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Awarm and poorly ventilated deep
Arctic Mediterranean during the last
glacial period
D. J. R. Thornalley,1,2* H. A. Bauch,3 G. Gebbie,1 W. Guo,1 M. Ziegler,4

S. M. Bernasconi,4 S. Barker,5 L. C. Skinner,6 J. Yu7

Changes in the formation of dense water in the Arctic Ocean and Nordic Seas [the “Arctic
Mediterranean” (AM)] probably contributed to the altered climate of the last glacial
period.We examined past changes in AM circulation by reconstructing radiocarbon ventilation
ages of the deep Nordic Seas over the past 30,000 years. Our results show that the glacial
deep AM was extremely poorly ventilated (ventilation ages of up to 10,000 years). Subsequent
episodic overflow of agedwater into themid-depth North Atlantic occurred during deglaciation.
Proxy data also suggest that the deep glacial AM was ~2° to 3°C warmer than modern
temperatures; deglacial mixing of the deep AM with the upper ocean thus potentially
contributed to the melting of sea ice, icebergs, and terminal ice-sheet margins.

T
he Atlantic Meridional Overturning Circula-
tion (AMOC)playsan important role inEarth’s
climate, because it redistributes ocean heat
and helps control the storage of carbon in
the deepocean. The primaryNorthernHemi-

sphere sources of dense water supplied to the
AMOC are produced in the Arctic Mediterranean
(AM) (1). Warm surface waters from the Atlantic
flow northward and circulate around the AM via
several different pathways, gradually cooling (there-
by releasing heat to the atmosphere) and becoming
denser. Much of this water-mass transformation is
thought to occur in the Nordic Seas via interme-
diate and deep open-ocean convection, with a
smaller contribution from the Arctic Ocean in-
volving the addition of dense waters from brine-
enhanced shelf water production (1, 2). The dense
water produced by these processes overflows the
Greenland-Scotland Ridge, ultimately forming
lower North Atlantic Deep Water (NADW) as part
of the deep southward return flow of the AMOC.

Because of the northward heat transfer asso-
ciated with the flow of warm surface water to con-
vection sites, changes in deep-water formation in
the North Atlantic and Nordic Seas are thought to
be associatedwith the altered climate of the Last
Glacial Maximum (LGM) and the abrupt climate
events of the last deglaciation [~19 to 7 thousand
years ago (ka)], such as the Northern Hemisphere
cold intervals Heinrich Stadial 1 (HS1) and the
Younger Dryas (YD) (3–5), which affected global cli-
mate (6, 7). In this study,we investigated circulation
changes over the past 30 ka in the deepNorwegian
Sea (and by inference, the broader AM) by recon-
structing radiocarbon (14C) ventilation ages and
deep-ocean temperatures. Our results revealed an
absence of deep convectionwithin the AM through-
out much of the last glacial period and the sub-
sequent deglaciation; they instead suggest the
presence of a relatively warm and extremely poor-
ly ventilated water mass in the glacial deep AM
that subsequently overflowed southward into
the North Atlantic during the deglaciation.

North Atlantic radiocarbon reconstructions

Several studies have used seawater radiocarbon
ratios (D14C) as a proxy for investigating past
changes in the circulation of the North Atlantic
(8–12). In the modern high-latitude North Atlan-
tic, deep convection in the Nordic and Labrador
Seas quickly transfers surface waters that have
equilibrated with the atmosphere to the deep
ocean, resulting in a minimal surface-to-deep
gradient in 14C age (~100 years) (13) and well-
ventilated deep water in the North Atlantic.
Deglacial D14C reconstructions from the sub-

