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Abstract We have generated an early Pleistocene benthic isotopic record for the Ocean Drilling Program
Site 807 (2804m) from the western equatorial Pacific. Between 2.4 and 1.7Ma, the benthic δ13C of this site
and a few other deep Pacific sites was consistently higher than the Southern Ocean Site MV0502-4JC
(4286m), pointing to a reversal relative to the current gradient and hence implying a different circulation
regime. We reconstructed the deepwater mass distribution of this interval by using a collection of benthic
isotope records from 15 Pacific and 10 Atlantic sites and a δ13C-δ18O mixing model. A two-end-member
mixing regime between the North Atlantic DeepWater (NADW) and the Antarctic BottomWater (AABW), with
properties very different from today, was identified. The Southern Ocean showed strong signs of stratification
and AABW with low benthic δ13C, but high δ18O values reached out to other basins only below ~4000m.
In contrast, NADW ventilated most of the ocean interior, contributing ~70% to the Pacific Deep Water
volumetrically. Our model results also reveal a strong remineralization effect at the bottom sites of the Pacific
and the Atlantic, suggesting significant accumulation of respired carbon in the bottom water between 2.4
and 1.7Ma. We propose that such a circulation pattern was initiated by the reversal of salinity gradient
between AABW and NADW from 3.0 to 2.4Ma, possibly linked to Antarctic sea ice expansion and reduced
southward heat transport during the onset of Northern Hemisphere Glaciation.

1. Introduction

Deep water circulation, because of its significant impact on the global distributions of heat, carbon, and nutri-
ents, is featured in a prominent role in paleoclimate research. Previous studies have extensively documented
its regime shifts on different time scales in the late Pleistocene, and how such shifts were related to global
climate change, such as the abrupt climate events on millennial time scale and the variation of atmospheric
CO2 level on orbital time scale [e.g., Broecker, 1997, 2003; Clark et al., 2002; Knox and McElroy, 1984; Rahmstorf,
2002; Sarmiento and Toggweiler, 1984; Siegenthaler and Wenk, 1984; Sigman and Boyle, 2000]. In contrast, rela-
tively less is known about what the circulation regime was and what role it played during the Plio-Pleistocene
climate transition, which saw the onset of Northern Hemisphere Glaciation (NHG) [Fedorov et al., 2013; Mix
et al., 1995b; Mudelsee and Raymo, 2005; Raymo, 1994; Sarnthein et al., 2009]. It has been demonstrated that
during this transition middle- and high-latitude sea surface and bottom water temperature (SST and BWT)
declined worldwide, zonal and meridional gradients of SST built up in the Pacific, Hadley and Walker circula-
tion strengthened, coastal and equatorial upwelling system intensified, the level of atmospheric CO2

dropped, and the subpolar North Pacific and the Southern Ocean became stratified [Bartoli et al., 2011;
Brierley and Fedorov, 2010; Etourneau et al., 2010; Fedorov et al., 2013; Haug et al., 1999; Sigman et al., 2004;
Wara et al., 2005]. Accompanying these atmospheric and surface ocean trends was the reconfiguration of
deep ocean circulation [Raymo, 1994; Raymo et al., 1992, 1990, 1989], one prominent aspect of which was
indicated by the excursion of deep (>3500m) Southern Ocean benthic δ13C toward lower values, tradition-
ally interpreted as the result of the suppression of NADW or the isolation of Southern Ocean deepwater
masses [Hodell and Venz-Curtis, 2006; Raymo et al., 1992; Venz and Hodell, 2002; Waddell et al., 2009].

An example of this negative excursion was that between 2.7 and 1.55Ma the benthic δ13C of Southern Ocean
Ocean Drilling Program (ODP) Site 1090 (3702m) approached, though rarely dropped below, the Pacific Site
849 (3851m) [Hodell and Venz-Curtis, 2006]. Moreover, when comparing a deeper Southern Ocean site
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MV0502-4JC (4286m) [Waddell et al., 2009] with a shallower Pacific Site 806 (2520m) [Bickert et al., 1997; Karas
et al., 2009], which presumably are situated at better depth ranges to represent their respective water masses
(Antarctic Bottom Water (AABW) and Pacific Deep Water (PDW)), we find this negative excursion culminated
in the benthic δ13C of AABW being consistently lower than PDW between 2.4 and 1.7Ma for ~0.7Ma (Figure 1).
The drop of deep Southern Ocean benthic δ13C below the Pacific value is not uncommon during the late
Pleistocene glacial maxima [e.g., Lisiecki, 2010] and is usually considered to reflect poor ventilation of the deep
Southern Ocean [Hodell et al., 2003a]. However, it has not been documented before in the Plio-Pleistocene
climate history that such a situation could last so long and exist regardless of glacial-interglacial cycles. In this
study, we reconstruct the global deepwater circulation regime of this interval (2.4–1.7Ma) and investigate what
initiated this circulation pattern and how it was related to the onset of NHG. Our method is using a collection of
benthic stable carbon and oxygen isotope data from 25 sites globally and a δ13C-δ18O mixing model to map
deepwater mass distribution.

2. Materials and Methods
2.1. Site Selection

Only sites from studies that primarily use Cibicidoides for stable isotope analyses in the 2.4–1.7Ma interval are
selected. One exception is made because this deep Pacific site (V28-179, 4509m) is geographically important
in filling the gaps of water mass distribution (Figure 2). We also prefer open ocean sites, but to close vertical
gaps we do include sites from the marginal basins, and they are used to represent open ocean conditions at
their respective sill depths if they are beneath such depth levels. In summary, there are 11 North and
Equatorial Pacific sites, 7 North and Equatorial Atlantic sites, and 7 South Pacific and South Atlantic sites in
the collection. Among them only one is not based on Cibicidoides and four are from the marginal seas (three
from the South China Sea (SCS) and two of which are beneath the sill depth; another one is from the
Caribbean Sea). The circumpolar nature of the Southern Ocean water masses makes it reasonable to group
the South Atlantic and South Pacific sites together, the validity of which will be further discussed in
section 3.1.1. Site information and references are listed in Table 1, and site map can be found in Figure 2.
A brief introduction to these sites is included in Text S1 in the supporting information (Bickert et al. [1997],
Haug and Tiedemann [1998], Hodell and Venz-Curtis [2006], MacCready et al. [1999], Mix et al. [1995a], Wang
and Li [2009], and references in Table 1). It is useful to mention that by 2.5Ma the Central American
Seaway had been fully closed [Sarnthein et al., 2009], and this is the last major tectonic event that might have
affected the configuration of global deepwater circulation.

