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Abstract :

The dissolved oxygen level of the low-latitude Pacific thermocline is a sensitive tracer of global ocean
circulation, especially at high latitudes. However, its variability covering glacial—interglacial cycles has not
been well documented. Based on the thermocline-dwelling foraminiferal population extracted from
Calypso Core MD06-3047, we derived a record of the Western Tropical Pacific (WTP) thermocline
oxygenation over the last 700 kyr. We found that the glacial thermocline oxygenation gradually enhanced
to dome-like peaks during glacial periods, with significant relative abundance of thermocline-dwelling
species minimum events. We suggest that the remote physical process of lateral O2 supply (dominated
by Southern Ocean (SO) ventilation and Antarctic Intermediate Water advection, with a minor contribution
of North Pacific Intermediate Water (NPIW)) and the local biological process of O2 consumption (by
organic biological productivity, determined by iron supply and NPIW-driven nutrient supply) may together
control the WTP thermocline oxygenation on glacial-interglacial cycles. The surprisingly synchronous co-
variation indicates that SO ventilation and Antarctic Intermediate Water advection have the potential to
be the primary controlling factors. Furthermore, the consistent and simultaneous dramatic increments in
Marine Isotope Stages 13-11 transition and each deglacial period provide robust support for a close
coupling between the global (mid-Brunhes) climatic shift scenario of SO ventilation and the WTP
thermocline oxygenation.

Highlights

» During glacial terminations, significant thermocline-dwelling species minimum events and dome-like
enhanced oxygenation in the Western Tropical Pacific (WTP) thermocline have existed since at least
~700 ka. » The remote physical (advection of oxygenated high latitude intermediate water) and the local
biological (high productivity) processes may together control WTP thermocline oxygenation on glacial—
interglacial cycles. » Southern Ocean ventilation and the WTP thermocline oxygenation have a close
coupling in global (mid-Brunhes) climatic shift scenario.


https://doi.org/10.1016/j.palaeo.2024.112015
https://archimer.ifremer.fr/doc/00869/98119/
http://archimer.ifremer.fr/
mailto:tgli@fio.org.cn

Keywords : Thermocline oxygenation, Thermocline-dwelling species minimum events, The Southern
Ocean, Ventilation



Introduction

Ocean-atmosphere gas exchange plays a crucial role at glacial-interglacial (G—IG) timescales,
in the global carbon cycle and variations in the partial pressure of atmospheric carbon dioxide
(pCOA™; Petit et al., 1999); this, in turn, may amplify the impact of longer-term external
forcing on global climate (Sigman and Boyle, 2000). Therefore, it is proposed that changes in
the Southern Ocean (SO) upwelling are crucial for regulating atmospheric CO: levels during
glacial Terminations (Anderson et al., 2009; Menviel et al., 702%). The enhanced upwelling,
perhaps associated with changes in Southern Westerlie®. cen stimulate the ventilation of
carbon-rich deep-water masses to the surface, promaotiny the CO2 outgassing and triggering

global warming and glacial Termination (SKkinnfy ¢ ¢ al., 2010; Anderson et al., 2009).

Volumetrically, the Pacific Ocean doi.tnates the world ocean; it is three times larger than the
Atlantic Ocean; therefore, variations i1 1.s dissolved nutrient- and gas- (O2 and CO») inventory
represent significant changes . global ocean chemistry with potentially large impacts on
climate. Simultaneously. /.~ta.ctic Intermediate Water (AAIW) mainly originates from the
better-ventilated carbon-r ch intermediate waters near the Sub-Antarctic Front (Bostock et al.,
2013), with subsequent northward advection into the Pacific subtropical gyre through the low-
latitude thermocline (Fig. 1B). Hence, AAIW can transmit the circulation and geochemical
signals from deep into a tropical Pacific thermocline through the "ocean tunneling" process
(Sarmiento et al., 2004; Matsumoto and Sarmiento., 2008; Bostock et al., 2010). Under current
conditions, AAIW is injected into the Equatorial Pacific Intermediate Water via the South

Equatorial Current and the New Guinea Coastal Undercurrent (Dugdale et al., 2002). The



dominant role of AAIW on equatorial intermediate waters was also verified by a geochemical
tracer that suggests that equatorial Pacific intermediate water is primarily composed of AAIW
with only a very minor contribution from the North Pacific Intermediate Water (NPIW)
(Bostock et al., 2010). While the abyssal Pacific ventilation has received much attention in
recent years (Jaccard et al., 2009; Bradtmiller et al., 2010) as a receiver/tracer of the SO process,
the ventilation state of low-latitude Pacific thermocline remains rarely investigated and thus

poorly understood.

