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Radiocarbon constraints on the glacial ocean
circulation and its impact on atmospheric CO,
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While the ocean’s large-scale overturning circulation is thought to have been significantly
different under the climatic conditions of the Last Glacial Maximum (LGM), the exact nature
of the glacial circulation and its implications for global carbon cycling continue to be debated.
Here we use a global array of ocean-atmosphere radiocarbon disequilibrium estimates to
demonstrate a ~689 53 C-yr increase in the average residence time of carbon in the
deep ocean at the LGM. A predominantly southern-sourced abyssal overturning limb that was
more isolated from its shallower northern counterparts is interpreted to have extended from
the Southern Ocean, producing a widespread radiocarbon age maximum at mid-depths and
depriving the deep ocean of a fast escape route for accumulating respired carbon. While the
exact magnitude of the resulting carbon cycle impacts remains to be confirmed, the radio-
carbon data suggest an increase in the efficiency of the biological carbon pump that could
have accounted for as much as half of the glacial-interglacial CO, change.
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he ocean represents a vast carbon reservoir, whose

interaction with the atmosphere is strongly influenced by

the processes that transport surface mixed layer waters
(that have equilibrated to some degree with the atmosphere) into
the ocean interior, and that return them to the surface again. This
process of ocean ‘ventilation’ (here used specifically to refer to the
transmission of atmosphere-equilibrated water to the ocean
interior) interacts with the export of biologically fixed carbon
from the surface ocean, and changes in ocean carbonate
chemistry, to set the partitioning of CO, between the ocean
and the atmosphere. At the simplest level, the ventilation of the
ocean interior can be viewed as a ‘leak’ in the biological carbon
pumps; it acts to reduce the efficiency with which biologically fixed
carbon can be sequestered from the atmosphere by being
exported to the ocean interior ocean (where it is respired and
stored as dissolved inorganic carbon, DIC). A well-ventilated
deep ocean interior cannot maintain a high average degree
of CO, super-saturation relative to the atmosphere, and
contributes to a smaller disequilibrium carbon inventory in the
ocean! and a relatively leaky’ and less efficient biological carbon
pump?, and vice versa. The ventilation of the deep ocean can
therefore have an important impact on atmospheric CO,, and
global climate. At the same time, the ventilation of the deep ocean
will also depend on prevailing climatic boundary conditions via
their impact on the vigour and geometry of the large-scale ocean
circulation. Despite intense focus on the Last Glacial Maximum
(LGM) as a test case for our understanding of the global
overturning circulation and its role in the carbon cycle, the
strength and geometry of the LGM circulation, as well as its
contribution to decreased atmospheric CO,, remain poorly
constrained>™. Ultimately, no explanation for reduced LGM
atmospheric CO, can be complete in the absence of robust
constraints on the state of the ocean’s large-scale overturning
circulation.

A key measure of ocean interior ventilation, with particular
relevance to its impact on the carbon cycle, is the mean time-scale
for CO, exchange between the atmosphere and the deep ocean
interior, where respired carbon from biological export accumu-
lates. For a given finite organic carbon respiration rate in the
ocean interior (i.e., for an active biological pump), a longer ocean
interior residence time will result in a larger ocean interior
respired carbon pool, and therefore a more efficient biological
pump®. This would be achieved by depleting the ocean’s
atmosphere-equilibrated carbon pool in the biologically
productive surface ocean, which in turn would lead to a
compensatory atmospheric CO, draw down. The residence time
for dissolved carbon in the ocean interior’s respired carbon pool
will be set by water transit times below the mixed layer and by
factors that influence overall air-sea exchange efficiency,
including, e.g., the residence time of waters at the sea surface,
relative to the time for gas equilibration. A measure of this
residence time can be provided by seawater radiocarbon activities,
or radiocarbon ventilation ages. Note that although the
equilibration time-scales for 12C0, and 4CO, differ, they are
both typically much shorter than the average deep-ocean mixing
time-scale, even for minimum Pleistocene atmospheric pCO,
levels’. The modern Atlantic and Pacific differ significantly in
their radiocarbon distributions (see Fig. 1), with lower
radiocarbon ages that continually increase with depth in the
Atlantic and Southern Ocean versus maximum radiocarbon ages
at around 3km in the North Pacific. These differences reflect
distinct circulation geometries and overturning rates in each
basin today®. In contrast to the Atlantic, the Pacific currently has
little formation of deep water at northern high latitudes, and is
ventilated almost exclusively from the south with water that last
equilibrated with the atmosphere either in the Southern Ocean or
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further afield, such as the North Atlantic>~!!. The main pathway
for water from the deep northern Pacific to return to the sea
surface is primarily via a relatively slow diffusive route®. This has
an important impact on the cycling of carbon in the ocean, with
~ 500 Gt of additional respired carbon accumulating in the ocean
below 2,000m as a result of the ~1,000 “C-yr longer average
residence time in this large ocean basin as compared to the
Atlantic'2.

Here we use deep-water radiocarbon ventilation age estimates
from throughout the global ocean to assess the degree of ocean—
atmosphere 14C (and CO,) disequilibrium during the last glacial
period, with a view to constraining the glacial circulation and its
carbon cycle impacts. We find a large-scale decrease in the
ocean’s radiocarbon budget, equivalent to an increase in the
global average radiocarbon ventilation age by ~689 + 53 C-yr.
This ageing is expressed as a widespread mid-depth bulge in
radiocarbon ventilation ages, suggestive of a Pacific-style circula-
tion. An ocean circulation-driven increase in the efficiency of the
ocean’s biological carbon pump is implied, which we tentatively
estimate could have accounted for more than half of the glacial-
interglacial atmospheric CO, change.

