
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 24, 2023

Anthropogenic U-236 and U-233 in the Baltic Sea
Sources, Distributions, and Tracer Applications

Lin, Mu

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Lin, M. (2022). Anthropogenic U-236 and U-233 in the Baltic Sea: Sources, Distributions, and Tracer
Applications. DTU Environment.

https://orbit.dtu.dk/en/publications/c030d3d8-9777-4121-a70d-fe7fb281780e


 

 

 
 

Anthropogenic U-236 and U-233 in the 
Baltic Sea: Sources, Distributions, and 

Tracer Applications 

 

 

 

 

 

 

Mu Lin 
 

 

 

PhD Thesis 

January 2022 

 

 

 

 

 

 

 

 

 

 

 

DTU Environment 

Department of Environmental Engineering 

Technical University of Denmark  



 

 

Anthropogenic U-236 and U-233 in the Baltic Sea: Sources, Distributions, 

and Tracer Applications 

 

Mu Lin 

 

PhD Thesis, January 2022 

 

 

 

The synopsis part of this thesis is available as a pdf-file for download from 

the DTU research database ORBIT: http://www.orbit.dtu.dk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Address:     DTU Environment 

Department of Environmental Engineering 

Technical University of Denmark 

Bygningstorvet, Building 115 

2800 Kgs. Lyngby 

Denmark 

 

Phone reception:   +45 4525 1600 

Fax:       +45 4593 2850 

 

Homepage:    http://www.env.dtu.dk 

E-mail:      reception@env.dtu.dk 

  

mailto:reception@env.dtu.dk


 

 

Supervisor 

Senior Researcher Jixin Qiao 

Department of Environmental Engineering, Technical University of Denmark  

Roskilde, Denmark 

 

Co-supervisors 

Professor   Xiaolin Hou 

Department of Environmental Engineering, Technical University of Denmark  

Roskilde, Denmark 

Chief Consultant Jun She 

Department of Research and Development, Danish Meteorological Institute 

København, Denmark 

Senior Researcher Jens Murawski 

Department of Research and Development, Danish Meteorological Institute 

København, Denmark 

 

 

 

Opponents 

Associate Professor Andreas Ibrom 

Department of Environmental Engineering, Technical University of Denmark  

Lyngby, Denmark 

Professor Pere Masqué 

Marine Environment Laboratories, International Atomic Energy Agency  

Monaco, Monaco 

Senior Scientist Marcus Christl 

Laboratory of Ion Beam Physics, Swiss Federal Institute of Technology in Zürich  

Zürich, Switzerland 



 

i 

Preface 

The present work was carried out at the Climate and Monitoring Section, 

Department of Environmental Engineering, Technical University of Denmark 

during 2018-2021. This thesis contains two parts: the first part is a 

comprehensive review of the findings of this PhD project; the second part 

consists of the following published papers and manuscripts to be published. 

I M. Lin, J. X. Qiao, X. L. Hou, R. Golser, K. Hain, and P. Steier. On the 

Quality Control for the Determination of Ultratrace-Level 236U and 233U 

in Environmental Samples by Accelerator Mass Spectrometry. Analytical 

Chemistry. 2021, 93 (7), 3362-3369. 

II M. Lin, J. X. Qiao, X. L. Hou, O. Dellwig, P. Steier, K. Hain, R. Golser, 

and L. C. Zhu. 70-Year Anthropogenic Uranium Imprints of Nuclear 

Activities in Baltic Sea Sediments. Environmental Science & Technology. 

2021, 55 (13), 8918-8927. 

III M. Lin, J. X. Qiao, X. L. Hou, P. Steier, R. Golser, M. Schmidt, O. 

Dellwig, M. Hansson, Ö. Bäck, V. P. Vartti, C. Stedmon, J. She, J. 

Murawski, A. Aldahan, and S. A. K. Schmied. Anthropogenic 236U and 
233U in the Baltic Sea: distributions, source terms, and budgets. 

Manuscript submitted to Water Research. 

IV M. Lin, J. She, J. Murawski, X. L. Hou, and J. X. Qiao. Long-term 

pollutant dynamics in the North-Baltic Sea unraveled by numerical 

modeling and observation of the radiotracer transport. Manuscript. 

V M. Lin, J. She, J. Murawski, X. L. Hou, and J. X. Qiao. Water-mass 

composition of the transition zone between the North and Baltic Seas. 

Manuscript. 

In this online version of the thesis, paper I-V are not included but can be ob-

tained from electronic article databases e.g. via www.orbit.dtu.dk or on re-

quest from DTU Environment, Technical University of Denmark, Miljoevej, 

Building 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk.  



 

ii 

Acknowledgements 

The DTU Risø Campus, where I spend three years during my PhD study, is 

located on a peninsula 7 km north of the historic town of Roskilde. I really 

enjoy riding my bike home along the beautiful and peaceful campus road 

every day. Sometimes, I watch the swans and ducks locomoting and foraging 

under the twilight, or imagine the Vikings rowing their longships with the 

accompaniment of the tide voices in the Roskilde Fjord. This is the most 

comfortable moment after fighting with my experiments, spreadsheets, and 

papers for a whole day. Even though obtaining a PhD degree is not an easy 

task physiologically and psychologically in any country on this planet, I think 

the decision to resign from the previous administration work and enroll in 

this PhD program is the best one I have ever made in my life.  

I would like to express my sincere gratitude to my supervisor, Dr. Jixin Qiao, 

who selects me as your first PhD student and ferries me back to my academic 

career. You are that kind of supervisor fertilizing me with numerous great 

ideas after I knock on your office door each time, encouraging me with your 

rich experiences whenever I get frustrated by the journal’s rejections, and 

trying your best to support my explorations on any interests. I am deeply 

inspired by your enthusiasm for scientific research, from the detailed 

revisions and suggestions on each manuscript of mine as well as the 

immediate response E-mails during the midnights and holidays. Being guided 

by a dedicated and gifted scientist is of great fortune for me as a rookie 

researcher. 

I am also deeply grateful to Prof. Xiaolin Hou who I believe drinks from the 

Mímir's Well and has an encyclopedia of radiochemistry in your mind. When 

I meet you during the PhD meetings, courses, or coffee breaks, you are 

always willing to share your knowledge and give me practical suggestions. 

During the revision of my manuscripts, it always takes a much longer time to 

reply to your in-depth review comments (so I usually leave them at last to 

answer). My special thanks will be given to Dr. Jun She and Dr. Jens 

Murawski for your generous instructions and great patience on the numerical 

modeling, from the commands “cp” and “mkdir” at the very beginning to the 

completion of this thesis.  

My heartfelt thanks will go to Prof. Peter Steier, Dr. Karin Hain, and the 

colleagues at VERA for your massive helps on AMS measurement, data 

interpretation, paper revisions, and warm welcome in Vienna during the 



 

iii 

winter of 2018. The same earnest thanks will also go to Dr. Olaf Dellwig, Dr. 

Martin Schmidt, all dear friends at IOW, and the crew of EMB224 for your 

provision of samples and data, valuable comments and revisions, day and 

night samplings, and the enjoyable party on the cruise. I am deeply grateful to 

Prof. Colin Stedmon and Prof. Ole Christian Lind for your impressive and 

informative lectures that greatly enriched me during my PhD study. 

I want to say thanks to Dr. Martin Hansson, Dr. Örjan Bäck, Dr. Vesa-Pekka 

Vartti, Prof. Colin Stedmon, Dr. Ala Aldahan, Dr. Stefanie A. K. Schmied, 

and Dr. Marcus Christl for providing the samples and data. Thanks to Dr. Ole 

Krarup Leth and Dr. Jian Su for the supports on modeling at DMI. I would 

like to acknowledge all the co-authors, editors, anonymous and onymous 

reviewers for your critical review and constructive comments. Please also let 

me thank Prof. Andreas Ibrom, Prof. Pere Masqué, and Dr. Marcus Christl  in 

advance for the review of this thesis and the attendance of defense. 

I warmly appreciate all my dear friends at Risø, those who are still here 

(Christian, Eike, Feng, Gang, Guillaume, Hanne, Jakathamani, Jesper, 

Josephine, Jixin, Kasper, Liga, Mathias, Mette, Sven, Svend, Xiaolin, Yijing, 

and Yixuan) and those who have left (Birgitte, Claus, Gunnar, Helle, Jacobus, 

Jianhua, Kristina, Maruata, Mengting, Michaela, Léa, Lise, Liuchao, Nikola, 

Per, Szabolcs, Xue, Yusuf, and Yvonne). I do believe that the happy moments 

when we worked together and those “hygge” Friday breakfast will be the 

special memories about Denmark in my mind. I also thank the colleagues in 

the Climate and Monitoring Section, Department of Environmental 

Engineering, and the former Center for Nuclear Technologies. 

I would like to appreciate my master’s supervisor Prof. Yonggang Zhao who 

guided me to the academic career and encouraged me during the past ten 

years. I also want to thank Xiaoyan who informed me of this PhD scholarship 

and a chance to continue my academic career.  

Last but best, I want to express my love to my wife Ying, my daughter 

Arianna, my parents, and my parents-in-law from halfway around the world. I 

can't imagine how I make it through the three years in Denmark without your 

understandings and supports. The COVID-19 pandemic broke during this 

project. I had to be apart from my family and missed my daughter Arianna’s 

first and second birthdays, which is a pity of mine forever.  

I want to dedicate this thesis to my beloved families, especially to my 

grandfather who passed away two years ago.  



 

iv 

Summary 

The Baltic Sea is one of the world’s most polluted seas suffering serious con-

tamination, eutrophication, and hypoxia expansion. Large amounts of hazard-

ous substances and nutrients continuously enter the Baltic Sea and accumu-

late for decades due to its limited water renewal. An in-depth understanding 

of the oceanic dynamics in the Baltic Sea is of particular importance for the 

management of the marine environment. Being source-specific and highly 

soluble, anthropogenic uranium isotopes (236U and 233U) have been demon-

strated to be promising tracers for investigating oceanic dynamics. In this 

project, we investigated 236U and 233U in the Baltic Sea encompassing their 

sources, distributions, transport, and budgets through ocean observations and 

long-term hindcast simulations. Radionuclides (236U, 233U, 129I, and 99Tc) re-

leased from the European nuclear reprocessing plants were exploited as oce-

anic tracers to study the long-term hydrodynamic processes determining pol-

lutant/nutrient dynamics in the Baltic Sea and quantify the water sources in 

the entire transition zone between the North Sea and the Baltic Sea. This the-

sis contains studies in the following aspects: 

 The radiochemical procedure and quality control measures for 236U and 
233U analyses were optimized, which significantly improved the laboratory 

backgrounds of 236U and 233U, allowed the determination of ultra-trace 

level 236U and 233U in Baltic Sea water and sediment samples by accelera-

tor mass spectrometry, and assured the analytical results with desirable 

precisions and satisfactory reproducibility (Paper I). 

 Through systemic seawater and sediment sampling in the Baltic Sea, the 

spatiotemporal distributions of 236U and 233U were investigated. The glob-

al fallout of atmospheric nuclear weapon testing and the discharges from 

the European nuclear reprocessing plants have comparable contributions 

to the 236U in the Baltic Sea, whereas the 236U from the region fallout of 

the Chernobyl accident and the discharges from local nuclear facilities 

were estimated to be marginal (Paper II and III).  

 Combining ocean observations and hindcast simulations, the budget calcu-

lations were performed for global-fallout-derived and nuclear-reactor-

derived 236U in the Baltic Sea water taking the major fluxes into account, 

including the atmospheric deposition, the oceanic exchange between the 

North Sea and the Baltic Sea, and the scavenging to the sediments (Paper 

II and III). 
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 The long-term hindcast simulations suggested that a limited portion of 

radiotracers was transported from the European nuclear reprocessing 

plants to the Baltic Sea due to the limited water exchange between the 

North Sea and the Baltic Sea. The Baltic Sea has a strong memory effect 

arising from its slow water renewal: any existing pollutants/nutrients in 

the Baltic Sea have up to ~20 years of ecological half-life and are contin-

uously exported to the ambient areas for decades (Paper III and IV). 

 Using a multi-tracer approach (salinity-127I-236U) and an end-member mix-

ing algorithm, the major water masses in the transition zone between the 

North Sea and the Baltic Sea were distinguished and quantified. The tran-

sition zone shows a highly stratified structure characterized by a relatively 

high proportion of freshwater in surface waters, English Channel water 

above the intermediate layer, and Atlantic water in bottom waters. Signifi-

cant seasonality is observed with more Atlantic water in summer and Eng-

lish Channel water in winter (Paper V). 
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Dansk sammenfatning 

Østersøen er et af verdens mest foruenede have, med både kraftig kontamine-

ring, eutrofiering og udbredt iltmangel.  Store mængder forurenende substan-

ser og næringsstoffer tilføres kontinuerligt Østersøen, og er ophobet over år-

tier på grund af begrænset vandfornyelse.  En dybere forståelse af havdyna-

mikken i Østersøen er meget væsentlig for at kunne styre det marine miljø.  

Da de antropogene uranisotoper 236U og 233U er kildespecifikke og højopløse-

lige, er det påvist, at de er nyttige tracere til undersøgelser af havdynamik i 

Østersøen.  I dette projekt er 236U og 233U undersøgt I Østersøen med henblik 

på kilder, fordeling, transport og budgetter, gennem havobservationer og 

langsigtede hindcast-simuleringer.  Radionuklider (236U, 233U, 129I, og 99Tc) 

frigivet fra nukleare oparbejdningsanlæg anvendtes som tracere til undersø-

gelse af langsigtede hydrodynamiske processer til bestemmelse af forure-

nings- og næringsstofdynamik i Østersøen.  Afhandlingen indeholder under-

søgelser af følgende aspekter:   

 Den radiokemiske procedure og kvalitetskontrolmetoderne til analyser af 
236U og 233U blev optimeret, hvilket betydeligt formindskede laborato-

riebaggrundssignalerne fra de to radionuklider, muliggjorde bestemmelse 

af ultra-trace niveau 236U og 233U i vand- og sedimentprøver fra Østersøen 

med accelerator massespektrometri, og sikrede analyseresultater med øn-

skelig præcision og tilfredsstillende reproducerbarhed (Paper I). 

 Ved systemisk havvands- og sedimentprøvetagning i Østersøen er den 

rumlige og tidsmæssige fordeling af 236U og 233U blevet undersøgt.  Glo-

bal fallout fra atmosfæriske atomvåbenprøvesprængninger og udledninger 

fra nukleare oparbejdningsanlæg har givet lignende bidrag til den totale 

mængde 236U i Østersøen, hvorimod regionens kontaminering fra Tjerno-

byluheldet og udledninger fra lokale nukleare faciliteter vurderes at være 

marginal. (Paper II og III). 

 Ved kombination af havundersøgelser og hindcast-simuleringer er bud-

getberegninger blevet udført for global fallout relateret og atomreaktor re-

lateret 236U i Østersøen, under hensyntagen til væsentlige tilførsler og 

strømninger, såsom atmosfærisk deponering, havvandsudveksling mellem 

Nordsøen og Østersøen, og udvaskningsprocesser til sedimenter (Paper II 

og III).   
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 De langsigtede hindcast-simuleringer antyder, at en begrænset mængde 

radiotracere er transporteret fra de nukleare oparbejdningsanlæg til Øster-

søen, på grund af den begrænsede vandudveksling.   Østersøen har en 

kraftig hukommelseseffekt på grund af den langsomme vandfornyelse.  

Den eksisterende forurening og næringsstofferne i Østersøen har en øko-

logisk halveringstid på op til 20 år, og er gennem årtier kontinuerligt ble-

vet eksporteret til de omgivende områder (Paper III og IV). 

 Ved anvendelse af en multitracer-metode (salinitet, 129I og 236U) og en 

end-member mixing algoritme er de væsentlige vandmasser i overgangs-

zonen mellem Nordsøen og Østersøen blevet diskrimineret og kvantifice-

ret.  Overgangszonen udviser en udpræget stratificeret struktur, karakteri-

seret ved relativt mere ferskvand i overfladevandet, mere vand fra den en-

gelske kanal i mellemlaget, og mere vand fra Atlanterhavet i bundlagene.  

Der er observeret betydelig sæsonafhængighed med mere vand fra Atlan-

terhavet om sommeren, og mere vand fra den engelske kanal om vinteren 

(Paper V).  
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1 Introduction 

1.1 The Baltic Sea and environmental stresses 

1.1.1 General hydrographical features of the Baltic Sea 

Located in Northern Europe, the Baltic Sea is one of the worldwide largest 

brackish water bodies with a surface area of 393,000 km2 and a catchment 

area of 1,630,000 1. After the retreat of the Fennoscandia Ice Sheet, a contin-

ual land uplift and the global sea-level rise led to several alternations of the 

Baltic Sea between fresh phase and brackish phase during the Holocene1, and 

finally result in the current brackish state with an average salinity of 7.4 

PSU2. Nowadays, the Baltic Sea is only connected to the open ocean (the 

North Sea and the North Atlantic Ocean) via a transition zone between the 

North Sea and the Baltic Sea. The detailed hydrographical properties of the 

modern Baltic Sea are summarized in Table 1. 

Table 1. The principle hydrographical properties of the Baltic Sea. 

Parameter Value Parameter Value 

Surface area1 393,000 km2 Catchment area1 1,630,000 km2 

Mean depth1 54.0 m Maximum depth1 459 m 

Water volume1 21,200 km3 Saline water residence time3,4 30 years 

Mean salinity2 7.4 PSU Mean hypoxic area5 49,000 km2 

Mean inflow flux6 634 km3/year Mean outflow flux6 1107 km3/year 

Mean river runoff7 454 km3/year Catchment population8 85 million 

Catchment countries 

Coastal: Denmark, Estonia, Finland, Germany, Latvia, Lithuania, 
Poland, Russia, Sweden 

Non-coastal: Belarus, Czech Republic, Norway, Slovakia, Ukraine 

Major water masses 
and salinity [PSU] 

Atlantic water: > 34.5 

Jutland coastal water: 32 - 34.5 

Baltic inflows/outflows: 15 - 32 

Baltic surface water: 5 - 9 

Baltic bottom water: 9 - 15 

Freshwater: < 5 

 

Figure 1 illustrates the general water circulation of the Baltic Sea and the 

adjacent areas of the North Sea and the North Atlantic Ocean. The North Sea 

receives the saline Atlantic waters at its northern boundary from the Fair Isle 

Current, the Shetland Shelf Inflow, and the bottom Norwegian Trench In-

flow9,10. Meanwhile, the coastal waters also enter the North Sea through the 

English Channel (European Coastal Current) and along the coastlines of 
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Great Britain (Scottish Coastal Current)9,10. The cyclonic circulation of the 

North Sea brings these coastal waters and entrained Atlantic waters to the 

Skagerrak (Jutland Coastal Current), where they meet the Baltic outflowing 

waters9,10. Driven by the sea-level differences and horizontal density gradient 

between the Kattegat and the Arkona Basin, saline waters are imported from 

the transition zone to the Baltic Sea via the bottom of the narrow and shallow 

Danish Straits by the strong-intensity barotropic inflows (also called Major 

Baltic Inflows) and the medium-intensity baroclinic inflows1,11,12. The Baltic 

inflows spread along the bottom slope from the Danish Straits to the Eastern 

Gotland Basin, and renew the bottom waters of the subbasins along the 

transport passage1,12. The deep-water flow continues either northwestwards 

into the Western Gotland Basin or eastward into the Gulf of Finland, but its 

further transport into the Bothnian Sea is blocked by the sill between the 

Bothnian Sea and the Northern Baltic Proper1,12,13. The mean surface circula-

tion of the Baltic Sea is anti-clockwise and governed by the cyclonic activi-

ties over the Baltic region1. The large river runoff from the Baltic Sea’s 

catchment results in strong outflowing surface water in the transition zone1, 

which is the onset of the Norwegian Coastal Current heading northward along 

the Norwegian coastlines to the subpolar region.  

 

Figure 1. The water circulation of the North-Baltic Sea (A) and major sub-basins of 

the Baltic Sea (B). The solid and dashed arrow lines represent the most relevant surface 

and deep currents, including the Norwegian Atlantic Current (NwAC), Norwegian Coastal 

Current (NCC), Shetland Shelf Inflow (SSI), Norwegian Trench Inflow (NTI), Fair Isle 

Current (FIC), Scottish Coastal Current (SCC), European Coastal Current (ECC), Jutland 

Coastal Current (JCC), Baltic inflows and outflows (BI and BO). 
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In general, the Baltic Sea is characterized by the following two major hydro-

graphical features: 

 Slow water renewal: The renewal of the Baltic Sea relies on the saline 

Baltic inflows (avg. flux = 634 km3/year)6 and the freshwater supply (avg. 

flux = 454 km3/year)7 from numerous rivers of the vast catchment. The 

inputs of saline waters are rather limited compared with the water volume 

of the Baltic Sea (21,200 km3)1, resulting in a long residence time for the 

saline water of approximately 20 years3,4. 

 Highly stratified structure: the comparable supplies of saline and fresh 

water create a horizontal salinity gradient decreasing from 15 - 35 PSU in 

the transition zone between the North Sea and the Baltic Sea to 6 - 14 

PSU in the southern and middle Baltic regions, and to < 6 PSU in the 

northern Baltic region. In winter, there is a permanent halocline at the 

depth of 40 - 80 m; while in summer, the seasonal thermocline and three 

layers structure develop in the Baltic Sea: warm and fresher upper layer, 

saltier cold intermediate layer, and saltiest and warmer deep layer. The 

vertical density gradients between these three layers have great im-

portance for the vertical fluxes and the functioning of the sea, i.e. isolating 

the saline and deoxygenated deep waters from the fresh and oxygenated 

surface waters14. 

1.1.2 Environmental stresses on the Baltic Sea 

The Baltic Sea is facing various environmental stresses introduced by human 

activities. Large amounts of hazardous substances and nutrients are continu-

ously discharged into the Baltic Sea from its vast catchment inhabited by 85 

million people8. Many pollutants/nutrients accumulate in the semi-enclosed 

Baltic Sea for decades owing to its slow water renewal rate3, making the Bal-

tic Sea one of the world's most heavily polluted seas suffering serious con-

tamination, eutrophication, and hypoxia expansion8. 

 Hazardous substances: The Baltic Sea receives various types of hazard-

ous substances from the point sources (wastewater treatment plants), dif-

fuse sources (agriculture and leaching from waste deposits and household 

materials), atmospheric deposition (combustion for urban and industrial 

uses and the Chernobyl nuclear accident), rivers and the North Sea. The 

major types of hazardous substances include man-made organic chemicals 

(e.g. polybrominated diphenyl ethers and tributyltin), heavy metals (e.g. 

mercury and lead), plastic litters, and radionuclides (e.g. 137Cs)15. Many 
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hazardous substances are non-degradable and accumulative in the aquatic 

food web and thereby can cause long-term damages to the ecosystem15. 

