 2009). Black lines indicate flow paths from the South China Sea. The dashed path only exists when the Karimata 
Strait is open. Locations of sediment cores north (upstream) of the Karimata Strait from Linsley et al. (2010) are marked in yellow and cores south (downstream) of the 
strait are marked in red. MD97-2141 is labeled as MD41 for shorthand. The location of Gunung Mulu National Park where Borneo speleothems were collected (Carolin 
et al., 2016b) is indicated in white. Belitung Island is marked in red (Sarr et al., 2019). Bathymetry in the white box is shown in the inset map. Bathymetry in the red 
dashed box is shown in Figure S1 in Supporting Information S1.

http://www.geomapapp.org
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summer to ∼32 during the winter when flow through the Karimata Strait is strongest (Gordon & Villanoy, 2011; 
Linsley et al., 2010).

The Karimata Strait is far shallower than the Balabac and Mindoro Straits, so whenever sea level is below the 
depth of the 36 m Karimata Strait, the only outlet from the South China Sea for relatively fresh surface water 
is into the Sulu Sea and any water that would have flowed into the Karimata Strait is redirected there (Linsley 
et al., 2010). Paleoclimate records show that under these conditions, the redirection of Karimata Strait through-
flow into the Sulu Sea leads the South China Sea to impart an even stronger influence on Sulu Sea surface 

Figure 2. (a) Lisiecki and Raymo (2005) benthic δ 18O stack (LR04 Stack) (black), Sulu Sea G. ruber δ 18O (Dannenmann et al., 2003; Oppo et al., 2003b; Rosenthal 
et al., 2003a) (red), and Sulu Sea G. tumida δ 18O (blue). (b) Lisiecki and Raymo (2005) benthic δ 18O stack (black), Sulu Sea G. ruber Mg/Ca based temperature 
(Dannenmann et al., 2003; Oppo et al., 2003b; Rosenthal et al., 2003a) (red), and Sulu Sea G. tumida Mg/Ca based temperature (blue). (c) Lisiecki and Raymo (2005) 
benthic δ 18O stack (black), Sulu Sea G. ruber δ 18Ow (Dannenmann et al., 2003; Oppo et al., 2003b; Rosenthal et al., 2003a) (red), and Sulu Sea G. tumida δ 18Ow (blue). 
The light red and blue data were previously published, whereas the dark red and blue are published by this study.
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salinity, freshening it even more than it presently does (Linsley et al., 2010; Rosenthal et al., 2003a). Linsley 
et al. (2010) show an increase in salinity at ∼9.5 ka in core MD97-2141 and several other cores located in the 
Northern Hemisphere of the far western equatorial Pacific relative to several cores south of the strait (see core 
locations in Figure 1). They argue that opening of the Karimata Strait at ∼9.5 ka due to rising sea level siphoned 
relatively freshwater away from the Sulu Sea. This weakened the Sulu Sea's connection with the South China Sea 
and increased its surface salinity, while delivering that relatively freshwater to the cores south of the Karimata 
Strait and freshening the Southern Makassar Strait. Rosenthal et al. (2003a) reported that a reduced amplitude 
LGM to Holocene δ 18Ow signal in the Sulu Sea mixed layer resulted from a relatively fresh Sulu Sea Surface 
during the LGM due to a closed Karimata Strait and strengthened connection between the Sulu Sea surface and 

Figure 3. (a) Contour map of the modern Karimata Strait. Bathymetry data are from the ETOPO1 Global Relief Model (NOAA National Geophysical Data 
Center, 2009; The NOAA Technical Memorandum, 2009). (b) Cross section of the Karimata Strait along the black line from (a). (c) Topographic depth of the Karimata 
Strait (location marked with red x in panels a and b) corrected through time using the maximum (yellow) and minimum (light blue) subsidence rates from Sarr 
et al. (2019).
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South China Sea when sea level was substantially lower. Climate modeling shows that closing of the Karimata 
Strait also freshens the South China Sea surface through circulation changes (Di Nezio et al., 2016) and this 
would then be translated to the Sulu Sea surface.

Sulu Sea thermocline salinity is controlled by entirely different mechanisms than the surface. Density driven 
limitations on vertical mixing prevent local precipitation from influencing the Sulu Sea thermocline (Weiss 
et al., 2021b). Furthermore, sea level driven opening and closing of the Karimata Strait should not affect the Sulu 
Sea thermocline as it is substantially deeper than the strait, beginning below ∼50 m water depth, and physical 
limitations would prevent this signal from mixing into the thermocline as well (Gordon & Villanoy, 2011; Weiss 
et al., 2021b). This is demonstrated by the Sulu Sea thermocline LGM to Holocene δ 18Ow amplitude which is not 
reduced like it is in the Sulu Sea surface, indicating the thermocline was not freshened by the closed Karimata 
Strait during the LGM (Rosenthal et al., 2003a; Weiss et al., 2021b).

Instead, instrumental records show that Sulu Sea thermocline salinity is strongly controlled by the bifurcation 
latitude of the North Equatorial Current (r-value ranges from 0.53 to 0.62 and from 85 to 165 m water depth) 
which controls the flow of relatively salty water into the Sulu Sea thermocline from the western Pacific through 
the Luzon Strait and South China Sea by modulating the strength of the Kuroshio Current (Weiss et al., 2021b). 
The North Equatorial Current bifurcation latitude does not affect Sulu Sea surface salinity (r-value ranges from 
0.00 to −0.004 above 35 m) (Weiss et al., 2021b). G. tumida based δ 18Ow records from core MD97-2141 show 
that Sulu Sea thermocline salinity was strongly influenced by the North Equatorial Current bifurcation latitude 
from the LGM to the early Holocene and therefore responded somewhat differently to climate variability than 
surface salinity (Weiss et al., 2021b).

2. Methods
2.1. Age Model

The age model for core MD97-2141 is based on radiocarbon dates of surface-dwelling planktonic foraminifera 
from ∼4 to 40 ka and orbital tuning for older sections of the core and was originally published in de Garidel-Thoron 
et al. (2001) and later used in Dannenmann et al. (2003), Oppo et al. (2003b), and Rosenthal et al. (2003a). Weiss 
et al. (2021b) recalibrated the original dates and updated the original age model for sections younger than ∼22 ka. 
We extended the updated age model to ∼41 ka by recalibrating four more radiocarbon dates using the Marine13 
calibration curve from CALIB 7.04 and following the same methods as Weiss et al. (2021b) (Table S1 in Support-
ing Information S1). As there is minimal difference between the new and old calibrations of the oldest radiocar-
bon date (47 years) we apply the original orbitally tuned age model to samples older than the oldest recalibrated 
radiocarbon date. The updated age model uses the default CALIB 7.04 time-dependent reservoir correction of 
∼400 years and has radiocarbon tie-point calibration errors of 51–245 years.