tropical North Atlantic are consistent with the
established view that there was shoaling of the
AMOC [involving a switch from NADW forma-
tion to Glacial North Atlantic IntermediateWater
(GNAIW) formation] and a northward incursion
into the deep North Atlantic of 14C-depleted
southern-sourced water (SSW) (8, 11) during the
last glacial period, HS1, and the YD. However,
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Fig. 1. Sediment core locations. (A) Map showing core sites: red star, PS1243, at 2.7 km depth;
blue star, RAPiDcores (1P,4P, and5P) collectedon theSouth IcelandRise (12).Grayarrows indicate
modern Nordic Seas overflow (Denmark Strait Overflow Water, DSOW; Iceland-Scotland Overflow
Water, ISOW). Orange arrows show surface inflow of the North Atlantic Current (NAC). The
approximate extent of ice sheets during the LGM is indicated by the light blue dashed line (26).
The dark blue dashed line indicates the extent of the Arctic Ocean (AO) at the shelf edge during
the LGM,when sea level was lower. (B) Schematic cross section through theAM,as indicated by
the black line in (A) (1). Deep and intermediate convection occurs in the Greenland and
Norwegian Seas (thick blue arrows),whereas the deepCanadian basinmay beventilated by the
sinking of small volumes of brine-enhanced shelf water (thin blue arrows) (1, 30). Dashed lines
are schematic isopycnals. Deep-water exchange between the AM and the North Atlantic (gray
arrow) is restricted by the Greenland-Scotland Ridge, with a depth of ~400 to 800 m.
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these data also reveal that large fluctuations in
D14C (shifts of up to ~1000 14C years within ~100
calendar years) occurred in the mid-depth North
Atlantic during HS1 and the YD, suggesting a
complexhistory of circulation (8). Recently, these
fluctuations in mid-depth D14C, alongside tem-
perature proxy data, have been cited as evidence
that the AMOC switched from a glacial to an in-
terglacialmode of circulation through the release
of heat from warm deep water (14).
D14C reconstructions from the mid-depth

(1.2 to 2.3 km) subpolar Northeast Atlantic,
south of Iceland (at the South Iceland Rise), have
revealed the presence of an extremely poorly
ventilated water mass during cold intervals of
the last deglaciation, with 14C ventilation ages
in excess of 5000 years (12). In addition, rapid and
large fluctuations in ventilation ages occurred
during HS1 and the YD. These fluctuations are
similar to the variability that has been recon-
structed in the subtropical Northwest Atlantic,
although the shifts south of Iceland are up to
four times larger in amplitude. The source of the
poorly ventilated water south of Iceland was ini-
tially interpreted as Antarctic IntermediateWater
(AAIW) (12), butmore recent studies have shown
that AAIW in the deglacial Atlantic was not as
poorly ventilated as the water south of Iceland
(9, 15, 16). Available evidence also suggests that
deep SSW was not sufficiently depleted in 14C to
explain the South Iceland Rise data (8–10), nor
can it explain the observed distinct relationship
between d13C and D14C (12). An alternative pro-
posed source is the AM, although thus far there
have been no 14C ventilation data from the deep
AM to test this hypothesis. Reconstructions of
14C ventilation ages from the shallow (~700 m)
Iceland Sea during the last glacial period reveal
benthic-atmosphere ventilation ages of ~500 years,
indicating well-ventilated intermediate-depth wa-
ter in the Nordic Seas that may have contributed
to GNAIW formation (3, 17).
This studywas thereforemotivatedby two aims.

First, we sought to increase the understanding of
AM circulation and to investigate whether there
was continueddeep convection in theNordic Seas
(or the AM as a whole) during the last glacial
period. It is important to better constrain past
circulation changes in the AM because (i) the
amount of exchange between the surface anddeep
AM alters the properties of the dense water it
exports (1, 2); (ii) regional and global climate are
directly influenced by the northward heat trans-
port associated with the inflow of warm surface
waters feeding the high-latitude dense water for-
mation sites (2); and (iii) ocean circulation changes
have the potential to affect other components of
the climate system, such as sea-ice extent and
adjacent ice sheets.We also wished to investigate
the cause of the mid-depth radiocarbon anom-
alies in the South Iceland Rise data. The present
lack of a viable explanation for these data sug-
gests a knowledge gap in our understanding of
deglacial ocean circulation.Moreover, amore com-
plete interpretation of deglacial variability in
mid-depth North Atlantic 14C ventilation ages—
which, for example, have been examined in recent

studies of data from the New England seamounts
(14, 18)—first requires us to constrain the various
end-member water masses and the mechanisms
by which they formed.

