Earth and Planetary Science Letters 429 (2015) 191-196

Contents lists available at ScienceDirect

E/
SPLANETARY
SCIERCE LETTERS

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Two contributors to the glacial CO, decline

@ CrossMark

Wallace S. Broecker *-*, Jimin Yu®, Aaron E. Putnam?

@ Lamont-Doherty Earth Observatory of Columbia University, 61 Route 9W/PO Box 1000, Palisades, NY 10964, United States
b The Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 16 December 2014
Received in revised form 9 June 2015
Accepted 9 July 2015

Available online 27 August 2015
Editor: G.M. Henderson

It is generally accepted that the glacial drawdown of atmospheric CO, content is the sole result of
uptake by the ocean. Here we make a case that the reduction of planetary CO, outgassing made
a significant contribution. We propose that the ocean contribution to CO, reduction closely followed
Northern Hemisphere summer insolation and was superimposed on a ramp-like decline resulting from a
reduction in the input of planetary CO,. We base this scenario on new records of §'3C and B to Ca ratio
in cores from the upper and lower portions of the deep Atlantic. They demonstrate that the waxing and
waning of the stratification of Atlantic deep water follows summer insolation. Our thoughts were driven
by the observation that over the last 30 kyr the extent of mountain glaciation in both hemispheres
appears to have tracked the atmosphere’s CO, content, suggesting that the connection between orbital
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Olcgean cycles and land ice cover is via the ocean. Instead of a direct connection between ice extent and summer
‘é /CC insolation, the tie is a modulation of the heat and fresh water budgets of the northern Atlantic. Changes
a

in the boundary conditions lead to reorganizations of ocean circulation and, as a consequence, changes
in CO, storage in the ocean.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The air trapped in Antarctic ice tells us that the CO, content
of the atmosphere during peak glacial time was about 30 per-
cent lower than that during the late Holocene (Liithi et al., 2008;
Marcott et al,, 2014; Monnin et al., 2001). For the last thirty years
the focus as to what caused this drop has been on CO, uptake
by the ocean. An alternate scenario (Huybers and Langmuir, 2009)
is that the weight of excess glacial ice on the world’s volcanoes
may have squelched eruptions and thereby reduced the input of
CO; to the ocean-atmosphere reservoir. This reduction would have
led to a drawdown of the CO, content of the atmosphere. As the
turnover time of £CO, in the ocean is comparable to the length of
a glacial cycle (i.e. ~10° yr), this drawdown may have contributed
to the reduction in the atmosphere’s CO, content. Here, we con-
sider a CO;, scenario that involves both ocean uptake and volcano
shutdown.

2. CO; drives ice

The presence of an orbital pulsebeat superimposed upon the
Late Quaternary 100 000-yr glacial cycles was recognized nearly 50

* Corresponding author.
E-mail addresses: broecker@ldeo.columbia.edu (W.S. Broecker),
aputnam@ldeo.columbia.edu (A.E. Putnam).

http://dx.doi.org/10.1016/j.epsl.2015.07.019
0012-821X/© 2015 Elsevier B.V. All rights reserved.

years ago (Broecker, 1966). Hays et al. (1976) referred to an orbital
‘pacemaker’ of the ice ages. However, as first recognized by Mer-
cer (1984) and more recently shown by 1°Be and '#C chronologies
of glacial landforms (e.g., Clark et al., 2009; Denton et al., 1999a;
Lowell et al, 1995; Putnam et al, 2013), the maximum extent
of mountain glaciers and ice sheets worldwide was achieved be-
tween ~25 and ~18 kyr ago (Fig. 1; Clark et al., 2009). For ex-
ample, during that time period, mountain glaciers in North Amer-
ica (Porter and Swanson, 1998), Europe (Monegato et al., 2007),
Hawaii (Anslow et al., 2010), Africa (Kelly et al., 2014), the tropical
Andes (Bromley et al., 2011, 2009), Papua New Guinea (Barrows et
al., 2011), southern South America (Denton et al., 1999a, 1999b;
Kaplan et al., 2008), and New Zealand (Doughty et al., 2015;
Putnam et al., 2013) had all stood at their maximum extents. Fur-
ther, the LGM snowline lowering is similar across the globe. At
this same time Northern Hemisphere Laurentide Ice Sheet had
attained its maximum extent (Lowell et al., 1999). These obser-
vations are at odds with the scenario that glaciation is driven
directly by local summer insolation in each hemisphere (see Fig. 1).
If this were the case, then Southern Hemisphere mountain glaciers
should have a different time history from Northern Hemisphere
mountain glaciers. The reason is that the ~20-kyr precession in
summer insolation is antiphased between the hemispheres.

