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What role did abyssal circulation play in releasing car-
bon from the deep ocean to the atmosphere during the 
last deglaciation? Changes of water-mass boundaries 

have been reported based on stable isotopes1,2, but palaeo-water-
mass geometry does not necessarily constrain circulation rates3,4. 
Radiocarbon is similarly inconclusive about rates5–13. At face value, 
the presence of 14C-deficient deep waters during the deglaciation 
may suggest slow abyssal circulation12,13 and argues against carbon 
release from the deep Pacific. The use of 14C as a circulation rate 
tracer, however, is complicated by the influence of preformed 14C 
age3, which depends on air–sea carbon isotope exchange, which has 
a much longer equilibration timescale than gas exchange (years ver-
sus months)14. In the modern deep Pacific, the preformed age of 
Southern Ocean source water accounts for nearly half of the appar-
ent water-mass 14C age15 (that is, the circulation age is much less than 
the 14C age), and it probably changed during the deglaciation13,16,17.

The neodymium isotope composition (εNd) of authigenic phases 
in marine sediments offers an independent constraint on Pacific cir-
culation rates. We adopt a model in which the εNd and the Nd bud-
gets of the Pacific are significantly influenced by benthic fluxes18–21 
(at all depths, but primarily from >​3,000 m because of hypsometry, 
Methods, Supplementary Fig. 1). On the timescales of Pacific mix-
ing, under this premise spatial and temporal changes in εNd are mod-
ulated mostly by the non-conservative effect of sediment exposure 
time as a function of bottom water residence time19–21 (Methods). 
Such a model for modern deep Pacific εNd is supported by the strong 
correlation between core-top authigenic εNd and circulation age22 
(Fig. 1, Supplementary Fig. 2).

We propose that to first order the Pacific benthic Nd flux has 
been approximately constant since the Last Glacial Maximum 
(LGM), because (1) over this timespan deep-sea sediment prov-
enance changed little on the basinal scale and (2) benthic Nd flux is 
insensitive to changes in diagenetic redox regimes (Supplementary 
Methods, Supplementary Fig. 1). A consequence of this supposition 
is that temporal changes in authigenic εNd in Pacific sediment cores 

far from the water-mass source would be most strongly influenced 
by the abyssal circulation rate, wherein longer integrated sediment 
exposure time yields more radiogenic (higher) εNd

19,20.
Here we reconstruct deglacial Pacific circulation using two new, 

high-resolution (~200 yr deglacial sample interval) authigenic εNd 
records from the Gulf of Alaska (Fig. 1). The deeper core EW0408-
87JC and its reoccupation IODP site U1418 (58.8° N, 144.5° W, 
3,680 m) underlie Pacific Deep Water (PDW), the ‘oldest’, most car-
bon-rich and for εNd the most radiogenic water mass in the ocean 
today. This site is ideally located to record the integrated expo-
sure time associated with the transit of Antarctic Bottom Water 
(AABW) across the full meridional span of the Pacific from south 
to north. The shallower core EW0408-85TC/JC and co-located 
IODP site U1419 (59.6° N, 144.2° W, 682 m) underlie North Pacific 
Intermediate Water (NPIW) at a depth less sensitive to abyssal over-
turning but potentially sensitive to interior stratification and forma-
tion of local North Pacific water masses.

We generated authigenic εNd records by leaching non-decar-
bonated bulk sediments (Methods, Supplementary Fig. 3), and 
compared these data with the benthic–planktonic 14C age differ-
ences analysed from the same cores9 (Methods). Through a twin-
tracer approach, we constrain abyssal circulation rate using εNd, and 
deconvolve the preformed component of 14C age from water-mass 
age (Methods, Supplementary Methods). Because the adjustment 
timescales of both tracers are comparable to the timescales of degla-
cial climate change, understanding their temporal evolution neces-
sitates a transient modelling approach3, which we employ here to 
constrain circulation history, and by comparison to sensitivity tests 
with detailed biogeochemical climate models to discuss its implica-
tions for the carbon cycle.

Deglacial evolution of North Pacific εNd
Values of εNd at the deep site were higher during the LGM than today 
(Fig. 2b), suggesting reduced AABW transport into the Pacific, in 
agreement with some model simulations23. This sluggish circulation 
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would have allowed accumulation of respired carbon in the glacial 
deep Pacific1.