Ventilation changes in the AM

We obtained new benthic and planktic radio-
carbon measurements from a marine sediment
core collected in the Norwegian Sea (core PS1243,
2.7 km depth) (Fig. 1), which we selected because
of its well-defined stratigraphy (19). The age mod-
el was slightlymodified from its original planktic
14C–based chronology by tuning planktic d18O to
nearby cores that had been placed on aGreenland
ice core–based age model (Fig. 2 and supplemen-
tarymaterials). Core sites fromwithin the central
Arctic Ocean were not chosen because of the low
abundance of benthic foraminifera; in addition,
the extremely low glacial sedimentation rate (20)
would have increased the uncertainty in the strat-
igraphic age of samples and hence in the recon-
struction of D14C.
In contrast to the well-ventilated deep waters

and the small benthic-planktic (B-P) 14C offset
(~100 years) of the Holocene and the present day,
Table 1 andFig. 2 show thatmuchof the late glacial
and deglacial Norwegian Sea was characterized
by extremely poorly ventilated deep waters, with
benthic ventilation ages of ~7000 to 10,000 years
(and B-P 14C offsets of a similar magnitude). More-

over, these extremely old ventilation ages were
only associated with a modest decrease in ben-
thic d13C values. The coupling of relatively high
d13C values (~0.8 to 1.4‰) with extremely old 14C
ventilation ages suggests that the aging of deep
waterswas not accompaniedby substantial remin-
eralization of organic matter at depth, probably
reflecting low surface productivity (Fig. 3 and
supplementarymaterials). These data further sug-
gest that the deep Norwegian Sea was the likely
source of poorly ventilated water south of Iceland
during the deglaciation (12), and the slightly lower
d13C values reconstructed for deglacial cold inter-
vals south of Iceland can be explained by mixing
between the Nordic overflow and low-d13C SSW
(Fig. 3). The observation of a poorly ventilated yet
high-d13C endmember highlights the complexity of
interpreting benthic d13C in the subpolarNortheast
Atlantic, because it cannot be interpreted as a sim-
ple two–end-member mixing scenario (i.e., SSW
versus GNAIW or NADW). Our results demon-
strate that during the deglaciation, a Nordic Seas
overflow of extremely poorly ventilated water
with d13C values of ~0.8 to 1.4‰ took place; in ad-
dition, the chemically distinct contribution to
GNAIW during the LGM identified in previous
research (21) must have been sourced from the
intermediate (not deep) Nordic Seas. The high
d13C values of the Cibicidoides wuellerstorfi at this
site and the benthic foraminifera samples used
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Fig. 2. Deep Norwegian Sea
radiocarbon reconstructions.
(A) D14C from core PS1243,
collected in the deep Norwegian
Sea (black squares, benthic
species; gray circles, planktic
species), and from the South
Iceland Rise (1.2 to 2.3 km
depth; benthics, small gray
diamonds) (12), shown with
the IntCal09 radiocarbon age
calibration curve (40).
“Projection age” extrapolation
for the sample at 23 ka is
shown by the black dashed
line. (B) C. wuellerstorfi d13C
measurements from core
PS1243 (19). (C) Age model
for core PS1243. White circles
are tie points based on planktic
14C using the modern reservoir
age of 400 years. Black circles
are stratigraphic tie points
based on the correlation of
Neogloboquadrina pachyderma
(s) d18O data [shown in (D) by
black arrows], the occurrence
of the Vedde Ash, and an abrupt
decrease in the percentage of
N. pachyderma (s) (not shown)
at the onset of the Holocene.
(D) Correlation of N. pachy-
derma (s) d18O measurements
between core PS1243 (black) (19) and Norwegian Sea cores ENAM93-21 (solid gray) and MD952010
(dashed gray).The cores have been placed on the Greenland Ice Core Chronology 2005 age scale of the
North Greenland Ice Core Project (NGRIP) (E) on the basis of their magnetic susceptibility (5, 41).
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for D14C (table S1) rule out low-d13C sources of
14C-depleted carbon, such as methane hydrates,
mantle carbon, or remineralized sedimentary or-
ganic carbon.
Our records indicate enhanced ventilation at

the onset of theHolocene and the Bølling-Allerød
(BA) periods, although additional measurements
are required for confirmation (see the supple-
mentary materials); they also point to an event
at ~16 ka that is in agreementwithmeasurements

from south of Iceland. Support for the existence
of a brief (multicentennial-scale or less) deep-
water formation event at ~16 ka, with a benthic-
atmosphere offset of ~300 years recorded both in
the deep Norwegian Sea (at 2.7 km depth) and
south of Iceland (at 2.3 km depth) (12), can also
be found in high-resolution records of planktic
foraminifer faunal assemblages in the subpolar
Northeast Atlantic (fig. S3 and supplementary ma-
terials). These records reveal a strong surfacewarm-

ing farther to the south, possibly caused by an
increased northward flow of surface waters feed-
ing the deep convection site, the precise location
of which is uncertain.