Water oxygenation is tightly coupled with oceanic venilation and coeval CO2 outgassing
(Nameroff et al., 2004). Similar to the recons.rvction of deep carbon reservoirs based on
sediment redox changes and bottom water ox yge.:ation (Sigman and Boyle, 2000; Jaccard and
Galbraith, 2012; Tang et al., 2022), ti.~ thermocline water oxygenation could provide a better
understanding of the biological pump =ficiency and renewal of ocean circulation in the upper
water column, but its applicaticn was rare. This may be due to the lack of paleoceanographic
proxies that could trace *i.c aissolved O> in the thermocline of the low-latitude Pacific. The
relative abundance o, thermocline-dwelling Globorotalia menardii, Pulleniatina
obliquiloculata, and Globorotalia tumida can reconstruct the dissolved O> in low-latitude
thermocline (Sexton et al., 2011). All three species spend most of their life cycle within the
thermocline. G. menardii and P. obliquiloculata occur in greatest abundance in the middle to
upper thermocline, while G. tumida 1s found within the lower thermocline (Curry et al., 1982;
Fairbanks et al., 1980; Fairbanks et al., 1982; Faul et al., 2000; Ravelo and Fairbanks, 1992;

Watkins et al., 1998). The abundance patterns of these three thermocline-dwelling species



could be used to track moderately low oxygen concentrations globally in their thermocline
habitat (Sexton et al., 2011). Several specific concordances between the species abundance
patterns, oxygen concentrations, based on the sediment core-top database (Prell et al., 1999)
and seawater oxygen concentrations (Sexton et al., 2011), support an oxygen control on these
species' biogeographical distribution. The correlation between foraminifer abundance and
oxygen is driven by an oxygen (or nutrient) control on the abundance of phytoplankton (e.g.,
diatoms, dinoflagellates), an important component of their di.. Hemleben et al., 2012). One
possible link between oxygen and food supply could be tha . in egions with a poorly ventilated
thermocline, the euphotic zone should have higher concen ‘rations of nutrients (via entrainment
and upward mixing from the underlying thermocur ), fueling the production of phytoplankton
(Sexton et al., 2011). Furthermore, recuc>d oxygen availability in a poorly ventilated
thermocline (Wyrtki, 1962) should in.1bit the thermocline remineralization of phytoplankton
organic matter raining down from the ev.photic zone, thereby encouraging the build-up of the
food supply of these foraminife. species and consequent increase in relative abundance (Sexton

etal., 2011).

The oxygenation of tropical Pacific thermocline remains scarcely investigated, and the physical
and biological processes controlling it are still poorly understood. This pattern is controlled by
gas exchange with the atmosphere at the surface and the mixing with the thermocline,
transportation by the general circulation patterns in Oz-rich water, and in situ thermocline
remineralization of phytoplankton organic matter raining down from the euphotic zone. On the

other hand, the ventilation state of the thermocline throughout the modern low-latitude oceans



is largely dictated by the ventilation state of its higher-latitude source waters (Sarmiento et al.,
2004; Toggweiler et al., 1991), a low-latitude Pacific thermocline capable of receiving SO and
North Pacific signals during G-IG cycles would be expected. Furthermore, the Western
Tropical Pacific (WTP) thermocline with significant carbon isotope minimum events in glacial
terminations (Chen et al., 2011) has the potential to trace the advection of AAIW into low
latitudes. However, whether AAIW or NPIW contributes more to the physical ventilation

processes in the equatorial Pacific thermocline remains unkncw. .

Here, we present a proxy time-series of the WTP thermc xline oxygenation variation over the
last 700 kyr, using the population of thermocline avselling G. menardii, P. obliquiloculata, and
G. tumida extracted from the Calypso Cr.e ML 26-3047. Altogether, the combination of our
faunal results with other proxy data e.~ables tne establishment of coherent paleoceanographic
scenarios. Furthermore, it provides clt es for the physical and biological control of low-latitude

thermocline ventilation.

Material and | 1ethods

The Calypso Core MD06-3047, 890 cm in length, was retrieved on the Benham Rise of the
western Philippine Basin (17°00.44'N, 124°47.93'E) (Fig. 1A) by the Chinese-French joint
cruise MARCO POLO 2/IMAGES XIV in 2006. The core was recovered from a depth of 2510
m, where it was bathed in Pacific Deep Water, a water mass whose chemical characteristics are

acquired within the SO and the North Pacific (Stott et al., 2007). The bottom water is located



beneath the 27.6 kg m™ isopycnal surface, which roughly divides the Upper Cell and the Lower
Cell of the global meridional overturning circulation (Marshall et al., 2012). There, the
subsurface thermocline waters are thought to be strongly influenced by AAIW and partially by
NPIW (Tsuchiya et al., 1989). The sediment core mainly comprises yellow-brown silty clay
with no evidence of turbidities or mass redeposition. A detailed description of the geological
setting (e.g., topography, ocean currents, and winds) in the Philippine Sea was reported by Xu
et al. (2008, 2012) and Wan et al. (2012). The Benham Rise i< a. oceanic plateau that formed
along the Central Basin Ridge at 45-50 Ma (Hilde and 1 ee, 1984). The core site is located
about 240 km east of Luzon. A subtropical East Asiar mo. soonal climate dominates the region

of Luzon (Liu et al., 2009).