Results

Global radiocarbon ventilation ages at the LGM. Figure 2 shows
31 new LGM radiocarbon ventilation ages and a further 225
compiled observations from the Atlantic, Indian and Pacific
basins (see Methods). Radiocarbon ventilation ages are exi)ressed
here as ocean-atmosphere radiocarbon age offsets, or d"*Rg_pim
following ref. 13 (the d™Rp o metric is equivalent to B-Atm
offsets or the AMCO,adj metric of ref. 14). Defined in this way, a
‘radiocarbon ventilation age’ simply represents a measure of the
radiocarbon disequilibrium between a parcel of water and the
contemporary atmosphere, which arises due to the combined
effects of imperfect air-sea exchange efficiency and finite ocean
interior transport times. We derive our ventilation ages either
from direct benthic-atmospheric radiocarbon age offsets (i.e.,
where independent calendar age controls exist) or equivalently
from benthic-planktonic radiocarbon age offsets (B-P) combined
with shallow sub-surface reservoir ages (d¥Rg o), where
d"Rg_pem =B — P+ d"Rg sm.

It is notable that, where direct estimates of LGM shallow sub-
surface reservoir ages (dMR, o) are available, they tend to
indicate higher values than modern, particularly (but not
exclusively) at high latitudes (see Supplementary Data 1). Such
an increase in near-surface reservoir ages is indeed expected, in
part due to the impact of ocean-atmosphere radiocarbon
equilibration at a lower (glacial) atmospheric CO, partial
pressure’, and in part due to the effects of possible changes in
the ocean’s large-scale overturning circulation!>®, Therefore,
where direct reservoir age estimates for the LGM are not
available, we have adopted the conservative approach of using
modern estimates augmented by 250 4C-yr in order to take
account of the known impact of lower atmospheric CO, partial
pressure on ocean-atmosphere radiocarbon equilibration’, but
without making assumptions regarding the impact of changes in
ocean circulation. Although we emphasize here the uncertainty in
glacial d™Ry s estimates that arises generally from the current
paucity of direct surface reservoir age estimates from the LGM,
the changes in global ocean interior d'*Rg_am values at the LGM
are large enough to be clearly identified despite centennial
uncertainties/biases in LGM surface reservoir ages, in particular
as the reservoir ages we apply are likely to represent minimum
values in most cases. Furthermore, the LGM ocean interior d!4Rg.
A Values are not only typically larger on average than the
expected ~250 C-yr increase due to air-sea equilibration at
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Figure 1| Modern marine radiocarbon activities and locations of sediment cores referred to in this study. (a) Background (bomb-corrected)
radiocarbon in the modern ocean33 (colour scale) for a zonal section along the equator, with locations (depth and longitude) of sediment cores (white
circles) from which radiocarbon data have been obtained or compiled for this study projected onto the equatorial section. (b) Map view of locations of
cores used in this study and modern (bomb-corrected) radiocarbon activity at the sea floor33 (colour scale at right). Radiocarbon activities are expressed as
deviations relative to the modern atmosphere (i.e, A™C, in permil). Numbers refer to individual study locations; see Supplementary Table 2 for

corresponding core names and citations.

lower pCO, (ref. 7); they also reveal a different spatial pattern of
radiocarbon ventilation ages than is seen in the modern ocean.
The most striking aspect of the observed global LGM
radiocarbon ventilation profile (Fig. 2a) is the existence of a
mid-depth bulge in ocean interior ventilation ages, and most
notably in LGM versus modern ventilation age changes (Fig. 2b).
This bulge is similar to that observed in the modern North
Pacific, but reaches greater maximum ages. Although this
supports a recent hyyothesis regarding the pattern of ventilation
in the South Atlantic'’, as well as recent reconstructions from the
South Pacific!®!%, the inter-basin comparison shown in Fig. 3
demonstrates that the mid-depth bulge is not globally uniform.
Indeed, while this bulge is clearly expressed in the southern high
latitudes and the Pacific, it is much less clearly expressed in the
Atlantic north of 30°S (refs 20,21). We speculate that the