Isolation of the deep central Arctic Ocean

The magnitude and rapidity of the shift from
well-ventilated to poorly ventilatedwater at ~23 ka
cannot be explained by in situ aging of deep wa-
ter at the Norwegian Sea core site; therefore, we
infer the incursion of a pre-aged watermass. The
most likely candidate for this is shoaling of iso-
lated water in the deep central Arctic Ocean (sup-
plementary materials), which is connected to
the Nordic Seas via the Fram Strait and which
has a volume of ~1.2 × 107 km3—approximately
four times greater than the deep (>1 km) Nordic
Seas. Because the Arctic Ocean (and the AM as
a whole) is a semi-enclosed basin that was fur-
ther restricted during the last glacial period by
the closure of the Bering Strait, it was suscep-
tible to isolation and the development of poorly
ventilated deep water.
Previous studies have suggested that there was

thick ice cover across much of the Arctic Ocean
during the LGM, leading to minimal or no sed-
imentation in the central Arctic of either terrig-
enous or biogenic material (20, 23). With no
appreciable surrounding continental-shelf area,
there was probably also only a minor contribu-
tion to the deep ocean from brine-enhanced
shelf water (24). These conditions would favor the
development of poorly ventilated bottom water
with relatively high d13C. Benthic d13C data from
the deep central Arctic before the last glacial
period [Marine Isotope Stage (MIS) 3] suggest
values of up to 1.7 to 1.8‰ (25), which, with a
small amount of organic carbon remineraliza-
tion throughout the glacial period (MIS 2), would
have resulted in the observed glacial and de-
glacial values in the deep Nordic Seas of 0.8 to
1.4‰. Reduced surface productivity across much
of the glacial AM and organic carbon export to
the North Atlantic by vigorous intermediate-
depth circulation presumably helped to prevent
the development of anoxia in the deep AM (sup-
plementary materials).
Projecting the benthic D14C onto the atmo-

spheric D14C curve (11) (Fig. 2) for the data point
at ~23 ka (i.e., the first occurrence of old water in
data from core PS1243), using a surface reser-
voir age of 400 years, suggests that the deep
Arctic Ocean may have become isolated at ~30 ka
(i.e., close to the onset ofMIS 2). At this time, sea-
level records indicate the final rapid growth of
continental ice sheets to their full glacial extent
(26) and hence the loss of shelf seas, reducing
vertical mixing (27) and brine-enhanced shelf
water production (24). However, this method
does not consider any mixing or entrainment
with younger waters. Therefore, if such entrain-
ment occurred, it is possible that parts of the
AMwere older than our recorded ages and that
the deep central AM was isolated earlier than
~30 ka. Given its complex bathymetry, it is plau-
sible that there were numerous distinct water
masses residing within the deep AM during the

708 14 AUGUST 2015 • VOL 349 ISSUE 6249 sciencemag.org SCIENCE

Fig. 3. Cross-plot ofC. wuellerstorfi d13C and benthic-atmosphere 14C ventilation ages (logarithmic
scale), modified from (12). Black circles are new data from the deep Norwegian Sea; gray shapes are
data from RAPiD cores previously collected on the South Iceland Rise (circles, core 5P; squares, core
4P; triangles, core 1P). Five-pointed stars are published estimates for HS1, and four-pointed stars are
estimates for modern water masses.

Table 1. Benthic 14C data from core PS1243. Intervals for benthic dates were selected based on local

abundance peaks where available (supplementary materials). For some samples, a robust B-P age

is not provided, because there was no planktic 14C date at the exact corresponding core depth.

Foraminifera species used in this analysis include C. wuellerstorfi (Cw), P. depressa (Pyrgo), and
Miliolida species.