2.2. Stable Isotopes and Trace Metals

Core MD97-2141 was slab sampled in 1 cm increments. For this study, G. tumida stable isotopes were analyzed 
every fifth cm (376 samples at ∼0.3 kyr resolution) and G. tumida trace metals every 20th cm (60 new samples at 
∼1.5 kyr resolution). G. tumida stable isotopes were analyzed at lower temporal resolution than G. ruber because 
we were primarily interested in the comparison between MIS 5 and MIS 3 and did not need to capture high resolu-
tion variability. G. tumida trace metals were run in even lower resolution because our stable isotope analyses had 
already shown that higher resolution analyses were not necessary to compare MIS 5 and MIS 3. Eleven G. tumida 
in the 400–600 size fraction were picked for each sample for stable oxygen isotope analysis (δ 18O) and eleven (22 
total G. tumida per sample) more for Mg/Ca analysis. All foraminifera were viewed under a Keyence VHX-5000 
Digital Microscope at high magnification (100–200x) to ensure specimens were clean, conformed to the stereo-
typical G. tumida morphotype, and lacked secondary calcification. The maximum-area-measurement application 
on the digital microscope was also used to confirm size of the individuals. Any specimen that was not deemed 
pristine or did not fall into the proper size fraction when measured using the Keyence digital microscope was not 
geochemically analyzed. Where a sample did not have 11 individual foraminifera that met selection criteria, spec-
imens were pooled from adjacent 1 cm interval samples and an average age for all pooled samples was assigned.

To reduce selective loss of fine test fragments that could bias geochemical results, foraminifera were not cleaned 
prior to stable isotope analysis. Each set of 11 foraminifera were crushed and homogenized and 50–80  μg 
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of fragments were randomly selected for stable isotope analysis. G. tumida shell δ 18O was  analyzed at the 
Lamont-Doherty Earth Observatory (LDEO) Stable Isotope Lab using a Thermo DeltaV + mass spectrometer 
with a Kiel IV autosampler device. Results are reported in per mil (‰) versus Pee Dee Belemnite. The interna-
tional standard NBS-19 was analyzed after every ninth sample and had a standard deviation of 0.06‰ for δ 18O. 
Approximately 10% of all samples were run in replicate sourced from the same crushed and homogenized frag-
ments and replicates had an average difference of 0.12‰ for δ 18O.

At each sample depth, all 11 G. tumida individuals selected for trace metal analysis (∼500  μg) were gently 
cracked open and cleaned following the methods of Yu et al. (2005) which involves a reductive cleaning in a 
solution of hydrazine, citric acid, and ammonium hydroxide to remove metal oxides, followed by an oxidative 
cleaning step using a solution of sodium hydroxide and hydrogen peroxide to remove organics. Cleaned frag-
ments were dissolved in trace metal clean 0.065N HNO3 (OPTIMA ®) and analyzed for trace metal concentrations 
at the LDEO Trace Metal Lab using a ThermoScientific iCAPQ Q-ICP-MS in conjunction with a HEPA-filtered 
enclosed autosampler. For each sample, an aliquot was first analyzed to determine its Ca concentration and 
samples were diluted with trace metal clean 0.065N HNO3 (OPTIMA ®) to ∼50 ppm Ca for final analyses. Prior 
to each sample run, eight standards with a range of trace metal ratios were analyzed to calibrate sample analyses. 
Sample results were corrected for drift using a standard bracketing every 10 samples and corrected for instrument 
noise and contamination using two blanks every sample run. Analytical precision (relative standard deviation) 
based on three standards analyzed for every ∼9 samples was ≤0.56% for Mg/Ca. Approximately 10% of samples 
were run in replicate and had a root mean squared deviation of 3.48% for Mg/Ca.

Following the methods of Schmidt et al. (2004), cleaning efficacy for G. tumida Mg/Ca was determined by moni-
toring Fe/Ca, Al/Ca, and Mn/Ca. Data points at 102.88 and 110.15 ka were removed from the data set for having 
anomalously high Al/Ca (>50 μmol/mol) and the data point at 121.72 ka was removed for having anomalously 
high Mn/Ca (>800 μmol/mol). With these points removed, Fe/Ca, Al/Ca, and Mn/Ca all show low correlation 
to Mg/Ca (r 2 < 0.2). Data points at 54.35 and 118.43 ka had low Mg/Ca and were not included in the data set as 
low Ca concentrations (<10.5 ppm) suggested little to no sample material survived the cleaning process. Four 
other data points (44.35, 45.15, 86, and 104.54 ka) demonstrate low Mg/Ca that lead us to question the fidelity 
of their analysis. However, we did not remove them from the data set as they do not show anomalous values for 
any other trace metal.

G. ruber Mg/Ca from core MD97-2141 spanning ∼4–135 ka was analyzed at Rutgers University using a Finnigan 
MAT Element Sector Field ICP-MS. Data from ∼4 to 22 ka were published in Rosenthal et al. (2003a) and from 
∼31 to 70 ka in Dannenmann et al. (2003). There is a sedimentary hiatus in the core between ∼22 and 31 ka. 
Here, we publish the rest of the G. ruber Mg/Ca record extending to 135 ka (see Table S2 in Supporting Infor-
mation S1 for a breakdown of new vs. old data). A more detailed description of analytical methods is contained 
in the original publications (Dannenmann et al., 2003; Rosenthal et al., 2003a), however in short, 80 individual 
tests in the 212–300 μm size fraction were picked for each sample, crushed and rinsed in deionized water and 
methanol, then washed using an oxidizing solution followed by multiple weak acid leaches. Due to differences in 
lab procedures, G. ruber samples were not reductively cleaned prior to Mg/Ca analyses. While reductive cleaning 
may reduce G. tumida Mg/Ca by ∼10% (Barker et al., 2003), we do not account for the offset to remain consistent 
with previously published data and because the different cleaning methods do not significantly affect the relative 
variability within each species and therefore do not affect our interpretations. Dannenmann et al. (2003) estimate 
external precision of ±1.2% based on repeated analysis of three consistency standards. Average standard error 
(1σ) for Mg/Ca replicates was ±0.12 mmol/mol.