2.2. Benthic Isotopes

Along with this suite of sites we also produced a new benthic isotopic record from ODP Site 807 located on
the Ontong Java Plateau. Sediments from Site 807 Hole A were sampled at 5–10 cm intervals for the early

Figure 1. Comparison of benthic δ13C record of Southern Ocean Site MV0502-4JC [Waddell et al., 2009] with Pacific Sites
807 (this study) and 806 [Bickert et al., 1997; Karas et al., 2009].
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Pleistocene based on a published agemodel [Jin et al., 2011]. Isotopic analyses were conducted on 2–7 speci-
mens of Cibicidoides wuellerstorfi in the >154μm size fraction. Analyses were conducted at the State Key
Laboratory of Marine Geology at Tongji University on a Finnigan MAT 252 Mass Spectrometer (Kiel II), and
the results were reported relative to the Pee Dee belemnite (PDB) standard. Analytical precision, based on
the laboratory’s replicate measurements of the NBS19 standard, was ±0.07‰ for δ18O and ±0.04‰ for
δ13C (1σ). Coupled measurements of the δ13C of dissolved inorganic carbon (δ13CDIC) and core top C. wueller-
storfi samples suggested this species “faithfully records bottom water δ13C” at the Ontong Java Plateau
[McCorkle and Keigwin, 1994].

V28-179 is the only site in which the benthic species used was not Cibicidoides but Globocassidulina subglo-
bosa. We add 0.5‰ to its δ13C and subtract 0.1‰ from its δ18O according to the isotopic adjustment factors
in Shackleton and Hall [1984]. For all the other sites, non-Cibicidoides data are excluded. The δ18O data of

Figure 2. (a) Site locations andmodernmeridional distributions of δ13CDIC and salinity in the (b and d) Pacific and (c and e) Atlantic Ocean. The δ13CDIC data are from
Schmittner et al. [2013] and salinity data from GLODAP [Key et al., 2004]. The Pacific section is a combination of the World Ocean Circulation Experiment P13 and
the southern part of P15. The Atlantic section is A16. Detailed site information can be found in Table 1 and Text S1. Water masses are noted in the figure and
described in Text S4. The six black filled squares in Figure 2a and the six purple dash lines in Figures 2b and 2c indicate locations of modern vertical δ13CDIC profiles
used in Figure 4. In the figures, V28 is short for V28-179 and MV0502 for MV0502-4JC. Note that Sites 704, 1088, and 1090 in the South Atlantic are also plotted
in Figures 2b and 2d for comparison with the South Pacific sites. So are the South Pacific Site ODP 1123 and MV0502-4JC in Figures 2c and 2e. Figures are created by
using the Ocean Data View program [Schlitzer, 2014].
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Cibicidoides are corrected by adding 0.64‰, and the δ13C data are kept unchanged [Shackleton and Hall,
1984]. For ODP Site 1014, Cibicidoides mckannai was used but the original investigators carried out their
own calibration, which is retained here (adding 0.2‰ to δ13C and subtracting 0.09‰ from δ18O to be equiva-
lent to C. wuellerstorfi) [Kwiek and Ravelo, 1999]. A brief discussion of benthic δ13C as a circulation tracer is
presented in Text S2 [Belanger et al., 1981; Broecker and Maier-Reimer, 1992; Graham et al., 1981; Lisiecki,
2010; Lynch-Stieglitz, 2003; Mackensen et al., 1993; Schmittner et al., 2013; Shackleton and Hall, 1984; Zahn
et al., 1986]. In the following text, we will use benthic δ13C and δ13CDIC interchangeably.

2.3. Age Models

The published age model of Site 807 was built on shipboard biostratigraphy, magnetostratigraphy, and
planktonic foraminiferal oxygen isotope stratigraphy [Jin et al., 2011; Zhang et al., 2007]. We modify this
model by tuning the early Pleistocene benthic δ18O record to the LR04 Stack [Lisiecki and Raymo, 2005], using
the automatic correlation technique developed by Lisiecki and Lisiecki [2002] (Figure S1 in the supporting

Table 1. Information of Collected Sites Used in This Study

Site Latitude Longitude Depth (m) Water Mass Age Modela Nb Reference

North Pacific
1014 32°50′N 119°58′W 1165 NPIW/PDW LR04M&B 47 Kwiek and Ravelo [1999]
1146 19°27′N 116°16′E 2092 PDW/SCS LR04 209 Clemens et al. [2008]
1018 36°59′N 123°17′W 2476 PDW LR04B 14 Kwiek and Ravelo [1999]
1143c 9°22′N 113°17′E 2772 PDW/SCS LR04 199 Cheng et al. [2004a]
1148c 18°50′N 116°34′E 3294 PDW/SCS Other 85 Cheng et al. [2004b]
1208 36°06′N 158°30′E 3346 PDW/LCDW LR04 251 Venti and Billups [2012]

Equatorial Pacific
586 0°30′S 158°30′E 2218 PDW LR04M&B 7 Whitman and Berger [1993]
806 0°19′N 159°22′E 2520 PDW LR04 204 Bickert et al. [1997], Karas et al. [2009]
807 3°36′N 156°37′E 2804 PDW LR04 168 this study
849 0°11′N 110°31′W 3851 PDW LR04 210 Mix et al. [1995b]
V28-179 4°37′N 139°36′W 4509 PDW LR04M 16 Shackleton and Opdyke [1977]

South Pacific
590 31°10′S 163°22′E 1293 AAIW LR04M 5 Elmstrom and Kennett [1986], Barton and Bloemendal [1995]
209 15°56′S 152°11′E 1428 AAIW/PDW LR04B 4 Isern et al. [1993]
1123 41°47´S 171°30′W 3290 LCDW LR04 184 Harris [2002]
MV0502-4JC 50°20′S 148°08′W 4286 LCDW/AABW Original 67 Waddell et al. [2009]

South Atlantic
1088 41°08′S 13°34′E 2082 UCDW Original 78 Hodell and Venz-Curtis [2006]
704 46°53′S 7°25′E 2532 LCDW LR04 195 Hodell and Venz [1992]
1090 42°55′S 8°54′E 3702 LCDW LR04 156 Venz and Hodell [2002]

Equatorial Atlantic
999c 12°44′N 78°44′W 2828 AAIW/NADW LR04 188 Haug and Tiedemann [1998]
925 4°12′N 43°29′W 3040 NADW LR04 202 Bickert et al. [1997]
927 5°28′N 44°29′W 3326 NADW LR04 188 Bickert et al. [1997]
929 5°59′N 43°44′W 4369 NADW/AABW LR04 163 Bickert et al. [1997]