Deglacial decrease of our deep site εNd (Fig. 2b) can be explained 
by faster overturning (less benthic exposure time). The change in 
εNd near 19 ka (thousand years ago) coincides with the initial degla-
cial warming of West Antarctica24, reduction of Antarctic sea ice 
(indicated by decreasing sea-salt sodium concentration)25 and the 
first significant postglacial sea-level rise26, but predates the sus-
tained warming of East Antarctica27 and the rapid atmospheric 
CO2 increase28 (Fig. 2). After this early change, further εNd decrease 
corresponds to steps of atmospheric CO2 rise between 18-14.5 ka 
and 13-11.5 ka, during which times sea ice retreated and tempera-
ture increased synchronously in West and East Antarctica together 
with the global ocean29. These intervals also saw negative atmo-
spheric δ​13C excursions30,31 and reduced Southern Ocean strati-
fication1,8,13,16,32,33 (Fig. 2d,e). All these signals are consistent with 
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Fig. 1 | Study sites and Pacific circulation. a, Locations of the intermediate-
depth (EW0408-85TC/JC/U1419) and the deep (EW0408-87JC/U1418) 
sites in the Gulf of Alaska. b, A meridional (138° W) section of circulation 
age in the Pacific22. Solid small arrows indicate modern water transport 
across the 28° S and 24° N hydrographic sections and thick arrows show 
the schematic abyssal circulation34. c, Relationship between Pacific core-
top authigenic εNd (>​2,500 m, Supplementary Fig. 2, with 2σ analytical 
uncertainty) and circulation age (1σ =​ 50 yr)22. The star symbol is site 
EW0408-87JC.
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Fig. 2 | Deglacial North Pacific εNd, compared with global climate records. 
a,b, Authigenic εNd from site EW0408-85TC/JC/U1419 (a) and site 
EW0408-87JC/U1418 (b). Error bars in a and b indicate long-term  
2σ (0.29ε) external reproducibility (Methods). c, Ice-core CO2 and its rate 
of change28,55. d, δ​13C of atmospheric CO2

30,31. e, Southern Ocean opal flux 
from core TN057-13PC432. f, Temperature anomalies from West (WAIS 
Divide)24 and East (EAT)27 Antarctica, and sea-salt sodium concentration 
(ssNa, 50-year median value, a proxy for sea ice) from the WAIS Divide25. 
g, Mean ocean temperature anomaly with 1σ uncertainty29. h, North Atlantic 
231Pa/230Th records with 1σ uncertainty45,56. The blue-shaded interval marks 
the early deglacial increase of temperature and decrease of sea ice in West 
Antarctica. The yellow-shaded intervals mark the synchronous increase of 
atmospheric CO2, decrease of sea ice and increase of temperature in both 
West and East Antarctica, and rise of global ocean mean temperature.
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the interpretation of North Pacific εNd in which accelerated abyssal 
Pacific circulation was driven mainly by Southern Ocean processes.

The intermediate-depth site EW0408-85TC/JC/U1419 recorded 
relatively constant εNd from the LGM until about 14 ka, then it 
covaried with the deep record between 14 and 10 ka (Fig. 2a). In 
this interval, changes in the intermediate-depth record seemingly 
precede those of the deep record. This difference in timing can 
be explained by the shorter transient response time of the smaller 
intermediate-depth Nd reservoir relative to the deep reservoir (see 
‘Transient simulations’ section). Similar modern and LGM εNd val-
ues at intermediate-depth support hypotheses that glacial NPIW 
circulation was similar to that today23. Together deep and interme-
diate-depth records suggest that deglacial acceleration of Pacific 
circulation and collapse of glacial stratification probably progressed 
from deep to shallow1.

Transient simulations
We quantify plausible changes in circulation from these data using 
a six-box model of the Pacific, starting with modern geostrophic 
flows well constrained by hydrographic data34,35 (Supplementary 
Fig. 4). We simulate deglacial εNd and apparent (14C) water-mass 
age by hypothetically varying AABW transport scaled to Antarctic 
climate records, and adjust mixing between NPIW and PDW and 
the preformed age of AABW (Methods, Supplementary Methods). 
Acknowledging the limitations of box models, we gain quantitative 
insight into plausible circulation rate changes from these relatively 
simple perturbations.

The deglacial North Pacific deep εNd observations are consistent 
with acceleration of abyssal circulation produced by scaling AABW 
transport to the rate change of atmospheric CO2 (Figs. 2c and 
3a,c), implying that whatever processes responsible for circulation 
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Fig. 3 | Transient simulations of North Pacific circulation tracers. a, AABW transport scaled to the rate change of atmospheric CO2. b, The preformed 
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changes can also plausibly relate to CO2 changes. Mechanistically, 
scaling the transport to the rates of Antarctic warming or sea-ice 
retreat yields similarly reasonable solutions (Fig. 4, Supplementary 
Methods). For example, the 19 ka εNd event found at our deep site 
can be explained if circulation rate is scaled to early sea-ice retreat 
rate (as documented by ice-core sodium) and warming in West 
Antarctica. We speculate that this first acceleration of abyssal Pacific 
circulation, although linked to Antarctic climate events, may have 
occurred in a heavy-ice-cover regime that was not yet amenable to 
substantial CO2 venting.