The global cooling effects of lower atmospheric CO, concentra-
tions offer an explanation for the global synchrony of peak glacia-
tion (Broecker, 2013; Shakun et al., 2012). If it is CO, that drives
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Fig. 1. Evidence in support of the assertion that the snowline lowering for mountain
glaciers in both New Zealand and Chile are driven by CO, rather than by summer
insolation. As can be seen, these glaciers stood at their maximum extent at a time
when Southern Hemisphere summer insolation was at a maximum. Further, they
went into rapid retreat at the onset of the deglacial CO; rise.

glacial cycles, then it follows that orbital cycles must somehow
drive CO,. As outlined by Broecker (2013), a case can be made
that the uptake and release of CO, by the ocean is driven by re-
organizations in the mode of thermohaline circulation. If so, these
reorganizations would have to be triggered by changes in the den-
sity contrast between winter waters at the surface of the northern
Atlantic and those at the surface of the Southern Ocean. This being
the case, uptake of CO, by the ocean serves to cool the atmosphere
and thereby causes glacier cover to expand.

As proposed by Huybers and Langmuir (2009), the weight of
this extra ice would decrease the CO, release from volcanoes. If
so, the volcanic contribution to the CO, change would create a
downward ramp. The oceanic contribution would modulate this
drawdown, sometimes making it larger and at other times reduc-
ing it.

3. Time history of ocean contribution
If both ocean uptake and volcano shutdown contribute to the

lowering of the atmosphere’s CO, content, then we need to under-
stand the magnitude and time history of each. Unfortunately we

are a long way from being able to do this. We do, however, have a
suggestion as to how the shape of the ocean contribution might
be assessed. The one thing we know for sure about the glacial
ocean is that the water mass structure in the Atlantic Ocean was
very different from today’s. The Pacific remained much as it is to-
day. No significant changes occurred in the distributions of 14C,
13C or CO3 (Broecker et al., 2004, 2008; Broecker and Clark, 2001;
Matsumoto et al, 2002; Yu et al, 2013, 2010a). Our evidence
comes from changes in the distribution of two constituents of
the ocean’s salt, PO4 and CO3. Both are influenced by biolog-
ical cycling. PO4 is carried to the deep sea in organic detritus
where it is released after ingestion by bacteria and other benthic
dwellers. Along with the release of PO, is the release of CO, de-
pleted in 13C. This allows the '3C to be used as a proxy for the
addition of PO4. The stoichiometry is a ~1%o drop in §'3C for
each micromole of PO4 released (Broecker and Maier-Reimer, 1992;
Lynch-Stieglitz et al., 1995). Although the situation for CO3 is more
complicated, it is also related to respiration CO, which reacts with
CO3 ion to produce two HCOj ions (Yu et al, 2008). As shown
by one of us (J.Y.), the ratio of boron to calcium in the shells of
benthic foraminifera serves as a proxy for carbonate ion (Yu and
Elderfield, 2007).

In today’s deep sea, the concentrations of both PO4 and the car-
bonate ion are higher in the Atlantic than in the Pacific. Further, in
both deep oceans the concentrations are quite uniform with water
depth.

Currently the deep Atlantic has a uniform PO4 and CO3 con-
tent from a depth of about 1.5 km down to the top transition zone
separating it from the thin wedge of Antarctic Bottom Water. By
contrast, during peak glacial time the water above 2.7 km was de-
ficient in PO4 and enriched with CO3 relative to today’s and that
below 2.7 km showed opposite changes (Boyle, 1992; Curry and
Oppo, 2005; Marchitto and Broecker, 2006; Yu et al., 2008). Our
knowledge of this stratification comes from two proxies: §13C and
the B/Ca in the shells of the benthic foraminifer Cibicidoides. In to-
day’s ocean, there is a strong correlation between the §13C of these
shells and the phosphate content of bottom water in which they
live. As shown by Yu and Elderfield (2007), there is also a strong
correlation between the B to Ca ratio in Cibicidoides wuellerstorfi
and the extent of calcite supersaturation. At a given sediment core
site, calcite saturation state is proportional to carbonate ion con-
centration; the B/Ca ratio serves as a CO3 proxy.

