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Abstract 21 

While the ocean’s large-scale overturning circulation is thought to have been significantly 22 
different under the climatic conditions of the Last Glacial Maximum (LGM), the exact nature 23 
of the glacial circulation and its implications for global carbon cycling continue to be debated.  24 
Here we use a global array of ocean-atmosphere radiocarbon disequilibrium estimates to 25 
demonstrate a ~689 ± 53 14C-yr increase in the average residence time of carbon in the deep 26 
ocean at the LGM. A predominantly southern-sourced abyssal overturning limb that was more 27 
isolated from its shallower northern counterparts is interpreted to have extended from the 28 
Southern Ocean, producing a widespread radiocarbon age maximum at mid-depths and 29 
depriving the deep ocean of a fast escape route for accumulating respired carbon. While the 30 
exact magnitude of the resulting carbon cycle impacts remains to be confirmed, the 31 
radiocarbon data suggest an increase in the efficiency of the biological carbon pump that 32 
could have accounted for as much as half of the glacial-interglacial CO2 change.  33 

 34 

Introduction 35 

The ocean represents a vast carbon reservoir, whose interaction with the atmosphere is 36 
strongly influenced by the processes that transport surface mixed layer waters (that have 37 
equilibrated to some degree with the atmosphere) into the ocean interior, and that return them 38 
to the surface again.  This process of ocean ‘ventilation’ (here used specifically to refer to the 39 
transmission of atmosphere-equilibrated water to the ocean interior, which differs slightly 40 
from the simple movement of water into the ocean interior) interacts with the export of 41 
biologically fixed carbon from the surface ocean, and changes in ocean carbonate chemistry, 42 
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to set the partitioning of CO2 between the ocean and the atmosphere.  At the simplest level, 43 
the ventilation of the ocean interior can be viewed as a ‘leak’ in the biological carbon pump; it 44 
acts to reduce the efficiency with which biologically fixed carbon can be sequestered from the 45 
atmosphere by being exported to the ocean interior ocean (where it is respired and stored as 46 
dissolved inorganic carbon, DIC). A well-ventilated deep ocean interior cannot maintain a 47 
high average degree of CO2 super-saturation relative to the atmosphere, and contributes to a 48 
smaller disequilibrium carbon inventory in the ocean1 and/or a smaller respired carbon 49 
inventory (due to a relatively ‘leaky’ and less efficient biological carbon pump)2, and vice 50 
versa.  The ventilation of the deep ocean can therefore have an important impact on 51 
atmospheric CO2, and global climate.  At the same time, the ventilation of the deep ocean will 52 
also depend on prevailing climatic boundary conditions via their impact on the vigour and 53 
geometry of the large-scale ocean circulation. Despite intense focus on the Last Glacial 54 
Maximum (LGM) as a test case for our understanding of the global overturning circulation 55 
and its role in the carbon cycle, the strength and geometry of the LGM circulation, as well as 56 
its contribution to decreased atmospheric CO2, remain poorly constrained 3-5. Ultimately, no 57 
explanation for reduced LGM atmospheric CO2 can be complete in the absence of robust 58 
constraints on the state of the ocean’s large-scale overturning circulation.  59 

 60 

A key measure of ocean interior ventilation, with particular relevance to its impact on the 61 
carbon cycle, is the mean time-scale for CO2 exchange between the atmosphere and the deep 62 
ocean interior, where respired carbon from biological export accumulates.  For a given finite 63 
organic carbon respiration rate in the ocean interior (i.e. for an active biological pump), a 64 
longer ocean interior residence time will result in a larger ocean interior respired carbon pool, 65 
and therefore a more efficient biological pump 6.  This would be achieved by depleting the 66 
ocean’s atmosphere-equilibrated carbon pool in the biologically productive surface ocean, 67 
which in turn would lead to a compensatory atmospheric CO2 draw down. The residence time 68 
for dissolved carbon in the ocean interior’s respired carbon pool will be set by water transit 69 
times below the mixed layer and by factors that influence overall air-sea exchange efficiency, 70 
including e.g. the residence time of waters at the sea surface, relative to the time for gas-71 
equilibration. A measure of this residence time can be provided by seawater radiocarbon 72 
activities, or radiocarbon ventilation ages. Note that although the equilibration time-scales for 73 
12CO2 and 14CO2 differ, they are both typically much shorter than the average deep-ocean 74 
mixing time-scale, even for minimum Pleistocene atmospheric pCO2 levels 7.  The modern 75 
Atlantic and Pacific differ significantly in their radiocarbon distributions (see Fig. 1), with 76 
lower radiocarbon ages that continually increase with depth in the Atlantic and Southern 77 
Ocean versus maximum radiocarbon ages at around 3km in the North Pacific.  These 78 
differences reflect distinct circulation geometries and overturning rates in each basin today 8. 79 
In contrast to the Atlantic, the Pacific currently has little formation of deep water at northern 80 
high latitudes, and is ventilated almost exclusively from the south with water that last 81 
equilibrated with the atmosphere either in the Southern Ocean or further afield, such as the 82 
North Atlantic 9-11. The main pathway for water from the deep northern Pacific to return to the 83 
sea surface is primarily via a relatively slow diffusive route 8.  This has an important impact 84 
on the cycling of carbon in the ocean, with ~500 Gt of additional respired carbon 85 
accumulating in the ocean below 2,000m as a result of the ~1,000 14C-yr longer average 86 
residence time in this large ocean basin as compared to the Atlantic 12.   87 

 88 

Here we use deep-water radiocarbon ventilation age estimates from throughout the global 89 
ocean to assess the degree of ocean-atmosphere 14C (and CO2) disequilibrium during the last 90 
glacial period, with a view to constraining the glacial circulation and its carbon cycle impacts.  91 
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We find a large-scale decrease in the ocean’s radiocarbon budget, equivalent to an increase in 92 
the global average radiocarbon ventilation age by ~689 ± 53 14C-yrs. This aging is expressed 93 
as a widespread mid-depth bulge in radiocarbon ventilation ages, suggestive of a Pacific-style 94 
circulation. An ocean circulation-driven increase in the efficiency of the ocean’s biological 95 
carbon pump is implied, which we tentatively estimate could have accounted for more than 96 
half of the glacial-interglacial atmospheric CO2 change. 97 