Past mid-thermocline water temperature was calculated from G. tumida Mg/Ca using the Anand et al. (2003) 
multispecies calibration. Temperatures calculated from this calibration result in appropriate depth habitat 
estimates, relative variability is comparable to other species-specific calibrations (Hollstein et  al.,  2017), 
and the error estimate is more appropriate than the Hollstein et al. (2017) error estimate which is not species 
specific (Weiss et  al., 2021b). We assume no salinity influence on G. tumida or G. ruber Mg/Ca as Sulu 
Sea salinity (Weiss et al., 2021b) is below the threshold of 35 where those effects are suggested to begin 
(Arbuszewski et al., 2010; Mathien-Blard & Bassinot, 2009). Seawater δ 18O (δ 18Ow) was calculated from G. 
tumida Mg/Ca based temperature and δ 18O using the Bemis et al. (1998) low light O. universa calibration. 
Standard error for Mg/Ca based temperature and δ 18Ow were calculated following the methods of Mohtadi 
et al. (2014) using reproducibility. They average 0.93°C and 0.23‰, respectively. Sea surface temperature 
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was calculated from G. ruber Mg/Ca using the same calibration as Dannenmann et al. (2003) and Rosenthal 
et al. (2003a). This calibration is based on that of Rosenthal and Lohmann (2002) and utilizes foraminiferal 
test size-normalized shell weight to adjust for dissolution. Core top G. ruber Mg/Ca accurately reproduces 
modern local surface water temperature, supporting the validity of the calibration (Dannenmann et al., 2003). 
Furthermore, relative temperature variability is essentially the same between this calibration and Dekens 
et al. (2002) and Gray and Evans (2019) calibrations. Dannenmann et al. (2003) estimate a temperature error 
of ±0.6°C. We estimate the same error for the newly published G. ruber Mg/Ca based temperature data. We 
use the Bemis et al.  (1998) low light Orbulina universa calibration to calculate surface δ 18Ow from newly 
published G. ruber Mg/Ca based temperature and previously published δ 18O as this is the method applied by 
Dannenmann et al. (2003) and Rosenthal et al. (2003a) for previously published δ 18Ow data (Dannenmann 
et al., 2003; Rosenthal et al., 2003a) and this will allow for the best comparison between G. ruber and G. 
tumida δ 18Ow data. Following the methods of Mohtadi et al. (2014) and using a temperature error of 0.6°C 
and average difference between δ 18O replicates of 0.094‰, we estimate G. ruber δ 18Ow error to average 
0.18‰.

3. Results
3.1. Sulu Sea MIS 3 δ 18Ow Variability

In contrast to Sulu Sea δ 18O from surface dwelling G. ruber, our new δ 18O record from thermocline dwelling 
G. tumida from the same core shows substantially higher δ 18O during MIS 3 than during MIS 5a–5d, scaling 
well with relative variability between those two intervals in the LR04 benthic isotope record (see Figure 2a). 
Our extended Sulu Sea G. ruber and new G. tumida Mg/Ca-based temperature records demonstrate that there 
was little change in surface and thermocline temperatures in the Sulu Sea from MIS 5a–5d to MIS 3 (Figure 2b). 
As a result, the decrease in G. ruber derived surface δ 18Ow moving from MIS 4 into MIS 3 is larger than the 
concurrent decrease in G. tumida δ 18Ow. The δ 18Ow records therefore show that while G. ruber derived Sulu Sea 
surface δ 18Ow was approximately the same during MIS 3 and MIS 5a–5d, G. tumida derived thermocline δ 18Ow 
during MIS 3 was more than 0.4‰ greater than during MIS 5a–5d, nearly double the propagated analytical and 
calibration error (Figure 2c and Figure S3 in Supporting Information S1).

Given the global nature of ice volume driven δ 18Ow variability, we can assume that both G. ruber in the Sulu 
Sea surface and G. tumida in the thermocline were exposed to the same ice volume driven δ 18Ow signal and it 
contributed equally to the surface and thermocline decreases in G. ruber and G. tumida δ 18Ow moving into MIS 
3. Therefore, the larger magnitude of the decrease in G. ruber derived surface δ 18Ow from MIS 4 to MIS 3 must 
have been the result of a local surface freshening increasing the amplitude of the event in the surface ocean, a 
local increase in thermocline salinity reducing the amplitude in the thermocline, or some combination of both. 
Because Sulu Sea G. tumida derived thermocline δ 18Ow largely tracks the LR04 benthic isotope record and could 
thus be explained entirely by global ice volume δ 18Ow variability, we conclude that the G. tumida derived Sulu 
Sea thermocline δ 18Ow was not affected by local changes in thermocline salinity. Instead, we argue that the Sulu 
Sea surface was exposed to substantial local freshening during MIS 3 that greatly decreased G. ruber derived 
surface δ 18Ow, resulting in approximately equal Sulu Sea surface δ 18Ow during MIS 3 and MIS 5. Such a conclu-
sion disproves our hypothesis that similar δ 18Ow in the Sulu Sea surface during MIS 3 and MIS 5a–5d was the 
result of ice volume related global δ 18Ow variability and instead is consistent with the widely held interpretation 
of the LR04 benthic stack that global δ 18Ow was substantially higher during MIS 3 than MIS 5a–5d (Lisiecki & 
Raymo, 2005).

