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A B S T R A C T   

Water mass composition and transit times of outflowing waters from the Arctic Ocean can reflect changes of 
polar climate and ocean circulation upstream. In this study we apply a novel approach using anthropogenic 
uranium tracers (233U and 236U), combined with salinity, and nutrients (nitrate and phosphate) to estimate 
transit times of waters from the Atlantic passing through the Arctic and into East Greenland fjords. In Polar 
Surface Water (PSW, typically found in surface ~150 m of the fjords) the dominant source of 236U is European 
reprocessing plants (63%) while in Arctic Atlantic Water (AAW, typically directly below PSW in these fjords) it is 
much less (26%) and the 236U signal is dominated by the global fallout contribution. Here we isolate the 236U 
signal from reprocessing plants using 236U/233U ratios and use the temporal development in 236U discharges to 
estimate transit times for Atlantic Water entering the Arctic Ocean and exiting as either PSW or AAW on the 
Greenland Shelf. PSW, which flows into the fjords from the shelf, has a transit time of between 6 and 14 years 
from the Arctic entrance (Barents Sea Opening, 74◦N, 19◦E). The transit time of AAW, which is entrained into 
upwelling subglacial discharge in the inner parts of the fjords, is in the order of 24–25 years since entrance in the 
Barents Sea. The findings indicate the potential of this novel 233U-236U approach to trace Atlantic Water cir-
culation in the Arctic Ocean. The method offers independent transit time estimates to compare with circulation 
models and indicates the potential time lag between documented recent change in properties of water leaving the 
Arctic Ocean and the upstream processes contributing to these changes.   

1. Introduction 

Changes in the supply and distribution of heat and freshwater in the 
Arctic Ocean can potentially influence global ocean circulation and 
climate (Aagaard and Carmack, 1989; Rahmstorf, 2002; Tsubouchi 
et al., 2021; Wang, 2021). Inflowing waters from the Atlantic and Pacific 
bring heat to the Arctic Ocean and result in loss of sea ice (Beszczynska- 
Möller et al., 2011; Polyakov et al., 2017; Skagseth et al., 2020). As 
Pacific Water is less saline than Atlantic Water, it contributes together 
with precipitation and river discharge, as a source of freshwater (Serreze 
et al., 2006). These freshwater contributions serve to maintain a density 
stratification in the Arctic Ocean, and also supply freshwater to the 

North Atlantic via the Canadian Archipelago and the East Greenland 
Shelf. Here the freshwater supply can potentially influence Atlantic 
meridional overturning circulation (Rahmstorf, 2002; Ionita et al., 
2016). Atlantic, Pacific and fresh waters are integrated into Polar Sur-
face Water (PSW) with sub-zero temperature and variable salinity that 
are transported by the outflowing East Greenland Current. The fjords of 
Northeast Greenland often have a layer of PSW lying above warmer 
Arctic Atlantic Water (AAW, more saline and with temperatures above 
0 ◦C) which represents Atlantic Water that has entered the Arctic Ocean 
and recirculated out. AAW is located at intermediate depths (~300–800 
m) in the Arctic Ocean below PSW (Rudels et al., 2004). Warmer AAW 
(0–2 ◦C) carries more heat which facilitates the melt of sea ice (Polyakov 
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et al., 2017). Measurements of surface and subsurface waters of these 
fjords can reflect the changing properties of PSW and AAW exiting the 
Arctic Ocean and transported along the East Greenland Shelf (Sejr et al., 
2017). These properties are currently changing in response to changes 
occurring upstream in the Arctic Ocean. The clearest trends are from 
2000 onwards. PSW entering the fjords from the shelf and has freshened 
(Sejr et al., 2017) and the thickness of the PSW layer has thinned 
(Gjelstrup et al., 2022). There is also a greater presence of AAW, 
particularly evident as warmer bottom water temperatures on the shelf 
and in fjords (Schaffer et al., 2017, 2020; Gjelstrup et al., 2022). The 
transport of Atlantic Water in PSW and AAW plays a significant role in 
the Arctic climate and environment, so a good tracer approach is 
necessary for investigating and estimating its circulation pattern and 

transit time to explain the hydrographic and biogeochemical processes. 
Significant amounts of radioisotopes have been discharged to the 

North Atlantic Ocean from the two European reprocessing plants (RP) at 
Sellafield (SF, United Kingdom) and La Hague (LH, France). This imparts 
a signature on Atlantic Water as it moves northwards toward the Arctic 
(Fig. 1). Discharges of several radioisotopes from the two plants have 
varied over the last 50 years, and this presents an opportunity to use 
these radioisotopes as transient tracers to resolve circulation patterns 
and timescales (Smith et al., 2011; Christl et al., 2012; Christl et al., 
2015; Casacuberta et al., 2018; Wefing et al., 2019; Wefing et al., 2021). 
In the North Atlantic and Arctic Oceans, 129I-236U tracer pair has been 
used to trace the path of three branches of Atlantic Water (Casacuberta 
et al., 2018). Wefing et al. (2019 and 2021) estimated the transit times of 