Time interval
Depth

(m)

Calendar

age (ka)
Species

14C age

(years)

Error

(years)

B-P offset

(years)

Error

(years)

Benthic-atmosphere

offset (years)

Holocene 0.28 8.52 Cw 8290 35 170 100 570
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

0.28 8.52 Pyrgo 8090 75 –30 110 370
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

0.36 10.29 Cw 9530 40 –70 100 340
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

YD (Vedde) 0.45 12.03 Cw 18,000 100 7370 140 7760
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

YD 0.47 12.52 Pyrgo 17,800 150 6400 160 7310
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

BA 0.53 14.05 Pyrgo/Cw 14,250 65 1810 91 2030
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

0.54 14.30 Miliolida 15,350 100 N/A 2930
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

HS1 0.56 15.15 Pyrgo 23,200 250 9450 290 10,400
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

0.575 16.00 Cw 19,850 130 N/A 6710
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

0.58 16.20 Pyrgo 13,350 60 –2300 140 172
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

0.595 17.00 Pyrgo/Cw 17,100 95 N/A 3110
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Late glacial 0.62 18.80 Miliolida 24,000 290 6550 350 8370
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

0.645 20.50 Miliolida 20,900 160 N/A 3530
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

0.67 22.05 Miliolida 26,000 270 6210 340 7640
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Early MIS 2 0.69 23.35 Pyrgo 20,700 660 N/A 1220
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

0.73 25.84 Pyrgo 21,800 220 N/A 270
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

0.77 28.30 Miliolida 25,000 240 950 350 1520
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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last glacial period, with various ventilation ages
and nutrient chemistry.

Circulation changes and rates

Deepopen-ocean convection in themodernNordic
Seas is variable and subject to perturbation (28);
therefore, it seems probable that during the late
glacial and deglacial periods, enhanced surface
freshening caused the weakening and shoaling
of open-ocean convection in the Nordic Seas. This
wouldmean that the deepAMwas only ventilated
by limited deep-water formation, probably in
coastal polynyas. The timing of the switch to
poorly ventilated waters at ~23 ka in the deep
Norwegian Sea may have been the result of a
marked weakening or shoaling of deep convec-
tion in response to surface freshening frommelt-
ing icebergs (19). Alternatively, it may simply
have been caused by the slow accumulation of
bottom water in the AM that was denser than
the products of open-ocean convection in the
Nordic Seas. Thus, the rapid switch to older
benthic ventilation ages in core PS1243 at ~23 ka
probably records the upward migration of a
sharp vertical gradient in radiocarbon ventila-
tion age, separating the aged AM bottom waters
from the overlying, better-ventilated products
of open-ocean convection (supplementary ma-
terials). This is somewhat analogous to the
model invoked for the glacial Atlantic Ocean,
with dense SSW, formed partly by brine rejec-
tion processes around Antarctica, being over-
lain by well-ventilated GNAIW, the product of
open-ocean convection south of Iceland (29). The
mechanism by which the aged water mass was
subsequently transported into theNorth Atlantic
is uncertain, but it must have involved either (i)
the continued slow accumulation of aged water
in the AMand its eventual overflow (Fig. 4) or (ii)
a more rapid process of entrainment and dis-
placement by overturning in the Nordic Seas
during the deglaciation, possibly related to sea-
ice formation and brine rejection as orbitally
induced insolation changes promoted seasonal
melting and refreezing of sea ice. Investigating
these mechanisms will require a depth transect
of cores to reconstruct water-column D14C pro-
files at time intervals throughout the glacial and
early deglacial periods.

If the deep ventilation age of 10,000 years is
interpreted as a water-mass residence time of
~10,000 years in the deep AM, then we can infer
that the replenishment rate of deep water must
have been limited to ~0.05 sverdrup [1 sverdrup
(Sv) = 106 m3 s–1], presumably by processes such
as brine-enhanced dense water production in
coastal polynyas. This rate can be compared with
estimates of ~0.1 Sv for the modern contribution
of brine-enhanced shelf-slope and entrained wa-
ter to the deep Canadian Basin (30). Employing
estimates of vertical diffusivity from the modern
Arctic in a simple advective-diffusive model of the

deep Arctic demonstrates that ventilation ages
similar to those that we reconstructed in the
glacial deep AM (~10,000 years) are achievable,
as long as bottom-water formation rates remain
low (supplementary materials).
Recentwork has suggested that there has been