The core was subsampled at 2 cm inicrvals, and 445 samples were prepared for analysis. The
dry weight of these samples was dete ‘mined and divided by the wet volume of the sample to
obtain the dry bulk density, wt.~h had been measured by Xu et al. (2015). After being dried at
50°C, each sample (5 g ., wuight) was treated with 5% H202 and washed through a 63 um
sieve to recover the foiaminiferal tests. All foraminiferal specimens were counted and
identified from the dried residues. At least 300 planktonic and benthic foraminifera tests were

counted in each sample.

To assess the dissolution effect, we calculated the relative abundance of the resistant species
(RSP) (Cullen, 1981):Neogloboquadrina dutertrei, G. menardii, P. obliquiloculata,

Neogloboquadrina pachyderma, Globorotalia truncatulinoides, Globorotalia inflata,



Sphaeroidinella dehiscens, Turborotalita humilis, G. tumida, Globorotalia crassaformis

(Berger, 1975).

Results and discussion

1. Chronological framework

The chronological framework of core MD06-3047 was ob aine 1 by graphically comparing the
benthic foraminifera Cibicidoides wuellerstorfi $*8Q cur.e from this core (Tang et al., 2013)
with that of the LR04 580 stack (Lisiecki and a,mo, 2005) and also upon consideration of
the last appearance datum of G. ruber (p.nk). 172e last appearance datum of G. ruber (pink)
appeared at a depth of 160 cm, with a :nown age of 120 ka B.P. (Thompson et al., 1979). Based
on this chronology, the period of seair e 1t accumulation spans marine isotope stages (MIS) 1-

17 and thus potentially records .he paleoceanographic history of the WTP over the last 700 kyr

(Fig. 2).

2. Dissolved O2in WTP thermocline and its controlling factors

2.1 Dissolved Oz variation in WTP thermocline during G-IG cycles



The relative abundance of specific foraminifera species is influenced by both the ecological
conditions of the water above and the extent of post-depositional differential dissolution
between species (Berger et al., 1976). This post-depositional dissolution process results in an
enrichment of RSP and may impact the accurate assessment of the relative abundance of three
thermocline species (P. obliquiloculata, G. menardii, G. tumida). In order to minimize the
effects of post-depositional dissolution, we employed normative calculations to determine the
relative abundance of these thermocline species in RSF (P obliquiloculata/RSP, G.
menardii/RSP, G. tumida/RSP and the thermocline species stac /RSP). Since these species are
part of the RSP, which serves as an indicator of po<t-de yositional dissolution (Cullen et al.,
1981), our calculations assume that their relative a,undance in RSP remains constant once the

foraminiferal shells are deposited on the <:ai"00:.

As a reliable tracer of moderatelv lo v J)xygen concentrations in their habitat from upper to
lower thermocline (Sexton . al., 2011), the relative abundances of G. menardii, P.
obliquiloculata, and G. t..."'aa in RSP show significant periodicity in the G-IG cycles (Fig.
3B-D). To remove intersy ecific differences and to obtain the entire thermocline oxygenation
state, we calculated the stacked data on the relative abundance of these three thermocline
species (Fig. 3E). The thermocline species stack is obtained by summing the relative
abundances of three thermocline species. Leveraging the high consistency among the three
relative abundances and clearer trends in the stacked data (Fig. 3B-D and E), we used the
relative abundance of the three thermocline species stack/RSP as a proxy for the evolution of

thermocline oxygenation (TO) conditions. Higher relative abundance values are indicative of



reduced TO, whereas lower values suggest elevated TO (Cullen et al., 1981; Sexton et al.,
2011). In most glacial periods, the TO gradually enhanced; after the ice age terminations the
TO developed a dome-like peak, afterwhich the oxygen levels quickly decreased during the
interglacial period (Fig. 3). In each glacial Termination, the significant thermocline-dwelling
species minimum events (TMESs) characterized by very low relative abundance of thermocline-
dwelling species, reflect the remarkably enhanced oxygenation of the thermocline and the

associated ventilation.