In our box model, AABW transport into the Pacific changes by 
a factor of 3, from about 8 Sv (1 Sv =​ 106 m3 s−1) during the LGM, 
to about 20–25 Sv during the deglacial intervals of rapidly rising 
atmospheric CO2, followed by relaxation to the modern value of 
about 14 Sv35 (Fig. 3a, Supplementary Fig. 5). By comparing these 
results with carbon-cycle sensitivities from more comprehensive 
models, we can estimate plausible impacts of our inferred degla-
cial abyssal Pacific circulation changes on atmospheric CO2 and 
its δ​13C. Adopting model sensitivities of 1.5–3.4 ppm Sv−136,37 for 
atmospheric pCO2 and −​0.0069‰ Sv−138 for atmospheric δ​13C to 
changes of AABW transport, an approximately 12–17 Sv increase 
of AABW transport in the early deglaciation could result in about 
20–50 ppm increase of pCO2 and about 0.08–0.12‰ decrease of 
δ​13C. The approximately 9 Sv increase in the late deglaciation 
could result in about 15–30 ppm increase of pCO2 and about 
0.06‰ decrease of δ​13C. These estimates are comparable to the 
observed stepwise changes of about 50 ppm and about 30 ppm 
increase of pCO2 and about 0.3‰ and about 0.1‰ decrease of 
δ​13C in these intervals28,30,31 respectively (Fig. 2c,d), suggesting 
that acceleration of the abyssal Pacific circulation rate may be 

an important, and perhaps dominant, control of deglacial atmo-
spheric CO2 rise.

In the context of these abyssal circulate rate changes, the inter-
mediate-depth εNd record can be simulated by varying NPIW–
PDW exchange (related to subsurface stratification and mixing), 
wherein progressively upward destratification started in the early 
stage of the Antarctic warming intervals (Fig. 3e,g, Supplementary 
Fig. 5). The strong NPIW–PDW exchange required in the model 
at about 17.5 ka and about 12.5 ka reflects weaker intermediate-
to-deep stratification than today, implying easier access of carbon 
from the deep-ocean reservoir to the surface and the potential for 
some CO2 venting in the North Pacific9,39. Differences in our model 
transient responses of εNd and 14C age in the intermediate and deep 
boxes to the same physical events (Fig. 3) highlight that tracers 
with different geochemistries need not respond ‘in phase’ with each 
other but are fundamentally mediated by tracer residence times at 
various depths.

Superficially, inferred deglacial acceleration of abyssal Pacific 
circulation seems to contradict discoveries of 14C-deficient deep 
water masses in the North Pacific12 (Fig. 3d). Our simulations, 
however, can reproduce the observed apparently ‘old’ deglacial 
water-mass ages by increasing the preformed 14C age of southern-
source waters at times of increasing AABW transport (Fig. 3b, 
Supplementary Fig. 6). This increase in preformed 14C age (by 1,000 
yr) would have made the 14C age (with respect to the atmosphere) of 
Antarctic surface water approach, but not exceed, that of the deep 
Pacific, implying efficient mixing of PDW into circumpolar regions1 
and inefficient isotopic gas exchange. In our model, changes of pre-
formed age dominate over that of circulation rate in deep Pacific 14C 
records (Fig. 3d).
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Greater deglacial preformed 14C ages of Southern Ocean water 
masses may result from weaker stratification and increasing upwell-
ing around Antarctica32. Inefficient carbon isotopic equilibration is 
reasonable given ice-strewn waters as sea ice retreated and excess CO2 
vented to the atmosphere. Reconstructions of deglacial preformed 
14C age in the AABW formation region do not exist yet, but a recent 
global data synthesis suggests changes of deglacial Southern Ocean 
surface preformed age are necessary to explain the distribution of 
benthic 14C in the ocean interior40. A subantarctic record16 (MD07-
3076, 44° 4.46′​ S, South Atlantic) shows pronounced increases of 
surface reservoir age of magnitudes (~1,000 yr) and timing similar 

to our model prediction. High apparent deglacial reservoir ages were 
also found in the Eastern Equatorial Pacific41 and South Pacific10, 
implying that redistribution of carbon in shallow subsurface mode 
waters sourced from the Southern Ocean propagated high pre-
formed 14C age water to lower-latitude upwelling regions where 
some CO2 could have vented during the deglaciation42.

In the North Pacific, the deep-to-intermediate gradient of ben-
thic 14C reservoir age was smaller than today during our inferred 
NPIW–PDW mixing events (Fig. 3f), even as apparent 14C water-
mass ages at both depths increased (Fig. 3d,h). This too reflects 
changes in preformed 14C in the interior Pacific: the deep ‘old’ 14C 
age signal reached intermediate depth as abyssal stratification weak-
ened during the deglaciation.

Alternative hypotheses
Changes in preformed εNd values in Southern Ocean source waters 
alone cannot explain our North Pacific data, because, unlike 14C, 
the effect of preformed properties on deep-sea εNd is limited19–21 
(Methods, Supplementary Methods). In our model we prescribe the 
preformed εNd using published South Ocean records as boundary 
conditions (Methods, Supplementary Discussion, Supplementary 
Fig. 7). The model result therefore accounts for available εNd data 
from both the Southern Ocean (dominated by mixing) and North 
Pacific (dominated by benthic exposure time after the long abyssal 
transit).

