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Abstract Enhanced vertical gradients in benthic foraminiferal δ13C and δ18O in the Atlantic and Pacific
during the last glaciation have revealed that ocean overturning circulation was characterized by shoaling
of North Atlantic sourced interior waters; nonetheless, our understanding of the specific mechanisms driving
these glacial isotope patterns remains incomplete. Here we compare high-resolution depth transects of
Cibicidoides spp. δ13C and δ18O from the Southwest Pacific and the Southwest Atlantic to examine relative
changes in northern and southern sourced deep waters during the Last Glacial Maximum (LGM) and
deglaciation. During the LGM, our transects show that water mass properties and boundaries in the South
Atlantic and Pacific were different from one another. The Atlantic between ~1.0 and 2.5 km was more than
1‰ enriched in δ13C relative to the Pacific and remainedmore enriched through the deglaciation. During the
LGM, Atlantic δ18O was ~0.5‰more enriched than the Pacific, particularly below 2.5 km. This compositional
difference between the deep portions of the basins implies independent deep water sources during the
glaciation. We attribute these changes to a “deep gateway” effect whereby northern sourced waters
shallower than the Drake Passage sill were unable to flow southward into the Southern Ocean because a net
meridional geostrophic transport cannot be supported in the absence of a net east-west circumpolar
pressure gradient above the sill depth. We surmise that through the LGM and early deglaciation, shoaled
northern sourced waters were unable to escape the Atlantic and contribute to deep water formation in the
Southern Ocean.

1. Introduction: Understanding the Glacial Ocean

Ocean circulation plays a key role in regulating atmospheric CO2 concentrations on glacial-interglacial time-
scales, with a combination of changes in ocean overturning, stratification, biological nutrient uptake, and
carbonate compensation required to explain the observed glacial decrease of ~80 ppm in atmospheric CO2

(e.g., Boyle, 1988; Sigman et al., 2010). The formation of deep water in the North Atlantic ventilates the deep
ocean today, and changes in this Atlantic Meridional Overturning Circulation (AMOC) during glacial intervals
likely contributed to the reduction of atmospheric CO2 in the past (e.g., Toggweiler, 1999).

The Southern Ocean is also an important area for ocean-atmosphere gas exchange. Here deepwater exported
from the North Atlantic is modified and ventilated during the formation of Antarctic water masses (e.g., Talley,
2013). Changes in the Southern Ocean such as the documented expansion of sea ice around Antarctica and
the northward movement of fronts (Gersonde et al., 2005; Howard & Prell, 1992; Sikes et al., 2009) have been
proposed as mechanisms for trapping CO2 in the glacial ocean (Ferrari et al., 2014; Sigman et al., 2010). There
is general agreement that during the Last Glacial Maximum (LGM) changes in both thermohaline circulation
and Southern Ocean air-sea-ventilation dynamics affected atmosphere-ocean CO2 partitioning, but the
details of these processes and their relative importance are still a matter of ongoing debate.

1.1. Modern Circulation in the Southern Ocean

The formation of North Atlantic Deep Water (NADW) is an essential process driving modern AMOC. Today,
NADW enters the Southern Ocean through the South Atlantic, joining deep waters flowing through the
Drake Passage. The resulting combination of Pacific, Indian, and Atlantic deep waters is transported eastward
as Circumpolar Deep Water (CDW) in the Antarctic Circumpolar Current (ACC). In the Pacific sector,
carbon-rich CDW upwells in response to density and wind-driven divergence around Antarctica. The
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subsequent conversion of the less dense layers of CDW or Upper CDW (UCDW) to intermediate water by air-
sea fluxes (i.e., addition of freshwater and heat) forms an important component of the upward limb of the
thermohaline overturning circulation (Talley, 2013). These waters move northward from the Polar Front
(PF) and lose CO2 to the atmosphere before they sink to form Antarctic Intermediate Water (AAIW) and
Subantarctic Mode Water (SAMW) near the Subantarctic Front (SAF) and the Subtropical Front (STF), respec-
tively (Belkin & Gordon, 1996; Orsi et al., 1995). Both AAIW (800–1500 m) and SAMW (400–800 m) flow north-
ward beneath warmer and saltier subtropical surface waters of the Pacific Ocean. South of the Polar Front,
upwelled denser layers or Lower CDW (LCDW), the core of which is composed of NADW in both the
Atlantic and Pacific, flow southward where buoyancy loss and sea ice formation creates deeper Antarctic
BottomWater (AABW). In the Atlantic, AABW forms in the Weddell Sea, where NADW upwells and mixes with
shelf water (Orsi et al., 1999; Talley, 2013) increasing its density (AABW neutral density, γN > 28.3 kg/m3,
Figure 1). An important subtlety in the Pacific sector of the Southern Ocean is that UCDW has a significant
component of Pacific Deep Water (PDW) and Indian Deep Water (IDW), and this water upwells north of
LCDW, making PDW/IDW the primary source of northward flowing shallow water masses in the Pacific today
(Marshall & Speer, 2012; Talley, 2013) (Figure 2a). UCDW also forms a significant component of the flow
through the Drake Passage (Talley, 2013). The Southern Ocean is bounded to the north by the STF, which
is the southern limit of the subtropical gyres. This important boundary and the location of all the major fronts
in the Southern Ocean are determined by the winds, and along with the broad eastward flow of the ACC, they
are also steered by bathymetry.

Past circulation in the Southern Ocean can be inferred from geochemical tracers, including δ13C (Figure 1 and
Figures S1–S3 in the supporting information; see also discussion in the supporting information). The δ13C sig-
natures in subsurface waters are controlled by a balance of atmospheric exchange and interior respiration
modulated by the overturning circulation (for a review see Sigman et al., 2010). The δ13C of deep waters
reflect the cumulative effects of processes that add or remove dissolved inorganic carbon (DIC) from
seawater while fractionating its isotopic composition; thus, the δ13C of DIC reflects preformed nutrients,
air-sea CO2 exchange, and organic matter respiration at depth (addition of DIC and nutrients) (Curry et al.,
1988; Lynch-Stieglitz et al., 1994, 2007; Sallée et al., 2010; Takahashi et al., 2009). Notably, because of the
dominating influence of air-sea exchange, the δ13C of intermediate waters exiting the Southern Ocean are
understood to primarily be a tracer for air-sea processes rather than a tracer for nutrients or respired DIC
(Lynch-Stieglitz et al., 1994), as it is used in subsurface waters elsewhere (Lynch-Stieglitz et al., 2007).
During transport in the shallow subsurface interior, these water masses retain the carbon isotopic signal of
atmospheric gas exchange in the Southern Ocean that is a function of wind strength, position, and time of
exposure at the surface (Sallée et al., 2010; Takahashi et al., 2009). Consequently, the δ13C of Southern

Figure 1. Southern Hemisphere bathymetry and water mass structure. (a) South Pacific salinity profile along World Ocean Circulation Experiment (WOCE) P15 with
core depths projected onto the profile. (b) Core locations and schematic representation of water mass salinity transects. Cores with data presented in this paper
are indicated by red circles. The 2.5 km bathymetric contour is highlighted in green. (c) South Atlantic salinity profile along WOCE A16, with core depths from the
Brazil Margin projected onto the profile. On the vertical transects the isoneutral density surface, γN = 27.8 is represented by the upper black line and γN = 28.04 kg/m3

by the lower black line. The 28.04 kg/m3 is approximately the densest isopycnal crossing Drake Passage at sill depth, 27.8 kg/m3 is the core of the IDW/PDW, and
28.04 kg/m3 is the core of the NADW today (see Talley, 2013, and references therein).
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Oceanwater masses are distinct, with the relatively positive δ13C of SAMW and AAIW reflecting CO2 exchange
with the cold polar atmosphere (e.g., Bostock et al., 2010; Charles et al., 1993), whereas the lower δ13C values
for deep waters indicate the 13C-depleted respired CO2 that accumulates during isolation from the
atmosphere (Curry et al., 1988).

