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Persistent export of 231Pa from the deep central Arctic
Ocean over the past 35,000 years
Sharon S. Hoffmann1, Jerry F. McManus1, William B. Curry2,3 & L. Susan Brown-Leger2

The Arctic Ocean has an important role in Earth’s climate, both
through surface processes1 such as sea-ice formation and transport,
and through the production and export of waters at depth that
contribute to the global thermohaline circulation2,3. Deciphering
the deep Arctic Ocean’s palaeo-oceanographic history is a crucial
part of understanding its role in climatic change. Here we show
that sedimentary ratios of the radionuclides thorium-230 (230Th)
and protactinium-231 (231Pa), which are produced in sea water
and removed by particle scavenging on timescales of decades to
centuries, respectively4, record consistent evidence for the export
of 231Pa from the deep Arctic and may indicate continuous deep-
water exchange between the Arctic and Atlantic oceans throughout
the past 35,000 years. Seven well-dated box-core records provide a
comprehensive overview of 231Pa and 230Th burial in Arctic sediments
during glacial, deglacial and interglacial conditions. Sedimentary
231Pa/230Th ratios decrease nearly linearly with increasing water depth
above the core sites, indicating efficient particle scavenging in the
upper water column and greater influence of removal by lateral trans-
port at depth. Although the measured 230Th burial is in balance with
its production in Arctic sea water, integrated depth profiles for all time
intervals reveal a deficit in 231Pa burial that can be balanced only by
lateral export in the water column. Because no enhanced sink for 231Pa
has yet been found in the Arctic, our records suggest that deep-water
exchange through the Fram strait may export 231Pa. Such export may
have continued for the past 35,000 years, suggesting a century-scale
replacement time for deep waters in the Arctic Ocean since the most
recent glaciation and a persistent contribution of Arctic waters to the
global ocean circulation.

Waters in the Arctic are freshened by precipitation and run-off,
leading to a net shallow freshwater transport into the Nordic seas1.
Sea-ice production and melting freshen surface waters through salt
rejection, and in some marginal settings also produce cold, saline
waters that descend into the Arctic basins2,3. These dense waters travel
in topographically steered deep currents and eventually transit the
Fram strait, the single deep Arctic passage, into the Nordic seas, where
they contribute to the production of North Atlantic Deep Water, a
major component of the global thermohaline circulation1–3. Beneath
the cold, fresh surface, warm, salty, Atlantic-sourced waters fill the
Arctic depths above 1 km; these waters may have deepened to domi-
nate Arctic intermediate depths during past colder periods as a result
of changes in stratification5.Such past changes in water masses may
imply changing rates of ventilation and circulation.

Although variations in ratios of 231Pa and 230Th in sediment can
provide information about past rates of oceanographic processes
including deep circulation6–8, these tracers have seldom been applied
in Arctic sediments. Measurements of 231Pa and 230Th in the modern-
day Arctic water column9–13 suggest variable particle scavenging rates
of 231Pa and 230Th in different parts of the basin, including relatively
high scavenging rates within the Eurasian basin and in parts of the
Canadian basin. The burial rate of 230Th in central Arctic sediments
roughly balances the water column production rate, supporting the use

of 231Paxs/
230Thxs (where the subscripts refer to ‘excess’ unsupported

isotope activity age-corrected for radioactive decay since deposition;
see Supplementary Information) as a tracer of past oceanographic
processes in the Arctic14. Measured 231Paxs/

230Thxs ratios in core-top
sediments within all four Arctic sub-basins and along the Alaska–
Chukchi margin11,15 fall below the production ratio of 0.093, suggesting
a net export of 231Pa. Two records of 231Paxs from the Arctic provide
the first down-core evidence16,17 for past 231Pa burial, although neither
is sufficiently resolved to give detailed information on patterns of 231Pa
transport and deposition.

Seven box cores (Fig. 1 and Supplementary Table 1) with well-
defined radiocarbon chronologies18,19 (Supplementary Table 2) from
the 1994 Arctic Ocean Section cruise provide a cross-Arctic transect at
depths within intermediate and deep waters (depths of 1–3.5 km),
which we use to examine regional and depth-related trends in 231Pa
deposition and export. Deep-water residence times in these basins can
vary from ,150 to 400 yr (refs 20, 21), similar to or longer than the
residence times of dissolved 231Pa in these deep waters before scav-
enging by particles11,12.

1Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York 10964, USA. 2Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543, USA. 3Bermuda Institute of
Ocean Sciences, St George’s GE 01, Bermuda.
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Figure 1 | Locations of seven box cores in a transect across the Arctic Ocean.
PL-94-AR box cores 08, 16, 17 and 20, Makarov basin, 1–3.1-km water depth.
PL-94-AR box core 26, Lomonosov ridge, 1 km; box core 28, Amundsen basin,
2 km ; box core 32, Nansen basin, 3.5 km. Arctic bathymetric features: CB,
Canada basin; AMR, Alpha–Mendeleev ridge; MB, Makarov basin; LR,
Lomonosov ridge; AB, Amundsen basin; GR, Gakkel ridge; NB, Nansen basin;
FS, Fram strait. For core coordinates and water depths, see Supplementary
Table 1. Orange arrows show patterns of intermediate and deep circulation1–3.
The base map used is the International Bathymetric Chart of the Arctic Ocean.
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Ratios of 231Paxs to 230Thxs (Supplementary Table 3) in our late-
glacial core sections (here defined as dating from 35 to 15 kyr ago, a
period that ended with the start of North Atlantic Bølling–Allerød
warming) are almost uniformly below the 231Pa/230Th seawater pro-
duction ratio of 0.093 (Fig. 2), indicating export of 231Pa from all
studied sites. The lowest ratios are seen in the deepest parts of box
cores 16 and 17, which are more than 35 kyr old; these samples have
large uncertainties in their modelled ages, and the low ratios in these
oldest sediments may reflect under-correction for radioactive decay
since deposition. There is an increase in 231Paxs/

230Thxs at the degla-
ciation (here defined as 15–10 kyr ago) in five cores. In the deepest, box
core 32, deglacial ratios remain low; in box core 26, at 1-km depth atop
the Lomonosov ridge, ratios increase to the value of the seawater
production ratio before 16.5 kyr ago. The 231Paxs/

230Thxs ratios reach
the production ratio, indicating no local export of 231Pa, in the degla-
cial intervals in the two other shallowest cores (box cores 08 and 16, at
depths of 1–1.6 km) and remain at the production ratio through the
Holocene epoch in box cores 08, 16 and 26.

Holocene ratios in intermediate-depth cores vary between near-
production-ratio levels similar to those in shallower cores and low
ratios similar to those in deeper cores. Box core 17, at a depth of
2.2 km in the Makarov basin, and box core 28, at a depth of 2 km in
the Amundsen basin, show synchronous millennial-scale variability
in the deglacial and the early Holocene, with the highest peaks in
231Paxs/

230Thxs occurring ,11 kyr ago, followed by peaks ,7.5 kyr
ago (Fig. 2). Surface-driven records such as vertical particle flux
(Supplementary Fig. 1 and Supplementary Table 3) do not follow these
231Paxs/

230Thxs variations, and differ between basins, suggesting that
231Paxs/

230Thxs is more likely to be controlled by processes at depth
such as ventilation and deep advection. The Arctic boundary current
splits at the Lomonosov ridge, sending flows into the Amundsen basin
and along the slope into the Makarov basin1; our sites at similar depths
beneath this current in each basin may reflect its influence.

Average 231Paxs/
230Thxs ratios for the late glacial, deglacial and

Holocene show a strong linear relationship with water depth (Fig. 3).
During each interval, ratios were highest in shallower (1–1.6 km) cores
and lowest in deeper (.3 km) cores. The slope of this relationship is
greater during the Holocene and deglacial than during the glacial,

owing to greater differences in shallow ratios between these times.
Although increased particle fluxes could lead to increased scavenging
of 231Pa and, thus, higher ratios, our observed average ratio–depth
relationship is not accompanied by any apparent depth trend in
230Th-normalized sediment mass fluxes (Supplementary Fig. 2); nor
do particle fluxes seem to be a dominant control on 231Paxs/

230Thxs in
individual cores (Supplementary Fig. 3).

This depth relationship, which has characterized central Arctic
231Paxs/

230Thxs over the past 35 kyr, mirrors a depth relationship seen
in surface sediments of other Arctic cores above 3.5-km water
depth11,15–17 (Supplementary Fig. 4). Core-top 231Paxs/

230Thxs mea-
surements from 3.5–4.5-km water depth in the Eurasian basin11 show
ratios higher than predicted by our depth trend, although all but one
still fall below the production ratio.