Production of North Pacific intermediate or deep water also can-
not explain our North Pacific observations, with the possible excep-
tion of a short interval (16–17 ka) when benthic–planktonic age 
differences became smaller than today at our intermediate-depth 
site7,9,43 (Fig. 3h, Supplementary Discussion). Even in this case ben-
thic 14C precludes a northern-sourced water mass reaching the deep 
ocean (>​2,700 m, depth of W8709A-13PC): not only did the deep 
site benthic–planktonic 14C age differences remain higher than 
today, but also the deep-to-intermediate-depth benthic 14C gradi-
ent increased during this interval (Fig. 3d,f, Supplementary Fig. 8). 
Thus, if an intermediate water mass formed in the Sea of Okhotsk 
and Bering Sea (as it does today), its effects were small; the εNd val-
ues provide no evidence for such a water mass in the Northeast 
Pacific (Supplementary Discussion).

Theoretical arguments suggest that Southern Ocean surface 
buoyancy forcing can directly regulate stratification in the ocean 
interior4, even in the North Pacific. As such, it is not necessary to 
invoke local deep-water formation to explain the collapse of inter-
mediate-to-deep stratification suggested by our data and simula-
tions. Rather, the strong correlation between our deep records and 
Antarctic climate can be readily reconciled if Antarctic forcings 
were a significant factor controlling the subsurface water-mass 
properties of the North Pacific.

Finally, the εNd data are inconsistent with hypotheses that changes 
of the Atlantic Meridional Overturning Circulation (AMOC) 
controlled properties of the deep Pacific during the deglaciation 
(Supplementary Discussion, Supplementary Fig. 7). Reduction 
of low-εNd North Atlantic Deep Water should lead to an increase 
of deep Pacific εNd

44, yet during the intervals of weakest AMOC45 
(14.5–17.5 ka and 11.5–12.5 ka) both deep North Pacific and 
Southern Ocean33 εNd decreased.

A search for mechanisms and future implications
Our data and model simulations lead to a conceptual understand-
ing of the deep Pacific circulation and the deglacial flushing of its 
carbon reservoir via abyssal overturning from the south35 (Fig. 5). 
Although our data do not fully constrain the water-mass transfor-
mation processes around Antarctica, they provide key constraints 
regarding the scale and timing of changes in the abyssal overturning 
cell and the extent of gas-isotope exchange required to explain the 
14C signal in the ocean interior.
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Fig. 5 | Conceptual models of LGM to Holocene circulation evolution in the 
Pacific. a, LGM. Strong haline stratification and sluggish deep circulation. 
Pacific-wide deep carbon reservoir developed. b, Deglacial flushing 
events. Strong overturning and weak deep stratification. Deep carbon 
reservoir is released to the atmosphere and reaches intermediate depth. 
Preformed ages are high. c, Modern. Weak thermal stratification, moderate 
overturning and intermediate preformed ages. The circulation strength 
is indicated by the thickness of the overturning cell, and the interior 
stratification is represented using NPIW–PDW exchange (weak exchange is 
equivalent to stronger stratification) and the gradient of colour shading.
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A likely candidate mechanism is found in Antarctic sea ice, 
which controls both buoyancy flux4,46 and gas exchange14,47. Most 
model simulations generate expanded sea ice during glacial times 
and relate sea-ice area to buoyancy loss and increased abyssal strati-
fication4,46, but the effects of sea ice on gas exchange and isotopic 
equilibration remain poorly known47. During the deglaciation, sea-
ice breakup and transport in a divergent wind field during warm-
ing events may create a net freshwater export to subpolar latitudes 
important for water-mass transformation48. The intensity and posi-
tion of Southern Hemisphere westerlies also play roles in northward 
transport of near-surface waters, southward return flow of PDW to 
the Antarctic and the upwelling of deep water to the surface32. In 
addition, accumulation of geothermal heat49 may have added buoy-
ancy to the ocean interior due to both sluggish glacial circulation 
and an increase of deglacial hydrothermal activity50. Further explo-
ration of possible mechanisms will be informed by the strong con-
straint on changing circulation rates provided by our North Pacific 
εNd data.

The deglacial changes in abyssal circulation suggested here can 
be envisioned as a transition from a predominantly haline-stratified 
glacial mode to a weakly thermal-stratified modern mode51,52 (Fig. 5),  
which probably implies points of instability. This appears to happen 
in two main steps in the deep Pacific, in both the north (this study) 
and south1, coincident with Antarctic warming and CO2 rise. Steps 
in the deep Atlantic occurred later during the Bølling–Allerød and 
early Holocene warming periods53, and are not aligned with CO2 
increase. The abyssal Pacific circulation, forced from the south, is 
more likely to have tapped the larger deep-ocean carbon reservoir, 
and appears to be a key to deglacial CO2 rise.