We present here the §13C and B/Ca record for the past 150 kyr
from two sediment cores. The record in Caribbean core V28-122
(12°N, 79°W, 3.5 km) (Yu et al., 2010b) is representative of water
at about 1.8 km depth in the open Atlantic (Ribbat et al., 1976).
This water spills over a sill that isolates the Caribbean from the
deep Atlantic. Hence it provides a record of the water above 2.7
km depth in the open Atlantic. As shown in Fig. 2, the record from
Ceara Rise core RC16-59 (4°N, 43°W, 3.5 km) reported here (this
study) is representative of the water below 2.7 km depth in the
open Atlantic. During the Holocene the §!13C and B/Ca for the two
cores were similar. But during Marine Isotope Stage (MIS) 2, MIS 4
and MIS 6, they diverged widely. During MIS 3, the magnitude of
the divergence was reduced.

In Fig. 2, we also compare the §3C and B/Ca records for the At-
lantic Ocean on the one hand and those for CO, and sea level on
the other. Also shown is the summer insolation record at 60°N. As
can be seen, there is a prominent difference in shape. The ocean
records lack the strong asymmetrical triangular shape evident in
the CO, and sea level records. The prevailing explanation is that
the Northern Hemisphere ice sheets continued to grow until they
became unstable (Abe-Ouchi et al., 2013). But, if CO, is the pri-
mary driver of ice sheets, then it is the asymmetrical triangular
shape of the CO; record which must be explained.
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Fig. 2. Comparison between the 3C and CO3 for Caribbean core VM 28-122 (Yu et
al,, 2013, 2010a) and Ceara Rise core RC16-59 (this study) for the last 150 kyr. The
chronologies for these cores are based on the '80 record for benthic Cibicidoides.
As can be seen, as is the case for the summer insolation record, they fail to show
the asymmetrical triangular shape so prominent in the CO, and sea level records.
We attribute this difference to a downward ramp in CO, content caused by the
shutdown of volcanoes. It is superimposed on an ocean contribution assembling
the Ceara Rise '3C and CO3 records.

4. Tie to Northern Hemisphere summer insolation

Why might the shape of the deep Atlantic record resemble that
for the ocean’s contribution to the drawdown of CO,? Although
the answer remains elusive, there is circumstantial evidence for
such a tie. The record in the abyssal Atlantic resembles that for the
Northern Hemisphere summer insolation. This is consistent with
our hypothesis that the link between climate and orbital cycles is
through the ocean. Changes in seasonality perturb the high latitude
temperature and salinity boundary conditions leading to reorga-
nizations of the ocean’s thermohaline circulation which, in turn,
lead to the uptake and release of CO,. It is tempting to postu-
late that the ocean’s contribution to the CO, drawdown is related
to the stratification of the deep ocean and that the deep Atlantic
813C and B/Ca records provide a measure as to how the strength
of this stratification changed during the course of the last glacial
cycle.
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Fig. 3. Effects of ocean reorganization (left panel) and volcanic CO, addition (right
panel) on the deep ocean CO3 were the deglacial rise in the atmosphere’s CO,
content mainly result of release of CO, stored in the deep ocean, it would have
produced a deep sea deglacial preservation event. By contrast, were it mainly the
result of an increase in the CO; release from volcanoes, then it would have pro-
duced a deep sea dissolution event. In either case, the event would have lasted
only 5 or so thousand years. As there is no clear indication that either is present in
the deep-sea carbonate ion records, perhaps one may have largely compensated for
the other.

5. Solid Earth contribution

In order to explain this difference in shape, we invoke the
Huybers-Langmuir volcanic hypothesis (2009). Although there is
currently no way to assess the shape or magnitude of the CO;
drawdown created in this way, it stands to reason that it would
steadily increase throughout the cycle, perhaps changing in slope
as the ice load varied. Hence, it would have a quasi-ramp-like
shape. If a volcanic contribution to the CO, record were removed
(see Fig. 3), then the shape of the residual (presumably the ocean
contribution) would look more like Earth’s orbital signature and
more like the §'3C and CO3 records for the deep Atlantic.

6. Deglacial dissolution event

Ocean-only scenarios for the CO; cycle call for a deep sea
CaCO3 preservation event during the period of deglaciation. The
reason is that a release of CO, stored in the glacial deep ocean
would have increased its carbonate ion concentration (Fig. 3). Such
an increase would be recorded, for example, by a reduction in
shell breakage in the zone of partial dissolution that separates the
CaCOs3 supersaturated upper deep sea from the CaCOs undersat-
urated deep sea. However, were the buildup of CO, the result of
adding volcanic CO, to the ocean atmosphere reservoir, it would
have caused the carbonate ion concentration to decrease and cre-
ated a CaCOs dissolution event. Neither a prominent preservation
event nor a prominent dissolution event is seen during deglacia-
tion. If these two contributors to the deglacial rise in atmospheric
CO, content were comparable, it is possible that the tendency to-
ward increased dissolution largely counterbalanced the tendency
toward preservation (see Fig. 3).