The relationship between 231Paxs/
230Thxs and water depth that we

find in the Arctic Ocean echoes patterns found outside the Arctic
despite major dissimilarities in oceanographic setting. It resembles that
constrained by 231Paxs/

230Thxs surface sediments in other oceans
including the eastern South Atlantic Ocean22, the North Atlantic
Ocean8 and the Pacific Ocean23, suggesting that this relationship
may be global and related to seawater ingrowth and particle scav-
enging, rather than to local oceanography. The specific factors
responsible for a relationship between sediment 231Paxs/

230Thxs and
water depth remain unclear. Opal scavenges Pa more efficiently than
do lithogenic or carbonate particles24,25 and has been implicated in the
ratio–depth relationship elsewhere22. Opal contents of samples from
our Arctic cores (Supplementary Table 4) show little variation and no
clear relation either to water depth or to 231Paxs/

230Thxs in the same
samples, although this may be due to post-depositional dissolution on
the sea floor. A simple reversible scavenging–mixing model26 suggests
that, owing to lower activities of 231Pa at shallower depths, less time is
required for shallower waters to reach a steady state with respect to
ingrowth and scavenging of 231Pa. Shorter residence times of 231Pa in
water bathing shallower core sites may lead to more balanced scav-
enging between 231Pa and 230Th, which typically has a short residence
time in sea water.

No sink for the 231Pa exported from our study sites has yet been
found in the Arctic. Boundary scavenging, that is, the preferential
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Figure 2 | 231Paxs /230Thxs activity ratio records from Arctic box cores. Cores
are grouped by water depth: ,2 km (a), 2–3 km (b), .3 km (c). Age models are
based on radiocarbon dates; ratios are corrected for decay since deposition.
Black points with error bars in the upper right corner of each box depict average
range of 1s uncertainty, calculated from the standard deviation from the mean

of replicate 231Paxs/
230Thxs measurements propagated with age uncertainty.

Calibrated radiocarbon dates are shown at left in each plot (triangles). The
dashed vertical lines show the production ratio of 231Pa/230Th in sea water. Grey
shading indicates points older than 35 kyr. BC, box core.
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removal at higher-particle-flux margins of 231Pa imported from lower-
particle-flux central basins, has been considered a likely mechanism of
231Pa removal from the Arctic water column11,15,27. Models of particle-
reactive metal transport in the ocean support this proposition and
suggest that 230Th may also be subject to boundary scavenging in
the most particle-poor parts of the Arctic27. Because the existing sedi-
mentary evidence points to local removal of 230Th from sea water to
sediments in the Makarov basin14, rather than lateral export of 230Th to
margins, boundary scavenging of 231Pa should lead to 231Paxs/

230Thxs

ratios greater than the production ratio at Arctic continental slopes. At
the Alaska–Chukchi continental slope in the Canada basin, in which
water residence times are greater than 600 yr (ref. 21), and near ter-
restrial particle sources, core-top ratios are generally less than the
production ratio15 (Supplementary Information), indicating export
of 231Pa produced at depth15 that is unbalanced within the Arctic
proper.

The export of 231Pa out of the Arctic15 could also explain low Central
Arctic 231Paxs/

230Thxs ratios. The Fram strait is the only conduit
through which deep water enters and exits the Arctic, and has a sill
depth of ,2,500 m. No more than 10% of 230Th and roughly 39% of
231Pa produced in the Arctic Ocean is at present exported in water
masses exiting southwards through the Fram strait14,15. Our results are
consistent with a persistent net export of 231Pa, ranging from 30% in
the Holocene to 40% during the Last Glacial Maximum (Methods).
Persistent 231Pa export is also consistent with continuous glacial inflow
of warm Atlantic waters reaching intermediate depths during cold
intervals5, which may have provided salt and mass balance for this
deep outflow. Because sedimentary 231Paxs/

230Thxs integrates over-
lying influences7, the inferred deepening5 of an inflow of low-231Pa,
low-230Th water, such as that from the Atlantic, might also have an
impact on the burial of 231Paxs/

230Thxs, especially at shallower and
intermediate depths.