 Eutrophication: The excess inputs of nitrogen and phosphorus com-

pounds since the 1940s have induced severe eutrophication in the Baltic 

Sea16. Even though the nutrient loadings have significantly decreased 

since the 1980s, >97 % of the surface area in the Baltic Sea is still as-

sessed to be eutrophied at present16. Eutrophication leads to excessive 

primary production and more frequent algae bloom in the Baltic Sea, 

thereby worsening the water clarity, exacerbating the hypoxia in the bot-

tom waters, and eventually reducing the marine biodiversity16. 

 Hypoxia: Due to the highly stratified structure, hypoxia is intrinsically 

present in some deep subbasins of the Baltic Sea8 and enhanced by the ex-

cessive nutrient loadings due to human activities17,18. The renewal of hy-

poxic (and sometimes even anoxic) bottom waters in the Baltic Sea main-

ly relies on the oxic saline inflows from the North Sea17,18, the frequency 

of which is low in the recent 40 years and only becomes slightly higher 

since 2014 19. However, whether the Baltic inflow events can improve the 

hypoxia status in the Baltic Sea is still questionable, as they also lead to a 

strengthened stratification, a propagation of nutrient-rich waters to the ad-

jacent areas, and an enhanced release of phosphorus from the sediments, 

which jointly contribute to a subsequent expansion of hypoxia in the Bal-

tic Sea5,8,17. 

1.1.3 Challenges in environmental management 

Under the structure of the Baltic Marine Environment Protection Commission 

(also known as the Helsinki Commission, HELCOM), the Baltic Sea Action 

Plan was adopted by the coastal countries in 2007, and the comprehensive 

measures have been carried out towards a Baltic Sea in good environmental 

status by 2021. These measures include setting the Maximum Allowable In-

puts and Country Allocated Reduction Targets for nitrogen and phosphorus 

and eliminating the municipal and industrial pollution sites on the HELCOM 

Hot Spots list8. Even though the nutrient loadings have decreased close to the 

Maximum Allowable Inputs and 75% of pollution sites have been closed by 

2020 8, the recent assessment indicated that the legacies largely remain after 

decades’ accumulation of nutrient/pollutant loadings at higher than sustaina-

ble levels. As the eutrophication and contamination in the Baltic Sea are far 

from good status by 2021 8, an updated Baltic Sea Action Plan has been an-
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nounced to implement more concrete actions before 2030 towards a Baltic 

Sea unaffected by eutrophication, hazardous substances, and marine litters20. 

It has been acknowledged that the Baltic Sea’s circulation plays a more sig-

nificant role in determining the fates of nutrients/pollutants than expected16,21, 

as oceanic transport is always among the major fluxes for the budgets of nu-

trients/pollutants (e.g. nitrogen, phosphorus, and heavy metals) in the Baltic 

Sea22–24. Even if the nutrient/pollutant loadings are controlled at sustainable 

levels, their legacies will only be slowly diluted by the water renewal of the 

Baltic Sea16, and ecosystem models suggested that the response time of the 

Baltic Sea to the nutrient reductions should be several decades8. In addition, 

any changes of pollutants/nutrients in a subbasin of the Baltic Sea will subse-

quently propagate to the neighboring subbasins due to the water exchange 

and mixing. Therefore the Country Allocated Reduction Targets will be re-

placed by the Nutrient Input Ceilings, in which extra reduction targets will be 

accounted for the “upstream” countries21. However, we currently still lack a 

detailed understanding on long-term pollutant/nutrient dynamics in the Baltic 

Sea, e.g. the general ecological half-lives of pollutants/nutrients in the Baltic 

Sea, the exchange of pollutants/nutrients between the North and Baltic Sea, 

and their transport between different subbasins of the Baltic Sea. Filling these 

knowledge gaps is of particular importance for the researchers and policy-

makers to propose targeted and adaptive measures and actions, but achieving 

this target essentially relies on the establishment of robust tracer approaches 

to enable in-depth investigations of ocean dynamics in the North-Baltic Sea. 

1.1.4 Oceanic tracer studies in the Baltic Sea 

With the use of different oceanic tracers, many efforts have been dedicated to 

tracking the formation, transport, and mixing of water masses in the North 

Sea and the Baltic Sea by numerical modeling and ocean observation. For 

physical oceanographers, three-dimensional (3D) ocean models have become 

powerful tools to depict the thermohaline and wind-driven circulations of the 

Baltic Sea12,25. The ages of saline and fresh waters of the Baltic Sea can also 

be estimated by adding a virtual passive tracer to the targeted water mass 

with prescribed properties (typically salinity and temperature) at the lateral 

boundaries, sea surface, or river mouths12,26. Even though the numerical sim-

ulations can provide useful knowledge on the ocean dynamics of the Baltic 

Sea27, there are some inherent shortcomings: (1) even with correct simula-

tions for the salinity and temperature, the simulated marine transport may still 

be biased, especially in the regions characterized by strong density gradients, 
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topographic steering, and complex water-mass mixing (e.g. the transition 

zone)28; (2) the detailed mixing and exchange between the water masses with 

similar salinity and temperature are difficult to be identified and quantified 

(e.g. the mixing of saline waters in the transition zone); (3) even though the 

above-mentioned virtual tracer approach can be used to estimate water ages, 

it is impossible to verify the age results through the observations on salinity 

and temperature.  

Hence, some natural or anthropogenic chemical and radioactive substances 

released to the Baltic Sea have been exploited as oceanic tracers for a better 

understanding of the hydrodynamic processes that are poorly simulated or 

hardly noticed in the 3D ocean models. For instance, an inert gas, CF3SF5, 

was injected at the bottom of the central Baltic Sea to study the deep-water 

mixing rates and processes29,30, which were not fully understood by modeling 

at that time13. Based on the observations of dissolved organic matter (DOM), 

nutrients, and radionuclides, numerous efforts were dedicated to quantifying 

the water-mass compositions of the central North Sea water, the German 

Bight water, and the Baltic outflowing water in the transition zone31–36. Nev-

ertheless, physical oceanographers seldom investigated the water sources in 

the transition zone, probably owing to the similar salinity of the saline waters 

from the North Sea and the Atlantic Ocean. Due to the complex hydrograph-

ical conditions and long water residence time of the Baltic Sea, an in-depth 

understanding of the ocean dynamics in the Baltic Sea requires a large-scale 

tracer survey with a timescale of decades (at least comparable with the water 

residence time), which is usually quite costly and time-consuming.  

As the 3D ocean models can simulate the dispersion of passive tracers (those 

just follow the water flow) along with the ocean currents, a combination of 

numerical modeling and ocean observation becomes a practical approach to 

investigate the large-scale and long-term spatiotemporal distribution of nutri-

ents/pollutants in the Baltic and uncover the ocean dynamics beneath. Ocean 

observations facilitate the validation of the modeling results and provide 

qualitative information about the distribution, transport, and mixing of differ-

ent water masses28. The well-calibrated 3D ocean models, on the other hand, 

have the advantages of hindcasting and forecasting the spatiotemporal distri-

bution of nutrients/pollutants, quantitatively characterizing their instantane-

ous fluxes and inventories, and filling the gaps where the observations are 

unavailable or insufficient28.  
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1.1.5 Anthropogenic radionuclides as oceanic tracers 

To investigate targeted hydrodynamics processes, the selection of appropriate 

tracer is a key point for both numerical simulations and ocean observations. 

Commonly used oceanic tracers include salinity, temperature, and chemical 

tracers (such as nutrients, DOM, chlorofluorocarbons (CFCs), and sulfur hex-

afluoride (SF6)). However, these tracers suffer from methodological chal-

lenges in their source identification. 

During the past decades, large amounts of radioactive substances (e.g. 137Cs, 

99Tc, 129I, and 236U) are continuously imported into the Baltic Sea along with 

the Baltic inflows from the two European nuclear reprocessing plants (NRPs) 

at Sellafield and La Hague36–39. They are empowered with superiorities over 

other traditional tracers for tracing long-term hydrodynamic processes related 

to the saline waters of the Baltic Sea, e.g. the water exchange between the 

North Sea and the Baltic Sea. These reprocessing-derived radionuclides are 

usually characterized by extremely low natural backgrounds, nonequilibrium 

dispersion states in the ocean, point-source releases, and accessible discharge 

histories. In particular, the well-constrained point-source releases assure reli-

able input functions for the hindcast simulations. Besides, the dominant con-

tribution of the NRPs to some anthropogenic radionuclides (e.g. 129I and 99Tc) 

in the North Sea and its adjacent areas (including the Baltic Sea) streamlines 

the source-term identification in their observations, assuring a robust model 

validation. 

Among these reprocessing-derived radionuclides, 99Tc (t½=0.211 Ma), 129I 

(t½=15.7 Ma), and 236U (t½=23.4 Ma) are promising candidates, as all of them 

are long-lived radionuclides (i.e. no decay correction needed) and have con-

servative behaviors in the open ocean. With the advances in accelerator mass 

spectrometry (AMS), the accurate determination of 129I and 236U in small vol-

ume seawater samples (several milliliters to liters) promotes their applica-

tions in oceanic tracer studies40. In contrast, current 99Tc analysis still relies 

on traditional radiometric methods requiring several hundred liters of sea-

water samples. 

In many cases, the combination of dual or multiple radiotracers can provide 

more powerful tools in oceanic studies. For instance, 129I and 236U have re-

verse discharging trends from the NRPs (Figure 2), leading to a continuous 

increase of 129I/236U atomic ratios in the North Sea waters since the 1970s41. 

This feature makes the 129I/236U atomic ratio an ideal age tracer, which has 
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been used to quantify the circulation timescale of Atlantic waters in the Arc-

tic Ocean40. The temporally increasing trend of 129I/236U atomic ratios is also 

expected in the saline inflowing waters from the North Sea to the Baltic Sea, 

which would enable the water-age estimations in the Baltic Sea. Besides, the 

discharges from La Hague are expected to have relatively higher 129I/236U 

atomic ratios than the contemporaneous discharges from Sellafield. This phe-

nomenon provides the additional potentials to distinguish the tagged inflow-

ing waters from the Scottish Coastal Current and the European Coastal Cur-

rent to the North Sea, respectively (Figure 1).   

 

Figure 2. The atomic ratios of 129I/236U in the liquid discharges from the two European 

nuclear reprocessing plants (NRPs) at Sellafield and La Hague. 

 

Up to now, there have been numerous works about the sources, distributions, 

speciation, transport, and tracer applications of 129I in the Baltic Sea39,42–46, 

but little is known about 236U in the Baltic Sea (even its sources and distribu-

tion). Another challenge for 236U was the potential interferences of the ubiq-

uitous global-fallout-derived (GF-derived) 236U to the reprocessing-derived 
236U in the North Sea and Baltic Sea (see the sources of 236U in section 

1.2.2). The GF-derived 236U will result in systematic deviations between the 

observations and simulations (if the ocean model only simulates reprocessing 

signals). Recently, with the accessible measurement of another anthropogenic 

uranium isotope, 233U, in environmental samples, quantitative subtraction of 

the GF-derived 236U contribution is possible (see details in section 1.2.5). 

Therefore, we foresee that the application of a 233U-236U dual tracer will ena-

ble the full potentials of reprocessing-derived 236U in tracing saline waters of 

the Baltic Sea. 
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1.2 Anthropogenic U-236 and U-233 as oceanic 

tracers 

Up to date, efforts have been made to build up essential knowledge on 236U 

and 233U in terms of their production pathways, sources in the environment, 

measurement techniques, and tracer applications.  

1.2.1 Natural and anthropogenic uranium isotopes 

Uranium, with an atomic number of 92, is the most important radioactive el-

ement. This is not only because Antoine Henri Becquerel accidentally dis-

covered the phenomenon of radioactivity by exposing a photographic plate to 

a uranium sample in 1896, but also because uranium has a naturally occurring 

fissile isotope 235U and an abundant fertile isotope 238U, which are widely 

used in nuclear weapon and energy production. 

In nature, the major uranium isotopes are 238U (99.27%), 235U (0.72%), and 
234U (0.0054%), and all of them are α emitters (Table 2). In addition to the 

three natural uranium isotopes, the long-lived 236U (t½=23.4 Ma) and 233U 

(t½=159 Ka) and short-lived 232U (t½=68.9 a) are mainly of anthropogenic or-

igins, including the operation of nuclear reactors and the detonations of nu-

clear weapons (see sections 1.2.2 and 1.2.3).  

Table 2. Important natural and anthropogenic uranium isotopes.  

Isotope Abundance Half-life Decay mode: energy and intensity47  Application 

238U 99.27% 4.47 Ga : 4.27 MeV (100%); SF (5.45 x 10-5) fertile material 

235U 0.72% 704 Ma : 4.68 MeV (100%); SF (7 x 10-9) fissile material 

234U 0.0054% 246 Ka : 4.86 MeV (100%); SF (1.64 x 10-9) / 

236U 10-14 – 10-9 23.4 Ma : 4.57 MeV (100%); SF (9.4 x 10-8) tracer 

233U 10-14 – 10-11 159 Ka : 4.91 MeV (100%); SF (< 6 x 10-11) 
fissile material; 
tracer 

232U / 68.9 a : 5.41 MeV (100%); SF (2.7 x 10-12) tracer 

SF: spontaneous fission. 

 

1.2.2 Production and sources of U-236 

The production of 236U (Table 3) is mainly related to the thermal neutron 

capture reaction of 235U, the fast neutron-induced reaction of 238U, and the α 

decay of 240Pu (t½=6.56 Ka)48,49. In nature, the 236U is mainly produced by the 
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thermal neutron capture reaction of naturally occurring 235U. The cross-

section of this reaction (98.7 barns) is about 1/6 of the thermal neutron fis-

sion reaction of 235U (585 barns)50. Thermal neutrons in nature have three 

sources: (1) cosmogonic thermal neutrons; (2) thermal neutrons from (α,n) 

reactions on light nuclei (such as Na, Ca), where α particles originate from 

the decays of uranium, thorium, and their daughters; and (3) thermal neutrons 

from the spontaneous fission of 238U 48,49. Besides, the fast neutron-induced 

reaction on 238U gives a minor contribution to the natural 236U in the crust 

surface, where the fast neutrons are of cosmic origins48. The 236U/238U atomic 

ratio was estimated to be (1 - 5) × 10-14 in the deep crust that is free from 

cosmic neutrons. In the surface crust, the 236U/238U atomic ratio rises by 1 - 2 

orders of magnitude48,49. The 236U/238U atomic ratios ranging from 10-11 to 10-

9 were observed in the uranium ores with high uranium contents48.  

The anthropogenic production of 236U involves several pathways: (1) thermal 

neutron capture reaction of 235U in power and research reactors; (2) fast neu-

tron-induced reaction of 238U during the tests of nuclear weapons where natu-

ral or depleted uranium was used as tamper material; and (3) the decay of 
240Pu (t½=6.56 Ka) that is mainly released by the nuclear weapon testing48,49. 

The documented data of the NRP at La Hague revealed that the 236U/238U 

atomic ratios in the liquid discharges ranged within 10 -4 - 10-3 during 1966-

1996 51. At the time of the Chernobyl accident on April 26, 1986, the 
236U/238U atomic ratio in the Unit 4 reactor core was estimated to be as high 

as 1.9 × 10-2 52. The global deposition of anthropogenic 236U from the atmos-

pheric nuclear weapon testing and the local discharges from civil nuclear in-

dustrials result in a wide range of 236U/238U atomic ratios (10-13 - 10-6) in the 

global marine systems (Figure 3)38,40,41,53–75.  
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Table 3. The major production pathways for 236U and 233U.  

Production reaction 
Neutron 
energy 

Cross section 

[barn] 

Natural source Anthropogenic source 

Target isotope 
abundance [%] 

Sources of induced 
neutron 

Target isotope 
abundance [%] 

Sources of induced 
neutron 

235U (n,) 236U Thermal 98.7 NU (0.72) 

(α,n) reactions; 

SF of 238U; 

Cosmic radiation 

NU or LEU 

(0.72-3) 

Heavy water reactors or 

light water reactors 

238U (n,3n) 236U 
Fast 

(>11 MeV) 

0.406 

(14 MeV) 
NU (99.28) Cosmic radiation NU or DU (99.28>) Nuclear weapon testing 

239Pu (n,) 240Pu 
𝜶
→ 236U Thermal 747 / / 

WGPu 

(239Pu: >93 
240Pu< 7) 

Military plutonium    
production reactors 

232Th (n,) 233Th 
𝜷−

→  233Pa 
𝜷−

→  233U Thermal 7.34 NTh (99.98) 

(α,n) reactions; 

SF of 238U; 

Cosmic radiation 

NTh (99.98) Thermal reactors 

235U (n,3n) 233U 
Fast 

(>12 MeV) 

0.03 

(14 MeV) 
NU (0.72) Cosmic radiation HEU (20>) Nuclear weapon testing 

238U (n,2n) 237U 
𝜷−

→  237Np
𝜶
→ 233Pa 

𝜷−

→  233U 
Fast 

(>6 MeV) 

0.97 

(14 MeV) 
NU (99.28) Cosmic radiation NU or DU (99.28>) Nuclear weapon testing 

NU: natural uranium; LEU: low-enriched uranium; HEU: highly enriched uranium; DU: depleted uranium; NTh: natural thorium; WGPu: weapon-grade 
plutonium; and SF: spontaneous fission. The cross-section data are from JENDL-4.0 database50.
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Figure 3. Comparison of the 236U/238U atomic ratios in global oceanic systems. The red 

and green bars represent the detection limits of our analytical method for 2 L seawater 

(with 238U concentrations of 1 - 3 μg/kg) based on the previous and improved procedure 

blanks, respectively (see section 3.1.1). 

 

As shown in Table 4, besides a minor amount of naturally occurring 236U 

(about 35 kg)48, the majority of environmental 236U originates from human 

nuclear activities. It was estimated that about 900 - 2100 kg of 236U have been 

released to the atmosphere by the aboveground nuclear weapon testing during 

1945-1980 and deposited as global fallout49,54,55,76. Even though 106
 kg of 

236U was estimated to be produced by nuclear reactors, most of them remain 

in the spent nuclear fuel48. Reported 236U discharges from the NRPs to the 

ocean include ~240 kg from Sellafield (United Kingdom), ~25 kg from La 

Hague (France), and 10 - 20 kg from Marcoule (France)60,77. About 3 - 4 tons 

of nuclear fuel containing 60 - 80 kg of 236U were estimated to be released 

into the atmosphere from the Chernobyl accident52,78. However, most of 236U 

in the hot particles/debris of nuclear fuel was deposited in the vicinity of 

Chernobyl Nuclear Power Plant, and the contribution of the Chernobyl acci-

dent to the 236U in the global environment should be limited71,79–81, e.g. < 5% 

(1 kg) in the Mediterranean Sea60. Moreover, a total of 3 kg of 236U was esti-

mated to be produced by the decay of deposited 240Pu fallout (4.35 PBq)52 in 

the past 60 years, which is also a minor contribution to the overall 236U inven-

tory in the environment.  
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Table 4. Major sources of 236U and 233U in the environment.  

Sources 236U [kg] Ref 233U [kg] Ref 

Nature 35 48   

Nuclear weapon testing     

  Direct deposition 900 - 2100 49,54,55,76 9 - 15 This work 

  Decay of parent radionuclides 3 * 52 0.028 ** 82 

Nuclear reprocessing plants     

  Sellafield (United Kingdom) >237 77   

  La Hague (France) 25 77 7.5 x 10-6 51 

  Marcoule (France) 10 - 20 60   

Nuclear accident     

  Chernobyl accident fallout 60 - 80 *** 52,78   

  Fukushima accident fallout 3 x 10-4 83   

***  Estimated from the decay of GF-derived 240Pu (4.35 PBq; UNSCEAR (2000))52;  

***  Estimated from the decay of GF-derived 237Np (1500 Kg; Beasley et al. (1998))82; 

***  Estimated from the dispersed nuclear fuel from the Chernobyl accident (3 - 4 tons, Salbu et 
al. (2018))78 and the estimated 236U/238U atomic ratio (~2%; UNSCEAR (2000))52 in the re-
actor core during the accident. 

 

1.2.3 Production and sources of U-233 

The major production pathways of 233U (Table 3) are the thermal neutron 

capture reaction of 232Th and associated beta decays, the fast neutron-induced 

reactions of 235U, and the alpha decay of 237Np 84. In nature, the prevailing 

production of 233U should be the thermal neutron capture reaction of 232Th. 

The thermal neutrons are also from the (α,n) reactions on light nuclei, the 

spontaneous fission of 238U, and the cosmic radiation84. On one hand, the 

thermal neutron capture reaction of 232Th has a much higher cross-section 

(7.37 barns) than those for fast neutron-induced reactions of uranium isotopes 

(<1 barn). On the other hand, the fast neutron-induced reactions are sup-

pressed in the deep crust where the cosmic fast neutrons cannot penetrate. In 

thorium and uranium ores, the atomic ratios of 233U/238U ranging from 10-14 to 

10-11 were observed84. 

The anthropogenic 233U is mainly produced from the thermal neutron capture 

reaction of 232Th in thermal reactors (e.g. ~2 tons in the United States)85 and 

the fast neutron-induced reaction of 235U during the explosions of thermonu-

clear weapons using high-enriched uranium as tamper materials84. The con-

tribution of the fast neutron-induced reaction of 238U should be very limited 

due to the long half-life of 237Np (t½=2.14 Ma). Negligible 233U is produced 
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from 235U in the nuclear power and research reactors with the low fast neu-

tron fluxes84, which is supported by the low 233U/238U atomic ratios (10-11 - 

10-10) in the discharges of La Hague. The only mass release of anthropogenic 
233U to the environment is expected to be the tests of nuclear weapons fuelled 

with 233U or the explosions of thermonuclear weapons equipped with high-

enriched uranium tamper84, but little is known about the total 233U inventory 

in the environment (Table 4). 

1.2.4 Analytical methods for U-236 and U-233 in environmen-

tal samples 

Due to the low specific activities of 236U and 233U (2.40 × 106 and 3.53 × 108 

Bq/g, respectively), the determination of the ultra-trace level of 236U and 233U 

(10-15 - 10-12 g) in the environmental samples is not feasible with tradit ional 

radiometric methods. Instead, it relies on highly sensitive mass spectrometry 

techniques, among which accelerator mass spectrometry (AMS) is the most 

frequently utilized due to its superior abundance sensitivity (10-15 - 10-13 for 
236U/238U atomic ratio)58,86–88. The recent development in modern AMS in-

struments made it accessible to measure 233U/238U at environmental lev-

els84,88, which offered the possibility to carry out pioneered research on envi-

ronmental 233U. 