1.2. Past Reconstructions of Glacial Circulation: Focus on the Southern Ocean

The structure and source of interior water masses in the past can be constrained by the record of seawater
δ13C and δ18O preserved in the calcium carbonate tests of benthic foraminifera (Charles & Fairbanks, 1992;

Figure 2. Overturning circulation schematics, two-dimensional view. (a) Modern circulation as depicted in Talley (2013).
Approximate locations of the major fronts that separate interior water formation zones are indicated by arrows, Polar
Front (PF), Subantarctic Front (SAF), and the Subtropical Front (STF). The STF is the northern boundary of the Southern
Ocean. (b) Hypothesized overturning circulation for the LGM depicting both Atlantic and Pacific overturning cells. Colors
represent the water masses as follows: blue = AABW, green = NADW/GNAIW, orange = PDW/IDW, red = AAIW/SAMW, and
purple = surface low-latitude, primarily Atlantic. Note that in the modern circulation the two oceans are fundamentally
intertwined through NADW transport and conversion through upwelling in the Southern, Indian, and Pacific Oceans. In the
LGM, the oceans are more separate, connecting only through the conversion of PDW/IDW to intermediate waters and flow
through Drake Passage that was reduced in the LGM.
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Charles et al., 2010; Curry & Oppo, 2005; Hodell et al., 2003; Mackensen, 2012; Ninnemann & Charles, 2002)
(Figure S2). The δ13C profiles provide a means of tracking atmosphere CO2 exchange or isolation and addition
of isotopically light carbon via the biologic pump (also called the soft tissue pump). The speciation of DIC in
the mixed layer can also impact the shape of δ13C profiles by influencing the rate at which the DIC pool’s
composition is reset (Galbraith et al., 2015). Nonetheless, δ13C profiles provide valuable insight into ocean sto-
rage of respired CO2, particularly where complementary oxygenation and/or [CO3

2�] data are available (Allen
et al., 2015; Yu et al., 2008). The δ18O of foraminiferal calcite is a function of temperature and seawater δ18O,
which is linked to salinity in the surface ocean via preferential evaporation of fresh, isotopically light water
(LeGrande & Schmidt, 2006) and to global ice volume via the net accumulation of isotopically light precipita-
tion on land (Shackleton, 1967). Once water is subducted below the sea surface, δ18O is not affected by any
process other than mixing, and thus, it acts as a conservative water mass tracer that is linked to seawater den-
sity (Adkins, 2013; Lynch-Stieglitz et al., 2007).

Changes in AMOC during the last glaciation could have contributed to greater sequestration of CO2 in the
ocean through a combination of effects. In the Atlantic, multiple lines of geochemical evidence paint a pic-
ture of dramatic changes in AMOC geometry characterized by the shoaling of NADW to above 2 km
(GNAIW, Glacial North Atlantic Intermediate Water) (e.g., Boyle, 1988; Boyle & Keigwin, 1987; Curry & Oppo,
2005; Gherardi et al., 2009; Lund et al., 2011, 2015; McManus et al., 2004; Rutberg et al., 2000). Although there
is some evidence of small amounts of deep water formation in the North Atlantic (Keigwin & Swift, 2017)
waters of North Atlantic origin were largely absent below depths of ~2 km and so, water masses sourced from
the Antarctic expanded in volume (Curry & Oppo, 2005; Lund et al., 2011, 2015; Lynch-Stieglitz et al., 2007). In
the South Pacific, δ13C evidence indicates the geochemical divide shoaled to between 600 and 1100 m (Sikes,
Elmore, et al., 2016). Pacific Δ14C and δ13C reconstructions indicate older and less ventilated deep water dur-
ing the Last Glacial Maximum (LGM), particularly at UCDW depths (Burke & Robinson, 2012; Curry et al., 1988;
McCave et al., 2008; Ronge et al., 2016; Sarnthein et al., 2013; Sikes, Cook, et al., 2016; Sikes, Elmore, et al., 2016;
Sikes et al., 2000; Skinner et al., 2015).

Published South Atlantic-South Pacific comparisons of LGM δ13C indicate larger differences in geochemical sig-
natures between these basins during the LGM (Charles et al., 2010; Hu et al., 2016; Ninnemann & Charles, 2002).
Depth profiles suggest that the deep geochemical divide in the Pacific (as indicated by δ13C) was around
1000 m shallower than in the Atlantic (Hodell et al., 2003; McCave et al., 2008; Sikes, Elmore, et al., 2016) with
Pacific UCDW δ13C ~1‰ more depleted than modern and ~1‰ depleted relative to the Atlantic (McCave
et al., 2008; Sikes, Elmore, et al., 2016). Estimates of paleodensity suggest that these geochemical divides may
not necessarily correspond to physical stratification (Roberts et al., 2015). The isolation of AABW and LCDW
maintained by benthic sills has been put forward to explain the difference in deepest waters (McCave et al.,
2008). Existing time series from abyssal depths suggest that water at 3.0 to 3.6 km in the East Pacific had very
similar glacial-interglacial δ13C offsets over the last 500 ka to those in the northern Cape Basin at ~4.0 km, while
below 4.6 km in the southern Cape Basin, waters were primarily more depleted (Ullermann et al., 2016).

Published comparisons of regional δ18O stacks have demonstrated that the effects of the termination on the
deep ocean were not globally synchronous, with deep North Atlantic isotope depletion below 2 km leading
the deep Pacific (Stern & Lisiecki, 2014). Similarly, for intermediate waters the deglaciation was not synchro-
nous, with the South Atlantic having the earliest termination onset (Stern & Lisiecki, 2014). Outside of stacked
analyses, previous interbasin comparisons have typically focused either on single cores or glacial-interglacial
time slices. Here we use two depth transects composed of independently dated, high-resolution time series
with high depth resolution (one core every ~300 m between ~0.5 km and 4 km depth), to examine interbasin
differences during the LGM and the deglacial. In particular, we seek to examine the depth-specific differences
between the Southwest Atlantic and Southwest Pacific basins that stacked data or comparisons across
depths may not resolve.

