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Abstract The Pacific meridional overturning circulation is thought to have a significant influence on
global climate. However, the extent to which intermediate and deep circulations have changed in the
Pacific Ocean since the Last Glacial Maximum (LGM) is not well known. At present, the South China Sea Deep
Water (SCSDW) is fed by the upper Pacific Deep Water. Here we present new benthic foraminiferal δ13C and
redox-sensitive elemental data from a sediment core retrieved from the southern deep SCS to reconstruct
the oxygenation history of the SCSDW since the LGM. Oxygenation records from the deep SCS and
intermediate and deep waters in the Pacific Ocean demonstrate that the SCSDW deeper than 1,600 m has
been sourced by the Pacific Deep Water since the LGM. Our data suggest that the well-ventilated North
Pacific Intermediate Water would not have influenced the SCSDW during cold stadials of the last
deglacial period.

Plain Language Summary The global ocean circulation has an important role in influencing the
climate. Large-scale change in global ocean circulation has occurred since the last glacial period. In
comparison to the Atlantic Ocean, oxygenation data from the intermediate and deep waters of the Pacific
Ocean are relatively poor. At present, the South China Sea Deep Water (SCSDW) is mainly fed by the Pacific
Deep Water. In this contribution, we present new carbon isotope data on bottom-water-living protists and
abundance of redox-sensitive elements that highlight the availability of oxygen from a sediment core in the
southern deep SCS. The data allow reconstruction of the oxygenation history of the SCSDW for the past
30,000 years. Our data are compared with other published oxygenation records from intermediate and deep
waters in the Pacific Ocean. The combined oxygenation records demonstrate that the SCSDW would have
been sourced by the Pacific Deep Water since the Last Glacial Maximum (21,000 years before present). The
oxygenation records in the deep SCS appear to support the general circulationmodel results and paleo-proxy
data in the North Pacific, which suggest that a strengthened meridional overturning mainly occurred within
intermediate waters during cold stadials of the last deglacial period.

1. Introduction

The atmospheric CO2 concentration during the Last Glacial Maximum (LGM) was ~80 ppm lower than that of
the Holocene (Monnin et al., 2001). Changes in the global ocean circulation are regarded as significant con-
tributors to the atmospheric CO2 rise during the deglacial period (Köhler et al., 2005; Sigman & Boyle, 2000).
The North Pacific is a terminus in the modern routing of deep water circulation, and the old Pacific Deep
Water (PDW) is one of the most important CO2 reservoirs (Broecker et al., 2004). Hence, the reconstruction
of the Pacific meridional overturning circulation is essential for understanding the role of ocean in modifying
the atmospheric CO2 concentration.

At present, no deep water is formed in modern subarctic Pacific as a permanent halocline leads to a strong
stratification of the surface ocean (Warren, 1983). The deep North Pacific is slowly replenished by the North
Atlantic Deep Water and the Antarctic Bottom Water from the Southern Ocean (Talley, 2013). Studies have
pointed out fundamental changes in the Pacific meridional overturning circulation during the last deglacial
stadials (Costa et al., 2018; Mikolajewicz et al., 1997; Okazaki et al., 2010; Rae et al., 2014). A few modeling stu-
dies suggested that the breakdown of the permanent halocline in the subarctic Pacific created well-
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period
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ventilated dense waters sinking to a depth of ~2,500 to 3,000 m during the
Heinrich Stadial 1 (HS1) and the Younger Dryas (YD) when the Atlantic
meridional overturning circulation weakened (Menviel et al., 2012;
Okazaki et al., 2010). However, a few benthic 14C data (Cook & Keigwin,
2015; Galbraith et al., 2007; Lund, 2013) and deep water oxygenation
records (Bradtmiller et al., 2010; Galbraith et al., 2007; Jaccard &
Galbraith, 2013; Loveley et al., 2017) indicated the absence of direct deep
water formation in North Pacific during the HS1 and YD stadials. More data
are needed to fully understand the extent to which the intermediate and
deep Pacific circulation have changed during the deglacial period. In the
western Pacific, a series of marginal basins are connected to the open
ocean through a few narrow passages. Due to the depth difference of
these passages, each marginal basin could only exchange specific water
masses with the open Pacific Ocean. Paleo-oxygenation records from
these marginal basins provide new evidence on the intermediate and
deep circulation in the western Pacific.