7. Cause for glacial Atlantic stratification

A question arises regarding the origin of these two glacial-age
water masses. It is likely that the upper water mass formed in
the northern Atlantic in a manner similar to that for today’s North
Atlantic Deep Water (i.e., in the open ocean outside the winter sea
ice margin). It is tempting to look upon the deep water mass as
an expanded version of today’s Antarctic Bottom Water (AABW).
But, as documented by Broecker (2013), this cannot be the case.
Today’s AABW has the same PO4 content as the water entering the
abyssal Pacific. Based on 13C reconstructions, the PO4 content of
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Fig. 4. Comparison of the LGM and Holocene differences in carbon isotope compo-
sition (top panel) and in carbonate ion content (bottom panel) between the abyssal
Atlantic-abyssal Pacific based on measurements on the benthic foraminifera Cibici-
doides wuellerstorfi. Although during peak glacial time today’s large CO3 difference
was largely eliminated, that for §'3C was not. Although today the abyssal water en-
tering the Atlantic from the Southern Ocean has the same §'3C as that entering the
deep Pacific, during the LGM they remained quite different. Because of the sizable
range in the '3C measurements on benthic foraminifer shells, the uncertainty in the
0.9%o Atlantic-Pacific difference is about 0.15%o (see Broecker, 2013).

the abyssal Atlantic was about 0.9 pmol/kg (0.9%0 change in §13C
roughly equivalent to 0.9 pumol/kg change in PO4) lower than that
in the abyssal Pacific during the last glacial period (see Fig. 4).

As it is not possible that a phosphate gradient anywhere near
this large could exist in the rapidly circulating circumpolar current,
perhaps this water mass was created in the northern Atlantic. If
so, the difference in composition of the upper and lower deep wa-
ter could be that one formed in an ice-free region and the other
formed beneath sea ice. The larger the density difference between
the two, the stronger the stratification. The '3C and CO3 records
give the impression that the density difference between them var-
ied through the course of the glacial cycle.

Consistent with a northern origin, both the 3C and COF
records from 53°N (Yu et al.,, 2008) are identical to those for the
Ceara Rise core. Furthermore, based on shell weights and size frac-
tion analyses, Broecker and Clark (2001) demonstrated that the
strong MIS 4 dissolution peak is present in equatorial Atlantic
cores ranging in depth from 2.8 to 4.6 km.

In order to explain the opposite trends of §3C and CO3 be-
tween the upper and lower glacial Atlantic water masses, it would
be necessary to reduce the contribution of respiration CO; to the
upper mass and increase it in the lower mass. This would require
that the rain of organic matter somehow bypass the upper layer.
Also, it should produce stoichiometric changes in §'3C and co3.
As the 0.4 per mil decrease in the deep Atlantic-deep Pacific §13C
difference corresponds to about a 27 pmol per liter drop in CO3
concentration, the observed lowering during MIS stage 2 (~20 kyr)
is about 20 pmol per liter and that during stage 4 (~65 kyr) is
about 35 pmol per liter.

The drawdown of atmospheric CO, by the ocean very likely
involved an increase in the utilization of the growth-limiting nu-
trient phosphate (Sigman and Haug, 2003). Today only about one
third of the upwelled POy is utilized. One way to increase the uti-
lization efficiency would be to fertilize the Southern Ocean with
extra iron (Martin, 1990). Open ocean experiments have demon-
strated that given more iron, the extent of utilization of POy4 in-

— 300
- 280
o o
:2609
240 T
- k- |
E 3
- 220 <
— 200
11—_ 180
] - 24
10 4 L m
- . — 20 d
s ] r of
o 1 r =]
F3 o] - 16 OX
o - i - 03
THE L
,'QU_J ] - 12 -ong
Sa ] L o
Sg 8] r 82
20 E -8 <
o ] C -
7 - __4
6 -
20—_
16
x -
2= ]
- >12 4
SE DUST
o2 8]
o= ]
w 4
47
0

o

20 40 60 80 100 120 140 160
Age (ka)

Fig. 5. Southern Ocean dust and nutrient utilization during the last glacial. As shown
by Martinez-Garcia et al. (2014) at least for the last 70 kyr, a close tie exists be-
tween the flux of dust and the iron it carries and to the Southern Ocean and the
atmosphere’s CO, content. Nitrogen isotope measurements are interpreted as show-
ing that the extent of nutrient utilization in the Southern Ocean increased during
times of glacial maxima. Although this correlation applies to the second half of the
decline, the correlation is less convincing during the first half. Hence, if extra iron
was the driver, then the sensitivity to its input would have to have been much
greater during the first half of the decline than during the second half.

creases (Smetacek et al., 2012). Most of the ocean’s iron is supplied
by dust blown off the continents. Records of dust rain from Antarc-
tic ice and from Southern Ocean sediments show that rain of dust
was much higher during MIS 2 and MIS 4 than today (Lambert
et al, 2008; see Fig. 5). Furthermore, the nitrogen isotope record
kept in foraminifera shells demonstrates that during times of en-
hanced dust fall, nutrient utilization increased (Martinez-Garcia et
al., 2014). So a case can be made that enhanced dust fall increases
the strength of the biologic pump which, in turn, pulls CO, out of
the atmosphere (Jaccard et al., 2013).