persistence of a shoaled North Atlantic overturning cell??22 is

what limited the development of a fully Pacific-style circulation
and a particularly strong mid-depth radiocarbon ventilation age
bulge outside of the Southern Ocean in the LGM Atlantic'’.
Two further important observations emerge from the collected
data shown in Fig. 3. The first is that extremely high ventilation
ages (i.e., >6,000 *C years) are observed at only a few locations,
and do not appear to be representative of basin-wide trends.
Indeed, extreme LGM radiocarbon ventilation ages at two sites in
the Pacific!®** have been interpreted as possibly reflecting
enhanced localized volcanic CO, supply to the LGM ocean
interior, while others from the Nordic Sea>® have been interpreted
either to reflect isolated waters emerging (perhaps sporadically)
from the Arctic, or gerhaps to stem from benthic foraminifer
(e.g., habitat) biases®®. The body of radiocarbon data collected
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Figure 2 | Deep ocean versus atmosphere radiocarbon-age offsets from the Last Glacial Maximum. (a) New (black filled symbols, this study) and
compiled deep ocean versus atmosphere radiocarbon age offsets (i.e., d"*Rg_am) from the Last Glacial Maximum (open grey circles, Indo-Pacific; filled grey
circles, Atlantic). Also shown are polynomial ‘best-fits' for all data (solid black line, with shaded 95% confidence intervals), for the Pacific (dashed blue line)
and for the Atlantic (dashed red line). (b) Data from the left panel expressed as differences relative to the pre-industrial ‘background’ B-Atm at each
location (A(d"Rgatm)Lom-Mod), indicating the radiocarbon ‘age’ of the LGM ocean relative to the pre-industrial era. Errors represent 1o uncertainty derived
from the corresponding analytical uncertainties in radiocarbon dates and estimated uncertainties in reservoir ages.
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Figure 3 | Deep ocean versus atmosphere radiocarbon-age offsets for the modern ocean and the Last Glacial Maximum. (a) Data from all latitudes of
the modern (i.e., bomb-corrected33) and LGM Atlantic (red open and solid symbols, respectively). Solid/dashed lines indicate ‘abyssal recipe’ profiles fit to
the LGM/modern data (for which ‘turn-over time', 7, estimates are given—see text); dotted line is a modern zonal average from the equatorial Atlantic33,
(b) Data from all latitudes of the modern/LGM Pacific (blue open/solid circles) and Indian (purple open/solid stars). Solid/dashed lines are abyssal recipe
fits to LGM/modern data; dotted line is a modern zonal average from the equatorial Pacific33. (¢) Data from the modern/LGM Southern high latitudes (HL)
> 35°S only (black open/solid circles); solid/dashed lines are abyssal recipe fits to LGM/modern data; dotted line is a modern zonal average from 44°S in
the Atlantic sector of the Southern Ocean33. In each panel solid grey symbols indicate statistical outlier data, with radiocarbon ventilation ages > 6,000
14C-yr. Errors represent 1g uncertainty derived from the corresponding analytical uncertainties in radiocarbon dates and estimated uncertainties in reservoir
ages.
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here su%éests tentatively that radiocarbon ventilation ages
> 6,000 “*C-yr (indicated by grey symbols in Fig. 3) represent
statistical outliers within the current population of observations
(i.e., they lie beyond 3 s.d.’s from the global mean). We emphasize
that these outlier observations must be assumed to be entirely
valid; however, we interpret them as reﬂectin§7localized-processes
and/or carbon sources in the glacial ocean'®?’, or indeed isolated
water masses as in the Nordic Sea?®. In any event, it would appear
that if a source of radiocarbon-dead volcanic CO, existed in the
deep Pacific at the LGM'?, its influence was restricted to relatively
few locations. Regardless of these apparent outliers, the most
radiocarbon-depleted waters at the LGM can be found in the
Southern Ocean, rather than the North Pacific as today. This
would imply that the North Pacific (along with the North
Atlantic) represented a more significant source of radiocarbon to
the ocean interior as compared to the Southern Ocean at the
LGM, and may suggest that air-sea gas exchange and/or shallow
mixing was particularly restricted in the Southern Ocean during
the last glacial period?®. A second important observation
regarding the data in Fig. 3 is that although the Atlantic
remained better ventilated than the Pacific and Southern Ocean,
in particular above 2km water depth (suggesting an active but
significantly shoaled North Atlantic overturning cell), the North
Atlantic clearly ceased to represent a major source of radiocarbon
and therefore young or equilibrium/preformed DIC! to the global
deep ocean at the LGM (c.f. Fig. 1). Therefore, while the North
Atlantic overturning cell may have remained active during the
last glacial period, it seems to have contributed relatively little to
the ventilation the global deep ocean.

Implications for the LGM ocean circulation. When interpreting
the implications of the radiocarbon data in Figs 2 and 3 with
regard to the large-scale overturning circulation, it is important to
note that radiocarbon ventilation ages strictly represent a measure
of the radiocarbon isotopic disequilibrium between the deep
ocean and the contemporary atmosphere!?. Radiocarbon
ventilation ages thus provide a measure of the carbon residence
time in the ocean interior that is strongly influenced by, but
generally not equivalent to, a water transport time. Nevertheless,
because the observed changes between the LGM and modern
radiocarbon ventilation ages exhibit clear vertical and inter-basin
structure (Fig. 3), it is reasonable to conclude that they do reflect a
real change in the geometry and/or the rate of ocean circulation,
rather than a simple uniform change in surface boundary
conditions for example (e.g., air-sea equilibration/exchange
rates). This change in ocean dynamics is difficult to infer
precisely, but was apparently characterized primarily by the
elimination of a fast escape route for water below ~2,000m
water depth, along a route that today operates mainly via the
Southern Ocean®®. This would be consistent with evidence for
reduced sub-surface nutrient supply to the polar Antarctic zone
during glacial conditions for example®*3!. Tentative support for
this dynamical interpretation can be provided by vertical profiles
derived using a simple advective-diffusive ‘abyssal recipe’
framework®?, In this framework, the large-scale overturning
circulation is parameterized in terms of modelled advective- and
diffusive transport time-scales that best account for the observed
radiocarbon distributions, and that are reflected in the model
parameters ¢ (advective transport; units ms ~ 1y and K (diffusive
transport; units m2s 1), respectively (see Methods). Here this
approach is adopted as a means of obtaining best-fit profiles for
each basin that have an interpretable physical basis. Figure 3 thus
shows modelled profiles for the LGM (solid lines) and for modern
data (dashed lines) from each core location, for comparison with
examples of modern vertical profiles that have been measured at a

