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Abstract

Releases of anthropogenic radionuclides from European nuclear fuel re-
processing plants enter the surface circulation of the high-latitude North
Atlantic and are transported northward into the Arctic Ocean and south-
ward from the Nordic Seas into the deep North Atlantic, thereby providing
tracers of water circulation, mixing, ventilation, and deep-water formation.
Early tracer studies focused on 137Cs, which revealed some of the first sig-
nificant insights into the Arctic Ocean circulation, while more recent work
has benefited from advances in accelerator mass spectrometry to enable the
measurement of the conservative, long-lived radionuclide tracers 129I and
236U. The latest studies of these tracers, supported by simulations using the
North Atlantic–Arctic Ocean–Sea Ice Model (NAOSIM) and enhanced by
the use of transit time distributions to more precisely accommodate mixing,
have provided a rich inventory of transport data for circulation in the Arctic
and North Atlantic Oceans that are of great importance to global thermo-
haline circulation and climate.
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OCEAN WARMING AND TRANSIENT TRACERS IN THE ARCTIC
AND SUBPOLAR NORTH ATLANTIC OCEANS

The Changing Arctic and Subpolar North Atlantic Oceans

Climate change is currently triggering profound changes in the marine environment, and the
consequences have become readily apparent in the Arctic and subpolar North Atlantic Oceans.
On September 15, 2020, Arctic sea ice reached its likely minimum extent for that year (NASA
2022), the second lowest in the satellite record after 2012, which suggests that the upward trend
in percentage of sea ice loss (−13.4% per decade for 1979–2020) is even greater than expected
from the output of most climate models (Meredith et al. 2019). There are several reasons for the
sea ice mass loss. One is the solar-induced heating of the ocean surface mixed layer (SML) as
a result of the increased northward heat transport in the atmosphere (Carmack et al. 2015). A
second major heat flux accompanies the advection of warm Atlantic Water (AW) through Fram
Strait and the Barents Sea into the Nansen Basin (Figure 1a), where the separate branches are
transformed through mixing and modification and undergo cyclonic circulation at intermediate
water depths of approximately 200–800 m, generally following the bathymetric contours of the
Arctic basins (Polyakov et al. 2017, Rudels 2009). While AW represents approximately 90% of
the total inflow into the Arctic Ocean, additional heat accompanies both the ∼10% of Pacific
Water (PW) that enters through the Bering Strait (Figure 1a) and the surface fresh waters from
runoff and precipitation (∼1%) (Woodgate 2013). Inextricably linked to Arctic warming and sea
ice loss are the accumulation and storage of fresh water in the Arctic Ocean in addition to the
mechanisms and pathways governing its eventual transport to lower latitudes. Although advances
have beenmade in regional observations of AWand freshwater circulation in the Arctic Ocean, the
basin-wide structure and pathways are variable, and future responses to an altered Arctic climate
are difficult to predict (Timmermans & Marshall 2020).

While the Arctic Ocean is undergoing unprecedented summer sea ice loss and surface warming
at a rate of three times the global average (Cao et al. 2017, Timmermans & Marshall 2020), the
consequences extend to global-scale storage and cycling of heat, fresh water, carbon, and other
climatically and ecologically important properties (Meredith et al. 2019). According to climate
model simulations, one of the consequences of the sea ice retreat and changes in Arctic Ocean
circulation will be the weakening of one of the engines that drive the global ocean motion: the
Atlantic Meridional Overturning Circulation (AMOC) (Sevellec et al. 2017, Srokosz & Bryden
2015). The AMOC connects northward-flowing warm waters and southward-flowing cold waters
(Figure 1a) across all latitudes, with the link between northward- and southward-flowing wa-
ters maintained through heat loss to the atmosphere and associated water mass transformation at
high latitudes (Frajka-Williams et al. 2019). The subpolar North Atlantic, in particular, hosts sev-
eral formation regions for intermediate- and deep-water masses (Figure 1a). They constitute the
northern loop of the AMOC and connect the warm and saline near-surface waters imported from
the subtropics via the Gulf Stream and North Atlantic Current to the cold and deep returning
flows that constitute the lower limb of the AMOC. Three main deep-water masses are formed in
the subpolar North Atlantic as a consequence of heat loss: Denmark Strait OverflowWater, which
is the densest contribution to the North Atlantic Deep Water ( Jochumsen et al. 2015); Iceland–
Scotland OverflowWater; and Labrador SeaWater (e.g., Kieke & Yashayaev 2015). These waters
transport surface-ocean properties, including oxygen, heat, fresh water, and anthropogenic car-
bon, down to deeper layers, thereby ventilating the interior ocean and playing an important role
in the mechanisms regulating global climate (Frajka-Williams et al. 2019, Khatiwala et al. 2013,
Rhein et al. 2015). The extent to which anthropogenically induced climate change is impacting
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(a) Schematic map representing features of ocean circulation in the Arctic and subpolar North Atlantic Oceans. Red arrows represent
the surface flow of warm AW entering the Arctic Ocean, where modified AW occupies depths up to 1,500 m; black arrows represent
Pacific-origin waters; and blue arrows represent the deep limb of the AMOC in the subpolar North Atlantic. Blue circles represent the
formation regions for intermediate- and deep-water masses that constitute the northern loop of the AMOC. Stars represent the two
European nuclear fuel reprocessing plants, Sellafield and La Hague. (b) Relative input functions of the atmospheric transient tracers
90Sr, CFC-11, and SF6. (c) Relative combined discharges of 137Cs, 236U, and 129I from the two European nuclear fuel reprocessing
plants. Abbreviations: AMOC, Atlantic Meridional Overturning Circulation; AW, Atlantic Water; CFC, chlorofluorocarbon; SF6,
sulfur hexafluoride.

the AMOC is still a matter of debate (Boers 2021, Caesar et al. 2021, Le Bras et al. 2021, Lobelle
et al. 2020). However, changes in the rates of deep-water formation have direct consequences for
the ventilation of the deep ocean, the ocean’s potential to store anthropogenic carbon (Sabine &
Tanhua 2010), and the strength of the AMOC and its associated heat transport (Srokosz & Bryden
2015), and methods are required to evaluate and monitor these changes.