2. Materials and Methods
2.1. Core Locations and Stratigraphy

This work compares previously published benthic foraminiferal stable isotopic results from two depth trans-
ects, one located on the Brazil Margin in the South Atlantic (Lund et al., 2015) and another from New
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Zealand in the Southwest Pacific (Sikes, Elmore, et al., 2016). The principal portion of the Pacific depth
transect is composed of five jumbo piston cores collected from the Bay of Plenty, north and east of the
North Island of New Zealand, augmented with deeper cores from the Tasman Sea and South Tasman Rise
(Figure S1). Age control is largely tephra based in the Pacific cores as previously presented in the supporting
information accompanying Sikes, Elmore, et al. (2016) (see also discussion in the supporting information
(Lowe et al., 2013; Reimer et al., 2013; Samson et al., 2005; Shane et al., 2006; Sikes & Guilderson, 2016;
Vandergoes et al., 2013)). Crucial to the tightness of stratigraphic control in the Pacific transect, there is a
tephra associated with each of the climatic intervals examined in vertical profile (see discussion in the
supporting information (Lowe et al., 2013; Reimer et al., 2013; Shane et al., 2006; Vandergoes et al., 2013)).
In the Atlantic cores, stratigraphy is based on high-resolution 14C dating (Lund et al., 2015). We estimate that
any changes to surface reservoir ages differing from modern determined for the Brazil Margin would add an
additional error on the order of ±360 years through the deglaciation which is substantially less than the
length of the time slice averages (Angulo et al., 2005; Balmer et al., 2016). Sample preparation and isotopic
analyses are as described in the original publications (Lund et al., 2015; Sikes, Elmore, et al., 2016) (see
discussion in the supporting information (Elmore, 2009)).

In the Pacific, our depth transect intersects the major interior water masses from the deepest (AABW, LCDW,
and UCDW) to the shallower water masses, SAMW and AAIW, that form in the northern regions of the
Southern Ocean and penetrate well northward of the study sites (see discussion in the supporting informa-
tion (Bostock et al., 2010; Chiswell et al., 2015; Schmittner et al., 2013). In the Southwest Atlantic, our depth
transect also intersects the major interior water masses, with the presence of southward flowing NADW well
documented (Figure S3) (e.g., Talley, 2013). Northward flowing AABW, AAIW, and SAMW are present above
and below NADW (Talley, 2013). Formation of AABW in the Atlantic occurs in the Weddell Sea and flows
northward, below NADW well into the Southwest Atlantic, reaching as far north as the equator (Orsi et al.,
1999). Today, AABW that formed in the Ross Sea flows through fractures in the Pacific Antarctic Ridge
moving northward to fill the deep southwestern Pacific including the New Zealand region (Talley, 2013).
Any changes in AABW end-member composition from the Atlantic during the LGM should be obvious at
the Brazil Margin sites (Figure 1) (Lund et al., 2015; Tessin & Lund, 2013). As a result, our “dueling transects”
provide a high-resolution, proximal cross-sectional comparison of southern sourced water masses in the
Pacific versus those in the Atlantic Ocean throughout the last glaciation and deglaciation (Figure 1).
Modern δ13C of seawater DIC is faithfully reproduced by late Holocene Cibicidoides depth profiles,
demonstrated by a detailed comparison in the Pacific study area (Figures S1 and S2; see also discussion
in the supporting information (Duplessy et al., 1984; Gruber et al., 1999; Mackensen, 2012; Mackensen
et al., 1993; McCorkle & Keigwin, 1994)).

2.2. Contour Plot Generation and Calculation of Time Slice Averages

The δ13C and δ18O contour plots include benthic foraminiferal data from all sample intervals in all
cores. Visualization of the benthic foraminiferal data is enhanced by the generation of a smoothed
contour plot based on the total suite of cores. To facilitate the comparison of Atlantic and Pacific
benthic foraminiferal data, a common grid in time and depth is required. The gridding process, using
standard interpolation/visualization packages, was as follows: The data from each core were linearly
interpolated to a common time coordinate with a resolution of 500 years. Then data in the resulting
time series that were outside the time range of the core were extrapolated using a linear nearest-
neighbor method. The higher-vertical-resolution Atlantic data were then linearly interpolated to the
lower vertical resolution Pacific data. The uniformly gridded data were contoured at 0.1‰ intervals
using the “contourf” function in MATLAB, which minimizes high-frequency variability. Core chronologies
in this study are largely based on tephra stratigraphy or radiocarbon dates (without δ18O tuning or
matching), allowing us to use vertical and interbasin δ18O differences to isolate and assess temperature
and salinity variability.

Averages of benthic foraminiferal δ13C and δ18O values were calculated for key climatic time intervals
identified by independent paleoclimate records (intervals indicated by the shaded panels in Figure 3).
This averaging allows better examination of the vertical structure for these key climatic intervals: Glacial
(19–23 ka), Heinrich Stadial 1 (HS1: 14.5–17.5 ka), Antarctic Cold Reversal (ACR; 12.9–14.5 ka), Younger
Dryas (YD; 11–12.8 ka), and Holocene (0–10.5 ka).
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Figure 3. Contoured depth-time plots of stable isotopes on the Brazil Margin and in the Southwest Pacific and since the last glaciation. (a) Contour diagram of
Southwest Pacific benthic δ18O during the last deglaciation. Individual data points are shown as circles. (b) Contour diagram of Brazil Margin benthic δ18O during
the last deglaciation. Individual data points are shown as circles. (c) Contour diagram of Atlantic-Pacific benthic δ18O differences. Note that the zone of smallest
difference between the basins is centered on 2 km that persists from the LGM through the deglaciation. (d) Contour diagram of benthic δ13C during the last
deglaciation. Note the strong chemical stratification between 25 ka and 17 ka, indicated by a sharp, shallow δ13C gradient, and the deep enrichment through the
termination, ending with more positive δ13C values below 2 km in the Holocene. (e) Contour diagram of Brazil Margin benthic δ13C during the last deglaciation.
Note the strong δ13C enrichment narrowly centered on 1.8 km in the LGM, the loss of that in the deglaciation, and the deeper and broader δ13C enrichment centered
on 2.5 km in the Holocene. (f) Contour diagram of Atlantic-Pacific benthic δ13C differences. Note that the greatest difference between basins was during the
LGM and was centered at ~1.8 km, whereas in the Holocene this difference is centered at 2.5 km.
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3. Results
3.1. Atlantic Versus Pacific δ18O

The LGM to Holocene isotopic transition across a broad depth profile in the individual basins has been
previously described (Lund et al., 2015; Sikes, Elmore, et al., 2016). The focus of this paper is to observe
Atlantic and Pacific differences during the LGM and last deglaciation. We examine the δ18O differences
between the two depth transects by comparing the δ18O depth profiles through time and by calculating
the differences between the basins (Δδ18O = Atlantic δ18O � Pacific δ18O), which were then contoured
(Figure 3). Overall, Δδ18O values were greater during the LGM, with the Atlantic at most depths being
~0.3‰ to 0.5‰ more enriched than the Pacific. The interbasin difference was greater below 2 km than
above, with little to no difference at 2 km. During the deglaciation, there are several notable trends:
Δδ18O below 2.5 km increased to ~1‰ from the beginning of HS1 until the end of the YD, with the great-
est difference in the 2.0 to 2.5 km depth range (Figure 3). After ~12 ka, Δδ18O below 2.5 km diminished
and transitioned from positive to negative in the late Holocene. The δ18O difference at ~2 km remained
close to 0 from the LGM, across the transition, and into the Holocene. At depths above 1.5 km, Δδ18O
was about ~0.3‰ from 23 to 3 ka, except for a brief increase to ~0.5‰ between 16 and 12 ka that
was centered at depths above 1 km (Figure 3).