Fig. 1. Simplified depiction of general circulation pattern in the North Atlantic and Arctic Ocean (A), location of sampling sites (B). Currents and water masses in the 
Arctic Ocean are Norwegian Coastal Current (NCC; orange), Norwegian Atlantic Current (NwAC; purple), Pacific Water (green), Arctic rivers water (dark blue), ice 
meltwater (brown) and East and West Greenland Current (mixture of Atlantic Water, Pacific Water, Arctic rivers water and ice meltwater, blue). Solid arrows are 
surface water, and dotted arrows are deeper water. Black crosses mark two main European reprocessing plants at Sellafield and La Hague. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Atlantic Water in the Arctic Ocean and the Fram Strait using a binary 
mixing model with 129I/236U ratios and 236U concentrations as signa-
tures. The transit times of Atlantic Water in PSW from the entrance of the 
Arctic Ocean (74◦N, 19◦E) to the Amundsen Basin and the western Fram 
Strait were reported to be 9–16 years and 12–17 years respectively 
(Wefing et al., 2021). The corresponding transit time for Atlantic Water 
in AAW was estimated to be 16–23 years (Wefing et al., 2019). 

While this approach offers estimates of transport times to compare 
with models of ocean circulation, it assumes that the two elements (I and 
U) have the same physiochemical behaviors in seawater and that 
129I/236U ratios are not altered by processes other than mixing along the 
transport pathways. However, iodine and uranium have different 
biogeochemical properties in seawater (Tsungogai and Henmi, 1971; 
Klimkhammer and Palmer, 1991; Rutgers van der Loeff and Geibert, 
2008). Iodine is readily enriched in waters containing high content of 
organic matter (Schwehr et al., 2005), while uranium behaves non- 
conservatively in anoxic waters (Dunk et al., 2002; Lin et al., 2021a; 
Andersson et al., 1995). In open areas of the Arctic Ocean, both iodine 
and uranium may behave conservatively. Whereas in estuarine envi-
ronments, such as the Siberian coast, contribution of organic matter 
from Siberian rivers may alter the behavior of iodine and uranium to be 
non-conservative at different extents, thus changing 129I/236U ratios. 

In addition, the current oceanic tracer studies using 236U suffer from 
methodological difficulties to distinguish different 236U sources. Besides 
the natural inventory of 35 kg 236U in the Earth's crust (Steier et al., 
2008), the dominating sources of anthropogenic 236U in the environ-
ment are the global fallout (GF) from atmospheric nuclear weapons 
testing since 1950s (900–1400 kg in total) and the discharges from SF 
(237 ± 21 kg) and LH (46 kg) which were primarily released into the 
North Atlantic Ocean (Steier et al., 2008; Sakaguchi et al., 2009; Cas-
trillejo et al., 2020). 

RP signal that is discharged into the northeastern North Atlantic 
Ocean tags Atlantic Water thus makes it easily identifiable. A previous 
study indicated that radioactive releases from SF were transported by 
Scottish Coastal Current from the Irish Sea to the northern Scotland 
coast and the North Sea (Christl et al., 2017). A branch of Scottish 
Coastal Current carrying SF signal enters the North Sea and mixes with 
the releases from LH transported by the English Channel Current. SF and 
LH signals are partly merged in the North Sea, transported northward by 
the Norwegian Coastal Current (NCC) to the Barents Sea, and subse-
quently advected to the surface and subsurface layer of the Arctic Ocean 
to form PSW (Wefing et al., 2021). The branches of Scottish Coastal 
Current (SF) and English Channel Current (LH) also join the Norwegian 
Atlantic Current (NwAC), and further enter the intermediate layer of the 
Arctic Ocean forming AAW (Wefing et al., 2021). 

The ubiquitous 236U contributions from GF inevitably introduce 
uncertainties in transit time estimates for Atlantic Water in the Arctic 
Ocean, especially in the coastal regions of the Arctic fjords which may 
receive more GF input from the terrestrial areas via glaciers melt and 
river runoff. The uranium isotope signature in glacial meltwater likely 
varies from pre-post nuclear weapons testing to present due to the 
changing GF contribution. It can therefore be beneficial to isolate the 
RP-derived 236U rather than assume a constant value for GF-derived 
236U. This can be achieved by applying a uranium dual tracer 
(233U-236U) approach. 

In contrast to 236U, almost all 233U is supplied by GF (Hain et al., 
2020), which results in large difference in 236U/233U atomic ratios be-
tween GF (71.4 ± 7.7) and RP (LH, 1–10 × 106) (Hain et al., 2020; 
HELCOM MORS Discharge database [WWW Document], 2020; Qiao 
et al., 2020). 236U/233U ratios can therefore be used to distinguish 
contributions of 236U from GF and RP, and thereby refine the 236U 
approach for trace Atlantic Water transit times. Atlantic Water contains 
both RP and GF derived 236U whereas other waters only contain a GF- 
derived 236U signal. The time-dependent variation of RP-derived 236U 
in discharge and subsequently also in recipient Atlantic Water can be 
used to estimate the contribution and transit time of Atlantic Water in 