 98 

Results 99 

Global radiocarbon ventilation ages at the LGM 100 

Fig. 2 shows 31 new LGM radiocarbon ventilation ages and a further 225 compiled 101 
observations from the Atlantic, Indian, and Pacific basins (see Methods). Radiocarbon 102 
ventilation ages are expressed here as ocean-atmosphere radiocarbon age offsets, or d14RB-Atm 103 
following ref.13 (the d14RB-Atm metric is equivalent to B-Atm offsets or the Δ14C0,adj metric of 104 
ref.14). Defined in this way, a ‘radiocarbon ventilation age’ simply represents a measure of the 105 
radiocarbon disequilibrium between a parcel of water and the contemporary atmosphere, 106 
which arises due to the combined effects of imperfect air-sea exchange efficiency and finite 107 
ocean interior transport times. We derive our ventilation ages either from direct benthic-108 
atmospheric radiocarbon age offsets (i.e. where independent calendar age controls exist) or 109 
equivalently from benthic-planktonic radiocarbon age offsets (B-P) combined with shallow 110 
sub-surface reservoir ages (d14RS-Atm), where d14RB-Atm = B – P + d14RS-Atm.   111 

 112 

It is notable that, where direct estimates of LGM shallow sub-surface reservoir ages (d14Rs-113 
Atm) are available, they tend to indicate higher values than modern, particularly (but not 114 
exclusively) at high latitudes (see Supplementary Data 1). Such an increase in near-surface 115 
reservoir ages is indeed expected, in part due to the impact of ocean-atmosphere radiocarbon 116 
equilibration at a lower (glacial) atmospheric CO2 partial pressure 7, and in part due to the 117 
effects of possible changes in the ocean’s large scale overturning circulation 15,16.  Therefore, 118 
where direct reservoir age estimates for the LGM are not available, we have adopted the 119 
conservative approach of using modern estimates augmented by 250 14C-yrs in order to take 120 
account of the known impact of lower atmospheric CO2 partial pressure on ocean-atmosphere 121 
radiocarbon equilibration 7, but without making assumptions regarding the impact of changes 122 
in ocean circulation. Although we emphasize here the uncertainty in glacial d14RB-Atm 123 
estimates that arises generally from the current paucity of direct surface reservoir age 124 
estimates from the LGM, the changes in global ocean interior d14RB-Atm values at the LGM are 125 
large enough to be clearly identified despite centennial uncertainties/biases in LGM surface 126 
reservoir ages, in particular as the reservoir ages we apply are likely to represent minimum 127 
values in most cases. Furthermore, the LGM ocean interior d14RB-Atm values are not only 128 
typically larger on average than the expected ~250 14C-yr increase due to air-sea equilibration 129 
at lower pCO2 7; they also reveal a different spatial pattern of radiocarbon ventilation ages 130 
than is seen in the modern ocean.  131 

 132 

The most striking aspect of the observed global LGM radiocarbon ventilation profile (Fig. 2a) 133 
is the existence of a mid-depth bulge in ocean interior ventilation ages, and most notably in 134 
LGM versus modern ventilation age changes (Fig. 2b).  This bulge is similar to that observed 135 
in the modern North Pacific, but reaches greater maximum ages. Although this supports a 136 
recent hypothesis regarding the pattern of ventilation in the South Atlantic 17, as well as recent 137 
reconstructions from the South Pacific 18,19, the inter-basin comparison shown in Fig. 3 138 
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demonstrates that the mid-depth bulge is not globally uniform. Indeed, while this bulge is 139 
clearly expressed in the southern high latitudes and the Pacific, it is much less clearly 140 
expressed in the Atlantic north of 30oS 20,21.  We speculate that the persistence of a shoaled 141 
North Atlantic overturning cell 20,22,23 is what limited the development of a fully Pacific-style 142 
circulation and a particularly strong mid-depth radiocarbon ventilation age bulge outside of 143 
the Southern Ocean in the LGM Atlantic 17.  144 

Two further important observations emerge from the collected data shown in Fig. 3. The first 145 
is that extremely high ventilation ages (i.e. >6,000 14C years) are observed at only a few 146 
locations, and do not appear to be representative of basin-wide trends. Indeed, extreme LGM 147 
radiocarbon ventilation ages at two sites in the Pacific 19,24 have been interpreted as possibly 148 
reflecting enhanced localised volcanic CO2 supply to the LGM ocean interior, while others 149 
from the Nordic Sea 25 have been interpreted either to reflect isolated waters emerging 150 
(perhaps sporadically) from the Arctic, or perhaps to stem from benthic foraminifer (e.g. 151 
habitat) biases 26. The body of radiocarbon data collected here suggests tentatively that 152 
radiocarbon ventilation ages >6,000 14C-yrs (indicated by grey symbols in Fig. 3) represent 153 
statistical outliers within the current population of observations (i.e. they lie beyond 3 154 
standard deviations from the global mean). We emphasise that these outlier observations must 155 
be assumed to be entirely valid; however, we interpret them as reflecting localised processes 156 
and/or carbon sources in the glacial ocean 19,27, or indeed isolated water masses as in the 157 
Nordic Sea 25. In any event, it would appear that if a source of radiocarbon-dead volcanic CO2 158 
existed in the deep Pacific at the LGM 19, its influence was restricted to relatively few 159 
locations. Regardless of these apparent outliers, the most radiocarbon-depleted waters at the 160 
LGM can be found in the Southern Ocean, rather than the North Pacific as today. This would 161 
imply that the North Pacific (along with the North Atlantic) represented a more significant 162 
source of radiocarbon to the ocean interior as compared to the Southern Ocean at the LGM, 163 
and may suggest that air-sea gas exchange and/or shallow mixing was particularly restricted 164 
in the Southern Ocean during the last glacial period 28.  A second important observation 165 
regarding the data in Fig. 3 is that although the Atlantic remained better ventilated than the 166 
Pacific and Southern Ocean, in particular above 2km water depth (suggesting an active but 167 
significantly shoaled North Atlantic overturning cell), the North Atlantic clearly ceased to 168 
represent a major source of radiocarbon and therefore young or equilibrium/preformed DIC 1 169 
to the global deep ocean at the LGM (c.f. Fig. 1). Therefore, while the North Atlantic 170 
overturning cell may have remained active during the last glacial period, it seems to have 171 
contributed relatively little to the ventilation the global deep ocean. 172 