Radionuclides as Oceanographic Transient Tracers

Transient tracers are an effective and versatile tool for addressing issues in ocean circulation asso-
ciated with climate change impacts in the Arctic and North Atlantic Oceans. A transient tracer is a
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generally unreactive, soluble substance that is transported conservatively (i.e., is highly soluble in
seawater, thus being distributed by physical processes related to ocean mixing and diffusion) and
has been introduced to the ocean with an input function that is conducive to the illumination of
kinetic rate information associated with circulation and mixing ( Jenkins & Smethie 1996, Stöven
et al. 2015). These tracers can be of natural or artificial nature and either globally dispersed or
released from point sources (Figure 1b,c), but most importantly, the source function (either as a
long-term or pulsed release) must be well constrained.Once the transient tracers enter the marine
environment, their utility depends on their effectiveness in labeling the progress of specific ocean
processes on useful timescales, which in turn depends on their biological, chemical, and physical
characteristics ( Jenkins & Smethie 1996).

Some of the earliest substances used as time tracers in the ocean were the cosmogenically
derived isotopes 14C and 39Ar. These elements are transferred into the ocean at the air–sea in-
terface, and once isolated from the atmosphere, their water column concentrations are dimin-
ished by dilution and radioactive decay at a known rate, with this last process simulating a clock
(Broecker & Peng 1982, Matsumoto 2007, Schlitzer 1986, Stuiver 1980). A major development
in tracer oceanography occurred with the atmospheric dispersion of anthropogenic substances:
weapon-test-derived radioactive tracers (3H, 90Sr, 137Cs, etc.; Figure 1b includes only 90Sr) and
synthetic compounds, including chlorofluorocarbons (CFCs) and sulfur hexafluoride (SF6), which
were emitted into the atmosphere as nuclear and industrial by-products, respectively (Fine 2011,
Livingston & Povinec 2002). The main difference between natural and anthropogenic tracers is
that the former are generally produced at an approximately constant rate and rely on their pre-
cisely known decay constants and environmentally produced disruption of their decay chains to
provide process information, while the latter imprints the experimental domain (e.g., sea surface,
sediment, or organism) with ameasurable time-dependent signature, also known as the input func-
tion. In the former case, the clock is usually the radionuclide decay rate; in the latter, the kinetic
information is provided by the timing of the historical releases. The anthropogenic tracers are
usually applied to processes occurring on timescales of approximately 100 years, corresponding to
active human intervention in the environment, while the natural tracers have applications to pro-
cesses extending over a wide range of timescales, ranging frommodern to geological time (Stöven
et al. 2015).

Artificial radionuclides have also been introduced into the marine environment from point
sources as a result of controlled releases from the two European nuclear fuel reprocessing plants
of Sellafield (formerly known as Windscale) in the United Kingdom and La Hague in France
(Figure 1a). These two facilities have been imprinting the North Sea with a unique set of artifi-
cial radionuclides since the 1960s (Kershaw & Baxter 1995; Kershaw et al. 1999; Smith et al. 1990,
1998, 1999). The radionuclide discharges (Figure 1c) can be converted into input functions for
the North Sea using empirically determined transfer factors that convert the discharges (kg/year)
into a marine input function (atoms/L) (Edmonds et al. 2001, Smith et al. 2005) or using the
output of a simple box model (Christl et al. 2015). The reprocessing plant tracers address similar
timescales as anthropogenic gas tracers, but since they are discharged laterally into the ocean from
point sources rather than vertically over broad areas by air–sea exchange, they have much greater
geographical specificity and target specific bodies of water. For example, the release of reprocess-
ing radionuclides into the North Sea permits their application as tracers in downstream marine
systems, including the Nordic Seas, the Arctic Ocean, and eventually the deep North Atlantic and
possibly more distant downstream regions of the AMOC (Edmonds et al. 1998; Karcher et al.
2004; Kershaw & Baxter 1995; Orre et al. 2010; Smith et al. 2005, 2016).

One of the first reprocessing plant–derived radionuclides used as an oceanographic tracer was
137Cs (half-life of 30 years). Since the 1960s, 137Cs has been a major component of discharges from

206 Casacuberta • Smith

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:2

03
-2

21
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

E
T

H
- 

Z
ur

ic
h 

on
 0

7/
24

/2
3.

 S
ee

 c
op

yr
ig

ht
 f

or
 a

pp
ro

ve
d 

us
e.