But, if iron is responsible for the nutrient drawdown, the hy-
pothesis presented here is in trouble. The reason is that a strong
case can be made that dustiness is controlled by gustiness (McGee
et al., 2010). Gustiness is related to the frequency and strength of
the cyclonic storms which, in turn, depends on the magnitude of
the equator to pole temperature difference. Seemingly then, if iron
fertilization is responsible for the uptake of CO, by the ocean, the
glacial cooling of the polar regions must have preceded the CO,
decline (see Fig. 6).
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Fig. 6. Comparison of our preferred causal chain (on the left) with that required if
the delivery of iron to the surface of the Southern Ocean was the primary driver
of CO, drawdown (on the right). If, as shown on the right, iron carried by dust
drives the atmospheric CO, drawdown, then something other than pole to equator
temperature must drive dust delivery.

Although atmospheric CO, has emerged as a strong contender
among potential mechanisms responsible for governing Earth’s cli-
mate over glacial-to-interglacial cycles (Broecker, 2013; Shakun et
al., 2012), there has yet to emerge a complete explanation for what
processes gave rise to the CO, changes of late Quaternary time.
Here we suggest a role for both the oceans and the solid earth
for explaining observed CO, changes over the course of the past
glacial cycle. However important questions still remain regarding
the mechanism by which deep ocean stratification modulates CO,,
and also the role of dust deposition as a contributor to atmo-
spheric CO, drawdown. Also, much is yet to be learned regard-
ing the Huybers-Langmuir hypothesis that the weight of glacial
ice pulsed the CO, emissions by volcanoes. In particular, it must
be determined how the release of CO, at mid-ocean’s ridges re-
sponded to the changes in the sea level. If our speculation that the
role of the ocean was to modulate a continuing CO, drawdown
caused by a reduction in the output from the solid Earth proves to
be correct, then we are right back at where we were in the early
1980s when the glacial lowering of CO, was first discovered.

Acknowledgements

Discussions with Bob Anderson, Danny Sigman, Jeff Severing-
haus and Jess Adkins have sharpened our thinking. We thank Dr
Yanjun Cai and Dr Zhangdong Jin at Institute of Earth Environ-
ment, Chinese Academy of Sciences, for their generous help with
stable isotope analyses. Patty Catanzaro helped with figures and
Joan Totton typed the text. Financial support was provided by
the Comer Foundation, the Lenfest Foundation, Australian Research
Council Discovery Project (DP140101393), and Future Fellowship
(FT140100993).

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2015.07.019.

References

Abe-Ouchi, A., Saito, F., Kawamura, K., Raymo, M.E., Okuno, ]J., Takahashi, K., Blatter,
H., 2013. Insolation-driven 100,000-year glacial cycles and hysteresis of ice-
sheet volume. Nature 500, 190-194.

Anslow, ES., Clark, P.U., Kurz, M.D., Hostetler, S.W., 2010. Geochronology and paleo-
climatic implications of the last deglaciation of the Mauna Kea Ice Cap, Hawaii.
Earth Planet. Sci. Lett. 297, 234-248.

Barrows, T.T., Hope, G.S., Prentice, M.L,, Fifield, LK., Tims, S.G., 2011. Late Pleistocene
glaciation of the Mt Giluwe volcano, Papua New Guinea. Quat. Sci. Rev. 30,
2676-2689.

Boyle, E.A., 1992. Cadmium and §'3C paleochemical ocean distributions during the
Stage-2 glacial maximum. Annu. Rev. Earth Planet. Sci. 20, 245-287.

Broecker, W., Barker, S., Clark, E., Hajdas, 1., Bonani, G., Stott, L., 2004. Ventilation of
the glacial deep Pacific Ocean. Science 306, 1169-1172.

Broecker, W., Clark, E., Barker, S., 2008. Near constancy of the Pacific Ocean surface
to mid-depth radiocarbon-age difference over the last 20 kyr. Earth Planet. Sci.
Lett. 274, 322-326.