2.2 Controlling factors

The oxygenation of the WTP thermocli e i, mainly controlled by several factors related to
physical and biological processes that i1osoectively determine the supply and consumption of

dissolved O,. These factors are:

1) Physical factors

A. Oz could be suppiteu Yy vertical mixing related to air-sea exchange and mixing in the water
column. The depth of the thermocline (DOT) record could provide the vertical mixing state of
the thermocline with the water column. A shallower depth of the thermocline indicates a
strengthening of upper water mixing; however, thermocline deepening limits migration of O>
from the surface to thermocline water mass, resulting in lower dissolved O supplied by vertical
mixing in the thermocline (Turk et al., 2001; Feely et al., 2002; Xiong et al., 2022; Guo et al.,

2022).



B. Oz could be replenished by the advection of dissolved O-rich AAIW and NPIW to the low-
latitude thermocline. As the most important source of dissolved O in global subsurface water,
AAIW could propagate the O»-rich signal to the low-latitude thermocline by SO ventilation
and AAIW advection (Russell and Dickson, 2003; Spero et al., 2002; Anderson et al., 2009). In
addition, the Oz-rich NPIW could also contribute to the oxygenation of the low-latitude

thermocline (Bostock et al., 2010).

C. Under usual atmospheric pressure conditions, seawater dissolved O saturation
concentration varies with the water temperature. The ei.*2, the lower thermocline water
temperature could contribute to increased dissolve. O, concentration in the low-latitude

thermocline.

2) Biological factors
O could be consumed by the rer~inerclization of concentrate-sinking organic matter due to the

density discontinuities found ac.ss thermoclines (Karstensen et al., 2008).

To verify the contribution of these potential controlling factors to thermocline oxygenation, we
compared their variation trends in G—IG cycles. In most glacial periods, the TO gradually
enhanced; after the ice age terminations/TMEs with the dome-like oxygenation peaks, the TO
quickly decreased during the interglacial period (Fig. 4B). During the same variation cycles,
the depth of the thermocline becomes deeper and then shallower, and the thermocline water

temperature rises and then falls. These conditions indicate that both vertical mixing and oxygen



solubility contribute negatively to the variation of thermocline oxygenation in factors (1A) and
(1C) (Fig. 4C, D). This also implies that the other controlling factors contribute enough to the

thermocline oxygenation to cover the negative contributions of the factors mentioned above.

Subsequently, we examined the control of dissolved Oz-rich AAIW and NPIW advection (in
factor 1B) on thermocline oxygenation in the WTP. In G-IG cycles, the progressive enhanced
TO (Fig. 5) corresponds to a gradually enhanced SO upwellins as recorded by biogenic opal
and the accumulation rate in EPICA Dome C (Tang et al., 20. 6). . {owever, after the optimum
oxygenation during the Terminations/TMEs, the TO ard 2~ upwelling decline rapidly and
synchronously during interglacials (Fig. 5). This imp..=s 4 significant positive contribution of
AAIW advection to the variation of thermoc.‘re jxygenation in the WTP during glacial

terminations.

However, it is important to examine . he.er NPIW can also significantly affect thermocline
oxygenation and AAIW. Althou:h the ventilated NPIW and AAIW are similarly enriched in
oxygen, the inorganic carbon isc *opes of their water masses are different. When formation and
ventilation are enhan_~d, ~srecially during deglaciation/TMEs, :3C becomes relatively more
depleted in AAIW and more enriched in NPIW (Spero et al., 2002; Shao et al., 2020; Max et
al., 2017; Zou et al., 2020). During G-1G cycles, the enhanced oxygenation and the decrease
in 8°C of the WTP thermocline varied roughly synchronously (Fig. 4E). During the deglacial
periods/TMEs with optimum oxygenation, the §'C in the thermocline is more depleted,
coinciding with the carbon isotope minimum events reflecting the enhanced ventilation in the
SO (Fig. 4E; Andersen et al., 2009; Shao et al., 2020). Moreover, the low productivity during

the deglacial periods/TMEs does not provide evidence to support the notion that the NPIW



(Fig. 4F), which has higher nutrient content in comparison to AAIW (Rippert et al., 2017), is
the primary water-mass advection to the WTP thermocline. However, during glacial periods
characterized by a weakened TO in the WTP, the AAIW experienced a decrease in strength,
whereas the NPIW was enhanced (Fig. 5B,C; Andersen et al., 2009; Pichevin et al., 2009; Max
et al.,, 2017). Althogh the AAIW and NPIW are similarly oxygen-enriched, the enhanced
contribution of more nutrient-rich NPIW can provide a greater supply of nutrients to the WTP
thermocline, leading to increased O> consumption and decreased 19 in the glacial WTP (see
next paragraph for detailed discussion). Therefore, the rela tve « ontribution seesaw of southern
and northern intermediate waters has a notable impict «n the TO in the WTP during G-IG
cycles, similar to the thermocline water character:si.cs in the eastern equatorial Pacific (Rippert

etal., 2017; Max et al., 2017).