single location in each region (dotted lines)>?. Although the
quantitative aspects of the modelled profiles in Fig. 3 must be
interpreted with caution, it is notable that the existence of a mid-
depth bulge in the abyssal recipe approach arises in association
with relatively high K/w values, and in particular with low @
parameter values representing a relatively slow (and mainly
diffusive) vertical mass transfer from the abyssal ocean to the
surface ocean. Accordingly, lower e values are obtained for the
modern Pacific than are obtained for the modern Atlantic and
Southern Ocean, reflecting the slower vertical turnover in that
basin today>*. Similarly, lower c values are obtained for all three
basins at the LGM as compared to their modern counterparts,
suggesting generally reduced vertical mass transport rates at the
LGM. The approximate turnover times implied by this analysis
(which strictly apply to carbon, rather than water) are ~2 times
longer in the Atlantic and Pacific at the LGM as compared to the
modern, and ~8 times longer in the Southern Ocean (see
Methods).

Ultimately, the above analysis emphasizes the potential utility
of employing more sophisticated (e.g., inverse) modelling
approaches to obtain a robust estimate of the LGM circulation
field, which would benefit from further constraints on radio-
carbon ventilation ages in the polar Antarctic and > 3,000 m
water depth in general. Nevertheless, the observations shown in
Figs 2 and 3 suggest that, despite the suggestion of a North
Atlantic overturning cell <2,000 m water depth??2 at the LGM,
most of the global ocean was relatively poorly ventilated, most
likely due to the supply of bottom waters of predominantly
(though perhaps not exclusively?!) of southern origin, which
subsequently aged to a greater extent in the ocean interior than
today. This scenario would be consistent with the proposal that
the glacial Atlantic Ocean was characterized by a significant
increase in the ratio of lateral transport to vertical ’diffusive’
mixing, likely driven primarily by a decrease in the rate of
diffusive mixing between northern- and southern-sourced deep-
water masses??. This in turn could have been caused by a greater
density difference between northern- and southern-sourced deep
waters (in both the Pacific and Atlantic) due to the cooling of
Upper Circumpolar Deep Waters impinging on Antarctic shelf
areas (thus enhancing the salinity of newly formed Antarctic
Bottom Water)”. Alternatively, or additionally, reduced mixing
between northern- and southern-sourced deep waters in both the
Atlantic and Pacific interior could also have been achieved
through the shoaling of a deep internal pycnocline separating
these water masses. This could have been caused by buoyancy
forcing changes in the Southern Ocean?®3, including a
northward displacement of the Antarctic summer sea-ice edge
in particular (i.e, a northward shift of the transition from
negative to positive buoyancy forcing in the Southern Ocean)?’.
Our findings lend observational weight to these proposals,
suggesting an overall more ‘diffusive’ circulation and a lack of
vigorous North Atlantic sourced ventilation of the deep ocean
interior > 2,000 m.

Implications for the marine carbon cycle and atmospheric CO,.
The changes in the large-scale overturning circulation discussed
above, which here have been inferred from a widespread apparent
increase in the mean residence time of carbon in the ocean interior
at the LGM, carry further implications for the global carbon cycle
and atmospheric CO,. Indeed, if the biological carbon pump
remained active, a large increase in the degree of average ocean-
atmosphere 4C disequilibrium (i.e., increased d'*Rp_4 ) reflecting
an increase in the mean residence time of carbon in the ocean
interior would imply a parallel increase in the degree of CO,
oversaturation in the ocean interior versus the atmosphere, with a
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greater fraction of the total marine carbon pool being sequestered
in the deep ocean as respired carbon (i.e., rather than in the surface
ocean, as atmosphere-equilibrated carbon). This situation would
signal an overall less leaky and therefore more efficient biological
carbon pump. An observational test for this scenario would be the
parallel occurrence of depleted ocean interior oxygen levels, due to
the progressive consumption of oxygen as biologically fixed carbon
is transferred to the respired carbon pool. Existing observations do
indeed indicate a widespread decrease in ocean interior oxygen
concentrations >2km water depth®. The global radiocarbon
data set presented here suggest that this could have been driven at
least in part by a significant reduction in deep ocean ventilation
that permitted enhanced accumulation of respired carbon in the
ocean interior.