a persistent export of 231Pa from the deep central
Arctic Ocean over the past 35 ka (31). The Fram
Strait and Nordic Seas are a likely sink for this
231Pa because of their higher particle fluxes (32),
enabling scavenging of dissolved 231Pa from the
water column. To reconcile this with our results,
wemust infer that therewas sufficient recirculation
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Fig. 4. Cartoon of hypothesized changes in the circulation and ventilation
of the Arctic Ocean, Nordic Seas, and Northeast Atlantic. North is to the
right. Color shading indicates 14C ventilation. The pale blue layer indicates the
varying extent of surface freshwater and sea ice or icebergs (white rectangles).
Core locations are indicated by white circles. (A) Surface waters flow around
the Nordic Seas and Arctic Ocean, losing buoyancy en route (SPMW, Sub-

polar Mode Water; LSW, Labrador Sea Water); ventilation of the interme-
diate and deep AM occurs mainly by convection in the Nordic Seas. (B)
Reduction of deep convection and accumulation of poorly ventilated dense
water in the deep AM, resulting in a sharp radiocarbon front (supplementary
materials). (C) Entrainment and/or overflow of aged AM water into the
North Atlantic during HS1.

Fig. 5. Deep Norwegian Sea
temperature reconstructions.
(A) Benthic d18O data from
core PS1243 (19). Measure-
ments from Pyrgo depressa
(gray squares; vital effect,
–0.9‰), C. wuellerstorfi
(gray circles), and Oridosarlis
umbonatus (black
diamonds; vital effect,
–0.28‰) are shown with
global sea level scaled to a
1‰ whole-ocean d18O
change. The low d18O values
of C. wuellerstorfi are dis-
cussed in the supplementary
materials. (B) Glacial-to-
Holocene temperature
change in the deep Norwegian
Sea. Shown are new clumped
isotope data (D47, horizontal
gray line; gray square, core
top) from core PS1243,
published ostracod Mg/Ca
data (gray circles) from
core PS1243 (35), and new
benthic foraminifera Mg/Ca
data (black diamonds) from core MD992276 (same site as PS1243) (supplementary materials).
Dashed lines indicate the Holocene (lower) and glacial (upper) averages used for each proxy to
calculate the glacial-to-Holocene temperature change (double-headed arrows, with ±1 SE); the D47
data set is also shown with ±1s errors for each time interval (shading). The black arrow in the center
highlights the deglacial release of heat from the deep Norwegian Sea. (C) Sample-mean D47 mea-
surements from P. depressa (squares) and C. wuellerstorfi (triangles) in core PS1243, with averages
(lines) and ±2 SE shading for the Holocene, deglacial, and glacial intervals. Core-top foraminifera
Mg/Ca and D47 data points are from (42) and (43), respectively.
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of the poorly ventilated deep water within the AM
to enable the export of dissolved 231Pa to the Fram
Strait and Nordic Seas. However, because uncer-
tainties also remain regarding the influence of re-
duced particle rain and boundary scavenging on
the Arctic 231Pa budget during glacial periods,
these factors may also be called upon to explain
the 231Pa deficit in the glacial Arctic Ocean (31).

Implications

Using simple mass-balance calculations that in-
clude the possible volume of the poorly ventilated
reservoir (i.e., the volume of the deep AM), limita-
tions on its renewal rate (~0.05 Sv), and the obser-
vations from south of Iceland indicating overflow
for a total of ~5000 years [i.e., the combined dura-
tion of HS1, the YD, and the Intra-Allerød Cold
Period, when highly 14C-depletedwater was present
in the overflow region (12)], we conclude that the
overflow of poorly ventilated waters from the AM
into theNortheastAtlanticmust havebeen relatively
weak and would not have exceeded, on average,
~0.1 Sv. Futuremodelingwork, aidedby additional
proxy reconstructions, should investigate whether
the mid-depth D14C variability reconstructed for
the subtropical Northwest Atlantic (8) can be at-
tributed to a weak yet highly 14C-depletedNordic
Seas overflow (18) and how this signal propagated
throughout theNorthAtlantic under reducedAMOC
conditions. Possibly the AM was the source for the
low-D14C event at 15.6 ka thatwas recorded in corals
at theNewEngland seamounts (14, 18). However,
the reconstructed temperatures of the deglacial
AM are colder than those reconstructed at theNew
England seamounts for the 15.6ka event (~0° to 1°C
versus 3° to4°C); therefore, substantialmixingwith
a warmer water mass must also have occurred.
The evidence for poorly ventilated conditions in