 



the Sellafield nuclear fuel reprocessing plant (Figure 1c). Studies of the seawater distribution
of 137Cs have provided remarkable insight into water circulation in the Irish and North Seas
(Hetherington & Jefferies 1974; Jefferies et al. 1973, 1982) and in downstream regions such as
the Nordic Seas (Dahlgaard et al. 1995, Kershaw & Baxter 1995, Kershaw et al. 1999, Livingston
& Jenkins 1983, Livingston et al. 1982), the Denmark Strait (Edmonds et al. 2001, Livingston
et al. 1985), and the central Arctic Ocean (Livingston et al. 1984; Smith & Ellis 1995; Smith et al.
1990, 1998, 1999). The ocean input function for the North Sea for 137Cs was distinguished by a
large peak in the late 1970s from Sellafield followed by a long decline over the subsequent years,
interrupted very briefly by a pulsed input of 137Cs from the 1986 Chernobyl accident in Ukraine
(not shown in Figure 1c). The simultaneous releases of another radiocesium isotope, 134Cs, which
has a half-life for radioactive decay of 2.1 years, permitted extremely accurate measurements of
downstream transit times in the North and Nordic Seas (Livingston et al. 1982, Smith et al. 1990).

129I: A MAJOR ADVANCE IN TRACER OCEANOGRAPHY

The emergence of 129I (half-life of 15.7 million years) as an oceanographic tracer in the 1980s
coincided with both the decrease of 137Cs releases from European nuclear fuel reprocessing plants
and innovations in accelerator mass spectrometry techniques for the detection of 129I in small
seawater samples (<1 L) (Kilius et al. 1987, 1992). Although iodine is a biophilic element (i.e., it
concentrates in seaweed), the observed residence time in the ocean (∼105 years) suggests that it
behaves almost conservatively in the open ocean (Raisbeck et al. 1995). The uniqueness of 129I as a
marine tracer therefore rested with the geographic specificity and precise knowledge of its lateral
inputs to the ocean, the accuracy of its measurement by accelerator mass spectrometry, and the
simplicity of sampling owing to the absence of major environmental sources of 129I contamination
(Raisbeck & Yiou 1999, Raisbeck et al. 1995, Yiou et al. 1994). These characteristics provided a
clear advantage over 137Cs, a tracer that had other atmospheric and poorly constrained sources (i.e.,
weapons fallout and Chernobyl-derived contamination) and required larger sampling volumes of
water (>20 L) due to the higher detection limits of the decay-counting technique mandatory
for its measurement. The first studies proving the validity of 129I as a new tool in oceanography
demonstrated that the plume coming from the North Sea had been observable in 1976–1978
in Scottish and Norwegian coastal waters, corroborating predictions based on available release
data and archived seaweed samples and confirming that the weapon-test contribution represented
less than 1% of the reprocessing signal in the Norwegian Coastal Current (Alfimov et al. 2004b,
Edmonds et al. 1998, Raisbeck et al. 1995). As discharges of 129I increased after the 1990s, the
tracer-labeled waters transported the signal through the Arctic Ocean and deep North Atlantic,
imprinting the various ocean pathways with a detailed concentration discharge history thatmarked
its flow on this long oceanic passage (Karcher et al. 2012; Orre 2008; Smith et al. 2011, 2016, 2021).

Pathways of Atlantic-Sourced Waters in the Arctic Ocean

Circulation pathways in the central Arctic Ocean are delineated in Figure 2 using a large 129I data
set collected over the last decade. This quasi-synoptic three-dimensional view (Figure 2a) of the
129I distribution in the Arctic Ocean includes data from five expeditions that took place over the
years 2012–2016 within the GEOTRACES program (GN01 and GN04 in 2015 in the central
Arctic Ocean and GN05 in 2016 in Fram Strait), the Joint Ocean Ice Study cruise in 2015, and
the Switchyard program in 2012 (Casacuberta et al. 2016, 2018; Smith et al. 2021; Wefing et al.
2019). As shown in Figure 2a, the highest concentrations of 129I were over the Barents Sea shelf,
where a large proportion of the tracer signal from the European reprocessing plants is transported
from the North Sea (Casacuberta et al. 2018). The high-129I surface signal circulates cyclonically
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(a) Quasi-synoptic distribution of 129I in the Arctic Ocean and Fram Strait during the period 2012–2016. Colors represent 129I
concentrations; white arrows emphasize the AW circulation. Supplemental Video 1 provides a rotating view. (b–d) The same data on
iso-surfaces of the SML (panel b), core FSBW (σ θ = 27.91) (panel c), and core BSBW (σ θ = 28.00) (panel d). Abbreviations: AW,
Atlantic Water; BG, Beaufort Gyre; BSBW, Barents Sea Branch Water; FSBW, Fram Strait Branch Water; LR, Lomonosov Ridge; MR,
Mendeleyev Ridge; SML, surface mixed layer; TPD, Transpolar Drift. Panel a provided by Reiner Schlitzer (Alfred Wegener Institute,
Germany); data compiled from Casacuberta et al. (2016, 2018), Smith et al. (2021), and Wefing et al. (2019).

over the slopes and shelves of the Barents, Kara, and Laptev Seas, and upon encountering the
Lomonosov Ridge and Mendeleyev Ridge, the signal is redirected back toward Fram Strait in
association with the Transpolar Drift on the northern edge of the Beaufort Gyre. In contrast
to the high concentrations of 129I in the surface waters of Atlantic origin in the Eurasian Basin,
levels of 129I in the surface waters of Pacific origin in the Amerasian (Canada) Basin are very low
(Figure 2b). Since there is no significant 129I reprocessing signal in the PacificOcean,PWentering
the Arctic Ocean through the Bering Strait is labeled only by low levels of fallout 129I, resulting
in a clear boundary delineation between high-129I AW and low-129I PW.