The other mass spectrometry techniques such as triple quadrupole inductively 

coupled plasma mass spectrometry (ICP-QQQ)89,90 and thermal ionization 

mass spectrometry (TIMS)91–93 have pushed the accurate measurement of 
236U/238U atomic ratio down to 10-10. In addition, secondary ion mass spec-

trometry (SIMS)94–96 and laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS)97–99 are practical tools to determine 236U/238U 

atomic ratio in particle samples mainly for nuclear forensics. Yet, all these 

mass spectrometric techniques are less sensitive compared to AMS in 
236U/238U measurement, and still impossible to detect 233U/238U at environ-

mental levels. 

Before the mass spectrometry measurement, a radiochemical procedure is 

usually needed to separate uranium from matrix and interferences. The typi-

cal radiochemical procedure is comprised of co-precipitation, ion exchange or 

extraction chromatography, and target preparation. Acid digestion or alkaline 

fusion is often applied for the decomposition of solid samples before the ra-

diochemical separation. 
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1.2.5 Tracer applications of U-236 and U-233 

Anthropogenic U-236 as the oceanic tracer 

Since the 1950s, the marine environment has received a significant amount of 
236U from the global fallout of atmospheric nuclear weapon testing, resulting 

in a typical 236U/238U atomic ratio of ~10-9 or a 236U concentration of ~107 

atoms/L in the surface water of the modern open ocean55. In the Irish Sea, the 

North Sea,  and their adjacent areas, elevated 236U concentrations (up to ~1010 

atoms/L) 65,74,75 were observed due to the liquid discharges of 236U from the 

NRPs at Sellafield and La Hague. The wide range of 236U/238U atomic ratios 

(~10-13 - 10-6)38,40,41,53–75 in the global marine systems (Figure 3) suggests that 

the dispersion of anthropogenic 236U has not reached an equilibrium state. 

Uranium is present as anionic carbonate complexes (UO2(CO3)2
2− and 

UO2(CO3)3
4−) in the natural oxic seawater, and its conservative behaviors in 

the open ocean assure the long-range transport of uranium isotopes by ocean 

currents84. Hence, many studies exploited 236U as a transient tracer to investi-

gate the oceanic circulation, water-mass mixing, and transit timescale, for 

instance, in the North Atlantic Ocean and the Arctic Ocean40,41,61,65,67–69.  

As the inflowing Atlantic waters to the Arctic Ocean is recognized as one of 

the main drivers of the sea-ice loss in the Arctic Ocean100,101, previous works 

made a lot of efforts to constrain the pathways of the Atlantic waters tagged 

by the radionuclides discharged from Sellafield and La Hague. The most ap-

plied radiotracers before the 1990s included 137Cs (t½=30.2 a), 134Cs (2.06 a), 
90Sr (t½=28.8 a), and 3H (t½=12.3 a)102–104. In the recent decade, a combina-

tion of the long-lived 129I and 236U becomes popular with superior properties, 

such as no need for decay correction and a monotone increasing tendency of 
129I/236U atomic ratios in the discharges from Sellafield and La Hague 

(Figure 2). The time-dependent 129I/236U atomic ratios further enabled the 

quantification of circulation timescale of Atlantic Water in the surface and 

mid-depth layers of the Arctic Ocean40,41,61,68. 

Identification of emission source by U-233/U-236 atomic ratio 

Different from 129I that is mostly released from the NRPs (especially La 

Hague), 236U suffers the methodological difficulty in discriminating 236U 

from both important sources, global fallout and NRPs, in the North Sea, the 

North Atlantic Ocean, and the Arctic Ocean58,68,72, which is the major limita-

tion in its tracer application. The recent achievements in AMS for 233U meas-

urement in environmental samples84,88 open the possibility to exploit the 
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233U/236U atomic ratio as a fingerprint to identify the origins of anthropogenic 

uranium84.  

Different production pathways and emission histories result in different 
233U/236U atomic ratios for anthropogenic uranium sourced from the global 

fallout and civil nuclear industries84. In the environment, the integrated 
233U/236U atomic ratio for global fallout is suggested to be (1.40 ± 0.15) × 10-

2 after the intensive atmospheric deposition of 236U and 233U from nuclear 

weapon testing between the 1950s and the 1970s84,105. Whereas the routine 

discharges (e.g. from the nuclear reprocessing plants) and accidental releases 

(e.g. from the Chernobyl and Fukushima accidents) of 236U and 233U from 

civil nuclear industries are expected to have extremely low 233U/236U ratios84. 

The 233U/236U atomic ratios in the liquid discharges from La Hague were at 

the level of 10-7 - 10-6, which are in line with the modeling results for the nu-

clear fuel in pressurized water reactors51,106. The above-mentioned feature 

allows the identification of the origins of anthropogenic uranium and the pre-

cise quantification of 236U from global fallout and civil nuclear industries us-

ing 233U/236U atomic ratio as an isotopic fingerprint (see section 2.5.1), which 

have been demonstrated by the recent studies in the Danish Straits, the sur-

face waters of the Baltic Sea, and the Greenland coast38,72,84. 
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1.3 Research challenges and objectives 

1.3.1 Challenges in this project 

In this research, we aim to establish a 233U-236U oceanic tracer system in the 

Baltic Sea and explore its potentials to investigate the long-term hydrody-

namic processes determining the pollutant/nutrient dynamics in the North Sea 

and the Baltic Sea. We apply an integrated approach of ocean observation and 

numerical simulation to uncover: (1) the origins and distributions of 236U and 
233U in the Baltic Sea; (2) the temporal evolutions in the fluxes and budgets 

of 236U and 233U in the Baltic Sea; and (3) the long-term ocean dynamics in 

the North Sea and the Baltic Sea as traced by the reprocessing-derived radio-

tracers. However, several research challenges have been identified or fore-

seen as below: 

 Limited observation data of 236U and 233U in the Baltic Sea: Due to the 

limitation of detection techniques in the past, the observations on 236U and 
233U in the Baltic Sea are rather rare. Qiao et al. (2017) investigated the 

levels and distribution of 236U in the Danish coasts, where the dominating 

sources of 236U were the global fallout and the NRPs’ discharges37. A fol-

low-up study by Qiao et al. (2020) reported the distribution of 236U and 
233U in the surface waters of the Baltic Sea and suggested an "unknown" 

local 236U source38. However, we still have little detailed knowledge of 
236U and 233U in the Baltic Sea, i.e. their spatiotemporal distributions, 

sources and corresponding contributions, major (input/output) fluxes and 

corresponding histories, as well as inventories and budgets over the past 

decades. Especially, as 233U can only quantitatively estimate the GF-

derived 236U, the rest of 236U can potentially originate from the NRPs’ dis-

charges, region fallout of the Chernobyl accident, and the discharges from 

local nuclear facilities. 236U from the latter two sources may interfere with 

the reprocessing signal if they have significant contributions to the Baltic 

Sea. Therefore, the Baltic Sea-wide ocean observation on the 236U and 
233U is a prerequisite for this study. 

 Laboratory contamination for the 236U and 233U analyses: In our previ-

ous studies, we encountered serious contamination during the 236U and 
233U analyses of environmental samples in our environmental radioactivity 

laboratory, which was used to be a spent fuel research facility. The detec-

tion limit of our analytical method for 2 L seawater was elevated to a 

comparable level with the 236U/238U atomic ratios in the Baltic Sea (the 
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red bar in Figure 3), which is not capable for our research. Increasing the 

seawater sample volume, e.g. from 2 L to 20 L, could partially mitigate 

this issue but require more labor, longer time, and higher expenses for 

sampling and experiments, which are not realistic in this project. To cope 

with the laboratory contamination, the contamination source of 236U and 
233U in our laboratory should be located, and the laboratory backgrounds 

of 236U and 233U have to be suppressed by at least two orders of magni-

tudes. 

 Lack of an adaptive model setup for hindcast simulations: Currently, 

there is no published model setup for a hindcast simulation of radiotracer 

dispersion in the North-Baltic Sea over the recent decades. The previous 

modeling works in the Baltic Sea mainly focused on the migration of 

Chernobyl-derived 137Cs in the Baltic ecosystem after the accident (see 

details in Paper IV)107–110. Limited by their research objectives, compu-

ting resources, and model setups, those modeling works only covered 

short periods and/or featured relatively coarse spatial resolutions, which 

are not capable of characterizing the long-term dynamics and detailed 

transport of reprocessing-derived radionuclides in the North-Baltic Sea. 

More importantly, most of those models didn’t contain the North Sea in 

their setups, therefore an input function for reprocessing-derived 236U is 

needed at the lateral boundary of the Baltic Sea, which is rather difficult 

to be established due to the complex hydrodynamic processes in the tran-

sition zone. Hence, a high-resolution 3D ocean model covering both the 

North Sea and the Baltic Sea is needed for a long-term hindcast simulation. 

 Unsolved ocean dynamics in the transition zone: As about 70% of the 

inflowing water of the North Sea and all the Baltic inflows/outflows pass 

through the transition zone9, locating and quantifying the water sources of 

the transition zone is of special importance for understanding the ex-

changes of water and accompanying substances between the two seas. 

Even though previous studies tried to unpuzzle the water-mass composi-

tion of the transition zone based on the observations of DOM, nutrients, 

and radiotracers (99Tc and 137Cs)31–36, these researches were either time-

limited (a few months to a few years, or a specific season for several 

years) and/or layer-specific (surface layer or bottom layer), hardly provid-

ing a full picture for the ocean dynamics in the transition zone. Relying on 

different distribution patterns of salinity, reprocessing-derived 236U and 
129I, it is possible to discriminate and quantify the Atlantic water, central 

North Sea water, English Channel water, and freshwater in the transition 
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zone through hindcast simulations for the dispersion of reprocessing-

derived 236U and 129I. 

1.3.2 Research objectives in this project 

In summary, to cope with these research challenges mentioned above, both 

the Baltic Sea-wide observations of 236U and 233U and long-term hindcast 

simulations for the dispersion of radiotracers from NRPs are necessary. 

Therefore, the research objectives of this project include: 

 Optimize the analytical procedure and quality control measures to assure 

reliable analytical results for ultra-low levels of 236U and 233U in the Baltic 

seawater and sediments; 

 Locate the source terms of 236U and 233U in the Baltic Sea and depict the 

spatiotemporal distribution of differently sourced 236U through the sam-

pling of seawater from all major subbasins of the Baltic Sea and sediments 

covering the entire Atomic Era; 

 Characterize the origins and fates of differently sourced 236U in the Baltic 

Sea water through the budget calculations based on ocean observations 

and long-term hindcast simulations using a 3D ocean model covering the 

North-Baltic Sea; 

 Exploit reprocessing-derived 236U, 129I, and 99Tc as oceanic tracers to un-

cover the hydrodynamic processes affecting the pollutant/nutrient dynam-

ics in the Baltic Sea and quantify differently sourced water masses of the 

transition zone. 
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2 Methods 

2.1 Samples 

2.1.1 Samples for method optimization and quality control 

As our earlier studies encountered serious 236U and 233U contamination66, we 

recognized the necessity of a thorough quality-control approach to ensure 

reliable analytical performance for the further investigation of 236U and 233U 

in the Baltic Sea. Therefore, we located the contamination sources of 236U 

and 233U, optimized our radiochemical procedure to minimize the laboratory 

backgrounds of 236U and 233U, and verified the reproducibility of the opti-

mized procedure (paper I). All the samples utilized for the method optimiza-

tion and quality control are listed in Table 5. 

 Procedure blanks: To quantify the contamination levels of 236U and 233U 

during sample analysis in our laboratory at the Department of Environ-

mental Engineering, Technical University of Denmark (DTU Environ-

ment), an intercomparison experiment was conducted by preparing proce-

dure blanks in three different laboratories, i.e. at  DTU Environment, the 

National Institute of Aquatic Resources in Technical University of Den-

mark (DTU Aqua), and the Vienna Environmental Research Accelerator 

facility in University of Vienna (VERA) (Paper I). Three batches of pro-

cedure blanks were prepared in the fume hoods at DTU Environment, 

DTU Aqua, and VERA, respectively. Another batch was prepared in a 

laminar flow bench installed at DTU Environment. Two liters of ultrapure 

water were utilized for the preparation of procedure blanks, which fol-

lowed the radiochemical separation procedure for 236U and 233U analyses 

introduced in section 2.2.1. 

 Aerosol, dust, and reagent samples: To locate the contamination source 

of 236U and 233U at DTU Environment, we investigated the 236U and 233U 

levels in the aerosol, dust, and chemical reagents (Paper I). Four aerosol 

samples with 1000 -1700 m3 of air volume were collected at different lo-

cations of our laboratory and the field outside our facility (Figure 4). A 

dust sample (0.16 g) was collected by placing a sheet of paper on the 

desktop of the fume hood in Kemilab 3, where the contaminated samples 

were previously treated. Two total reagent samples were prepared by cal-

culating all the chemical reagents consumed during the radiochemical 
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separation for water samples and mixing the equivalent amounts of these 

reagents (see paper I).  

 Internal quality-control samples: As there is no reference material avail-

able for ultra-low levels of 236U and 233U in environmental samples, two 

seawater samples provided by the Federal Maritime and Hydrographic 

Agency of Germany (BSH) and Swiss Federal Institute of Technology in 

Zurich (ETH Zürich) were utilized as internal quality-control samples to 

evaluate the reproducibility of analytical results (Paper I and III). Four 

replicates of each sample with various volumes were prepared according 

to the radiochemical procedure for water samples. 

 

Figure 4. Sampling map of aerosol and dust samples at Risø. 

 

2.1.2 Samples from the Baltic Sea 

Seawater samples from all the major subbasins of the Baltic Sea and sediment 

cores covering the entire history of the Atomic Era from the central Baltic 

Sea were obtained based on the collaboration within the Baltic marine re-

search networks (Table 5). The large-scale and long-term coverage of sea-

water and sediment in the field sampling facilitates the investigations of the 

sources, distributions, transport, and budgets of 236U and 233U in the Baltic 

Sea (Paper II and III). 

 Seawater samples: To investigate the spatial distributions of 236U and 233U 

in the Baltic Sea, 125 water-column samples were collected from the Bal-

tic Sea during six scientific expeditions carried out by the Swedish Mete-

orological and Hydrological Institute (SMHI), DTU Aqua, the Finnish 

Environment Institute and the Radiation and Nuclear Safety Authority 

(SYKE and STUK), and the Leibniz Institute for Baltic Sea Research 
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Warnemünde (IOW), Germany in 2018-2019. Based on the sampling peri-

ods and geographical distributions, these samples were grouped into three 

transects, as shown in Figure 5.  

 Sediment samples: To reconstruct the temporal evolutions of 236U and 
233U in the Baltic Sea, three sediment cores were collected from the cen-

tral Baltic Sea (Figure 5). Two sediment cores 7-MUC4 and 11-10MUC2 

were collected in the Gotland Basin (L = 30 cm; Ф = 10 cm; water depth = 

241 m; covering the period since the 1940s) and Landsort Deep (L = 49 

cm; Ф = 10 cm; water depth = 437; covering the period since the 1960s) in 

2018, respectively. To extend the record of core 11-10MUC2 to the 1940s, 

six samples from another sediment core 36-MUC3 (L = 37.5 cm, Ф = 10 

cm, water depth = 437) previously collected in the Landsort Deep in 2011 

were also analyzed. All the three sediment cores were collected by a mul-

ti-corer, sliced into 0.5-cm or 1-cm segments on-board, and then freeze-

dried and homogenized by an agate ball mill in the laboratory for further 

analyses. 

 

Figure 5. Sampling map for seawater and sediments in the Baltic Sea. The numbered 

black circles represent the sampling stations for seawater samples, and the purple squares 

represent the sampling sites for sediment cores. The red, green, and blue lines refer to: 

Transect #1 from the Skagerrak to the Western Gotland Basin during Oct-Dec 2018; Tran-

sect #2 from the Bothnia Bay to the Gulf of Finland during May-Jun 2019; and Transect #3 

from the Arkona Basin to the Western Gotland Basin during Oct-Nov 2019, respectively. 
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Table 5. Summary of the analyzed samples in this project. 

Sample type 
Sample 
number 

Sample 
amount 

Sampling location 
Sampling 
time 

Description 
Involved 
work 

Procedure blank 6 2 L (not applied) (not applied) 
Prepared in a fume hood at DTU Environ-
ment with ultrapure water 

Paper I 

Procedure blank 4 2 L (not applied) (not applied) 
Prepared in a fume hood at DTU Aqua with 
ultrapure water 

Paper I 

Procedure blank 4 2 L (not applied) (not applied) 
Prepared in a fume hood at VERA with 
ultrapure water 

Paper I 

Procedure blank 3 2 L (not applied) (not applied) 
Prepared in a laminar flow bench at DTU 
Environment with ultrapure water 

Paper I 

Total reagent 
sample 

2 99 mL (not applied) (not applied) 
See the detailed consumption of chemical 
reagents in Paper I 

Paper I 

Aerosol sample 4 1035 – 1738 m3 Laboratory and field at Risø 
Oct-Nov  
2018 

Chemical separation was performed in a 
fume hood at VERA 

Paper I 

Dust sample 1 0.16 g Laboratory at Risø Jun 2019 
Prepared in a laminar flow bench at DTU 
Environment 

Paper I 

Sediment sample 40 1 – 10 g 
Eastern Gotland Basin 

(57°17'N, 20°07'E, 241 m) 
Dec 2018 

Collected by IOW during the cruise 
EMB201 with R/V Elisabeth Mann Borgese  

Paper II 

Sediment sample 49 1 – 10 g 
Landsort Deep 

(58°38'N, 18°16'E, 437 m) 
Dec 2018 

Collected by IOW during the cruise 
EMB201 with R/V Elisabeth Mann Borgese 

Paper II 

Sediment sample 6 1 – 10 g 
Landsort Deep 

(58°38'N, 18°16'E, 437 m) 
Nov 2011 

Collected by IOW during the cruise M86/1a 
with R/V Meteor 

Paper II 

Seawater sample 8 5 – 10 L 
Skagerrak – Western Got-
land Basin 

Oct 2018 
Collected by SMHI during the October 
monitoring cruise with R/V Aranda 

Paper III 

Seawater sample 10 5 – 10 L 
Skagerrak – Western Got-
land Basin 

Nov 2018 
Collected by SMHI during the November 
monitoring cruise with R/V Aranda 

Paper III 
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Sample type 
Sample 
number 

Sample 
amount 

Sampling location 
Sampling 
time 

Description 
Involved 
work 

Seawater sample 3 5 – 10 L 
Skagerrak – Western Got-
land Basin 

Dec 2018 
Collected by SMHI during the December 
monitoring cruise with R/V Aranda 

Paper III 

Seawater sample 24 5 – 10 L Bornholm Basin Nov 2018 
Collected by DTU Aqua during the cruise 
11/2018 with R/V Dana 

Paper III 

Seawater sample 16 5 – 10 L 
Bothnia Bay – Gulf of Fin-
land 

May-Jun 
2019 

Collected by SYKE/STUK during the cruise 
COMBINE 2 with R/V Aranda 

Paper III 

Seawater sample 64 5 – 10 L 
Arkona basin – Western 
Gotland Basin 

Oct-Nov  
2019 

Collected by IOW during the cruise 
EMB224 with R/V Elisabeth Mann Borgese 

Paper III 

Internal quality 
control sample  

4 1 - 9 L Baltic Sea Jun 2018 Seawater sample provided by BSH Paper I and III 

Internal quality 
control sample  

4 1 – 9 L Mediterranean Sea 
Oct-Nov  
2011 

Seawater sample provided by ETH Zürich Paper I and III 

Corresponding procedure blanks were also prepared along with all samples (except for the four batches of procedure blanks) following the same radio-
chemical separation procedure. 
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2.2 Analytical methods 

2.2.1 Radiochemical separation procedure for uranium 

In this project, the radiochemical procedure to separate uranium from the 

Baltic seawater samples (5 - 10 L) for the AMS measurement of 236U and 
233U was according to our earlier work66. The procedure blanks, total reagent 

samples, and the internal quality-control samples prepared during the quality-

control investigations were proceeded in the same way as for the Baltic sea-

water samples. In general, the procedure is comprised of co-precipitation of 

uranium with Fe(OH)3, extraction chromatography separation of uranium us-

ing UTEVA® chromatography (100 - 150 μm, Triskem International), and 

target preparation for AMS measurement (see details in Paper I and III). 

For solid samples, including the aerosol/dust samples prepared during the 

quality-control investigations and the Baltic sediment samples, the radio-

chemical separation was modified from that for water samples (see details in 

Paper II). 1 - 10 g of solid sample was digested with Aqua regia (HCl: 

HNO3=3:1, v/v) at 150 - 200 C, and the leached uranium isotopes were co-

precipitated with Fe(OH)3 for the subsequent extraction chromatography sep-

aration (Figure 4).  

 

Figure 6. The radiochemical separation procedure for the 236U and 233U analyses of 

water and solid samples. 

 



 

26 

For the analyses of Baltic seawater and sediment, a procedure blank was pre-

pared for each batch (typically seven) of samples following the same radio-

chemical separation procedure. Special measures were implemented based on 

the quality-control investigations to reduce the laboratory backgrounds of 
236U and 233U (see details in section 2.3.1), and negligible amounts of 238U, 
236U, and 233U were detected in the procedure blanks. Through measuring 
238U in the raw water sample/leachate of solid sample and the eluate of 

UTEVA extraction chromatography, our radiochemical procedures obtained 

satisfactory chemical yields of uranium for seawater (70%) and sediment (80 

- 100%). 

2.2.2 Measurement of U-236 and U-233 by AMS 

The prepared uranium samples were measured for 236U/238U and 233U/238U 

atomic ratios by the AMS at VERA. The details for the AMS setup and detec-

tion processes for actinides have been reported elsewhere88. In short, after a 

series of electrical and magnetic filters, 236U and 233U are detected by a 

Bragg-type ionization chamber with the selected charge state 3+ and the 

overall detection efficiency is about 5× 10-4 84. To normalize the fluctuations 

in detection efficiency of 236U and 233U from sputtering and transmission, 
238U is measured with a Faraday cup (for blank samples 234U is detected in-

stead with ion counting). An in-house standard Vienna-KkU (236U/238U atom-

ic ratio = (6.98 ± 0.32) ×10-11)48 is repeatedly measured to correct the differ-

ence in detection efficiencies between the Faraday cup and the ionization 

chamber84 and to monitor the repeatability of AMS measurement. The multi-

stage high-efficiency ion filtering through magnetic and electrostatic mass 

spectrometers in low-energy and high-energy parts of AMS significantly sup-

presses the tailing from neighboring masses by more than 15 orders of magni-

tude88. High-pressure stripper gas sufficiently destroys the interfering hydride 

ions, such as 235UH3+ for 236U3+ and 232ThH3+ for 233U3+. The current AMS 

setup enables the measurements of 236U/238U atomic ratios at the level of 10-14 

and 233U/238U atomic ratio at 6 × 10-13, respectively84,88.  