North Atlantic
982 57°31′N 15°53′W 1145 NADW LR04 259 Venz and Hodell [2002]
552 56°03′N 23°13′W 2311 NADW LR04M 102 Shackleton and Hall [1984], Curry and Miller [1989]
607 41°00′N 32°57′W 3427 NADW LR04 174 Raymo et al. [1989]

aLR04 here stands for the oxygen isotope stratigraphy of Lisiecki and Raymo [2005], LR04M the magnetic polarity reversal ages of LR04, and LR04B the biochro-
nology of Geological Time Scale 2012 [Gradstein et al., 2012] rescaled to LR04. LR04M&B means both LR04M and LR04B are used. For Site 1148 the astronomically
tuned age model of Tian et al. [2008] is used. For Site MV0502-4JC and 1088, the original age models from their references are used. See Text S3 and Tables S1 and
S2 for the construction of age models.

bNumber of benthic δ13C data points between 2.4 and 1.7 Ma. Except Site 1208 which has five more data points for δ18O, all the other sites have the same
number of δ13C and δ18O data points.

cThese are marginal sea sites lying below the sill depths, but they are used to represent water masses at their sill depths and at the locations of the deep chan-
nels connecting the marginal basins to the open ocean. In all the section plots of this paper, a depth of 2400m and a latitude of 19°27′N for South China Sea Sites
1143 and 1148 are used, which are the sill depth of Bashi Strait and the latitude of Site 1146 that lies close to the strait [Wang and Li, 2009]. For Site 999 in the
Caribbean Sea, they are 1815m and 17°30′N, determined by the Jungfern-Grappler Sill complex [MacCready et al., 1999].
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information). The time resolution of our record is ~3 ka, but there is a gap at marine isotope stage 89.
Whenever possible, the age models of collected sites are tuned to the LR04 scale (Table 1). Many sites
were used to construct the LR04 stack, and therefore, their LR04 age models already exist [Lisiecki and
Raymo, 2005]. A few sites (Sites 209, 552, 586, 590, 1014, 1018, and V28-179) have very low resolutions that
prohibit tuning based on oxygen isotope stratigraphy. We rescale their magnetic polarity reversal ages and
bio-datum marker ages on the LR04 scale using a conversion table that links the LR04 scale to the Geology
Time Scale 2012 (Table S1 in the supporting information) [Gradstein et al., 2012]. There are also three sites
(Sites 1088, 1148, and MV0502-4JC) of intermediate resolution that we either retain the original age
models or use the latest models available. See Text S3 for how these age models are constructed
[Gradstein et al., 2012; Hodell and Venz-Curtis, 2006; Lisiecki, 2014; Lisiecki and Raymo, 2005; Tian et al.,
2008, and references in Table 1]. Given the low temporal resolution of many sites, the discontinuity of
benthic data after filtering out non-Cibicidoides data, possible mismatch during tuning, and sometimes
weak glacial-interglacial variability (e.g., the long-term climate excursion dwarfed the glacial-interglacial
variations at site MV0502-4JC), we will focus on the mean climate state instead of the glacial-interglacial
variability in the studied interval.

2.4. A δ13C-δ18O Mixing Model

Benthic δ13C is widely used as the sole mixing tracer in paleoceanography, under the assumption of “quasi-
conservativeness” [Bell et al., 2015; Hodell and Venz-Curtis, 2006; Lisiecki, 2010; Mix et al., 1995b; Raymo et al.,
1992, 1990, 1989, 2004;Waddell et al., 2009]. This approach is exemplified by the “%NCW” formulation devel-
oped byOppo and Fairbanks [1987], in which case, the nonconservativeness of δ13C due to remineralization is
ignored and benthic δ13C is interpreted on the ground of water mass mixing only, with the allowance of
variable preformed end-member δ13C. Alternatively, another approach acknowledges the remineralization
effect but assumes that it is time invariant, as done in Lisiecki [2010]. However, given it is widely hypothesized
that the distribution of the respired carbon pool in the deep ocean has changed in the past, dismissing the
nonconservativeness of δ13C or assuming it is constant might not be warranted.

The limitation of these approaches is due to the dependence of a nonconservative trace alone. Since the
deepwater masses have at least two end-members, NADW and AABW, event under stringent constraint of
mass conservation a conservative tracer must be used alongside with δ13C in order to separate the mixing
component from the remineralization effect, or multiple interrelated nonconservative tracers are required
[Gebbie and Huybers, 2010; Gebbie et al., 2016; Huybers et al., 2007; LeGrand and Wunsch, 1995]. Benthic
δ18O would be the obvious choice of a conservative tracer, given both temperature and seawater δ18O are
conservative properties. This is rarely done in paleoceanography because unlike benthic δ13C the benthic
δ18O of water mass end-members are usually indistinguishable. For example, in today’s ocean NADW is saltier
but warmer than AABW, two effects that largely cancel each other, leading to a rather small difference in
benthic δ18O. Similarly, on the δ13C–δ18O mixing space of Duplessy et al. [2002] Southern Ocean and North
Atlantic deepwater masses cannot be separated by benthic δ18O alone in the Last Glacial Maximum (LGM),
and this small difference has made it difficult for models to distinguish the LGM circulation regime from
the modern case [Gebbie and Huybers, 2006; Marchal and Curry, 2008].

The studied interval (2.4–1.7Ma), in contrast, was a period the end-member difference was large enough that
benthic δ18O could be a useful tracer (Figure 3): the gradient of benthic δ18O between the end-member sites
chosen in this study, ODP 982 for NADW and MV0502-4JC for AABW, was ~1.3‰ in the studied interval but
only ~0.4‰ in the LGM [Venz and Hodell, 2002;Waddell et al., 2009]. This difference is also much higher than
the maximum interlaboratory offset of δ18O (~0.4‰) reported in literature [Hodell et al., 2003b; Ostermann
and Curry, 2000; Zahn and Mix, 1991].

To discuss the water mass mixing regime of this interval, we propose a two-tracer mixing model expressing
the benthic δ13C and δ18O at a deepwater site as the linear combinations of these properties at two end-
member sites representing NADW and AABW (Figure 3), plus interior sources:

δ13Csite ¼ mNADWδ13CNADW þmAABWδ13CAABW � δ13Cre; (1)

δ18Osite ¼ mNADWδ18ONADW þmAABWδ18OAABW; (2)

1 ¼ mNADW þmAABW: (3)
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mNADW andmAABW are the mass frac-
tions, and δ13Cre is the remineraliza-
tion term, or the interior source of
δ13C, which has to be nonnegative
(note the negative sign before it
in equation (1)).Equation (2), which
describes the conservativeness of
benthic δ18O, can also be rewritten
as three equations: one for the con-
servativeness of temperature (T),
one for seawater δ18O (δ18Osw), and
the third describing the dependence
of benthic δ18O on T and δ18Osw,
which is generally accepted to be a
linear relationship [Marchitto et al.,
2014]. It is not necessary to decon-
volve benthic δ18O into temperature
and δ18Osw components in the mix-
ing model, as long as the calibration
equation is linear [Gebbie, 2014;
Gebbie and Huybers, 2006; Marchal
and Curry, 2008]. By adding a rela-
tionship for benthic δ18O, the remi-
neralization term can be separated
from the mixing component of
benthic δ13C without making the
aforementioned assumptions.