the Arctic and subpolar regions. Compared to other radioisotopes, such 
as 90Sr (half-life 28.8 a) and 137Cs (half-life 30.2 a) (Dahlgaard, 1995), 
233U and 236U have superior properties including very long half-lives 
(233U: 0.159 Ma; 236U: 23.4 Ma) and high solubility in the open ocean 
(Sakaguchi et al., 2012; Eigl et al., 2013; Casacuberta et al., 2014; Hain 
et al., 2020). Importantly, being isotopes of the same element, 236U/233U 
ratios are not affected by geochemical processes along the transport 
(Hain et al., 2020; Qiao et al., 2020). Different from anthropogenic 
chemical tracers, such as chlorofluorocarbons (CFCs) and sulfur hexa-
fluoride (SF6) (Fine, 2011) which enter the ocean everywhere by air-sea 
exchange, anthropogenic radioisotope tracers have the advantage of 
constrained source functions from RP, thus provide reliability in their 
tracer applications for water mass transport. In the case of 233U-236U, the 
dominant point-source release of 236U from SF and LH make them 
suitable to trace large-scale water mass transport in the North Atlantic- 
Arctic Ocean. 

In our previous work, 236U source terms were estimated for the 
Greenland coast based on 233U and 236U data in the surface seawater 
(0–10 m), wherein dominating 236U contribution (~ 70%) were found 
from RP and ~ 30% from GF (Qiao et al., 2020). In this work, we aim to 
explore the opportunity of using the 233U-236U tracer approach to esti-
mate the transit times of Atlantic Water in the Arctic Ocean. The mea-
surements arise from opportunistic sampling in a Northeast Greenland 
fjord complex (Fig. 1). Isotope measurements where combined with 
salinity, nitrate and phosphate measurements to resolve mixing and 
transit times. We recognize that the study region might not be ideal to 
prove a new approach for RP-derived radioisotopes as it is quite far 
downstream from the source of RP. We believe it is still relevant to 
demonstrate the potential of the proposed 233U-236U tracer approach in 
oceanic studies. 

2. Materials and methods 

2.1. Study area and sampling 

The study region is located halfway along the East Greenland coast in 
the Kong Oscars and Franz Josef fjord system (Fig. 1A and B). Sampling 
was carried out on board the Royal Danish Naval vessel HMDS Lauge 
Koch in August 2018. Water profiles of salinity and temperature were 
collected using a SeaBird SBE25 CTD (conductivity, temperature, 
depth), and water samples were collected using 10-L Niskin bottles. 

A total of 26 seawater samples (5–10 L) were collected in the East 
Greenland coast for uranium isotopes analyses among which 13 were 
water column samples and 13 were surface water samples (Table S1). 
Two additional river water samples were taken from the Antarctic Sound 
in the Kong Oscar fjord complex. Seawater samples were stored in 10-L 
precleaned plastic bottles after first rinsing with sample water and sent 
back to the laboratory for 233U, 236U and 238U processing. In addition, 
seawater samples for nutrient measurement were collected in acid- 
washed polyethylene bottles and frozen at − 20 ◦C. Ten seawater sam-
ples were analyzed through using an autoanalyzer (Skalar) based on the 
approach of Hansen and Koroleff (1999). The average precision on ni-
trate and phosphate measurement is 1%. Due to opportunistic sampling 
for uranium measurement, only 10 samples for nutrient analyses can be 
matched. 

2.2. Determination of 233U, 236U, and 238U 

To determine 233U and 236U, an optimized radiochemical procedure 
was utilized to extract U isotopes from 5 to 10 L seawater samples (See 
supporting information) (Qiao et al., 2015; Lin et al., 2021b). The 
accelerator mass spectrometry (AMS) measurement of 236U/238U and 
233U/238U measurement was carried out at the Vienna Environmental 
Research Accelerator (VERA) facility in the University of Vienna. The 
detailed setup and method of AMS measurement has been reported 
elsewhere (Steier et al., 2010; Steier et al., 2019; Hain et al., 2020). Each 
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sample was measured by AMS for three cycles with counting times of 
300–1000 s for 236U and 2000–4500 s for 233U in each cycle, respec-
tively, to obtained average atomic ratios of 236U/238U and 233U/238U. 
Typically, relative uncertainties of 236U/238U and 233U/238U ratios ob-
tained in this work were below 10% and 30%, respectively. In case of 
higher uncertainties obtained, the measured values were deemed as 

outliers. To obtain 233U and 236U concentrations in seawater samples, 
238U concentration in seawater samples were measured using induc-
tively coupled plasma mass spectrometry (ICP-MS) (ICP-QQQ 8800, 
Agilent) after dilution with 0.5 M HNO3 (Qiao and Xu, 2018). Indium or 
bismuth was utilized as the internal standard. 