2.2.3 Measurement of U-238 by ICP-MS 

238U present in the samples was utilized as an intrinsic tracer to monitor the 

chemical yield of uranium during radiochemical separation (Paper I - III). 

After proper dilution with 0.5 M HNO3, 238U in the original seawater and to-

tal reagent samples, leachates of Aqua regia digestion for solid samples, and 

eluates of UTEVA extraction chromatography were measured by an induc-

tively coupled plasma mass spectrometry (ICP-MS, ICP-QQQ 8800, Ag-
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ilent®). A standard curve was established for 238U using a 0.5 M HNO3 blank 

solution and three diluted standard solutions (1, 0.5, and 0.1 ng/g of 238U in 

0.5 M HNO3) prepared from a uranium standard solution (10 μg/mL in 2% 

HNO3, Labkings®). In (10 μg/mL in 2% HNO3, Labkings®) or Bi (10 μg/mL 

in 2% HNO3, Labkings®) was spiked into each sample and standard curve 

solutions as an internal standard for the ICP-MS measurement.  

2.2.4 Geochemical and radiometric analyses of sediment 

For dating purposes, Al, Mn, and U contents, as well as stable Pb isotopes in 

the sediment samples were analyzed, and the detailed methods were present 

in Paper II. In brief, ~50 mg of sediment aliquots was entirely dissolved by 

digesting with an acid mixture (HNO3:HClO4:HF = 1:2:2, v/v/v)111. The con-

tents of 238U, 206Pb, and 207Pb were determined by the ICP-MS (iCAP Q, 

Thermo Fisher Scientific®) coupled to a PrepFast system (Elemental Scien-

tific®) using Ir as an internal standard. The contents of Al and Mn were 

measured by inductively coupled plasma optical emission spectrometry (ICP-

OES, iCAP 7400 Duo, Thermo Fisher Scientific®) using Sc as an internal 

standard. Analytical precisions of the U, Al, and Mn measurements were bet-

ter than 4%. Hg contents in the sediments were directly measured using a 

mercury analyzer (DMA-80, Milestone®) with the precisions better than 

3.3%. As the salt contents were up to 30 wt% in some freeze-dried samples, 

all element contents were salt-corrected. 

In the Baltic region, GF-derived and Chernobyl-derived 137Cs and 241Am are 

ideal time markers for the dating purpose112. Hence, aliquots of 2 - 15 g of 

sediment were packed in Petri dishes and directly measured using high-purity 

germanium (HPGe) detectors to determine the 137Cs and 241Am activities. The 

relative uncertainties of 137Cs measurement results were better than 40% and 

10% for the layers before and after 1960, respectively. 

2.2.5 Dating of sediment 

Due to the pronounced redox dynamics in the central Baltic Sea, there are 

severe limitations in traditional 210Pb dating for the Baltic sediment cores. In 

this project, the age-depth models were developed for the Baltic sediment 

cores by an event-stratigraphic approach (see the method and figures in Pa-

per II)111–114. Specific time markers were identified in the depth profile via 

geochemical and radiometric analyses, including: Mn enrichments following 

the Major Baltic Inflows (in 1978, 1994, 2003, and 2014), Chernobyl-derived 
137Cs and 241Am signal (in 1986), GF-derived 241Am signal (in 1954 and 
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1963), maximum Pb pollution identified by stable Pb atomic ratios (during 

1970-1978), and the onset of modern Hg pollution (in 1950). Between these 

time markers, sedimentation rates varying within 0.25 - 1.44 cm/year were 

assumed, providing nearly annual or biennial temporal resolutions.  
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2.3 Quality control on U-236 and U-233 

analyses 

To assure reliable analytical results of ultra-trace levels of 236U and 233U in 

marine environmental samples, several quality-control measures were per-

formed to improve our laboratory background, reduce the analytical uncer-

tainty to desirable levels, and verify the reproducibility of analytical results 

(Paper I). 

2.3.1 Background control 

 Purification of reagents: Purification of reagents and utilization of high-

purity-grade reagents are widely applied in 236U studies60,63,64,66,67,70–

72,74,115. In this project, except for 25 wt% NH3·H2O solution (analytical 

grade, VWR®), all the reagents involved in the 236U and 233U analyses 

were purified. A sub-boiling distillation system was utilized to distill con-

centrated HCl (analytical grade, 37 wt%, VWR®) and HNO3 (analytical 

grade, 65 wt%, VWR®). 0.05 g/mL Fe solution used for uranium co-

precipitation was purified with a UTEVA® column to remove uranium. 

 Labware and cleaning: The ordinary glassware was replaced by the Tef-

lon® and disposable labware, which was approved useful to reduce cross-

contamination71. In this work, disposable labware was used to the largest 

extend. The reusable labware (e.g., 2-10 L glass beakers, Teflon® centri-

fuge tubes, and crucibles for AMS target combustion) was boiled with 6 

M HCl for 2 h and was rinsed with ultrapure water to remove any ad-

sorbed uranium isotopes after utilization. 

 Avoiding tracer addition: To avoid the introduction of extra 236U and 233U 

in the sample via the addition of external uranium isotopic tracer66,71, 238U 

present in the samples was used as an intrinsic chemical yield tracer for 

the analyses of environmental samples. 

 Dust control: Our laboratory was used to be a spent fuel research facility. 

Even though after clearance of radioactivity, there are still inherited “hot 

particles” in the laboratory building interfering with the analyses of 236U 

and 233U in environmental samples (see results in section 3.1.1). A new 

laminar flow bench was installed and utilized in the laboratory for the ra-

diochemical separation, which created a dust-free environment removing 

>99.99% of >0.3 μm particles116. Besides, dust-protection measures were 
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also applied for the storage and transport of samples and labware inside 

the building. 

2.3.2 Uncertainty analysis 

In this project, a bottom-up approach was utilized to estimate the uncertain-

ties for the analytical results of 236U and 233U (Paper I - III). Taking the wa-

ter samples as an example, the 236U/238U or 233U/238U atomic ratio in the raw 

sample is calculated by Equation 1: 
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where Rm
236(233)  and Rb
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 are the measured 236U/238U or 233U/238U atomic 

ratios in the sputter targets of water sample and procedure blank;  mm
238 and 

mb
238  are the corresponding 238U contents in the sputter targets. Hence, the 

combined uncertainty for the background-corrected 236U/238U or 233U/238U 

atomic ratio can be derived with Equation 2 according to the law of uncer-

tainty propagation117. The contained independent uncertainty components are 

illustrated by a fishbone chart in Figure 7. 
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 Uncertainty of 238U content in the sputter target (u(mm
238) and u(mb

238)): 

As AMS is unable to determine the absolute 238U in the sputter targets and 

the chemical yield of uranium for the target preparation step is quantita-

tive (> 99%)66, the 238U content in the sputter target is assumed to be equal 

to that in eluate and thus can be estimated by multiplying the eluate mass 

with the 238U concentration in the eluate. The relative uncertainty from the 

repeatability of chemical yield for target preparation (0.20%) is much less 

significant than other uncertainty components and thus is ignored for sim-

plification. As the weighing also introduces negligible relatively uncer-

tainty, u(mm
238) or u(mb

238) mainly originates from the uncertainty for the 
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determination of 238U concentration in eluate by ICP-MS using the stand-

ard curve method, and the detailed calculation was introduced in Paper I. 

 Uncertainty of 236U/238U or 233U/238U atomic ratio in the sputter target 

(u(Rm
236(233)) and u(Rb

236(233))): For the determined 236U/238U or 233U/238U 

atomic ratio by AMS, the major sources for its uncertainties are the count-

ing statistics and measurement repeatability. Poisson statistics predict the 

best achievable uncertainty of 100% / √𝑁
236(233)

 for AMS measurement, 

where N
236(233)

 is the number of 236U or 233U counts. The measurement re-

peatability may vary from measurement to measurement due to the unex-

pected instrumental issues and the cross-contamination during target prep-

aration. The uncertainty for repeatability is typically 3 - 5% and quadrati-

cally added to the uncertainty from counting statistics.  

 

Figure 7. Fishbone chart for the major components of the combined uncertainty of 
236U/238U or 233U/238U atomic ratio. 

 

2.3.3 Reproducibility verification 

As there is a lack of reference material for the analyses of ultra-low levels of 
236U and 233U in environmental samples, two seawaters provided by BSH and 

ETH Zürich were utilized as quality-control samples to evaluate the repro-
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ducibility of our analytical results (Paper I and III). Four replicates of each 

sample with different sample volumes (1, 2, 4.5, and 9 L) were prepared ac-

cording to the radiochemical procedure for water samples. These replicates 

were distributed in our routine seawater and sediment samples, and the staff 

at VERA performing AMS measurement were not informed for the quality-

control purpose. The weighted mean values of background-corrected 

236U/238U and 233U/238U atomic ratios and their corresponding uncertainty 

were calculated as the reference values for each internal quality-control sam-

ple, as shown in Paper I. 
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2.4 Hindcast simulation 

2.4.1 Model setup for hindcast simulation 

In this project, the ocean circulation model, HIROMB-BOOS Model (HBM), 

developed by the Danish Meteorological Institute (DMI) was used to simulate 

the dispersion of radionuclides released from Sellafield and La Hague in the 

North Sea and the Baltic Sea during 1971-2018 (Paper III-V). HBM is a 3D, 

hydrostatic, free-surface, baroclinic ocean circulation and sea ice model, 

which is used operationally at DMI for storm surge forecasts and modeling 

hydrographic conditions in the North Sea and Baltic Sea, including the water 

exchange between the two seas and the Baltic inflow events118,119. The HBM 

model has been coupled with the ocean wave model, suspended particle mat-

ter model, oil spill model, and ecosystem models for a wide range of applica-

tions, such as oil drift forecast, plastic litter drift modeling, environment as-

sessment, and ecosystem prediction and modeling120. Furthermore, with its 

dynamic two-way nesting facility, the HBM model is especially efficient for 

modeling the connected seas with narrow straits and complex coastal lines, 

and also coastal-estuary continuum121–123. The HBM model and setup applied 

in this study have been used for the long-term hindcast assessment of ocean 

conditions and for present and future climate studies in the North Sea and 

Baltic Sea124. 

Model domains 

The setup of the HBM model for the 48-year hindcast simulations consists of 

four model domains, which are shown in Figure 8. 

 NOAMOD (North Atlantic Model): 2D mesoscale model in a 6-nautical-

mile horizontal resolution that calculates sea level as a function of wind 

speed and air pressure and generates boundary data (external surge) for 

the regional 3D model; 

 North Sea - Baltic Sea: regional 3D model in a 3-nautical-mile resolution, 

which is two-way nested to two high-resolution sub-domains: the Wadden 

Sea and the Transition Area between the North Sea and Baltic Sea;  

 Wadden Sea: a 0.5-nautical-mile resolution model of the German Bight; 

 Transition Area: a 0.5-nautical-mile resolution model of the waters south 

of Skagen and west of Bornholm to simulate the water exchange in the 

narrow Danish Straits between the North Sea and the  Baltic Sea. 
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Figure 8. The HBM model domains (A), sampling stations for verification samples 

involved in this work (B), and annual discharges of 99Tc (C), 129I (D), and 236U (E) 

from two reprocessing plants at Sellafield and La Hague. In plot A: the red and blue 

solid lines mark the boundaries of the model domains; the solid circles represent the loca-

tions of Sellafield and La Hague; and the open circle marks the location of the feeding 

point for the Sellafield discharges (Pentland Firth); the black solid and dashed arrow lines 

represent the most relevant surface and bottom ocean currents, respectively; the double 

arrow line marks the ocean transport from the Sellafield to the Pentland Firth. In plot B: 

the red crosses represent the sampling stations for time series seaweed and seawater sam-

ples; black dots represent the sampling stations for water column samples; and the blue 

line represents two transects sharing the same route from Skagerrak to the western Gotland 

Basin. In plot C-E: the annual discharges of 99Tc and 129I are from HELCOM/OSPAR dis-

charge database51,125, and the annual discharges of 236U are reconstructed by Castrillejo et 

al. (2020)77.  

  

Point sources and radiotracers 

Near the lateral boundaries of the North Sea - Baltic Sea model domain, two 

point sources were set for the two European reprocessing plants at La Hague 

and Sellafield. The long-lived anthropogenic radionuclides 99Tc, 129I, and 
236U were utilized as radiotracers. The annual discharge of 99Tc and 129I from 

La Hague and Sellafield were based on the documented data from HELCOM 

and OSPAR51,125, whereas the historical 236U discharges were reconstructed 

from the shell records by Castrillejo et al.77. A constant annual discharge rate 

was assumed for each radiotracer and reprocessing plant, as only annual dis-

charge data are available. As Sellafield is located out of the model domain, 

its corresponding point source was moved to the Pentland Firth located in the 

upper left corner of the subdomain North Sea - Baltic Sea (Figure 8). A loss 

rate of 50% 41 and a lag time of 1 year 126,127 were assumed for the transport 

of radiotracers from Sellafield to the Pentland Firth by the Scotland Coastal 
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Current as suggested by Christl et al (2015), McCubbin et al (2002), and 

Povinec et al. (2003). Besides a small proportion of Sellafield discharges that 

flow southwards from the Irish Sea to the Celtic Sea, the lost Sellafield-

derived radiotracers may escape from the Scotland Coastal Current and take a 

shortcut either to the Norwegian Atlantic Current north of Scotland, or spread 

northeastward to the Norwegian Coastal Current across the northern North 

Sea128,129. 

2.4.2 Hindcast simulation and verification 

The hindcast simulation was carried out at DMI's High Performance Compu-

ting facility in Iceland. HBM was forced by UERRA atmospheric reanalysis 

data and produced water-column physical parameters and radiotracer concen-

trations at 128 stations (54 in the North Sea and 74 in the Baltic Sea) with 

daily intervals (Paper III and IV). It should be noted that the applied HBM 

model setup didn't contain any ecological modules and thus the chemical or 

biological processes were not reflected in the hindcast simulation. 

After a 1.5-year model spin-up for initialization and 48-year hindcast simula-

tions (1971-2018), an increasing negative offset was observed between the 

simulated and observed salinity in the Baltic areas stretching from the Danish 

Straits to the central Baltic Sea. The reason might be that the transport of sa-

line water from the North Sea through the transition zone into the Baltic Sea 

was underestimated. This might be because the subdomain Transition Area 

failed to import enough saline water from the North Sea to the Baltic Sea. 

Increasing the spatial resolution has shown to mitigate the salinity offset is-

sue significantly, but is leading to an unaffordable demand of computational 

resources for our long-term hindcast simulation. The underestimation of the 

saltwater transport through the transition zone is not an uncommon feature of 

Baltic Sea ocean models. As the underestimation of salinity will eventually 

result in an underestimation of radiotracers, a correction of salinity and radio-

tracer concentrations is needed for the hindcast simulation. Considering that 

both salt and radiotracers in the Baltic Sea are of the North Sea’s origin, cor-

rection factors were calculated as the ratios of simulated and reanalyzed sa-

linities at each grid point on daily intervals to scale both salinity and radio-

tracers. 

Four time-series observation datasets of 99Tc and 129I in the Baltic Sea meas-

ured by the Radioecology and Tracer Studies research group at DTU Envi-

ronment were used to validate the long-term performance of the HBM model 

in the North Sea and the Baltic Sea. These datasets include 99Tc in the sea-
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water samples collected at Hesselø in the Danish Straits and 129I in the sea-

weed samples collected at Utsira in the southwestern Norwegian coast and at 

Klint in the Danish Straits during 1980-2015 (Paper IV). One spatial-

distribution dataset of 129I in the surface waters of the North Sea in August 

2005 and other two 129I seawater datasets for two transects from the Danish 

Straits to the western Gotland Basin in August 2006 and April 2007, respec-

tively, were used to evaluate the model performance in the North Sea and 

Baltic Sea39,46. Figure 8B shows the sampling locations for the abovemen-

tioned samples. 

  



 

37 

2.5 Data processing 

2.5.1 Quantification of U-236 from different sources 

As the 233U/236U atomic ratio can be used to distinguish anthropogenic urani-

um from global fallout and civil nuclear industries84, a two-endmember mix-

ing algorithm (Equation 3 and Equation 4) was applied to quantify the frac-

tions of global-fallout-derived (GF-derived) and nuclear-reactor-derived (NR-

derived) anthropogenic uranium, i.e. 236U/238U atomic ratios (RS, GF
236  and RS,NR

236 ) 

in the Baltic seawater and sediment samples (see details in Paper II and III). 

As the Baltic sediments also received 236U fallout from the Chernobyl acci-

dent, the Chernobyl-derived 236U/238U atomic ratio (RS,Chernobyl
236 ) for the dated 

segment of ~ 1986 was estimated separately by the difference between the 

peak and baseline (average of adjacent segments) values of 236U/238U atomic 

ratios (Equation 5). 

 RS,GF
236

=
RS

233/236
-RNR

233/236

RGF
233/236

-RNR
233/236

RS
236

≈ 
RS

233/236

RGF
233/236

RS
236

=
RS

233

RGF
233/236

 Equation 3 

 RS,NR
236

=RS
236

- RS,GF
236

 (- RS,Chernobyl
236

) Equation 4 

 RS,Chernobyl
236

=RS,peak
236

-(RS,baseline,1
236

+RS,baseline,2
236

)/2 Equation 5 

where RGF
233/236  and RNR

233/236  are the representative 233U/236U atomic ratios for 

GF-derived and NR-derived 236U, which are (1.40 ± 0.15) × 10-2 and 10-6 ± 

10-6, respectively; RS
236 , RS

233 , and RS
233/236  represent the atomic ratios of 

236U/238U, 233U/238U, and 233U/236U in the seawater or sediment sample, and 

RS
233/236 is equal to the ratio of RS

233 to RS
236; for the Baltic sediment samples, 

RS,peak
236 , and RS,baseline

236  refer to the 236U/238U atomic ratios in the segment of ~ 

1986 and adjacent segments, respectively. As RNR
233/236 is normally much lower 

than RGF
233/236 and RS

233/236, Equation 3 can be simplified. The combined uncer-

tainties for RGF
233/236, RNR

233/236, and RS,Chernobyl
236  can be calculated based on the law 

of uncertainty propagation117, which is shown in Paper II. 

2.5.2 Inventory and flux calculation from hindcast simulation 

Based on the predicted spatial distributions of 99Tc, 129I, and 236U by the 

hindcast simulations (introduced in section 2.4), the inventories of 99Tc, 129I, 

and 236U in the North Sea and Baltic Sea were calculated by integrating their 

quantities over all grid cells (i.e. the products of grid cell volumes and simu-

lated concentrations of radiotracers) of the North Sea and Baltic Sea, respec-

tively (Paper IV).  
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To investigate the transport of radiotracers in the North-Baltic Sea region 

(Paper IV), the major fluxes of 99Tc and 129I in the North and Baltic Seas 

were calculated for each month (n) according to the following equations: 

 fRP→NS(n)=DLH(n)+0.5×DSF(n-12) Equation 6 

 fNS↔BS(n)=IBS(n)-IBS(n-1) Equation 7 

 fNS→NwS(n)=INS(n)+fRP→NS-fNS↔BS Equation 8 

where fRP→NS(n), fNS↔BS(n), and fNS→NwS(n) represent the discharge flux from 

the two reprocessing plants to the North Sea, the exchange flux between the 

North Sea and the Baltic Sea (positive values refer to the net output from the 

North Sea to the Baltic Sea, and vice versa for the negative values), and the 

output flux from the North Sea to the Norwegian Sea in the n th month (n=1 

refers to January 1971), respectively; DLH(n)  and DSF(n-12)  represent the 

monthly discharge from La Hague in the n th month and that from Sellafield 

twelve months earlier, respectively; INS(n), IBS(n), and IBS(n-1) represent the 

inventory in the North Sea, the inventory in the Baltic Sea in the n th month 

and that in one month earlier, respectively. 

2.5.3 Quantification of water masses in the transition zone 

In the hindcast simulation introduced in section 2.4, the simulated salinity 

(S), 129I and 236U concentrations showed different distribution patterns and 

thereby could be utilized to distinguish four water masses in the North Sea 

and the transition zone, i.e. the Atlantic water (AW), central/southern North 

Sea water (NSW), English Channel water (ECW), and freshwater (FW) (see 

the detailed results and discussions in section 0). 

Using a modified four-endmember mixing algorithm130, we further quantified 

the contributions of these four water masses in the transition zone (Paper V). 

 FAW*SAW+FNSW*SNSW+FECW*SECW+FBW*SFW=S Equation 9 

 FAW* I
129

AW
+FNSW* I

129

NSW
+FECW* I

129

ECW
+FBW* I

129

FW
= I

129
 Equation 10 

 FAW* U
236

AW
+FNSW* U

236

NSW
+FECW* U

236

ECW
+FBW* U

236

FW
= U

236
 Equation 11 

 FAW+FNSW+FECW+FFW=100% Equation 12 

where FAW, FNSW, FECW, and FFW represent the fractions of AW, NSW, ECW, 

and FW, respectively; SAW, SNSW, SECW, SFW, I
129

AW
, I

129

NSW
, I

129

ECW
, I

129

BW
, 

U
236

AW
, U

236

NSW
, U

236

ECW
, and U

236

FW
 refer to the salinity, 129I and 236U con-

centrations for the endmembers of four water masses (Table 6), respectively; 



 

39 

S, I
129

, and U
236

 are the salinity, 129I and 236U concentrations for seawaters in 

the transition zone.  

Table 6. Endmembers for four water masses in the North Sea for 1996-2015.  

Water 

mass 
Input 

Flux 

[Sv] 
Salinity 

129I conc. 

[109 at/L] 

236U conc. 

[106 at/L] 

129I/236U 

ratio 

AW SSI & NTI 
0.22 - 0.60 & 

0.70 - 1.11 
>35.2 0 0 / 

NSW SCC & FIC 0.30 - 0.43 33.4 - 35.2 0.42 - 81 2.7 - 3.8 × 102 48 - 4.3 × 102 

ECW ECC 0.10 - 0.17 32.0 - 35.4 0.75 - 8.0 × 102 1.0 - 1.6 × 103 0.5 - 2.3 × 103 

FW BO 0.017 0 0 0 / 

The flux data are from Otto et al. (1990)10. The endmembers of salinity, 129I and 236U concentra-
tions for NSW and ECW were defined by the averaged simulated results of four stations near 
the Pentland Firth and four stations in the English Channel, respectively.  

AW, Atlantic water; NSW, central/southern North Sea water; ECW, English Channel water; FW, 
freshwater; SSI, Shetland shelf inflow; NTI, Norwegian Trench inflow; SCC, Scottish Coastal 
Current; ECC, European Coastal Current; and BO, Baltic outflow.  