It is important to note the essential limitations of this model. First, it is valid when there are only two major
mixing end-members. Modern water mass decomposition studies suggest that the Antarctic Intermediate
Water (AAIW) also contributes considerably to global deepwater masses (13%–20%) [DeVries and Primeau,
2011; Gebbie and Huybers, 2010; Khatiwala et al., 2012], but the lack of high-quality records precludes its inclu-
sion in our model. Second, this model is applicable only when the isotopic properties of the end-members are
sufficiently different.

Rearranging in vector forms, let

y ¼
δ13Csite

δ18Osite

1

2
64

3
75; m ¼

mNADW

mAABW

δ13Cre

2
64

3
75; (4)

and rewrite equations (1–3) in the canonical form [Wunsch, 2006],

y ¼ Em þ n; (5)

where E is a 3 × 3 full rank matrix (if δ18ONADW≠ δ18OAABW) given by

E ¼
δ13CNADW δ13CAABW �1

δ18ONADW δ18OAABW 0

1 1 0

2
64

3
75; (6)

and n is the noise term. Models like this have been widely used in water mass decomposition studies [e.g.,
Poole and Tomczak, 1999], and more sophisticated inversion techniques have been used for ocean state

Figure 3. Water masses projected onto the benthic δ13C-δ18O space for the
2.4–1.7 Ma interval. Following Venz and Hodell [2002], we choose Site 982
to represent NADW. We use MV0502-4JC to represent AABW as it is the
deepest Southern Ocean site in our collection. For PDW, a stack of Sites 806
and 807 is used. Site 1088 is the only UCDW site, and Sites 704, 1090,
and 1123 are also stacked together to represent LCDW. All the records are
interpolated at 10 ka interval between 2.4 and 1.7 Ma beforemaking the plot.
The NADW-AABW mixing line is found by linear regression using the δ13C
and δ18O data. The inverted dark green triangles represent the modeled
PDW δ18O and δ13C data, calculated by usingmodel outputm and equations
(1) and (2), but the remineralization term δ13Cre has been subtracted from
δ13C. Ellipses shown here are 95% confidence ellipses.
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estimates of the LGM [Gebbie, 2012, 2014; LeGrand and Wunsch, 1995;Marchal and Curry, 2008]. To getm, we
solve the nonnegative and weighted linear least squares problem by minimizing the objective function

J ¼ nTWn; m ≥ 0; (7)

whereW is the weighting matrix, usually constructed as a diagonal matrix having the reciprocals of squared
observational errors corresponding to the row elements in y [de Brauwere et al., 2007; Gebbie and Huybers,
2010]. However, unlike temperature and salinity, the analytical errors of benthic δ13C and δ18O are not useful
weights because duplicate measurements generally yield greater uncertainties, especially when there are
only one or two specimens analyzed. Interlaboratory offsets, particularly for δ18O, are also usually much larger
than reported analytical precisions [Hodell et al., 2003b; Ostermann and Curry, 2000; Zahn and Mix, 1991].
Instead, we use min(std(δ13CNADW - site), std(δ

13CAABW - site))
2 and min(std(δ18ONADW - site), std(δ

18OAABW - site))
2

as the weights for δ13C and δ18O, respectively, for each site: we first compute the time-dependent gradients
in the studied interval between the targeted site and the two end-members and then find the standard
deviations of these two gradients in the studied interval and use the smaller one. They are chosen to lessen
the constraints that δ13C and/or δ18O would otherwise impose on the solution when one of them is too close
to the end-member values. The mass conservation equation should be strictly satisfied, but giving it too
much weight would diminish the capacities of δ13C and δ18O as circulation tracers. We choose to set its
weight to be 10 times of the weight of δ13C or δ18O, whichever is greater.

3. Results and Discussion
3.1. Vertical Structures of δ13C Between 2.4 and 1.7Ma

A brief description of modern deepwater circulation using δ13CDIC and salinity distributions (Figure 2) is
included in Text S4 [Bostock et al., 2010; Emile-Geay et al., 2003; Kawabe and Fujio, 2010; Key et al., 2004;
Rintoul et al., 2001; Schmittner et al., 2013; Talley, 2013; Talley et al., 2011;Warren, 1983]. We begin our discus-
sion with the mapping of deepwater masses using benthic δ13C profiles. Since we are only interested in the
mean climate state, we take the average values of benthic δ13C records in the studied interval while reporting
the glacial-interglacial variability as standard deviations (Table S3). Individual records are plotted in Figures S2
and S3.
3.1.1. South Pacific and South Atlantic
The Southern Ocean connects the circulation branches in the Atlantic and Pacific today so it merits to be dis-
cussed first. Vertical profiles of δ13C in the South Pacific and South Atlantic between 40°S and 50°S were very
similar during the studied interval, suggesting that the Southern Ocean water masses were well connected in
these two basins (Figure 4). AAIW, represented by the Deep Sea Drilling Program Sites 209 and 590, was
where the vertical δ13Cmaximum resided in the South Pacific like it does today (Figures 2b and 3). In contrast,
below 2000m the water column structure was sharply different. In the modern South Pacific, the vertical δ13C
minimum of the Upper Circumpolar Deep Water (UCDW) lies at ~2000m around 40°S and beneath that δ13C
increases slightly toward the bottom with an almost indistinguishable maximum at ~3200m, corresponding
to the salinity maximum of the Lower CDW (LCDW) (Figures 2b and 3). In the modern South Atlantic, the δ13C
minimum of UCDW is shallower (~1500m), and the intrusion of NADW creates a δ13C maximum at ~2500m
(Figure 2c). Site 1088 from the South Atlantic is placed midway between these two extrema, and its δ13C is
higher than that at the same depth in the Pacific today. Yet in the studied interval, this site fits closely into
the South Pacific profile (Figure 4). Also, there is little δ13C gradient between Sites 1088 and 1090 today
(Figure 2b), as confirmed by the compilation of Holocene C. wuellerstorfi data [Hodell et al., 2003a]. On the
contrary, deep sites below ~3500m in both basins were much more 13C-depleted between 2.4 and 1.7Ma,
and the δ13C of the bottommost site, MV0502-4JC, reached as low as�1.1‰. Sites 704 and 1090 were bathed
in the same water mass, and they had similar δ13C values, implying the modern-like outcrop of iso-surfaces
existed during the studied interval [Hodell and Venz-Curtis, 2006]. In summary, the vertical δ13C structures sug-
gest that the deep Southern Ocean was well connected but stratified in both the Pacific and Atlantic sectors
in the studied interval.
3.1.2. Equatorial and North Pacific
We combine sites from the Equatorial and North Pacific to create a single vertical profile of δ13C in the studied
interval (Figure 4). Today, the major difference between these two latitude bands lies above 2000m, where
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the North Pacific values are much more negative because of stronger remineralization effect, but below that
depth divergence is small (Figures 2b and 4). The profile in the studied interval follows the modern pattern
closely up to 3000m, below which it converges to the negative Southern Ocean values (Figure 4). In the mod-
ern Equatorial and North Pacific, δ13C increases toward the bottom because AABW transports high δ13C water
mass northward (Figure 2b). In contrast, in the studied interval the case was this Southern Ocean source
water was even more 13C-depleted than PDW (Figure 4).