Along with the departure from the LR04 benthic stack observed in the G. ruber derived Sulu surface δ 18Ow 
record during MIS 3, we also see slightly reduced values during MIS 4, do not see any evidence of the MIS 5d 
(117–108 ka) and 5b (92–86 ka) cold intervals in the Sulu Sea G. ruber δ 18Ow record, and observe elevated δ 18Ow 
values from ∼123 to 119 ka during the later portion of MIS 5e. We interpret slightly elevated G. ruber derived 
Sulu Sea surface ocean δ 18Ow relative to G. tumida derived thermocline δ 18Ow and the LR04 benthic stack 
during MIS 4 to be the result of local surface freshening because it is only observed in the G. ruber record. We 
interpret the absence of an increase in G. ruber derived Sulu surface δ 18Ow during MIS 5d and 5b (when we do 
see increases in the LR04 stack) to be the result of local surface freshening as well. Elevated values in G. ruber 
derived Sulu surface δ 18Ow from ∼123 to 119 ka are not present in either the LR04 stack or the G. tumida derived 
thermocline record and we attribute them to a local increase in surface salinity.
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4. Discussion
4.1. Possible Origins of Sulu Surface Salinity Variability

Based on modern environmental conditions and previous Sulu Sea studies (Rosenthal et  al.,  2003a; Weiss 
et al., 2021b), we identify two likely drivers for freshening in the Sulu Sea during MIS 3 that would affect the 
surface and G. ruber shell chemistry, but would not be recorded by thermocline dwelling G. tumida as physi-
cal limitations on mixing would not allow them to reach that depth. The first potential driver is an increase in 
regional precipitation due to a strengthened Asian Monsoon during MIS 3 that could have freshened the Sulu 
Sea surface but would not mix to the depth habitat of G. tumida of 100–13 m (Weiss et al., 2021b). The second 
is a closed Karimata Strait that would have increased the delivery of relatively freshwater from the South China 
Sea to the Sulu Sea, bringing Sulu Sea surface salinity even closer to the salinity of the slightly fresher South 
China  Sea. To compensate for higher global δ 18Ow during MIS 3 due to ice volume, precipitation would have had 
to be substantially greater during MIS 3 than during MIS 5a–5d. Ice volume corrected speleothem δ 18O records 
located proximally to the Sulu Sea on the island of Borneo indicate that this was not the case, suggesting that 
regional precipitation was roughly equivalent during MIS 3 and MIS 5a–5d (Carolin et al., 2016b) (Figure 4b). 
Ice volume corrected Chinese speleothem δ 18O indicates the same was true for the Chinese Monsoon (Cheng 
et al., 2016) (Figure 4c). We therefore conclude that the apparent freshening in the Sulu Sea surface during MIS 
3 cannot be attributed to changes in the strength of the Asian Monsoon. Along similar lines, we do not observe 
evidence of an increase in precipitation during MIS 4, 5b, or 5d that could have decreased G. ruber derived 
Sulu Sea surface δ 18Ow (Carolin et  al.,  2016b; Cheng et  al.,  2016) (Figures 4b and 4c). Because speleothem 

Figure 4. (a) Lisiecki and Raymo (2005) benthic δ 18O stack (black), Sulu Sea G. ruber δ 18Ow (Dannenmann et al., 2003; Oppo et al., 2003b; Rosenthal et al., 2003a) 
(red), and Sulu Sea G. tumida δ 18Ow (blue). (b) Ice volume corrected Borneo speleothem δ 18O (Carolin et al., 2016b). (c) Chinese speleothem δ 18O (Cheng et al., 2016). 
Data are ice volume corrected following the same method as Carolin et al. (2016b).
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δ 18O paleohydrology reconstructions do not demonstrate a reduction in precipitation from ∼123 to 119 ka (MIS 
5e), but instead demonstrate a precipitation maximum during MIS 5e (Carolin et al., 2016b; Cheng et al., 2016) 
(Figures 4b and 4c), increased G. ruber derived Sulu surface δ 18Ow from ∼123 to 119 ka also cannot be attributed 
to changes in precipitation.

4.2. Sunda Shelf Inundation History

4.2.1. The Karimata Strait as the Driver of Sulu Sea Surface Salinity

Having ruled out an increase in regional precipitation as the driver of Sulu Sea surface freshening during MIS 3 
(Carolin et al., 2016b; Cheng et al., 2016) (Figures 4b and 4c), we instead attribute Sulu Sea surface freshening 
to a closed Karimata Strait during that period. We hypothesize that analogous to today, during much of MIS 5 
sea level was high enough for the Karimata Strait to be open and siphon a portion of the low salinity South China 
Sea outflow away from the Sulu Sea. This reduced the freshening effect the South China Sea had on the Sulu Sea 
and produced relatively salty conditions in the Sulu Sea surface. We further hypothesize that in contrast to MIS 5, 
sea level during MIS 3 was lower relative to the Karimata Strait and the strait was closed, diverting all relatively 
fresh South China Sea outflow into the Sulu Sea and freshening the Sulu Sea surface enough that G. ruber δ 18Ow 
during MIS 3 was the same as during MIS 5a–5d.

4.2.2. Karimata Strait Flooding Record

The Karimata Strait appears to have opened for the first time post-MIS 6 at ∼123 ka when G. ruber derived 
surface δ 18Ow abruptly increased, indicating a rapid increase in Sulu Sea surface salinity during the peak of MIS 
5e (Figure 2c). This is approximately when Sarr et al. (2019) estimate the southern Sunda Shelf and Karimata 
Strait were inundated solely based on their estimated subsidence rates, suggesting those subsidence rates are 
reasonable. We also interpret the decrease in G. ruber derived surface δ 18Ow beginning at ∼119 ka as evidence 
that the Karimata Strait closed again at that time, strengthening the connection between the South China Sea and 
Sulu Sea, and freshening the Sulu Sea surface. G. ruber derived surface δ 18Ow remained relatively constant from 
∼118–77 ka, the duration of MIS 5d–5a (118–72 ka), showing little to no evidence of the MIS 5d (117–108 ka) 
and 5b (92–86 ka) cold intervals (Figure 2c). The absence of a response to MIS 5d and 5b is likely the result of 
elevated Sulu Sea salinity during MIS 5a and 5c due to an open Karimata Strait and a freshened Sulu Sea surface 
during MIS 5d and 5b due to a closed Karimata Strait. Such opening and closing of the Karimata Strait would 
cancel out changes in global δ 18Ow and keep Sulu Sea surface G. ruber δ 18Ow relatively constant during MIS 5d 
to 5a. The Karimata Strait was certainly closed leading into MIS 4 at ∼77 ka, freshening the Sulu Sea surface and 
likely reducing the amplitude of the MIS 5a to MIS 4 transition in the G. ruber surface δ 18Ow record compared  to 
the G. tumida thermocline record. Low G. ruber derived surface δ 18Ow during MIS 3 from ∼60 ka until the hiatus 
in the core at ∼32 ka (Figure 2c) indicates the Karimata Strait remained closed for the duration of MIS 3.