 

2.5.4 Calculation of seasonal index 

To investigate the significance of the seasonal variations for the water-mass 

compositions in the transition zone (Paper V), a "seasonal index" was calcu-

lated for each month of a year to quantify the deviation between the calculat-

ed monthly average water-mass fraction using the endmember mixing algo-

rithm (section 2.5.3) and that free of seasonal variation using ratio-to-trend 

method131. The calculation includes the following steps:  

1. Convert the original monthly data value to the ratio of this value to the 

corresponding centered 12-month mean with a moving average window;  

2. Calculate the seasonal index for each month by averaging all the ratios for 

a specific month over the entire study period in step 1;  

3. Multiply a correction factor (= 1200%/sum of twelve seasonal indices) for 

the seasonal indices if their sum is not equal to 1200%.  

For a certain type of water mass at a specific layer, the significance of its sea-

sonal variation was then quantified as the difference between the maximum 

and minimum values of twelve seasonal indices and categorized as "no" (< 

50%), "week" (50 - 100 %), and "strong" (> 100 %) seasonal variation in this 

work.  
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3 Results and Discussions 

3.1 Method optimization and quality control of 

U-236 and U-233 analyses 

3.1.1 Reduction of laboratory background and detection limit 

The intercomparison of laboratory background indicated that the procedure 

blanks (for 2 L water samples) prepared in the fume hood of our laboratory at 

DTU Environment had 2 - 5, 1 - 2, and 1 - 2 orders of magnitudes higher 
236U, 233U, and 238U contents than those prepared at DTU Aqua and VERA 

(Figure 9, see the detailed results in Paper I). As the highest 236U/238U atom-

ic ratio ((4.94 ± 0.59) × 10-6) observed in the procedure blanks prepared at 

DTU Environment even exceeded the reported level in the Irish Sea seawater 

sample (IAEA-443, 2.45 × 10-6)75 contaminated by the Sellafield discharges, 

the possibility of cross-contamination was excluded as no sample with such 

high 236U/238U atomic ratio was ever processed at DTU Environment.  

     

Figure 9. Comparison of 236U, 233U and 238U contents (A), and 236U/238U, 233U/238U and 
233U/236U atomic ratios (B) in the procedure blanks prepared in a fume hood at DTU 

Environment (DTU-ENV Batch), a fume hood at DTU Aqua (DTU-AQUA Batch), a 

fume hood at VERA (VERA Batch), and a laminar flow bench at DTU Environment 

(DTU-ENV-LFB). 

 

Through the examination of aerosols/dust and chemical reagents, the resus-

pended uranium-bearing dust was identified as the contamination source of 
236U and 233U at DTU Environment (Paper I) based on the facts that: 
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 For the aerosols collected in various locations of DTU Environment, the 

highest air-volume-normalized 236U content was observed in the fume 

hood where the contaminated procedure blanks were prepared. High 236U, 
233U, and, 238U contents were also measured in the tiny amount of dust 

collected on the desktop of the same fume hood. 

 Compared to the contaminated procedure blanks, the 236U, 233U and, 238U 

contents in the chemical reagents used in the radiochemical separation 

procedure were negligible. 

 233U/236U atomic ratios detected in the dust sample ((0.08 ± 0.03) × 10-2)) 

and a contaminated procedure blank ((0.05 ± 0.05) × 10-2)) prepared in the 

fume hood of DTU Environment were even lower than the reported values 

((0.12 ± 0.01) × 10-2) of the Irish Sea seawater/sediments84, showing 

strong NR-derived 236U signals (Figure 9); whereas the 233U/236U atomic 

ratios in the chemical reagents of our lab revealed strong GF signal. 

The building hosting our environmental radioactivity laboratory was used as 

a spent fuel research facility for the research reactors at Risø in the 1970s. 

Even though the building was decommissioned and renovated, the remnant of 

some particles containing spent fuel debris still exists in the laboratory build-

ing, for instance, in the pipes of ventilation systems.  

To reduce the laboratory background to a sufficiently low level for the anal-

yses of environmental samples, dust control measures, especially the installa-

tion of a laminar flow bench, were implemented. The laboratory backgrounds 

of 236U, 233U, and 238U were significantly reduced by 3 - 4, 2 - 3, and 1 - 2 

orders of magnitudes and comparable with those at DTU Aqua and VERA 

when the chemical separation was implemented in the newly installed lami-

nar flow bench at DTU Environment (Figure 9). Consequently, the detection 

limit for 236U was significantly improved, which enabled reliable determina-

tion of 236U theoretically in most of the ocean waters with 2 L of sample vol-

ume (Figure 3) as well we the precise analyses of 236U and 233U in Baltic 

seawater and sediment samples. 

3.1.2 Optimization of parameters for U-236 and U-233 anal-

yses 

Besides sufficient low laboratory background, adequate precision for the ana-

lytical results of 236U and 233U is also vital for the data interpretation. For in-

stance, a relative uncertainty of 30% for 233U/238U atomic ratio, which usually 

corresponds to a relative uncertainty of 10% for 236U/238U atomic ratio and 
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results in relative uncertainty of 33% for 233U/236U atomic ratio, is normally 

the threshold for the discrimination of GF-derived and NR-derived 236U. The 

uncertainty analysis indicated that with well-controlled procedure blanks, the 

major contributor to the combined uncertainty of background-corrected 
236U/238U or 233U/238U atomic ratio is the measurement uncertainty of AMS, 

i.e. the counting statistics in most cases (Paper I). 

Naturally, a larger sample amount and a longer counting time for 236U and 
233U are favorable to obtaining sufficient counts for 236U and 233U by AMS 

and better analytical precisions for low-level environmental samples. Howev-

er, they also lead to less sampling efficiency, higher cost for sample transpor-

tation/storage/analysis132, and less instrument availability. Hence, optimiza-

tion of sample amount and detection time is important for sampling and AMS 

measurement to achieve desirable analytical precisions for 236U and 233U. 

Therefore, a semi-empirical formula for VERA (Equation 13) was adopted to 

estimate the 236U and 233U counts (Nest
236(233)

) and thus optimize the sample 

volume before the analyses of 236U and 233U in a water sample: 

 
Nest

236(233)
=(80%×VC

s

236(233)
)×(1/2×t/3)×(1/3×5×10

-4
) 

                         =tVCs
236(233)

×2.22 ×10
-5

 
Equation 13 

where 80% × VCs
236(233) refers to the estimated amount of 236U or 233U in the 

prepared target for AMS measurement, which is the product of an estimated  

236U or 233U concentration (Cs
236(233) , atom/L) in the water sample (usually 

based on the literature), sample volume (V, L), and a chemical yield of 80%; 

1/3 × 5 × 10-4 is the observed effective detection efficiency for 236U or 233U 

with a conservative factor (1/3) taking the fluctuations of detection efficiency 

into account; 1/2 × t/3 represents the consumed fraction of the target source 

for 236U or 233U measurement within an undetermined counting time (t, h).  

At VERA, the consumption of sputter target is not even but drops exponen-

tially after a first constant-current phase. The detection time for 236U and/or 

233U is usually limited within 3 h to fully utilize the maximum output from 

the sputter source, during which 50% of the target was extracted. Hence, if 

we assign a desirable precision for 236U/238U or 233U/238U atomic ratio (typi-

cally 10% with 100 counts or 30% with ~10 counts) and a maximum detec-

tion time depending on the instrument availability, the minimum sample vol-

ume for 236U or 233U analyses can be calculated using Equation 13.  
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3.1.3 Reproducibility for U-236 and U-233 analyses 

The repeated measurement of the replicates of two internal quality-control 

seawater samples with varying volumes suggested a good reproducibility for 
236U and 233U analyses (see the detailed results in Paper I). With negligible 

236U and 233U present in the well-controlled procedure blanks, background 

correction was not necessary and the uncertainties for 236U and 233U analyses 

were determined by the measurement uncertainties of AMS.  
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3.2 Spatiotemporal distributions of U-236 and 

U-233 in the Baltic Sea 

3.2.1 Spatial distribution in the modern Baltic Sea 

To investigate the spatial distributions of 236U and 233U in the modern Baltic 

Sea, water-column samples were collected from all major subbasins of the 

Baltic Sea (Paper III) and grouped into three transects (Figure 5). The 

measured 236U/238U ((2.42 - 25.8) × 10-9) and 233U/238U ((1.42 - 22.5) × 10-11) 

atomic ratios were significantly higher than their natural background ratios of 

10-14 - 10-10 and 10-14 - 10-11, respectively48,84, suggesting the dominance of 

anthropogenic 236U and 233U. 

Spatial distributions of 236U and 233U 

The measured 236U concentrations of (1.99 - 8.75) × 107 atoms/kg and 233U 

concentrations of (1.31 - 3.73) × 105 atoms/kg in the Baltic Sea in 2018-2019 

were comparable with the previously determined 236U and 233U concentrations 

in the surface waters of the Baltic Sea in 2011-2016 ((3.31 - 12.5) × 107 and 

(0.46 - 5.63) × 105 atoms/kg, respectively)37,38. As shown in Figure 10, rela-

tively higher 236U concentrations (> 5 × 107 atoms/kg) were observed in the 

intermediate layer of the Kattegat and the bottom of the Arkona Basin and the 

Bornholm Basin. The 233U concentrations had an even distribution ((2 - 3.5) × 

105 atoms/kg) in the main body of the Baltic Sea and relatively low levels in 

the North Sea and the northern Baltic region. 

233U/236U atomic ratios varied within (0.18 - 0.97) × 10-2 in the modern Baltic 

Sea (Figure 11), reflecting a mixture of GF-derived and NR-derived 236U. 

Higher 233U/236U atomic ratios were observed in the Bothnia Bay, indicating a 

higher contribution of GF-derived anthropogenic uranium. Lower 233U/236U 

atomic ratios were observed in the intermediate layer of Kattegat and the bot-

tom of the Arkona Basin and the Bornholm Basin, suggesting a stronger in-

fluence of NR-derived anthropogenic uranium. 

Spatial Distributions of GF-derived and NR-derived 236U 

Using the two-endmember mixing algorithm introduced in section 2.5.1, the 

GF-derived and NR-derived 236U concentrations in the three transects of the 

modern Baltic Sea were quantified, which ranged within (0.93 - 2.66) × 107 

and (0.61 - 9.59) × 107 atoms/kg, respectively (Figure 11).  
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Figure 10. Distribution of salinity, 236U and 233U concentrations in three transects of the Baltic Sea in 2018-2019. The routes of the three 

transects are illustrated in Figure 5. The numbered black circles in the plots represent the sampling stations. The abbreviations in the plots are: 

AW, Atlantic water; JCW, Jutland coastal water; BI and BO, Baltic inflowing and outflowing water; BBW, Baltic bottom water; B SW, Baltic 

surface water; BFW, Baltic freshwater.  
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Figure 11. Distribution of 236U/236U atomic ratios, GF-derived and NR-derived 236U concentrations in three transects of the Baltic Sea in 

2018-2019. The routes of the three transects are illustrated in Figure 5. The numbered black circles in the plots represent the sampling stations. 

The abbreviations in the plots are: GF, global fallout; NR, nuclear reactor.  
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GF-derived 236U was uniformly distributed in the brackish waters ((1.5 – 2.5) 

× 107 atoms/kg), but depleted in the fresh and saline waters ((1.0 - 1.5) × 107 

atoms/kg). This suggests that the present GF-derived 236U in the Baltic Sea 

was originated from neither the recent runoff nor the recent Baltic inflowing 

waters. It’s noteworthy that the GF-derived 236U concentrations in the modern 

Baltic Sea were about two times higher than the representative level in the 

surface water of open oceans (0.8 × 107 atoms/kg)55 and simulated results in 

the North Sea in the 2010s by Christl et al. (2015) ((0.7 - 1.1) × 107 at-

oms/kg)41.  

Except for in the Atlantic water, NR-derived 236U had a similar distribution 

pattern with salinity in the modern Baltic Sea. NR-derived 236U concentra-

tions (4.0 - 9.6) × 107 atoms/kg) were relatively high in the Jutland coastal 

water and the Baltic inflows/outflows, and relatively low in the freshwater. 

The input of NR-derived 236U to the modern Baltic Sea was associated with 

the coastal waters from the North Sea, i.e. reprocessing-derived 236U sourced 

water masses, whereas river runoff contributed negligible NR-derived 236U.  

3.2.2 Temporal evolution in the central Baltic Sea 

The temporal evolution of 236U and 233U in the central Baltic Sea was recon-

structed via the analyses of the sediment cores from the Eastern Gotland Ba-

sin and the Landsort Deep (Paper II). Our observations on the seawater and 

sediments indicated that the central Baltic Sea acts as an effective U sink dur-

ing the past ~70 years, and a small fraction (10 - 20%) of soluble U(VI), both 

natural and anthropogenic isotopes, can be scavenged from the deep waters 

(below the redoxcline at ~100 m) to the sediments by redox-driven and dia-

genesis-driven processes. For the sedimentary 236U and 233U, besides the 

scavenged fraction, the Baltic sediments can also directly receive the deposit-

ed global and regional fallouts of 236U and 233U as particulate forms from the 

nuclear weapon testing and the Chernobyl accident. The permanent hypoxic 

and periodically sulfidic conditions in the bottom of the central Baltic Sea 

prevent bioturbation and preserve both the scavenged and deposited 236U and 
233U as insoluble U(IV), facilitating the investigation of their input history. 

In the Baltic sediments, most of the measured 233U/238U and 236U/238U atomic 

ratios were much higher than their natural background of 10−14 - 10−11 and 

10−14 - 10−10, respectively48,84, suggesting that the anthropogenic 233U and 
236U have dominated the Baltic Sea since the mid-1940s. The 236U/238U and 
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233U/238U atomic ratios determined in the ~2018 segments of Baltic sediments 

((14.5 - 16.3) × 10-9 and (7.54 - 10.8) × 10-11) were consistent with those ob-

served in the bottom waters of the Gotland Basin and Landsort Deep ((14.8 - 

16.6) × 10-9 and (7.60 - 9.82) × 10-11), suggesting that no significant isotopic 

fractionation occurred in the scavenging processes. 

Temporal evolutions of 236U/238U, 233U/238U, and 233U/236U 

Both sediment cores exhibit very similar depth profiles: (1) the temporal dis-

tribution of 236U/238U atomic ratios had an increasing trend before the late 

1970s, a relatively constant level during the 1980s, a peak in the year of 

~1986, and a gentle decline after the early 1990s; and (2) the temporal distri-

bution of 233U/238U atomic ratios consisted of a notable peak in the mid-to-

late 1950s and a subsequent gradual decreasing trend until 2018 (Figure 12). 

To clarify the 236U inputs from different sources to the Baltic Sea, we also 

compared the temporal distribution of 233U/236U atomic ratios in the Baltic 

sediments with the two well-dated 233U/236U records resolved from a peat 

core collected from the Black Forest, Germany and a coral core collected 

from the Kume Island, Japan84. Before the mid-1960s, an earlier intensive 

deposition of 233U than 236U led to higher 233U/236U atomic ratios than the 

modern integrated GF signal of (1.40 ± 0.15) × 10 -2 in the Baltic sediment 

cores and Black forest peat core. 233U/236U atomic ratios approach to 1.4 × 10-

2 in all records by the year of ~1970, when >90% of 233U fallout and >80% of 
236U fallout from the nuclear weapon testing had deposited according to the 

peat core record. Therefore, 236U in the Baltic sediments before ~1970 should 

be entirely from GF. Since ~1970, 233U/236U atomic ratios in the peat and cor-

al cores stabilized at 1.4 × 10-2, suggesting an isotopic equilibrium of GF-

derived 236U than 233U on the earth's surface environment; whereas  233U/236U 

atomic ratios in the Baltic sediment cores dropped below 1.4 × 10-2, reflect-

ing the appearance of NR-derived 236U in the central Baltic Sea. The remark-

able drop of 233U/236U atomic ratios in the sedimentary records in ~1986 was 

attributed to the input of NR-derived 236U, together with negligible input of 
233U, from the Chernobyl accident (see detailed discussion in section 3.4.1). 

In general, the 233U/236U atomic ratios in the Gotland Basin sediment core 

were lower than those in the Landsort Deep composite core since the 1980s, 

indicating a higher relative contribution of NR-derived 236U in the Gotland 

Basin. 
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Figure 12. Comparison of 236U and 233U records. (A) Annual yields of nuclear weapon tests and global depositions of 90Sr and 137Cs 

(UNSCEAR 2000)52; (B) Records of 233U/238U, 236U/238U, 233U/236U atomic ratios, Al-normalized 137Cs activity concentrations (decay-

corrected to 2019), and 241Am activities in the Gotland Basin sediment core; (C) Records of 233U/238U, 236U/238U, 233U/236U atomic ratios, 

and Al-normalized 137Cs activity concentrations (decay-corrected to 2019) in the Landsort Deep composite sediment; (D) Records of 
233U/238U, 236U/238U, 233U/236U atomic ratios in a peat core from the Black Forest, Germany84; and (E) Records of 233U/238U, 236U/238U, 
233U/236U atomic ratios in a coral core from the Kume Island, Japan84. The solid magenta squares in plot B represent samples with detect-

able 241Am activities. The open circles and solid squares in plot C represent samples from core 36 -MUC3 and 11-10MUC2, respectively. The 
233U/236U atomic ratio in plot D refers to the ratio of cumulative inventories of 233U and 236U below the referred layer of the peat core. 
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Temporal evolutions of GF-derived, NR-derived, and Chernobyl-derived 
236U 

Using the mixing algorithm introduced in section 2.5.1, the temporal evolu-

tion of GF-derived, NR-derived, and Chernobyl-derived 236U/238U atomic ra-

tios were reconstructed (Figure 13).  

 

Figure 13. Temporal distribution of GF-derived, NR-derived, and Chernobyl-derived 
236U/238U atomic ratios in the Gotland Basin (A) and the Landsort Deep (B).  

 

GF-derived 236U/238U atomic ratios had comparable levels and similar depth 

profiles in the Gotland Basin and Landsort Deep with an increase during the 

1940s - 1960s and a gradual decline since the 1970s. Considering that >80% 

of GF-derived 236U fallout had been deposited by 1970, the sedimentary ac-

cumulation of 236U after ~1970 should mainly be associated with the scaveng-

ing processes. The sedimentary records of GF-derived 236U/238U atomic ratios 

revealed an exponential decrease of 236U/238U atomic ratios in the bottom wa-

ters of the central Baltic Sea since ~1970. A similar trend was also observed 

in the reported coral records from the Caribbean Sea, Japan Sea, and the 

Northwest Pacific Ocean (Figure 14)70,76,133, suggesting an effective half-life 

of 21 - 54 years for GF-derived 236U in the global coastal and shelf areas (see 

the detailed calculation in Paper II). In the open ocean, the dissolved GF-

derived 236U is mainly distributed in the upper 1500 m of the ocean54,56,63,64,70, 

and the oceanic transport (such as the vertical diffusion/advection) may bring 

GF-derived 236U to the deep ocean; while in the shallow coastal areas, the 
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scavenging processes may also lead to a sink of GF-derived 236U from sea-

water to the sediments, and contribute to the general decline of GF-derived 
236U in the ocean70. 

 

Figure 14. Contemporaneous comparison of GF-derived 236U/238U atomic ratios (up-

per) between the Baltic sedimentary records and reported coral records from the 

Caribbean Sea (Belize), the Japan Sea (Iki Island), and the Northwest Pacific Ocean 

(Kume Island)70,76,133 and the comparison of resolved GF-derived 236U concentrations 

in the corresponding seawaters (lower). The resolved (GF-derived) 236U concentrations 

are estimated according to the salinity and (GF-derived) 236U/238U atomic ratios in the cor-

responding seawaters. Here we assume that the (GF-derived) 236U/238U atomic ratios in 

corals/sediments are equal to those in the corresponding seawaters, and the 238U concentra-

tions in the open ocean, the Gotland Basin, and the Landsort Deep are 3.35, 1.15, and 1.01 

μg/kg, respectively. The 238U concentrations are estimated by a 238U-salinity correlation 

suggested by Ku et al (1997)134. The salinity for the open sea seawater is assumed to be 35 

PSU, and the historical bottom average salinity of the Gotland Basin and the Landsort 

Deep are 12.0 and 10.5 PSU, respectively135.  
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The sedimentary NR-derived 236U/238U atomic ratios had an increasing trend 

from the mid-1960s until the 1980s and a decreasing trend since the 1990s. 

NR-derived 236U in the Baltic Sea likely originated from the discharges of the 

two nuclear reprocessing plants at Sellafield and La Hague (see the detailed 

discussion in section 3.4.1), which had decreasing 236U discharges since the 

1970s (Figure 20)77. However, little is known about the discharge history of 

Sellafield before 1970 and the 236U discharges from local nuclear facilities. 

In the two Baltic sediment cores, the remarkable NR-derived 236U/238U peak 

accompanied with no significant variation in GF-derived 236U/238U atomic 

ratios and a significant drop of 233U/236U atomic ratios suggested a pure NR-

derived 236U input from the Chernobyl accident to the Baltic Sea in ~1986, 

which was confirmed by the Chernobyl 137Cs and 241Am signals observed in 

the same layers. However, the NR-derived 236U/238U atomic ratios quickly 

decreased to the pre-Chernobyl level after 1986, suggesting that the Cherno-

byl-derived 236U directly deposited on the Baltic sediments and the dissolved 

fraction in Baltic seawater, as well as the riverine input of Chernobyl-derived 
236U, was negligible (see the detailed discussion in section 3.4.1). 

3.2.3 Inventories of U-236 and U-233 in the Baltic Sea 

Inventories of 236U and 233U in seawater 

Based on the observations in 2018-2019, we extrapolated the spatial distribu-

tion of 236U and 233U concentrations, as well as the GF-derived and NR-

derived 236U concentrations, throughout the Baltic Sea using a 3D estimation 

tool in Ocean Data View (5.3.0). The total inventories of dissolved 236U, 233U, 

GF-derived and NR-derived 236U in the modern Baltic seawater were thereby 

estimated to be 316 ± 25 g, 1.96 ± 0.25 g, 142 ± 13 g, and 174 ± 40 g, respec-

tively (Table 7). Here, we assumed that there was no dissolved Chernobyl-

derived 236U in the modern Baltic Sea. 

Table 7. Inventories of 236U and 233U in the modern Baltic Sea. 

 
233U [g] 

236U [g] 

 Total GF-derived NR-derived Chernobyl-derived 

Seawater 1.96 ± 0.25 316 ± 25 142 ± 13 174 ± 40 / 

Sediment 10.7 ± 1.2 998 ± 57 645 ± 33 323 ± 43 29.9 ± 16.2 

  Deposited fraction < 6.64 ± 1.24 < 409 ± 37 < 379 ± 33 / 29.9 ± 16.2 

  Scavenged fraction > 4.06 ± 0.08 > 589 ± 43 > 266 ± 5 323 ± 43 / 
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Inventories of 236U and 233U in sediment 

According to the two Baltic sediment cores, the areal sedimentary inventories 

of 236U, 233U, GF-derived, NR-derived, and Chernobyl-derived 236U in the 

central Baltic Sea were (3.16 - 3.53) × 1013, (2.42 – 2.66) × 1011, (1.60- 1.65) 

× 1013, (1.46 – 1.91) × 1013, and (2.42 – 5.70) × 1011 atoms/m2, respectively 

(Table 7). As the sedimentary 236U and 233U are the integrations of directly 

deposited fallout on the seabed (named as deposited fraction) and scavenged 

soluble 236U and 233U from the deep waters to sediments (named as scavenged 

fraction), the inventories of 236U and 233U for two fractions were estimated 

individually.  