At present, the deep Pacific still retains a substantial carbon res-
ervoir, and future transfer of carbon from this reservoir to the atmo-
sphere via the Southern Ocean is conceivable. Projections of future 
circulation have so far focused mainly on changes forced by meltwa-
ter in the North Atlantic. Our reconstructions of Pacific overturn-
ing in the past motivate additional focus on the Southern Ocean and 
the Pacific abyssal circulation, for which there is no consensus in 
models even as to the sign of potential future changes54.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-018-0205-6.
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Methods
Neodymium isotopes. The authigenic εNd records were generated using the 
‘HH4’ method described previously20, wherein non-decarbonated bulk sediments 
were reductively leached to extract Nd from authigenic Fe–Mn oxyhydroxides. 
This method was extensively tested on a large array of core-top and volcanic ash 
samples to show that it can faithfully extract authigenic components with negligible 
contamination from lithogenic phases, including volcanic ash20. Decarbonation 
was abandoned, as it probably leads to lithogenic contamination58–63. The validity of 
our leaching method is shown using various geochemical tools20 (Supplementary 
Fig. 3). Untreated sediments for about half of the samples were also digested using 
a CEM MARS-6 microwave following our published methodology64 for analysis 
of bulk sediment εNd, which reflects the εNd of lithogenic sources that dominate the 
bulk sediment Nd budget.

Nd isotope analysis was done on a Nu Instruments MC-ICP-MS in the  
W. M. Keck Collaboratory for Plasma Spectrometry at Oregon State University19,20. 
Mass bias was corrected by normalizing to 146Nd/144Nd =​ 0.7219 using an 
exponential law65. Samples were bracketed by the JNdi-1 standard66 and an 
in-house standard. Instrumental drift was corrected by normalizing the JNdi-1 
analyses to their accepted 143Nd/144Nd ratio (0.512 11566). The 2σ 143Nd/144Nd 
uncertainty of the JNdi-1 standard was 10 ppm (n =​ 278). The 2σ external 
uncertainty of the in-house standard was 15 ppm (n =​ 274), that is, ±​0.29 ε units, 
which is adopted for uncertainty bars in the figures. Total procedure blanks 
for Nd isotope analyses of the leachates and digests were 53 ±​ 52 pg (n =​ 19); 
that is, less than 0.1% of the sample yields. Total sediment digest repeats of two 
USGS reference materials, AGV-1 and BHVO-2, for the 143Nd/144Nd ratio were 
0.512 793 ±​ 0.000 018 (2σ, n =​ 10) and 0.512 985 ±​ 0.000 024 (2σ, n =​ 9), both 
in excellent agreement with published values of 0.512 791 ±​ 0.000 013 (2σ) and 
0.512 984 ±​ 0.000 011 (2σ) respectively67.

Radiocarbon and chronology. The age models of EW0408-85TC/JC and EW0408-
87JC have been published before and were created using planktonic foraminiferal 
dates and reservoir ages constrained by tephrochronology and correlation9,68,69. The 
sample ages are calculated using Bchron70 taking into account sample thickness 
rather than interpolating calibrated 14C dates. Radiocarbon-based age models of 
U1419 and U1418 are provided by Mix et al. (in preparation) and Walczak et al. 
(in preparation). The age models of these two sites are created using planktonic 
14C dates of exceptionally high density: 71 dates from EW0408-85TC/JC/U1419 
and 33 dates from EW0408-87JC/U1418 in the last 22 kyr. Comparison with 
tephrochronology suggests negligible changes in the surface-ocean reservoir age 
in this region69 and this lends high confidence to our age models. The benthic 
14C record of EW0408-85TC/JC was reported previously9. Benthic 14C records of 
EW0408-87JC and U1419 are provided by Praetorius et al. (under review) and 
Walczak et al. (in preparation) respectively.

The benthic 14C record from core W8709A-13PC (42.1° N, 125.8° W, 2,710 m) 
on the Gorda Ridge, Northeast Pacific, complements the deep record of EW0408-
87JC, which extends only to about 17 ka. During the deglaciation these two 
records covary (Fig. 3d). Here we use only the new 14C dates from core W8709A-
13PC generated at the W. M. Keck Carbon Cycle Accelerator Mass Spectrometry 
Laboratory at the University of California, Irvine12. Earlier published data from 
this core are not included because they came from various laboratories; some 
of the earlier dates are inconsistent with or have larger uncertainties than the 
newer high-quality data. The original age model of W8709A-13PC was created 
using planktonic dates and a reservoir correction of 730 ±​ 200 yr12. For internal 
consistency, we use Bchron70 to generate Bayesian age models with both the 
original reservoir correction and a correction of 870 ±​ 80 yr (that is, Δ​R =​ 470 ±​  
80 yr) for our Gulf of Alaska cores9. The median ages of these two models only 
differ by about 150 yr (the difference in the reservoir age) and do not affect our 
interpretations. In the figures we show the age model created using the tephra-
calibrated reservoir corrections from the Gulf of Alaska.

The εNd–14C age twin-tracer approach. The distribution of a tracer in the ocean 
is controlled not only by circulation (mixing, circulation rate) but also by the 
preformed properties of the source waters and its interior sources and sinks. In 
the modern deep Pacific, nearly half of the 14C water-mass age is attributed to 
preformed age (equivalent to surface reservoir age at the surface ocean), while 
circulation age (also known as ventilation age, ideal age and so on) accounts for 
the other half15,22. The strong influence of preformed age reflects inefficient 14C 
exchange in surface waters around the Antarctic (Supplementary Methods)14. 
Benthic 14C age therefore can be used as a tracer of circulation rate only if the 
preformed age remained constant in the past or is independently known.

Unlike 14C, surficial sources (atmospheric and riverine) are minor in 
the marine Nd budget71–74, which is dominated by benthic flux from deep-
sea (>​3,000 m) sediments (Supplementary Methods, Supplementary Fig. 1). 
Consequently, deep-sea εNd is sensitive not to its surface preformed properties but to 
changes in abyssal circulation rate, which controls the exposure time of deep water 
to benthic flux19–21. The modern Pacific overturning circulation is dominated by the 
abyssal AABW cell35: it is the densest major water mass in the ocean, and it spreads 
northward in the Pacific attached to the abyssal seafloor. Consequently, its εNd is 
most susceptible to benthic modification21, making εNd an ideal tracer to study the 

lower branch of the global overturning circulation. This connection is also strong 
because water-mass transformation in this lower branch happens mostly along 
the benthic boundaries due to bottom-enhanced mixing: abyssal circulation in the 
Pacific thus reflects basin shape, its basic structure is stable75–77 and benthic sources 
of Nd diffuse into the ocean interior efficiently19,21.

In the deep Pacific, the benthic flux has more positive εNd than the incoming 
source waters from the Southern Ocean19,20. We therefore expect the water-mass εNd 
to become more positive as it ages and its exposure time to the flux increases19,20. 
This predicted benthic flux effect is demonstrated in the strong correlation 
between modern core-top authigenic and seawater εNd and 14C-based circulation 
age22 (Fig. 1c, Supplementary Fig. 2). Our bottom-up interpretation of authigenic 
εNd originates from the improved understanding of marine Nd budget in recent 
years18–21,71–74,78. An alternative interpretation of authigenic εNd as a tracer for 
conservative water-mass mixing assumes that (1) dissolved Nd is predominantly 
introduced to the ocean at the surface, (2) authigenic phases passively inherit 
bottom-water εNd signatures and (3) preformed water-mass end-member εNd values 
are time invariant, all of which have been questioned18–20,71–74,79–81. The bottom-up 
interpretation explains the distributions of not only bottom-water εNd, but also that 
of authigenic phases19–21,71,78. Under this framework the authigenic and bottom-
water εNd need not be the same, as seen in the consistent offset between them in the 
Pacific (Supplementary Fig. 2).

In our εNd–14C age twin-tracer approach, deep-ocean εNd is used to constrain 
abyssal circulation rate because of its high sensitivity to this parameter. The 
inferred circulation rate information is then used to isolate the preformed-age 
component of the deep-ocean 14C. In doing so, we also test whether the observed 
changes in deep εNd and 14C age were caused by far-field (Southern Ocean) or local 
(North Pacific) factors. This test is aided by also considering the intermediate-
depth εNd and 14C age, the changes of which are caused by either variations in local 
intermediate/deep-water formation or mixing with the deep ocean. Overall, we 
seek a physical explanation of deglacial Pacific circulation (circulation rate and 
mixing) that is consistent with εNd and 14C age at both intermediate and deep sites 
in the North Pacific.

Box model. Our twin-tracer approach is quantified by transiently modelling these 
two tracers in the Pacific during the deglaciation using a six-box model. Transient 
modelling is necessary as neither circulation nor tracer distributions are expected 
to be under steady state during the deglaciation considering the abrupt climate 
changes. The model was based on the box inverse model of Talley34,35,82, wherein 
zonal averages of meridional transports at different density layers across 28° S and 
24° N were computed using hydrographic data. We merged the density layers into 
six boxes and defined these boxes with depth. The configuration of these boxes is 
presented in Supplementary Figure 4. The governing equation of εNd in each box is 
(Supplementary Methods)
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where τw and τNd are the residence times of water (with respect to water-mass 
transport) and Nd (with respect to benthic flux) in the box respectively, εNd

B is the 
isotope composition of the benthic source and mi and εNd

i are the concentration-
weighted mixing ratio and isotope composition of the ith source water of the box, 
representing the conservative mixing of the preformed values. In the box model 
context, local water residence time is equivalent to benthic exposure time19 and 
circulation age22. Here we have ignored surficial (atmospheric and riverine) sources 
of Nd as they are negligible in the Pacific Nd budget (Supplementary Methods).
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, that is, εNd of the box 
is equal to the weighted average of the benthic source (non-conservative) and 
preformed (conservative) terms, and the weighing factor is controlled by the 
ratio τw/τNd. This means that the expression of the benthic source is modulated 
by the circulation rate, which controls τw, assuming that τNd is constant as we 
expect during the deglaciation (Supplementary Methods). In the Pacific, τNd 
(~400 yr, Supplementary Methods) is much shorter than τw (~1,000 yr)15,22, and 
consequently the benthic source term dominates, explaining the strong correlation 
between circulation age and εNd (Fig. 1c, Supplementary Fig. 2a). This contrasts 
with the modern North Atlantic, where τNd is longer than τw (~200 yr)15,22 and 
where the major deep water mass, North Atlantic Deep Water, is largely isolated 
from abyssal seafloor by the underlying AABW, leading to quasi-conservative 
behaviours of εNd

21,83. The dominance of the benthic flux does not negate the 
considerable contribution of preformed component to the Pacific Nd budget, and 
our interpretation of εNd therefore rests on the interplay of these two components, 
which is mediated by circulation rate (Supplementary Methods).

Because of the differences between authigenic and bottom-water εNd 
(Supplementary Fig. 2b) and between regional and box mean seawater εNd, 
authigenic εNd from an individual site may be offset from the box mean seawater 
εNd. Based on our previous survey of the authigenic and seawater εNd in the Gulf of 
Alaska20, we adopt an empirical constant that the authigenic εNd values at our two 
sites are both +​2.8 ε higher than the mean seawater εNd of the NPIW and PDW 
boxes. Therefore, simulated seawater results are converted to equivalent authigenic 
εNd using this constant offset. We note that our interpretations, and the model we 
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generate, rely only on relative changes in εNd. The model can be run with either 
constant (default) or dynamic Nd concentrations (Supplementary Methods).

In modelling water-mass 14C age, we follow the approach of decomposing it 
to preformed and circulation age components15,22 (Supplementary Methods). The 
governing equation of the water-mass age a in each box is

∑
τ τ

= + −a
t

m a ad
d

1 1 1
(2)i i

w w

where mi and ai are the mixing ratio and age of the ith source water of the box, 
representing conservative mixing of the preformed ages; the term ‘1’ indicates 
aging of the water mass by 1 unit of time per unit time step, that is, the interior 
source term. At steady state ∑ τ= +a m ai i

w. Unlike εNd, the preformed and the 
circulation age terms are equally weighted, that is, the water-mass age is sensitive 
to both components. This leads to the possibility that the observed changes in 
apparent water-mass 14C age may not reflect changes in circulation rate alone.

The differences between the modelled water-mass ages of the NPIW and PDW 
boxes and the North Pacific surface reservoir age can be directly compared with 
the benthic–planktonic 14C age differences in our records. Here we assume little or 
no change in the surface-ocean reservoir age at our North Pacific sites. Based on 
correlation and tephrochronology, near-surface reservoir ages are constrained to be 
relatively constant (within a few hundred years) in this region during the deglacial 
interval69,84.

The model is first configured to describe modern distributions of εNd and 
watermass age in the Pacific (Supplementary Methods). We estimated benthic 
sources and sinks in each box using modern observations of seawater and 
authigenic εNd. In the model the seafloor area, including that from the continental 
shelf and slope and the abyssal plain, exposed in each box is estimated using 
hypsometric curves85 (Supplementary Methods, Supplementary Fig. 1 and 
Supplementary Table 2).

Transient simulations. In our simulations we assume that benthic flux is constant, 
which is equivalent to assuming that τNd is constant (Supplementary Methods). Our 
estimates show that the Pacific Nd budget is dominated by benthic flux from deep-
sea sediments (>​3,000 m) because most of the seafloor area is concentrated below 
this depth (Supplementary Methods, Supplementary Fig. 1). This suggests that 
the basinal benthic flux should be stable on the timescale of glacial–interglacial 
cycles, as large-scale deep-sea sediment provenance is primarily controlled by 
tectonic activities operating on much longer timescales86–88. We further show in the 
Supplementary Methods that deglacial changes in surficial fluxes of Nd (dust and 
freshwater/meltwater fluxes) do not significantly affect the Pacific Nd budget, and 
benthic flux is also not sensitive to sediment redox state (Supplementary Fig. 1) or 
sedimentation rate. Instead, changes in Southern Ocean water-mass transport are 
the most likely candidate to explain our εNd records.