The higher export production i1 v e glacial WTP (as recorded by variations in the product of
total organic carbon and mcss ¢ ccumulate rate) (Fig. 4F; Xu et al., 2015) implies that more
organic matter was ielcseu from the euphotic zone, leading to an enhanced O2 consumption
in the thermocline. This is consistent with the assumptions in factor (3). The enhanced supply
of nutrients caused by the increased contribution of more nutrient-rich NPIW entering the WTP
thermocline, could contribute to the enhanced productivity in the glacial WTP (Fig. 4E).
Furthermore, the tight correlation between variations in the dust supply and export production
indicates an dust-affected O consumption in the WTP thermocline (Fig. 4F, G; Xu et al., 2015).

The enhanced iron-bearing dust inputs to the WTP caused by the strengthened winter monsoon



winds/Westerlies and increased aridity in Central Asia during glacial periods (Fig. 4G; Wan et
al., 2012; Xuetal., 2012, 2015), might stimulate nutrient utilization and phytoplankton growth
and thus enhanced O, consumption (Fig. 4F; Xiong et al., 2013; Xu et al., 2015). The records
from the eastern and central equatorial Pacific suggest that the productivity of these areas is
influenced by the upwelling of water from Equatorial Undercurrent containing dissolved iron,
rather than by wind-borne dust (Winkler et al., 2016; Jacobel et al., 2019). However, in the
western part of the equatorial Pacific, where the WTP is clsc” v the Asian continent and
further away from the upwelling of the eastern equatorial ’aciic, the source of dissolved iron
in the upper water may vary compared to the central and e. stern equatorial Pacific. Irrespective
of the origin of dissolved iron in the WTP, en'ia.ced productivity during glacial periods is
frequently linked to elevated oxygen consun ntiun and reduced dissolve O in thermocline. In
contrast, during deglacial and interglaial periods, the inverse pattern is observed. We suggest
the remote physical process of lateral () supply (dominated by SO ventilation and AAIW, with
a minor contribution of NPIW) ~nd wne local biological process of O> consumption (by organic
biological productivity, u>ternined by iron supply and NPIW-driven nutrient supply)

synergistically control the WTP thermocline oxygenation.

2.3 The deglacial dissolved Oz peaks in the WTP thermocline

The three thermocline-dwelling species' population of core MD06-3047 is characterized by

pronounced collapse during each glacial Termination (Fig. 5B), as previously mentioned TMEs,



indicating peaks in dissolved O, concentration. The significant deglacial dissolved O peaks in
the WTP thermocline resemble the carbon isotope minimum events in planktonic foraminiferas
that are found in the equatorial Pacific (Spero et al., 2002; Pena et al., 2008; Chen et al., 2011)
as well as in the high- and mid-Ilatitude SO (Ninnemann et al., 2002; Ziegler et al., 2013). The
consistency of TME dissolved O peaks and the carbon isotope minimum events emphasizes
the migration of O and nutrient-laden waters to the low-latitude thermocline by intensive SO
upwelling and AAIW propagation (Spero et al., 2002; Andersc ot a., 2009). If the controlling
factors proposed in the previous section are truly valid to *xpl..in the significant dissolved O>
peaks in the WTP thermocline, the deglacial vicorocs SO ventilation and low export
productivity would be expected. The most comyeir.ng support for our hypothesis comes from

the opal peaks (Fig. 5C) and low export p’ou Icucn (Fig. 4F) during each Termination.

Conversely, Oz solubility and verticz' m.xing contribute negatively to the TO peaks during
deglacial TMEs (Fig. 4C, D). From u 2 above, SO ventilation-dominated lateral Oz advection
and organic biological produc.vity control the supply and consumption process through a
synergy of physical ~nu biciogical processes, hence driving the dissolved Oz in the WTP

thermocline.

3. Role of SO ventilation in dissolved O, variation of the WTP thermocline

The co-variation of SO ventilation and organic biological productivity highlights our

understanding of the joint control of physical and biological processes on dissolved Oz in the



WTP thermocline. However, it remains to be shown whether the observed G—IG dissolved O>
resulted primarily from export productivity or SO ventilation. Here, we explored the primary
controlling factor in the context of the synchronization of periodic evolution. Dissolved O has
a cyclical variation that corresponds approximately to the G—IG cycles. After MIS 13, the start
and end points of each TO decline and rise cycle (Fig. 5B) are surprisingly synchronous with
the attenuation and enhancement period of the SO ventilation directly indicated by the biogenic
opal (Fig. 5C; Tang et al., 2016). In the cycles before MIS 13, 4 *he EDC accumulation rate is
not a direct proxy for SO ventilation, the synchronicity w s st Il apparent, but the correlation
is weaker (Fig. 5D; WAIS, 2013). However, this remarkble synchronicity did not appear in
the export productivity records (Fig. 4F; Xu et a-., 2015). In addition, as the trigger of the
bipolar-seesaw mechanism (Stocker et al. 2u)3), *he synchroneity of North Atlantic freshwater
injection and dissolved O variation :/cles provided a more robust support to the role of SO

ventilation (Fig. 5E, F; Barker et al., Z075; Wright et al., 2002;).