Considering that > 80% of 233U and GF-derived 236U from the nuclear weap-

on testing had been deposited before 1965 and 1970, respectively, the upper 

limits of the deposited fraction of 233U and GF-derived 236U were estimated 

by the areal sedimentary inventories of 233U before 1965 and GF-derived 236U 

before 1970, which were (3.51 - 5.11) × 1010 and (2.24 - 2.67) × 1012 at-

oms/m2, respectively. Consequently, the lower limits of the scavenged frac-

tion of 233U and GF-derived 236U were estimated to be (2.15 - 2.07) × 1011 

and (1.36 - 1.40) × 1013 atoms/m2, respectively. Hence, the inventories of 
233U and GF-derived 236U that were directly deposited on the Baltic sediments 

were roughly estimated to be < 6.64 ± 1.24 and < 379 ± 33 g, respectively 

(Baltic Sea area = 393,000 km2). On the other hand, as the hypoxic bottom 

waters are favorable for the scavenging of 233U and GF-derived 236U, the in-

ventories of 233U and GF-derived 236U that were scavenged to the Baltic sed-

iments were estimated to be > 4.06 ± 0.08 and > 266 ± 5 g, respectively, by 

assuming a hypoxic area of ~ 49,000 km2 (avg. during 1961-2000)5. It should 

be noted that the scavenged 233U and GF-derived 236U in the oxic areas of the 

Baltic Sea was not considered due to a lack of observation data.  

Except for the Chernobyl-derived 236U, the inputs of NR-derived 236U to the 

Baltic Sea were expected to be the liquid discharges from the NRPs (see the 

detailed discussion in section 3.4.1), thus the sedimentary NR-derived 236U 

should entirely originate from the scavenging processes. The sedimentary 

inventory of NR-derived 236U was estimated to be 323 ± 43 g using a similar 

estimation with that for scavenged 233U and GF-derived 236U. Due to the het-

erogeneous deposition of the Chernobyl fallouts in the Baltic Sea, only a 

rough estimation of 29.9 ± 16.2 g for the sedimentary inventory of Cherno-

byl-derived 236U can be made, assuming an atmospheric deposition of (2.42 - 
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5.70) × 1011 atoms/m2 on the highly contaminated areas including Gulf of 

Finland (29,600 km2) and Gulf of Bothnia (115,500 km2)136. 

It is noteworthy that the abovementioned results are only preliminary estima-

tions for the sedimentary 236U and 233U, which mainly provide the order-of-

magnitude information. More accurate results rely on the sampling of the 

Baltic sediments from other subbasins, especially from the oxic areas of the 

Baltic Sea. 

 

 

  



 

55 

3.3 Inputs and budgets of U-233 and U-236 from 

global fallout 

3.3.1 Global inventory of U-233 in the environment 

Due to the lack of knowledge on the nuclear weapon design and sampling 

around the test sites, there are still knowledge gaps about the source terms of 

anthropogenic 233U in the environment. Hain et al. proposed two potential 

origins84: (1) release of unfissioned 233U from the nuclear weapons tests 

fuelled with 233U; and (2) production of 233U during the explosions of ther-

monuclear weapons using highly enriched uranium as tamper materials. Ta-

ble 8 lists the potential atmospheric nuclear weapon tests releasing 233U. Be-

sides, several thermonuclear weapons of Operation Hardtack I detonated in 

1958 at the PPG were also suspected to use highly enriched uranium tamper, 

as indicated by elevated 236U/239Pu atomic ratios observed in the corals at the 

Enewetak Atoll84. 

Table 8. Atmospheric nuclear weapon tests releasing 233U. 

Test Period Country Test site Type Yield Configuration Ref 

Operation Teapot 
(MET)  

Apr, 1954 US 
Nevada Test Site 

(37°07′N, 116°03′W) 

Tower 

(120 m) 
22 kt 

239Pu and 233U 
composite core 

85 

RDS-37 Nov, 1955 USSR 
Semipalatinsk Test Site 

(50°07′N, 78°43′E) 
Air 1.6 Mt 

235U and 233U 
fissile core 

137 

 

A 233U peak in the mid-to-late 1950s was observed in all currently available 
233U records across Europe to Asia (Figure 12), which was likely attributed 

to the detonation of two 233U devices in 1955 (Paper III). In particular, the 

former Soviet Union's "RDS-37" test at Semipalatinsk Test Site had much 

higher detonation height and yield than the United States' Operation Teapot 

“MET” test, which might eject more 233U debris into the stratosphere and 

contribute more to GF of 233U. This inference was supported by a much high-

er maximum 233U/236U atomic ratio ((15.3 ± 1.0) × 10-2) in the Baltic sedi-

mentary cores than those in the Blackforest peat core ((3.2 ± 0.4) × 10-2) and 

Kume Island coral core ((2.3 ± 1.1) × 10-2) in the 1950s (Figure 12). The 

Semipalatinsk Test Site is also much closer to the sampling sites of the Baltic 

sediment cores. Unfortunately, the temporal resolutions of the Blackforest 

peat core and Baltic sediment cores were too low in the late 1950s and the 

early 1960s to provide further information on the releases of 233U from any 

specific tests during this period. In general, we still lack information about 
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the principal sources of environmental 233U, and more characterization works 

are needed. 

The total release of 233U from the nuclear weapons testing was roughly esti-

mated to be 7 - 15 kg (Paper III), assuming an areal inventory of (5 - 12) × 

1010 atom/m2 for the GF-derived 233U in the Northern Hemisphere estimated 

from the Blackforest peat core and Baltic sediment cores and one-third of this 

areal inventory in the Southern Hemisphere according to the investigations on 

the GF-derived 90Sr52. This estimation was comparable with a simple calcula-

tion ((12 - 29) kg) by multiplying the estimated inventory of GF-derived 236U 

((900 - 2100) kg)49,54,55,76 with the representative 233U/236U atomic ratios for 

modern integrated GF signal ((1.40 ± 0.15) × 10-2)84 and the atomic mass ra-

tio of 233U and 236U. 

3.3.2 Inputs of U-233 and U-236 from global fallout to the Bal-

tic Sea 

Theoretically, the inputs of 236U and 233U from the nuclear weapon testing to 

the Baltic Sea include: (1) the atmospheric deposition of GF-derived 236U and 
233U on the Baltic Sea, which either was dissolved in the seawater or directly 

reached the seabed; (2) the riverine input of GF-derived 236U and 233U depos-

ited on the catchment; (3) the oceanic transport of dissolved GF-derived 236U 

and 233U from the North Sea via the Baltic inflows. 

Atmospheric deposition 

Based on the Blackforest peat core, the atmospheric deposition of 236U and 
233U from nuclear weapon testing was estimated to be 9.0 × 1012 and 1.2 × 

1011 atoms/m2 in North Europe, respectively. Hence, the total direct deposi-

tion of GF-derived 236U and 233U were roughly estimated to be 1.4 kg and 17 

g on the Baltic Sea, and 5.8 kg and 73 g on its catchment.  

As mentioned in section 3.2.3, the areal sedimentary inventories of GF-

derived 236U and 233U that directly deposited on the seabed were estimated to 

be < (2.2 - 2.7) × 1012 and < (3.5 - 5.1) × 1010 atoms/m2, which accounted for 

< 30% and < 40% of total atmospheric deposition of GF-derived 236U and 
233U on the Baltic Sea’s water body. This estimation indicated that the ma-

jority of GF-derived 236U and 233U was dissolved in the Baltic seawater after 

deposition. Still, a considerable fraction of dissolved GF-derived 236U and 
233U reached the Baltic sediments, probably due to the shallow and reducing 

water body of the Baltic Sea.   
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Riverine input 

Even though in a total of 5.8 kg and 77 g of GF-derived 236U and 233U depos-

ited on the Baltic Sea catchment, the mixing diagrams (Figure 15 for GF-

derived 236U vs salinity) suggested relatively low GF-derived 236U and 233U 

concentrations (less than ~5 × 106 atoms/kg and ~7 × 104 atoms/kg, respec-

tively) in the modern river runoff of the Baltic Sea. Similarly, low 236U con-

centrations were also observed in the Elbe River to the North Sea65. This was 

likely because only small fractions of GF-derived 236U and 233U deposited on 

the catchment were leached out and transported to the Baltic Sea by river 

runoff, or the leaching and transport of GF-derived 236U and 233U on land 

mainly occurred shortly after the intensive global fallout in the 1950s and 

1960s. Nonetheless, reconstruction of the riverine input histories of GF-

derived 236U and 233U require the further collection of observation data. 

Oceanic transport 

A comparison between the simulated GF-derived 236U concentrations in the 

surface layer of the North Sea by Christl et al. (2015)41 and the resolved GF-

derived 236U concentrations in the bottom waters of the central Baltic Sea 

(Figure 15) revealed a faster decrease of GF-derived 236U concentrations in 

the North Sea than the Baltic Sea. This is probably due to the facts that: (1) 

the strong downwelling currents in the North Atlantic bring GF-derived 236U 

into deep waters54, thus leading to a shorter-than-average effective half-life of 

GF-derived 236U (11 years) in the surface waters of the North Atlantic, as 

well as the inflowing Atlantic waters to the North Sea; and (2) the Baltic Sea 

water has a much longer residence time (30 years), which is favorable to 

trapping the "aged" GF-derived 236U signals in the central Baltic Sea. Before 

the 1990s, the Baltic Sea had lower GF-derived 236U concentrations than the 

North Sea, likely because a considerable fraction of GF-derived 236U was not 

dissolved in the shallow and reducing water column but was deposited on the 

seabed. Since the 2000s, the GF-derived 236U concentrations in the central 

Baltic Sea started to exceed those in the North Sea.  

Here, we can roughly estimate the exchange of GF-derived 236U between the 

North Sea and the Baltic Sea. The annual import of GF-derived 236U from the 

North Sea to the Baltic Sea was estimated by multiplying the simulated GF-

derived 236U concentrations in the North Sea with the mean Baltic inflow 

(634 km3/year)6. As the slow water circulation results in a homogenous dis-

tribution of GF-derived 236U in the central Baltic Sea (Figure 11 and Figure 

15), we assumed that the Baltic outflowing waters had the same GF-derived 
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236U concentrations as the bottom waters of the central Baltic Sea, and the 

annual export of GF-derived 236U from the Baltic Sea to the North Sea was 

calculated by multiplying the resolved concentrations in the central Baltic 

Sea with the mean Baltic outflow (1107 km3/year)6. Eventually, the differ-

ence between the annual import and export of GF-derived 236U represented 

the net flux of GF-derived 236U between the North Sea and the Baltic Sea, 

which shifted from a net import of GF-derived 236U (6.0 - 8.5 g/year) to the 

Baltic Sea in the 1970s to a net export (4.1 - 4.6 g/year) from the Baltic Sea 

in the 2010s. 

 

Figure 15. Mixing diagram of GF-derived 236U seawater concentration vs salinity (left) 

and a comparison between the resolved GF-derived 236U concentrations in the bottom 

waters of the central Baltic Sea and the simulated GF-derived 236U concentrations in 

the mixed layer of the North Sea (right). Dark purple and blue rectangles represent the 

ranges of the resolved and simulated GF-derived 236U concentrations in the Baltic Sea and 

the North Sea in the 2010s, respectively. The resolved GF-derived 236U concentrations are 

estimated from the two sediment cores collected in the Gotland Basin and the Landsort 

Deep. Here we assume that the sedimentary GF-derived 236U/238U atomic ratios are equal to 

those in the bottom waters of two subbasins, and the 238U concentrations in the Gotland 

Basin and the Landsort Deep are 1.15 and 1.01 μg/kg, respectively. The 238U concentra-

tions are estimated by a 238U-salinity correlation suggested by Ku et al (1997)134. The his-

torical bottom average salinity of the Gotland Basin and the Landsort Deep are 12.0 and 

10.5 PSU, respectively135. The simulation data of GF-derived 236U concentrations in the 

North Sea are from Christl et al. and refer to the grid point 55 ֯N, 5 ֯E41. 

 

3.3.3 Budget of U-236 from global fallout 

Table 9 demonstrates the budget calculation for GF-derived 236U in the Baltic 

seawater. Before 1970, we assumed that 70% of atmospheric deposition of 

GF-derived 236U on the Baltic Sea dissolved in the seawater, which corre-
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sponded to 970 ± 60 g. Due to the methodological difficulties in distinguish-

ing the deposited and scavenged 236U before 1970, it was impossible to esti-

mate the fluxes of the scavenging process and oceanic transport at that time. 

After 1970, the decadal flux for the sink of GF-derived 236U was estimated by 

multiplying the averaged inventory of GF-derived 236U in the corresponding 

decade in the two Baltic sediment cores with the average hypoxic area of the 

Baltic Sea (49,000 km2); the decadal flux for the oceanic transport of GF-

derived 236U was estimated by the difference between: (1) the decadal input 

to the Baltic Sea, which is the product of the decadal averaged simulated GF-

derived 236U concentration in the North Sea by Christl et al. (2015)41 and the 

mean decadal Baltic inflow flux (6340 km3/year)6; and (2) the decadal output 

from the Baltic Sea, which is the product of the decadal averaged GF-derived 
236U concentration in the Baltic seawater resolved from the two Baltic sedi-

ment cores and the mean decadal Baltic outflow flux (11070 km3/year)6. The 

riverine input history and temporal evolution for GF-derived 236U inventory 

in the Baltic seawater could not be reconstructed due to the lack of observa-

tion data. 

Table 9. The budget of GF-derived 236U in the Baltic Sea.  

Period 

Input/output for Baltic seawater [g] 

Seawater 
inventory   

[g] 

Atmospheric 
deposition 

(dissolved fraction) 

Oceanic 
transport 

(net) 

Riverine 

input 

Sink to    
sediment 

Before 1970 970 ± 60 (unknown) (unknown) (unknown) (unknown) 

1971 - 1980 / 73 ± 13 (unknown) - 49 ± 1 (unknown) 

1981 - 1990 / - 23 ± 15 (unknown) - 71 ± 12 (unknown) 

1991 - 2000 /  -63 ± 18 (unknown) - 51 ± 4 (unknown) 

2001 - 2010 / - 52 ± 2 (unknown) - 74 ± 20 (unknown) 

2011 - 2018 / - 44 ± 3 (unknown) - 74 ± 12 (unknown) 

Overall 970 ± 60 - 108 ± 41 (unknown) - 266 ± 5 142 ± 13 

Current flux 
[g/year] 

/ - 5.5 ± 0.3  0.9 - 3.5 ± 1.5 - 8.0 ± 1.8 

Positive values represent the source/input, and negative values represent the sink/output.  

 

Taking all gains and losses of GF-derived 236U in the Baltic seawater into ac-

count, a surplus of 454 ± 60  g for the modern seawater inventory is obtained, 

and this value can be even larger if there were any considerable riverine in-

puts. The major contributors to this surplus include: 1) an overestimated at-
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mospheric deposition of GF-derived 236U on the Baltic Sea (9.0 × 1012 at-

oms/kg); and 2) an underestimated sink of GF-derived 236U to Baltic sedi-

ments, especially when ignoring the sink in the oxic areas of the Baltic Sea. 

For the modern Baltic Sea, the annual riverine input of GF-derived 236U to the 

Baltic Sea was estimated to be 0.9 g in 2018-2019 by assuming a GF-derived 
236U concentration of 5 × 106 atoms/kg in freshwater and a mean annual run-

off of 454 km3/year7. The annual net output of GF-derived 236U from the Bal-

tic Sea to the North Sea by the oceanic circulation was estimated to be 5.5 ± 

0.3 g. According to the two Baltic sediment cores, the annual scavenging rate 

was estimated to be 3.5 ± 1.5 g/year. In summary, the Baltic Sea lost 9.0 ± 

1.8 g of GF-derived 236U in the year 2018-2019. 

The budget calculation revealed the origins and fates of GF-derived 236U in 

the Baltic Sea: (1) the GF-derived 236U accumulated in the Baltic Sea water 

before the 1980s with the inputs from the atmospheric deposition and the 

North Sea; (2) there is a dissipation of GF-derived 236U in the Baltic Sea wa-

ter since the 1980s arising from the water renewal of the Baltic Sea and scav-

enging processes in the anoxic subbasins; and (3) the loss of GF-derived 236U 

in the Baltic Sea water will continue in the following 1-2 decades. The budg-

et calculation also indicated that GF-derived 236U is not conservative in the 

Baltic Sea and the Baltic sediments act as an effective net sink for GF-

derived 236U, which should be considered in the tracer applications of 236U 

and 233U in other hypoxic water bodies. 
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3.4 Inputs and budget of U-236 from civil 

nuclear industries 

3.4.1 Inputs of reactor-derived U-236 to the Baltic Sea 

The potential inputs of NR-derived 236U in the Baltic Sea are the regional 

fallout from the Chernobyl accident, the liquid discharges from the two Euro-

pean reprocessing plants at Sellafield and La Hague, and the releases from 

the local nuclear facilities.  

Chernobyl Accident 

As introduced in section 3.2.2, an input of NR-derived 236U from the Cherno-

byl accident to the Baltic Sea in ~1986 was identified in the two Baltic sedi-

ment cores and confirmed by the notable 137Cs and 241Am signals observed in 

the same layers (Figure 12). The Chernobyl-derived 236U likely deposited 

directly on the sediments as “hot particles” and little was dissolved in the wa-

ter column. The elevated 236U/238U atomic ratios in ~1986 quickly decreased 

to the pre-Chernobyl level after the accident, which was similar to the Cher-

nobyl 241Am signal but opposed to the Chernobyl 137Cs signal that had re-

markable tailing. This is because the Chernobyl-derived 241Am was mainly 

produced by the decay of Chernobyl-derived 241Pu (t½ = 14.2 a)138, and both 

Pu and U are refractory elements and less mobile than Cs. Another evidence 

was the negligible NR-derived 236U concentrations in the river runoff sug-

gested by the mixing diagram of NR-derived 236U vs salinity, confirming that 

the Chernobyl-derived actinides were mainly in the hot particles and less wa-

ter-leachable (Figure 16). Whereas in the case of Chernobyl-derived 137Cs, 

the riverine input contributed 6% to the total Chernobyl-derived 137Cs in the 

Baltic Sea139. 

The comprehensive investigation of the Chernobyl-derived 137Cs distribution 

in Europe has shown a significantly heterogeneous regional fallout of Cher-

nobyl-derived substances, e.g. more intensive fallouts in southern Finland, 

north-eastern Sweden, and middle Norway, which resulted from the weather 

conditions (wind direction and precipitation) after the accident136. Fuel frag-

ments with a diameter of 2 - 20 μm from the Chernobyl accident were also 

found in Finland and Sweden140,141. The Chernobyl-derived 236U in the Got-

land Basin sediment core is about half of that in the Landsort Deep composite 

core, which should be also attributed to the heterogeneous deposition of 

Chernobyl-derived 236U in this region. Due to a lack of observation data, it is 
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still far from being able to draw a full picture for the distribution of Cherno-

byl-derived 236U fallouts in the Baltic region. 

 

Figure 16. Mixing diagram of NR-derived 236U seawater concentration vs salinity. Red 

solid lines represent the mixing lines between Jutland coastal water and Baltic surface wa-

ter; blue solid lines represent the mixing lines between Atlantic water and Jutland coastal 

water; and the dashed circles and arrow line indicate three endmembers in the Baltic Sea. 

 

Nuclear reprocessing plants 

The mixing diagram of NR-derived 236U vs salinity (Figure 16) revealed that 

there were three endmembers for NR-derived 236U in the Baltic Sea: 1) the 

saline Atlantic water with low NR-derived 236U concentrations (< 2 × 107 at-

oms/kg); 2) the slightly less saline water (Jutland coastal water) with high but 

variable NR-derived 236U concentrations ((3.5 - 16) × 107 atoms/kg); and 3) 

the brackish Baltic surface water with relatively constant NR-derived 236U 

concentrations ((1.5 - 3.5) × 107 atoms/kg). Both the spatial distribution pat-

tern (Figure 11) and the mixing diagram (Figure 16) suggested the input of 

NR-derived 236U from the North Sea to the modern Baltic Sea, while the in-

puts from the rivers and benthonic sources (e.g. leakages from the dumped 

nuclear wastes or remobilization of sedimentary NR-derived 236U) should be 

negligible. 

It was estimated that more than 260 kg of 236U were discharged from La 

Hague and Sellafield into the North Sea since the 1960s77. However, the 

transport and mixing processes affecting the delivery of reprocessing-derived 
236U from the North Sea to the Baltic Sea were not well-understood. Hence, 

we used a 3D ocean model HBM to perform a hindcast simulation for the 
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dispersion of reprocessing-derived 236U in the North and Baltic Seas during 

1971 - 2018.  

 Transport pathway: The hindcast simulations showed that reprocessing-

derived 236U from Sellafield and La Hague was advected to the southern 

North Sea by the Scottish Coastal Current and the English Channel Cur-

rent, respectively, and further to the Skagerrak along the western coastline 

of Northeast Europe by the Jutland Coastal Current58,65 (Figure 17). Upon 

arrival at the Skagerrak and Kattegat, the Jutland coastal water carrying 

reprocessing-derived 236U was sandwiched into the surface brackish Baltic 

outflowing water and the bottom saline Atlantic water due to the density 

stratification32,35,142 (Figure 17). The import of reprocessing-derived 236U 

from the transition zone to the central Baltic Sea mainly relied on the Bal-

tic inflowing water, driven by either the horizontal density gradients (ob-

served in summer)143 or storms (mainly in winter)19. 

 

Figure 17. Simulated distribution of reprocessing-derived 236U in the surface of the 

North and Baltic Seas (left) and a transect from the English Channel to the Baltic Sea 

(Right) during the 4th quarter of 2018. The solid and dashed lines in the right plot repre-

sent the surface and deep currents, respectively. The abbreviations in the plot are: RP, re-

processing plant; JCW, Jutland coastal water; AW, Atlantic water; BI, Baltic inflowing 

water; BO, Baltic outflowing water; BSW, Baltic surface water.  