Broecker, W., Maier-Reimer, E., 1992. The influence of air and sea exchange on the
carbon isotope distribution in the sea. Glob. Biogeochem. Cycles 6, 315-320.
Broecker, W.S., 1966. Absolute dating and the astronomical theory of glaciation. Sci-

ence 151, 299-304.

Broecker, W.S., 2013. What Drives Glacial Cycles? Eldigio Press, New York.

Broecker, W.S., Clark, E., 2001. Glacial-to-Holocene redistribution of carbonate ion in
the deep sea. Science 294, 2152-2155.

Bromley, G.R.M., Hall, B.L., Rademaker, K.M., Todd, C.E., Racovteanu, A.E., 2011. Late
Pleistocene snowline fluctuations at Nevado Coropuna (15°S), southern Peruvian
Andes. ]. Quat. Sci. 26, 305-317.

Bromley, G.R.M., Schaefer, ].M., Winckler, G., Hall, B.L., Todd, C.E., Rademaker, K.M.,
2009. Relative timing of last glacial maximum and late-glacial events in the
central tropical Andes. Quat. Sci. Rev. 28, 2514-2526.

Clark, P.U., Dyke, A.S., Shakun, J.D., Carlson, A.E., Clark, J., Wohlfarth, B., Mitrovica,
J.X., Hostetler, S.W., McCabe, A.M., 2009. The last glacial maximum. Science 325,
710-714.

Curry, W.B., Oppo, D.W., 2005. Glacial water mass geometry and the distribution of
813C of £CO; in the western Atlantic Ocean. Paleoceanography 20, PA1017.
Denton, G.H., Heusser, CJ., Lowell, T.V., Moreno, PI., Andersen, B.G., Heusser, LE.,
Schluchter, C., Marchant, D.R., 1999a. Interhemispheric linkage of paleoclimate

during the last glaciation. Geogr. Ann. A 81, 107-153.

Denton, G.H., Lowell, T.V., Heusser, CJ., Schliichter, C., Andersen, B.G., Heusser, L.E.,
Moreno, PI, Marchant, D.R., 1999b. Geomorphology, stratigraphy, and radiocar-
bon chronology of Llanquihue drift in the area of the southern Lake District,
Seno Reloncavi, and Isla Grande de Chiloé, Chile. Geogr. Ann. A 81, 167-229.

Doughty, A.M., Schaefer, ].M., Denton, G.H., Kaplan, M.R., Putnam, A.E., Andersen,
B.G., Barrell, D.J.A., Schwartz, R., Finkel, R.C, 2015. Mismatch of glacier ex-
tent and summer insolation in Southern Hemisphere mid-latitudes. Geology.
http://dx.doi.org/10.1130/G36477.1.

Hays, J.D., Imbrie, J., Shackleton, N.J., 1976. Variations in the earth’s orbit: pacemaker
of the ice ages. Science 194, 1121-1132.

Huybers, P, Langmuir, C., 2009. Feedback between deglaciation, volcanism, and at-
mospheric CO,. Earth Planet. Sci. Lett. 286, 479-491.

Jaccard, S.L., Hayes, C.T., Martinez-Garcia, A., Hodell, D., Anderson, R.F,, Sigman, D.M.,
Haug, G.H., 2013. Two modes of change in Southern Ocean productivity over the
past million years. Science 339, 1419-1422.

Kaplan, M.R., Fogwill, CJ., Sugden, D.E., Hulton, N., Kubik, PW., Freeman, S., 2008.
Southern Patagonian glacial chronology for the Last Glacial period and implica-
tions for Southern Ocean climate. Quat. Sci. Rev. 27, 284-294.

Kelly, M.A., Russell, J.M., Baber, M.B.,, Howley, J.A., Loomis, S.E., Zimmerman,
S., Nakileza, B., Lukaya, ], 2014. Expanded glaciers during a dry and cold
Last Glacial Maximum in equatorial East Africa. Geology. http://dx.doi.org/
10.1130/G35421.1.

Lambert, F., Delmonte, B., Petit, J.R., Bigler, M., Kaufmann, P.R., Hutterli, M.A., Stocker,
TE, Ruth, U, Steffensen, J.P., Maggi, V., 2008. Dust-climate couplings over the
past 800,000 years from the EPICA Dome C ice core. Nature 452, 616-619.

Lowell, T.V., Hayward, R.K., Denton, G.H., 1999. Role of climate oscillations in deter-
mining ice-margin position: hypothesis, examples, and implications. Spec. Pap.,
Geol. Soc. Am. 337, 193-203.