 173 

Implications for the LGM ocean circulation 174 

When interpreting the implications of the radiocarbon data in Fig. 2 and Fig. 3 with regard to 175 
the large-scale overturning circulation, it is important to note that radiocarbon ventilation ages 176 
strictly represent a measure of the radiocarbon isotopic disequilibrium between the deep 177 
ocean and the contemporary atmosphere 13. Radiocarbon ventilation ages thus provide a 178 
measure of the carbon residence time in the ocean interior that is strongly influenced by, but 179 
generally not equivalent to, a water transport time.  Nevertheless, because the observed 180 
changes between the LGM and modern radiocarbon ventilation ages exhibit clear vertical and 181 
inter-basin structure (Fig. 3), it is reasonable to conclude that they do reflect a real change in 182 
the geometry and/or the rate of ocean circulation, rather than a simple uniform change in 183 
surface boundary conditions for example (e.g. air-sea equilibration/exchange rates).  This 184 
change in ocean dynamics is difficult to infer precisely, but was apparently characterized 185 
primarily by the elimination of a fast escape route for water below ~2,000m water depth, 186 
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along a route that today operates mainly via the Southern Ocean 29. This would be consistent 187 
with evidence for reduced sub-surface nutrient supply to the polar Antarctic zone during 188 
glacial conditions for example 30,31.  Tentative support for this dynamical interpretation can be 189 
provided by vertical profiles derived using a simple advective-diffusive ‘abyssal recipe’ 190 
framework 32. In this framework, the large scale overturning circulation is parameterized in 191 
terms of modelled advective- and diffusive transport time-scales that best account for the 192 
observed radiocarbon distributions, and that are reflected in the model parameters ω 193 
(advective transport; units ms-1) and K (diffusive transport; units m2s-1) respectively (see 194 
Methods). Here this approach is adopted as a means of obtaining best fit profiles for each 195 
basin that have an interpretable physical basis. Fig. 3 thus shows modelled profiles for the 196 
LGM (solid lines) and for modern data (dashed lines) from each core location, for comparison 197 
with examples of modern vertical profiles that have been measured at a single location in each 198 
region (dotted lines) 33. Although the quantitative aspects of the modelled profiles in Fig. 3 199 
must be interpreted with caution, it is notable that the existence of a mid-depth bulge in the 200 
abyssal recipe approach arises in association with relatively high K/ω values, and in particular 201 
with low ω parameter values representing a relatively slow (and mainly diffusive) vertical 202 
mass transfer from the abyssal ocean to the surface ocean.  Accordingly, lower ω values are 203 
obtained for the modern Pacific than are obtained for the modern Atlantic and Southern 204 
Ocean, reflecting the slower vertical turnover in that basin today 34.  Similarly, lower ω values 205 
are obtained for all three basins at the LGM as compared to their modern counterparts, 206 
suggesting generally reduced vertical mass transport rates in ocean interior at the LGM. The 207 
approximate turnover times implied by this analysis (which strictly apply to carbon, rather 208 
than water) are ~2 times longer in the Atlantic and Pacific at the LGM as compared to the 209 
modern, and ~8 times longer in the Southern Ocean (see Methods).  210 

 211 

Ultimately, the above analysis emphasises the potential utility of employing more 212 
sophisticated (e.g. inverse) modelling approaches to obtain a robust estimate of the LGM 213 
circulation field, which would benefit from further constraints on radiocarbon ventilation ages 214 
in the polar Antarctic and >3,000m water depth in general. Nevertheless, the observations 215 
shown in Fig. 2 and Fig. 3 suggest that, despite the suggestion of a North Atlantic overturning 216 
cell <2,000m water depth 20,22 at the LGM, most of the global ocean was relatively poorly 217 
ventilated, most likely due to the supply of bottom waters of predominantly (though perhaps 218 
not exclusively 21) of southern origin, which subsequently aged to a greater extent in the 219 
ocean interior than today. This scenario would be consistent with the proposal that the glacial 220 
Atlantic Ocean was characterised by a significant increase in the ratio of lateral transport to 221 
vertical 'diffusive' mixing, likely driven primarily by a decrease in the rate of diffusive mixing 222 
between northern- and southern sourced deep-water masses 23.   This in turn could have been 223 
caused by a greater density difference between northern- and southern sourced deep waters 224 
(in both the Pacific and Atlantic) due to the cooling of Upper Circumpolar Deep Waters 225 
impinging on Antarctic shelf areas (thus enhancing the salinity of newly formed Antarctic 226 
Bottom Water) 35.  Alternatively, or additionally, reduced mixing between northern- and 227 
southern sourced deep waters in both the Atlantic and Pacific interior could also have been 228 
achieved through the shoaling of a deep internal pycnocline separating these water masses.  229 
This could have been caused by buoyancy forcing changes in the Southern Ocean 28,36, 230 
including a northward displacement of the Antarctic summer sea-ice edge in particular (i.e. a 231 
northward shift of the transition from negative- to positive buoyancy forcing in the Southern 232 
Ocean) 37.  Our findings lend observational weight to these proposals, suggesting an overall 233 
more ‘diffusive’ circulation and a lack of vigorous North Atlantic sourced ventilation of the 234 
deep ocean interior >2,000m.   235 
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 236 

Implications for the marine carbon cycle and atmospheric CO2 237 

The changes in the large scale overturning circulation discussed above, which here have been 238 
inferred from a widespread apparent increase in the mean residence time of carbon in the 239 
ocean interior at the LGM, carry further implications for the global carbon cycle and 240 
atmospheric CO2. Indeed, if the biological carbon pump remained active, a large increase in 241 
the degree of average ocean-atmosphere 14C disequilibrium (i.e. increased d14RB-Atm) 242 
reflecting an increase in the mean residence time of carbon in the ocean interior, would imply 243 
a parallel increase in the degree of CO2 oversaturation in the ocean interior versus the 244 
atmosphere, with a greater fraction of the total marine carbon pool being sequestered in the 245 
deep ocean as respired carbon (i.e. rather than in the surface ocean, as atmosphere-246 
equilibrated carbon). This situation would signal an overall less leaky and therefore more 247 
efficient biological carbon pump. An observational test for this scenario would be the parallel 248 
occurrence of depleted ocean interior oxygen levels, due to the progressive consumption of 249 
oxygen as biologically fixed carbon is transferred to the respired carbon pool. Existing 250 
observations do indeed indicate a widespread decrease in ocean interior oxygen 251 
concentrations >2km water depth 38. The global radiocarbon dataset presented here suggest 252 
that this could have been driven at least in part by a significant reduction in deep ocean 253 
ventilation that permitted enhanced accumulation of respired carbon in the ocean interior (i.e. 254 
by reducing the leak of carbon from the respired pool back into the preformed pool where it 255 
would otherwise equilibrate with the atmosphere).   256 

 257 

The question naturally arises: if a role for the ocean circulation in glacial atmospheric CO2 258 
draw down is apparent, how large was the impact?  Previous approaches to answering this 259 
question have adopted an estimate of the mean respiration rate of organic carbon in the ocean 260 
interior to derive an estimate of the resulting change in the respired carbon inventory based on 261 
an estimate of the increase in the mean residence time of DIC in the ocean interior 12.  262 
Because an increase in the ocean’s respired carbon inventory would be achieved at the 263 
expense of the ocean’s atmosphere-equilibrated inventory, which dominates the biologically 264 
productive surface ocean, it can be linked to an atmospheric CO2 change of opposite sign 265 
given knowledge/assumptions of the average conditions of air-sea gas exchange (e.g. 266 
including the applicable DIC buffer factor of the surface ocean).  Adopting a simple integral 267 
framework for ocean-atmosphere carbon partitioning 39, where carbon in the ocean is either 268 
equilibrated with the atmosphere or sequestered as respired carbon (i.e. broadly as in a 2-box 269 
model of the marine carbon cycle; see Methods), it can be shown that a change in the average 270 
deep ocean radiocarbon ventilation can be linked to a change in the atmospheric CO2 molar 271 
mixing ratio (∆ܱܺܥଶ) via the average global export production to the deep ocean (ܤ௖ ~ 2 272 
PgCyr-1, i.e. ~20% of the global export production from the mixed layer 40) and the average 273 
DIC buffer factor of the equilibrated carbon pool (ߛୈ୍େ ~ 10; see Methods): 274 

 275 

ଶܱܥܺ∆ = ି஻ౙ∆(௘ഊ(ಲ౨౛౩തതതതതതതതషಲ౛౧തതതതതത))
ఒ(ெ౗ା௏౥஼౛౧തതതതത (ఊీ౅ి௑஼ைమ))⁄   (1) 276 

 277 

In the above equation: ܣ୰ୣୱതതതതത is the radiocarbon age of the respired carbon pool, assumed to be 278 
equivalent to the global average B-Atm radiocarbon age offset; ୣܣ୯തതതതത represents the average 279 
radiocarbon age of the equilibrated carbon pool, which we assume to have increased by 250 280 
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14C-yrs 7 (see Methods); ߣ is the radiocarbon decay constant (1/8033, the Libby decay 281 
constant, given that we are using conventional radiocarbon age data); ܯୟ is the molar content 282 
of the atmosphere (~1.77x1020 mol); ୭ܸ is the mass of the ocean (~1.33674x1021 kg); ୣܥ୯തതതത is 283 
the average equilibrium DIC for e.g. a pre-industrial reference scenario (~2100 μmolkg-1); 284 
and ܱܺܥଶ is the atmospheric CO2 molar mixing ratio for e.g. a pre-industrial reference 285 
scenario (~280x10-6 mol/mol).  286 

 287 

The above relationship can be used to estimate the impact of reduced ocean ventilation on 288 
biological carbon pump efficiency and atmospheric CO2, given an estimate of the global 289 
distribution of marine radiocarbon, and the global average LGM B-Atm radiocarbon age 290 
offset in particular. We derive this here using a 3-dimensional spatial interpolation of the 291 
available radiocarbon data over the global ocean domain (see Methods). In order to avoid 292 
biasing global mean estimates, this interpolation omits data that are more than 3 standard 293 
deviations from the global mean value (this results in the exclusion of the statistical outliers 294 
identified above; see grey symbols in Fig. 3). The interpolation results are shown in Fig. 4, 295 
which compares zonally averaged interpolated values with locally observed values, across 296 
latitude and water depth (note that observed values may deviate significantly from the zonal 297 
average where significant zonal gradients occur). Notably, the global interpolation shown in 298 
Fig. 4 emphasises that further LGM radiocarbon observations from throughout the deep ocean 299 
>3,000m would provide invaluable constraints on the glacial marine radiocarbon field.  300 
Nevertheless, with the compiled radiocarbon dataset presented here, the interpolation yields 301 
an increase in the ocean’s volume-weighted average radiocarbon ventilation age of ~689 ± 53 302 
14C-yrs (global average radiocarbon ventilation age ~ 2048 ± 53 14C-yrs; see Methods). Note 303 
that if statistical outliers are included in the interpolation, this mean value increases to ~876 ± 304 
96 14C-yrs (global average radiocarbon ventilation age ~2235 ± 96 14C-yrs). Fig. 5 shows the 305 
interpolated shallow sub-surface ‘reservoir age’ field that emerges in parallel, again compared 306 
with observations (note that the observed/assumed shallow sub-surface reservoir ages are not 307 
used in the interpolation). The interpolation yields an average increase in surface reservoir 308 
ages of ~ 655 ± 106 14C-yrs, with larger increases concentrated in high latitude and upwelling 309 
regimes (average surface reservoir age ~ 1241 ± 106 14C-yrs).  It is notable that this estimate 310 
is larger than the expected equilibrated carbon pool radiocarbon age increase of ~250 14C-yrs, 311 
which would arise due to air-sea gas exchange at lower atmospheric pCO2 

7, demonstrating 312 
the influence of mixing with a significantly older ocean interior.  Again, if statistical outliers 313 
are included these estimates would rise to 947 ± 183 and 1533 ± 183 14C-yrs for the LGM 314 
surface reservoir age anomaly and absolute value, respectively. 315 

 316 

Given a global average radiocarbon ventilation age value increase of ~689 14C-yrs, equation 317 
(1) above suggests a potential draw down of atmospheric CO2 by ~65ppm. This very 318 
approximate estimate draws support from sensitivity studies using an earth system model of 319 
intermediate complexity, which suggest an atmospheric CO2 change of about -0.1ppmv per 320 
14C-year increase in the mean ocean-atmosphere 14C disequilibrium (when modulated by 321 
wind-driven overturning changes in the Southern Ocean) 40.  With this sensitivity, which 322 
strictly might only apply to Southern Ocean wind-driven ventilation changes, a global average 323 
increase in ocean-atmosphere radiocarbon disequilibrium by the equivalent of ~689 14C-yrs 324 
would represent a direct contribution to lowering atmospheric CO2 at the LGM by ~69 ppm 325 
relative to pre-industrial values; i.e. a significant amount. We underline that all of these very 326 
tentative estimates serve to emphasize that the observed ocean ventilation changes would 327 
have had a direct impact on atmospheric CO2 that was far from negligible. Nevertheless, it is 328 
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notable that they consistently suggest a contribution of more than half of the full ~90ppm 329 
glacial-interglacial amplitude, in line with previous proposals based on GCM 41 and box-330 
model scenarios 42,43. Such a contribution would be well within the theoretical capacity of the 331 
biological carbon pump under enhanced efficiency 44. If this magnitude of marine carbon 332 
inventory change can be confirmed, for example using globally distributed absolute 333 
oxygenation estimates 45,46, carbonate system reconstructions 47, and/or inverse modelling 334 
approaches, it would command a dominant role for the combined effects of ocean dynamics 335 
and air-sea exchange efficiency in lowering atmospheric CO2 during the last glacial period, 336 
specifically via their impacts on the efficiency of the ocean’s biologically driven soft-tissue 337 
carbon pump. If these effects were to arise more specifically via thermal impacts on sea-ice 338 
and buoyancy forcing in the Southern Ocean 36,37, they might also support a relatively direct 339 
mechanism for insolation pacing of a significant portion of late Pleistocene atmospheric CO2 340 
variability. 341 

 342 
Methods 343 
Radiocarbon dating and compilation: 344 
Supplementary Table 1 gives the locations of sediment cores from which new, paired 345 
radiocarbon dates have been obtained for mixed benthic species and monospecific planktonic 346 
foraminifera for this study. New radiocarbon data from these locations have been combined 347 
with compiled data from the literature (see Supplementary Data 1). Locations of all the 348 
study locations are shown in Fig. 1 (see Supplementary Table 2 for citations). We report all 349 
of the compiled data in Supplementary Data 1, but illustrate in our figures only data that 350 
yield positive marine radiocarbon age offsets relative to the contemporary atmosphere, as a 351 
criterion of physical plausibility.  As described in the main text, global interpolations and 352 
mean value estimates include all data that fail to qualify as statistical outliers, which are 353 
defined as lying beyond 3 standard deviations of the global mean value.  These are also 354 
reported and flagged in Supplementary Data 1. 355 
 356 
For our new radiocarbon dates, foraminifer samples were cleaned in deionised water prior to 357 
hydrolysis and graphitization at the University of Cambridge according to the protocol of 358 
ref.48 and then analysed by accelerator mass spectrometry (AMS) at the 14Chrono Centre 359 
(Queen’s University Belfast) or at the Australian National University.  Some additional 360 
samples were graphitized and analysed by AMS at the NERC-SUERC facility (East Kilbride, 361 
UK).  Samples for radiocarbon dating were selected from pre-Heinrich Stadial 1 (>18kyr BP), 362 
Last Glacial Maximum (LGM) deposits (<23kyr BP), identified on the basis of published age-363 
models or planktonic radiocarbon dates calibrated using Bchron 49 and the Intcal13 calibration 364 
dataset 50 after correction for LGM reservoir ages (see Supplementary Data 1). Published 365 
chronostratigraphies exist for all of the sediment cores that we used to generate new 366 
radiocarbon data, with the exception of two cores (MD09-3169, GeoB2104), whose general 367 
stratigraphy is illustrated in the supplementary material in Supplementary Fig. 1 and 368 
Supplementary Fig. 2. Compiled data were collected on the basis of their original published 369 
age-scales; however, where these calendar ages were based on calibrated planktonic 370 
radiocarbon dates, these were re-calibrated using Intcal13 and the LGM reservoir age 371 
corrections given in Supplementary Data 1. Samples that remained within the 18-23 372 
(calendar) kyr age-window were retained.  One exception to our age-screening approach is the 373 
inclusion of marine radiocarbon data associated with the Kawakawa tephra (25,650 ± 40 cal. 374 
yr BP) 51, which represent particularly valuable ventilation age (plus surface reservoir age) 375 
estimates from a key location in the ocean 18,52.  376 

 377 
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During the 18-23 kyr BP time interval, atmospheric radiocarbon appears to have 378 
varied relatively little 53, suggesting that minor differences in sample age should reflect minor 379 
differences in the circulation affecting (and captured by) each sample.  Nevertheless, the 380 
reliance on independent numerical ages, rather than e.g. stratigraphic alignment, will 381 
contribute to additional scatter (i.e. uncertainty) in the resulting data compilation. The data are 382 
therefore interpreted in terms of only the most general trends that emerge globally and in each 383 
basin.  384 

 385 
Abyssal recipes 386 

We adopt the ‘abyssal recipes’ approach of ref.32 as a ‘physically grounded’ means of 387 
deriving vertical profiles that ‘best fit’ the LGM radiocarbon data. The abyssal recipes 388 
approach represents the large-scale overturning circulation in terms of a balance between 389 
downward diffusion of buoyancy versus slow upward advection of mass, such that physical 390 
and chemical properties of the ocean interior can be modelled in terms of a diffusive constant, 391 
K, and a vertical transport velocity, ω, applied to an entire ocean basin.  If these ‘abyssal 392 
recipes’ do succeed in representing the interior property profiles of the modern ocean in a 393 
consistent manner, it is because they manage to parameterize the effects of two key ‘drivers’ 394 
of the overturning circulation: diapycnal/isopycnal mixing (i.e. due to the energy provided for 395 
small scale motions in the ocean interior by winds and tides), and direct energy input to the 396 
large-scale overturning from winds in the Southern Ocean in particular 54.  A major limitation 397 
of this conceptual framework is that it ignores the effects of lateral transports, which are 398 
clearly important, both in the modern ocean and at the Last Glacial Maximum, e.g. in the 399 
Atlantic basin in particular 23. In the ‘abyssal recipes’ conceptual framework, the vertical 400 
depth (z) distribution of radiocarbon activity (C) across the water column is given by a 401 
balance of purely vertical advection and diffusion:  402 
 403 

ܭ ఋమ஼
ఋ௭మ − ߱ ఋ஼

ఋ௭ =  404 (2)    ܥߤ

 405 
where K is the vertical diffusivity, ω is the vertical advection velocity and μ is the ‘true’ 406 
(Cambridge) radiocarbon decay constant (3.93x10-12 s-1).  The analytical solution to this 407 
equation is: 408 
 409 
 410 
(ݖ)ܥ = ାe଴.ହఊ(ଵାఒ)ఌܥ +  e଴.ହఊ(ଵାఒ)ఌ (3) 411ିܥ
 412 
where  413 
 414 
ߝ = ௭ି௭భ

௭మି௭భ
     (4) 415 

 416 
ߛ = ଶݖ) − (ଵݖ ఠ௄    (5) 417 

 418 
ଶߣ = 1 +  419 (6)     ߙ4
 420 

ߙ = ௄ఓ
ఠమ      (7) 421 

 422 

±ܥ = ± ஼మି஼భ	ୣబ.ఱം(భ±ഊ)
	ୣబ.ఱം(భశഊ)ି	ୣబ.ఱം(భషഊ)   (8) 423 

 424 
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 425 
In the above C1 and C2 represent the radiocarbon activities at the bottom and the top of 426 

the domain (z1 and z2 respectively).  Here C2 (at z2=-250m) is set at an equivalent radiocarbon 427 
age of 500 14C-yrs for the modern and 750 14C-yrs for the LGM, while C1 (at z1=-5000m) is 428 
set at 1125/1612/1575 14C-yrs for the modern Atlantic/Pacific/Southern Ocean, and at 429 
2192/2310/2340 14C-yrs for the LGM Atlantic/Pacific/Southern Ocean.  The latter are based 430 
on the average radiocarbon ages at the bottom of the depth domain in each basin, below 431 
~4,000m. However, it should be stressed that they are relatively poorly constrained and can 432 
have a significant impact on the modelled profiles.  Temperature and salinity profiles for the 433 
modern Pacific were originally used by ref.32 to demonstrate that K/ω ~ 0.8.  Knowledge of 434 
this value permits the equations above to be used in conjunction with radiocarbon data to 435 
determine K/ω2

 and therefore both K and ω.  Lacking knowledge of K/ω a priori we use K/ω 436 
~ 1 (which implies a mixing length scale of ~1km; i.e. dominated by larger scale processes 437 
than molecular diffusion). We then use a least squares approach to determine optimal values 438 
for λ  (given γ), and therefore for K and ω, which provide the best fit to the observations, both 439 
for the modern 33 and the LGM (this study). We emphasize the need for caution when 440 
interpreting the dynamical implications of our model solutions (not least given that these do 441 
not take into account the influence of strong lateral transports 23); however, it is encouraging 442 
that the best fit solutions suggest lower K and ω values for the modern Pacific than the 443 
modern Atlantic, as might be expected for a basin that is more dominated by a sluggish 444 
vertical mass transfer. Accordingly, based on the ω values thus obtained (with K/ω ~ 1), 445 
approximate ‘residence times’ for each basin, derived following ref.32 where τ = (z2-z1)/ω, 446 
suggest an ‘overturning timescale’ for the modern Pacific that is ~4 times longer than for the 447 
modern Atlantic and Southern Ocean (i.e. ~818 years versus ~193 years). As described in the 448 
main text, these ‘residence times’ are suggested to have been greater at the LGM, by a factor 449 
of ~2 in the Atlantic and Pacific, and ~8 in the Southern Ocean. Again, the true dynamical 450 
implications of these parameterizations must be interpreted with caution; however, they do 451 
tentatively support an increase in the average residence time of waters in the ocean interior at 452 
the LGM. 453 
 454 
Marine carbon inventory changes and atmospheric CO2 455 

We adopt an integral framework approach to ocean-atmosphere carbon partitioning, 456 
analogous to ref. 39, where we consider the ocean and atmosphere to form a closed system, 457 
and where changes in the total marine carbon inventory (∆ܫ௢) consists of changes in the 458 
equilibrated carbon inventory (∆ܫ௘௤) plus changes in the respired carbon inventory (∆ܫ௥௘௦) 459 
(and therefore where changes in air-sea gas exchange efficiency and the ‘disequilibrium’ 460 
carbon inventory 1 are ignored). Changes in the equilibrated carbon inventory can be related 461 
to changes in the mean equilibrium dissolved inorganic carbon concentration (∆ܥ௘௤തതതത), which is 462 
determined by equilibration with the atmosphere (and atmospheric pCO2) under average 463 
surface ocean conditions. Similarly, changes in the respired carbon inventory are linked to 464 
changes in the mean respired dissolved inorganic carbon concentration (∆ܥ௥௘௦തതതതത), which is 465 
determined by the rate at which biologically fixed carbon is remineralised in the ocean 466 
interior, where it is sequestered from exchange with the atmosphere. In this conceptual 467 
framework we can write: 468 

 469 
ୟ୲୫ܫ∆− = ଶܱܥܺ∆ୟܯ− = ୭ܫ∆ = ܫୣ∆ ୯ +  ୰ୣୱ  (9) 470ܫ∆
 471 
ଶܱܥܺ∆ୟܯ− = ୭ܸ൫∆ୣܥ୯തതതത +  ୰ୣୱതതതതത൯    (10) 472ܥ∆
 473 
and: 474 
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 475 

ଶܱܥܺ∆ = ି∆஼౨౛౩തതതതതത
(ெa ௏౥⁄ ା஼౛౧തതതതത ఊీ౅ి௣஼ைమ⁄ )    (11) 476 

 477 
The above is derived given the definition of the DIC buffer (‘Revelle’) factor, ߛୈ୍େ, whereby: 478 
 479 

୯തതതതୣܥ∆ = ஼౛౧തതതതത∆௣஼ைమ
ఊీ౅ి௣஼ைమ

      (12) 480 

 481 
If we further consider that the exchange of carbon and radiocarbon between the equilibrium 482 
and respired carbon pools is achieved via a two-way mass flux of water containing DIC (F, 483 
units kg yr-1) and a one-way particulate flux from the equilibrium carbon pool to the respired 484 
carbon pool (ܤ௖, units mol yr-1), then we can write:  485 
 486 

௥ୣୱതതതതതܥ = ୯തതതതୣܥ + ஻ౙ
ி       (13) 487 

 488 
and: 489 
 490 

ܴ୰ୣୱܥ୰ୣୱതതതതത = ܴୣ୯ୣܥ୯തതതത + ோ౛౧஻ౙିఒோ౨౛౩஼౨౛౩തതതതതത௏౥
ி    (14) 491 

 492 
which together yield: 493 
 494 

ܨ = ఒ௏౥
൫ி௠౛౧ ி௠౨౛౩⁄ ିଵ൯      (15) 495 

 496 
such that: 497 
 498 

୰ୣୱതതതതതܥ∆ = ஻ౙ
∆ி =

஻ౙ∆(ி௠౛౧ ி௠౨౛౩⁄ )
ఒ௏౥

= ஻ౙ∆(௘ഊ(ಲ౨౛౩തതതതതതതതషಲ౛౧തതതതതത))
ఒ௏౥

  (16) 499 

 500 
The above assumes that the volume of ocean that comprises the respired carbon pool is the 501 
vast majority of the ocean, below the mixed layer, and is therefore approximately equal to the 502 
volume of the ocean. In the above equations, ୣ݉ܨ୯ and ݉ܨ୰ୣୱ are average radiocarbon 503 
activities of the equilibrated- and respired carbon pools respectively, while ܣ୰ୣୱതതതതത is the average 504 
radiocarbon age offset between the respired carbon pool and the atmosphere (which we 505 
assume is equivalent to the average B-Atm), and ୣܣ୯തതതതത is the average radiocarbon age offset 506 
between the equilibrated carbon pool and the atmosphere. The radiocarbon age of the 507 
equilibrated carbon pool is not equivalent to the global average surface ‘reservoir age’, as not 508 
all of the surface ocean is actually equilibrated with the atmosphere.  However, it will not be 509 
zero either, and will vary as an inverse function of atmospheric pCO2, increasing by ~250 510 
14C-yrs for a pCO2 drop of ~90 ppm 7. We therefore apply a 250 14C-yr increase in the age of 511 
the equilibrated carbon pool for our calculations (i.e. ܣ୰ୣୱതതതതത − ܤ = ୯തതതതതୣܣ −  തതതതതതതതതതത – 250 = 689 – 512݉ݐܣ
250 = 439 14C-yrs). This allows us to relate changes in the atmospheric CO2 mixing ratio to 513 
changes in the average radiocarbon ventilation age of the ocean interior via the equation given 514 
in the main text: 515 
 516 

ଶܱܥܺ∆ = ି஻ౙ∆(௘ഊ(ಲ౨౛౩തതതതതതതതషಲ౛౧തതതതതത))
ఒ(ெ౗ା௏౥஼౛౧തതതതത (ఊీ౅ి௑஼ைమ))⁄    (17) 517 

 518 
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 519 
Interpolation methods and uncertainties 520 

We produced the Atlantic and Pacific zonal averages and surface reservoir age map 521 
shown in Fig. 4 and Fig. 5 of the manuscript by first interpolating the observed LGM-modern 522 
14C ventilation age and reservoir age anomalies onto the 3-dimensional grid of an ocean 523 
circulation model 55 with a horizontal resolution of 2°x 2° and 24 vertical levels, and then 524 
zonally averaging the gridded age anomalies within each basin using the model’s land-sea 525 
mask.  For the interpolation, we do not include as independent data the assumed surface 526 
reservoir ages used to reconstruct the deep ocean radiocarbon ventilation ages. The 527 
interpolation that we present also omits statistical outliers, as described in the main text. 528 
 529 

We constructed the interpolating function using a linear combination of radial basis 530 
functions 56:  531 
 532 
݂(ξ) = 	∑ ߮௞(ξ௄	௞ݓ

௞ୀଵ )     (18) 533 
 534 
where the weights, ݓ௞, are inferred from the data and where the basis functions are defined in 535 
terms of a basic function, ߮(ݎ), centered at the points ሼξ௞|݇ = 1,⋯  ሽ, where we have 536ܭ,
sediment core data, 537 

 538 
߮௞(ξ) = 	߮(ฮξ-ξ௞ฮ).     (19) 539 
 540 
The radial distance separating, ξ from the centers ξ௞ is given by 541 
 542 
ฮξ-ξ௞ฮ = 	 ߬ଵ/௡      (20) 543 
 544 
where ߬ is obtained by solving a diffusion problem on the grid of the ocean circulation model 545 
to determine the first time at which the concentration of a tracer injected at ξ௞ first reaches a 546 
given threshold at ξ.  Specifically, we solve 547 
 548 
డீ
డ௧ = 	સ ∙ ۹સ549 (21)      ܩ 

 550 
 551 

subject to no flux boundary conditions and initial condition ݐ)ܩ, ξ;ξ௞) =  ൫ξ-ξ௞൯ and set  552ߜ(ݐ)ߜ	
 553 
߬ = 	min௧൫ݐ)ܩ, ξ;ξ௞) > ܿ ⋅ ,∞)ܩ	 ξ;ξ௞)൯  (22) 554 

 
 555 
where ܿ is a number between 0 and 1. The diffusivity tensor, ۹, is rotated 57 so that there is a 556 
larger diffusivity along surfaces corresponding to the modern ocean’s isopycnal surfaces 557 
compared to the direction across isopycnals. The diffusivity oriented along the isopycnal 558 
surfaces is set to 105 m2 s-1, whereas the diapycnal diffusivity is set to 10-5 m2 s-1, but only the 559 
ratio of the diffusivities matters because, as we explain below, an adjustable scaling factor is 560 
applied to the distances before they are used to form the basis functions. The advantage of 561 
determining a distance metric by solving a diffusion problem is that it takes into account 562 
continental or topographic barriers for the determination of the distance separating points in 563 
the ocean.  The diffusion equation was solved numerically using an implicit trapezoidal rule 564 
integration scheme with a time-step of ݀ݐ = 0.05 years. We tested several values of the two 565 
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adjustable parameters, ݊ and ܿ, in the definition of the distance and found the largest evidence 566 
for ݊ = 2 and ܿ = 5ିଷ.  567 
 568 
We tested several basic functions including: the multiquadric 569 
 570 

(ݎ)߮ = 	ඥ1 +  ଶ,     (23) 571(ݎߝ)
 572 
and the Gaussian 573 
(ݎ)߮ = 	 ݁ି(ఌ௥)మ,     (24) 574 
 575 
 576 
 577 
where ߝ is an adjustable shape parameter that rescales the distance.  The weights ݓ௞ as well 578 
as the shape ߝ threshold,	ܿ and scaling exponent ݊ were estimated by adapting the Bayesian 579 
interpolation method described in refs. 56,58. In this method, a Gaussian prior on the weights 580 
with precision ߙ provides the regularization that guards against over fitting. For the likelihood 581 
function, the noise on the measured age anomalies is assumed to be normally and 582 
independently distributed with a standard deviation that is estimated from the data. The prior 583 
for log(ߙ) and for the logarithm of the standard deviation of the noise is taken to be flat.  584 
 585 
 The multiquadric basic function tends to infinity as ݎ → ∞, whereas the Gaussian 586 
function tends to 0 as ݎ → ∞, and one might expect very different 587 
interpolations/extrapolations from the two models. Nevertheless the volume-weighted global 588 
average age anomalies are quite similar. The volume-weighted global average anomaly 589 
(LGM-modern) was 689 ±53 14C-yrs for the Gaussian model and 688 ± 53 14C-yrs for the 590 
inverse-multiquadric model. The shape parameter that maximized the evidence was ߝ = 1.5 ×591 
10ିଷ for the multiquadric and ߝ = 1.1 × 10ିଷ for the Gaussian. The evidence for either 592 
model, base 10 logarithm = -1929 was essentially the same for each model and the resulting 593 
figures were nearly identical.  The estimated standard deviation for the noise in the data was 594 
622 14C-yrs for the multiquadric model 62014C-yrs for the Gaussian model.  595 
 596 
Data availability: All data generated or analysed during this study are included in this 597 
published article and its supplementary information files. Matlab code for our 3D 598 
interpolation scheme can be made available upon request to the corresponding author (LCS). 599 
 600 
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Figure Captions 765 
 766 
Fig. 1. Modern marine radiocarbon activities and locations of sediment cores referred to in 767 
this study. (a) Background (bomb-corrected) radiocarbon in the modern ocean 33 (colour 768 
scale) for a zonal section along the equator, with locations (depth and longitude) of sediment 769 
cores (white circles) from which radiocarbon data have been obtained or compiled for this 770 
study projected onto the equatorial section.  (b) Map view of locations of cores used in this 771 
study and modern (bomb-corrected) radiocarbon activity at the sea floor 33 (colour scale at 772 
right). Radiocarbon activities are expressed as deviations relative to the modern atmosphere 773 

(i.e. Δ14C, in permil). Numbers refer to individual study locations; see Supplementary Table 2 774 

for corresponding core names and citations. 775 
 776 
Fig. 2. Deep ocean versus atmosphere radiocarbon-age offsets from the Last Glacial 777 
Maximum.  (a) New (black filled symbols, this study) and compiled deep ocean versus 778 
atmosphere radiocarbon age offsets (i.e. d14RB-Atm) from the Last Glacial Maximum (open 779 
grey circles, Indo-Pacific; filled grey circles, Atlantic). Also shown are polynomial ‘best-fits’ 780 
for all data (solid black line, with shaded 95% confidence intervals), for the Pacific (dashed 781 
blue line), and for the Atlantic (dashed red line). (b) Data from left panel expressed as 782 
differences relative to the pre-industrial ‘background’ B-Atm at each location (Δ(d14RB-783 
Atm)LGM-Mod), indicating the radiocarbon ‘age’ of the LGM ocean relative to the pre-industrial 784 
era. Errors represent 1σ uncertainty derived from the corresponding analytical uncertainties in 785 
radiocarbon dates and estimated uncertainties in reservoir ages. 786 
 787 
Fig. 3. Deep ocean versus atmosphere radiocarbon-age offsets for the modern ocean and the 788 
Last Glacial Maximum.  (a) Data from all latitudes of the modern (i.e. bomb-corrected 33) and 789 
LGM Atlantic (red open and solid symbols respectively).  Solid/dashed lines indicate ‘abyssal 790 
recipe’ profiles fit to the LGM/modern data (for which ‘turn-over time’, τ, estimates are given 791 
– see text); dotted line is a modern zonal average from the equatorial Atlantic 33.  (b) Data 792 
from all latitudes of the modern/LGM Pacific (blue open/solid circles) and Indian (purple 793 
open/solid stars). Solid/dashed lines are abyssal recipe fits to LGM/modern data; dotted line is 794 
a modern zonal average from the equatorial Pacific 33.  (c) Data from the modern/LGM 795 
Southern high latitudes (HL) >35oS only (black open/solid circles); solid/dashed lines are 796 
abyssal recipe fits to LGM/modern data; dotted line is a modern zonal average from 44oS in 797 
the Atlantic sector of the Southern Ocean 33. In each panel solid grey symbols indicate 798 
statistical outlier data, with radiocarbon ventilation ages >6,000 14Cyrs. Errors represent 1σ 799 
uncertainty derived from the corresponding analytical uncertainties in radiocarbon dates and 800 
estimated uncertainties in reservoir ages. 801 
 802 
Fig. 4. Spatial interpolation of marine radiocarbon ventilation ages at the Last Glacial 803 
Maximum. Zonally averaged contour plot (see Methods and supplementary material) of 804 
observed marine radiocarbon disequilibria versus the atmosphere (d14RB-Atm) at the Last 805 
Glacial Maximum (LGM), for the Atlantic (a) and Pacific (b) (coloured circles indicate 806 
observed values); and expressed as offsets between LGM and modern (i.e. pre-bomb 33) 807 
d14RB-Atm for the Atlantic (c) and Pacific (d).  The global volume-weighted average difference 808 
between LGM and modern d14RB-Atm using this method is 689 ± 53 14C years. 809 
 810 
Fig. 5 LGM surface reservoir ages produced by our interpolation of ocean interior 811 
ventilation ages. The LGM surface reservoir age values (d14RS-Atm ) that are applied at each 812 
core location are shown by filled circles; those based on independent constraints are indicated 813 
by white outlines; and those locations where B-Atm values have been omitted from the 814 
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interpolation are indicated by filled white circles.  The interpolation produces an average 815 

change in reservoir age at the LGM as compared to the GLODAP database 33 of 655 ± 106 816 
14C-yrs. 817 
 818 
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