Under this framework, the εNd and water-mass age of the North Pacific 
boxes will change in response to forcings specified on the deep Southern Ocean 
boundary (controlling the influx of Southern Ocean deep waters), the North 
Pacific surface boundary (controlling local formation of intermediate and 
potentially deep water) and the NPIW–PDW boundary (controlling vertical 
mixing) (Supplementary Fig. 4). All the parameters associated with the AAIW box 
are fixed, as they have limited effect on the North Pacific boxes.

In the deglacial simulations reported in Fig. 3 we identify three adjustable 
parameters: the scaling factor applied to the transports associated with AABW, 
that is, F2, F3 and F4 (Supplementary Fig. 4), the scaling factor applied to the 
PDW–NPIW exchange flux, that is, F6, and the preformed-age anomaly of 
AABW specified at the southern boundary. We multiply the water fluxes by their 
respective scaling factors in model simulations. The preformed-age anomaly is 
assumed to be the same at the 28° S boundary as in the AABW surface formation 
region, and the implemented preformed-age boundary condition is the modern 
boundary condition of 1,600 yr plus this anomaly (Supplementary Methods). In 
these simulations Nd concentrations in each box are fixed. The εNd values at the 
southern boundaries are specified based on palaeo-reconstructions in the South 
Pacific33,89–92: preformed εNd values of AABW and AAIW are 1.8 ε and 1 ε higher 
respectively in the LGM and then decrease to their modern values linearly from 
17.5 to 11 ka (Supplementary Methods, Supplementary Fig. 7).

We first carried out LGM steady-state simulations to generate initial values 
for the deglacial transient simulations. In the sensitivity tests described later 
(Supplementary Discussion), we adjusted the three parameters to fit the  
LGM solution to our observations. The chosen parameters are a scaling factor 
of 0.55 applied to the AABW transports, a scaling factor of 0.6 applied to 
PDW–NPIW exchange and an AABW preformed age anomaly of −​400 yr 
(Supplementary Figs. 5, 6).

In the deglacial transient simulations, we first adjusted the AABW transport, 
which was scaled to the rate change of atmospheric CO2, to explain our deep North 
Pacific εNd record. The rationale is that if changes in AABW transport can explain 
changes of atmospheric CO2 then they should also explain our εNd record. We then 
adjusted the preformed age of AABW such that together with the inferred AABW 
transport the deep water-mass age record was explained. Next, we adjusted the 
NPIW–PDW exchange flux to explain the intermediate-depth benthic age record. 

Once these parameters are specified, modelled intermediate-depth εNd should 
also fit our observation if our physical explanation is valid, and this serves as an 
independent check on the model. The deglacial time series of these parameters 
and model results are shown in Fig. 3. In these simulations we did not seek exact 
fits to our data but aimed to explain the main events. Therefore, we used simple 
square-wave schemes for the preformed age of AABW and NPIW–PDW mixing 
parameters. The simulations that best represent our data are called ‘standard 
simulations’ and are plotted using solid lines in Fig. 3.

Sensitivity tests. In Fig. 3 we also show a few model sensitivity tests that are 
indicated using dashed lines. In Fig. 3d we show experiments with fixed preformed 
age and fixed circulation rate, that is, constant AABW preformed age and transport 
respectively. In Fig. 3h we show an experiment with fixed NPIW–PDW exchange. 
These tests differ from the standard simulation in that only the tested parameters 
were changed. To run these tests, LGM steady-state solutions were first found that 
also differ from the standard case only in the tested parameters. Extra simulations 
in which we scaled the AABW transport to other Antarctic forcings are reported in 
Fig. 4 (Supplementary Discussion). These simulations are the same as the standard 
simulations except for the scaling factor applied to AABW transport.

In the Supplementary Discussion we also use sensitivity tests to (1) find the 
optimal combination of the parameters for the LGM steady-state solution that was 
used to initialize the deglacial transient simulations (Supplementary Fig. 5), (2) 
show that the uncertainty in the preformed age of AABW during the LGM does 
not affect our deglacial transient simulations (Supplementary Fig. 6), (3) show that 
our deep North Pacific εNd record cannot be explained by changes in the preformed 
εNd of AABW that might be related to changes in North Atlantic Deep Water 
formation (Supplementary Fig. 7), (3) show that our data are inconsistent with 
enhanced formation of NPIW or formation of local deep water in the subpolar 
Northeast Pacific (with the exception of the short interval 16–17 ka), even when 
plausible changes of the North Pacific surface preformed εNd and age are considered 
(Supplementary Fig. 9), and (4) show that fixing Nd concentrations or simulating 
them dynamically has little influence on the simulated εNd (Supplementary Fig. 10).

Data availability. The authors declare that the data supporting the findings of 
this study are available within the article and its supplementary information files. 
Data are also available on Pangaea (https://pangaea.de/) and Paleoclimate Data at 
NOAA National Centers for Environmental Information (https://www.ncdc.noaa.
gov/data-access/paleoclimatology-data).

Code availability. The computer codes for the box model and transient 
simulations are available upon request from the corresponding author.
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