Lowell, T.V., Heusser, CJ., Andersen, B.G., Moreno, Pl., Hauser, A., Heusser, LE.,
Schluchter, C., Marchant, D.R., Denton, G.H., 1995. Interhemispheric correlation
of Late Pleistocene glacial events. Science 269, 1541-1549.

Liithi, D., Floch, M.L,, Bereiter, B., Blunier, T., Barnola, ].M., Siegenthaler, U., Raynaud,
D., Jouzel, ], Fischer, H., Kawamura, K., Stocker, T.F.,, 2008. High-resolution carbon
dioxide concentration record 650,000-800,000 years before present. Nature 453.
http://dx.doi.org/10.1038/nature06949.

Lynch-Stieglitz, J., Stocker, T.E,, Broecker, W., Fairbanks, R.G., 1995. The influence of
air-sea exchange on the isotopic composition of oceanic carbon: observations
and modeling. Glob. Biogeochem. Cycles 9, 653-665.

Marchitto, T.M., Broecker, W.S., 2006. Deep water mass geometry in the glacial
Atlantic Ocean: a review of constraints from the paleonutrient proxy Cd/Ca.
Geochem. Geophys. Geosyst. 7, Q12003.


http://dx.doi.org/10.1016/j.epsl.2015.07.019
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4162656574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4162656574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4162656574616C32303133s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib31s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib31s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib31s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib32s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib32s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib32s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib426F7931393932s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib426F7931393932s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib33s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib33s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib34s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib34s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib34s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib35s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib35s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib36s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib36s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib37s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib38s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib38s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib39s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib39s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib39s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3130s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3130s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3130s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3131s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3131s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3131s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4375724F707032303035s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4375724F707032303035s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3132s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3132s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3132s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3133s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3133s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3133s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3133s1
http://dx.doi.org/10.1130/G36477.1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3135s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3135s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3136s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3136s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3137s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3137s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3137s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3138s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3138s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3138s1
http://dx.doi.org/10.1130/G35421.1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3230s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3230s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3230s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3231s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3231s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3231s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3232s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3232s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3232s1
http://dx.doi.org/10.1038/nature06949
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3234s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3234s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3234s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4D617242726F32303036s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4D617242726F32303036s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4D617242726F32303036s1
http://dx.doi.org/10.1130/G35421.1

196 W.S. Broecker et al. / Earth and Planetary Science Letters 429 (2015) 191-196

Marcott, S.A., Bauska, T.K., Buizert, C., Steig, E.J., Rosen, ].L., Cuffey, KM., Fudge, T].,
Severinghaus, J.P, Ahn, ], Kalk, M.L, McConnell, J.R,, Sowers, T., Taylor, K.C.,
White, J.W.C,, Brook, E.J., 2014. Centennial-scale changes in the global carbon
cycle during the last deglaciation. Nature 514, 616.

Martin, J.H., 1990. Glacial-interglacial CO, change: the iron hypothesis. Paleoceanog-
raphy 5, 1-13.

Martinez-Garcia, A., Sigman, D.M., Ren, H., Anderson, R.F, Straub, M., Hodell, D.A.,
Jaccard, S.L., Eglinton, T.I., Haug, G.H., 2014. Iron fertilization of the subantarctic
ocean during the last ice age. Science 343, 1347-1350.

Matsumoto, K., Oba, T., Lynch-Stieglitz, ]J., Yamamoto, H., 2002. Interior hydrography
and circulation of the glacial Pacific Ocean. Quat. Sci. Rev. 21, 1693-1704.

McGee, D., Broecker, W.S., Winckler, G., 2010. Gustiness: the driver of glacial dusti-
ness. Quat. Sci. Rev. 29, 2340-2350.

Mercer, J.H., 1984. Simultaneous climatic change in both hemispheres and similar
bipolar warming: evidence and implications. In: Hansen, J.E., Takahashi, T. (Eds.),
Climate Processes and Climate Sensitivity. American Geophysical Union, Wash-
ington. D.C., pp. 307-313.

Monegato, G., Ravazzi, C., Donegana, M., Pini, R., Calderoni, G., Lucia, W., 2007. Ev-
idence of a two-fold glacial advance during the last glacial maximum in the
Tagliamento end moraine system (eastern Alps). Quat. Res. 68, 284-302.

Monnin, E., Indermuhle, A., Ddllenbach, A., Fluckiger, J., Stauffer, B., Stocker, T.F.,
Raynaud, D., Barnola, J.M., 2001. Atmospheric CO, concentrations over the last
glacial termination. Science 291, 112-114.