In order to determine the driver of the relative differences in δ18O through time, it is necessary to examine
the absolute δ18O change in each basin. To examine these changes in relation to the millennial climate per-
iods of the deglaciation, we averaged the δ18O in each core for the LGM, HS1, ACR, YD, and the Holocene
and plotted the results as depth profiles (Figure 4: also see supporting information Movies S1 and S2 for

Figure 4. Benthic δ13C and δ18O profiles for each of the cores in the vertical transects. (a) Vertical profiles of averaged δ18O
for selected time slices in the Southwest Pacific: Glacial (19–23 ka), Heinrich Stadial 1 (HS1; 14.5.0–17.5 ka), Antarctic
Cold Reversal (ACR; 12.9–14.5 ka), Younger Dryas (YD; 11–12.8 ka), and Holocene (Hol; 2.0–10.5 ka). (b) Vertical profiles of
averaged δ18O for selected time slices on the Brazil Margin. (c) Vertical profiles of average δ13C, using the same time slices
and methods as Figure 4a. (d) Vertical profiles of average δ13C, using the same time slices and methods as Figure 4b.
Horizontal bars display the errors of the means for each time slice and depth. Figure S5 provides an expanded version of
this figure with the oceans overlaid for comparison. Figure S6 provides a collapsed version of this figure. Movies S1 and S2
provide video of the deglacial sequence of profiles available in the supporting information.
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animations of this figure). Higher deglacial Δδ18O below 2 km appears to have been driven by changes in
the Pacific; here δ18O began to decrease at ~18 ka, while δ18O in the deep Atlantic showed little change
until the beginning of the Younger Dryas, about 5 kyr later (Figure 4). In contrast, above 1.5 km the δ18O
in both basins began to decrease early and continued to decrease throughout the deglaciation. At these
shallower depths, the magnitude of change in the Pacific was small during HS1 (~0.2‰ or less), while the
change in the Atlantic was variable but as large as ~0.5‰ (Figure 3). During the ACR, both basins
experienced an ~1‰ depletion above 2.5 km and although the deep Pacific had a slightly smaller
change, change in the Atlantic below 2.5 was negligible. During the YD, the Pacific had a depletion of
~0.5‰ across all depths, while change in the Atlantic was nearly 1‰ below 2.5 km. It is only after 6 ka,
well into the Holocene, that the δ18O profiles in both basins align (Figures 3 and 4). Sampling intervals in
the upper portions of the deepest Atlantic cores are very coarse, so results for deepest depths after 16 ka
are somewhat tentative.

Figure 5. Cross plot of benthic δ18O and δ13C for the LGM and Holocene time slices. Data from this study for depths
below 1 km are connected by lines in increasing depth order (Atlantic, red; Pacific black). Holocene, triangles; LGM
circles. We do not include in this analysis the shallowest core from the Atlantic profile and the shallowest two cores
from the Pacific. The purple arrows illustrate the contrast between the 1.1 km core in the Pacific profile with that of the
1.6 km core in the Atlantic profile for both time slices. The large blue circle encloses the values for the 3.8 km Pacific
and 3.8 km Atlantic cores in the Holocene, whereas the small blue circles and blue arrow highlight the differences
between those cores in the LGM. Cores representing end-members for the North Atlantic (green) and Pacific (blue) are
plotted for both Holocene (triangles) and LGM (circles). Cape Basin cores are in turquoise. North Atlantic end-member
cores are from ~1.2 to 1.6 km; these depths were chosen to correlate with the depth of GNAIW. They are NEAP 4 K
(Rickaby & Elderfield, 2005), ODP984 (Praetorius et al., 2008), and RAPiD 10-1P (Thornalley et al., 2010). Pacific end-member
cores are from 3.0 to 3.6 km: PS75/059-2 and PS75/056-1 (Ullermann et al., 2016); Cape Basin cores are from below 4.0 km:
RC12-229 (Oppo & Fairbanks, 1987) and ODP-1089 (Hodell et al., 2003). The LGM core compilation represented by
grey symbols designating their basins (as described in the figure legend), previously published by Duplessy et al. (2002)
and Matsumoto and Lynch-Stieglitz (1999). With the exception of two cores from ~1.9 km cores all cores in this glacial
compilation are from depths below 2 km. See Figure S7 for the location of Southern Hemisphere cores included in
this figure.
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3.2. Atlantic Versus Pacific δ13C

We examined the δ13C differences (Δδ13C) between the two basins to infer relative changes related to
exchange with the atmosphere, water mass mixing, and/or the accumulation of respired CO2. The deep
Pacific shows significantly greater 13C depletion in waters below 1.5 km during the LGM than the Atlantic
(with a maximum Δδ13C of ~1.2‰ centered at ~1.8 km; Figure 3e). One of the most striking features of
the LGM Atlantic was the well-characterized 13C-enriched tongue centered at ~1.5 km (e.g., Curry & Oppo,
2005); (Figure 3d). This feature caused the Atlantic to be more enriched than the Pacific between 1.5 and
3.5 km throughout the LGM, deglaciation, and Holocene. There was a greater interbasin difference during
the LGM (1 to 1.2‰) than the Holocene (~0.9‰; Figure 3e), and the interbasin difference was greatly dimin-
ished but did not disappear during the deglaciation. Throughout the LGM and the deglaciation, Δδ13C at sites
deeper than 3.5 km had neutral to slightly negative values, in strong contrast to the waters directly above.
This interbasin homogeneity at depths between 3.6 and 4.1 km has been previously observed using cores
from the East Pacific Rise and Cape Basins (Ullermann et al., 2016). At depths above 1.2 km during the
LGM, the δ13C in the Atlantic was slightly lower than the Pacific causing a small negative difference in
Δδ13C between the basins. This continued into the early deglaciation, until the ACR at about 14 ka. This
appears to have been caused by a shallow pulse of enrichment in the Pacific above 1.6 km during the second
half of HS1 that terminated in the ACR (Sikes, Elmore, et al., 2016). This difference diminished and became
slightly positive from the ACR to the mid Holocene.

During the deglaciation, it is notable that δ13C enrichment in the Pacific after HS1 occurred across all depths,
while δ13C changes in the Atlantic were variable and restricted to depths above 2.5 km until the YD (Figures 4
and S5). In the Atlantic during the HS1-YD interval, δ13C from 1.5 to 3.5 km in the Atlantic was 0.1–0.5‰ lower
than glacial values (Figure 3). The tongue of δ13C enriched water that sat at ~1.5 km in the LGM subsequently
deepened to be centered at 2.5 km and broadened, coincident with evidence of deepening of NADW in the
Holocene (Gherardi et al., 2009). The reduction in Δδ13C between 17 and 13 ka B.P. was driven by the large
δ13C decrease at middepths in the Atlantic. The 13C changes in the respective basins are well resolved in
the vertical profiles (Figure 4). The drop in Δδ13C lasted for most of the deglaciation until approximately
the YD, at which point the interbasin δ13C difference strengthened followed by a deepening of the Δδ13C
maximum early in the Holocene.

4. Discussion
4.1. Atlantic Versus Pacific Water Mass Formation and Ventilation During the LGM

Although numerous studies have examined Atlantic-Pacific differences in δ13C (Charles et al., 2010; Hodell
et al., 2003; Ninnemann & Charles, 2002; Ullermann et al., 2016), few have examined δ18O differences
between the Atlantic and Pacific. The comparison of stacked δ18O records has revealed the asynchronous
arrival of deglacial signals among the ocean basins and across depths in the different basins (Stern &
Lisiecki, 2014). Our comparison of depth transects reveals that throughout the past ~30 ka, Pacific and
Atlantic δ18O values at UCDW depths (centered at ~2 km) were much more similar than the δ18O of water
masses shallower and deeper in the water column. This suggests that the deeper and shallower water
masses in the Pacific had significant inputs that were not directly sourced from AMOC flow out of the
Atlantic. An important consideration in understanding this observation is that during the glaciation, north-
ern sourced water likely shoaled to above ~2 km in the Atlantic (Curry & Oppo, 2005; Gherardi et al., 2009;
Lund et al., 2015). The prevailing assumption has been that waters from this shallow AMOC flow still entered
the Southern Ocean, similar to today, an assumption we suggest deserves revisiting.

To explain the Atlantic-Pacific differences in δ18O during the LGM, we make the argument that unlike today,
PDW was the dominant source of water below 2 km, largely replacing NADW as the main contributor. This
suggestion derives from the understanding that dynamically, waters entering the Southern Ocean above
the sill depth of the Drake Passage cannot cross the ACC (see review in Talley, 2013, and Toggweiler &
Samuels, 1995). In contrast, waters below this depth are able to flow southward in geostrophic balance,
due to the east-west pressure gradient created by Drake Passage. Today, the core of the NADW enters the
Southern Ocean below this sill depth (approximately 2.5 km) and upwells to the sea surface in the regions
south of the ACC, making it the main input for dense water formation processes in the Ross and Weddell
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Seas that yield AABW (e.g., Warren, 1990) (Figure 2a). These dynamical constraints require that the shoaling of
NADW during the LGM to depths above 2 km would have prevented these waters from entering the deep
Southern Ocean. Similar to waters above the Drake Passage sill depth today, they would have been restricted
to locations north of the ACC where the shallow water masses SAMW and AAIW form (Talley, 2013).

If NADW was not a primary source of abyssal Southern Ocean waters during the LGM, then what was? We
suggest that the roles of NADW and PDW were reversed during the LGM. Today, the less dense PDW and
IDW outcrop north of the NADW in the Southern Ocean and are the dominant source for the northward flow
of surface waters subducted into SAMW and AAIW (Marshall & Speer, 2012; Talley, 2013) (Figure 2a). It is these
water masses, rather than NADW, that provide nutrients delivered to thermocline waters at lower latitudes
(Sarmiento et al., 2004; Talley, 2013). With GNAIW being demonstrably shallower and presumably less dense
than IDW/PDW during glacial times, we suggest that IDW/PDW outcropped south of GNAIW and supplied the
waters that flowed southward to eventually form LCDW and AABW (Figure 2b). We lay out the evidence that
supports our proposed mechanism below.

In the upper portion of the water column in our two transects, the glacial isotopic differences can be
explained by the shoaling of North Atlantic sourced waters to depths above 2 km (Curry & Oppo, 2005).
Our mechanism predicts that these waters were restricted to the north of the ACC, making them a dominant
source for glacial SAMW and AAIW, primarily in the Atlantic. Today, water upwelled north of the core of the
ACC in the Indian Ocean freshens and warms to form SAMW and AAIW as it transits to the Pacific. But during
the LGM, northward movement of the STF would have largely restricted the influence of northern sourced
waters to the Atlantic basin (Beal et al., 2011; Peeters et al., 2004). This suggests that intermediate waters
in the Atlantic were sourced from GNAIW, whereas Indian and Pacific intermediate waters were primarily
sourced from PDW/IDW (Figure 2b). The main result was that interconnectedness of the major ocean basins
observed today through the intertwining of the conveyor belt in the modern configuration was reduced to
exchange above the sill depth of Drake Passage (Figure 2b). This mechanism is similar to that of Ferrari et al.
(2014), but instead of calling solely on expanded Southern Ocean sea ice to create two distinct deep circula-
tion cells, we invoke a key role for the Drake Passage gateway as well. We suggest that this would not only
isolate deep waters from shallower interior water masses in the Atlantic; it would also create separate deep
circulation cells in the Atlantic and Pacific basins.
4.1.1. The Glacial Deep Ocean
The largest Atlantic-Pacific δ18O differences were observed below ~2.5 km from the LGM into the early
Holocene. The positive Δδ18O signal suggests that the deep South Atlantic was colder and/or saltier than
the deep Pacific (Figures 3c and S5). Lacking the input of dense NADW across the ACC, abyssal waters that
formed in the Southern Ocean (AABW) would not have been “just recycled NADW” as they are today
(Warren, 1990). Modification of the δ18O signature as CDW flows from the Atlantic to Pacific has a negligible
effect on the surface δ18O signal today (LeGrande & Schmidt, 2006). Alteration along this path in the LGM that
depleted the δ18O through deep water formation processes was unlikely. Brine rejection during the forma-
tion of sea ice increases salinity and only weakly depletes the oxygen isotopes of the remaining water
(Craig & Gordon, 1965). Cooling through open ocean convection processes (polynya formation) would enrich
the δ18O of calcite formed relative to the source waters, pushing the interbasinal signal in the wrong direc-
tion. Although precipitation would tend to deplete the signature (LeGrande & Schmidt, 2006), any freshwater
input would decrease density contributing more to shallow water formation. Although the cooling of water
beneath ice shelves would produce a negative δ18O signature reflecting incorporation of overlying ice shelf
meltwater, this formation mechanism is controlled by the position of the grounded ice sheet relative to the
continental shelf break and can be largely disallowed during the LGM because continental glaciers reached
to the continual shelf edge (e.g., Anderson et al., 2014; Hillenbrand et al., 2013). Instead, the relatively
depleted δ18O of deep Pacific waters can be attributed to the diffusively formed nature of IDW/PDW that
is derived mostly from upwelled AABW admixed with low-latitude sourced waters (with depleted δ18O)
within the midlatitudes of the Indian and Pacific Oceans. These processes move the deep waters upward
and to lower density even though the diffusive processes are weak (Talley, 2013). We infer that IDW/PDW
densities were greater than GNAIW causing the roles of IDW/PDW and North Atlantic source waters to be
reversed. GNAIW, which was unable to cross the ACC, if it contributed to deep water formation at all, likely
had its influence restricted to the Atlantic basin. Consequently, we argue that the independent nature of
these pathways in forming southern sourced interior waters was greater during the LGM than today and
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that Pacific and Indian water masses became important sources forming both shallower and deeper water
masses in the Pacific during the LGM and early deglaciation.

There is evidence for reduced flow through Drake Passage in the LGM (Lamy et al., 2015; McCave et al., 2014),
which supports our hypothesis of reduced communication between the Southern Ocean basins. Notably,
2.5 km is the sill depth of not only the Drake Passage but also about the depth of ridges separating the deep
the Indian Ocean from the Pacific in the Southern Ocean (Figure 1). Enhanced stratification observed in the
South Atlantic (Roberts et al., 2015) could have caused these sills to isolate abyssal waters originating in the
Weddell and Ross Sea regions (McCave et al., 2008) and would have restricted mixing of the deepest waters.
Other lines of geochemical evidence confirm that deepest waters in the South Atlantic sector of the Southern
Ocean were saltier than the Southern Pacific (Adkins et al., 2002) and were about the same temperature
(Elderfield et al., 2010; Roberts et al., 2015). Relatively fresh waters in the deep Pacific compared to the
South Atlantic are consistent with the idea that they originated from different sources and/or were influenced
by mixing with different water masses. In this situation, bottom and deep waters formed in the Weddell Sea
were sourced from the reduced UCDW inflow through Drake Passage interacting with AABW present in that
basin, whereas deep waters in the Pacific would have been derived from IDW/PDWwith different water mass
characteristics. This scenario is supported by the difference in the Atlantic-Pacific δ13C in our profiles, with the
Atlantic at depths between ~1.5 and 2.8 km significantly more δ13C enriched/ventilated than the Pacific
(Figure 3). Notably, this δ13C divide in the Atlantic shoaled to sill depth at the latitude of Drake Passage
(~2.5 km) (Curry & Oppo, 2005). Many lines of evidence, including Δ14C, have suggested that the ocean’s geo-
chemical divide shoaled in the LGM (e.g., Curry & Oppo, 2005; Ferrari et al., 2014; Sikes, Cook, et al., 2016,
Sikes, Elmore, et al., 2016). Modeling results indicate that reduced bottom drag, consistent with a weaker
ACC, leads to shallower stratification with the volume of circumpolar transport relatively insensitive to surface
wind stress (Marshall et al., 2017). Based on this, we infer that the glacial increase in stratification may have
been linked to the inferred reduction in ACC flow. Our basinal comparison supports this mechanism and adds
an important third dimension to previous two-dimensional conceptualizations of global overturning circula-
tion (Figure 2). A greater independence of deep water formation and recirculation in the Pacific during the
LGM and the restriction of North Atlantic source waters from the Southern Ocean would have enhanced
the role of IDW/PDW in deep water formation, resulting in greater isolation of deep water masses in the
Pacific in the LGM.

We can examine the differences between the deeper portions of our profiles during the LGM and Holocene
by cross plotting the δ13C and δ18O in our profiles, disregarding data from above 1 km (the shallowest core
from the Atlantic profile and the shallowest two cores from the Pacific; Figure 5). This allows us to focus on the
composition of deep internal water masses. During the Holocene, the data from our Atlantic and Pacific
depth transects plot close together in δ13C and δ18O space (red and black symbols in Figure 5). In particular,
the deepest points where the δ13C values in each profile converge point to a common source of abyssal
waters in the two basins (highlighted by the large, open black circle in Figure 5). In contrast, during the
LGM the largest difference between our Pacific and Atlantic profiles is in δ13C at ~1.5 km, which indicates a
greater buildup of respired carbon in the Pacific, which we infer as reduced exchange between the basins.
During the LGM, the δ18O contrast between the deep basins is represented by the vertical distance between
cores at similar depths on this plot (highlighted by the arrows in Figure 5). The larger δ18O difference at 4 km
between the South Pacific and South Atlantic profiles during the LGM signals the greater geochemical
separation of these basins (indicated by the open black circles in Figure 5).

We can further assess the differences between the deeper portions of the basins during the LGM and
Holocene by comparing the δ13C and δ18O in our profiles to hypothetical end-members from the eastern
Pacific and the North Atlantic (Figure 5). Note that the overall spread in deep ocean δ13C data between
North Atlantic and Pacific end-members is approximately 1.2‰ during the Holocene (blue and dark green
symbols in Figure 5). In contrast, the spread in deep ocean δ13C end-members during the LGM was
approximately 2.5‰, suggesting a greater buildup of respired carbon in Southern Ocean and Pacific basins,
apparently enhanced by reduced exchange between deep basins. Larger differences between Pacific and
Atlantic deep water compositions in δ18O- δ13C space are a widespread feature and have been observed
at a number of abyssal depth cores from the Atlantic, Pacific, and Southern Oceans (Duplessy et al., 2002;
Matsumoto & Lynch-Stieglitz, 1999) (Figure 5).

Paleoceanography 10.1002/2017PA003118

SIKES ET AL. DUELING TRANSECTS: THE DEEP GATEWAY 11



The differences in the δ13C signatures between the Holocene and LGM also have some interesting nuance. In
the Holocene, the δ13C values in our profiles sit between the end-member values (which are from similar
depths) and are closely bounded by them, with the difference between our profiles and the respective
δ13C end-members separated by about 0.2‰ in both oceans. During the LGM, not only was the difference
between end-members larger, the composition of deep waters globally tended to shift toward Pacific values.
Specifically, the values in our Atlantic profile from 1.5 to 2.5 km were at least 0.5‰ more depleted in δ13C
relative to the North Atlantic end-member cores from the same depths, whereas the Pacific end-member
sites cluster with our Pacific profile (Figure 5). The shift of the South Atlantic δ13C profile farther away from
the North Atlantic end-member is accompanied by an increase in the contrast between the shallower and
deeper cores in our Brazil Margin profile. Although this implies a greater buildup of CO2 as water transited
through Atlantic during the LGM than today, this was limited to depths below 3 km which has also been
attributed to mixing of end-members (Hoffman & Lund, 2012). In contrast, the Pacific end-members (blue
circles, Figure 5) had the same values as our South Pacific profile, all depths had similar δ13C values, and these
cluster with numerous sites in the North and equatorial Pacific (Duplessy et al., 2002) (Figure 5).
Conspicuously, the Pacific sites also cluster with South Atlantic sites below 3.5 km (Figure 5). The similarity
in the δ13C of the two basins has been noted in previous comparisons of cores from between 3 and 4 km
(Charles et al., 2010; Hodell et al., 2003; Ninnemann & Charles, 2002; Ullermann et al., 2016). We suggest that
this is evidence that the Pacific sector of the Southern Ocean was the end-member for much of the global
ocean during the LGM, and we speculate that a significant amount of this deep water was forming in the
Ross Sea with PDW as a dominant source. A limited connection to the abyssal Atlantic through Drake
Passage at 2–2.5 km and the lack of a significant contribution from the North Atlantic to the Pacific and
Indian basins could explain these observations.

It is important to note that there are five cores that do not fall within the Atlantic-Pacific continuum (Figure 5).
These sites, which are distinguished by their extremely depleted δ13C values (Hodell et al., 2003; Ullermann
et al., 2016), are from the southwest Indian Ocean sector below 3.0 km and the Cape Basin below 4 km in the
Southeast Atlantic (grey diamonds and turquoise circles, Figures 5 and S7). All five of the sites are below the sill
depth that separates the deepest Southern Atlantic from the western Indian Ocean basin (~3.2 km) and the
Indian from the Pacific (~2.5 km; Figure 1). The deepest core in our Atlantic transect has similarly enriched
δ18O and δ13C approaching these values. Based on the unique δ13C signature and spatial isolation of the five
sites, we speculate that the deepest waters in this region formed in theWeddell Sea andwere largely restricted
to the southwest Indian Ocean and Southeast Atlantic during the LGM, whereas Pacific AABW formed in the
Ross Sea as first suggested by McCave et al. (2008) with a different source pathway and ventilation history.

4.1.2. Shallow Layers of the Southern Ocean
At midwater depths of around 2 km, located above the sills in the Southern Ocean, the Pacific and Atlantic
δ18O values were more similar to each other than waters above and below from the LGM through the early
Holocene. This suggests that waters at UCDW depths were swept westward in the ACC flow, moving around
Antarctica with little modification of their δ18O, similar to today. At depths above 1.5 km, the observed posi-
tive Atlantic-Pacific Δδ18O during the LGM implies that waters in the Pacific were fresher and/or warmer. This
suggests that there were similar formation processes as today in the Indian and Southwest Pacific sector that
freshen intermediate waters as they move eastward (McCartney, 1977).

Notably, the most positive Δ13C values for any given time interval occurred during the LGM and were located
between 1.5 and 2.5 km water depths. This significant fact, that North Atlantic sourced waters at middepths
were continuously more 13C enriched than the Pacific, suggests the uninterrupted accumulation of respired
CO2 along a shoaled AMOC-style conveyor circulation throughout the LGM, deglaciation, and Holocene
(Lund et al., 2011; Lynch-Stieglitz et al., 2007). This is compelling evidence against any “reversal” in water mass
circulation patterns during the LGM, with the implication that North Pacific Deep Water formation, if it
occurred, was not vigorous enough to have a demonstrable effect on interbasin δ13C gradients.

Water at SAMW/AAIW depths above 1.0 km in the Pacific was more enriched in δ13C during the LGM than the
Atlantic. Significantly, although the interbasin Δδ13C signal was negative during the LGM, there was no δ18O
enrichment (Figure 3). In the Pacific, intermediate δ13C is predominantly set by exchange with the atmo-
sphere (Lynch-Stieglitz et al., 1994) and any δ13C enrichment due to LGM cooling would require an attendant
drop in δ18O which is not observed. A reduced contribution from intermediate depth Atlantic Ocean waters
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in favor of contributions from upwelled IDW/PDW (Lynch-Stieglitz et al., 1994) and enhanced air-sea
exchange of CO2 can explain these observations.

Overall, our results show that the glacial ocean was not simply composed of a deep and shallow cell with
similar chemical compositions across basins. Pacific and Atlantic δ13C and δ18O offsets were generally greater
during the LGM than they are today. This is an important distinction that refines the mechanism for observed
differences between upper and lower cells during glacial times (Hu et al., 2016; Sikes, Elmore, et al., 2016;
Stern & Lisiecki, 2014) by imposing a horizontal separation as well.

4.2. Atlantic Versus Pacific Water Mass Structure During the Deglaciation

The deglacial changes in the two basins can be summarized as follows. The Pacific experienced early shifts in
both δ18O and δ13C; these changes were relatively (though not completely) uniform across all depths, and
this transformation progressed relatively steadily throughout HS1, the ACR, and the YD. In contrast, the pri-
mary δ18O and δ13C changes in the Atlantic occurred above 2.5 km throughout HS1 and the ACR, and only
after the ACR did waters below 2.5 km show a clear shift toward Holocene values. These contrasting beha-
viors are best illustrated by the differences between the vertical depth profile time slices for each ocean
(Figure 4; see the supporting information Movies S1 and S2 and Figures S5 and S6). The changes in the
South Atlantic can largely be characterized as the response to deglacial changes in AMOC and the end-
member composition of northern component water (Lund et al., 2015; McManus et al., 2004; Oppo et al.,
2015; Tessin & Lund, 2013). The lack of isotopic change in the deep Atlantic until the ACR or later fits with
other lines of evidence that AMOC flow did not deepen to below 2.5 km, the Drake Passage sill depth, until
after the YD (Gherardi et al., 2009). The shallow AMOC flow that persisted through the early deglaciation
would have precluded AMOC flow from crossing the ACC and entering the deep Southern Ocean. We argue
that this situation requires that deglacial water mass changes in the Pacific, particularly the early δ13C enrich-
ment at shallow depth and shifts in δ18O and δ13C in deeper waters, must have had an independent driver
from the Atlantic. We provide details of the deglacial progression in both basins within the framework of
millennial-scale climate and circulation changes that support a deep gateway as a possible controlling
mechanism below.
4.2.1. Heinrich Stadial 1
The earliest stages of the deglaciation during Heinrich Stadial 1 brought a stable isotope response in the
Atlantic that was largely restricted to water depths above 2.5 km. The LGM to HS1 reduction of ~0.5‰
in δ18O was most likely due to the delivery of a meltwater signal at middepths (Lund et al., 2015) because
waters at these depths in the South Atlantic did not warm appreciably until the ACR (Lund et al., 2015;
Roberts et al., 2015). The depletion in δ13C has been attributed to reduced AMOC flow associated with
HS1 and the accumulation of respired carbon at middepths (Gherardi et al., 2009; McManus et al., 2004;
Schmittner & Lund, 2015). In the Pacific, δ13C had the opposite signal with depths shallower than 1.5 km
becoming more enriched during the second half of HS1 (Figures 3 and S6). This intermediate depth δ13C
enrichment cannot be explained by temperature because existing Mg/Ca records show contemporaneous
warming near AAIW formation zones (Hertzberg et al., 2016). Instead, δ13C enrichment in the Pacific has
been attributed to two mechanisms: (1) decreased efficiency of the biologic pump (Jaccard et al., 2016;
Schmittner & Lund, 2015) which could occur before the net flux of CO2 to the atmosphere or (2) wind-
driven exchange caused by the southward shift in Southern Westerlies (Anderson et al., 2009; Putnam
et al., 2013) that enhanced shallow ventilation in the Pacific (Sikes, Elmore, et al., 2016) which should occur
simultaneously or lag somewhat the atmosphere CO2 increase. Either mechanism is consistent with net flux
of carbon from the ocean to the atmosphere and the overall increase in atmospheric CO2 in the latter part
of HS1 (Marcott et al., 2014). Mechanism 2 supports the view that the pulse of atmospheric CO2 at 16.5 ka
(Marcott et al., 2014) came largely from intermediate waters in the Pacific (Sarnthein et al., 2013; Sikes,
Cook, et al., 2016, Sikes, Elmore, et al., 2016).

In the Pacific, there was a δ18O depletion of ~0.3‰ throughout the water column below 2.0 km (Figure 3).
The δ18O change must have been largely due to freshening because deep water temperatures in this
region of the Pacific did not warm until ~15 ka (Elderfield et al., 2012). The deep Pacific change was
smaller than that observed in the upper Atlantic and occurred in advance of any deep changes in the
Atlantic (Figures 4 and S5). If AMOC flow was diminished in HS1 (McManus et al., 2004), this may have
lessened northern source waters’ influence on waters in the Southern Ocean. The consistent δ18O shifts
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across all depths in the Pacific indicate early modifications in middle to deep water formation. The
possibility that a meltwater signal was transported laterally in the ACC and subsequently incorporated
in the formation of deeper waters in the Pacific cannot be dismissed, but if meltwater influenced the
deep Pacific, why did it not affect the deep Atlantic until the YD? Alternatively, we attribute the Pacific
signal to reductions in Southern Ocean sea ice extent (Wolff et al., 2006) and shifts in wind location
(Denton et al., 2010) that enhanced upwelling (Anderson et al., 2009) as a means to invigorate deep
water formation and suggest that these dynamic changes altered the composition of waters formed in
the Southern Ocean.

We note here that we were surprised to find that the relative timing of these early δ18O changes between
basins in our depth transects are different from those seen in stacked records comparing the onset of the gla-
cial termination between basins (Stern & Lisiecki, 2014). Stacked records indicate that the deep South Atlantic
led the deep Pacific. We are uncertain of the reason for the differences in the records but suggest that the
stacking process which combined cores from 2 to 4 km depth and across the entire Pacific for comparison
may have masked some of the detail we see in our depth transects.
4.2.2. The Antarctic Cold Reversal
During the ACR, Atlantic δ18O declined by 0.5–1.0‰ at depths above 2.5 km, which could be attributed to
the delivery of meltwater and warming of shallow water masses (Lund et al., 2015; Roberts et al., 2015). This
was accompanied by δ13C enrichment, perhaps attributable to reinvigoration of shallow AMOC in the
Bølling-Allerød interval (Gherardi et al., 2009; Lund et al., 2015). At the same time, benthic δ18O in the
Pacific above 2.5 km experienced a reduction similar to the Atlantic (Figures 3 and 4). By the ACR the STF
had moved sufficiently southward of Africa (Beal et al., 2011; Peeters et al., 2004), to have allowed eastward
transport in shallow waters north of the ACC. The large decrease in δ18O at ~1500 m in the Pacific suggests
the renewed transport of a δ18O-depleted meltwater signal to Pacific intermediate water masses during the
ACR (Figure 4). For water masses above 2000 m, relatively fresh intermediate waters sourced from the North
Pacific may have exerted some influence as well (Cook et al., 2016).

While there were no large changes in either δ13C or δ18O in the deep Atlantic during the ACR, the deep Pacific
continued to migrate toward Holocene values. Deepening δ13C enrichment in the Pacific of greater magni-
tude than the Atlantic reduced the deep interbasin δ13C gradient until it reached a minimum at ~13 ka, near
the end of the ACR (Figure 3). Throughout this interval, δ13C enrichment in the Pacific at depths below 3 km
led the Atlantic, which suggests continued and deepening ventilation in the Pacific from HS1 to the ACR. The
resolution of the deep South Atlantic stable isotope data is poor through the ACR, but Δ14C evidence from
multiple locations suggests that enhanced ventilation in the upper Atlantic occurred at the onset of the
ACR (Burke & Robinson, 2012; Chen et al., 2015; Skinner et al., 2015). At the same time, the lack of change
in the deep Atlantic δ18O caused the deep basins’ δ18O to be most dissimilar from HS1 to the end of the
ACR (Figures 3 and 4). This is supported by benthic stacks for deep waters in these regions (Stern &
Lisiecki, 2014). Evidence suggests that AMOC remained shoaled in the Atlantic during the ACR (Gherardi
et al., 2009). From this we infer that while frontal movement southward may have reinitiated communication
between the basins at intermediate depths, communication below the Drake Passage sill depth continued to
be restricted, causing the chemistry of the deeper waters to remain distinct owing to circulation constraints
rather than stratification. The rapid change in Atlantic carbon isotopes compared to the sluggish change in
the Pacific suggests that the rapid rise in atmospheric CO2 at 14.6 ka (Marcott et al., 2014) came largely from
the deep Atlantic, with little participation from the Pacific.
4.2.3. The YD Into the Holocene
It was not until the YD that the deep Atlantic carbon and oxygen isotopes approached Holocene values and
structure. The resolution in our deep Atlantic cores is low for this period, but this behavior is confirmed in
other records (Roberts et al., 2015). During the YD, the Pacific above 2.5 km experienced greater reductions
in δ18O than the Atlantic (~0.6‰). This requires that any δ18O-depleted meltwater signal transported in
shallow waters north of the ACC was also augmented by Southern Ocean processes such as warming
and/or freshening that further modified Pacific intermediate water masses, similar to today. The interbasinal
Δδ13C that was greatly reduced in the early deglaciation relative to the LGM began to increase, broaden,
and deepen into the Holocene, coincident with evidence of deepening of NADW in the Holocene
(Gherardi et al., 2009), indicating the resumption of the interbasinal flow seen today. The cessation of
meltwater input to the North Atlantic would have allowed AMOC flow to become more salty (Roberts
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et al., 2015), and this could have driven the onset of modern-style deeper NADW transport that allowed the
escape of NADW into the Southern Ocean by the early Holocene (Figures 3 and 4). These changes in deep
circulation and carbon storage appear to have completed the shift of the system into an interglacial mode.

5. Summary and Conclusions

Pacific and Atlantic benthic δ13C and δ18O isotope depth profiles during the LGM were distinct from one
another and from their respective Holocene profiles. This interbasinal dissimilarity is an important feature
that suggests different circulation cells in the two oceans. This circulation feature is in addition to changes
brought about by AMOC shoaling that is suggested to have partitioned the glacial ocean into relatively iso-
lated upper and lower cells (Ferrari et al., 2014). Geostrophic balance requires that the glacial shoaling of
AMOC flow would have prevented GNAIW from entering the eastward flow of the ACC. With the northward
migration of Southern Ocean fronts south of Africa, flow north of the ACC into the Indian Ocean would have
been largely reduced (Beal et al., 2011; Peeters et al., 2004). From this we deduce that GNAIW would not have
entered the Southern Ocean and must have been restricted to the Atlantic providing a source for shallow
interior water masses such as SAMW and AAIW, which we conjecture were mainly restricted to the
Atlantic. In this extreme case, IDW and PDW would have continued to be the main source for Pacific and
Indian SAMW and AAIW, in addition to becoming the primary source of dense waters in the Pacific basins
where AABW formed (Figure 2b). This altered glacial circulation would have driven deep circulation in the
two oceans to be more independent in the LGM as evidenced by the contrasting isotopic profiles in the
two basins (Figures 3 and 4). Our end-member analysis suggests that recirculation in the Pacific driven by
Southern Ocean processes appears to have supplied most of the ventilation for that basin in the LGM.

The structure of the vertical profiles of δ18O in the two basins was increasingly dissimilar through the degla-
ciation, with our δ18O results showing changes in Pacific sector Southern Ocean deep water character that
began earlier than changes in the Atlantic and well before AMOC circulation deepened and/or strength-
ened. This suggests a density structure that was not only dissimilar between the basins but also that any
physical destratification may have proceeded at different times in the two oceans. Change occurred rapidly
after the YD as AMOC deepened, opening a deep gateway to reconnect the Atlantic with Southern Ocean
basins in the Indian and Pacific. A decrease in the density of deep water has been invoked to explain the
deglacial rise in atmospheric pCO2, via changes in the rate of diapycnal mixing and the vertical position
of the isopycnal separating the two overturning branches of circulation (Ferrari et al., 2014). We suggest that
the depth to which northern sourced waters sank was a critical governor on their ability to participate in
Southern Ocean processes. Southern Ocean processes in the Pacific may have been more important in
regulating initial degassing of CO2 to the atmosphere through most of the deglaciation until this deep
pathway reopened.

Our comparison of δ13C profiles and the pace of isotopic change at different depths leads us to suggest that
the initial atmospheric CO2 rise from 17.5 to 16 ka ventilation came from the shallow Pacific driven by upwel-
ling processes (Anderson et al., 2009; Sikes, Elmore, et al., 2016) that were independent of AMOC-driven
change in the South Atlantic. Based on δ13C enrichment, the deeper layers of the Pacific appear to have con-
tributed CO2 steadily and from increasingly deeper depths throughout the deglaciation. The deep Atlantic
appears to have contributed only after the ACR when AMOC deepened to become NADW and again contrib-
uted to deep water formation and ventilation in the Southern Ocean.
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