Intermediate waters (200–1,000m) of the ArcticOcean are supplied by both theWest Spitzber-
gen Current flowing through Fram Strait, termed Fram Strait Branch Water, and water flowing
through the Barents Sea, termed Barents Sea Branch Water (Figure 2c,d). These branches (char-
acterized by different density levels) merge and partially mix in the Eurasian Basin near the mouth
of the Santa Anna Trough and are responsible for most of the transport of heat to central Arctic
IntermediateWater (Rudels 2009,Rudels et al. 2012).This combinedwatermass assembly extend-
ing over the depth range of 200–800 m circulates cyclonically through the Eurasian and Makarov
Basins (Figure 2a,c,d) while it undergoes bathymetric steering by the ridge systems generating
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return flows toward Fram Strait. A component of intermediate water labeled by 129I flows across
the Lomonosov Ridge and through the region north of the Chukchi Plateau as it ventilates the
interior of the Canada Basin (Figure 2a). The lowest 129I levels measured in intermediate waters
of Atlantic origin are found in the northern Canada Basin near the Alpha Ridge, indicating that
water mass ages in this region probably exceed 40 years (Smith et al. 2021).The deep waters below
2,000 m contain low 129I levels (<1 × 107 atoms/L; Figure 2a) and have water residence times
on the order of hundreds of years (Macdonald & Carmack 1991).

Changes in Arctic Ocean Circulation

In addition to delineating present circulation patterns, nuclear fuel reprocessing plant tracers such
as 129I can be used to reveal historical shifts in Arctic circulation associated with changes in climate
indices. For example, the 2015 GEOTRACES cruise occupied stations that had previously been
occupied during the Arctic Ocean Section cruise in 1994 (Carmack et al. 1997, Swift et al. 1997)
(Figure 3). Prior to the 2015 cruise, large changes in the oceanic circulation pattern had been ini-
tiated in association with an abrupt increase in the Arctic Oscillation index in 1989 (NCEI 2022)
and a coincident switch of the oceanic circulation regime in the Canada Basin (Proshutinsky et al.
2015) from anticyclonic (1985–1988) to cyclonic (1989–1996). During this period, the size of the
Beaufort Gyre (Figure 3a) was reduced and the Siberian river runoff was diverted eastward from
its previous direct pathway into theTranspolarDrift (Steele&Boyd 1998). In addition, the bound-
ary between Atlantic-derived surface waters (129I levels > 30 × 107 atoms/L in 1994) and Pacific-
derived surface waters contaminated solely by fallout background (129I � 1–2 × 107 atoms/L)
had shifted eastward from its position over the Lomonosov Ridge in the 1980s and had become
aligned with theMendeleyev Ridge (Figure 3b). Below the halocline in the AW layer, anomalously
warm AW entered the Makarov Basin along the Siberian slope (Carmack et al. 1997), providing
a temperature anomaly that was subsequently traced throughout the Arctic Ocean (McLaughlin
et al. 2009). This was accompanied by a strong AW boundary current flow over the continental
slope of the Chukchi Sea delineated by elevated 129I levels (>50 × 107 atoms/L) over the 200–
500-m depth range in the southern Makarov Basin (Figure 3b). Under these mid-1990s cyclonic
conditions, the dominant return flow of high-129I (>30 × 107 atoms/L) Atlantic surface water
toward Fram Strait occurred over the flanks of both the Mendeleyev and Lomonosov Ridges
(Figure 3b).

Transport of 129I through the ArcticOcean has been simulated using a regional, coupled sea ice–
ocean model termed the North Atlantic–Arctic Ocean–Sea Ice Model (NAOSIM) for the period
from 1970 to 2015 (Karcher et al. 2012, Köberle & Gerdes 2003, Smith et al. 2021). Figure 3c
shows the NAOSIM simulation of 129I levels in surface waters in 1995, where the location of the
front between AW and PW and the measured concentrations of 129I that characterize this front
are accurately simulated by the model. The front outlines the position of the Transpolar Drift
that extended from the Chukchi Sea across the North Pole to Fram Strait in 1995, approximately
following the 0°–180° axis of longitude.

The Arctic Oscillation reverted to an anticyclonic (negative) circulation regime in the early
2000s, and the main pathway for the flow of high-129I surface water of Atlantic origin toward
Fram Strait returned to the flank of the Lomonosov Ridge (Figure 3d), where it was delineated
by 129I levels exceeding 800 × 107 atoms/L by 2015 (Figure 3e). Note that in Figure 3e, the
129I concentration scale has been adjusted upward by an order of magnitude; this change is
designed to account for the large 129I spike that entered the Arctic Ocean in the mid-1990s and
is intended to normalize tracer concentrations and make different annual 129I section panels
(Figure 3b,d) comparable. It is clear that the 2015 129I results in the southern Makarov Basin
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Figure 3