The question naturally arises: if a role for the ocean circulation
in glacial atmospheric CO, draw down is apparent, how large was
the impact? Previous approaches to answering this question have
adopted an estimate of the mean respiration rate of organic
carbon in the ocean interior to derive an estimate of the resulting
change in the respired carbon inventory based on an estimate of
the increase in the mean residence time of DIC in the ocean
interior!?. Because an increase in the ocean’s respired carbon
inventory would be achieved at the expense of the ocean’s
atmosphere-equilibrated  inventory, which dominates the
biologically productive surface ocean, it can be linked to an
atmospheric CO, change of opposite sign given knowledge/
assumptions of the average conditions of air-sea gas exchange
(e.g., including the applicable DIC buffer factor of the surface
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ocean). Adopting a simple integral framework for ocean-
atmosphere carbon partitioning®®, where carbon in the ocean is
either equilibrated with the atmosphere or sequestered as respired
carbon (i.e., broadly as in a 2-box model of the marine carbon
cycle; see Methods), it can be shown that a change in the average
deep ocean radiocarbon ventilation can be linked to a change in
the atmospheric CO, molar mixing ratio (AXCO,) via the average
global export production to the deep ocean (B.~2PgCyr !, ie.,
~20% of the global export production from the mixed layer?)
and the average DIC buffer factor of the equilibrated carbon pool
(ypic~ 10; see Methods):

— BCA (eA(KfA_eq))
A(My + VoCeq/ (7p1cXCO2))

AXCO,= (1)

In the above equation, A, is the radiocarbon age of the respired
carbon pool, assumed to be equivalent to the global average
B-Atm radiocarbon age offset; A.q represents the average
radiocarbon age of the equilibrated carbon pool, which we
assume to have increased by 250 #C-yr’ (see Methods); / is the
radiocarbon decay constant (1/8033, the Libby decay constant,
given that we are using conventional radiocarbon age data); M, is
the molar content of the atmosphere (~1.77 x 10° mol); V, is
the mass of the ocean (~1.33674 x 10*1kg); Cq is the average
equilibrium DIC for, e.g., a pre-industrial reference scenario
(~2,100 pmol kg ~ 1Y and XCO, is the atmospheric CO, molar
mixing ratio for, e.g, a pre-industrial reference scenario
(~280 x 10~ ®mol mol — 1).
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Figure 4 | Spatial interpolation of marine radiocarbon ventilation ages at the Last Glacial Maximum. Zonally averaged contour plot (see Methods and
Supplementary Material) of observed marine radiocarbon disequilibria versus the atmosphere (d"Rg_aim) at the Last Glacial Maximum (LGM), for the

Atlantic (a) and Pacific (b) (coloured circles indicate observed values); and expressed as offsets between LGM and modern (i.e., pre-bomb33) d"Rg_aim for
the Atlantic (¢) and Pacific (d). The global volume-weighted average difference between LGM and modern d"Rg_aym Using this method is 689 + 53 14C

years.
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The above relationship can be used to estimate the impact of
reduced ocean ventilation on biological carbon pump efficiency
and atmospheric CO,, given an estimate of the global distribution
of marine radiocarbon, and the global average LGM B-Atm
radiocarbon age offset in particular. We derive this here using a
three-dimensional spatial interpolation of the available radio-
carbon data over the global ocean domain (see Methods). To
avoid biasing global mean estimates, this interpolation omits data
that are more than 3 s.d.’s from the global mean value (this results
in the exclusion of the statistical outliers identified above; see grey
symbols in Fig. 3). The interpolation results are shown in Fig. 4,
which compares zonally averaged interpolated values with locally
observed values, across latitude and water depth (note that
observed values may deviate significantly from the zonal average
where significant zonal gradients occur). Notably, the global
interpolation shown in Fig. 4 emphasizes that further LGM
radiocarbon observations from throughout the deep ocean
>3,000m would provide invaluable constraints on the glacial
marine radiocarbon field. Nevertheless, with the compiled
radiocarbon data set presented here, the interpolation yields an
increase in the ocean’s volume-weighted average radiocarbon
ventilation age of ~689 * 53 C-yr (global average radiocarbon
ventilation age ~ 2048 +53 “C-yr; see Methods). Note that if
statistical outliers are included in the interpolation, this mean
value increases to ~876 + 96 4C-yr (global average radiocarbon
ventilation age ~2235+96 4C-yr). Figure 5 shows the
interpolated shallow sub-surface ‘reservoir age’ field that emerges
in parallel, again compared with observations (note that the
observed/assumed shallow sub-surface reservoir ages are not used
in the interpolation). The interpolation yields an average increase
in surface reservoir ages of ~655+106 4C-yr, with larger
increases concentrated in high latitude and upwelling regimes
(average surface reservoir age ~ 1241+ 106 “C-yr). It is notable
that this estimate is larger than the expected equilibrated carbon
pool radiocarbon age increase of ~ 250 *C-yr, which would arise
due to air-sea gas exchange at lower atmospheric pCO, (ref. 7),

Surface ‘reservoir age’ averaged over top 73 m

demonstrating the influence of mixing with a significantly older
ocean interior. Again, if statistical outliers are included these
estimates would rise to 947 + 183 and 1533 + 183 “C-yr for the
LGM surface reservoir age anomaly and absolute value,
respectively.