 

 Mixing processes: There are two major mixing processes in the Baltic 

Sea and the transition zone. The first one is the mixing of different saline 

water masses in the transition zone (see the detailed discussion in section 

0). The Jutland coastal current brought the English Channel water and 

(central/southern) North Sea water, together with reprocessing-derived 
236U from La Hague and Sellafield, to the intermediate layer of Skagerrak 

and Kattegat. The highly dynamic contributions of English Channel water 

and (central/southern) North Sea water resulted in variable reprocessing-

derived 236U concentrations in the Jutland coastal water, which has been 
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observed in our observations (Figure 16) and simulations (Figure 18). In 

the Skagerrak and Kattegat, the vertical mixing between the intermediate 

Jutland coastal water and bottom 236U-free Atlantic led to steep mixing 

lines as indicated in Figure 16 (blue solid lines). The second major mix-

ing process in the Baltic Sea is the dilution of the Baltic inflowing water 

with the Baltic surface and bottom waters. For each Baltic inflows with a 

specific water-mass composition and corresponding endmember of repro-

cessing-derived 236U concentration, there was a specific mixing line be-

tween the Jutland coastal water and Baltic surface water (red solid lines in 

Figure 16). However, our hindcast simulation indicated that even though 

the Jutland coastal water had a largely varying endmember in the recent 

decades, the monthly imported/exported reprocessing-derived 236U was 

marginal (< 10%) compared with the total inventory of reprocessing-

derived 236U in the Baltic Sea, and could not significantly change the 

endmember for the Baltic surface water (Paper III). This is also support-

ed by our observation on the central Baltic Sea, where the distribution of 

NR-derived 236U was relatively even (Figure 11). 

 

Figure 18. Simulated mixing diagram of reprocessing-derived 236U vs salinity in the 

transition zone and Baltic Sea in the year of 2018 (left) and throughout 1971-2018 

(right). The abbreviation "RP" in the plots refers to "reprocessing plant".  

 

 Input history: The input history of reprocessing-derived 236U to the Bal-

tic Sea since 1971 was investigated by our hindcast simulation for the dis-

persion of reprocessing-derived radionuclides (as introduced in section 

2.4). The model suggested a net import of reprocessing-derived 236U from 

the North Sea to the Baltic Sea in the 1970s and a net export in the follow-

ing four decades (Figure 19). With decreasing 236U discharges from the 

two reprocessing plants, reprocessing-derived 236U inventories in both the 
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North Sea and the Baltic Sea declined since the 1980s. Differently, the 

Baltic Sea shows a slower decline rate than the North Sea owing to its 

longer water residence time (~30 years) than the North Sea (1 - 2 years). 

Limited water renewal endows the Baltic Sea with a strong "memory ef-

fect" and favors trapping the "aged" reprocessing-derived 236U in the cen-

tral Baltic Sea (see detailed discussions in section 3.5.1). The simulated 

inventory of reprocessing-derived 236U in the Baltic seawater was 211 g in 

2018, which is comparable with the estimated NR-derived 236U inventory 

(134 - 214 g) from the observation results. It should be mentioned that the 
236U discharges before 1970 and scavenging of NR-derived 236U were not 

considered in the model setup due to the lack of data. 

 

Figure 19. Monthly 236U discharges from the two reprocessing plants to the North Sea 

in the hindcast simulations throughout 1971-2018 (top) and simulated inventories of 

reprocessing-derived 236U in waters of the North Sea (middle) and Baltic Sea (bot-

tom). The 236U discharge data are from Castrillejo et al. (2020)77. The abbreviations in the 

plot are: RP, reprocessing plant; NS, North Sea; BS, Baltic Sea.   
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Local nuclear facilities 

The local nuclear facilities that potentially released 236U include the nuclear 

power plants in Sweden (Barsebäck, Ringhals, Oskarshamn, and Forsmark), 

Finland (Olkiluoto, Loviisa), Russia (Leningrad and Kaliningrad), and Ger-

many (Greifswald), some research facilities in Denmark (Risø) and Sweden 

(Studsvik), and a nuclear fuel fabrication facility in Sweden (Westinghouse). 

However, the mixing diagram of NR-derived 236U vs salinity (Figure 16) 

suggested that the local discharges were negligible to the modern Baltic Sea. 

The only documented historical local discharges of 236U were the liquid re-

lease (0.44 g) and airborne emission (0.016 g) from Westinghouse nuclear 

fuel fabrication facility in Sweden during 2002-2017 51. To our best 

knowledge, no significantly high levels of 236U have been reported in the sur-

rounding environment of other nuclear facilities, except for the nuclear re-

search company Studsvik, Sweden38. Studsvik facility was in operation since 

the 1950s and was reported to dump 64 tons of radioactive waste into the ad-

jacent coastal areas during 1959-1961144. However, no detectable NR-derived 
236U was observed in our Baltic sedimentary profiles around 1960.  

Based on the observations of Baltic surface water, Qiao et al. predicted an 

"unknown" local source that contributed 200 ± 47 g of NR-derived 236U to the 

Baltic Sea38. Such a different estimation with this work might be associated 

with the notable differences in sampling scales (periods, locations, and espe-

cially depths) and endmember settings between the two studies. The "un-

known" source of NR-derived 236U might be the "aged" reprocessing-derived 
236U trapped in the central Baltic Sea. It could take 20-30 years for the repro-

cessing-derived 236U to disperse from the transition zone to the Gotland Basin 

and the northern Baltic Proper12. The direct evidence was that the 129I/NR-

derived 236U atomic ratios in the surface waters of the central Baltic Sea (113 

- 370) were much lower than those of the transition zone (1202 - 2608) in 

2015, supporting that the saline fraction of the surface waters of the central 

Baltic Sea carried “aged” reprocessing signal (Figure 2) and thus was much 

older than the saline waters in the transition zone. With a significant decline 

in the endmember of reprocessing-derived 236U concentration for the Jutland 

coastal water in recent decades (Figure 18), a large deviation could be envi-

sioned between the endmember of Jutland coastal water for the "aged" repro-

cessing signal ventilated to the surface of the central Baltic Sea and that for 

the "modern" reprocessing signal in the surface of the transition zone. Any-
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how, further investigation is still needed to evaluate the contribution of local 

discharges. 

3.4.2 Budget of reactor-derived U-236 

Table 10 lists the fluxes for the major inputs and outputs of NR-derived 236U 

in the Baltic seawater. Due to the lack of 236U discharges from Sellafield be-

fore 1970, the fluxes of oceanic transport were only estimated during 1971-

2018 according to the changes in simulated reprocessing-derived 236U inven-

tory of the Baltic Sea. The decadal flux for the sink of NR-derived 236U was 

estimated by multiplying the averaged inventory of NR-derived 236U (corre-

sponding to a certain decade) in the two Baltic sediments with the average 

hypoxic area of the Baltic Sea (49,000 km2). As mentioned in section 3.4.1, 

the local discharges of 236U were unknown except for those from Westing-

house during 2002-2017. Taking all gains and losses of NR-derived 236U in 

the Baltic seawater into consideration, there is a deficit of 286 ± 59 g for the 

modern seawater inventory, and this deficit can be even larger if there were 

any considerable local discharges. The major contributor to this deficit should 

be the underestimation of the inputs from Sellafield due to the lack of dis-

charge history before 1970.  

Table 10. The budget of NR-derived 236U in the Baltic Sea. Positive values represent 

the source/input, and negative values represent the sink/output. 

Period 

Input/output for Baltic seawater [g] 
Seawater 
inventory   

[g] 
Oceanic transport 

(net) 
Local discharges Sink to sediment 

Before 1970 (unknown) (unknown) - 5 ± 2 (unknown) 

1971 - 1980 565 (unknown) - 34 ± 4 (unknown) 

1981 – 1990 -177 (unknown) - 90 ± 20 (unknown) 

1991 – 2000 -53 (unknown) - 59 ± 4 (unknown) 

2001 – 2010 -83 0.40 - 97 ± 6 (unknown) 

2011 - 2018 -41 0.04 - 39 ± 20 (unknown) 

Overall 211 negligible - 323 ± 43 174 ± 40 

Current flux 
[g/year] 

-11 negligible - 5.1 ± 2.9 - 16 ± 3 

 

For the modern Baltic Sea, the annual net output of NR-derived 236U from the 

Baltic Sea to the North Sea by the oceanic circulation was estimated to be 11 

g. According to the two Baltic sediment cores, the scavenging rate for NR-
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derived 236U was estimated to be 5.1 ± 2.9 g/year. In summary, the Baltic Sea 

lost 16 ± 3 g of NR-derived 236U in 2018-2019. 

In general, the budget calculation provided the essential knowledge for the 

origins and fates of NR-derived 236U in the Baltic Sea: (1) there was an ac-

cumulation of NR-derived 236U in the Baltic seawater before the 1980s with 

the inputs from the NRPs through the Baltic inflows; (2) the water renewal of 

the Baltic Sea and scavenging processes in the anoxic subbasins led to a dis-

sipation of NR-derived 236U since the 1980s; and (3) the loss of NR-derived 
236U in the Baltic Sea water will continue in the following decade. Similar to 

GF-derived 236U, the budget calculation also indicated that NR-derived 236U 

is not conservative in the Baltic Sea, and the scavenging processes play a 

comparably important role in determining the fates of 233U and 236U in the 

Baltic Sea in addition to the oceanic circulation. 
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3.5 Tracer application of U-236 and U-233 in the 

Baltic Sea 

3.5.1 Pollutant dynamics in the North and Baltic Seas 

The oceanic circulation is one of the major driving forces for the transport of 

carbon, nutrients, and pollutants in the Baltic Sea22–24, as it is for GF-derived 

and reprocessing-derived 236U as well (sections 3.3.3 and 3.4.2). To uncover 

the hydrodynamic processes affecting the pollutant/nutrient dynamics in the 

Baltic Sea, we used the 3D ocean model HBM to simulate the dispersion of 

reprocessing-derived 99Tc (T½, = 0.211 Ma), 129I (T½ = 15.7 Ma), and 236U 

(T½ = 23.4 Ma) in the North and Baltic Seas during 1971-2018 (Paper III 

and IV). 

Validation of hindcast simulation  

To evaluate the model performance, we compared the results of the hindcast 

simulation to seven published time-series and spatial-distribution observation 

datasets for 99Tc and 129I in the North and Baltic Seas (Table 11). The results 

indicated that the HBM model could decipher the inter-annual and inter-

seasonal variabilities of 99Tc activity concentrations and 129I/127I atomic ratios 

at the Norwegian coast and transition zone. The correlation coefficients and 

relative biases between the simulated results and observed values ranged 

from 0.544 to 0.934 and from -27% to 35% (Table 11), revealing a good skill 

for long-term prediction of the HBM model in the North Sea and Baltic Sea 

over the entire simulation period (ca. 50 years).  

Radiotracer transport and transit time 

High percentages of reprocessing-derived 99Tc (~92%) and reprocessing-

derived 129I (~76%) were discharged from Sellafield and La Hague, respec-

tively, making 99Tc and 129I ideal proxies for the investigation of transport 

and related timescales of any contaminants coming from the Pentland 

Firth/English Channel (the feeding points for radiotracers in model, Figure 8) 

to the Baltic Sea. 

The simulated time series of 99Tc inventory in the North Sea and that in the 

Baltic Sea were compared to obtain a best-fitted lag time using the Pearson 

product-moment correlation analysis (and the same for 129I, see details in Pa-

per IV). The best-fitted results representing the mean transit times were 30 

months (2.5 years) for 99Tc from the Pentland Firth to entering the Baltic Sea 

and 16 months (1.3 years) for 129I from the English Channel to entering the 
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Baltic Sea, respectively. According to the averaged ratio of the 99Tc flux from 

the North Sea to the Baltic Sea to the 99Tc flux from the Pentland Firth to the 

North Sea, the fraction for the reprocessing-derived 99Tc entering the Baltic 

Sea was estimated to be 0.76%. With similar calculations, the fraction for the 

reprocessing-derived 129I entering the Baltic Sea was estimated to be 0.85%. 

Taking the assumed loss rate (50%) and lag time (1 year) between Sellafield 

and the Pentland Firth into account, our estimations were in line with earlier 

findings, which showed that about 1% of the discharges from Sellafield and 

La Hague can reach the Baltic Sea in about 4 and 2 years, respectively139. 

In general, our long-term hindcast simulation indicated that only less than 1% 

of pollutants/nutrients in the coastal waters of the North Sea can enter the 

Baltic Sea due to the limited water exchange between these two seas. For 

many ubiquitous pollutants/nutrients (e.g. nitrogen, phosphorus, heavy met-

als), the local sources within the Baltic region might be the dominant contrib-

utors. 

Memory effect of pollutants/nutrients in the Baltic Sea 

The aforementioned results suggested a limited exchange of water mass and 

accompanying substances between the North Sea and Baltic Sea, which con-

tributed to the slow response of the Baltic Sea not only in the case of im-

port/accumulation of radiotracers but also in the case of export/clearance of 

existing pollutants and nutrients. For instance, even though the last pulse re-

lease of 99Tc from Sellafield occurred more than two decades ago, there was 

still ~1 TBq of 99Tc (about half of the maximum historic 99Tc inventory) in 

the Baltic Sea in 2018. As mentioned in sections 3.3.2 and 3.4.1, the limited 

renewal of the Baltic Sea water was favorable for the trapping of “aged” GF-

derived and reprocessing-derived 236U in the central Baltic Sea. This phe-

nomenon highlights the potential application of radiotracers for the assess-

ment of the time scales of pollutant dynamics in the Baltic Sea, which has not 

been discussed in other works. 

To explore this, we divided the radiotracers into two fractions: the pre-1990 

and the post-1990 discharges, which were released from the source points 

before and after 1990, respectively. When the release of the pre-1990 dis-

charges was terminated, a fast decrease of the pre-1990 radiotracers was ob-

served in the North Sea, with an effective half-life of 0.68 - 0.78 years 

(Figure 20). In contrast, the removal of pre-1990 99Tc, 129I, and 236U in the 

Baltic Sea were rather slow with an effective half-life of 19 - 20 years.  
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Table 11. Overview of the observation datasets of 99Tc and 129I in the North and Baltic Sea for the validation of simulation results.  

Tracer 
Dataset 

type 
Period 

Sample 

type 

Sample 
number 

Location 
Observation 
range 

Simulation   
range 

Relative 
Bias 

Correlation 
coefficient 

Ref. 

129I/127I ratio Time series 1980 - 1995 Seaweed 16 
Utsira, Norway 

(59.18°N, 4.53°E) 

1.88 - 18.5 

(×10-8) 

0.111 - 12.9 

(×10-8) 
-27% 0.544 145 

129I/127I ratio Time series 1986 - 1999 Seaweed 39 
Klint, Denmark 

(55.97°N, 11.58°E) 

3.48 - 37.5 

(×10-8) 

5.31 - 57.9 

(×10-8) 
19% 0.934 145 

99Tc conc. Time series 1998 - 2015 
Surface    
seawater 

28 
Hesselø, Denmark 
(56.17°N, 11.78°E) 

0.0720 - 1.68 

(Bq/m3) 

0.0939 - 1.68 

(Bq/m3) 
-22% 0.736 36 

99Tc conc. Time series 1998 - 2013 
Bottom     
seawater 

27 
Hesselø, Denmark 
(56.17°N, 11.78°E) 

0.169 - 4.90 

(Bq/m3) 

0.0563 - 3.01 

(Bq/m3) 
-11% 0.633 36 

129I conc. 
Spatial    
distribution 

Aug 2005 
Surface    
seawater 

20 
North Sea 

(20 stations) 

12.7 - 382 

(×109 atoms/kg) 

20.0 - 562 

(×109 atoms/kg) 
11% 0.631 46 

129I conc. 
Spatial    
distribution 

Aug 2006 Water column 50 
Baltic Sea 

(15 stations) 

1.69 - 188 

(×109 atoms/kg) 

4.08 - 120 

(×109 atoms/kg) 
35% 0.787 39 

129I conc. 
Spatial    
distribution 

Apr 2007 Water column 76 
Baltic Sea 

(18 stations) 

1.38 - 173 

(×109 atoms/kg) 

4.55 - 155 

(×109 atoms/kg) 
32% 0.879 39 

The Bias is calculated by the difference between the mean of the predicted values by the HBM model and that of observed value s, and the relative 
bias is the ratio of the bias and the mean of observed values. The correlation coefficient is calculated by the Pearson product-moment correlation anal-
ysis. 
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Figure 20. The comparisons of monthly inputs to the North Sea, inventories in the North Sea and Baltic Sea for 99Tc (A),  129I (B), and 
236U (C) throughout 1971-2018. The 99Tc and 129I discharge data are from HELCOM/OSPAR discharge database51,125, and 236U discharge 

data are from Castrillejo et al. (2020)77. The abbreviations in the plot are: RP, reprocessing plant; NS, North Sea; BS, Baltic Sea.  
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The Baltic Sea is characterized by a strong "memory effect" that is preserving 

the level of any entering pollutants. The variability of this "memory effect" 

largely depends on the input history of the pollutants. For 236U, with decreas-

ing discharges since the 1970s, the pre-1990 fraction accounted for up to 57% 

of the total 236U present in the Baltic Sea in 2018 (Figure 20). On the other 

hand, 129I has increased discharges in the last three decades, and the pre-1990 
129I only contributed to 2% of the total 129I. In general, our long-term hindcast 

simulation suggested an ecological half-life of ~20 years for any retained pol-

lutants/nutrients in the Baltic Sea. This means that the Baltic Sea would need 

up to 80 years (four half-lives) to reduce the contamination to <10% of its 

original level simply via water circulation. 

Another consequence of the "memory effect" in the Baltic Sea is the long-

term export of reserved pollutants to the transition area and Norwegian coast.  

After 1995, a constant outflow of pre-1990 99Tc (at a rate of ~4% of its inven-

tory per year) from the Baltic Sea to the North Sea was observed, theoretical-

ly transforming the Baltic Sea into a continuous contamination source of 99Tc 

after the termination of 99Tc discharges from reprocessing plants. This hy-

pothesis is also supported by the GF-derived 236U in the Baltic Sea, which is 

having a continuous net output to the North Sea (section 3.3.2). 

3.5.2 Quantification of water masses in the transition zone 

The transition zone between the North Sea and the Baltic Sea is of special 

importance, as it is not only the onset of the Norwegian Coastal Current de-

livering heat and freshwater to the subpolar region but also the onset of the 

Baltic inflows regularly renewing the de-oxygenated Baltic bottom waters. In 

addition, the crossroad location of the transition zone makes it a pool for col-

lecting pollutants/nutrients from the coastal countries of North-western Eu-

rope, leading to events of serious eutrophication, hypoxia, and contamination 

in the history36,102,146–148.  

Seen from the perspectives of regional oceanography, climatology, and ecol-

ogy, locating and quantifying the water sources of the transition zone is es-

sential for understanding the oceanic circulation and the associated transport 

of heat, carbon, nutrients, and hazardous substances within and through the 

transition zone22–24. Relying on the predicted spatiotemporal distribution of 

salinity and reprocessing-derived radiotracers by the hindcast simulations, we 

quantified differently sourced water masses in the transition zone. 
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Source and features of the water masses 

The major water masses in the transition zone (Figure 21) include: (1) the 

Atlantic water from the diffuse Shetland Shelf inflow at the northern bounda-

ry of the North Sea (0.22 - 0.60 Sv) and deep inflow along the Norwegian 

Trench to the Skagerrak (0.70 - 1.11 Sv)9,10; (2) the central and southern 

North Sea water originating from a combination of Atlantic water from the 

Fair Isle Current and the coastal water from the Scottish Coastal Current 

through the Orkney-Shetland Channel (0.30 - 0.43 Sv)10,149; (3) the inflowing 

Atlantic water from the English Channel restricted in the near-shore areas of 

the northwest European shelf (0.10 - 0.17 Sv)10; and (4) the large freshwater 

fraction in the Baltic outflows and the freshwater from the local rivers (0.017 

Sv)10, as well as the entrained run-off by the coastal waters from the North 

Sea (0.004-0.006 Sv)10,150. In this context, we named the abovementioned 

four water masses as the Atlantic water (AW), (central/southern) North Sea 

water (NSW), English Channel water (ECW), and freshwater (FW). In our 

hindcast simulations, the predicted salinity, 129I and 236U concentrations 

showed different distribution features in the North Sea and the transition zone 

during 1996-2015, which enable us to distinguish these four water masses:  

 Salinity: The highest salinity (~ 35.2 PSU) was observed in the AW. 

Slightly less salinity was found in the runoff-influenced NSW and ECW 

(32 - 35 PSU). A steep salinity gradient (6 - 30 PSU) arising from the Bal-

tic outflows appeared in the transition zone stretching from the Danish 

Straits to the Norwegian coast and Jutland coast. Whereas a lower varia-

bility (30-34 PSU) was observed in the German Bight due to the river 

runoff of the Ems, Weser, and Elbe Rivers.  

 129I and 236U: Particularly high 129I and 236U concentrations were noticea-

ble in the NSW and ECW contaminated by the discharges from the two 

reprocessing plants. Compared with NSW, ECW was tagged with about 

one order of magnitude higher 129I/236U atomic ratios by the discharges 

from La Hague than those from Sellafield (Figure 2). Relatively low lev-

els of 129I and 236U were observed in the prevailing regions of AW and 

FW.   

The typical values or ranges of salinity, 129I and 236U concentrations for the 

end-members of four water masses are summarized in Table 6. Using a modi-

fied four-endmember mixing algorithm130 introduced in section 2.5.3, we 

quantified the contribution of the four water masses in the transition zone. 
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Figure 21. The origins of water masses in the transition zone between the North and 

Baltic Seas. The solid and dashed lines represent the most relevant surface and deep cur-

rents in this area, respectively, including the Norwegian Atlantic Current (NwAC), Norwe-

gian Coastal Current (NCC), Shetland Shelf Inflow (SSI), Norwegian Trench Inflow (NTI), 

Fair Isle Current (FIC), Scottish Coastal Current (SCC), European Coastal Current (ECC), 

Jutland Coastal Current (JCC), Baltic inflows and outflows (BI and BO). The purple, red, 

blue, and green colors stand for the Atlantic water, the central/southern North Sea water, 

the English Channel water, and the freshwater, respectively. The red crosses represent two 

stations in the Skagerrak (Å17: 58.28°N, 10.51°E) and Kattegat (Fladen: 57.19°N, 

11.67°E), respectively. 