(a) AOS cruise track in 1994 (blue dots), when the Arctic Oscillation was strongly positive and the circulation was in a cyclonic mode
(curved blue arrow). The straight arrow shows the location of the AW–PW interface indicated in panel b. (b) 129I sections measured
across the Makarov and Eurasian Basins during the same cruise, when the AW–PW interface defined by the 129I front (arrow and
sections, respectively) was positioned over the Mendeleyev Ridge. (c) NAOSIM simulation of the 129I signal distribution in 1995
(Karcher et al. 2012). (d) GEOTRACES cruise in 2015 at the same stations occupied by the AOS cruise in 1994 (blue dots). The curved
red arrow shows the circulation’s anticyclonic mode, and the straight red arrow shows the location of the AW–PW interface indicated
in panel e. (e) 129I section measured in 2015, when the circulation had reverted to an anticyclonic mode and the AW–PW interface had
returned to a position near the Lomonosov Ridge. ( f ) NAOSIM simulation of 129I in the SML in 2015 (Smith et al. 2021), showing the
new rotational alignment of the PW–AW interface with the Lomonosov Ridge. The 129I input function (Figure 1c) for intermediate
water in the Arctic Ocean shows the arrival of a large 129I spike in the late 1990s, resulting in a factor-of-10 increase in Arctic 129I levels
between 1994 and 2015. Note that the 129I concentration scales have been increased for 2015 relative to those for 1994 to better
compare the 129I spatial distributions for the two different sampling periods. Abbreviations: AOS, Arctic Ocean Section; AW, Atlantic
Water; BG, Beaufort Gyre; NAOSIM, North Atlantic–Arctic Ocean–Sea Ice Model; PW, Pacific Water; SML, surface mixed layer.

(Figure 3e) show little evidence of a locally elevated 129I signal in the upper intermediate water
(�400 m) near the continental margin, as was observed in 1994 (Figure 3b), indicating that
the AW boundary current had significantly weakened since the mid-1990s. In addition, the
interface between high-129I Atlantic-derived surface water and low-129I Pacific-derived surface
water had retreated to the Makarov Basin, as is also consistent with the NAOSIM simulation
(Figure 3f ). These changes, which are present in both observations and models (Karcher
et al. 2012), are driven by factors such as the shift from cyclonic to anticyclonic circulation
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regimes between the 1990s and 2000s, an accompanying acceleration and deepening of the
Beaufort Gyre, and an increased volume of low-salinity waters in the Canada and Makarov Basins
(Morison et al. 2012, Proshutinsky et al. 2009, Rabe et al. 2014). In particular, a comparison of
NAOSIM results between 1995 and 2015 (Figure 3c,f ) shows that the AW–PW interface delin-
eated by 129I in the SML underwent an almost 90° rotation as a result of the shift of circulation
regime (Smith et al. 2021), highlighting the utility of 129I in tracking circulation changes associated
with climate indices and the effectiveness of models in anticipating and confirming these changes.

129I: TRACKING TRANSPORT BETWEEN OCEAN BASINS

One of the strengths of 129I as an ocean tracer is its capacity of tracking transport between the
different ocean basins as the plume of 129I releases is transported downstream from its source
region. Tracer-labeled waters exiting the North Sea imprint the AW with a signature that has
changed over time, reflecting the historical releases of 129I from the combination of Sellafield and
La Hague (Figure 1c). These waters can either enter the Arctic Ocean and ultimately outflow
to the subpolar North Atlantic via Fram Strait or directly recirculate to the Nordic Seas without
entering the Arctic Ocean. The 129I tracer plume generated by the two reprocessing plants has
been observed both within the Arctic Ocean (Alfimov et al. 2004b, Casacuberta et al. 2018, Smith
et al. 2011) and in the subpolar and deep North Atlantic (Alfimov et al. 2013, Castrillejo et al.
2018, Edmonds et al. 1998, Santschi et al. 1996, Smith et al. 2005).

Figure 4 shows a compilation of time series measurements of 129I for geographical locations at
the North Pole and in the Labrador Sea and deep North Atlantic. The 129I input function defined
for the eastern Norwegian Sea at the entrance to the Arctic Ocean (Figure 4a) is distinguished by
the 1990s sharp increase in 129I concentrations (Figure 4b). At the North Pole (Figure 4b,c), 129I
concentrations in the Atlantic layer (Arctic IntermediateWater) increased from 20 × 107 atoms/L
in 1994 to almost 300 × 107 atoms/L in 2015 (Figure 4c) in response to the 1990s increase in
the input function (Alfimov et al. 2004b, Casacuberta et al. 2018, Smith et al. 2011). The 129I
time series is stretched in time compared with the input function owing to mixing. Tracer-labeled
Arctic Intermediate Water exited the Arctic Ocean through Fram Strait (Alfimov et al. 2004a,b;
Wefing et al. 2019); flowed southward through Denmark Strait with cold, dense East Greenland
Current water (Alfimov et al. 2013, Edmonds et al. 2001); and descended 3,000 m to the bottom
of the Irminger and Labrador Seas with Denmark Strait Overflow Water (Castrillejo et al. 2018,
Smith et al. 2005). The 129I time series in Denmark Strait Overflow Water in the Labrador Sea
(Figures 4b) exhibits an 129I increase from 10× 107 atoms/L in 1993 to close to 100× 107 atoms/L
in 2015 (Figure 4d). This time series has a stepwise shape distinguished by significant increases in
1999–2001 and 2010–2012 (Figure 4b) that were neither observed in the North Pole time series
nor represented in the original input function for the Norwegian Sea. The first tracer concen-
tration step in 1999–2001 represents 129I-labeled AW from the Norwegian Sea that has bypassed
the Arctic Ocean via recirculation in Fram Strait followed by southward flow through Denmark
Strait and descent into the deep Labrador Sea on timescales of approximately 3–5 years (Smith
et al. 2005, 2016). The second tracer step represents the increase of 129I associated with tracer-
labeled AW following the entire circulation pathway through the central Arctic Ocean (Castrillejo
et al. 2018), which adds approximately 8 years to its passage, followed by its exit through Fram
Strait, where it merges with the initial short-circuiting branch of AW.