The primary physical cort 2! v dissolved Oz in the WTP thermocline will likely be embodied
in a longer time scale. Tt.2 "lukewarm™ interglacials (MIS 13 to 19) and the subsequent mid-
Brunhes climatic shift (MIS 12/11 transition) could provide the ideal scenario to test our
hypothesis (Jansen et al., 1986). The lukewarm interglacials are characterized by a reduced
amplitude of the lower atmospheric pCO2 records and a cooler climate (Fig. 5A; Luthi et al.,
2008; Jouzel et al., 2007; Lisiecki & Raymo, 2005). The muting of the pCO. increase during
the lukewarm interglacials might have been linked to a reduced dynamic range of Antarctic

overturning, thereby with a weaker SO upwelling than in more recent interglacials (Fig. 5C, D;



Russell et al., 2006; Jaccard et al., 2010, 2013). If the dissolved O in the WTP thermocline is
primarily controlled by SO upwelling, the deglacial maximum dissolved O should be higher
than the succeeding Terminations. The synchronous shift of the deglacial maximum in SO
upwelling, pCO., and the dissolved O from the lukewarm to more recent interglacials (Fig. 5),
strongly suggests a robust sensitivity of dissolved O in the WTP thermocline to SO physical

processes.

We suggest that the physical processes (advection and late val ()2 supply) were more vital than
the biological process (export productivity), primaril\. coi *trolling the dissolved Oz in the WTP
thermocline during G-IG cycles, especially at gi-.cial terminations. An enhanced supply of
southern sourced Oz-rich water drove *iie siyrificant dissolved Oz peaks during glacial
terminations (Fig. 5B, C). Evidence v.th other features of AAIW also indicates the increased
SO upwelling and AAIW advect n into the low-latitude thermocline during glacial
terminations, such as A*C rec.vd from the southeast Pacific (Siani et al., 2013), opal peaks at
low-latitudes (Hendry et .. 2312; Meckler et al., 2013), Nd isotope record from the Tobago
Basin and East Equatoriai Pacific (Pahnke et al., 2008; Pena et al., 2013), widespread minimum
in 83C of tropical planktonic foraminifera (Spero et al., 2002), and the &3C record of
atmospheric CO- derived from the Taylor Dome ice core (Smith et al., 1999). These records
have been interpreted to represent an enhanced SO ventilation and southern sourced O supply
to support the "deglacial ventilation hypothesis™ (Anderson et al., 2009; Martinez-Boti et al.,
2015). In addition to SO ventilation, geochemical proxies and model results suggest that

enhanced deglacial NPIW formation could transport more dissolved O» to the WTP



thermocline (Zou et al., 2020; Menviel et al., 2018). Furthermore, our deglacial dissolved O>
peaks, consistent with the deglacial ventilation hypothesis, follow the deep-water carbonate ion

concentration reconstruction from the same core (Qin et al., 2018).

The SO ventilation has the potential to primarily control the dissolved O; in the WTP
thermocline during G—IG cycles, especially at glacial terminations. For example, freshwater
injection owing to the North Atlantic/Arctic ice sheet retreaf, s.'oported by ice-rafted debris
record in the North Atlantic (Fig.5; Barker et al., 2015; Wrinht et al., 2002), induced a cessation
of the Atlantic meridional overturning circulation (Znan,* et al., 2013). This process and the
Antarctic local orbital forcing (Laepple et al., 271 .; WAIS, 2013) might together trigger sea-
ice decline (Wolff et al., 2006; Stephens e’ a1. 2020) and a southward movement/enhancement
of the Southern Hemisphere westerhos (Fig. 5D; Law et al., 2008; Toggweiler et al., 2008;
Govin et al., 2009; Anderson et al. 2CN¢), which enhanced the SO upwelling (Anderson et al.,
2009; Marshall et al., 2012). S.muhaneously, the Atlantic meridional overturning circulation

cessation could enhance "7 formation (Zou et al., 2020; Menviel et al., 2018).