Given a global average radiocarbon ventilation age value
increase of ~689 4C-yr, equation (1) above suggests a potential
draw down of atmospheric CO, by ~65p.p.m. This very
approximate estimate draws support from sensitivity studies
using an earth system model of intermediate complexity, which
suggest an atmospheric CO, change of about — 0.1 ppmv per
14C-year increase in the mean ocean-atmosphere *C disequili-
brium (when modulated by wind-driven overturning changes in
the Southern Ocean)’. With this sensitivity, which strictly might
only apply to Southern Ocean wind-driven ventilation changes, a
global average increase in ocean-atmosphere radiocarbon
disequilibrium by the equivalent of ~689 C-yr would
represent a direct contribution to lowering atmospheric CO, at
the LGM by ~69p.p.m. relative to pre-industrial values: ie., a
significant amount. We underline that all of these very tentative
estimates serve to emphasize that the observed ocean ventilation
changes would have had a direct impact on atmospheric CO, that
was far from negligible. Nevertheless, it is notable that they
consistently suggest a contribution of more than half of the full
~90 p.p.m. glacial-interglacial amplitude, in line with previous
proposals based on GCM*! and box-model scenarios*>*’. Such a
contribution would be well within the theoretical capacity of the
biological carbon pump under enhanced efficiency*t. If this
magnitude of marine carbon inventory change can be confirmed,
for example, using globally distributed absolute oxygenation
estimates®>6, carbonate system reconstructions?” and/or inverse
modelling approaches, it would command a dominant role for the
combined effects of ocean dynamics and air-sea exchange
efficiency in lowering atmospheric CO, during the last glacial
period, specifically via their impacts on the efficiency of the
ocean’s biologically driven soft-tissue carbon pump. If these

14C.yr
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Figure 5 | LGM surface reservoir ages produced by our interpolation of ocean interior ventilation ages. The LGM surface reservoir age values
(d"™Rs_atm ) that are applied at each core location are shown by filled circles; those based on independent constraints are indicated by white outlines; and
those locations where B-Atm values have been omitted from the interpolation are indicated by filled white circles. The interpolation produces an average
change in reservoir age at the LGM as compared to the GLODAP database33 of 655 +106 C-yr.
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effects were to arise more specifically via thermal impacts on sea-
ice and buoyancy forcing in the Southern Ocean3®%’, they might
also support a relatively direct mechanism for insolation pacing of
a significant portion of late Pleistocene atmospheric CO,
variability.

Methods

Radiocarbon dating and compilation. Supplementary Table 1 gives the locations
of sediment cores from which new, paired radiocarbon dates have been obtained
for mixed benthic species and monospecific planktonic foraminifera for this study.
New radiocarbon data from these locations have been combined with compiled
data from the literature (see Supplementary Data 1). Locations of all the study
locations are shown in Fig. 1 (see Supplementary Table 2 for citations). We report
all of the compiled data in Supplementary Data 1, but illustrate in our figures only
data that yield positive marine radiocarbon age offsets relative to the contemporary
atmosphere, as a criterion of physical plausibility. As described in the main text,
global interpolations and mean value estimates include all data that fail to qualify as
statistical outliers, which are defined as lying beyond 3 s.d.’s of the global mean
value. These are also reported and flagged in Supplementary Data 1.

For our new radiocarbon dates, foraminifer samples were cleaned in deionized
water before hydrolysis and graphitization at the University of Cambridge
according to the protocol of ref. 48 and then analysed by accelerator mass
spectrometry at the 14Chrono Centre (Queen’s University Belfast) or at the
Australian National University. Some additional samples were graphitized and
analysed by accelerator mass spectrometry at the NERC-SUERC facility (East
Kilbride, UK). Samples for radiocarbon dating were selected from pre-Heinrich
Stadial 1 (> 18kyr sp), LGM deposits (<23 kyr Bp), identified on the basis of
published age-models or planktonic radiocarbon dates calibrated using Bchron®
and the Intcal13 calibration data set®® after correction for LGM reservoir ages (see
Supplementary Data 1). Published chronostratigraphies exist for all of the sediment
cores that we used to generate new radiocarbon data, with the exception of two
cores (MD09-3169 and GeoB2104), whose general stratigraphy is illustrated in the
Supplementary Material in Supplementary Figs 1 and 2. Compiled data were
collected on the basis of their original published age scales; however, where these
calendar ages were based on calibrated planktonic radiocarbon dates, these were re-
calibrated using Intcall3 and the LGM reservoir age corrections given in
Supplementary Data 1. Samples that remained within the 18-23 (calendar) kyr age-
window were retained. One exception to our age-screening approach is the
inclusion of marine radiocarbon data associated with the Kawakawa tephra
(25,650 £ 40 cal. yr p)>!, which represent particularly valuable ventilation age (plus
surface reservoir age) estimates from a key location in the ocean!®>2,

During the 18-23 k3yr BP time interval, atmospheric radiocarbon appears to have
varied relatively little®®, suggesting that minor differences in sample age should
reflect minor differences in the circulation affecting (and captured by) each sample.
Nevertheless, the reliance on independent numerical ages, rather than, e.g.,
stratigraphic alignment, will contribute to additional scatter (i.e., uncertainty) in
the resulting data compilation. The data are therefore interpreted in terms of only
the most general trends that emerge globally and in each basin.

Abyssal recipes. We adopt the ‘abyssal recipes’ approach of ref. 32 as a ‘physically
grounded’ means of deriving vertical profiles that ‘best fit’ the LGM radiocarbon
data. The abyssal recipes approach represents the large-scale overturning
circulation in terms of a balance between downward diffusion of buoyancy versus
slow upward advection of mass, such that physical and chemical properties of the
ocean interior can be modelled in terms of a diffusive constant, K, and a vertical
transport velocity, , applied to an entire ocean basin. If these ‘abyssal recipes’ do
succeed in representing the interior property profiles of the modern ocean in a
consistent manner, it is because they manage to parameterize the effects of two key
‘drivers’ of the overturning circulation: diapycnal/isopycnal mixing (i.e., due to the
energy provided for small-scale motions in the ocean interior by winds and tides),
and direct energy input to the large-scale overturning from winds in the Southern
Ocean in particular®. A major limitation of this conceptual framework is that it
ignores the effects of lateral transports, which are clearly important, both in the
modern ocean and at the LGM, e.g., in the Atlantic basin in particular?. In the
‘abyssal recipes’ conceptual framework, the vertical depth (z) distribution of
radiocarbon activity (C) across the water column is given by a balance of purely
vertical advection and diffusion:

) — = 2
T @)

where K is the vertical diffusivity, w is the vertical advection velocity and p is the
‘true’ (Cambridge) radiocarbon decay constant (3.93 x 10~ 1251y The analytical
solution to this equation is

C(Z):C+ 60‘5}‘“ +A)e +C- e0.5',‘(1 —+ A)e (3)

where
o ZZZ - zzll (4)
7:(22*21)% ®
22=1+40 ©
. I:)/; 7)
S % (8)

In the above C; and C, represent the radiocarbon activities at the bottom and
the top of the domain (z; and z,, respectively). Here C, (at z, = — 250 m) is set at
an equivalent radiocarbon age of 500 4C-yr for the modern and 750 4C-yr for the
LGM, while C; (at z; = — 5,000 m) is set at 1125/1612/1575 14C—yr for the modern
Atlantic/Pacific/Southern Ocean and at 2192/2310/2340 C-yr for the LGM
Atlantic/Pacific/Southern Ocean. The latter are based on the average radiocarbon
ages at the bottom of the depth domain in each basin, below ~ 4,000 m. However,
it should be stressed that they are relatively poorly constrained and can have a
significant impact on the modelled profiles. Temperature and salinity profiles for
the modern Pacific were originally used by ref. 32 to demonstrate that K/w ~0.8.
Knowledge of this value permits the equations above to be used in conjunction
with radiocarbon data to determine K/w? and therefore both K and . Lacking
knowledge of K/w a priori we use K/w ~1 (which implies a mixing length scale of
~1km; i.e., dominated by larger scale processes than molecular diffusion). We
then use a least-squares approach to determine optimal values for 4 (given y), and
therefore for K and w, which provide the best fit to the observations, both for the
modern®® and the LGM (this study). We emphasize the need for caution when
interpreting the dynamical implications of our model solutions (not least given that
these do not take into account the influence of strong lateral transports®?);
however, it is encouraging that the best-fit solutions suggest lower K and  values
for the modern Pacific than the modern Atlantic, as might be expected for a basin
that is more dominated by a sluggish vertical mass transfer. Accordingly, based on
the  values thus obtained (with K/w ~ 1), approximate ‘residence times’ for each
basin, derived following ref. 32 where 7= (z, — z;)/®, suggest an ‘overturning
timescale’ for the modern Pacific that is ~4 times longer than for the modern
Atlantic and Southern Ocean (i.e., ~818 years versus ~ 193 years). As described in
the main text, these ‘residence times’ are suggested to have been greater at the
LGM, by a factor of ~2 in the Atlantic and Pacific and ~ 8 in the Southern Ocean.
Again, the true dynamical implications of these parameterizations must be
interpreted with caution; however, they do tentatively support an increase in the
average residence time of waters in the ocean interior at the LGM.

Marine carbon inventory changes and atmospheric CO,. We adopt an integral
framework approach to ocean—-atmosphere carbon partitioning, analogous to

ref. 39, where we consider the ocean and atmosphere to form a closed system, and
where changes in the total marine carbon inventory (AI,) consists of changes in the
equilibrated carbon inventory (Al,) plus changes in the respired carbon inventory
(AlL,) (and therefore where changes in air-sea gas exchange efficiency and the
‘disequilibrium’ carbon inventory" are ignored). Changes in the equilibrated
carbon inventory can be related to changes in the mean equilibrium dissolved
inorganic carbon concentration (AC,), which is determined by equilibration with
the atmosphere (and atmospheric pCO,) under average surface ocean conditions.
Similarly, changes in the respired carbon inventory are linked to changes in the
mean respired dissolved inorganic carbon concentration (AC,ES), which is
determined by the rate at which biologically fixed carbon is remineralized in the
ocean interior, where it is sequestered from exchange with the atmosphere. In this
conceptual framework we can write:

— Alym= — MyAXCO,=Al,=AlLq + Al ©)
— M,AXCO,=V,(ACeq + ACws) (10)
and
AXCO,= ~ Ak (11)
(Ma/Vo + Ceq/7p1cPCO2)

The above is derived given the definition of the DIC buffer (‘Revelle’) factor, ypic,
whereby

e CeapCO:
7p1cPCO2

eq
If we further consider that the exchange of carbon and radiocarbon between the
equilibrium and respired carbon pools is achieved via a two-way mass flux of water
containing DIC (F, units kg yr ~!) and a one-way particulate flux from the
equilibrium carbon pool to the respired carbon pool (B, units mol yr ~!), then we

(12)
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can write:

— B
Cres = Ceq + Fc (13)
and

ReqB: — 7RresCras Vo

Rresm = Reqq + F (14)

which together yield:

AV,
F=— "> 15
(Ftheq/Fittzes — 1) (15)
such that
B. B.A(Fme/F BA(e"'(mfA_“‘))

ACw = De 3 ( meq/ mres) _ < (16)