Following its flow across the bottom of the Labrador Sea, Denmark Strait Overflow Water
joins the Deep Western Boundary Current, which flows southward along the flank of the
North American continental slope from subpolar to subtropical domains. A time series of 129I
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(a) Geographical locations where the input function is defined (open red circle) and time series have been performed since the 1990s (the
North Pole, blue dot; the deep Labrador Sea, purple dot; and the deep North Atlantic on Line W, teal dot). (b) Input function (red) and
temporal evolution of 129I concentrations at the North Pole (blue), in the deep Labrador Sea (purple), and in the deep North Atlantic
(teal). (c–e) The earliest (open circles) and latest (filled circles) profiles measured at the North Pole (panel c), in the Labrador Sea (panel d),
and in the North Atlantic (panel e). Note that panel e also shows a full water profile for the year 2007 (in 2003 and 2014, only deep
samples were taken). Red outlined areas identify AIW at the North Pole and DSOW in the deep Labrador Sea and on Line W (Cape
Cod to Bermuda) in the North Atlantic. 129I values in panel b correspond to mean annual values measured for water masses denoted in
panels c–e. Abbreviations: AIW, Arctic Intermediate Water; AW, Atlantic Water; DSOW, Denmark Strait Overflow Water; DWBC,
Deep Western Boundary Current; EGC, East Greenland Current. Data compiled from Alfimov et al. (2004a), Casacuberta et al. (2016,
2018), and Smith et al. (2005, 2011, 2016).

was measured on Line W in the North Atlantic (Figure 4b,e), a heavily instrumented section
established from Cape Cod to Bermuda that was operative from 2004 to 2014 (Smith et al. 2016,
Toole et al. 2017). 129I levels in the Denmark Strait Overflow Water component of the Deep
Western Boundary Current in the 3,200–4,000-m depth range increased from approximately
6 × 107 atoms/L to 22 × 107 atoms/L over the 10-year experiment (Figure 4e) as the 129I spike
observed upstream in the deep Labrador Sea passed across Line W in the deep North Atlantic. A
boundary current model applied to the interpretation of the time series tracer data revealed that
transport from the Labrador Sea to Line W occurs on a timescale of 5–6 years and has a mean
flow velocity of 2.7 cm/s, while mixing between the core and interior of the boundary current
occurs with a time constant of 2.6 years (Smith et al. 2016). Similarly elevated 129I levels over the
southern Bermuda slope revealed interior pathways for flow from the Labrador Sea that would
also ventilate abyssal waters of the deep North Atlantic (Castrillejo et al. 2022).
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During the long passage from the surface waters of the North Sea to depths of 3,800 m on Line
W in the deep North Atlantic, the 129I signal underwent significant dilution as a result of mixing
with tracer-free AW, and the slope of the initially steep tracer input spike gradually decreased
in comparison with the North Pole and Labrador Sea time series. However, the 129I input spike
itself is quite clearly resolved even after a 14,000-km transit through the Arctic andNorth Atlantic
Oceans, indicating that reprocessing tracers may be similarly effective in connecting oceans and
delineating flow pathways along even more distant intervals of the AMOC.

COMBINING REPROCESSING TRACERS

Tracer applications using multiple independent tracers can provide considerable insight into flow
features because this approach permits control over several operational variables, such as advec-
tive velocity and dilution by tracer-free water. This approach has long been adopted in the anal-
ysis of gas tracer combinations such as tritium–helium and CFC-11–SF6, which have been crit-
ical in shaping our understanding of ventilation and transport in the ocean (Fine 2011, Smethie
et al. 2000, Stöven et al. 2015). In a similar fashion, Smith and coworkers made use of the well-
constrained input functions of CFC-11, 129I, and 137Cs to determine circulation times and mixing
regimes for AW transport from the North Sea (60°N) to different polar (Smith et al. 1998, 1999,
2011), subpolar (Smith et al. 2005), and subtropical (Smith et al. 2016) regions. The combination
of 129I with both CFC-11 and 137Cs highlighted the strength of using tracers with different input
histories, because this approach permits a unique solution to the determination of tracer ages,
defined as the elapsed time since an interior concentration was equivalent to that of the input
function.

Tracer Ages for the Arctic Surface Mixed Layer

Tracer ages for SML water (depth ≤60 m) estimated using the tracer pair 129I–137Cs are summa-
rized in Figure 5a,b, referenced with respect to the transit time from the North Sea and corrected
for background fallout for both 129I and 137Cs (Smith et al. 2011). This figure compiles data from
a wide range of sampling platforms for 1994–2002 (Figure 5a). The flow of Atlantic surface water
eastward through the Russian marginal seas during the 1990s was delineated by the geographic
distribution of tracer ages: 0.5–1 year for the western Barents Sea, 3 years for the eastern Barents
Sea, 3–6 years for the Kara Sea, 6–7 years for the Laptev Sea, and 7 years for the East Siberian
Sea (Figure 5a,b). These measurements were conducted at a time (1993–1995) when the Arctic
Oscillation was in a strongly positive phase and Atlantic surface water had spread eastward along
the Russian continental shelf into the East Siberian Sea and easternMakarov Basin. As a result, the
tracer ages in the southernMakarov Basin for Atlantic surface water were 6–8 years, even less than
those at the North Pole (9–12 years). The interface between Atlantic-origin and Pacific-origin
SML water was aligned with the Mendeleyev Ridge during the mid-1990s and was delineated by
a sharp 129I gradient characterized by concentrations of 100 × 107 atoms/L in the former and
5 × 107 atoms/L in the latter. These circumstances permitted estimates of tracer ages for Atlantic
surface water in the eastern Makarov Basin during the 1990s, even though no such estimates can
be made for Pacific surface water, which lacks a suitable 129I tracer signal.