Satisfactory chemical yields for U (60–80%) monitored via 238U were 

Fig. 2. The depth profiles of different measured and calculated parameters. The profiles are divided into two main layers: Polar Surface Water (PSW, θ < 0 ◦C) and 
Arctic Atlantic Water (AAW, 0 < θ < 2 ◦C). The parameters are potential temperature θ (A), salinity (B), the diagram of potential temperature-salinity (C, triangle 
data at 1–10 m depths, circle dots data at 10–100 m depths), 238U concentration (D), 233U concentration (E), 236U concentration (F), 236U/233U atomic ratio (G), 
global fallout (GF) contribution of 236U (H), reprocessing plants (RP) contribution of 236U (I). All dots present the averaged values with uncertainties for the river 
(red) and seawater (blue) samples at the same depth. Grey profiles represent the full profiles measured by the in situ sensors. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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achieved for the samples analyzed in this work. The chemical yield of 
uranium during the chemical separation was estimated as the ratio of 
238U mass in the eluate and 238U mass in the original seawater sample. 
Herein, we assume uranium was quantitatively recovered during the 
AMS target preparation after the chemical separation, which was veri-
fied in our earlier study (Qiao et al., 2015). Blank samples were prepared 
along with each batch (typically n = 7) of samples following the same 
procedure as for the seawater. To reduce the background levels of 233U 
and 236U, special measures were implemented, including purification of 
chemicals, utilization of laminar flow bench, and acid boiling for 
glassware. Under such well-controlled conditions, the count rates of 
236U and 233U in the monitored blank samples were typically <30% of 
the corresponding samples. The removed contribution from laboratory 
background and the combined uncertainties of 233U/238U and 236U/238U 
is calculated based on the law of uncertainty propagation, details are 
summarized in the supporting information. 

3. Results 

3.1. Water column properties 

Practical salinity (S) and potential temperature (θ) of seawater in the 
East Greenland fjords ranged from 16.02 to 34.89 psu and from − 1.63 ◦C 
to 7.78 ◦C, respectively. As the entire study area once beyond the local 
impact of marine terminating glaciers showed a common stratified and 
spatially homogeneous structure (as evident from S and θ profiles shown 
in Fig. 2). Uranium results in multiple samples collected at the same 
depth (n = 13 at 1 m; n = 2 at 20 m; n = 3 at 50 and 100 m, respectively) 
were averaged into one value with a combined uncertainty, except for 
the single sample at 10, 30, 40, 200 and 400 m, respectively (Fig. 2, 
Table S1). Down the water column, θ quickly decreased from 7.78 ◦C to 
− 1.63 ◦C within 0–50 m depth, and then gradually increased to 1.54 ◦C 
at 400 m depth (Fig. 2A). In the depth profile of salinity, there was a 
steep increase (16.02–30.42) in the upper 10 m depth followed by a 
gentle increase (30.42–34.89) in the subsurface and deep waters 
(Fig. 2B). Measurements from stations where no uranium samples were 
collected are shown in grey and emphasize the lateral homogeneity of 
the sampled region (Fig. 2A-B). 

The East Greenland fjords and their neighboring shelf waters are 
mainly affected by the East Greenland Current from the Arctic Ocean via 
the Fram Strait, where the surface (and subsurface) and deeper layer are 
dominated by PSW and AAW, respectively (Rudels, 2009; Wefing et al., 
2019). These waters can be distinguished (Fig. 2C), based on different 
potential temperature and salinity. Waters sampled here that had a 
temperature < 0 ◦C and salinity <34 were defined as PSW. Warmer 
(0–2 ◦C) and more saline samples were defined as AAW. At the very 
surface (upper 10 m) the properties of PSW were influenced by surface 
warming and entrainment of meltwater (Fig. 2). The radioisotope 
samples can be segregated into originating from one of the two layers, 
PSW distributed at 0–150 m and AAW distributed below 150 m depth 
(Fig. 2). 

3.2. Uranium isotopes 

238U concentrations in the seawater samples varied between 1.26 
and 3.74 μg/L (Fig. 2D, Table S1) and revealed a strong linear correla-
tion with salinity (R2 = 0.90, slope = 0.109, p < 0.01). Atomic ratios of 
236U/238U (2.22–5.36 × 10− 9) and 233U/238U (1.10–2.52 × 10− 11) were 
higher than their expected natural background levels (e.g., 10− 14–10− 13 

of 236U/238U in natural seawater and 10− 13–10− 11 of 233U/238U in 
minerals) (Steier et al., 2008; Hain et al., 2020; Villa-Alfageme et al., 
2019), indicating the contribution of anthropogenic U in these waters. 
233U concentrations, ranging within 5.90–14.1 × 104 atom/L, showed 
no systematic change with depth in PSW, but were significantly higher 
(21.6–23.8 × 104 atom/L) in AAW (Fig. 2E). 236U concentrations 
gradually increased from 14.5 ± 0.9 × 106 atom/L to 34.9 ± 3.0 × 106 

atom/L in PSW, but decreased again (20.4–23.6 × 106 atom/L) in AAW 
(Fig. 2F). Relatively higher 236U/233U ratios were observed in PSW 
(137–344) than those in AAW (94–99), indicating that the upper 100 m 
of the East Greenland fjords received more RP signals than the deep 
waters (Fig. 2G). 233U and 236U concentrations in East Greenland river 
water were (2.53–3.46) × 104 atom/L and (3.31–7.33) × 106 atom/L, 
respectively (Fig. 2E and F, Table S1). 