AF Ve WV,

The above assumes that the volume of ocean that comprises the respired carbon
pool is the vast majority of the ocean, below the mixed layer, and is therefore
approximately equal to the volume of the ocean. In the above equations, Fi.q and
Fm,s are average radiocarbon activities of the equilibrated and respired carbon
pools respectively, while A, is the average radiocarbon age offset between the
respired carbon pool and the atmosphere (which we assume is equivalent to the
average B-Atm), and A.q is the average radiocarbon age offset between the
equilibrated carbon pool and the atmosphere. The radiocarbon age of the
equilibrated carbon pool is not equivalent to the global average surface ‘reservoir
age’, as not all of the surface ocean is actually equilibrated with the atmosphere.
However, it will not be zero either, and will vary as an inverse function of
atmospheric pCO,, increasing by ~250 “C-yr for a pCO, drop of ~90p.p.m.”.
We therefore apply a 250 1C-yr increase in the age of the equilibrated carbon pool
for our calculations (i.e., Ay — Aeq =B — Atm — 250 = 689 — 250 =439 *C-yr).
This allows us to relate changes in the atmospheric CO, mixing ratio to changes in
the average radiocarbon ventilation age of the ocean interior via the equation given
in the main text:

—BA (e/‘»(H— Ay) )

AXCO,= A
27 2(My + VoCag/ (7p1cXCO,))

(17)

Interpolation methods and uncertainties. We produced the Atlantic and Pacific
zonal averages and surface reservoir age map shown in Figs 4 and 5 of the
manuscript by first interpolating the observed LGM-modern “C ventilation age
and reservoir age anomalies onto the three-dimensional grid of an ocean circula-
tion model® with a horizontal resolution of 2° x 2° and 24 vertical levels, and then
zonally averaging the gridded age anomalies within each basin using the model’s
land-sea mask. For the interpolation, we do not include as independent data the
assumed surface reservoir ages used to reconstruct the deep ocean radiocarbon
ventilation ages. The interpolation that we present also omits statistical outliers, as
described in the main text.

We constructed the interpolating function using a linear combination of radial
basis functions®®:

£ =30 wen(®) (18)

where the weights, wy, are inferred from the data and where the basis functions are
defined in terms of a basic function, ¢(r), centred at the points {&;|k=1,---,K},
where we have sediment core data,

?x(8) = (1€ = &) (19)
The radial distance separating, & from the centres & is given by
1€ = &ll = < (20)

where 7 is obtained by solving a diffusion problem on the grid of the ocean
circulation model to determine the first time at which the concentration of a tracer
injected at &y first reaches a given threshold at &. Specifically, we solve
0G
—=V_-KVG 21
o= VKV (1)
subject to no flux boundary conditions and initial condition
G(t,&; &) = (1)0(E — &) and set

© = min,(G(t, & &) > ¢ - G(o0, & &) (22)

where c is a number between 0 and 1. The diffusivity tensor, K, is rotated>’ so that
there is a larger diffusivity along surfaces corresponding to the modern ocean’s
isopycnal surfaces compared to the direction across isopycnals. The diffusivity
oriented along the isopycnal surfaces is set to 10° m?s~ !, whereas the diapycnal
diffusivity is set to 10 ~>m?s ™I, but only the ratio of the diffusivities matters
because, as we explain below, an adjustable scaling factor is applied to the distances
before they are used to form the basis functions. The advantage of determining a
distance metric by solving a diffusion problem is that it takes into account
continental or topographic barriers for the determination of the distance separating

points in the ocean. The diffusion equation was solved numerically using an
implicit trapezoidal rule integration scheme with a time-step of dt = 0.05 years. We
tested several values of the two adjustable parameters, n and ¢, in the definition of
the distance and found the largest evidence for n=2 and ¢=573.

We tested several basic functions including: the multiquadric

o(r) = /14 (er)?, (23)

and the Gaussian

o) =e ", (24)

where ¢ is an adjustable shape parameter that rescales the distance. The weights wj
as well as the shape ¢ threshold,c, and scaling exponent n were estimated by
adapting the Bayesian interpolation method described in refs 56,58. In this method,
a Gaussian prior on the weights with precision « provides the regularization that
guards against over fitting. For the likelihood function, the noise on the measured
age anomalies is assumed to be normally and independently distributed with a s.d.
that is estimated from the data. The prior for log(e) and for the logarithm of the
s.d. of the noise is taken to be flat.

The multiquadric basic function tends to infinity as r— co, whereas the
Gaussian function tends to 0 as r— 00, and one might expect very different
interpolations/extrapolations from the two models. Nevertheless the volume-
weighted global average age anomalies are quite similar. The volume-weighted
global average anomaly (LGM-modern) was 689 + 53 4C-yr for the Gaussian
model and 688 * 53 4C-yr for the inverse-multiquadric model. The shape
parameter that maximized the evidence was &= 1.5 x 10 ~3 for the multiquadric
and ¢=1.1 x 10 ~3 for the Gaussian. The evidence for either model, base 10
logarithm = — 1929, was essentially the same for each model and the resulting
ﬁﬁures were nearly identical. The estimated s.d. for the noise in the data was 622
1C-yr for the multiquadric model 620'*C-yr for the Gaussian model.

Data availability. All data generated or analysed during this study are included in
this published article and its Supplementary Information files. Matlab code for our
3D interpolation scheme can be made available upon request to the corresponding
author (L.C.S.).
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