The South China Sea (SCS) is the largest semienclosed marginal sea with
the Luzon Strait connecting to the west Pacific. Deep waters below
~1,500 m in the SCS are sourced by the PDW through the Luzon Strait with
the sill depth of ~2,400 m (Figure 1a). The SCS Deep Water (SCSDW) is oxy-
gen rich and well ventilated at present (Wang et al., 2018). The SCSDW
upwells in southern SCS and forms intermediate waters at depths of
400–1,500 m (termed the South China Sea Intermediate Water; SCSIW),
which have the lowest oxygen concentration (Li & Qu, 2006) (Figure 1b).
The Okinawa Trough (OT) is a back-arc basin in the northwest Pacific that
links to the open Pacific through the Kerama Gap, where the greatest
depth is 1,050 m. At present, bottom waters in the OT are mainly sourced
by the low dissolved oxygenated North Pacific Tropical Intermediate Water
(Bingham & Lukas, 1995) and the oxygen-rich North Pacific Intermediate
Water (NPIW) mainly influences intermediate waters (Figure 1b).

Here we present new benthic foraminiferal δ13C and redox-sensitive
elemental data from a sediment core in the southern SCS that lies
within the SCSDW. We place our data with other published data from
the deep SCS and OT to provide a broader picture of the past redox
history of intermediate and deep waters in the western Pacific. Our data
do not appear to support the hypothesis that the strengthened NPIW
intruded into the deep SCS below 1,600 m during the LGM and subse-
quent deglacial period.

2. Materials and Methods

Sediment core HYIV2015-B9 (hereafter B9; 10.2484°N, 112.7325°E; 2,603 m water depth) was retrieved during
the cruise HYIV20150816 of R/V Haiyang IV in 2015 (Figure 1) from the northern slope of Nansha Terrace in
the southern SCS. The upper section of core B9 (165 cm; total length: 455 cm) was analyzed in this study.
Samples were taken at 1- to 4- and 2- to 4-cm intervals for geochemical analyses and stable oxygen and
carbon isotopic measurements, respectively. Epifaunal benthic foraminifera Cibicidoides wuellerstorfi were
picked from the >250-μm-size fractions for isotopic analysis. The δ13C and δ18O were measured on a
Thermo Scientific MAT 253mass spectrometer and calibrated to the PDB standard. For the elemental analysis,
approximately 2-g freeze-dried sediments were crushed into powder. Major and trace element abundances
were determined using ICP-OES (IRIS Intrepid II XSP) and ICP-MS (Perkin-Elmer Elan 9000). The measurement
methodology of Qi et al. (2000) was followed. The accuracy of this analytical method, determined by
analyzing standard reference materials (Chinese marine sediments: GBW 07315 and GBW 07316) and
BHVO-2 (U.S. Geological Survey-basalt), is better than 3%.

Figure 1. (a) Bathymetry of the western Pacific Ocean. The core B9 is labeled
by a red triangle (this study). Solid circles correspond to the location of
reference cores/boreholes VM35-6 (S1), GIK17961 (S2), MD97-2151 (S3),
MD05-2896 (S4), NS93-5 (S5), ODP1143 (S6), NS90-103 (S7), MD97-2142 (S8),
GIK17925 (N1), ODP1144 (N2), ODP1202B (T1), GH08-2004 (T2), MD98-2181
(P1), and MD01-2386 (P2). (b) The meridional bathymetric profile (along the
dashed line in Figure 1) of dissolved oxygen content from the South China
Sea to the Okinawa Trough was generated by Ocean Data View (Schlitzer,
2002) based onWorld Ocean Atlas (Garcia et al., 2014). Arrowsmark the route
of the PDW and the schematic deep circulation in the SCS and OT. The
greatest depths of Luzon Strait (LZ) and Kerama Gap (KG) are labeled.
NPIW = North Pacific Intermediate Water; NPTIW = North Pacific Tropical
Intermediate Water; PDW = Pacific Deep Water; SCSDW = South China Sea
Deep Water; SCSIW = South China Sea Intermediate Water.
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The stratigraphy of upper 165 cm of core B9 is constrained by nine
14C-accelerator mass spectrometric (14C-AMS) dates (Table S1 in the sup-
porting information). Seven 14C-AMS dates were measured on planktonic
foraminifer Globigerinoides sacculifer and the other two dates were
obtained on mixed G. sacculifer and G. ruber foraminifers. All 14C-AMS
dates were calibrated to the calendar year before present using the online
calibration program CALIB 7.0.4 (Stuiver et al., 2018) and no additional
regional reservoir age was used (Kienast et al., 2001). Sedimentation rates
vary between 2 and 8 cm/kyr at the site of B9 (Figure S1).

It has been known that Titanium (Ti) in marine sediments is mainly derived
from terrigenous sources (Goldberg & Arrhenius, 1958; Wei et al., 2003).
Hence, the abundance of the terrigenous component in marine sediments
can be estimated from Ti concentrations. Authigenic or biogenic concen-
trations of the elements barium (Ba), phosphorus (P), manganese (Mn),
nickel (Ni), chromium (Cr), vanadium (V), and uranium (U) at site B9 are esti-
mated by subtracting the terrigenous contribution from bulk-sediment
elemental concentrations by using the formula (1). Average elemental
concentrations of detrital components of core NS90-103 (Wei et al.,
2000) and the Ocean Drilling Program (ODP) site 1143 (Wan et al., 2017)
(Figure 1a) are taken to represent the composition of terrigenous sedi-
ments in this study area.

Mauth or Mbio ¼ Mbulk � Tibulk�Mdetr=Tidetr (1)

where Mauth and Mbio are the elemental concentrations of authigenic or
biogenic components, Mbulk is the elemental concentration of bulk sedi-
ments, and Mdetr/Tidetr is the element ratio relative to Ti of terrigenous
sediments assessed from core NS90-103 (Wei et al., 2000) and the ODP site
1143 (Wan et al., 2017).

3. Results

Benthic foraminiferal δ18O of B9 decreases from 4.21‰ to 2.75‰ with a
gradual change from the LGM to Holocene (Figure 2a). The C. wuellerstorfi
δ13C displays the minimum value (about �0.20‰) during the LGM which
is about 0.29‰ lower than those of the Holocene, consistent with the
δ13C stack of the PDW (Lisiecki, 2010). During the deglacial period, the
δ13C shows a slowly rising trend with two negative excursions that might
correspond to the cold stadials (HS1 and YD; Figure 2b).

The concentrations of K, Al, Rb, Ti, and Zr from B9 show similar patterns of
variation (Figure 2c) with the highest values during the last glaciation. The rapid decrease in terrestrial ele-
mental concentrations started at ~19.5 ka and terminated at 13 ka. Most of the terrestrial elemental concen-
trations have slightly increased until the middle Holocene. Four elements, namely, Ba, P, Sr, and Ca, show
similar variations in concentrations with the lowest values between 30 and 25 ka. The biogenic Ba shows a
slow increase from the LGM to the HS1 and a rapid increase during the Bølling/Allerød (B/A) interstadial
(Figure 2d). The concentrations of authigenic Mn and Ni vary similarly, showing the highest values during
the Holocene (Figures 2e and S3e). The Mn/Ti during the Holocene (3.12 on average) is remarkably higher
than the ratio of terrigenous sediments in the southwest SCS (0.12 at NS90-103, Wei et al., 2000, and 0.22
at the ODP site 1143, Wan et al., 2017). The Mnauth is five times higher during the Holocene compared to
the last glaciation. The rapid increase in Mnauth is identified at 10 ka. The variations of authigenic U and V
are opposite to the Mnauth, showing enrichment during the LGM (Figures 2f and S3f). The most U-enriched
sediment was dated between 22 and 17.5 ka. Moreover, the bulk U/Ti of the LGM sediments at B9
(11.2 × 10�4 on average) is higher than that of terrigenous sediments (5.0–6.0 × 10�4) at NS90-103 (Wei et al.,
2000) and the ODP site 1143 (Wan et al., 2017).

Figure 2. Paleo-proxy records of core B9 showing variations in dissolved
inorganic carbon (DIC) δ13C, benthic redox condition, and marine produc-
tivity during the last 30 ka. (a) and (b) δ18O and δ13C on C. wuellerstorfi,
(c) TiO2, (d) biogenic Ba, (e) authigenic Mn, (f) authigenic U, and (g) U/Th. The
U/Th range of terrigenous sediment from the ODP site 1143 (Wan et al., 2017)
is marked by a red bar on the y-axis (g). The Last Glacial Maximum (LGM)
and the deglacial period, including the Heinrich Stadial 1 (HS1), Younger
Dryas (YD), and Bølling/Allerød Interstadial (B/A) are highlighted by gray
vertical bars and dashed lines.
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4. Discussion
4.1. The Redox History of the Southern SCS Since the LGM

In marine environments, oxic bottom waters often promote the authigenic enrichment of Mn in an insoluble
oxyhydroxide or oxide; however, U and V accumulate in marine sediments under suboxic conditions (Calvert
& Pedersen, 1993). The Ni reacts similar to Mn in seawater and sediments, that is, it can be scavenged by the
Mn oxides in the oxidizing environment (Santos-Echeandia et al., 2009). In the southern SCS, the Mn enrich-
ment in sea-bottom sediments mainly occurs within SCSDWwith high dissolved O2 concentrations at present
(Figure S2). The significant Mn enrichment in the upper 30 cm at B9 indicates a well-oxidizing environment
during the Holocene (Figure 2e). The obvious enrichment of U and V of the LGM sediments suggests a less
oxidizing environment during this period (Figures 2f and S3f). Two redox indices, namely, U/Th and V/Cr
which show the highest values during the LGM, lend further support to the inference by authigenic elemental
concentrations (Figures 2g and S3 g). The influence of sediment provenance variations cannot be completely
excluded. However, the changes in redox proxies (Mn/Ti, U/Ti, U/Th, and V/Cr) from the LGM to the Holocene
at B9 are strikingly larger than the glacial/interglacial variations in these ratios of terrigenous sediments in
southern SCS (Wan et al., 2017; Wei et al., 2000), suggesting that the oscillation of redox conditions plays a
dominant role. In summary, redox-sensitive elemental data of core B9 suggest that the change in oxygena-
tion features of sea bottom sediments at 2,603 m in southern SCS started at 18 ka and the oxygenation
has been set to the modern condition since the YD.

4.2. The Decoupling Between Productivity and Oxygenation of Sea-Bottom Sediments

The redox state of sediments is controlled by the diagenetic respiration of labile organic matter together
with the bottom water oxygenation. The U enrichment and Mn depletion in the LGM sediments at B9 likely
resulted from the greater export of organic matter to the seafloor due to higher marine productivity.
Biogenic Ca and Sr data at the site B9 and a nearby core NS93-5 suggest the higher production of calcareous
plankton in southern SCS during the Holocene (Wei et al., 2003). Most of published opal records such as
NS93-5 (Chen et al., 2008), GIK17957 (Jian et al., 2000), ODP site 1143 (Wang & Li, 2003) and MD97-2142
(Shiau et al., 2008) are consistent with our biogenic Ba and P data (Figure 2d). Foraminiferal and
radiolarian-based studies suggest that the higher surface-water productivity during the interglacial period
in southern SCS was likely due to upwelling resulted from the strengthening of summer monsoon (Jian
et al., 2001; Wang & Abelmann, 2002). The U/Th and V/Cr of B9 (this study) and NS93–5 (Wei et al., 2003) sug-
gest the absence of sulfate reduction in the deep SCS even during the LGM (Jones & Manning, 1994). In the
absence of sulfate reduction, the biogenic Ba concentration has not been significantly modified by suboxic
diagenesis and the initial concentration has been recorded when buried. Our authigenic Mn, U, and Ba data
appear to contradict the hypothesis that the redox variation of sea-bottom sediments in southern deep SCS
is mainly associated with the productivity inferred by organic proxies (Li et al., 2017). Therefore, we hypothe-
size that the Uauth could be a proxy for past changes in bottom-water oxygenation due to the lack of positive
correlation with biogenic Ba concentrations at B9. However, the influence from the enhanced bottom-water
oxygen consumption upstream of this site cannot be entirely excluded as the export productivity was higher
in northern SCS due to the intense winter monsoon during the last glacial period (Jian et al., 2001; Wang
et al., 2007).

4.3. The Oxygenation History of the SCSDW

Three core sites (MD97-2142, NS93-5, and B9; Figure 1) within the southern SCSDW consistently record a
marked increase in the oxygenation from the last glaciation to the Holocene (Figures 3b, 3c, and 3f).
According to authigenic U records from NS93-5 at 1,792 m and B9 at 2,603 m, the increase in oxygenation
started at 18 ka, that is, at the onset of the last glacial termination (Figures 3c and 3f). The synchronous
change in oxygenation of entire deep waters cannot be simply explained by the shift of the low-oxygen
SCSIW (Löwemark et al., 2009). In the SCS, the bathymetric profile of C. wuellerstorfi δ13C from the late
Holocene has a similar trend with the distribution of δ13C of seawater ∑CO2 (Lin, 2003; Wan et al., 2018). It
generally supports the point that the C. wuellerstorfi δ13C serves as a reliable proxy for dissolved inorganic
carbon (DIC) 13C/12C (Duplessy et al., 1988). Recently compiled benthic foraminiferal δ13C profiles in the
SCS by Wan et al. (2018) show similar hydrographic structures between the LGM and late Holocene and a
small vertical expansion of intermediate waters during the last glacial period. The C. wuellerstorfi δ13C
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records from multiple cores in southern SCS also indicate minor changes
in the intermediate and deep water circulation since the last glaciation
(Figure S4). The more negative δ13C of core MD97-2151 near the boundary
between the SCSIW and the SCSDW (at about 1,500 m) demonstrates that
the SCSIW has been more depleted in δ13C relative to the SCSDW during
the last 30 ka. The absence of pronounced variations in Mn concentrations
at site GIK17925 might be due to the predominance of terrigenous com-
ponents in the northeast deep SCS because the Mn/Ti fluctuates around
the value for post-Archean Australian shale (PAAS; Taylor and McLennan
(1985)). In contrast to GIK17925, the Mn/Ti in the southern deep SCS
(e.g., B9, NS93-5) is much higher than the PAAS value, suggesting lower
terrestrial dominance. In summary, the combined Uauth and benthic
δ13C data in the southern SCS indicate that the Uauth decrease from the
LGM to the Holocene present in waters deeper than 1,600 m can be
reasonably explained by the increase in oxygen concentrations in
the SCSDW.

4.4. The Oxygenation History Between the SCS and OT/Open
Pacific Ocean

In the southern OT, ODP site 1202B recorded the highest authigenic Mn
and positive Ce anomaly during the deglacial period (Dou et al., 2015).
Two authigenic Mn peaks could be correlated to the cold stadials (HS1
and YD); however, due to inadequate age constraint, the correlation
between the Mn peaks and cold stadials is tenuous (Figure 3a). In any
event, the redox record at ODP site 1202B is consistent with the benthic
δ13C record of core GH08-2004 at 1,166 m near the OT (Kubota et al.,
2015), suggesting an increase in bottom water oxygenation in the OT dur-
ing the HS1 and YD stadials (Figure 4).

Deep waters in two marginal basins, that is, the SCS and the OT, exhibit
different oxygenation history since the last glaciation. The same compar-
ison was equally applicable to numerous published records that deal with
the Pacific intermediate and deep waters (Jaccard & Galbraith, 2012, 2013;
Kim et al., 2017). The high oxygen concentrations reflected by redox-
sensitive elements (Crusius et al., 2004; Jaccard & Galbraith, 2013; Kim
et al., 2017), foraminiferal assemblages (Kim et al., 2017) and benthic for-
aminiferal δ13C (Lembke-Jene et al., 2017; Max et al., 2014) were reported
from intermediate waters (mostly shallower than 1,500 m) in northern
Pacific during the deglacial cold stadials. The increase in oxygenation
was possibly associated with the stronger intermediate waters ventilation
due to deepening and strengthening of the NPIW (Ahagon et al., 2003;
Max et al., 2014). However, most Uauth records in deep Pacific Ocean show
the highest concentrations during the LGM and minima during the

Holocene (Bradtmiller et al., 2010;Galbraith et al., 2007 ; Jaccard & Galbraith, 2012, 2013; Loveley et al.,
2017) (Figures 3d and 3e). Authigenic U concentrations in conjunction with contemporaneous biogenic
opal flux data could be only ascribed to the increase in deep water oxygen concentrations from the last
glaciation to the Holocene (Bradtmiller et al., 2010; Galbraith et al., 2007; Loveley et al., 2017). The increase
in oxygenation of the PDW is consistent with the decrease in ventilation ages which were widely reported
for the open Pacific Ocean (De La Fuente et al., 2015; Galbraith et al., 2007; Skinner et al., 2010). After the
Bølling/Allerød interstadial, the oxygenation of SCSDW at site B9 rose to the level of the Holocene, consis-
tent with most Uauth records in the northern and eastern Pacific (Galbraith et al., 2007; Jaccard &
Galbraith, 2012, 2013; Loveley et al., 2017) and the Southern Ocean (Jaccard et al., 2016). In addition, the
decrease in Uauth at B9 in the southern SCS also preceded the opening of southwestern gateways to the
Indian Ocean (Voris, 2000) suggesting that the increase in deep water oxygenation was not mainly

Figure 3. Comparison of authigenic Mn and U records in South China Sea,
Okinawa Trough, and open Pacific. (a) ODP site 1202B (Dou et al., 2015),
(b) MD97-2142 (Löwemark et al., 2009), (c) NS93-5 (Wei et al., 2003), (d) MD97-
2138 (Bradtmiller et al., 2010), (e) PC13 (Jaccard & Galbraith, 2013), and
(f) B9 (this study). Cores within the SCSDW and PDW from 1,557 to 2,603 m
show an obvious enrichment in Mn and depletion in U during the Holocene
compared to the LGM. However, the ODP site 1202B in the Okinawa
Trough has a significant accumulation of Mnauth during the deglacial period
and the lowest Mnauth during the Holocene. *The depth shown is that of the
Kerama. Location of cores is shown in Figure 1.
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influenced by the sea-level change. If our records at B9 are compared with
the intermediate and deep water oxygenation history in open Pacific and
OT, it is clearly apparent that the variation in oxygenation of the SCSDW
has been in phase with the Southern Ocean-sourced PDW since the
last glaciation.

The inference on the source of the SCSDW based on redox-sensitive ele-
ments in the study is supported by recent circulation records from venti-
lation ages (Wan & Jian, 2014), benthic foraminiferal δ13C (Wan et al.,
2018) and deep water εNd (Wu et al., 2015) in the SCS. The 14C age differ-
ence between planktonic and benthic foraminifers (B-P) from sediment
cores in southern deep SCS (MD05–2896 and VM 35–6) mostly falls within
the range of the age-difference from two western Tropic Pacific records
(MD98-2181 and MD01-2386) at 2,100–2,800 m water depths (Broecker
et al., 2008; Stott et al., 2007) (Figure 5). Broecker et al. (2004) dated terres-
trial wood from the glacial deposits and found no large change in surface
reservoir ages (R) in the open western Pacific during the glacial period.
Kienast et al. (2001) used a constant (400 years) reservoir to construct
an age model for alkenone SST records in southern SCS. The authors
found that the Bølling warming in the southern SCS was synchronous
with the Greenland Ice Sheet Project 2 ice core, suggesting that the sur-
face R during the deglaciation was similar to the present. Therefore, the
B-P ages in the southern deep SCS and the western tropical Pacific mainly
reflect the true change in the PDW ventilation. The recently compiled
C. wuellerstorfi δ13C profiles also support no changes in deep water
sources in the SCS during the LGM, with the evidence of a decreasing
δ13C trend from the Southern Ocean to the SCS and sub-Arctic Pacific

(Wan et al., 2018; this study). The SCSDW circulation records in deep SCS (Andree et al., 1986; Wan & Jian,
2014; Wan et al., 2018; Wu et al., 2015; this study) match with its oxygenation from redox-sensitive elemental
data in this study. During the LGM, the poorly ventilated PDW intruded into the deep SCS and conditioned
the accumulation of authigenic U in sea-bottom sediments. The increase in deep water oxygenation in the

deep SCS and the western Pacific Ocean from the LGM to Holocene was
associated with the increased ventilation rate of the PDW.

5. Summary

A sediment core from the southern SCS is used to reconstruct the deep
water oxygenation history. Our records are placed with published records
from other marginal basins and the open Pacific Ocean. These records
provide strong evidence for the variations in water-mass structures in
the western Pacific Ocean since the LGM, showing the deepening of the
NPIW during the deglacial cold stadials. It is apparent that the NPIW
would have filled the deep OT during the HS1 and YD stadials but it
would not have influenced waters deeper than 1,600 m in the SCS. The
SCSDW would have been from the Southern Ocean-sourced PDW since
the LGM, and the oxygenation variation seems to be determined by the
change in the ventilation rates of its source waters. The oxygenation
records from intermediate and deep waters in the western Pacific
Ocean seem to agree with the general circulation model results
(Chikamoto et al., 2012) and most paleo-proxy data (Bradtmiller et al.,
2010; Jaccard & Galbraith, 2012; Loveley et al., 2017; Moffitt et al., 2015)
in the Pacific. These data suggest a strengthened intermediate-depth
meridional overturning in the Pacific Ocean in response to a weakening
of the Atlantic meridional overturning circulation during cold stadials of
the last deglacial period.

Figure 4. Carbon stable isotope records of C. wuellerstorfi from cores GH08-
2004 (Kubota et al., 2015), GIK17961 (Wang et al., 1999), MD97-2151 (Wei
et al., 2006), MD05-2896 (Wan & Jian, 2014), and B9 (this study) in the
southern South China Sea and the adjacent Okinawa Trough. The core
MD97-2151 was raised near the lower boundary of the SCSIW. Cores MD05-
2896, GIK 17961, and B9 were retrieved within the SCSDW. Location of cores
is shown in Figure 1.

Figure 5. Comparison of benthic-planktonic 14C age offset in the southern
South China Sea and western tropical Pacific. Dashed lines mark the varia-
tion trend of B-P 14C ages in the southern SCS, which is similar to the B-P ages
of the PDW in the western Pacific. MD05-2896 (Wan & Jian, 2014); VM35-6
(Andree et al., 1986); MD01-2386 (Broecker et al., 2008); MD98-2181 (Stott
et al., 2007). Location of cores is shown in Figure 1.
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