Consequently, improved ventilation in the southern/northern higher-latitude water masses

could lead to the Oz-rich water upwelling and feeding the WTP thermocline. We conclude that

AAIW advection dominates these physical processes with a minor contribution from the NPIW.

4. Large-amplitude variation in dissolved O, during MIS 13 to 11



The most significant characteristic in the WTP TO during the last 700 kyr is the largest
amplitude variations during MIS 13-11, the value of which rose from minimum to maximum
(Fig. 5B). MIS 13 was the weakest interglacial of the last 800 kyr (Lang & Wolff, 2011,
PAGES, 2016), with cooler Antarctic temperatures (Jouzel et al., 2007), more SO sea-ice cover
(Wolff et al., 2006), a northward movement/weakening of the Southern Hemisphere westerlies
(Fig. 5D; WAIS, 2013), and lower CO. and CH4 concentrations than those recorded in the
preceding and subsequent interglacials (Loulergue et al., 2008; L 'tn. et al., 2008). Our records
imply that a weaker SO ventilation during MIS 13, associa ed v 'ith a weaker interglacial/lower
pCO:2 (Fig. 5), may partially explain the relativel. lo./ dissolved O, to the low-latitude

thermocline.

Subsequently, the reconstructed dissc.'ved O> reached its maximum during the early part of
MIS 11 following the largest amplituc = variation during the last 700 kyr (Fig. 5B). This period
covered the mid-Brunhes clin.ctic shift as a major step change in global climate conditions
(Droxler et al., 2003), cz..>medng the transition from the lukewarm interglacials to recent
interglacials. In MIS 11, itmospheric pCO> reached ~280 ppmv, for the first time, from the
previous interglacials below 260 ppmv (Luthi et al., 2008). The dome-like high atmospheric
pCO2 caused MIS 11 to have an unusually long and strong interglacial period (Droxler et al.,
2003). The largest amplitude increase of the dissolved O, from minimum to maximum, closely
related to the SO ventilation, corresponds to the climate transition covering the mid-Brunhes

climatic shift. This may imply significant changes in the SO process, which requires further



confirmation with longer records of SO ventilation with direct proxies, as current records are

no older than the mid-Brunhes.

The TO decreased rapidly after reaching the maxima during early MIS 11, to a very low value
at ~390 ka B.P. (Fig. 5B). Simultaneously, the widespread carbonate dissolution during the
mid-Brunhes dissolution interval is best explained by an increase in pelagic carbonate
production due to coccolithophore blooms (Barker et al., 2006, . qyering an increased organic
carbon export flux owing to the ballast mineral effect. At he <ame time, the rapid weakening
of SO ventilation and increased export productivity coulu explain the low value of oxygen via
combined physical and biological processes (Fig 47, 5C). The increased organic carbon export
supports the explanation from Barker et wu. 20C5); in addition, the establishment of the SO

stratification would benefit CO2 sequ.~tration in deep carbon reservoirs.

The consistent and simultaneo.~ uramatic increments during MIS 13 to 11 and the following
low oxygenation du-ing th. mid-Brunhes dissolution interval, support a close coupling
between the global mid-Brunhes climatic shift scenario of SO ventilation and tropical

thermocline oxygenation.

Conclusions
We reconstructed the dissolved O levels in the Western Tropical Pacific (WTP) thermocline
during the last 700 kyr using the relative abundance of the thermocline species/resistant species

stack extracted from Core MD06-3047. Our results yielded the following conclusions:



(1) The dissolved O2 in the WTP thermocline shows significant periodicity during glacial—
interglacial cycles over the last 700 kyr. In most glacial periods, the thermocline oxygenation
became gradually enhanced. During glacial terminations, the significant relative abundance of
thermocline-dwelling species minimum events reflect the remarkably dome-like enhanced

oxygenation of the thermocline.

(2) The remote physical process of lateral O, advection (¢ omiated by Southern Ocean (SO)
ventilation and Antarctic Intermediate Water advect.on, with a minor contribution of North
Pacific Intermediate Water (NPIW)) and the lor.a) biological process of O consumption (by
organic biological productivity, determinsd vy uon supply and NPIW-driven nutrient supply)
may together control the WTP thimocline oxygenation on glacial-interglacial cycles.
Furthermore, the surprisingly synchor.ous co-variation indicates that SO ventilation and
Antarctic Intermediate Water a.vection have the potential to primarily control the dissolved O

in the WTP thermocline ~.. ~lacial-interglacial cycles, especially during glacial terminations.