3.3. Source terms of 236U 

Qiao et al. (2020) developed an approach to distinguish the source 
terms of 236U in the surface seawater of Greenland coast using atomic 
ratios of 233U/236U. Here we use the following equations modified from 
Qiao et al. (2020) to calculate the GF and RP fraction, and GF and RP- 
derived 236U concentration. 

PGF =
R236/233

GF

(
R236/233

RP − R236/233
S

)

R236/233
S

(
R236/233

RP − R236/233
GF

) ≈
R236/233

GF

R236/233
S

(1)  

PRP = 1 − PGF (2)  

C236
s,GF = C236

s ×PGF = R236/233
GF ×C233

S (3)  

C236
s,RP = C236

s ×PRP = C236
s − C236

s,GF (4)  

where PGF and PRP are GF and RP fraction in the seawater sample; RS
236/ 

233 is the 236U/233U atomic ratio of the seawater sample; RRP
236/233 is RP 

endmember with the representative value of 1 × 107; RGF
236/233 is GF 

endmember with the representative value of 71.4 ± 7.7 (Hain et al., 
2020); Cs

233 is the measured 233U concentration in the seawater sample; 
and Cs

236, CGF
236, and CRP

236 are total, GF-derived and RP-derived 236U 
concentration in the seawater samples, respectively. We acknowledge 
that RGF

236/233 in Atlantic Water might be either different or variable over 
the last 50 years, thus might introduce additional uncertainties in this 
endmember algorithm. Nevertheless, as the most intensive deposition of 
global fallout was in the mid-1960s, it is likely that the distribution of GF 
236U and 233U reached nearly steady state in the modern ocean surface 
(as indicated by other radionuclides from GF as well, such as 137Cs and 
90Sr). Therefore, we expect that the uncertainties in the GF endmember 
in the Atlantic Water should be reasonably low. This is partially sup-
ported by the comparable 236U/233U ratios in corals and sediments from 
the Pacific Ocean since 1970s to the represented GF value (Hain et al., 
2020; Qiao et al., 2022). Therefore, in this work, we adopted the un-
certainty (11%) as derived from the representative GF 236U/233U ratio 
(71.4 ± 7.7) without giving additional uncertainty in the calculation. 

The combined uncertainties of GF and RP contributions of 236U are 
estimated through the law of uncertainty propagation (BIPM et al., 
2008): 

u(PGF) =
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(5)  

u(PRP) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂PRP

∂PGF

)2

× u2(PGF)

√

= u(PGF) (6)  

where u(PGF) and u(PRP) are the combined uncertainties of GF-derived 
and RP-derived 236U concentrations, respectively; and u(RGF

236/233) and 
u(RS

236/233) are the uncertainties for the representative 236U/233U ratio 
of GF (7.7) and the measurement samples. 
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The relative uncertainties of GF and RP contributions of 236U range 
from 14 to 42% and 7–51%, respectively. And the average weights for 
GF contribution of 236U in GF and the seawater sample are 0.33 and 
0.67, respectively. In addition, the combined uncertainties of GF- 
derived and RP-derived 236U concentrations are estimated through the 
law of uncertainty propagation (BIPM et al., 2008): 

u
(

C236
s,GF

)
=
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where u(Cs, GF
236 ) and u(Cs, RP

236 ) are the combined uncertainties of GF- 
derived and RP-derived 236U concentrations, respectively; u(Cs

233) and 
u(Cs

233) are the measurement uncertainties of 233U and 236U concentra-
tions, respectively; and u(RGF

236/233) is the uncertainty for the represen-
tative 236U/233U ratio of GF (7.7). 

The relative uncertainties of GF-derived and RP-derived 236U con-
centrations vary from 15 to 42% and 11–53%, respectively. The average 
weights for 236U/233U atomic ratio in the seawater sample and GF are 
0.68 and 0.32, respectively. 

Based on these equations, the proportion of 236U derived from GF 
and RP in East Greenland fjords can be calculated (Table S1). The GF 
contributions of 236U in PSW of East Greenland fjords range from 21 ± 6 
– 52 ± 8%, with the RP contributions representing the remainder 
(Fig. 2G and H). Distinct changes in 236U source distribution were 
observed in AAW: GF contributions of 236U increased by a factor of 2 and 
became the dominating (72 ± 12 – 76 ± 12%) source, whereas the RP 
contributions decreased to <30%. 