The only anomaly above 3000m is Site 1018 from the eastern North Pacific (Figure 4), the δ13C of which
(�0.68‰) was much lower than the western sites at similar depth (2500m) in the studied interval. This
extreme negative value at Site 1018, when compared with Sites 1014 and 849 also from the eastern North
Pacific, prompted Kwiek and Ravelo [1999] to conclude the δ13C minimum in the North Pacific deepened
to 2500m (~1500m nowadays; Figure 2b) after 2.7Ma, and they hypothesized that this was due to the
enhancement of the North Pacific Intermediate Water (NPIW). However, our compilation does not support
this hypothesis in the studied interval (Figure 4). Sites 1146, 586, and 806 from the western North Pacific
between 2000 and 2500m had δ13C values in the studied interval similar to today. Sites 1148 and 1143 from
the SCS are not used to create the profile in Figure 4 because they lie beneath the sill depth (2400m), and
their slightly lower δ13C values probably reflect longer resident time and stronger remineralization effect in
the marginal sea. But even these sites have much higher δ13C than Site 1018. Considering the significant
zonal and meridional nutrient gradients in the North Pacific today [Talley et al., 2011], Site 1018 is expected
to have lower δ13C when compared to these sites to the southwest. But can this lead to an ~0.6‰ gradient?
Existing δ13CDIC data are too sparse to fully resolve this issue, but we find from the compilation of Schmittner
et al. [2013] that the modern δ13CDIC difference at ~2500m is only ~0.2‰ between one hydrographic station
(164.91°E, 0.02°N), that is close to Sites 586 and 806, and the other (127.61°W, 42.13°N) that is near Site 1018
(Figures S4a and 4b). Further, using the apparent oxygen utilization (AOU) data from the Global Data Analysis

Figure 4. Vertical profiles of averaged benthic δ13C values in the deep ocean between 2.4 and 1.7 Ma compared with
today. Data used to create this figure are reported in Table S3. Modern data are from Schmittner et al. [2013], and the
locations of modern profiles are indicated in Figure 2 (black filled squares in Figure 2a and purple dash lines in Figures 2b
and 2c). Error bars represent standard deviations, which reflect mostly glacial-interglacial variability. Site 1018 is not used in
creating the vertical profile because we deem its anomalously low value reflected local imprint rather than water mass
signal. See discussion in section 3.1.2. Sites 1143 and 1148 from the South China Sea are also not included in the profile as
they lie beneath the sill depth. Site 704, because of the outcrop of the Southern Ocean water masses near Antarctica,
is bathed in the same water mass as Site 1090 today despite it is much shallower. This seems to be also the case in the
studied interval, and therefore, it is not plotted on the vertical profile.
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Project (GLODAP) [Key et al., 2004] (which has much better spatial coverage) and the AOU-δ13CDIC relation-
ship (0.0075‰/μmol · kg�1) from Kroopnick [1985], we find an alternative estimate, ~0.25‰, for the modern
δ13CDIC difference between these two locations (Figure S4c). It appears to explain the negative δ13C value at
Site 1018 in the studied interval, not; we need to invoke stronger zonal and/or meridional gradients in the
North Pacific, which, however, did not manifest at Sites 1014 and 849 (Figure 4). Thus, we suggest in the stu-
died interval the δ13C of Site 1018 was probably controlled by local factors rather than background water
mass property, and the inference of NPIW enhancement is likely not true. Better ventilation of the intermedi-
ate water should have resulted in higher-than-today δ13C at Site 1014, but this is not seen (Figure 4). The ori-
ginal investigators corrected the C.mckannai δ13C data of Site 1014 by adding 0.2‰ [Kwiek and Ravelo, 1999],
and without this correction its δ13C in the studied interval would only be lower (though still falls on the mod-
ern profile). More importantly, studies from Site 882 (50°21′N, 167°35′E) have presented compelling evidence
asserting the onset of modern style stratification in the subarctic North Pacific after 2.7Ma [e.g., Haug et al.,
1999; Swann, 2010], rendering the argument of NPIW enhancement in the studied interval unlikely. Hence,
we conclude that the vertical water mass structure above 3000m in the North Pacific between 2.4 and
1.7Ma was similar to today.
3.1.3. Equatorial and North Atlantic
NADW in the Equatorial and North Atlantic today is characterized by an almost uniformly distributed δ13C of
~1.0‰ (Figure 2c). There is little difference between these two latitude bands, and only south of the equator
the intrusion of AABW at depth becomes noticeable. In the studied interval, δ13C was also vertically uniform
at these two places above 3500m (Figure 4), but near the equator below this depth the δ13C of Site 929
deviated toward the Southern Ocean values as seen in the deep Pacific. Unlike in the Pacific and the
Southern Ocean, sites in the North and Equatorial Atlantic generally had stronger glacial-interglacial variabil-
ity between 2.4 and 1.7Ma (Figure 4). The interglacial δ13C values of these sites above 3500m clustered
around 1.0‰, while in the glacial maxima deeper sites like Sites 929 and 927 sometimes excursed strongly
toward lower δ13C values, previous explained as the result of the intrusion of Southern Ocean water mass
[Bickert et al., 1997; Venz and Hodell, 2002].

3.2. End-Members of Water Mass Mixing

The δ13C of PDW is lower than both NADW and AABW today, reflecting its older age (Figure 2) [Schmittner
et al., 2013]. However, in the 2.4–1.7Ma interval, it was not PDW but AABW that had the lowest δ13C
(Figure 4). Does this imply a different mixing regime? As the vertical structure of δ13C in the North Pacific
above 3000m was similar to today (Figure 4), there is no evidence of deepwater formation or intermediate
water enhancement in the studied interval. Therefore, it is reasonable to assume that deepwater formation
sites also lay in the North Atlantic and the Southern Ocean back then.