4.2.3. Climatic Implications of Sunda Shelf Inundation History

Our Sulu Sea surface and thermocline reconstruction is the most direct record of Karimata Strait opening and 
closing and is unique in that it does not rely on drawing inferences from GMSL. Other foraminiferal δ 18O, coral, 
and ice margin-based sea level records (Batchelor et  al.,  2019; Cutler et  al.,  2003; Linsley et  al.,  2010; Pico 
et al., 2017; Pico et al., 2017, 2017; Siddall et al., 2008; Spratt & Lisiecki, 2016) suggest the Karimata Strait was 
closed from the beginning of MIS 2 to the early Holocene and for the entirety of MIS 4 but could not conclu-
sively demonstrate whether the strait was open or closed during MIS 3. By demonstrating that MIS 3 Sulu Sea G. 
ruber δ 18Ow was approximately equal to MIS 5a–5d δ 18Ow from ∼60–32 ka, thus indicating the Karimata Strait 
was closed from ∼60–32 ka (Figure 2c), our record fills that gap. Therefore, our reconstruction shows that the 
Karimata Strait was indeed closed for the entirety of the interval from approximately the beginning of MIS 4 to 
the early Holocene (∼77–9.5 ka).

A closed Karimata Strait during MIS 3 and prior to the strait first opening at ∼123 ka during MIS 5e impacts 
Indo-Pacific climate through two primary mechanisms. First, inundation of the Sunda Shelf promotes Indo-Pacific 
atmospheric convection and precipitation while reducing precipitation in the western Indian Ocean (Di Nezio 
et al., 2016; Pico et al., 2020). Our flooding history of the Karimata Strait shows that the shelf was never fully 
inundated during MIS 3 and caps maximum possible inundation and by extension, may relate to atmospheric 
convection and precipitation in the region during MIS 3. Using an ice sheet model and without taking into account 
Sunda Shelf subsidence, Pico et al. (2020) speculate that under maximum MIS 3 sea level nearly the entire Sunda 



Paleoceanography and Paleoclimatology

WEISS ET AL.

10.1029/2021PA004361

11 of 18

Shelf including the Karimata Strait was inundated, promoting atmospheric convection and precipitation in the 
region. Because our record only stipulates the Karimata Strait be closed, it cannot distinguish between a mostly 
inundated Sunda Shelf with a subaerial Karimata Strait and a largely exposed Sunda Shelf. Our results are there-
fore largely consistent with, but cannot corroborate the paleoclimatic conclusions of Pico et al.  (2020) that a 
mostly inundated Sunda Shelf promoted atmospheric convection and precipitation in the Indo-Pacific during MIS 
3. Second, modern southward flow through the Karimata Strait from the South China Sea forms a seasonal fresh-
water cap in the southern Makassar Strait that limits warm surface flow of the Indonesian Throughflow (ITF), 
the only low latitude connection between ocean basins (Gordon et al., 2003, 2011; Linsley et al., 2010). Our 
Karimata Strait flooding record suggests this cap could not have formed during the entirety of MIS 3 or prior to 
125 ka, allowing for a shallower and warmer ITF. Radiogenic Nd, Sr, and Pb isotope records from the Timor Sea 
off the coast of Australia indicate the ITF was persistently strong during MIS 3 (Stumpf et al., 2015), supporting 
our interpretation the freshwater cap could not have formed during MIS 3. Conversely, modeling suggests that 
closing the Karimata Strait weakens the ITF as a whole (Di Nezio et al., 2016), so it is unclear precisely how this 
would interact with a lack of a freshwater cap.

4.2.4. Human and Faunal Migration Implications

Our record of the flooding history of the Karimata Strait during MIS 3 also offers insights into a critical period 
for modern human and megafaunal migration (Clarkson et al., 2017; de Bruyn et al., 2014; Husson et al., 2020; 
O’Connell et al., 2018; Teixeira et al., 2021). The earliest definitive evidence of modern humans on the island of 
Borneo can be dated to ∼40 ka (O’Connell et al., 2018). We provide the most direct evidence that the Karimata 
Strait was exposed during the full duration of MIS 3 and could have served as a land bridge to facilitate land based 
human migration from Sumatra to Borneo. There is further evidence that modern humans reached the Sahul Shelf 
(between Australia and New Guinea) by ∼40 ka and the islands between the Sunda and Sahul Shelves (Wallacea) 
by ∼50–70 ka (Borregine et al., 2022; Kealy et al., 2018; O’Connell et al., 2018). Our data support the conclusion 
that these migrations were also likely facilitated by a Karimata Strait land bridge (Borregine et al., 2022; Kealy 
et al., 2018).

Borneo is a hotspot of global mammal diversity in part due to its episodic connection with the rest of the Sunda 
Shelf that allows inter-island migration during episodes of low sea level and divergent evolution under high 
sea level (de Bruyn et al., 2014). However, evidence suggests that not only sea level, but also climate regulated 
vegetation controls when inter-island migration occurred. By demonstrating the land bridge between Sumatra 
and Borneo existed for the duration of MIS 3, our record shows that terrestrial migration was possible between 
the two islands for the wide range of climate states throughout the interval spanning the beginning of MIS 4 to 
the early Holocene.

4.3. The Karimata Strait and Sea Level

4.3.1. Calculating Sea Level Using the Karimata Strait Flooding Record

We can use our record of opening and closing of the Karimata Strait in combination with the depth of the strait 
through time to constrain GMSL during MIS 3 and 5. During periods when the Karimata Strait was closed, we 
know that sea level must have been below the depth of the strait. In contrast, sea level must have been above 
the depth of the Karimata Strait when it was open. Whereas other δ 18O based sea level records rely on hydrau-
lic modeling (Siddall et al., 2003) or assumptions about the relationship between δ 18O and global ice volume 
(Rohling et al., 2008; Siddall et al., 2008; Spratt & Lisiecki, 2016), our δ 18O based sea level record is unique in 
that it can be utilized to constrain sea level using a geologic feature, the Karimata Strat, that has a direct relation-
ship to sea level.

Before we can estimate GMSL from the Karimata Strait, we must first account for several variables controlling 
strait depth through time. First, the modern topographic sill depth of the Karimata Strait is ∼36 m (Figures 3a 
and 3b), however this depth cannot be used to estimate relative sea level using our inundation record because the 
effective depth of any strait is actually shallower than the topographic depth (Tan et al., 2013; Whitehead, 1998). 
Second, the entire Sunda Shelf including the Karimata Strait has been subsiding since at least the beginning of 
MIS 5 (Sarr et al., 2019). Third, we must further account for the difference between relative and eustatic sea level.