4. Discussion 

4.1. 233U and 236U in Polar Surface Water, Arctic Atlantic Water, and 
freshwater 

Notable differences (approximate factor of 2) were observed in the 
233U concentration and 236U/233U ratio between PSW and AAW (Fig. 2E 
and G). In comparison, the variability in 236U concentration down the 
water columns was much lower. As 233U was mainly deposited in GF in 
1950s–1960s (Hain et al., 2020; Lin et al., 2021a), lower 233U concen-
trations can be expected in the comparatively younger PSW. Salinity 
measurements indicate that while PSW is less saline (Fig. 2B), even 
dilution with freshwater devoid of 233U cannot explain the lower con-
centrations in PSW. The differences in the ratios likely reflect the dif-
ferences in the source and transport pathways of anthropogenic 
uranium. Higher 236U/233U ratios in the PSW indicate a greater RP 
contribution in the upper 100 m due to the dominating supply from the 
NCC to surface water of the Arctic Ocean. The NCC supplies PSW with a 
greater RP 236U contribution than that supplied by the NwAC to AAW 
(Fig. 2I) (Casacuberta et al., 2018; Wefing et al., 2021). In contrast, 236U 
in AAW is predominantly from GF contribution (ca. 74%) (Fig. 2H) 
reflecting the older GF-derived signal (primarily deposited in 1960s) 
(Sakaguchi et al., 2016), which was mostly likely advected into deeper 
water columns by Atlantic Water tagged with the GF in other locations. 

The averaged concentration (with standard deviation) of 236U in the 
upper 10 m of East Greenland fjords (18.9 ± 3.3 × 106 atom/L) is 
comparable to those reported for the Amundsen Basin (24.7 ± 3.6 × 106 

atom/L) (Casacuberta et al., 2016), the western Fram Strait (20.8 ± 0.8 
× 106 atom/L) (Wefing et al., 2019) and East Greenland coastal surface 

waters (18.8 ± 6.4 × 106 atom/L) (Qiao et al., 2020). All these values 
are higher than the expected if 236U concentrations in the Arctic Ocean 
solely resulted from GF. This indicates the importance of an additional 
236U contribution from RP in Europe. The averaged values of GF-derived 
236U (7.0 ± 1.5 × 106 atom/L) and RP-derived 236U (11.9 ± 2.6 × 106 

atom/L) obtained for surface seawater (0–10 m) is comparable to those 
reported earlier from 2012 to 2016 (GF-derived 236U concentration: 5.5 
± 1.9 × 106 atom/L and RP-derived 236U concentration: 13.3 ± 4.5 ×
106 atom/L) (Qiao et al., 2020). 

4.2. Estimation of Atlantic Water transit time 

4.2.1. End-member mixing algorithm 
Here we attempt to use RP-derived 236U concentration calculated 

from 233U-236U tracer to estimate the transit time of Atlantic Water in 
PSW of the East Greenland fjords. As the RP signal is unique and con-
strained to the Atlantic Water, we can use this to examine its dilution 
with water from other sources. First, we define the end member to be 
Atlantic Water transported in the NCC and NwAC as this has been shown 
to be the dominant transport pathway of RP-236U from the Atlantic into 
the Arctic (Wefing et al., 2021). Other waters (Pacific Water and 
freshwater including river runoff, sea ice and glacier melt water) only 
contain a GF signal, so their RP-236U concentrations are considered to be 
negligible. The RP contribution of 236U in Atlantic Water (236URP-AW) is a 
time-dependent value and can be derived from the 236U discharges from 
SF and LH (see supporting information; Christl et al., 2015; Casacuberta 
et al., 2018; Castrillejo et al., 2020), and assumptions on mixing in the 
North Sea and transport northwards to the Arctic, to derive Arctic input 
functions for NCC and NwAC (Casacuberta et al., 2018; Wefing et al., 
2021). The uncertainty of 236URP-AW can also be estimated from un-
certainties of the shell record of 236U/238U ratios near SF and LH, and 
marine mixing pattern of SF branch water, LH branch water and GF 
(Casacuberta et al., 2018; Castrillejo et al., 2020). As shown in Fig. S1, 
the temporal evolutions of 236URP-AW in both NCC (carrying tracer signal 
to PSW) and NwAC (carrying tracer signal to AAW) branch waters 
demonstrate monotonous decreasing trend over the period of 
1976–2016. This means that Atlantic Water fraction contained in each 
sample with known RP-236U concentration is only dependent on the 
endmember value of 236URP-AW, i.e., the source year of RP-236U in the 
Atlantic Water (Fig. 3). Consequently, with known Atlantic Water 
fraction, the transit time of Atlantic Water from the entrance of Arctic 
Ocean to the study location can be obtained. 

4.2.2. Source year estimation based on N:P-derived Atlantic Water fraction 
In this study, we use nitrate and phosphate concentrations (Table S1) 

to estimate the Atlantic Water fraction according to Eqs. (9)–(13) (Dodd 
et al., 2012) thus to constrain its source year (black and grey lines in 
Fig. 3). The uncertainty for Atlantic Water fraction estimation with this 
method was approximately 10% (Dodd et al., 2012). 

fAW + fPW + fFW = 1 (9)  

fAW PAW + fFW PAW + fPW PPW = PS (10)  

fAW SAW + fPW SPW + fFW SFW = SS (11)  

where PAW and PPW are phosphate concentrations in Atlantic Water and 
Pacific Water; fAW, fPW and fFW are Atlantic Water fraction, Pacific Water 
fraction and freshwater fraction in the sample collected (2018); SAW, 
SPW, SFWand Ss are salinity in Atlantic Water, Pacific Water, freshwater 
and seawater samples, respectively. Here we assume PFW is equal to PAW. 
The calculated fractions of Atlantic Water in each sample are summa-
rized in Table S1. In addition, phosphate concentrations for Atlantic 
Water and Pacific Water are based on the following equations: 