the deepNordic Seas also enablesus to conclude that
there was no significant contribution from the deep
Nordic Seas (and by inference, from the deep Arctic
Ocean) to the formation of GNAIW. This contrasts
with suggestions by earlier workers (33) that relied
solely on benthic d13C. Given faunal evidence for a
persistent Atlantic inflow to the Nordic Seas (34)
and possibly to theArctic as a subsurface layer (35),
shallow to intermediate overturning in the Nordic
Seas probably persisted throughout the LGM, con-
tributing toGNAIW,as suggestedbyprevious studies
(3, 17, 19, 21, 36). Also, while the deep AM remained
isolated from the overlying, better-ventilated upper
ocean, any surface inputs or perturbations to the
AM, suchasmeltwater events,wouldnothavemixed
throughout the entire basin; rather, they would
have largely been confined to the upper ocean.

Warm temperatures in the glacial deep AM

Because of deep convection, the modern deep
Nordic Seas have a temperature of approximately
–1° to –1.5°C. Published temperature proxy data,
obtained using ostracod Mg/Ca ratios from core
PS1243, indicate that temperatures of the deep
Norwegian Sea during the last glacial period were
~2° to 3°C warmer than they have been during
the Holocene (35). In agreement with these esti-
mates, newly obtained clumped isotope (D47) and
Mg/Ca temperature proxy data from benthic

foraminifera in core PS1243 and neighboring core
MD992276 indicate that the LGMwaswarmer than
the Holocene by 2.9 ± 1.5°C (D47) or 3.0 ± 1.0°C
(Mg/Ca) (Fig. 5 and supplementary materials). An
intermediate-to-deep AM during MIS 3 that was
2° to 4°C warmer than modern temperatures,
caused by a deep inflow of Atlantic water, has
been inferred (24, 35). DuringMIS 2, whenwe infer
an isolated deep AM, it is likely that geothermal
heating contributed to warming in the deep AM.
The contribution of geothermal heating to the
modern Arctic Ocean is 40 to 60 mWm−2 (37); as-
suming that all the geothermal heat remained in a
bottom-water layer 2000mthick, the bottomwater
could have warmed by ~2°C over 10,000 years.
Because of the thermobaric effect, the develop-

ment ofwarmandpresumably relatively salty deep
water, when overlain by colder and fresher water,
provides a source of potential energy that can help
drive oceanmixing and overturning (38). Overturn-
ing of the deep Nordic Seas (or the Arctic) would
allow the release of heat previously stored in the
deep ocean, which could promote themelting of sea
ice and destabilize marine-terminating ice sheets,
such as the Barents Sea ice shelf, thereby contribut-
ing to thedeglaciationof the region.OstracodMg/Ca
data (35) and our new benthic foraminifera Mg/Ca
data from the Norwegian Sea suggest that much
of the heat stored in the deep Nordic Seas was re-
leased over the interval from ~18 to 15 ka (i.e., dur-
ing the early deglacial period, centered aroundHS1)
(Fig. 5). If deep AMwaters were brought to the sur-
face ocean, their carbon isotope composition must
not have reequilibratedwith the atmosphere, given
that old ventilation ages are evident during the YD,
when the deep AM appears to have lost much of its
glacial heat. Probably this was due to surface stra-
tification, sea-ice cover, and insufficient time at the
surface for equilibration [analogous to modern up-
welling of Circumpolar Deep Water and Antarctic
BottomWater (AABW) formation].Whereas previ-
ous studies have suggested that a subsurface incur-
sion of warm Atlantic water during HS1 triggered
the collapse of ice shelves (39), we speculate that
the release of deep-ocean heat stored in the pre-
viously isolateddeepAMmayhave also contributed
to the melting of ice shelves and terminal ice-sheet
margins (as well as sea ice and icebergs) in the
circum-AM region during the end of the glacial
period. The buildup and release of heat from an
isolated glacial deep AM plausibly also played a
role in earlier glacial-to-deglacial transitions.
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