Although the simultaneous use of 129I and 137Cs had the advantage of having the same source
region in theNorth Sea and different input functions (Smith et al. 1998), the increasingly low con-
centrations of 137Cs associated with discharges from the Sellafield and La Hague nuclear fuel re-
processing plants were becoming difficult to distinguish fromdelayed inputs of Chernobyl-derived
137Cs that had been deposited in various Baltic Sea catchment basins and were now undergoing
remobilization and transport into the North Sea (Smith et al. 2011). This factor (together with
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a   137Cs–129I station locations (1994–2002)

c   236U–129I station locations (2011–2016)
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d   236U–129I tracer ages
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Figure 5

(a) Station locations for tracer age measurements (and TTD; see Figure 6) using the 129I–137Cs tracer pair. (b) Values of tracer ages in
SML water determined using the 129I–137Cs tracer pair. (c) Station locations for tracer age measurements (and TTD; see Figure 6)
using the 129I–236U tracer pair. (d) Values of tracer ages in SML water determined using the 129I–236U tracer pair. Note that some
stations represented in panels a and c are used only to show TTD results in Figure 6. Abbreviations: ACCACIA, Aerosol–Cloud
Coupling and Climate Interactions in the Arctic; AOS, Arctic Ocean Section; EB, Eurasian Basin; JOIS, Joint Ocean Ice Study; MB,
Makarov Basin; SML, surface mixed layer; TTD, transit time distribution.

the larger sampling volumes of water required for its measurement) encouraged the search for
new tracers. Similarly to the origination of 129I methodologies in the 1980s, ongoing develop-
ments in accelerator mass spectrometry led to improved techniques for the measurement of 236U
(Steier et al. 2008), another long-lived radionuclide (half-life of 23 million years) that is discharged
by the European nuclear fuel reprocessing plants (Christl et al. 2012, 2013, 2017). This techni-
cal advance, combined with modeling developments in the reconstruction of the historical inputs
of 236U from reprocessing plants (Christl et al. 2015) and validation using a novel shell archive
(Castrillejo et al. 2020), facilitated the application of 236U as a water mass tracer in the Arctic and
Atlantic Oceans (Casacuberta et al. 2014, 2016). The combination of 129I and 236U has become a
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useful tracer pair for determining circulation timescales and mixing parameters, similarly to the
combination of 129I and 137Cs but with greater precision (Casacuberta et al. 2018, Wefing et al.
2021).

A comparison of tracer age distributions for 129I–236U (Wefing et al. 2021) with those for 129I–
137Cs in SML water in the central Arctic Ocean is illustrated in Figure 5b,d. Both sets of tracers
give tracer ages on the order of 8–14 years in the Makarov and Eurasian Basins, but the 129I–
236U ages tend to be approximately 3 years greater than those of the 129I–137Cs pair at the few
locations where both were used. The latter tracer pair was measured primarily during the 1990s,
when circulation was in a cyclonic mode, while the former was measured mainly in the mid-2010s,
under anticyclonic conditions, so differences in the tracer ages may reflect faster flow of SML
water through the central Arctic Ocean under the 1990s cyclonic circulation regime.

Transit Time Distributions

A major shortcoming of early ocean tracer studies is that they neglected mixing and generally as-
sumed advective flow. However, mass transport in the Arctic Ocean is significantly influenced by
multiple modes of mixing (e.g., eddy mixing and double diffusive processes), and tracer circula-
tion models were required that incorporated mixing or recirculation within the flow field. Several
authors (Waugh &Hall 2005,Waugh et al. 2003) have noted that there is no single, unique transit
time that describes fluid flow in the ocean. Instead, the flow of water arriving at a specific location
is more accurately characterized by a range of transit times termed the transit time distribution
(TTD) (Beining & Roether 1996, Haine & Hall 2002). Tracers with different input functions
weight the TTD in different ways and can provide different estimates of tracer ages for the same
flow structure, but the TTD itself is an intrinsic property of the flow from a specified source re-
gion (Waugh et al. 2003). The TTD method is based on the supposition that the concentration,
c, of a tracer at point r and time t is given by

c(r, t ) =
∞∫
0

c0(t − t ′ )e−λt ′G(r, t ′ )dt ′, 1.

where c0 is the upstream tracer input function, λ is the decay constant for radioactive tracers, and
G(r, t ′ ) is the TTD.G(t) is usually assumed to have the form of an inverse Gaussian function,

G(t ) =
√

�3

4π�2t3
exp

[
−�(t − �)2

4�2t

]
, 2.

which can be uniquely defined by two independent parameters: �, which is the mean age, and �,
which is related to the width of the TTD and therefore to the amount of mixing. A third useful
metric is the maximum in the TTD at a value of t termed the mode age, tmax, which under certain
conditions is related to the observed advection time for the flow of a volume element of water. A
wide range of interior tracer concentrations, c(r,t), in the ocean can be calculated using Equation 1
by varying the values of � and � (Equation 2). These results can then be compared with exper-
imental data sets to determine the best fits to the theoretical results and thereby constrain the
values of � and � associated with the data sets.