The effective depth of a strait is the depth at which flow is reduced to near zero and is always shallower than 
the topographic sill depth. Effective sill depth depends on the along channel pressure gradient, wind stress, tidal 
currents, and the fluid viscosity induced by ocean turbulence, including frictional interaction with the sea floor 
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and side-wall boundaries (Tan et al., 2013; Whitehead, 1998). Assuming a near linear relationship of frictional 
with along channel velocity, it is expected that modern Karimata Strait throughflow transport would be reduced 
to near zero with a sea level drop of >31 m and the modern effective depth of the Karimata Strait is therefore 
estimated to be 31 m (See Supplement for full explanation).

Geologic evidence suggests the Sunda Shelf and the Karimata Strait have been subsiding to the modern topo-
graphic depth of the Karimata Strait of 36 m at a relatively constant rate since at least the beginning of MIS 
5 (Figure 3c) (Hanebuth et al., 2011; Sarr et al., 2019; Wong et al., 2003). As a result, when using the depth 
to place constraints on MIS 3 and MIS 5 GMSL we must use estimates of subsidence rates to correct for the 
shallower depth of the Karimata Strait in the past. Sedimentological estimates of Quaternary subsidence of the 
northern interior Sunda Shelf range from 0.13 to 0.27 mm/yr (Hanebuth et al., 2011; Wong et al., 2003). At 
Belitung Island on the western edge of the Karimata Strait (see Figures 1 and 3a), Sarr et al. (2019) use a combi-
nation of reef geomorphology, reef growth modeling, and seismic stratigraphy to estimate a subsidence rate of 
∼0.25 ± 0.5 mm/yr. Subsidence rates appear to be relatively consistent across the shelf (Sarr et al., 2019). We 
choose to use the subsidence rate at Belitung Island estimated by Sarr et al. (2019) when constraining sea level as 
that is the most proximal estimate to the Karimata Strait.

To translate a Karimata Strait based estimate of relative sea level to GMSL, we must also account for GIA. We 
use the Creveling et al. (2017) model derived GIA correction for their site at the Huon Peninsula, Papua New 
Guinea. Their GIA correction for the Karimata Strait and almost the entire Indo-Pacific is the same as the Huon 
Peninsula at 80 ka (Creveling et al., 2017) and we assume this relationship holds true for the duration of our Sulu 
Sea reconstruction. The maximum correction for the Huon Peninsula is ∼−15 m (i.e., GMSL was 15 m lower 
than relative sea level at Huon Peninsula) at ∼11 ka, however the correction is equal to or below ∼−6 m for the 
intervals we estimate GMSL during MIS 3 and older. The correction is >0 m prior to ∼106 ka and reaches a 
maximum of ∼+2 m at ∼111 ka. Because the correction begins at ∼120 ka, we use a correction of +1.5 m, the 
approximate value from ∼120 to 111 ka, for 120–123 ka.

Our GMSL estimates must also take into account possible sedimentation and erosion modulating the depth of the 
Karimata Strait. We have already shown that the strait was mostly exposed from MIS 5e to the early Holocene 
and continuously exposed prior to MIS 5e. As a result, marine deposition could only have occurred during parts 
of MIS 5e, 5c, and 5a and the Holocene. Relatively high velocity flow through the Karimata Strait when it is open 
however, greatly limits deposition in the strait itself and downslope on the Sunda Shelf (Hanebuth et al., 2011; 
Hanebuth & Stattegger, 2003). This is demonstrated by the fact that opening of the strait in the early Holocene 
eroded downslope sediments that were deposited deeper on the Sunda Shelf when a closed strait prevented this 
higher velocity flow (Hanebuth & Stattegger, 2003). We therefore conclude that marine sediment deposition 
could not have played a large role in modulating the depth of the Karimata Strait. Furthermore, the lack of 
erodible sediments in the Karimata Strait limits the impact erosion could have on our sea level estimates as well. 
Hanebuth et al. (2011) do observe paleosols on the Sunda Shelf ranging in thickness from one to several meters 
that were deposited during periods of exposure. Limited sedimentological data from the Karimata Strait means 
it is unclear if these paleosols are or were ever present in the strait. If they were, they may also have been eroded 
at any point in time when the strait was inundated. To account for potential changes in Karimata Strait depth due 
to possible paleosol deposition and erosion as well as very limited sedimentation, we add ±3 m of uncertainty to 
our sea level estimates.

4.3.2. MIS 3 and 5 GMSL Estimates

Using the subsidence history of the Karimata Strait and its modern effective depth of 31 m, we are able to place 
upper bounds on possible GMSL during MIS 3 when our data indicate the strait was closed and sea level had to 
be below the effective depth of the strait. Conversely, our results place lower bounds on possible GMSL during 
MIS 5e, 5c, and 5a when the Karimata Strait appeared to have been open and sea level had to be above the depth 
of the strait (Figure 5). An open Karimata Strait from ∼123 to 119 ka during MIS 5e suggests minimum possible 
sea level was +1.3 ± 9 m at 123 ka and ∼0 ± 9 m at 119 ka (Figure 5). With an open Karimata Strait, minimum 
possible sea level during relatively warm MIS 5c was −3 ± 8 m at 108 ka at the beginning of the stage and 
−8 ± 8 m at the end of the stage. Similarly, an open Karimata Strait indicates that minimum possible sea level 
during warm MIS 5a was −11 ± 7 m at ∼86 ka and −12 ± 7 m at ∼77 ka (Figure 5). We constrain maximum 
allowable sea level during MIS 3 to −22 ± 6 m at ∼60 ka at the start of the interval and −29 ± 5 m at 32 ka, the 
end or our record (Figure 5).
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4.3.3. Comparison to Other Sea Level Records