A benthic δ13C-δ18O plot is used to identify end-members of water mass mixing (Figure 3) [Duplessy et al.,
2002]. The plot suggests the two-end-member, namely, NADW-AABW, mixing regime existed between 2.4
and 1.7Ma, and PDW, UCDW, and LCDW all fall left to the mixing line as required by the remineralization
effect on δ13C. However, the preformed properties of the end-members were very different from today.
While the δ13C of NADW clustered around its modern value (~1‰), the δ13C of AABW was on average
~1‰ lower than today (Figures 2–4). On the other hand, the benthic δ18O of AABW was ~1.3‰ higher than
NADW. Figure 3 also gives us confidence that the choice of MV0502-4JC as the AABW representative is rea-
sonable. It shows organized relationship among water masses, suggesting the rather “anomalously” high
δ18O and low δ13C of MV0502-4JC are not localized features. Further, another site, ELT 25-11, from the same
latitude and similar depth in the Pacific sector of the Southern Ocean, revealed similar evolution of benthic
δ18O and δ13C during the Plio-Pleistocene transition despite being 20o to the east [Waddell et al., 2009]. It
is not included in our collection because of poor recovery, but such evidence suggests that our end-member
choice is not biased by local hydrological factors.

The strong differences of benthic δ13C and δ18O between NADW and AABW make it possible to employ the
δ13C-δ18O mixing model described in section 2.4. We first apply this model to unravel the composition of
PDW represented by Site 807/806 in the studied interval (Figure S5). Benthic records of each water mass
are linearly interpolated at 10 ka intervals between 2.4 and 1.7Ma, and we calculate the water mass fractions
and the remineralization term at each time point. The problem is solved by using the nonnegative linear least
squares routine of MATLAB. Modeled benthic δ13C and δ18O of PDW fit the observations very closely
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(Figures 5c and 5d). The δ13Cre of PDW also falls within a reasonable range (0.56 ± 0.17‰; Figure 5b), close to
the value (0.5‰) estimated by Lisiecki [2010] for the past 800 ka. Most interestingly, mNADW (74 ± 11%) was
consistently much higher than mAABW (26 ± 12%).

Modern water mass decomposition studies show that the deep water between 2000 and 3000m in the North
Pacific is made of ~10%–25% NADW, ~50%–60% AABW, ~15%–20% AAIW with the rest coming from NPIW
and surface sources [DeVries and Primeau, 2011; Gebbie and Huybers, 2010; Johnson, 2008; Khatiwala et al.,
2012]. Comparing with today, NADW in the 2.4–1.7Ma interval contributed a much greater portion to PDW
at the expense of AABW, suggesting a different circulation pattern. Because the records of AAIW and other
intermediate and surface water masses are currently either lacking or fragmentary in the early Pleistocene,
they are not represented in the mixing model though we acknowledge that they might be considerable
sources for PDW too. In fact, our results suggest the mixing between NADW and AABW alone could count
for most of the variability in the benthic records of PDW.

In this model, we do not account for themeasurement uncertainty due to interlaboratory offsets, which could
be an issue for benthic δ18O [Hodell et al., 2003b; Ostermann and Curry, 2000; Zahn and Mix, 1991]. However,
simple sensitivity analyses can bemade to evaluate the effect of this uncertainty. If we subtract 2‰ uniformly
from the benthic δ18O record of AABW and keep all the other records the same, mNADW will decrease to
68 ± 14% for PDW. If we add 2‰ instead, mNADW will increase to 78 ± 10% for PDW. Only under rather
extreme scenarios, such as subtracting >4‰ from the benthic δ18O record of AABW would mNADW of
PDW be significantly lower than 50% in the studied interval. Therefore, our conclusion is robust within rea-
sonable estimates of such offsets.

3.3. Circulation Regime

We further apply this model to the high-resolution sites in our collection and use the mean values ofmNADW

and δ13Cre between 2.4 and 1.7Ma to trace the circulation pathway (Figure 6 and Table S4). Some features are
well constrained despite limited spatial coverage. Water mass compositions of the North Pacific and North

Figure 5. Results of the δ13C-δ18O mixing model for PDW. Benthic records used in the model follows the description in
Figure 3. (a) Model results of mNADW and mAABW. The average values of mNADW (red dash) and mAABW (blue dash)
as well as the equal mixing ratio line (green solid) are also plotted. (b) Model result of δ13Cre (dark yellow solid line)
and its average (magenta solid). (c) Comparison of model result δ13Cmodel calculated by using equation (1) with
the original PDW record δ13CPDW. (d) Comparison of model result δ18Omodel calculated by using equation (2) with
the original PDW record δ18OPDW. The two regression lines in Figures 5c and 5d are found by setting the intercepts
to zero.
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Atlantic were rather homogeneous (Figures 6a and 6b). More importantly, like the Atlantic Ocean, the Pacific
was also ventilated primarily by NADW (~70% on average), while AABW was mostly confined to the
deep Southern Ocean as well as the bottom of the other basins (Figures 6a and 6b). Stratification of the
Southern Ocean deepwater masses is further confirmed by the distributions of mNADW and δ13Cre, as well
as benthic δ13C and δ18O (Figure 6). δ13Cre shows progressively increasing remineralization effect from the
North Atlantic to the Southern Ocean and then to the North Pacific, consistent with the general “aging”
pattern of deepwater masses today (Figures 2b and 2c). Interestingly, the greatest remineralization effect
in the studied interval was found at the bottom instead of middepth in the Pacific as today (Figure 2b), likely
reflecting storage of respired carbon in the bottom water.

Figure 6. Distributions of (a and b) mNADW, (c and d) benthic δ18O, (e and f) benthic δ13C, and (g and h) δ13Cre in the
Pacific and Atlantic in the 2.4–1.7 Ma interval. mNADW and δ13Cre distributions are created by using model results of
high-resolution sites listed and reported in Table S4. Note that Sites 982 and MV0502-4JC are not plotted in Figures 6g and
6h as they are taken as end-members. Benthic δ18O distribution is created by using all the sites and the original δ18O data
listed in Table S3. Benthic δ13C distribution is created by using all but Site 1018 in Table S3, because of its anomalous
behavior discussed in section 3.1.2. The Southern Ocean sites are plotted on both the Pacific and Atlantic sections. Contours
are created based on natural neighbor interpolation (10° × 400m in the Pacific and 15° × 400 in the Atlantic, and no
extrapolation is done), and they are only meant to help identify large-scale features.
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3.4. Connection to the Onset of Northern Hemisphere Glaciation
3.4.1. Initiation of the Circulation Regime Between 2.4 and 1.7Ma
To understand how such a circulation pattern between 2.4 and 1.7Ma was initiated, we compare the AABW-
NADW (MV0502-4JC-Site 982) benthic isotope gradients Δδ13CAABW-NADW and Δδ18OAABW-NADW, and the BWT
record (Site 607) of NADW from 3.0 to 1.6Ma (Figure 7). The behaviors of these three proxies were very dif-
ferent. While the BWT of NADW and Δδ18OAABW-NADW were marked by gradual changes from 3.0 to 2.4Ma,
Δδ13CAABW-NADW seems to remain nearly constant until it crossed a certain threshold just before 2.4Ma.
The increase of Δδ18OAABW-NADW from 3.0 to 2.4Ma suggests either a decrease of AABW-NADW BWT gradient
or an increase of AABW-NADW salinity gradient related to δ18Osw, or a combination of both. Using a relation
between benthic δ18O, δ18Osw and BWT we can quantify the relative contributions of these two factors:

δ18O� δ18Osw þ 0:27 ¼ �0:224BWTþ 3:53; (8)

in which δ18O is on the PDB standard and δ18Osw is on the SMOW standard [Marchitto et al., 2014]. According
to this equation, we infer that the rate change of Δδ18OAABW-NADW can be expresses as

d
dt

Δδ18OAABW-NADW ¼ dδ18Osw

dS
� d

dt
ΔSAABW-NADW � 0:224

d
dt

BWTAABW � d
dt

BWTNADW

� �
; (9)

Figure 7. The initiation of the circulation pattern in the 2.4–1.7 Ma interval and its relation to the onset of NHG. (a) The δ13C
gradient between AABW (Site MV0502-4JC) and NADW (Site 982). (b) The δ18O gradient between AABW and NADW. (c) the
BWT record of NADW (Site 607). The age model of this record was also tuned to the LR04 stack by its original authors
[Sosdian and Rosenthal, 2009]. The dashed lines in Figures 7b and 7c are linear regression lines calculated by using the data
between 3.0 and 2.4 Ma. Labeled numbers are the slopes. (d) Opal depositional rate from Site 1096 in the Southern Ocean
[Hillenbrand and Fütterer, 2001; Hillenbrand and Ehrmann, 2005]. The original age model of Site 1096 was based on mag-
netostratigraphy, and we use the LR04 magnetic reversal ages to update this model to make it compatible to other sites.
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the first and the second terms on the right-hand side of the equation represent the contributions of the
AABW-NADW salinity (a δ18Osw-salinity relation is incorporated) and BWT gradients to the benthic δ18O gra-
dient respectively.

The d
dt Δδ

18OAABW-NADW is estimated by using the linear regression slope of Δδ18OAABW-NADW versus time

between 3.0 and 2.4Ma, and the result is 1.13‰/Ma (Figure 7b). The average change of Δδ18OAABW-NADW

for this 0.6Ma interval was therefore 0.67‰. The d
dt BWTNADW is also approached by the linear regression

slope (BWTNADW versus time), assuming that Site 607 is representative of NADW and its BWT history was
similar to Site 982, and the result is �4.79°C/Ma (Figure 7c) between 3.0 and 2.4Ma. There is no BWT
record for any Southern Ocean sites in the 3.0–2.4Ma interval, but the Pliocene Research, Interpretation
and Synoptic Mapping-3D (PRISM-3D) project provided BWT reconstructions for several Southern Ocean
sites for the 3.29–2.97Ma interval (the PRISM interval, considered to be warmer than today) [Dowsett
et al., 2009], which can serve as the upper bound of the BWT of AABW at 3.0Ma. According to the
PRISM-3D result, BWT at Sites 1123 and 1090 was 2.7°C and 2.0°C, respectively, in the PRISM interval.
Considering that the AABW end-member Site MV0502-4JC is deeper, its temperature is more likely lower
than 2.0°C at 3.0Ma. After 3.0Ma the temperature history at Site MV0502-4JC can only be hypothesized
because of the lack of any direct or indirect data, but a BWT increase should be rejected for it would
require too great a salinity gradient increase to account for the rise of Δδ18OAABW-NADW, and it would also
contradict the general notion of the cooling trend during the Plio-Pleistocene transition [Fedorov et al.,
2013]. On the other hand, it is also unlikely that the BWT minimum at this site between 3.0 and 2.4Ma
can be lower than during the LGM, given that the highest benthic δ18O in the Plio-Pleistocene transition
did not exceed that of the LGM at this site [Waddell et al., 2009]. By separating the salinity effect from
benthic δ18O using pore water δ18O and chlorinity, the BWT at Southern Ocean Sites 1123 and 1093
(5°51.935′E, 49°58.588′S, 3626m) was reconstructed to be �1.2°C and �1.3°C in the LGM, respectively
[Adkins et al., 2002]. Benthic Mg/Ca indicated that the BWT at Site 1123 was in the range of �1.5 to
�2°C in glacial maxima after 1.6Ma [Elderfield et al., 2012]. These data provide a constraint that the
change of BWT at AABW Site MV0502-4JC from 3.0 to 2.4Ma was unlikely more severe (in the absolute

value) than �4°C (from +2°C to �2°C), and therefore, the rate change of BWT, d
dt BWTAABW, was unlikely

greater than �6.67°C /Ma in this 0.6Ma interval.

Using these estimates, we find that the contribution of AABW-NADW BWT gradient change (second term
in equation (9)) to the 0.67‰ Δδ18O AABW-NADW increase from 3.0 to 2.4Ma was 0.25‰; thus, the rest
0.42‰ must be attributed to an increase of AABW-NADW salinity gradient (first term in equation (1)).
To convert this number to a salinity gradient, i.e., ΔSAABW-NADW in equation (9), we assume that the
δ18Osw-salinity relationship was similar to today and we use a range of values, i.e., 0.23–0.51‰ per salinity

unit for dδ
18Osw
dS , to accommodate the difference of this relationship between AABW and NADW in today’s

ocean [LeGrande and Schmidt, 2006]. Under these assumptions, we estimate that the salinity of AABW
increased 0.8 to 1.8 unit relative to NADW from 3.0Ma to 2.4Ma, which is likely a lower limit because
of the temperature estimates used. We point out that we can only estimate the change of salinity gradient
from 3.0 to 2.4Ma rather than the absolute value of the gradient at any particular point. Given that at
~3.0Ma Δδ18OAABW-NADW was near 0‰, and assuming the BWT of NADW was higher than AABW, it is then
expected that NADW had slightly higher salinity at ~3.0Ma (today, this difference is ~0.4 [Talley et al.,
2011]). However, this 0.8–1.8 unit increase of ΔS AABW-NADWW from 3.0 to 2.4Ma would probably have
reversed the pre-3.0Ma salinity gradient and made AABW much saltier and therefore denser than
NADW by 2.4Ma, resulting in Southern Ocean deep stratification in the 2.4–1.7Ma interval (Figures 4
and 6). This salinity gradient reversal, we hypothesize, was responsible for the reduction of the volume
of the ocean ventilated by AABW and the negative excursion of its δ13C (Figures 4 and 6).

Although our estimates suggest the direct contribution of temperature change to the water mass reorgani-
zation from 3.0 to 2.4Ma and eventually the circulation pattern reconstructed between 2.4 and 1.7Ma was
relatively small, its effect might have been amplified by positive feedback. Discussing the origin of the extre-
mely cold and salty AABW in the LGM, Adkins [2013] hypothesized that the temperature decrease of NADW
and the resulting reduction of southward heat transport could lead to less sea ice melting around the
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continental shelf of the Antarctica, and therefore increase the salinity of AABW. This idea explicitly linked the
development of stratification to sea ice expansion, and evidence suggests that such a mechanism was also at
play during the Plio-Pleistocene transition. Diatom assemblage and other proxies from the Antarctic Drilling
Program’s AND-1B core recovered beneath the Ross Ice Shelf demonstrated the expansion of polar ice sheet
at ~3Ma and subsequent increase of sea ice extend/duration at ~2.6Ma [McKay et al., 2012]. The decline of
opal depositional rate from 3.0 to 2.4Ma at Sites 1095 and 1096 next to the Atlantic Peninsula was also sug-
gested to indicate the development of Antarctic stratification and sea ice growth (Figure 7d) [Hillenbrand and
Fütterer, 2001; Hillenbrand and Ehrmann, 2005; Sigman et al., 2004]. Consistent with this hypothesis, it was
found from 3.0 to 2.5Ma, the deep ocean heat transport from the North Atlantic to the Pacific increased at
the expense of the Southern Ocean, and synchronously the ventilation of the deep Pacific by NADW became
increasingly important [Woodard et al., 2014], agreeing with our reconstruction between 2.4 and 1.7Ma.
3.4.2. Implication for the Global Carbon Cycle
The global carbon cycle is widely implicated as a main factor driving the onset of NHG [Bell et al., 2015; Hodell
and Venz-Curtis, 2006;Waddell et al., 2009], particularly in light of the concurrent decrease of atmospheric CO2

[Bartoli et al., 2011;Martinez-Boti et al., 2015]. It is generally hypothesized that increasing carbon storage in the
deep ocean was partially responsible for the cooling trend during the Plio-Pleistocene transition and the
onset of NHG [Hodell and Venz-Curtis, 2006;Waddell et al., 2009], but separating the remineralization compo-
nent of benthic δ13C, the one that actually measures deep carbon storage, from the mixing component has
not been done before. Our mixing model makes this separation possible.

The model reveals two important aspects of the deep ocean carbon pool in the studied interval. First, the
preformed δ13C of AABW was much lower than today (Figures 4 and 6). This has been widely discussed in
previous studies and was interpreted to be the result of either reduced air-sea gas exchange due to sea
ice expansion or storage of respired carbon in this water mass or a combination of both [Hodell and
Venz-Curtis, 2006; Waddell et al., 2009]. Better understanding of the surface water property around the
Antarctica can help differentiate the effect of gas exchange from that of carbon accumulation. This is not
attempted in this study, and it is certainly reasonable to believe that both factors were at play. A more critical
result, however, is that the observed low δ13C in the deep (>4000m) Pacific and Atlantic between 2.4 and
1.7Ma (Figure 4) was primarily the consequence of remineralization effect (δ13Cre), rather than simply mixing
with the 13C-depleted AABW (Figure 6 and Table S4). This implies that the presence of negative benthic δ13C
at deep Pacific and Atlantic is not necessarily indicative of greater AABW intrusion but could rather reveal car-
bon accumulation. It is important to clarify that this remineralization effect was superimposed on whatever
remineralization effect that was already present in the water mass end-members, and it constrains the carbon
pool that was in addition to the preformed pool. Thus, regardless how AABW acquired its negative preformed
δ13C, our reconstruction of δ13Cre directly supports the existence of a respired carbon pool sitting on the sea-
floor in this post-NHG interval (Figure 6).

We further hypothesize that the presence of this carbon pool in the studied interval was linked to the salinity
gradient reversal and increasing density contrast between AABW and NADW discussed above. Our recon-
struction of δ13Cre shows that this carbon pool sat below 4000m (Figures 6g and 6h) in the Pacific and
Atlantic. It seems that the high-density contrast effective prevented AABW from mixing significantly with
the better ventilated NADW of high preformed δ13C. On one hand, the spread of the saline and dense
AABW to the bottom of the Pacific and Atlantic allowed accumulation of respired carbon at abyssal sites like
V28-178, 1090, and 929 (Figure 6). On the other hand, NADW can ventilate the middepth Pacific with minimal
interaction with AABW, making it possible for the middepth sites, such as Sites 806, 807, and 849, to maintain
their relative high δ13C by counterbalancing the influence of the highly 13C-depleted AABW (Figure 6). This
would be in sharp contrast to the modern scenario under which NADW is more effectively mixed and
transformed into LCDW in the Southern Ocean before entering the Pacific, preventing it from ventilating
the middepth Pacific directly [Talley, 2013; Talley et al., 2011].

4. Conclusion

Using a collection of benthic isotope records and a δ13C-δ18O mixing model, we uncover several large-scale
features of deepwater circulation in the 2.4–1.7Ma interval, during which the AABW-PDW δ13C gradient was
reversed comparing with today. Vertical structures of δ13C demonstrate the presence of a 13C-depleted water
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mass of Southern Ocean origin extending to the bottom of the Equatorial Pacific and Equatorial Atlantic
(Figure 4). Like today, vertical δ13C gradient was small in the North Atlantic above 3500m, pointing to a
homogeneous NADW of high preformed δ13C. Above 3000m in the Pacific, vertical profile of δ13C was also
essential the same as today with δ13C decreasing upward to the intermediate depth, suggesting that
there was no deepwater formation or enhancement of intermediate water in the studied interval. A two-
end-member mixing regime between NADW and AABW is identified in the benthic δ13C-δ18O space. The
δ18O of NADW was much lower than AABW, but its δ13C was significantly higher (Figure 3). The distribution
of mNADW suggests that NADW ventilated most of the deep Pacific and deep Atlantic, while AABW only
extended to the bottom of the ocean (Figure 6). Stratification of Southern Ocean deepwater masses can
be clearly identified, and we also found that the maximum remineralization effect was located at the ocean
bottom.

We hypothesize that the described circulation pattern was intrinsically connected to the onset of NHG. The
benthic δ18O gradient between AABW and NADW suggests that the initiation of stratification and reduction
of ventilation in the Southern Ocean were likely due to the reversal of AABW-NADW salinity gradient linked to
the expansion of sea ice [Hillenbrand and Fütterer, 2001; Hillenbrand and Ehrmann, 2005; McKay et al., 2012]
and the reduction of southward heat transport [Adkins, 2013; Woodard et al., 2014]. Finally, our model
reconstruction of carbon remineralization effect (δ13Cre) provides evidence for the argument that increasing
carbon storage in the deep ocean partially drove the cooling trend that led to the onset of NHG [Hodell and
Venz-Curtis, 2006; Waddell et al., 2009].
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