Porter, S.C., Swanson, T.W., 1998. Radiocarbon age constraints on rates of advance
and retreat of the Puget lobe of the cordilleran ice sheet during the last glacia-
tion. Quat. Res. 50, 205-213.

Putnam, A.E., Schaefer, ].M., Denton, G.H., Barrell, D.J.A., Birkel, S.D., Andersen, B.G.,
Kaplan, M.R,, Finkel, R.C,, Schwartz, R., Doughty, A.M., 2013. The Last Glacial

Maximum at 44°S documented by a '°Be moraine chronology at Lake Ohau,
Southern Alps of New Zealand. Quat. Sci. Rev. 62, 114-141.

Ribbat, B., Roether, W., Miinnich, K.O., 1976. Turnover of eastern Caribbean deep
water from '4C measurements. Earth Planet. Sci. Lett. 32, 331-341.

Shakun, ].D., Clark, PU., Feng, H., Marcott, S.A., Mix, A.C,, Liu, Z., Otto-Bliesner, B.,
Schmittner, A., Bard, E., 2012. Global warming preceded by increasing carbon
dioxide concentrations during the last deglaciation. Nature 484, 49-54.

Sigman, D.M., Haug, G.H., 2003. The biological pump in the past. In: Elderfield, H.
(Ed.), Treatise on Geochemistry. Elsevier Pergamon.

Smetacek, V., Klaas, C., Strass, V.H., Assmy, P., Montresor, M., Cisewski, B., Savoye,
N., Webb, A., d/’Ovidio, F, Arrieta, ].M., Bathmann, U., Bellerby, R., Berg, G.M.,
Croot, P, Gonzalez, S., Henjes, J., Herndl, G.J., Hoffmann, LJ., Leach, H., Losch, M.,
Mills, M.M., Neill, C., Peeken, I, Rottgers, R., Sachs, O., Sauter, E., Schmidt, M.M.,
Schwarz, ]., Terbruggen, A., Wolf-Gladrow, D., 2012. Deep carbon export from a
Southern Ocean iron-fertilized diatom bloom. Nature 487, 313-319.

Yu, J., Anderson, R.F, Jin, Z.D., Rae, ]., Opdyke, B.N., Eggins, S., 2013. Responses of the
deep ocean carbonate system to carbon reorganization during the Last Glacial-
interglacial cycle. Quat. Sci. Rev. 76, 39-52.

Yu, J., Broecker, W., Elderfield, H., Jin, Z.D., McManus, J., Zhang, F., 2010a. Loss of car-
bon from the deep sea since the Last Glacial Maximum. Science 330, 1084-1087.
http://dx.doi.org/10.1126/science.1193221.

Yu, J., Foster, G.L., Elderfield, H., Broecker, W.S., Clark, E., 2010b. An evaluation of
benthic foraminiferal B/Ca and §''B for deep ocean carbonate ion and pH re-
constructions. Earth Planet. Sci. Lett. 293, 114-120.

Yu, .M., Elderfield, H., 2007. Benthic foraminiferal B/Ca ratios reflect deep water
carbonate saturation state. Earth Planet. Sci. Lett. 258, 73-86.

Yu, J.M., Elderfield, H., Piotrowski, A., 2008. Seawater carbonate ion-8'3C systemat-
ics and application to glacial-interglacial North Atlantic ocean circulation. Earth
Planet. Sci. Lett. 271, 209-220. http://dx.doi.org/10.1016/j.epsl.2008.04.010.


http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3235s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3235s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3235s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3235s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4D617231393930s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4D617231393930s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3236s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3236s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3236s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3237s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3237s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3238s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3238s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4D657231393834s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4D657231393834s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4D657231393834s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib4D657231393834s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3239s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3239s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3239s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3330s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3330s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3330s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3331s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3331s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3331s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3332s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3332s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3332s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3332s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib5269626574616C31393736s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib5269626574616C31393736s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3333s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3333s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3333s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib53696748617532303033s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib53696748617532303033s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3334s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3334s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3334s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3334s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3334s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3334s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3335s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3335s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3335s1
http://dx.doi.org/10.1126/science.1193221
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3337s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3337s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3337s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3338s1
http://refhub.elsevier.com/S0012-821X(15)00446-X/bib3338s1
http://dx.doi.org/10.1016/j.epsl.2008.04.010

	Two contributors to the glacial CO2 decline
	1 Introduction
	2 CO2 drives ice
	3 Time history of ocean contribution
	4 Tie to Northern Hemisphere summer insolation
	5 Solid Earth contribution
	6 Deglacial dissolution event
	7 Cause for glacial Atlantic stratiﬁcation
	Acknowledgements
	Appendix A Supplementary material
	References