Smith et al. (2011) used the tracer pair 129I–137Cs to estimate values of � and � for interme-
diate waters (core Fram Strait Branch Water, σ θ = 27.91) in the Arctic Ocean. They found good
agreement between values of tracer ages and � for SML water but comparatively higher values
of tracer ages for intermediate waters. These results indicated that the assumption of advective
transport was applicable only to surface-water transport, while mixing was a significant factor for
intermediate (250–1,000-m depth) Atlantic-derived waters. Wefing et al. (2021) applied a TTD
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a   Mean age (Γ) b   Mixing (Δ) c   Mode age (tmax)
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Figure 6

Results for TTD analyses of data from Atlantic Intermediate Water (200–500-m depth) for cruises and sampling years given in
Figure 5. The data are for the tracer pairs 129I–137Cs (circles) and 129I–236U (squares), showing (a) mean ages, �; (b) mixing, �; and
(c) mode ages, tmax. Abbreviation: TTD, transit time distribution. Data compiled from Smith et al. (2011) and Wefing et al. (2021).

model to studies of the new tracer pair 129I–236U; comparisons of their TTD results with those of
Smith et al. (2011) are shown in Figure 6. The values of �, �, and tmax determined using the two
different tracer pairs are in relatively good agreement even though the two studies occurred more
than 10 years apart.

The mean ages, �, determined for core Fram Strait Branch Water using the two tracer pairs
(Figure 6a) generally increased across the central Arctic Ocean from the Makarov and Eurasian
Basins into the Canada Basin. Values of � tend to be relatively constant across the central Arc-
tic Ocean, with values in the 5–10-year range for measurements by both methods (Figure 6b),
indicating that transport across the Lomonosov Ridge into the Amerasian Basin has a stronger
advective component than water recirculating within the Eurasian Basin. Apparently, most of the
mixing defined by � in the central Arctic Ocean occurs upstream during AW transport through
the Arctic shelf seas or over the respective continental slopes. Mode ages (Figure 6c) are lower
than mean ages, with values of 5–10 years in the Eurasian Basin increasing to values of approxi-
mately 15–25 years in the Canada Basin. Mode ages tend to be similar to transit times observed
for the transport of hydrographic features such as warm temperature anomalies across the central
Arctic Ocean (Karcher et al. 2003, McLaughlin et al. 2009).

Values of �, �, and tmax determined using reprocessing plant tracer pairs (i.e., 129I–137Cs
and 129I–236U) have been compared with values estimated using a gas tracer pair (SF6–CFC-11)
(Figure 7). In general, results determined using the different methods are in reasonable agree-
ment, except for two samples collected in theNansen Basin in 2015,where the tracer pair 129I–236U
seems to indicate greater mean ages (Figure 7a), possibly associated with stronger mixing (Wefing
et al. 2021) (Figure 7b). Since mean ages tend to be more heavily weighted toward the higher val-
ues in the tail of the TTD, it may be that the mode age, which provides the best agreement among
all tracer pairs (Figure 7c), represents a more useful parameter to characterize flow velocities in
the Arctic Ocean. However, this topic is still under debate, and additional multi-tracer studies are
required.
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Figure 7

Comparisons of (a) mean age, �; (b) mixing, �; and (c) mode age, tmax, for the reprocessing plant tracer pairs 129I–137Cs and 129I–236U
and the gas tracer pair SF6–CFC-11. The comparisons of 129I–236U and SF6–CFC-11 are from identical stations on PS94 and
HLY1502 in 2015 (see Figure 5); the 129I–137Cs data are from pre-2002 cruises. Abbreviations: CFC, chlorofluorocarbon; SF6, sulfur
hexafluoride. Figure adapted from Smith et al. (2022).

CONCLUSIONS

Releases of radionuclides from the nuclear fuel reprocessing plants at Sellafield and La Hague
have provided unique tracers for studies of water circulation in the local environment (the Irish
Sea, English Channel, and North Sea) and larger-scale circulation processes of the North Atlantic
and Arctic Oceans. The fact that they are released at regulated, industrial point sources makes
them highly specific tracers with well-defined input functions. The most important reprocessing
plant tracer through the 1980s and 1990s was 137Cs, which was used to document the connectivity
of European coastal waters to the central Arctic Ocean through its detection at early Arctic ice sta-
tions occupied in the 1980s in the Canada Basin and at the North Pole. However, recent advances
in accelerator mass spectrometry techniques have been made in the measurement of 129I and 236U,
which are long-lived radioactive tracers that are conservative in seawater and can be measured
on small water samples (<500 mL and 3 L, respectively) practically anywhere in the Arctic and
North Atlantic Oceans. 129I has been applied to the delineation of water circulation patterns in
the Arctic Ocean under the influence of changes in the Arctic Oscillation, from a cyclonic circu-
lation in the 1990s, when it was in a strong positive mode, to an anticyclonic circulation in 2015,
when it was in a mixed positive/negative mode. 129I has also been used in the deep North Atlantic
14,000 km downstream from its point sources to determine flow and mixing rates for the Deep
Western Boundary Current and for transport along interior flow pathways. One of the most sig-
nificant recent developments in this field is the application of TTDs to the determination of mean
ages, mode ages, and mixing parameters to more realistically characterize the ocean transport of
129I and 236U, complementing ventilation rates estimated from the gas tracers SF6 and CFC.These
two tracers experience little complication from other sources and hold great promise for eluci-
dating circulation, deep-water formation, and ventilation processes in the North Atlantic, Nordic
Seas, and Arctic Ocean in future years.
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