Our estimate of MIS 5e sea level conforms with other evidence that MIS 5e sea level was at or above modern sea 
level (Figure 5) (Dutton et al., 2015; Medina-Elizalde, 2013; Muhs et al., 2006) and further supports a sea level 
elevation maximum later during MIS 5e beginning around 123 ka (Medina-Elizalde, 2013; Muhs et al., 2006). 
Previous estimates of MIS 5a and 5c sea level appear to fall into two main groups, those estimating −20 m relative 
to today or lower and those estimates that suggest sea level was −15 m relative to today or higher (Figure 5). Our 
estimates of minimum allowable MIS 5a and 5c sea level favor the higher group of sea level reconstructions, plot-
ting above the mean values and in the top of the error window for the Batchelor et al. (2019) ice margin and Spratt 
and Lisiecki (2016) δ 18O reconstructions (Figure 5). Our MIS 5c estimates are in good agreement with several 
sea level records based on corals (Cutler et al., 2003), GIA modeling based on marine terraces and shoreline and 
coastal indicators (Creveling et al., 2017; Muhs et al., 2012; Simms et al., 2015) and statistical coral compilations 
(Medina-Elizalde, 2013) that plot just below our mean estimates and are encompassed within our error window. 
During MIS 5a, our sea level estimates are in even better agreement with those records (Creveling et al., 2017; 
Cutler et al., 2003; Muhs et al., 2006, 2012; Simms et al., 2015). We do note that most other sea level records 
indicate peaks in MIS 5a and 5c sea level shorter in duration than our record (Creveling et al., 2017; Cutler 
et al., 2003; Muhs et al., 2006, 2012; Potter & Lambeck, 2004; Simms et al., 2015; Spratt & Lisiecki, 2016). It 
is possible that shorter term variability in our G. ruber δ 18Ow data obscures lower frequency increases in δ 18Ow 
during MIS 5a and 5c and the Karimata Strait was only open during a portion of those two periods and as such, 
our estimates may only apply to the intervals of maximum sea level during MIS 5a and 5c.

Our Sulu Sea reconstructions and Karimata Strait based GMSL record address the MIS 3 sea level controversy 
in two ways. The first is by directly constraining GMSL using the effective depth of the Karimata Strait through 
time and our new inundation history. Because our Karimata Strait inundation history only allows us to constrain 
maximum possible GMSL during MIS 3, but does not show when or if sea level ever reached the maximum 

Figure 5. Our estimates of maximum allowable sea level during Marine Isotope Stage 3 (MIS 3) and minimum allowable sea level during MIS 5 compared to other 
sea level constraints. Blue bars for our study represent the Glacial Isostatic Adjustment (GIA) corrected effective depth of the Karimata Strait adjusted for the average 
subsidence rate. Uncertainty bars represent the GIA corrected (Creveling et al., 2017) effective depth of the Karimata Strait adjusted for the maximum and minimum 
subsidence (Sarr et al., 2019) rate along with a ±3 m uncertainty to account for sedimentation. Our sea level constraints view any sea level within the yellow shading 
as equally likely because our constraints only stipulate sea level must have been below the effective depth of the Karimata Strait during MIS 3 and above the depth 
of the strait during MIS 5a, 5c, and 5e. Thick black bars near the bottom of the plot represent periods when we argue the Karimata Strait was closed. Evidence for a 
closed Karimata Strait during MIS 3, MIS 5b, 5d, and early 5e and before come from this study. It is possible the Karimata Strait was also closed during late MIS 5a 
and early and late MIS5 5c, but the evidence in our reconstruction is unclear. Evidence for a closed Karimata Strait during early MIS 1 and MIS 2 comes from Linsley 
et al. (2010) and Rosenthal et al. (2003a). A closed Karimata Strait during MIS 4 can be inferred from any of the other sea level records covering that interval shown in 
this figure.
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allowed by our record, we interpret any sea level record that plots below our maximum constrained sea level as in 
agreement with our record. Our estimate of maximum possible sea level during MIS 3 is relatively shallow and 
is therefore consistent with both the lower coral and δ 18O based MIS 3 sea level estimates (Chappell et al., 1996; 
Cutler et al., 2003; Spratt & Lisiecki, 2016; Yokoyama et al., 2001) and the higher GIA modeling, shoreline, and 
ice margin-based estimates (Batchelor et al., 2019; Dalton et al., 2022; Pico et al., 2016, 2017).

The second way our Sulu Sea reconstructions address the MIS 3 controversy is in regard to comparisons between 
GIA modeling, shoreline, and ice margin-based GMSL estimates and interpretations of the GMSL contributions 
to foraminiferal δ 18O records (see Dalton et al., 2022). If higher estimates of maximum MIS 3 sea level of approx-
imately −40 m are correct (Batchelor et al., 2019; Dalton et al., 2022; Pico et al., 2016, 2017), as discussed in 
Dalton et al. (2022), there is a clear disconnect between those paleo-records and interpretations of the sea level 
components of foraminiferal δ 18O reconstructions (Siddall et  al.,  2008; Spratt & Lisiecki,  2016). It has been 
speculated that the similarities between low Sulu Sea G. ruber surface δ 18O during MIS 3 and high sea level 
estimates during that period are possibly the result of the isolated nature of the Sulu Sea and that the Sulu Sea 
δ 18O record could be one of the few δ 18O records that does not have confounding influences overprinting the sea 
level component (Linsley, 1996). If this were the case, Sulu Sea G. ruber surface δ 18O would directly support 
shallow GMSL estimates during MIS 3. However, we demonstrate that thermocline δ 18Ow in the Sulu Sea more 
closely scales to the LR04 benthic stack with higher δ 18Ow during MIS 3 than MIS 5, indicating that low surface 
δ 18O and δ 18Ow in the Sulu Sea during MIS 3 are the result of local surface freshening due to circulation changes. 
Therefore, Sulu Sea G. ruber surface δ 18O cannot be used to resolve the potential disconnect between higher MIS 
3 GMSL estimates and interpretations of the sea level component of δ 18O records. Though because global δ 18Ow 
and sea level are not perfectly proportional, our record does not necessarily favor lower MIS 3 sea level estimates 
or suggest an explanation for the apparent disconnect between higher MIS 3 GMSL estimates and interpretations 
of the sea level component of δ 18O records doesn't exist.

5. Conclusions
Inundation and exposure of the Karimata Strait in Indonesia due to rising and falling sea level controls Sulu Sea 
surface salinity by regulating whether a portion of relatively fresh South China Sea outflow can flow through the 
strait or is redirected through the Sulu Sea. We take a novel approach to constraining sea level utilizing δ 18O and 
Mg/Ca analyses of Sulu Sea surface-dwelling G. ruber and thermocline-dwelling G. tumida to show the Sulu 
Sea surface was relatively fresh and the Karimata Strait was subaerially exposed during MIS 3 and the Sulu Sea 
surface was relatively salty and the Karimata Strait was inundated during portions of MIS 5a, 5c, and 5e.