Increased 231Pa export during the glacial might also be explained by
even greater deep-water exchange through the Fram strait than exists
today, although it more probably reflects longer residence times for
dissolved Arctic 231Pa before removal by scavenging, and possibly a
combination of these factors. Indeed, it seems likely that heavy per-
ennial sea ice in the glacial Arctic led to diminished particle scavenging
and, hence, an increase in dissolved 231Pa concentrations in the water
column, resulting in higher 231Pa concentrations in water exiting the

Arctic. Low sedimentation rates and 230Th-normalized sediment mass
fluxes (Supplementary Information), as well as reductions in metal-
liferous deposition28, in glacial-age Arctic sediments are consistent
with this hypothesis. The ,40% decrease in glacial scavenging inten-
sity suggested by lower particle fluxes (Supplementary Information)
could counter the ,33% increase in 231Pa export, to result in a small
net reduction (,10%) in glacial deep-water outflow through the Fram
strait, although the uncertainties associated with these estimates are
too large to resolve a change of this scale.

The eventual fate of the 231Pa exported from the Arctic is presently
unknown. Although 231Pa burial could occur farther south in the
Nordic seas or North Atlantic, the Fram strait, with higher particle
fluxes due to seasonal productivity, sea-ice transport and nearby ter-
rigenous particle sources, could act as a likely sink for the 231Pa exported
from the Arctic.

The combined observations of a balanced Arctic 230Th budget and
persistent sedimentary 231Paxs deficits provide constraints on the time-
scale of 231Pa removal from the basin. Residence times with respect to
removal by scavenging for these nuclides in the water column in other
oceans (10–20 yr for 230Th, 50–200 yr for 231Pa; refs 29, 30) indicate
that the deep waters of the Arctic must be exchanged through the Fram
strait on centennial timescales. Especially given the evidence for vari-
able and possibly longer residence times in sea water for 231Pa and
230Th in the Arctic9–13, any decadal-scale exchange would lead to sedi-
mentary 230Thxs deficits that are not observed14. Longer, millennial,
timescales of exchange would not allow the widespread net sediment-
ary 231Paxs deficit evident in core tops11,15–17 and our new down-core
results. Although our evidence for greater glacial export of 231Pa is
more likely to reflect diminished scavenging than enhanced deep out-
flow, the persistent outflow from a presumably perennially ice-covered
Arctic suggests that the same sea ice and brine formation processes as
today probably occurred in recurring open waters at the basin margins.
The century-scale deep-water exchange is consistent with a residence
time for seawater in the modern Arctic of 120–360 yr (Methods),
assuming a volume of 11.455 3 106 km3 and a volume transport
through the Fram strait of approximately 1–3 Sv (refs 3, 15). It is also
consistent with estimates of the ‘age’ of deep waters in the Arctic
basins20,21. Because the most important component of the Fram strait
exchange for Arctic 231Pa export is the intermediate and deep outflow,
the results presented here provide a proxy for reconstructing past
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Figure 3 | Average Holocene, deglacial and late glacial 231Pax/230Thxs

activity ratios. Ratios shown in Fig. 2 were averaged for each core over the
Holocene (0–10 kyr ago; a), deglacial (10–15 kyr ago; b) and late glacial (15–
35 kyr ago; c). The dashed lines indicate a seawater production ratio of 0.093.
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determination; z, water depth.
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dynamics of the Arctic Ocean at depth, and indicate that the outflow
through the Fram strait may have persisted through the very different
conditions and dramatic climate changes since the most recent glacial.

METHODS SUMMARY
Cores were sampled in 0.5-cm slices every 1 or 0.5 cm. Sediments were spiked with
233Pa and 229Th for isotope dilution analysis and digested in HClO4, HF and
HNO3. Aliquots were spiked with 236U and 229Th for measurement of 238U and
232Th. Thorium and Pa fractions were purified by anion-exchange column chro-
matography and analysed on a Thermo-Finnegan Element 2 inductively coupled
plasma mass spectrometer7,8 (ICP-MS). Measurements of 238U and 232Th were
used to estimate supported detrital and ingrown 231Pa and 230Th activity.
Corrections assuming respective detrital 238U/232Th ratios of 0.5 and 0.7 were
applied to each sample to calculate a range of corrected 231Paxs and 230Thxs values
and their ratios7,8; these ratio values are reported in Supplementary Table 3, and
average values based on these ranges are plotted in Fig. 2 and Supplementary Fig. 1.
Excess values were also corrected for radioactive decay since deposition and
ingrowth from authigenic U estimated using the same values for 238U/232Th.

The uncertainty associated with ICP-MS analysis is estimated to be less than 2%
for both the 231Pa and the 230Th analysis. The uncertainty in our age models
produces an uncertainty in age-corrected 231Paxs/

230Thxs ratios of less than 3%
for age errors up to 62 kyr, incorporating uncertainties in 14C analyses, reservoir
correction and calendar age calibration. The average 1s uncertainty in
231Paxs/

230Thxs, calculated from replicate analyses (Supplementary Table 5) and
incorporating age uncertainty, was ,8%.