 

Water-mass composition in the transition zone 

The water-mass compositions at two stations in Skagerrak (Å17: 58.28°N, 

10.51°E) and Kattegat (Fladen: 57.19°N, 11.67°E) during 1996-2015 are 

shown in Figure 22 and Figure 23 and summarized in Table 12. In general, 

the transition zone showed a highly-stratified water-mass structure with sig-

nificant temporal variability. The AW predominated the deep water (> 100 

m) in Skagerrak and regularly stirred the upper layers, while FW was mainly 

distributed in the surface layer (0 - 20 m) of the transition zone. The ECW 

appeared mainly at the upper 100 m of the transition zone, with a seasonal 

periodicity. In contrast, the North Sea water had a relatively homogenous dis-

tribution in the entire water column but was occasionally strengthened during 

the intervals of the retreating AW and ECW. 
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Figure 22. Water-mass compositions (in %) in the Skagerrak (Å17: 58.28°N, 10.51°E) 

during 1996-2015. The abbreviations in the plot are: AW, Atlantic water; NSW, cen-

tral/southern North Sea water; ECW, English Channel water; FW, freshwater.   
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Figure 23. Water-mass compositions (in %) in the Kattegat (Fladen: 57.19°N, 

11.67°E) during 1996-2015. The abbreviations in the plot are: AW, Atlantic water; NSW, 

central/southern North Sea water; ECW, English Channel water; FW, freshwater.   
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Table 12. Mean values and standard deviations for water-mass composition data and 

the seasonality of four water masses in two stations of the Skagerrak (Å17: 58.28°N, 

10.51°E) and Kattegat (Fladen: 57.19°N, 11.67°E).  

Water 
mass 

 Skagerrak Kattegat 

 
Surface 

(0m) 

Intermediate 

(59m) 

Bottom 

(275m) 

Surface 

(0m) 

Bottom 

(45m) 

AW  

[%] 

Mean ± SD 7.6 ± 10.1 21.6 ± 20.0 65.4 ± 18.5 5.1 ± 7.0 26.0 ± 19.4 

Seasonality weak strong no no weak 

NSW 

[%] 

Mean ± SD 38.5 ± 14.0 44.2 ± 17.5 27.9 ± 14.1 34.2  ± 11.5 43.2  ± 17.4 

Seasonality no no no no no 

ECW 

[%] 

Mean ± SD 25.4 ± 16.4 31.3 ± 21.1 6.2 ± 12.0 16.5  ± 13.8 26.5  ± 18.9 

Seasonality weak weak strong weak weak 

FW 

[%] 

Mean ± SD 28.4 ± 10.5 2.9 ± 1.5 0.4 ± 0.1 44.3  ± 11.7 4.3  ± 2.3 

Seasonality no weak no no weak 

AW, Atlantic water; NSW, North Sea water; ECW, English Channel water; FW, freshwater.  

 

Based on the observations of dissolved organic matter, nutrients, and radio-

tracers, the percentage contributions of AW+NSW and ECW (or German 

Bight water) had been estimated to be: 51-79 % and 9-21 % in the surface of 

Skagerrak by Aarup et al. (1996), Aure (1998), and Kristiansen and Aas 

(2015); 90% and 10% in the bottom of Kattegat by Højerslev et al. (1996); 

and 7 % and 8% in the surface and 66 % and 9 % in the bottom of Danish 

Straits by Qiao et al. (2020)31–34,36. Stedmon et al. (2010) estimated that 

AW+NSW and ECW accounted for: 40-80% and 10-30% in the surface of 

Skagerrak; 40-90% and 0-30% in the bottom of Skagerrak; 30-50% and 20-

30% in the surface of Kattegat; and 50-70% and 20-30% in the bottom of 

Kattegat35. 

Our results predicted comparable AW+NSW and ECW fractions in the sur-

face Skagerrak (46 ± 16 %  and 25 ± 16 %), bottom Skagerrak (93 ± 23 %  

and 6 ± 12 %), surface Kattegat (39 ± 13 %  and 17 ± 14 %), and bottom of 

Kattegat (69 ± 26 % and 27 ± 19 %) taking the (interseasonal/interannual) 

variabilities into accounts (Table 12). It should be noted that we used fresh-

water as the fourth end-member in our algorithm rather than brackish water 

with a salinity of ~8 in other studies, which resulted in slightly higher frac-

tions for the saline water masses. 
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Inter-seasonal oscillation of differently sourced water masses 

To investigate the significance of the seasonal variations for the water-mass 

compositions in the transition zone, the "seasonal indices" (Table 12) were 

obtained for twelve months using the ratio-to-trend method (as introduced in 

section 2.5.4). The "seasonal indices" were used to quantify the deviation 

between the actual result and the calculated values when no seasonal varia-

tions exist. In summary, the most significant seasonal variations were ob-

served in AW and ECW. The ventilated AW in the surface and subsurface 

layers (> 100 m) of the Skagerrak increased by ~50% during June - October 

and decreased by the same amount during December - March compared with 

the averaged levels. The ECW in the whole water column of the Skagerrak 

and Kattegat has an increase of ~40% in the winter and spring (December - 

March) and a decrease of ~40% in the summer and autumn (June - October). 

While AW in the bottom of Skagerrak, and NSW and FW in the transition 

zone have only weak or no seasonality. The aforementioned results indicated 

that the ventilation of bottom Atlantic water to the upper layers of Skagerrak 

in summer/autumn and the invasion of English Channel water to the transi-

tion zone in winter/spring are the driving forces for the seasonality observed.   
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4 Conclusions  

In this project, a comprehensive investigation on the 236U and 233U in the Bal-

tic Sea was carried out to explore their sources, distributions, transport and 

mixing processes, inventories and budgets, and tracer applications. The major 

achievements are summarized as below: 

 Quality control measures were established by locating and eliminating the 

contamination source (the resuspended dust) in our laboratory, which al-

lows the precise and reliable determination of ultra-trace levels of 236U 

and 233U in the small quantity marine samples, including the Baltic sea-

water and sediments. 

 The spatiotemporal distributions of 236U, 233U, and 233U/236U ratio in the 

Baltic Sea revealed that the atmospheric nuclear weapon testing and liquid 

discharges from the two European nuclear reprocessing plants have com-

parable contributions to the anthropogenic 236U in the Baltic Sea. The in-

puts from the Chernobyl accident, the local nuclear facilities, riverine and 

benthonic sources to the Baltic Sea seem to be marginal. 

 A global atmospheric deposition of 233U in the mid-to-late 1950s was 

identified in the Baltic sediment cores and the other natural archives, and 

the total release of 233U from the nuclear weapon testing was estimated to 

be 7 - 15 kg.  

 The budget calculations for global-fallout-derived and nuclear-reactor-

derived 236U in Baltic Sea water suggest an accumulation of 236U before 

the 1980s and a diminution of 236U in the recent four decades. The deple-

tion of 236U in the Baltic Sea water arising from the water renewal of the 

Baltic Sea and scavenging processes in the anoxic subbasins will persist 

for 1-2 decades. 

 The long-term hindcast simulations suggested a strong memory effect of 

pollutants/nutrients in the Baltic Sea due to its limited water renewal, 

which was also confirmed by the observations of global-fallout-derived 
236U in the Baltic Sea. This memory effect underlines two potential conse-

quences: (1) an ecological half-life of up to ~20 years for any existing pol-

lutants/nutrients in the Baltic Sea; and (2) the Baltic Sea as a pollutant 

reservoir continuously exporting contamination to the ambient areas after 

any pollution event in the North-Baltic Sea.  
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 The water-mass compositions in the transit region between the North Sea 

and the Baltic Sea were quantified using hindcast simulation with a multi-

tracer approach (salinity-127I-236U). The results suggest a highly-stratified 

water-mass structure in the transition zone with significant inter-seasonal 

variability. The Atlantic water predominated the deep water and regularly 

stirred the upper layers in summer; the English Channel water mainly ap-

peared at the upper 100 m and strengthened in winter; the North Sea water 

had a relatively homogenous distribution in the entire water column; the 

freshwater was mainly distributed in the surface layer.  
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5 Perspectives and future research 

In this thesis, we obtained essential knowledge on the 236U and 233U in the 

Baltic Sea through large-scale ocean surveys and long-term hindcast simula-

tions. We also exploited reprocessing-derived radionuclides as tracers to 

study the exchange of water and substances between the North Sea and the 

Baltic Sea and the water-mass composition in the transition zone. However, 

there are two major shortages for this work, on which future researches 

should focus: 

 Concerning the 236U and 233U in the Baltic Sea, there are still many open 

questions in their sources and sinks, such as the input histories of riverine 
236U and 233U, the distribution of 236U fallouts from the Chernobyl acci-

dent, the undocumented 236U discharges from the local nuclear facilities, 

and the scavenged 236U and 233U in the oxic areas of the Baltic Sea. Filling 

in these knowledge gaps is favorable for more accurate budget calcula-

tions and a better understanding of the origins and fates of 236U and 233U 

in the Baltic Sea. More efforts should be dedicated to field sampling (es-

pecially river water and sediments from other subbasins), speciation anal-

ysis (236U and 233U in seawater and sediment), and numerical modeling 

(global-fallout-derived and Chernobyl-derived 236U). 

 Coupling observations and numerical simulations, the reprocessing-

derived 129I/236U ratio is a promising tracer for saline waters in the Baltic 

Sea and the associated ocean dynamics. However, many tracer applica-

tions inside the Baltic Sea were not able to be carried out due to the time 

limits of this project. In future researches, we will try to use reprocessing-

derived 129I/236U ratio to study the water ages (which currently can be only 

obtained by modeling), inter-subbasin water exchange, and the medium 

inflow events (which may not show significant signals in salinity) of the 

Baltic Sea. 

Even though we demonstrated the power of the 233U-236U tracer system in the 

discrimination and quantification of ubiquitous global-fallout-derived 236U 

from nuclear-reactor-derived 236U (typically the point-source-released repro-

cessing-derived 236U), we recognized two limitations of 236U and 233U as oce-

anic tracers: (1) uranium can be partially (10 - 20%) scavenged from the sul-

fidic waters (e.g. bottom waters of the central Baltic Sea) to the sediments, 

therefore the anthropogenic uranium isotopes are not always conservative in 

the marine environment; and (2) the global-fallout-derived 236U has a much 
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shorter ecological half-live (21 - 54 years) than its radioactive half-live in the 

coastal and shelf areas, demanding continuous improvements on the meas-

urement techniques. Especially the unconservative behaviors of uranium in 

the reducing marine environment will alter the reprocessing-derived 129I/236U 

ratio along with the transport, and special attention should be paid to its fu-

ture application in the Baltic Sea and other hypoxic water bodies. In addition, 

we are still lacking the information of principal sources and corresponding 

signatures for environmental 233U, therefore more source characterization 

works are needed. 

 

 

  



 

84 

6 References 
1. Leppäranta, M. & Myrberg, K. Physical oceanography of the Baltic Sea. (Springer, 2009). 

2. H. E. Markus Meier & Kauker, F. Modeling decadal variability of the Baltic Sea: 2. Role of 

freshwater inflow and large-scale atmospheric circulation for salinity. J. Geophys. Res. 108, 

3368 (2003). 

3. Franck, H., Matthaus, W. & Sammler, R. Major inflows of saline water into the Baltic Sea 

during the present century. Gerlands Beitraege Zur Geophysik 96, 517–531 (1987). 

4. Winsor, P., Rodhe, J. & Omstedt, A. Baltic Sea ocean climate: an analysis of 100 yr of hy-

drographic data with focus on the freshwater budget. Clim. Res. 18, 5–15 (2001). 

5. Conley, D. J. et al. Hypoxia-Related Processes in the Baltic Sea. Environ. Sci. Technol. 43, 

3412–3420 (2009). 

6. Dahlgaard, H. Baltic 137Cs outflow through the Danish Straits indicates remobilisation. in 

International Conference on Radioactivity in the Environment  516–520 (Norwegian Radia-

tion Protection Authority, 2002). 

7. Johansson, J. Total and Regional Runoff to the Baltic Sea. 6 (2016).  

8. HELCOM. State of the Baltic Sea - Second HELCOM holistic assessment 2011-2016. (2018). 

9. Winther, N. G. & Johannessen, J. A. North Sea circulation: Atlantic inflow and its destina-

tion. J. Geophys. Res. 111, C12018 (2006). 

10. Otto, L. et al. Review of the physical oceanography of the North Sea. Netherlands journal of 

sea research 26, 161–238 (1990). 

11. Mohrholz, V., Naumann, M., Nausch, G., Krüger, S. & Gräwe, U. Fresh oxygen for  the Baltic 

Sea — An exceptional saline inflow after a decade of stagnation. Journal of Marine Systems 

148, 152–166 (2015). 

12. Markus Meier, H. E. Modeling the pathways and ages of inflowing salt - and freshwater in the 

Baltic Sea. Estuarine, Coastal and Shelf Science 74, 610–627 (2007). 

13. Omstedt, A. et al. Progress in physical oceanography of the Baltic Sea during the 2003–2014 

period. Progress in Oceanography 128, 139–171 (2014). 

14. Team, B. A. Second assessment of climate change for the Baltic Sea basin. Regional Climate 

Studies; Springer: Berlin/Heidelberg, Germany 6, 131–144 (2015). 

15. HELCOM. HELCOM Thematic assessment of hazardous substances 2011-2016. (2018). 

16. HELCOM. HELCOM Thematic assessment of eutrophication 2011-2016. (2018). 

17. Carstensen, J., Andersen, J. H., Gustafsson, B. G. & Conley, D. J. Deoxygenation of the Bal-

tic Sea during the last century. Proceedings of the National Academy of Sciences 111, 5628–

5633 (2014). 

18. Meier, H. E. M. et al. Disentangling the impact of nutrient load and climate changes on Baltic 

Sea hypoxia and eutrophication since 1850. Clim Dyn 53, 1145–1166 (2019). 

19. Mohrholz, V. Major Baltic Inflow Statistics – Revised. Front. Mar. Sci. 5, 384 (2018). 

20. HELCOM. Baltic Sea Action Plan 2021 update. (2021). 

21. Svendsen, L. M., Larsen, S. E., Gustafsson, B., Sonesten, L. & Frank-Kamenetsky, D. Pro-

gress towards national targets for input of nutrients. https://helcom.fi/baltic -sea-action-

plan/nutrient-reduction-scheme/progress-towards-country-wise-allocated-reduction-targets/ 

(2018). 

22. Savchuk, O. P. Large-Scale Nutrient Dynamics in the Baltic Sea, 1970–2016. Front. Mar. 

Sci. 5, 95 (2018). 

23. Kuliński, K. & Pempkowiak, J. The carbon budget of the Baltic Sea. Biogeosciences 8, 3219–

3230 (2011). 

24. Larsen, B. & Pheiffer, M. Heavy metal budgets for selected Danish sea areas. Rapports et 

Proces-Verbaux des Reunions Conseil Permanent International pour l’exploration de la Mer  

186, 244–250 (1986). 

25. Placke, M. et al. Long-Term Mean Circulation of the Baltic Sea as Represented by Various 

Ocean Circulation Models. Front. Mar. Sci. 5, 287 (2018). 

26. Meier, H. E. M. Modeling the age of Baltic Seawater masses: Quantification and steady state 

sensitivity experiments. J. Geophys. Res. 110, C02006 (2005). 

27. Preventive Methods for Coastal Protection. (Springer International Publishing, 2013). 

doi:10.1007/978-3-319-00440-2. 



 

85 

28. Rodhe, J. On the dynamics of the large-scale circulation of the skagerrak. Journal of Sea 

Research 35, 9–21 (1996). 

29. Holtermann, P. L. et al. The Baltic Sea Tracer Release Experiment: 1. Mixing rates. Journal 

of Geophysical Research: Oceans 117, (2012). 

30. Holtermann, P. L. & Umlauf, L. The Baltic Sea Tracer Release Experiment: 2. Mixing pro-

cesses. Journal of Geophysical Research: Oceans 117, (2012). 

31. Kristiansen, T. & Aas, E. Water type quantification in the Skagerrak, the Kattegat and off the 

Jutland west coast. Oceanologia 57, 177–195 (2015). 

32. Aarup, T., Holt, N. & Højerslev, N. K. Optical measurements in the North Sea -Baltic Sea 

transition zone. II. Water mass classification along the Jutland west coast from salinity and 

spectral irradiance measurements. Continental Shelf Research 16, 1343–1353 (1996). 

33. Højerslev, N. K., Holt, N. & Aarup, T. Optical measurements in the North Sea-Baltic Sea 

transition zone. I. On the origin of the deep water in the Kattegat. Continental Shelf Research 

16, 1329–1342 (1996). 

34. Aure, J. The origin of Skagerrak coastal water off Arendal in relation to variations in nutrient 

concentrations. ICES Journal of Marine Science 55, 610–619 (1998). 

35. Stedmon, C. A., Osburn, C. L. & Kragh, T. Tracing water mass mixing in the Baltic–North 

Sea transition zone using the optical properties of coloured dissolved organic matter. Estua-

rine, Coastal and Shelf Science 87, 156–162 (2010). 

36. Qiao, J., Andersson, K. & Nielsen, S. A 40-year marine record of 137Cs and 99Tc transported 

into the Danish Straits: Significance for oceanic tracer studies. Chemosphere 244, 125595 

(2020). 

37. Qiao, J. et al. Anthropogenic 236 U in Danish Seawater: Global Fallout versus Reprocessing 

Discharge. Environ. Sci. Technol. 51, 6867–6876 (2017). 

38. Qiao, J. et al. An unknown source of reactor radionuclides in the Baltic Sea revealed by mul-

ti-isotope fingerprints. Nat Commun 12, 823 (2021). 

39. Yi, P., Aldahan, A., Hansen, V., Possnert, G. & Hou, X. L. Iodine Isotopes ( 129 I and 127 I) in 

the Baltic Proper, Kattegat, and Skagerrak Basins. Environ. Sci. Technol. 45, 903–909 (2011). 

40. Wefing, A.-M., Casacuberta, N., Christl, M., Gruber, N. & Smith, J. N. Circulation timescales 

of Atlantic Water in the Arctic Ocean determined from anthropogenic radionuclides. Ocean 

Sci. 17, 111–129 (2021). 

41. Christl, M. et al. Reconstruction of the 236U input function for the Northeast Atlantic Ocean 

Implications for 129I 236U and 236U 238U-based. J. Geophys. Res. Oceans 120, 7282–7299 

(2015). 

42. Yi, P. et al. Model simulation of inflow water to the Baltic Sea based on 129I. Applied Radia-

tion and Isotopes 82, 223–231 (2013). 

43. Yi, P. et al. 129I in the Baltic Proper and Bothnian Sea: application for estimation of water 

exchange and environmental impact. Journal of Environmental Radioactivity 120, 64–72 

(2013). 

44. Hansen, V. et al. Iodide and iodate (129I and 127I) in surface water of the Baltic Sea, Katte-

gat and Skagerrak. Science of The Total Environment 412–413, 296–303 (2011). 

45. Hou, X. L., Dahlgaard, H., Nielsen, S. P. & Kucera, J. Level and origin of Iodine -129 in the 

Baltic Sea. Journal of Environmental Radioactivity 61, 331–343 (2002). 

46. Hou, X. et al. Speciation of 129 I and 127 I in Seawater and Implications for Sources and 

Transport Pathways in the North Sea. Environ. Sci. Technol. 41, 5993–5999 (2007). 

47. IAEA. Live Chart of Nuclides: nuclear structure and decay data. https://www-

nds.iaea.org/relnsd/vcharthtml/VChartHTML.html (2021).  

48. Steier, P. et al. Natural and anthropogenic 236U in environmental samples. Nuclear Instru-

ments and Methods in Physics Research Section B: Beam Interactions with Materials and At-

oms 266, 2246–2250 (2008). 

49. Sakaguchi, A. et al. First results on 236U levels in global fallout. Science of The Total Envi-

ronment 407, 4238–4242 (2009). 

50. Shibata, K. et al. JENDL-4.0: A New Library for Nuclear Science and Engineering. Journal 

of Nuclear Science and Technology 48, 1–30 (2011). 

51. HELCOM. HELCOM MORS Discharge database. https://helcom.fi/%20baltic -sea-

trends/data-maps/databases/ (2020). 



 

86 

52. Sources and effects of ionizing radiation: United Nations Scientific Committee on the Effects 

of Atomic Radiation: UNSCEAR 2000 report to the General Assembly, with scientific annex-

es. (United Nations, 2000). 

53. Qiao, J. et al. Anthropogenic 236U in Danish Seawater: Global Fallout versus Reprocessing 

Discharge. Environ. Sci. Technol. 51, 6867–6876 (2017). 

54. Casacuberta, N. et al. A first transect of 236U in the North Atlantic Ocean. Geochimica et 

Cosmochimica Acta 133, 34–46 (2014). 

55. Christl, M. et al. A depth profile of uranium-236 in the Atlantic Ocean. Geochimica et Cos-

mochimica Acta 77, 98–107 (2012). 

56. Villa-Alfageme, M. et al. Distribution of 236U in the U.S. GEOTRACES Eastern Pacific 

Zonal Transect and its use as a water mass tracer. Chemical Geology 517, 44–57 (2019). 

57. Lee, S. H., Povinec, P. P., Wyse, E. & Hotchkis, M. A. C. Ultra-low-level determination of 

236U in IAEA marine reference materials by ICPMS and AMS. Applied Radiation and Iso-

topes 66, 823–828 (2008). 

58. Christl, M. et al. Status of 236U analyses at ETH Zurich and the distribution of 236U and 

129I in the North Sea in 2009. Nuclear Instruments and Methods in Physics Research Section 

B: Beam Interactions with Materials and Atoms 361, 510–516 (2015). 

59. Eigl, R., Srncik, M., Steier, P. & Wallner, G. 236U/238U and 240Pu/239Pu isotopic ratios in 

small (2 L) sea and river water samples. Journal of Environmental Radioactivity 116, 54–58 

(2013). 

60. Castrillejo, M. et al. Anthropogenic 236U and 129I in the Mediterranean Sea: First compre-

hensive distribution and constrain of their sources. Science of The Total Environment 593–

594, 745–759 (2017). 

61. Wefing, A. ‐M., Christl, M., Vockenhuber, C., Rutgers van der Loeff, M. & Casacuberta, N. 

Tracing Atlantic Waters Using 129I and 236U in the Fram Strait in 2016. J. Geophys. Res. 

Oceans 124, 882–896 (2019). 

62. Sakaguchi, A. et al. Uranium-236 as a new oceanic tracer: A first depth profile in the Japan 

Sea and comparison with caesium-137. Earth and Planetary Science Letters 333–334, 165–

170 (2012). 

63. Eigl, R., Steier, P., Sakata, K. & Sakaguchi, A. Vertical distribution of 236U in the North 

Pacific Ocean. Journal of Environmental Radioactivity 169–170, 70–78 (2017). 

64. Eigl, R., Steier, P., Winkler, S. R., Sakata, K. & Sakaguchi, A. First study on 236U in the 

Northeast Pacific Ocean using a new target preparation procedure for AMS measurements. 

Journal of Environmental Radioactivity 162–163, 244–250 (2016). 

65. Christl, M., Casacuberta, N., Lachner, J., Herrmann, J. & Synal, H. -A. Anthropogenic 236U 

in the North Sea – A Closer Look into a Source Region. Environ. Sci. Technol. 51, 12146–

12153 (2017). 

66. Qiao, J., Hou, X., Steier, P., