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ARTICLE INFO ABSTRACT

Article history: It has been proposed that the rapid rise of atmospheric CO, across the last deglaciation was driven by
Received 25 November 2014 the release of carbon from an extremely radiocarbon-depleted abyssal ocean reservoir that was ‘vented’
Received in revised form 27 April 2015 to the atmosphere primarily via the deep- and intermediate overturning loops in the Southern Ocean.
Q\C/;ielzﬁg ;ﬁlil\rf:);zjgli »015 While some radiocarbon observations from the intermediate ocean appear to confirm this hypothesis,
Editor: G.M. Henderson others appear to refute it. Here we use radiocarbon measurements in paired benthic- and planktonic

foraminifera to reconstruct the benthic-planktonic 1#C age offset (i.e. ‘ventilation age’) of intermediate

Keywords: waters in the western equatorial Atlantic. Our results show clear increases in local radiocarbon-based
radiocarbon ventilation ages during Heinrich-Stadial 1 (HS1) and the Younger Dryas (YD). These are found to coincide
deglacial with opposite changes of similar magnitude observed in the Pacific, demonstrating a ‘seesaw’ in the
intermediate water ventilation of the intermediate Atlantic and Pacific Oceans that numerical model simulations of North
ocean ventilation Atlantic overturning collapse indicate was primarily driven by North Pacific overturning. We propose that

carbon cycle this Atlantic-Pacific ventilation seesaw would have combined with a previously identified North Atlantic—

Southern Ocean ventilation seesaw to enhance ocean-atmosphere CO; exchange during a ‘collapse’ of the
North Atlantic deep overturning limb. Whereas previous work has emphasized a more passive role for
intermediate waters in deglacial climate change (merely conveying changes originating in the Southern
Ocean) we suggest instead that the intermediate water seesaw played a more active role via relatively
subtle but globally coordinated changes in ocean dynamics that may have further influenced ocean-

atmosphere carbon exchange.
© 2015 Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction CO, whilst reducing its 4C/'2C ratio. It is possible that the ob-
served deglacial changes in atmospheric radiocarbon activity could

The two-step increase in atmospheric CO, at the end of the primarily reflect perturbations to the Atlantic overturning that had
last glacial maximum (LGM) is well documented (e.g. Marcott et only a minor impact on atmospheric CO,, which would have re-
al., 2014), yet the source of CO; and its mechanism of release re-  sponded much more sensitively to relatively small changes in the
main elusive. Synchronous drops in the radiocarbon (*C) activity ~ ventilation of the ocean interior via the deep Southern Ocean
of atmospheric CO; are observed in numerous records (e.g. Beck et and the Pacific (e.g. Hain et al., 2014). One way of testing these
al,, 2001; Hughen et al., 2004; Fairbanks et al., 2005; Southon et hypotheses is to assess the existence of a significant volume of

al, 2012) leading to the proposal that CO, was released from ara- 3 4iocarbon-depleted water in the ocean interior prior to deglacia-
diocarbon depleted oceanic abyssal reservoir that had previously tion, as well as the occurrence of changes in marine radiocarbon

been isolated from the atmosphere (e.g. Marcmtto et al, 2007, ‘ventilation’ (i.e. ocean-atmosphere '“C equilibration) that would
Broecker and Clark, 2010). Upon release, the radiocarbon-depleted . .
. . ’ . . be consistent with renewed ocean-atmosphere carbon exchange
carbon would mix with the atmospheric carbon pool, increasing . . .
across the last deglaciation, specifically in the Southern Ocean

and/or Pacific.
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Fig. 1. Hydrography of site GS07-150-17/1GC-A (04°12.98'S, 37°04.52’W, 1000 m): a) Western Atlantic salinity section showing the core location. b) Brazil Margin water
profile. (Blue) Modern background '#C distribution (GEOSECS; Stuiver and Ostlund, 1980). (Black) Salinity (Cruise No. GS07-150, R/V G.O. SARS, RETRO Project). Dashed line
indicates the water depth of core site 17/1GC-A. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and deep waters since the LGM, has yielded contradictory con-
clusions. Many of these studies may have been hampered by a
lack of radiocarbon-independent calendar age control, and there-
fore the exclusive use of benthic-planktonic age offsets, which can
be relatively insensitive to changes in ocean-atmosphere radio-
carbon age offsets, particularly during periods of rapid change in
atmospheric radiocarbon activity (Adkins and Boyle, 1997). Nev-
ertheless, extremely large radiocarbon depletions (relative to the
atmosphere), observed at some shallow/intermediate water loca-
tions (Marchitto et al., 2007; Stott et al., 2009; Bryan et al., 2010;
Mangini et al., 2010), have been interpreted as indicating that
poorly ventilated waters exited through the Southern Ocean and
were transported via Antarctic Intermediate Water (AAIW) into
the Atlantic and Pacific Oceans. However radiocarbon data from
several other locations that are also believed to have been influ-
enced by AAIW across the last deglaciation have been interpreted
as showing no large change in the ventilation age of this wa-
ter mass since the last glacial period (De Pol-Holz et al., 2010;
Cleroux et al.,, 2011). If the general pattern of ocean circulation
seen today is also assumed for the last glacial period, it is hard
to see how AAIW could have carried radiocarbon depleted water
to the sites where it is reported without leaving any sign at those
where it seems not to have been detected. A coherent framework
for the evolution of intermediate water (500-2000 m) ventilation
across the last deglaciation therefore has yet to be proposed. We
seek to address this question using new and existing radiocar-
bon data, in combination with intermediate complexity numerical
model simulations.

2. Materials and methods
2.1. Study site

Here we present a record of intermediate water radiocarbon-
based ventilation change across the last deglaciation, in the equa-
torial Atlantic off the coast of Brazil. Radiocarbon measurements
were conducted on benthic and planktonic foraminifera from core
GS07-150-17/1GC-A (04°12.98'S, 37°04.52’W, 1000 m). This site is
currently bathed predominantly in AAIW, with a minor influence
of North Atlantic deep water, NADW, which lies immediately below
(Fig. 1). AAIW is predominantly formed in two locations north of
the Subantarctic Front, in the southeast Pacific and southwest At-
lantic where surface waters are subducted to intermediate depths
during austral winter and early spring (Sloyan et al., 2010). The

two main formation sites lead to two types of AAIW, one in the
South Pacific, and one in the Atlantic that is colder and fresher
(Piola and Georgi, 1982). In the North Pacific, modified southern-
sourced intermediate waters compete for space with North Pacific
intermediate water (NPIW), a low-salinity cold water mass which
today forms in the Sea of Okhotsk (Yasuda, 1997).

2.2. Radiocarbon measurements

Foraminifera were picked from the >212 pm size fraction and
where necessary from the 150-212 pm fraction. 28 monospecific
samples of Globigerinoides ruber and 15 samples of mixed benthic
foraminifera were picked and graphitized in the Godwin Labora-
tory at the University of Cambridge using a standard hydrogen/iron
catalyst reduction method (Vogel et al., 1984). For some samples
it was necessary to combine benthic foraminifera from two adja-
cent samples in order to have enough material to date accurately.
AMS-14C dates were obtained at the #Chrono Centre, Queens Uni-
versity Belfast (Table S1). All dates are reported as conventional
radiocarbon ages following Stuiver and Polach (1977).

2.3. Age model

The age model for this core was constructed based on the
radiocarbon ages of 28 planktonic samples. The AMS-14C ages
were converted to calendar ages using BChron and the calibration
curve IntCal13 with a surface ocean-atmosphere 4C age offset
(i.e. ‘reservoir age’) of 458 '4C-years (based on the modern aver-
age value in this region), (GEOSECS; Stuiver and Ostlund, 1980).
Since knowledge of changes in the shallow sub-surface reservoir
age over the deglaciation is lacking in this context, we assume a
constant modern reservoir age. However, this represents a severe
limitation and should be seen as a working hypothesis only; reser-
voir ages must have varied to some extent during deglaciation if
only due to changes in the partial pressure of atmospheric CO,
(Stocker and Wright, 1996; Butzin et al., 2012), resulting in reser-
voir ages perhaps ~200-300 yrs higher than present during the
last glacial period, depending on the state of the overturning cir-
culation (Butzin et al., 2012).

2.4. Ventilation ages

The radiocarbon-based ventilation age of the bottom waters
(expressed in 'C years), was determined using the difference be-
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Fig. 2. Deglacial ventilation of Brazil Margin intermediate-water: a) Atmospheric
AC record, IntCal13 (Reimer et al., 2013). b) Radiocarbon-based ventilation ages of
GS07-150-17/1GC-A. Radiocarbon ages of mixed benthic foraminifera are compared
to that of the contemporaneous planktonic foraminifera. The modern ventilation age
is indicated by a triangle on the y-axis. c) Deglacial benthic stable carbon isotope
record measured on C. wuellerstorfi.

tween paired benthic and planktonic radiocarbon dates (B-P), giv-
ing the #C age offset between the bottom of the water column
and the top of the water column. Although arguably it is prefer-
able to use radiocarbon age offsets between bottom-water and the
atmosphere (B-Atm), our age-model is based on the assumption of
a constant surface ocean-atmosphere #C age offset (i.e. ‘reservoir
age’) of 458 '4C-years, which means that B-Atm will exhibit the
same patterns of variability as B-P, albeit with a constant offset of
458 14C-years. For simplicity we therefore only refer to B-P offsets
in this study (Table S2).

3. Results and discussion

During the LGM our site was well ventilated, with a benthic-
planktonic ventilation age similar to that of the early Holocene,
226 yrs and 199 yrs respectively (Fig. 2b). Over the deglacia-
tion however, clear yet subtle changes in the ventilation age
occurred. There are two periods, one during Heinrich-Stadial 1,
HS1, and the other at the start of the Younger Dryas, YD, where
the ventilation age increases by 200-500 yrs. These are tran-
sient events lasting around 2200 yrs and 900 yrs in HS1 and the
YD respectively. These periods are both associated with cooling
in the Northern Hemisphere and a ‘thermal bipolar seesaw’ re-
sponse in the Southern high latitudes (Schmittner et al., 2003;
Barker et al., 2009). During these times, the benthic stable carbon
isotopic signature, §13C, also decreased by up to 0.8%o (Fig. 2c).

Our site is currently at the boundary between AAIW (above)
and NADW (below), and therefore would in principle be sensi-
tive to changes in the ventilation state and the relative contribu-
tion of both water masses. Nutrient proxies from the North At-
lantic provide conflicting evidence for changes in AAIW presence
at intermediate-depth during the cold stadials (Came et al., 2008;
Rickaby and Elderfield, 2005). A recent neodymium (Nd) isotope
study (Huang et al., 2014), indicates reduced influence of AAIW
between 671 m and 1100 m water depth on the Demerara Rise
(North Brazil) during both HS1 and the YD (Fig. 3). Whilst a defini-
tive conclusion regarding changes in AAIW (which may depend
sensitively on location) does not emerge from these studies, what
is clear is that NADW formation and export were certainly reduced
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Fig. 3. a) Atmospheric A'#C record, IntCal13 (Reimer et al., 2013). b) Radiocarbon-
based ventilation ages of GS07-150-17/1GC-A. c) ¢Nd data from the North Atlantic
(Huang et al., 2014). d) Radiocarbon-based ventilation ages in the North Atlantic
(open circles: Keigwin and Schlegel, 2002; solid triangles: Skinner et al., 2014). e)
Radiocarbon-based ventilation ages in the northwest Pacific (solid squares: Ahagon
et al, 2003; open symbols: Okazaki et al., 2010, Max et al., 2014). f) Surface and
intermediate ventilation ages in the Southern Ocean (solid circles: Skinner et al.,
2010; open stars: Siani et al., 2013; open triangles: Skinner et al., 2014; open
squares: Burke and Robinson, 2012).

at these times (e.g. McManus et al., 2004; Robinson et al., 2005;
Liu et al, 2009; Menviel et al., 2011). Therefore, whilst changes
in the contribution of AAIW at our site over the deglaciation re-
main ambiguous, a decrease in ventilation at times of reduced
NADW export is evident. This ventilation decrease could be due
to a slower overturning rate of NADW (allowing a greater amount
of radiocarbon decay to occur before reaching our site), a change
in the initial radiocarbon disequilibrium of newly formed NADW,
or due to a greater influence of southern-sourced waters at our
site as a result of NADW shoaling, or indeed due to a combination
of these. One alternative scenario, whereby the radiocarbon-based
ventilation age and nutrient content of AAIW increased during HS1
and the YD with no change in the relative contribution of northern
versus southern-sourced water at our site, can be ruled out given
the evidence for reduced NADW export (McManus et al., 2004),
as well as observations of low sub-surface reservoir ages in the
Southern Ocean by the end of HS1 and the during the YD (Burke
and Robinson, 2012; Skinner et al., 2014, 2015) (Fig. 3f). Changes
in NADW rather than AAIW must therefore be the primary cause
of the high ventilation ages at our site during stadials.
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Fig. 4. Comparison of deglacial ventilation ages of intermediate-water on the Brazil Margin (this study) to those of intermediate-water off Chile, SO161-SL22 (De Pol-Holz et
al.,, 2010). The two cores have been plotted on separate y-axis with one inverted to highlight the seesaw relationship of the ventilation ages at these sites.

Radiocarbon-based LGM ventilation ages at our intermediate-
depth site (1000 m) are much lower than those in the deep North
Atlantic (~3000 m) (Keigwin and Schlegel, 2002; Skinner et al.,
2014), confirming the existence of well-ventilated (possibly vig-
orous) Glacial North Atlantic Intermediate Water, GNAIW (Fig. 3).
This water mass was most likely reduced during HS1 and the YD
leading to a greater proportion of southern sourced waters at our
site. During the Bglling-Allerad, B-A, both the intermediate and
the deep Atlantic are as well ventilated as in the modern ocean,
suggesting that a ‘modern-like’ NADW circulation cell was estab-
lished at that time. Ventilation ages in the early Holocene are
around 300 yrs lower than in the modern ocean potentially due to
enhanced NADW at the end of the deglaciation or due to changes
in the influence of AAIW at our site.

Radiocarbon-based ventilation age changes measured in a ma-
rine sediment core located on the Chilean Margin (De Pol-Holz et
al.,, 2010), display striking similarities, albeit of opposite sign, to
our radiocarbon based ventilation age changes in the intermediate
Atlantic (Fig. 4). Radiocarbon data from this southeast Pacific AAIW
location, initially interpreted as showing no change in ventilation
over the deglaciation, in fact shows slightly reduced ventilation
ages during both HS1 and the YD. The clear anti-phasing of ven-
tilation ages between these two cores reveals an Atlantic-Pacific
seesaw in intermediate water ventilation over the last deglaciation.

Numerical modeling experiments performed with Earth System
models of intermediate complexity, LOVECLIM and the UVic ESCM
(e.g. Menviel et al., 2014; Huiskamp and Meissner, 2012; see sup-
plementary info) also show a Pacific-Atlantic seesaw, although this
is most strongly expressed in the Northern Hemisphere. In these
idealized model experiments, the North Atlantic is perturbed with
freshwater, resulting in a cessation of NADW formation and de-
creased A14C over most of the North Atlantic (including our study
site) and below 2000 m in the South Atlantic (Fig. 5).

These simulations report a coincident decrease in ventilation
ages in the intermediate depth Pacific (this study; e.g. Mikolajewicz
et al., 1997; Okazaki et al., 2010; Chikamoto et al., 2012; Huiskamp
and Meissner, 2012) (Fig. 6). More specifically, these simula-
tions show increased formation of North Pacific intermediate
and/or deep waters and spreading of these waters at depths of
500-1500 m throughout the entire Pacific. In both the UVic ESCM
and LOVECLIM simulations, lower ventilation ages at intermedi-
ate depths in the Pacific are mainly due to the vigorous formation
of North Pacific Intermediate and Deep Water, which leads to the
southward advection of younger waters to the South Pacific, South
Indian Ocean and through the Agulhas leakage.

Ventilation age reconstructions from the North Pacific further
support the model results, indicating a clear seesaw in the venti-

lation age of NW Pacific intermediate/deep waters (700-1400 m)
versus deep waters in the North Atlantic (Okazaki et al., 2010)
(Fig. 3d-e). Although a transient pulse of increased ventilation in
the North Pacific has also been observed at a depth >3600 m
during HS1, the extent of this ventilation anomaly has yet to be
confirmed (Rae et al, 2014). It is also notable that two records
from intermediate depths in the low-latitude Pacific conflict with
the inference of widespread decreased ventilation ages in the in-
termediate Pacific during North Atlantic stadials. These show large
increases in radiocarbon-based ventilation age during HS1 and the
YD (Marchitto et al., 2007; Stott et al., 2009). However data from
one of these cores suggests that intermediate water oxygenation
improved during Heinrich events, as expected if ventilation im-
proved (Cartapanis et al., 2011). These contrasting observations
could be reconciled if the observed changes in oxygenation were
sufficient to rapidly oxidize buried ‘fossil’ organic carbon at these
locations of high export productivity and high sediment accumu-
lation, thus contributing to very high radiocarbon ages in ben-
thic foraminifera. However, this scenario can only work if a very
large amount of very old organic carbon is oxidized in this way.
The availability of such a large amount of old sedimentary car-
bon might not be entirely plausible, and its oxidation would likely
have caused under-saturation of pore-waters with respect to car-
bonate, contrary to evidence for enhanced carbonate preserva-
tion (Ortiz et al, 2004). An alternative explanation for the very
high radiocarbon-based ventilation ages is the input of radiocarbon
dead carbon from clathrates as the ocean warms (Stott and Tim-
mermann, 2011), however this also remains controversial (Adkins,
2013).

It is notable that the Atlantic-Pacific seesaw described above
would have operated in unison with a previously identified al-
ternation between North Atlantic and Southern Ocean sources of
ventilation of the deep Atlantic (e.g. Skinner et al., 2014). While
this other ventilation seesaw has been proposed to primarily af-
fect the deep Atlantic, it is possible that intermediate waters in
the Pacific and therefore on the Chilean Margin, were affected by
changes originating both in the North Pacific and the Southern
Ocean. Indeed, Fig. 3 shows that shallow sub-surface and interme-
diate depth reservoir/ventilation ages in the Southern Ocean show
a similar deglacial pattern to that of the NW Pacific, supporting the
proposition of a two-pronged ventilation pulse from the North Pa-
cific and Southern Ocean. This is supported by radiocarbon-based
ventilation ages from a core in the South Atlantic (Sortor and Lund,
2011), which show an anti-phase relationship to our core from the
equatorial Atlantic. Decreases in radiocarbon ventilation ages are
thus seen in the intermediate South Atlantic (1.3 km) during late
HS1 and the YD, synchronous with increases at our site.
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Fig. 5. Simulated salinity and density and A'4C (permil) distribution in LOVECLIM (a-d), and in the UVic ESCM (e-h) prior (left) and during (right) AMOC shutdown, zonally

averaged over the Atlantic basin.

Whilst the magnitude of radiocarbon-based ventilation changes
observed at low- and southern latitude intermediate depths off
Brazil (this study), in the South Atlantic (Sortor and Lund, 2011)
and off Chile (De Pol-Holz et al., 2010) is larger than seen in the
model simulations, the general patterns of change are in good
agreement and are further reinforced by ventilation reconstruc-
tions from the NW Pacific, North Atlantic, and Southern Ocean
(Keigwin and Schlegel, 2002; Ahagon et al., 2003; Okazaki et al.,
2010 [and references within]; Skinner et al., 2010, 2014; Burke and
Robinson, 2012; Siani et al., 2013; Max et al., 2014) (Fig. 3). Model
and proxy data display a similar pattern of response, but mod-
els underestimate the ventilation changes occurring at intermedi-
ate depth and do not reproduce the changes in Southern Ocean
overturning and ventilation that are suggested by various deglacial

records (e.g. Anderson et al., 2009; Burke and Robinson, 2012;
Skinner et al., 2014). This indicates that not all processes con-
tributing to enhanced ocean interior ventilation are captured by
the highly idealized models (Menviel et al., 2014). Nevertheless,
taken together, the existing data and numerical model simulations
provide strong prima facie support for the operation of two ‘venti-
lation seesaws’, whereby a weakening of NADW formation triggers
an increase in North Pacific and Southern Ocean overturning, and
therefore opposing changes in ventilation at intermediate depths
in the Atlantic and Pacific basins. We therefore propose that when
the North Atlantic is not ventilating the ocean interior, the North
Pacific and Southern Ocean are.

Despite the consistent support provided by data and model
simulations for the proposed Atlantic-Pacific ventilation seesaw,
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many more well-resolved radiocarbon time-series will be needed
to completely document the character of intermediate-water circu-
lation changes across the last deglaciation. This is underlined by
the fact that not only the magnitude of change but also the di-
rection of change in radiocarbon-based ventilation age will depend
sensitively on the location and in particular on the depth of the
monitoring/study location. Depth transects at the key time periods
will therefore be vital for confirming the details of intermediate
depth circulation changes and water mass distributions over the
last deglaciation.

4. Conclusions

Intermediate-water radiocarbon-based ventilation ages from the
Brazil margin show clear yet relatively low amplitude changes over
the last deglaciation. These changes are of the same magnitude as,
but anti-correlated with, those reported from the Chilean Margin,
(De Pol-Holz et al., 2010). This Atlantic-Pacific “seesaw” behavior
is also reported in numerical modeling studies, which see a switch
to active NPDW during NADW shutdown (Saenko et al., 2004). If
NPDW was initiated at HS1 and the YD, the resulting exchange of
CO, between the ocean and the atmosphere is likely to have con-
tributed to the deglacial increase in atmospheric CO, (Menviel et
al., 2014) and the simultaneous fall in atmospheric radiocarbon ac-
tivity (Ramsey et al., 2012). This mechanism would have bolstered
a similar effect that appears to have operated via the Southern
Ocean at the same time, via a North-South ‘Atlantic ventilation
seesaw’ (Skinner et al., 2014). More ventilation age reconstructions
are needed to determine how much of the Pacific was affected dur-
ing HS1 and the YD before the amount of CO, released to the at-
mosphere through this mechanism can be quantified. Our findings
do not support the existence of an extremely radiocarbon-depleted
signature conveyed via AAIW during the YD and HS1. Instead they
underline the potential importance of relatively subtle yet glob-
ally coordinated changes in ocean dynamics and ventilation for the
global carbon cycle, and ultimately the deglacial process.
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