PAW = MAW N +CAW (12) 
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Fig. 3. An example of the fraction estimation of Atlantic Water (red dots and thin red line) with uncertainty (thick red lines) (A) and the detailed change during 
2000–2020 (B). The estimation of Atlantic Water fraction for a sample with known RP-236U concentration is only dependent on the end member value of 236URP-AW 
which is time-depend following the NCC or NwAC input function (as shown Fig. S1). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 4. Estimates of Atlantic Water transit times in the fjords based on the input functions of Norwegian Coastal Current (NCC) and Norwegian Atlantic Current 
(NwAC). For Polar Surface Water (PSW) in the inner fjords, transit times are estimated with both the NCC 236URP-AW input function (open circles) and the NwAC 
236URP-AW input function (black circles). For PSW in the outer fjords transit times are estimated with the NCC 236URP-AW input function (red squares). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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PPW = MPW N +CPW (13)  

where N is nitrate concentration in the seawater samples; MAW (MPW) 
and CAW (CPW) are the slope and intercept of Atlantic Water (Pacific 
Water) N:P relationship. 

Based on the end member values in NCC branch water, the source 
years of Atlantic Water in PSW (upper 100 m) in the East Greenland 
fjords are estimated between 2004 and 2012 (uncertainties of source 
years: 1995–2018), suggesting that the transit times from the entrance of 
the Arctic Ocean are 0 years (ranging from 0 to 6 years considering 
uncertainties) in the inner fjords and 6–14 years (ranging from 0 to 23 
years considering uncertainties) in the outer fjords (Fig. 4 open circle 
and red square symbols). Compared with previous results (12–17 years, 
Wefing et al., 2021) in polar waters on the Greenland shelf estimated 
from 129I and 236U, our results in the PSW of the fjords show a wider 
range. It is worth noting that the estimated transit times in the inner 
fjords seem not reasonable, which might be due to the impact of up-
welling of AAW (see detailed explanation in Section 4.3). For the outer 
fjords, transit times of Atlantic Water increase with depths, which may 
be related to different transport pathways (Fig. 4). 

4.3. The impact of upwelling on transit time estimation of Atlantic Water 

While the majority of estimations of Atlantic Water transit times in 
the fjords are reasonable, there are however exceptions. The four sam-
ples (open circle in Fig. 4) from the inner parts of the fjords have un-
realistically short transit times (≤ 6 years). Comparison with other 
samples at the same depth reveals that these samples have higher frac-
tions of Atlantic Water (e.g. 93% at inner fjord vs. 63% at outer fjord at 
50 m depth) and freshwater (e.g. 7% at inner fjord vs. 5% at outer fjord 
at 50 m depth) but lower Pacific Water contributions (e.g. -1% at inner 
fjord vs. 32% at outer fjord at 50 m depth) (Fig. 5A-C). This might be 

because these waters are influenced by subglacial discharge, which 
causes upwelling at the terminus and entrains AAW to the surface, 
restricting the lateral extent of polar waters (Fig. 6). This is also reflected 
by lower RP-236U concentrations in these samples compared to those 
from the remaining part of the fjord (e.g., 14.4 ± 1.6 × 106 atom/L in 
the inner fjord vs. 27.6 ± 3.6 × 106 atom/L in the outer fjord at 100 m 
depth), revealing that the RP 236U signal is diluted by upwelling 
entrained Greenlandic meltwater (no RP signal) and older AAW (low RP 
signal) (Fig. 5B). The entrainment of AAW from upwelling and lack of 
surface Atlantic Water contribution implies that transit time estimate for 
samples in the inner fjords should be further constrained by taking into 
account fjord circulation and re-considering the use of the appropriate 
input function. In the inner parts of the fjords where glacial upwelling 
entrains AAW to the surface and the influence of Pacific Water (PW) is 
limited, and the NwAC 236URP-AW input function is more appropriate to 
use. 

AAW on the East Greenland Shelf with (temperature 1.17–1.54 ◦C 
and salinity 34.71–34.89 in Fig. 2A-B), has its origins in the NwAC 
(Wefing et al., 2019; Wefing et al., 2021), which has its own RP 236U 
input function at the entrance of Arctic (74◦N, 19◦E) (Fig. S2, supporting 