(3) The consistent and simultaneous dramatic increments during MI1S13-11 transiton and each
deglacial period, and the very low oxygenation during the mid-Brunhes dissolution interval,
provide robust support for a close coupling between the global (mid-Brunhes) climatic shift

scenario of SO ventilation and WTP thermocline oxygenation.
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Fig. 1. Spatial variations in modern ocean oxygen concentrations and core location. (A) Map of the study core and the section

location; (B) [O2] (contours, in umol/kg) in a meridional transect across the Parii. Ocean (Garcia et al., 2019). The red

shaded line in (A) broadly represents the section location in (B). White ari »ws 11 (B) denote the general pathways of the

overturning circuit. PDW: Pacific Deep Water; AABW: Antarctic Rottor, Water; AAIW: Antarctic Intermediate Water;

NPIW: North Pacific Intermediate Water. Core MDO06-3047 (wt.ite ircle) is located in the tropical Western Pacific. The map

was created using the Ocean Data View software (Sch'’wze. 20.7).
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Fig. 2. Age model for core MD06-~047 (Tang et al., 2013), obtained by graphical comparison between the

8'80 record of epibenthic foran ‘nife « Cibicidoides wuellerstorfi and the stacked global benthic LR04 §'%0

record (Lisiecki and Ravme 200 3), with additional refinement based on the last appearance datum (LAD)

of Globigerinoides ruber (pir <). Green stars represent oxygen-isotope events, and the black arrow indicates

the LAD of G. ruber (pink).
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Fig. 3. (A) Record of stacked global benthic LR04 &80 (Lisiecki and Raymo, 2005). (B)—(E) The normative relative
abundance of P. obliquiloculata/resistant species (RSP), G. menardii/RSP, G. tumida/RSP, and the three thermocline species
stack/RSP (thermocline oxygenation, TO) from core MD06-3047. The lines are the three-point running average in (B)-(D).
The performed normalization calculations could minimize the effects of post-depositional dissolution. Grey shadings indicate
interglacial periods; green shadings indicate deglacial periods / thermocline-dwelling species minimum events, characterized
by very low relative abundance of thermocline-dwelling species, reflect the remarkably enhanced thermocline oxygenation.

The arrow and plus signs indicates the direction of the enhanced process.
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Fig. 4. (A) Record of stacked global benthic LR04 580 (Lisiecki and Raymo, 2005). (B) The normative relative abundance

of stacked thermocline species / resistant species (thermocline oxygenation, TO) from core MD06-3047. (C) Depth of

thermocline (DOT) from core MDO06-3047 (Tang et al., 2013). The green line is the three-point running average. (D) The

thermocline water temperature (TWT) from core MD06-3047B is at the same location as the study core (Jia et al., 2020). (E)

813C of P. obliquiloculata from core MD06-3047B (Jia et al., 2015). (F-G) MARs of total organic carbon (TOC) and eolian

dust from core MD06-3047 (Xu et al., 2015). Grey shadings indicate interglacial periods; green shadings indicate deglacial

periods / thermocline-dwelling species minimum events, characterized by very low relative abundance of thermocline-
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dwelling species, reflect the remarkably enhanced thermocline oxygenation. Arrows and plus signs indicate the direction of

enhancement of various processes.
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Fig. 5. (A) pCOz2 record fre ~ E+ '*CA Dome C (EDC) (Siegenthaler et al., 2005). (B) The normative relative abundance of

stacked thermocline species / resistant species (Thermocline Oxygenation, TO) from core MD06-3047. The blue line is the

three-point running average. (C) Biogenic opal from core ANT29/P1-03, located in the Antarctic Zone of the Southern Indian

Ocean (Tang et al., 2016). (D) Accumulation rate at EPICA Dome C (EDC) (Bazin et al., 2013). Ice-rafted debris (IRD) record

from (E) ODP site 983 (McManus et al., 1999) and (F) ODP site 980 (Barker et al., 2015) in the northern Atlantic. The gradual

red and blue shadings indicate the periodic higher and lower values in dissolved Oz in the Western Tropical Pacific thermocline

during glacial-interglacial cycles, respectively. The green shading curve shows the different interglacial states before and after

MIS13. Red dashed frames indicate deglacial periods / thermocline-dwelling species minimum events, characterized by very
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low relative abundance of thermocline-dwelling species, reflect the remarkably enhanced thermocline oxygenation. Arrows

and plus signs indicate the direction of enhancement of various processes.
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Highlights:
® During glacial terminations, significant thermocline-dwelling species minimum events
and dome-like enhanced oxygenation in the Western Tropical Pacific (WTP) thermocline

have existed since at least ~700 ka.

® The remote physical (advection of oxygenated high latitude intermediate water) and the
local biological (high productivity) processes may togeu.or control WTP thermocline

oxygenation on glacial-interglacial cycles.

® Southern Ocean ventilation and the WTP treraocline oxygenation have a close coupling

in global (mid-Brunhes) climatic shif’. sc2na.:o.