Sea level induced exposure and inundation of the Sunda Shelf during MIS 3, 4, and 5 likely played an important 
role in atmospheric convection (Di Nezio et al., 2016; Pico et al., 2020) as well as the temperature profile of the 
ITF (Gordon et al., 2011). The earliest evidence of modern humans on the island of Borneo is dated to ∼40 ka, 
the middle of MIS 3 (Borregine et al., 2022; Clarkson et al., 2017; de Bruyn et al., 2014; Husson et al., 2020; 
Kealy et al., 2018; O’Connell et al., 2018; Teixeira et al., 2021) when our results show an exposed Sunda Shelf 
and Karimata Strait would have facilitated migration from the mainland.

Our record demonstrates a method for using geochemical proxies to estimate GMSL by tying circulation changes 
to the physical depth of the Karimata Strait through time. Using the subsidence rate of the Sunda Shelf (Sarr 
et al., 2019) and correcting for GIA, we estimated the effective depth of the Karimata Strait through time and 
were able to constrain minimum possible GMSL from ∼123 to 119 ka during MIS 5e to +1 ± 9 m to 0 ± 9 m 
relative to modern. We constrain minimum possible GMSL to −3 ± 8 m and −8 ± 8 m at the beginning and 
end of MIS 5a and −11 ± 7 m and −12 ± 7 m relative to modern sea level at the beginning and end of MIS 5a, 
respectively. Our results show that lower than expected δ 18Ow values in the Sulu Sea surface were not predomi-
nantly driven by the global ice volume effects on δ 18Ow and the sheltered bathymetry of the Sulu Sea, but were 
lowered when the Karimata Strait was closed and there was enhanced delivery of relatively fresh water to the 
Sulu Sea surface from the South China Sea. We are able to constrain maximum possible GMSL at the beginning 
of MIS 3 to −22 ± 6 m below modern and at the end of MIS 3 to −29 ± 5 m. These estimates are consistent 
with both lower sea level estimates based on coral and δ 18O (Chappell et al., 1996; Cutler et al., 2003; Spratt & 
Lisiecki, 2016; Yokoyama et al., 2001) and higher sea level estimates based on GIA modeling, shoreline, and 
ice margins (Batchelor et al., 2019; Pico et al., 2016, 2017; Siddall et al., 2008). Our record does support higher 
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global δ 18Ow during MIS 3 than MIS 5, but this does not rule out higher sea level estimates during MIS 3 as global 
δ 18Ow and sea level are not perfectly proportional.
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Text S1. 
Effective Depth of the Karimata Strait 

Narrow channels of varied dimensions link ocean basins and seas. This is particularly the 
situation within the Maritime Continent (MC), with its complex array of seas and channels 
(Sprintall et al., 2014).  The channels serve as conduits for seawater spilling over the topographic 
sill crest to ventilate deeper basins otherwise isolated from the open ocean (Gordon et al., 2003; 
Gordon et al., 2011; Tan et al., 2020; Tessler et al., 2010). Above the benthic layer there is along 
channel, quasi-horizontal flow. Within Karimata Strait there is quasi-horizontal flow (Wang et 
al., 2019), without an overflow benthic layer.  
 The amount of water traversing a channel depends on the along channel pressure 
gradient, wind stress, tidal currents and the fluid viscosity induced by ocean turbulence, 
including frictional interaction with the sea floor and side-wall boundaries (Tan et al., 2013; Tan 
et al., 2020). The more restrictive the channel’s cross-section area the greater is the bottleneck 
imprint, as the frictional component. A drop in sea level reduces the cross-section area limiting 
the along channel transport, which would drop to near zero even before the channel becomes a 
land bridge (O’dea et al., 2016). The effective sill depth of channel flow is shallower than the 
topographic sill depth.  
  The Karimata Strait topographic sill depth is approximately 36 m with a near rectangular 
cross-section, 100 km wide at the sea surface; 80 km at 20 m depth; 65 km at 30 m depth (Fig. 
4). A rectangular cross-section channel would have smaller difference between the effective sill 
depth and the topographical sill depth than a more restrictive V-shaped cross-section, where the 
side wall frictional boundary layers merge at the apex.  

Presently, a yearly average of about 0.74 Sv in total flows through the Gaspar Strait to the 
south of Belitung Island and Karimata Strait to the north of the island, with about 2/3 of the total 
transport through the latter, a wider, deeper channel (Wang et al., 2019). The shallower Gaspar 
Strait has a V-shaped cross-section offering a more restrictive throughflow passage as sea level 
drops. Assuming the transport in the narrowest Karimata Strait cross-section (Fig. 4) (which is 
slightly downstream of the Karimata section presented by Wang et al. (2019)) the average speed 
through section would be about 0.1 to 0.2 m/sec.  

Assuming the along-channel pressure gradient, wind and tidal currents remain the same 
as they are now, the change in the average speed would increase slightly more than linearly with 
the drop in sea level, intensifying the frictional retarding effect, acting to reduce the along-
channel transport. The average along channel velocity within the Karimata Strait increases to 1.0 
m/sec as the sea level drop reaches within 9 m of the topographic sill, to near 2.0 m/sec with a 
sea level drop to within 5 meters, to 9 m/sec if the water column is near 1 m thick. Assuming a 
near linear relationship of frictional with along channel velocity, it is expected that the Karimata 
Strait throughflow transport would be greatly reduced to near zero with a sea level drop of >31 
meters, which would be the effective sill depth of Karimata Strait.  



 

Figure S1. Bathymetry of the Sunda Shelf including the Karimata Strait (red x) (NOAA National 
Geophysical Data Center, 2009; The NOAA Technical Memorandum:, 2009). 

 



 

Figure S2. 3-D model of the Karimata Strait (NOAA National Geophysical Data Center, 2009; 
The NOAA Technical Memorandum:, 2009). The black line and red x are in the same location as 
in figure 4. 

 

 
Figure S3. Lisiecki and Raymo (2005) benthic δ18O stack (black), Sulu Sea G. ruber Mg/Ca (red) 
(Dannenmann et al., 2003; Oppo et al., 2003; Rosenthal et al., 2003a), Sulu Sea G. tumida 
Mg/Ca (blue). Previously published data in plotted in light red and blue, while data published in 



this study are in dark red and blue. The five removed G. tumida Mg/Ca data are plotted 
disconnected from the line. 

 

 

 

Table S1. Recalibrated radiocarbon tie points. Tie points used to generate the age model for de 
Garidel Thoron et al. (2001) and this study are marked a. 

 

Table S2. Summary of who generated data and where they were initially published. 
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