Fig. 5. The fractions of Atlantic Water (A), Pacific Water (B) and freshwater (C) in the profiles of the inner fjords (black circles) and the outer fjords (red squares) 
estimated from nitrate, phosphate and salinity and RP-derived 236U concentrations in the profile of the inner fjords (black circles) and the outer fjords (red squares) 
(D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Schematic of water column stratification in East Greenland fjords.  
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information). Replacing the NCC input function with NwAC for the 
surface water samples in the inner fjord, results in transit times on the 
order of 24–25 years (ranging from 17 to 27 years considering un-
certainties) (Fig. 4, black dot). Our estimations are slightly higher than 
the transit times for the AAW (16–23 years) on the western Fram Strait 
(Wefing et al., 2019). This is reasonable as it takes extra time for Atlantic 
Water exiting from western Fram Strait to reach East Greenland fjords. 
In this study, we assume the purely advective transport in the Arctic 
Ocean due to the strong stratification and vertical mixing was consid-
ered limited. Therefore, single NwAC input function can be considered 
in the AAW. In addition, the Returning Atlantic Current (RAC) can reach 
Northeast Greenland fjords through the Fram Strait without entering the 
Arctic Ocean (Schaffer et al., 2017), implying possible appearance of 
younger Atlantic Water in this region. However, it is not clear whether 
RAC is present in the study area, as so far no report has verified the 
contribution of RAC in East Greenland fjords. Therefore, contribution of 
RAC fraction (if any) was not considered in our Atlantic Water transit 
time estimation. 

4.4. The limitations and uncertainties of the 233U-236U tracer approach 

Although the approach provides plausible transit times which are 
comparable with published data, there are still limitations and un-
certainties associated with these estimates. The proposed 233U-236U 
tracer approach is based on the assumption of purely advective transport 
of input function signals to the study region. One can question the val-
idity of this assumption, but the observed widespread stratification in 
the region hints to limited deep vertical mixing in these waters sampled. 
The nutrient based approach used here to isolate the Atlantic Water 
fraction also has considerable limitations. It assumes the preferential 
loss of nitrate (to denitfircation), relative to phosphate, only occurs on 
shelf waters influenced by the Pacific inflow (Jones et al., 1998). 
However, there is clear evidence that Siberian shelf waters can also 
contribute (Alkire et al., 2015; Bauch et al., 2011) and that there may be 
considerable errors in the estimates of Pacific water in the central Arctic 
(Alkire et al., 2015; Whitmore et al., 2020). Similarly it is unclear if 
interactions with Greenland shelf sediments during passage over fjord 
sills can generate an artificial Pacific Water signal. With this in mind it 
would certainly be relevant to expand on this explorative study to 
include greater coverage of additional tracers for water fractionation 
and better geographical coverage of sampling to map source waters. 
Additional chemical tracers (such as 99Tc, 137Cs and 129I) could also add 
to further validate this new 233U-236U tracer approach. 

We also acknowledge that part of the relatively high uncertainty (up 
to 40%) in the current transit time estimation can be due to the ultra-low 
levels of 233U in environmental samples and limitation in achieving high 
precision in 236U/233U (currently at level of 30%) measurement by AMS. 
This could in part be rectified by using larger sample volume to achieve 
increased detection efficiency in the AMS measurement. Finally the 
approach also hinges on the validity of the input function estimates and 
mixing of SF and LH branch water. Nevertheless, our results (6–14 years) 
in the outer fjords agree well with previous study, indicating success in 
our exploration to use 233U and 236U to estimate transit times of Atlantic 
Water in East Greenland fjords. Therefore, the paired anthropogenic 
uranium (233U and 236U) tracer approach, combining with salinity and 
nutrients (nitrate and phosphate), may hold promise as a technique to 
isolate RP 236U and estimate Atlantic water transit times in Arctic and 
subpolar regions. 

5. Conclusions and perspectives 

In this work, we developed a new approach based on paired tracer 
233U-236U and nutrient data for estimating Atlantic Water transit time in 
the Arctic Ocean. 233U was used to isolate reprocessing contribution of 
236U to exclusively trace the Atlantic Water, and nitrate and phosphate 
were measured to constrain the Atlantic Water fraction, thereby to 

derive the transit time based on the time-dependent variation of 236U in 
the Atlantic Water end member. The significantly distinct source term 
distribution of 236U in PSW (63% from RP contributions) and in AAW 
(74% from GF contributions) makes the 233U-236U signal very useful 
fingerprint to distinguish these two water bodies in the Arctic region. 

Based on the estimation with the 233U-236U approach, the transit 
time of Atlantic Water in outer East Greenland fjords is 6–14 years, while 
that in inner East Greenland fjords is 24–25 years. These estimates were 
in good agreement with earlier studies in the northeastern Greenland 
coast (Wefing et al., 2019). The estimates in this work using the 
233U-236U tracer pair offer a first approximation of transit times which 
can be constrained in the future by further sampling with higher spatial 
resolution and comparison with ocean circulation model results. 

The transit times estimated in this work provide an indication of the 
time lag that can be expected between alterations in the waters entering 
the Arctic to a subsequent effect on the water leaving the Arctic Ocean 
on the East Greenland shelf. As transit times for Atlantic Water are on 
the order of 24–25 years any changes in the Atlantic waters flowing into 
the Arctic, can be expect to materialize in outflowing waters approxi-
mately 25 years later. Although it should also be noted that variability in 
ocean circulation conditions directly upstream of the Greenland shelf, in 
the central Arctic, likely have a greater influence on water properties in 
the region. Although this extrapolation may be speculative and further 
investigations are needed, these measurements provide an indication of 
the potential timescale of propagation of a signal from the Atlantic to the 
Greenland shelf. 
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