The data reported here, and tabulated in Supplementary Information, will be
archived in the US NOAA Paleoclimatology database.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
Sampling and isotopic analysis. Cores were sampled in 0.5-cm slices every 1 cm
(all box cores except 17) or 0.5 cm (box core 17). Sediments were spiked with 233Pa
and 229Th for isotope dilution analysis and digested in HClO4, HF and HNO3.
Aliquots were spiked with 236U and 229Th for measurement of 238U and 232Th.
Thorium and Pa fractions were purified by anion-exchange column chromato-
graphy and analysed on a Thermo-Finnegan Element 2 ICP-MS31. Repeated mea-
surements of 235U/238U ratios in the U standard solution NBS960 were used to
correct for isotope mass fractionation during ICP-MS analysis. Measurements of
238U and 232Th were used to estimate supported detrital and ingrown 231Pa and
230Th activity. Corrections assuming respective detrital 238U/232Th ratios of 0.5
and of 0.7 were applied to each sample to calculate a range of corrected 231Paxs and
230Thxs values and their ratios; these ratio values are reported in Supplementary
Table 3. Average values based on the corrected ranges are reported in
Supplementary Table 3 and plotted in Fig. 2 and Supplementary Fig. 1. Excess
values were corrected for effects of both radioactive decay since deposition and
authigenic ingrowth. (Published core-top excess ratios from other studies dis-
cussed in this paper have not been corrected for decay since deposition.)

The uncertainty associated with ICP-MS analysis is estimated to be less than 2%
for both the 231Pa and the 230Th analysis. The uncertainty in our age models
produces an uncertainty in age-corrected 231Paxs/

230Thxs ratios of less than 3%
for age errors up to 62 kyr. The average 1s uncertainty in 231Paxs/

230Thxs calcu-
lated from replicate analyses was ,8%.
Core chronologies. We constructed age models by linear interpolation between
radiocarbon-dated intervals, using both published dates18,19 and dates new to this
study. Radiocarbon ages were converted to calendar years using the CALIB 5.2
program32 and the MARINECAL 04 marine calibration data set33 for ages less than
22 kyr, and the calibration from ref. 34 for greater ages34. A local difference in
reservoir age of DR 5 40 yr, to provide a reservoir age of 440 yr, following the
studies in which a number of the dates used here were published18,19,35, plus an
additional 250-yr DR (refs 36–38), to account for the likely additional influence of
sea ice on air–sea gas exchange, were applied to all ages.

Published radiocarbon dates were measured from samples of the polar plank-
tonic foraminifera Neogloboquadrina pachyderma sinistral, for box cores 08, 16
and 1718 (from the same subcores that we sampled for nuclide records). Published
dates for box core 2019 were measured in a different subcore from that used for
nuclide sampling. Although stratigraphy can vary by several centimetres between
subcores of the same box core, our coarse fraction weight per cent record in
box core 20 matches the published record19 quite well, suggesting little stra-
tigraphic offset between that subcore and ours. Dates for box cores 28 and 32
(R. Poore, personal communication) were produced from the same subcores as
our radionuclide records. Dates from box core 26 (this study) were measured from

N. pachyderma sinistral at the NOSAMS facility at Woods Hole Oceanographic
Institution.
Additional methods. Biogenic silica contents (Supplementary Table 4) of selected
samples were measured at the Lamont-Doherty Earth Observatory using standard
methods39.

230Thxs-normalized sediment mass fluxes40 to the seafloor were calculated
according to the equation F 5 bz/230Thxs, where b is the production rate of
230Th in seawater (0.0267 d.p.m. m23 kyr21), z is the water depth of the site (in
metres) and F is reported in units of g cm22 kyr21.

Our estimates of persistent Holocene and glacial export of 231Pa from the Arctic
Ocean as a whole were calculated using estimates of Arctic water volume, at
0.5-km depth increments, inferred from Arctic basin hyposometry41, and the
average 231Pa export within each such water depth increment was inferred from
231Paxs/

230Thxs ratios and the production ratio of 231Pa and 230Th in sea water. The
residence time of sea water within the Arctic (120–360 yr) was calculated by
dividing the Arctic basin volume41 (11.455 3 106 km3) by the outflow through
the Fram strait15 (1–3 Sv).
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