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A B S T R A C T

Despite its critical role in regulating the global climate and carbon cycle, the evolution of deep Pacific circulation 
has not been fully deciphered during the last glacial cycle. The effect of deep Pacific hydrographic change (e.g. 
oxygenation and circulation) on atmospheric CO2 variation is still uncertain. Here, we study redox-sensitive 
elements including V-U-Mn and benthic foraminiferal δ13C at the HYIV2015-B9 site in the southern South 
China Sea (SCS) to reconstruct the oxygenation and δ13C signals of water masses during the last glacial cycle. The 
intra-basin benthic foraminiferal δ13C gradient suggests enhanced stratification of the deep Pacific during the 
glacial compared to the interglacial, implying sluggish abyssal Pacific overturning. This is consistent with weak 
Pacific Deep Water (PDW) ventilation, as indicated by high contents of authigenic V and U, and low authigenic 
Mn. The inferred sluggish abyssal Pacific overturning is probably associated with less transport of Lower 
Circumpolar Deep Water, facilitating the expansion of respired carbon storage in the glacial deep Pacific. 
Meanwhile, the atmospheric CO2 rise is closely related to active abyssal Pacific overturning since late MIS 5, 
particularly when considering the impact of Southern Ocean upwelling modulated by Earth’s obliquity. Overall, 
our data indicate the critical role of abyssal Pacific overturning in the carbon cycle, revealing the potential 
pathway for deep carbon dioxide outgassing in the North Pacific.

1. Introduction

The ocean has been regarded as a primary candidate for regulating 
atmospheric carbon dioxide (CO2) during the late Pleistocene glacial 
cycles, for its huge carbon storage capacity (Sigman and Boyle, 2000; 
Sigman et al., 2010). Unlike the carbon uptake that occurs in the surface 
ocean via biological and solubility pumps, ocean circulation plays a 
crucial role in connecting deep ocean carbon storage to the atmosphere. 
The transport of carbon-rich deep waters into the surface water in
creases CO2 partial pressures, leading to CO2 outgassing as a 

consequence (Anderson et al., 2009; Ai et al., 2020; Burke and Robinson, 
2012; Sigman et al., 2010).

In contrast to the North Atlantic, the modern North Pacific lacks deep 
water formation (Warren, 1983). Instead, the deep Pacific basin is 
occupied by southern-sourced Lower Circumpolar Deep Water (LCDW) 
through upwelling and diffusion (Kawabe and Fujio, 2010; Talley, 
2013). Pacific Deep Water (PDW), the oldest water in the global ocean, 
contains a large amount of dissolved inorganic carbon (Anderson et al., 
2019; Broecker et al., 2004) and is thought to become more carbon 
enriched during glacials (Jacobel et al., 2017, 2020). The re-surfacing of 
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carbon-rich deep waters could critically affect atmospheric CO2 on 
various timescales. Widespread Southern Ocean (SO) upwelling is 
deemed as the prevailing view for the past rises of atmospheric CO2 
(Anderson et al., 2009; Burke and Robinson, 2012; Sigman et al., 2010). 
Weakened upwelling would cause the accumulation of respired carbon 
(Clementi and Sikes, 2017; Ronge et al., 2016; Sikes et al., 2023) 
accompanied by oxygen consumption (Anderson et al., 2019; Jaccard 
et al., 2016) through the remineralization of organic matter in the deep 
ocean. Recent studies suggest that deep carbon storage and atmospheric 
CO2 are modulated by multiple ocean regions, rather than solely by the 
Southern Ocean (Bauska et al., 2021; Rae et al., 2018; Yu et al., 2023). 
The North Pacific has been suggested to be an important outgassing 
region of CO2 that contributed to the atmospheric CO2 rise during the 
last deglaciation (Gray et al., 2018; Rae et al., 2014). However, re
constructions of deep Pacific circulation are scarce and existing data 
sometimes yield conflicting results. The existence of a sluggish/strong 
deep Pacific circulation that could account for increased/reduced deep 
Pacific carbon storage during glacial-interglacial cycles is strongly 
debated (Du et al., 2018; Hall et al., 2001; Hu and Piotrowski, 2018; 
Rafter et al., 2022). Despite the current two contrasting views of deep 
Pacific overturning (i.e. the depth of deep Pacific overturning) (Holzer 
et al., 2021; Stewart, 2017; Talley, 2013), previous models mainly link 
deep Pacific ventilation to changes in SO upwelling (Menviel et al., 
2015; Menviel et al., 2018), neglecting the roles of diffusion in the 
abyssal Pacific. Besides, ventilation records based on oxygen content are 
influenced by air-sea disequilibrium at deep water formation regions in 
cold polar oceans, which complicates assessing impacts from ocean 
circulation change (Cliff et al., 2021; Dai et al., 2022; Galbraith and 
Skinner, 2020; Khatiwala et al., 2019). At present, poor constraints on 
deep Pacific circulation history limits our understanding of the roles of 
Pacific processes in regulating deep carbon reservoirs and atmospheric 
pCO2 fluctuations on glacial-interglacial timescales.

The South China Sea (SCS), as one of the largest marginal seas in the 
Western Pacific, is well connected to the open Pacific via the only deep 
passage, the Luzon Strait (~2400 m). Due to the persistent baroclinic 
pressure gradient, SCS Deep Water (SCSDW) is replenished by an 
overflow of modern PDW below 1500 m (Qu et al., 2006), leading to 
similarities in physical-chemical properties between the deep SCS and 
Pacific (Qu et al., 2006; Wang et al., 2011; Wu et al., 2015). Addition
ally, the stable sedimentation environment and excellent preservation of 
carbonate fossils in SCS provide ideal conditions for recording infor
mation about past Pacific chemistry changes.

Here we present new benthic foraminiferal δ13C and high-resolution 
redox-sensitive elemental data from the southern SCS, to reconstruct the 
oxygenation history and δ13C variations of the SCS and PDW. We infer 
deep ocean water mass structure and PDW ventilation conditions over 
the past ~90 ka by using the δ13C spatial gradient and oxygenation 
records in the deep Pacific. Our data indicate enhanced deep stratifi
cation, associated with a sluggish abyssal Pacific overturning, and weak 
PDW ventilation during marine isotope stage (MIS) 2 and 4. In contrast, 
strengthened abyssal Pacific overturning reduces ocean stratification 
and probably assists PDW ventilation during MIS 1, 3, and late MIS 5. 
This inferred abyssal overturning is closely related to atmospheric CO2 
fluctuations, especially during early MIS 3 and MIS 4, periods when 
atmospheric CO2 variations show a weak correlation with SO upwelling. 
Our new results emphasize the impact of abyssal Pacific overturning on 
the carbon cycle and indicate a potential pathway for transporting deep 
Pacific carbon to the atmosphere. Our results highlight that North Pa
cific processes must be considered to gain a more comprehensive un
derstanding of past atmospheric pCO2 change.

2. Materials and methods

2.1. Materials

Samples used for this study are obtained from core HYIV2015-B9 

(hereafter refer to B9; 10.2484◦N, 112.7325◦E; 2603 m water depth; 
bathed in SCSDW), retrieved in the southern SCS during cruise 
HYIV20150816 of R/V Haiyang IV in 2015 (Fig. 1). The core is 4.51 m 
long and dominated by homogenous gray-dark clay without visible 
disturbance. The stable sedimentary environment (average deposition 
rate: ~5.1 cm/kyr) (Zhong et al., 2021) provides a valuable record of 
SCSDW evolution. The age model has been established by planktonic 
foraminiferal AMS 14C data (Li et al., 2018) and benthic foraminiferal 
δ18O (Zhong et al., 2021). The sedimentary records from this core extend 
back to late MIS 5 (~ 88.2 ka).

2.2. Methods

In this study, samples were taken at 2–4 cm intervals for stable iso
topic and geochemical measurements. Epibenthic foraminifera Cibici
doides wuellerstorfi (>150 μm) were picked for stable carbon isotope 
measurements, which are widely thought to be in equilibrium with δ13C 
of ambient seawater (Duplessy et al., 1984; Mackensen, 2012). Fora
miniferal δ18O and δ13C data were measured on Thermo-Finnigan MAT 
253 plus mass spectrometer at Xi’an Jiaotong University in Xi’an, China. 
All data were calibrated into the international standard Pee Dee 
Belemnite (PDB). The standard deviations were ± 0.06 ‰ for δ18O and 
± 0.04 ‰ for δ13C.

Differences in δ13C and [CO2–3] between water masses can be used 
to reveal the ocean structure and stratification associated with ocean 
circulation (Hodell et al., 2003; McCave et al., 2008; Ronge et al., 2015; 
Yu et al., 2014). In this study, sites bathed in LCDW, PDW, and SCSDW 
have been compiled respectively to analyze the gradients of deep water 
δ13C over the last glacial cycle (Fig. 1 and Table S1). To avoid the impact 
of local factors (e.g. productivity), we compiled δ13C data from several 
sites according to water masses to produce regional stacked δ13C (Fig. 
S1). Notably, our adopted δ13C records are derived from C. wuellerstorfi 
in Pacific-SCS sites. Although deep-water δ13C records could be obtained 
using data from other species after some corrections using interspecies 
offset (Elderfield et al., 2012; McCave et al., 2008), these offsets could 
have varied on glacial-interglacial timescales which will increase un
certainties of finally obtained deep-water δ13C records (Gottschalk et al., 
2016a; Ronge et al., 2015). Thus, we avoid using δ13C records based on 
species other than C. wuellerstorfi. Also, we use [CO2–3] records from the 
equatorial Pacific (Yu et al., 2010, 2013) to calculate the vertical 
[CO2–3] gradient, which is subsequently employed to reveal water-mass 
geochemical divides and structure in the deep Pacific.

Major elements of bulk sediments from this core were determined 
using Thermo-Fisher IRIS II Intrepid XSP inductively coupled plasma 
optical emission spectrometer (ICP-OES), while trace elements and rare 
earth elements (REE) were analyzed by inductively coupled plasma mass 
spectrometry (ICP-MS) using PerkinElmer ELAN 9000 at the Institute of 
Oceanology, Chinese Academy of Sciences in Qingdao, China. The 
dissolution procedure was as follows: 0.05 g of sample powder was 
digested in a sealed Teflon beaker with 0.5 ml HF, 0.5 ml HNO3, and 1.5 
ml HCl on a hot plate (120 ◦C) for ~12 h. Following heating to dryness, 
1 ml HNO3 and 1 ml H2O were added, and the beaker was sealed and 
heated on a hot plate (150 ◦C) for ~12 h to dissolve the residue. Major 
and trace elements were analyzed along with internal reference mate
rials (GBW07315, GBW07316, BCR-2, BHVO-2, GBW07296, NOD-P-1, 
NOD-A-1).

Titanium (Ti) in marine sediments is thought to be mainly derived 
from terrigenous sources (Goldberg and Arrhenius, 1958; Wei et al., 
2003). Hence, authigenic (or biogenic) elements (e.g. Uauth, Vauth, Babio, 
Mnauth) could be estimated by subtracting the detrital contribution from 
total concentrations through the following formula (1) (Jaccard et al., 
2009; Li et al., 2018) using Ti concentrations. Average elemental con
centrations of detrital fraction from adjacent core NS90–103 (Wei et al., 
2000) are used to represent the composition of terrigenous fraction in 
this study. 
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Mauth (Mbio) = Mbulk − Tibulk
*Mdetr/Tidetr (1) 

where Mauth (Mbio) is the authigenic or biogenic elements, and Mtotal and 
Titotal represent the total concentration of elements and Ti in sediments, 
respectively. The values of Mdetr/Tidetr are element ratios relative to Ti of 
terrigenous fraction estimated from core NS90–103 (Vdetr/Tidetr =

0.0263; Udetr/Tidetr = 6*10− 4; Mndetr/Tidetr = 0.12; Badetr/Tidetr =

0.135) (Wei et al., 2000).
The enrichment of redox-sensitive elements (e.g. Vauth, Mnauth, Uauth) 

in marine sediments is primarily influenced by the redox conditions of 
sediments. This enrichment could be utilized to reconstruct oxygenation 
histories of sedimentary environments (Jaccard et al., 2016; Loveley 

Fig. 1. Core sites and modern Pacific circulation. a. Sediment cores used in this study (HYIV2015-“B9”, red triangle) and other sites (black dots) (see Supplementary 
Table 1). b. Modern deep Pacific circulation from (Kawabe and Fujio, 2010). c and d. Meridional section of dissolved oxygen and δ13C distribution (the black dotted 
line in b) based on the GLODAP dataset (Key et al., 2004), and a schematic showing deep Pacific circulation with white arrow lines. ACC: Antarctic Circumpolar 
Current; LCDW: Lower Circumpolar Deep Water; UCDW: Upper Circumpolar Deep Water; PDW: Pacific Deep Water; NPIW: North Pacific Intermediate Water. Figures 
produced by Ocean Data View software (Schlitzer, 2022). Information of sediment cores can be found in Table S1. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Y. Zhang et al.                                                                                                                                                                                                                                   Global and Planetary Change 244 (2025) 104636 

3 



et al., 2017; Marcantonio et al., 2020; Tribovillard et al., 2006; Zou 
et al., 2020). In well‑oxygenated settings, dissolved Mn (II) is typically 
oxidized to higher oxidation states including Mn(III) and Mn(IV), 
resulting in the precipitation of relatively insoluble oxyhydroxide and/ 
or oxide (Calvert and Pedersen, 1996; Hawco et al., 2016). Conversely, V 
and U tend to accumulate as insoluble products in sediments under 
suboxic-anoxic conditions (Calvert and Pedersen, 1993; Morford and 
Emerson, 1999). Although V and U exhibit similar behavior, it is 
believed that the redox threshold for V reductions is higher than for U 
(Morford and Emerson, 1999; Shaw et al., 1990). Biogenic Ba (Babio) 
concentration, which is delivered to the seafloor as the mineral barite, is 
closely related to organic matter export (Francois et al., 1995; Paytan 
et al., 1996; Schoepfer et al., 2015). In non-sulfate-reducing environ
ments, Babio has been widely used to reconstruct the export productivity 
over different geological time scales (Carter et al., 2016; Jaccard et al., 
2005; Paytan and Kastner, 1996; Yao et al., 2021).

3. Results

Combined with data from the upper part of core B9 (Li et al., 2018), 
our benthic δ13C data extend the record to the late MIS 5, showing a 
range from 0.23 ‰ to − 0.35 ‰. Benthic δ13C records display high values 
during warm intervals (about 0.09 ‰ in the Holocene, − 0.06 ‰ in MIS 3 
and − 0.04 ‰ in late MIS 5), and low values during cold intervals (about 
− 0.2 ‰ in MIS 2 and − 0.3 ‰ in MIS 4) (Fig. 2a). Similar δ13C records 
are also observed at other sites that bathed in SCSDW (Fig. S1), revealing 
a regional change of dissolved inorganic carbon in deep waters. 
Although benthic δ13C data in MIS 4 are limited, a noticeable decline can 
be observed from the late MIS 5 to MIS 4. The magnitude of δ13C change 
between the Holocene and LGM is about 0.29 ‰, which is comparable to 

the change associated the PDW (Lisiecki, 2010; Peterson et al., 2014).
The Vauth and Uauth concentrations range from 12 to 88 ppm and 0.2 

to 2.4 ppm, respectively (Fig. 2). Both Vauth and Uauth concentrations 
show high values during cold intervals and low values during warm 
intervals (Fig. 2b and d). However, Vauth enrichment is evident, but Uauth 
is absent in core B9 during MIS 4. Total Mo concentrations are generally 
lower than 4 ppm (Fig. 2c), showing a subtle enrichment relative to the 
average PostArchean Australia Shale (1 ppm, Taylor and Mclennan, 
1985) or regional detrital composition (~ 0.93 ppm, Wei et al., 2000). 
The increased concentrations of Mo in the core top samples are probably 
associated with the co-precipitation of Mn (Calvert and Pedersen, 1993; 
Nameroff et al., 2002). In contrast to Vauth and Uauth, Mnauth and Babio 
exhibit opposite trends in core B9, displaying high values during warm 
intervals and low values during cold intervals (Fig. 2c and e). Elevated 
contents of TiO2 in glacial sediments of core B9 were widely found on 
continental margins, indicating increased terrigenous flux during in
tervals of low-sea-level (Goldberg and Arrhenius, 1958; Jaccard et al., 
2005) (Fig. 2f).

4. Discussion

4.1. Redox-sensitive elements and deep waters oxygenation

After removing detrital signals, authigenic redox elements can reflect 
the variability of sediment oxygenation conditions (Durand et al., 2018; 
Jaccard et al., 2009; Li et al., 2018). As mentioned above, authigenic 
precipitation of V and U would increase, while sedimentary Mn depletes 
under suboxic conditions. The sedimentary redox conditions should 
result in anti-correlated changes in Vauth/Uauth and Mnauth. Consider
ation of these redox indicators could improve the accuracy of 

Fig. 2. Paleo-proxy records in core B9. a. δ13C in C. wuellerstorfi, b. The concentrations of authigenic V. c. The concentrations of Mo and authigenic Mn. d. The 
concentrations of authigenic U. e. Biogenic Ba reflects export productivity. f. TiO2 relative content indicates terrigenous supply. The five-point moving average of 
Vauth (red line) and raw data (dots). Black arrow indicates average Mo compositions of detrital sediment from NS90–103 in southern South China Sea (Wei et al., 
2000). Colour bars denote MIS 2 and 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sedimentary redox conditions. In contrast to the warm periods (MIS 1, 3, 
and late MIS 5), high Vauth and Uauth contents coupled with depleted 
Mnauth occur during cold periods (MIS 2 and 4) (Fig. 2b-d). Potential 
post-depositional remobilization during renewed pore water O2 expo
sure (burn-down) may complicate the interpretations of authigenically 
precipitated redox elements (Crusius and Thomson, 2000; Jacobel et al., 
2017). This process would lead to the removal of authigenic elements in 
the upper part (e.g. Uauth) and the formation of re-immobilization peaks 
below the O2 penetration depth, especially where sedimentation rates 
are <2 cm/kyr (Costa et al., 2018; Jaccard et al., 2009; Mangini et al., 
2001). However, the average sedimentation rate at the B9 site is ~5.1 
cm/kyr, which helps the preservation of original redox condition sig
nals. Our Mn and Mo results from the same core suggest insignificant 
transient enrichments that result from post-depositional burn-down 
(Fig. 2c). Hence, we attribute redox element data at the B9 site to reflect 
sedimentary redox conditions over the past ~90 ka, which indicate more 
oxidizing environments during warm periods than those of cold periods.

The interpretation of sedimentary redox conditions require disen
tanglement of two factors: regional/local organic matter export from the 
surface ocean and the supply of oxygen in bottom waters (Kumar et al., 
1995; McManus et al., 2005; Zheng et al., 2002). Babio records from core 
B9 indicate higher productivity during warm intervals compared to cold 
intervals (Fig. 2e), consistent with biogenic opal records from nearby 
core NS93–5 (Chen et al., 2008). The porewater measurement from ODP 

site 1143 suggests the absence of sulfate-reducing conditions in the 
study area since the late Pleistocene (SO2–4 > 20 mM) (Shipboard 
Scientific Party, 2000), excluding the possibility of Babio fluctuations 
due to barite dissolution. This is further evidenced by low Mo contents at 
our site B9 (Fig. 2c) and supports the utility of Babio as an export pro
ductivity proxy (Jaccard et al., 2009; Nan et al., 2023). Given the 
absence of increased biogenic fluxes based on Babio during MIS 2 and 
MIS 4, the observed reducing environments recorded in core B9 cannot 
be explained by export production changes in the southern SCS. Thus, 
the redox state of marine sediments, decoupled with export production, 
is likely controlled by the oxygen level of bottom waters (Jaccard et al., 
2016; Jacobel et al., 2017; Loveley et al., 2017). We find similar 
oxygenation histories between the SCS and the open Pacific, implying 
that the source of SCSDW has not changed since the late MIS 5 and is 
well connected with the open Pacific (Fig. 3). The similarity between 
stacked δ13C records from the SCS and western equatorial Pacific also 
supports this view (Fig. 4a), which is further confirmed by [CO2–3] 
records from the deep SCS (Wan et al., 2020). However, some detailed 
differences exist between redox condition records, possibly reflecting 
local factors (e.g., burn-down of Uauth in the central equatorial Pacific 
and productivity changes in the north and eastern equatorial Pacific) 
(Jaccard et al., 2009; Jacobel et al., 2017, 2020; Loveley et al., 2017). 
Overall, our redox-sensitive elements records tie well with atmospheric 
CO2 records over the past ~90 ka and are independent of the local 

Fig. 3. Records of water masses oxygenation. a and b. Uauth records from B9 (this study), open Pacific: ODP 882 (Jaccard et al., 2009); MV1014–02–17JC (Loveley 
et al., 2017); MV1014-8JC (Marcantonio et al., 2020); ODP 1240 (Jacobel et al., 2020), and TN057–13/14PC (Jaccard et al., 2016) bathed in LCDW. c. Vauth records 
in B9 (this study).
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changes in productivity, suggesting the important roles of PDW venti
lation in regulating atmospheric CO2 (Fig. 4).

4.2. Abyssal Pacific overturning and global carbon cycle

In addition to our redox sensitive indicators, we also employ benthic 
δ13C to investigate changes in deep Pacific water overturning circula
tion. Uncertainties associated with the interpretation of seawater δ13C 
(via the benthic foraminifera proxy data) include air-sea exchange and 
the biological pump in the regions of deep-water formation, as well as 
local productivity and interior respiration modulated by overturning 
circulation (Broecker and McGee, 2013; Khatiwala et al., 2019; Lynch- 
Stieglitz et al., 1995; Schmittner et al., 2013; Sikes et al., 2017). The δ13C 
gradient (Δδ13C) could indicate the structure of interior water masses 
through a geochemical divide, which is associated with ocean 

circulation (McCave et al., 2008; Ronge et al., 2015; Sikes et al., 2016; 
Yu et al., 2013). Additionally, the absence of an obvious decline in 
benthic δ13C in core B9 during high export productivity periods (Fig. 2a 
and e) suggests that the impact of local productivity on benthic δ13C is 
negligible. The δ13C gradient between SCSDW and LCDW (Δδ13CSCSDW- 

LCDW) illustrates significant changes in water mass structure in the deep 
Pacific over the past ~90 ka (Fig. 4a and b). We obtain similar changes 
from δ13CPDW-LCDW because stacked δ13CPDW exhibits similar variation 
compared to δ13CSCSDW (Fig. 4b). Higher values of Δδ13CSCSDW-LCDW/ 
Δδ13CPDW-LCDW in MIS 2 and 4 mean increased δ13C differences between 
LCDW and SCSDW (or PDW). We find that deep water [CO2–3] gradi
ents in the Pacific also generally support enhanced deep stratification 
from late MIS 5 to MIS 2 (Fig. S2). This is probably associated with a 
slowdown of abyssal Pacific overturning during glacials, reducing the 
mixing of those water masses (Du et al., 2018; Rafter et al., 2022). This is 

Fig. 4. Variation in Pacific abyssal overturning compared to other processes over the last ~90 ka. a. the stacked δ13C of SCSDW, PDW and LCDW, respectively (with 
σ confidence intervals). b. Deep Pacific structure suggests by Δδ13CSCSDW-LCDW (black green line) and Δδ13CPDW-LCDW (gray dotted line) (this study). c. Ventilation 
based on authigenic V concentrations from core B9 (red line is the five-point weighted average and dots are the raw data; this study). d. deep Pacific [CO2–3] derived 
from B/Ca (Yu et al., 2010, 2013). e. Ba/Al data from ODP 882 (Jaccard et al., 2009). f. Diatom-bound δ15N that represents the Southern Ocean upwelling (green line: 
the estimated mean average). Dotted line is the predicted δ15N from Antarctic temperature. Green dots are data from MD11–3394 and green stars are data from 
MD12–3353 (Ai et al., 2020). g. Obliquity (Berger and Loutre, 1991). h. Composite atmospheric CO2 concentration records from Antarctic ice cores (Bereiter et al., 
2012). Colour bars represent periods with elevated atmospheric CO2 concentration. Information of sediment cores can be found in Table S1. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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supported by inferred reductions in glacial AABW formation (Huang 
et al., 2020; Yu et al., 2020). Previous carbon isotope modeling results 
also support this view, revealing the impact of reduced AABW on carbon 
sequestration in the deep Pacific and atmospheric δ13CO2 (Menviel 
et al., 2015, 2017). As an integrated history of organic carbon remi
neralization, respired carbon in the deep Pacific is not only associated 
with the soft tissue biological pump in the Southern Ocean (Gottschalk 
et al., 2016b; Jaccard et al., 2013; Martínez-García et al., 2014), but also 
related to changes in transit pathway. Poor PDW ventilation and slug
gish abyssal Pacific overturning during MIS 2 and 4 likely lead to 
accumulation of respired carbon in the deep Pacific through increased 
residence time of deep waters, despite no increase in productivity across 
the wider Pacific (Costa et al., 2016; Jacobel et al., 2020; Winckler et al., 
2016). This could also contribute to the increase in deep carbon storage 
(Fig. 4d) and consume dissolved oxygen stoichiometrically, resulting in 
simultaneously low oxygen concentrations (Jacobel et al., 2017, 2020; 
Yu et al., 2010, 2013). Although previous studies suggest glacial 
enhanced ventilation below 3.5 km based on Uauth (Hu et al., 2023; 
Jacobel et al., 2017; Thiagarajan and McManus, 2019), it is difficult to 
guarantee its preservation under low sediment rates (Jacobel et al., 
2020). The sluggish abyssal Pacific overturning likely facilitates carbon 
sequestration in deep Pacific below 3.5 km during glacial, which is 
further confirmed by deep Pacific [CO2–3] records (Yu et al., 2013). 
Notably, our and previous inferences of enhanced respired carbon dur
ing glacials based on oxygenation records is potentially influenced by 
air-sea disequilibrium in the deep water formation area (Cliff et al., 
2021; Eggleston and Galbraith, 2018; Khatiwala et al., 2019; Stephens 
and Keeling, 2000; Stott et al., 2021). However, it is challenging to 
attribute ocean structural changes suggested by our δ13C gradient results 
to air-sea disequilibrium alone (Matsumoto et al., 2002; Rafter et al., 
2022). The oxygen concentration mismatch between predictions by the 
model and paleoceanographic data also indicates the overestimate of 
air-sea disequilibrium in bottom oxygen (Jacobel et al., 2020). Thus, 
combined with changes in ocean stratification and oxygenation, we 
speculate that sluggish abyssal Pacific overturning likely played an 
important role in deep carbon storage in the past.

Based on our findings, we suggest that abyssal Pacific overturning 
changes can significantly affect past atmospheric pCO2. The modeling 
study by Holzer et al. (2021) demonstrates that vertical diffusion 
transport in the modern North Pacific could transport carbon-rich deep 
waters to the surface ocean. The active diapycnal diffusion and mixing 
would enhance deep ocean ventilation (Holzer et al., 2021; Oka and 
Niwa, 2013; Talley, 2013). During MIS 1 and late MIS 5, our new data 
suggest the breakup of deep stratification with enhanced PDW ventila
tion (Fig. 4b and c). This may cause resurfacing of deep waters through 
vertical diffusion in the North Pacific, leading to blooms in surface 
productivity (Fig. 4e) (Jaccard et al., 2005, 2009) and deglacial CO2 
degassing (Gray et al., 2018; Rae et al., 2014). Theoretical arguments 
suggest that the surface buoyancy forcing in the Southern Ocean, related 
to sea ice (Antarctic temperature), could directly regulate vertical mix
ing and stratification in the ocean interior (Ferrari et al., 2014; Jansen 
and Nadeau, 2016; Jansen, 2016), or even in the North Pacific. This has 
been confirmed by comparing intermediate and deep εNd records in the 
North Pacific, showing the active abyssal overturning driven by the 
Southern Ocean processes (Du et al., 2016, 2018). Meanwhile, the 
poleward shift of Westerly Winds during the peak of global warmth in 
the late MIS 5 and MIS 1 would act to strengthen SO upwelling (Ai et al., 
2020, 2024; Whittaker et al., 2011), helping the re-surfacing of carbon- 
rich waters in the Southern Ocean (Anderson et al., 2009; Menviel et al., 
2018; Rae et al., 2018; Skinner et al., 2010) and the eastern equatorial 
Pacific through their subsequent advection (de la Fuente et al., 2015; 
Martínez-Botí et al., 2015). The breakup of stratification and enhanced 
upwelling in polar oceans (North and South Pacific) likely contributed to 
the rise of atmospheric CO2 during MIS 1 and late MIS 5. However, a 
recent study reveals that variation in atmospheric pCO2 becomes 
decoupled from SO upwelling intensity after the MIS 5-MIS 4 transition 

(Ai et al., 2020). Instead, atmospheric pCO2 seems closely related to 
abyssal Pacific overturning change (Fig. 4). It is hard to explain the 
contemporary variations of atmospheric CO2 and deep Pacific carbon 
storage by SO upwelling alone, which is also impacted by obliquity via 
the temperature gradient between mid- and high-latitudes (Ai et al., 
2020, 2024; Lu et al., 2010; Sachs et al., 2001; Timmermann et al., 
2014). During MIS 3 (particularly in ~48–57 ka), high obliquity would 
have weakened wind-driven upwelling in the Southern Ocean for the 
decrease of temperature gradient (Fig. 4f-g) (Ai et al., 2020; Whittaker 
et al., 2011). Increased vertical diffusion (North Pacific) driven by 
abyssal Pacific overturning may have played a more significant role in 
the rise of atmospheric CO2 and deep Pacific ventilation. Opposing sit
uations occur in MIS 4. The expanded deep Pacific carbon storage 
(Bradtmiller et al., 2010; Jacobel et al., 2017, 2020; Matsumoto et al., 
2002; Yu et al., 2013) seems to be closely related to North Pacific 
stratification (weakened overturning), rather than enhanced SO up
welling (Fig. 4). This is confirmed by previous studies that suggest the 
Southern Ocean is not the only region of CO2 outgassing and contribu
tions from other regions (e.g., North Pacific) should also be considered 
(Bauska et al., 2021; Gray et al., 2018; Yu et al., 2023). Therefore, we 
surmise the potential existence of a deep carbon dioxide transport 
pathway in the North Pacific through vertical diffusion during atmo
spheric pCO2 rise, especially during early MIS 3. Indeed, the re-surfacing 
of deep waters in the North Pacific is also influenced by North Pacific 
Intermediate Water (Gong et al., 2019; Gray et al., 2018; Rae et al., 
2014). There is clear need for further study on the exchange between 
intermediate and deep circulation and its impact on carbon cycling.

In summary, we propose a hypothetical scheme of deep Pacific cir
culation change since the last glacial cycle. Our results reveal an 
intensified stratification in the deep Pacific during MIS 2, leading to a 
significant geochemical division (Adkins et al., 2002; Matsumoto et al., 
2002). This could have facilitated carbon sequestration in the deep Pa
cific and lowered atmospheric pCO2, in synergy with weakened SO up
welling (Dai et al., 2022; Martínez-García et al., 2014; Sigman et al., 
2010). Conversely, increased vertical diffusion transport in the North 
Pacific and strengthened SO upwelling contributed to the rise in atmo
spheric pCO2 during MIS 1 and late MIS 5. More importantly, abyssal 
Pacific overturning seems to play a more dominant role in driving at
mospheric CO2 during the early MIS 3 and MIS 4 than to SO upwelling. 
Our results highlight the significant impacts of the North Pacific on past 
atmospheric pCO2 variations, which is valuable for interpreting the CO2 
variability recorded in ice cores (Bauska et al., 2021; Marcott et al., 
2014).

5. Conclusions

Our new redox-sensitive elements and benthic δ13C records from the 
deep SCS provide clues to decipher PDW properties in the past. By 
examining oxygenation indicators and spatial δ13C gradients between 
SCSDW/PDW and LCDW, variations of PDW ventilation and ocean 
stratification, associated with abyssal Pacific overturning variations, 
have been reconstructed over the past ~90 ka. Our data suggest that 
enhanced deep stratification, related to sluggish abyssal overturning, is 
conducive to enhanced carbon storage and lower oxygen levels in the 
deep Pacific during MIS 2. Additionally, the North Pacific likely serves as 
a potential pathway for deep carbon release through enhanced vertical 
diffusion when deep stratification collapsed during MIS 1, 3, and late 
MIS 5. These results show the significant impacts of abyssal Pacific 
overturning on atmospheric pCO2. Abyssal circulation in the North Pa
cific must be considered if we are to comprehensively understand carbon 
release and sequestration on glacial-interglacial timescales.
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Ronge, T.A., Tiedemann, R., Lamy, F., Köhler, P., Alloway, B.V., Pol-Holz, R.D., 
Pahnke, K., Southon, J., Wacker, L., 2016. Radiocarbon constraints on the extent and 
evolution of the South Pacific glacial carbon pool. Nat. Commun. 7, 11487. https:// 
doi.org/10.1038/ncomms11487.

Sachs, J.P., Anderson, R.F., Lehman, S.J., 2001. Glacial surface temperatures of the 
Southeast Atlantic Ocean. Science 293, 2077–2079. https://doi.org/10.1126/ 
science.1063584.

Schlitzer, R., 2022. Ocean Data View. https://odv.awi.de.
Schmittner, A., Gruber, N., Mix, A.C., Key, R.M., Tagliabue, A., Westberry, T.K., 2013. 

Biology and air-sea gas exchange controls on the distribution of carbon isotope 
(δ13C) in the ocean. Biogeosciences 10, 5793–5816. https://doi.org/10.5194/bg-10- 
5793-2013.

Schoepfer, S.D., Shen, J., Wei, H., Tyson, R.V., Ingall, E., Algeo, T.J., 2015. Total organic 
carbon, organic phosphorus, and biogenic barium fluxes as proxies for paleomarine 
productivity. Earth Sci. Rev. 149, 23–52. https://doi.org/10.1016/j. 
earscirev.2014.08.017.

Shaw, T.J., Gieskes, J.M., Jahnke, R.A., 1990. Early diagenesis in differing depositional 
environments: the response of transition metals in pore water. Geochim. 
Cosmochim. Acta 54 (5), 1233–1246. https://doi.org/10.1016/0016-7037(90) 
90149-F.

Sigman, D.M., Boyle, E.A., 2000. Glacial/interglacial variations in atmospheric carbon 
dioxide. Nature 407, 859–869. https://doi.org/10.1038/35038000.

Sigman, D.M., Hain, M.P., Haug, G.H., 2010. The polar ocean and glacial cycles in 
atmospheric CO2 concentration. Nature 466, 47–55. https://doi.org/10.1038/ 
nature09149.

Sikes, E.L., Elmore, A.C., Cook, M.S., Allen, K.A., Guilderson, T.P., 2016. Glacial water 
mass structure and rapide δ18O and δ13C changes during the last glacial termination 
in the Southwest Pacific. Earth Planet. Sci. Lett. 456, 87–97. https://doi.org/ 
10.1016/j.epsl.2016.09.043.

Sikes, E.L., Allen, K.A., Lund, D.C., 2017. Enhanced δ13C and δ18O differences between 
the South Atlantic and South Pacific during the last glaciation: the deep gateway 
hypothesis. Paleoceanography 32, 1000–1017. https://doi.org/10.1002/ 
2017pa003118.

Sikes, E.L., Umling, N.E., Allen, K.A., Ninnemann, U.S., Robinson, R.S., Russell, J.L., 
Willianms, T.J., 2023. Southern Ocean glacial conditions and their influence on 
deglacial events. Nat. Rev. Earth Environ. 4, 454–470. https://doi.org/10.1038/ 
s43017-023-00436-7.

Skinner, L., Fallon, S., Waelbroeck, C., Michel, E., Barker, S., 2010. Ventilation of the 
Deep Southern Ocean and Deglacial CO2 rise. Science 328 (5982), 1147–1151. 
https://doi.org/10.1126/science.1183627.

Stephens, B.B., Keeling, R.F., 2000. The influence of Antarctic Sea ice on glacial- 
interglacial CO2 variations. Nature 404, 171–174. https://doi.org/10.1038/ 
35004556.

Stewart, A., 2017. Mixed up at the sea floor. Nature 551, 178–179. https://doi.org/ 
10.1038/551178b.

Stott, L.D., Shao, J., Yu, J., Harazin, K.M., 2021. Evaluating the glacial-deglacial carbon 
respiration and ventilation change hypothesis as a mechanism for changing 
atmospheric CO2. Geophys. Res. Lett. 48, e2020GL091296. https://doi.org/ 
10.1029/2020GL091296.

Talley, L.D., 2013. Closure of the global overturning circulation through the Indian, 
Pacific, and southern oceans: schematics and transports. Oceanography 26 (1), 
80–97. https://doi.org/10.5670/oceanog.2013.07.

Taylor, S.R., Mclennan, S.M., 1985. The Continental Crust: Its Composition and 
Evolution. Blackwell Scientific, Oxford. 

Thiagarajan, N., McManus, J.F., 2019. Productivity and sediment focusing in the Eastern 
Equatorial Pacific during the last 30,000 years. Deep Sea Res. I 147, 100–110. 
https://doi.org/10.1016/j.dsr.2019.03.007.

Timmermann, A., Friedrich, T., Timm, O.E., Chikamoto, M.O., Abe-Ouchi, A., 
Ganopolski, A., 2014. Modeling obliquity and CO2 effects on Southern Hemisphere 
climate during the past 408 ka. J. Clim. 27, 1863–1875. https://doi.org/10.1175/ 
JCLI-D-13-00311.1.

Tribovillard, N., Algeo, T.J., Lyons, T., Riboulleau, A., 2006. Trace metals as paleoredox 
and paleoproductivity proxies: an update. Chem. Geol. 232, 12–32. https://doi.org/ 
10.1016/j.chemgeo.2006.02.012.

Wan, S., Jian, Z., Gong, X., Dang, H., Wu, J., Qiao, P., 2020. Deep water [CO2-3] and 
circulation in the South China Sea over the last glacial cycle. Quat. Sci. Rev. 243, 
106499. https://doi.org/10.1016/j.quascirev.2020.106499.

Wang, G., Xie, S.-P., Qu, T., Huang, R.X., 2011. Deep South China Sea circulation. 
Geophys. Res. Lett. 38, L05601. https://doi.org/10.1029/2010gl046626.

Warren, B.A., 1983. Why is no deep water formed in the North Pacific? J. Mar. Res. 41 
(2), 327–347. https://doi.org/10.1357/002224083788520207.

Wei, G., Gui, X., Li, X., Chen, Y., Yu, J., 2000. Strontium and neodymium isotopic 
compositions of detrital sediment of NS90-103 from South China Sea: Variations and 
their paleoclimate implication. Sci. China Ser. D Earth Sci. 43 (6), 596–604. https:// 
doi.org/10.1007/bf02879503.

Wei, G., Liu, Y., Li, X., Chen, M., Wie, W., 2003. High-resolution elemental records from 
the South China Sea and their paleoproductivity implications. Paleoceanography 18 
(2), 1054. https://doi.org/10.1029/2002pa000826.

Whittaker, T.E., Hendy, C.H., Hellstrom, J.C., 2011. Abrupt millennial-scale changes in 
intensity of Southern Hemisphere westerly winds during marine isotope stages 2-4. 
Geology 39, 455–458. https://doi.org/10.1130/G31827.1.

Winckler, G., Anderson, R.F., Jaccard, S.L., Marcantonio, F., 2016. Ocean dynamics, not 
dust, have controlled equatorial Pacific productivity over the past 500,000 years. 
Proc. Natl. Acad. Sci. USA 113, 6119–6124. https://doi.org/10.1073/ 
pnas.1600616113.

Wu, Q., Colin, C., Liu, Z., Douville, E., Dubois-Dauphin, Q., Frank, N., 2015. New insights 
into hydrological exchange between the South China Sea and the Western Pacific 
Ocean based on the Nd isotopic composition of seawater. Deep-Sea Res. II 122, 
25–40. https://doi.org/10.1016/j.dsr2.2015.11.005.

Yao, W., Griffith, E., Paytan, A., 2021. Pelagic Barite: Tracer of Ocean Productivity and a 
Recorder of Isotopic Compositions of Seawater S, O, Sr, Ca and Ba. Cambridge 
University Press, Cambridge. 

Yu, J., Broecker, W., Elderfield, H., Jin, Z., McManus, J., Zhang, F., 2010. Loss of carbon 
from the deep sea since the last Glacial Maximum. Science 330, 1084–1087. https:// 
doi.org/10.1126/science.1193221.

Yu, J., Anderson, R.F., Jin, Z., Rae, J.W.B., Opdyke, B.N., Eggins, S.M., 2013. Responses 
of the deep ocean carbonate system to carbon reorganization during the last Glacial- 
interglacial cycle. Quat. Sci. Rev. 76, 39–52. https://doi.org/10.1016/j. 
quascirev.2013.06.020.

Yu, J., Anderson, R.F., Jin, Z., Menviel, L., Zhang, F., Ryerson, F.J., Rohling, E.J., 2014. 
Deep South Atlantic carbonate chemistry and increased interocean deep water 
exchange during last deglaciation. Quat. Sci. Rev. 90, 80–89. https://doi.org/ 
10.1016/j.quascirev.2014.02.018.

Yu, J., Menviel, L., Jin, Z.D., Anderson, R.F., Jian, Z., Piotrowski, A.M., Ma, X., 
Rohling, E.J., Zhang, F., Marino, G., McManus, J.F., 2020. Last glacial atmospheric 
CO2 decline due to widespread Pacific deep-water expansion. Nat. Geosci. 13, 
628–633. https://doi.org/10.1038/s41561-020-0610-5.

Yu, J., Anderson, R.F., Jin, Z.D., Ji, X., Thornalley, J.R., Wu, L., Thouveny, N., Cai, Y., 
Tan, L., Zhang, F., Menviel, L., Tian, J., Xie, X., Rohling, E.J., McManus, J.F., 2023. 
Millennial atmospheric CO2 changes linked to ocean ventilation modes over past 
150,000 years. Nat. Geosci. 16, 1166–1173. https://doi.org/10.1038/s41561-023- 
01297-x.

Zheng, Y., Anderson, R.F., van Geen, A., Fleisher, M.Q., 2002. Remobilization of 
authigenic uranium in marine sediments by bioturbation. Geochim. Cosmochim. 
Acta 66, 1759–1772. https://doi.org/10.1016/S0016-7037(01)00886-9.

Zhong, Y., Wilson, D.J., Liu, J., Wan, S., Bao, R., Liu, J., Zhang, Y., Wang, X., Liu, Y., 
Liu, X., Zhao, Y., Li, S., Liu, Q., 2021. Contrasting sensitivity of weathering proxies to 
quaternary climate and sea-level fluctuations on the southern slope of the South 
China Sea. Geophys. Res. Lett. 48 (24), e2021GL096433. https://doi.org/10.1029/ 
2021GL096433.

Zou, J., Shi, X., Zhu, A., Kandasamy, S., Gong, X., Lembke-Jene, L., Chen, M.-T., Wu, Y., 
Ge, S., Liu, Y., Xue, X., Lohmann, G., Tiedemann, R., 2020. Millennial-scale 
variations in sedimentary oxygenation in the western subtropical North Pacific and 
its links to North Atlantic climate. Clim. Past 16, 387–407. https://doi.org/10.5194/ 
cp-16-387-2020.

Y. Zhang et al.                                                                                                                                                                                                                                   Global and Planetary Change 244 (2025) 104636 

10 

https://doi.org/10.1029/2005jc003139
https://doi.org/10.1002/2013PA002570
https://doi.org/10.1038/s41586-018-0614-0
https://doi.org/10.1126/sciadv.abq5434
https://doi.org/10.1002/2014PA002727
https://doi.org/10.1038/ncomms11487
https://doi.org/10.1038/ncomms11487
https://doi.org/10.1126/science.1063584
https://doi.org/10.1126/science.1063584
https://odv.awi.de
https://doi.org/10.5194/bg-10-5793-2013
https://doi.org/10.5194/bg-10-5793-2013
https://doi.org/10.1016/j.earscirev.2014.08.017
https://doi.org/10.1016/j.earscirev.2014.08.017
https://doi.org/10.1016/0016-7037(90)90149-F
https://doi.org/10.1016/0016-7037(90)90149-F
https://doi.org/10.1038/35038000
https://doi.org/10.1038/nature09149
https://doi.org/10.1038/nature09149
https://doi.org/10.1016/j.epsl.2016.09.043
https://doi.org/10.1016/j.epsl.2016.09.043
https://doi.org/10.1002/2017pa003118
https://doi.org/10.1002/2017pa003118
https://doi.org/10.1038/s43017-023-00436-7
https://doi.org/10.1038/s43017-023-00436-7
https://doi.org/10.1126/science.1183627
https://doi.org/10.1038/35004556
https://doi.org/10.1038/35004556
https://doi.org/10.1038/551178b
https://doi.org/10.1038/551178b
https://doi.org/10.1029/2020GL091296
https://doi.org/10.1029/2020GL091296
https://doi.org/10.5670/oceanog.2013.07
http://refhub.elsevier.com/S0921-8181(24)00283-2/rf0535
http://refhub.elsevier.com/S0921-8181(24)00283-2/rf0535
https://doi.org/10.1016/j.dsr.2019.03.007
https://doi.org/10.1175/JCLI-D-13-00311.1
https://doi.org/10.1175/JCLI-D-13-00311.1
https://doi.org/10.1016/j.chemgeo.2006.02.012
https://doi.org/10.1016/j.chemgeo.2006.02.012
https://doi.org/10.1016/j.quascirev.2020.106499
https://doi.org/10.1029/2010gl046626
https://doi.org/10.1357/002224083788520207
https://doi.org/10.1007/bf02879503
https://doi.org/10.1007/bf02879503
https://doi.org/10.1029/2002pa000826
https://doi.org/10.1130/G31827.1
https://doi.org/10.1073/pnas.1600616113
https://doi.org/10.1073/pnas.1600616113
https://doi.org/10.1016/j.dsr2.2015.11.005
http://refhub.elsevier.com/S0921-8181(24)00283-2/rf0625
http://refhub.elsevier.com/S0921-8181(24)00283-2/rf0625
http://refhub.elsevier.com/S0921-8181(24)00283-2/rf0625
https://doi.org/10.1126/science.1193221
https://doi.org/10.1126/science.1193221
https://doi.org/10.1016/j.quascirev.2013.06.020
https://doi.org/10.1016/j.quascirev.2013.06.020
https://doi.org/10.1016/j.quascirev.2014.02.018
https://doi.org/10.1016/j.quascirev.2014.02.018
https://doi.org/10.1038/s41561-020-0610-5
https://doi.org/10.1038/s41561-023-01297-x
https://doi.org/10.1038/s41561-023-01297-x
https://doi.org/10.1016/S0016-7037(01)00886-9
https://doi.org/10.1029/2021GL096433
https://doi.org/10.1029/2021GL096433
https://doi.org/10.5194/cp-16-387-2020
https://doi.org/10.5194/cp-16-387-2020

	Response of atmospheric CO2 changes to the Abyssal Pacific overturning during the last glacial cycle
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods

	3 Results
	4 Discussion
	4.1 Redox-sensitive elements and deep waters oxygenation
	4.2 Abyssal Pacific overturning and global carbon cycle

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	Appendix A Supplementary data
	References


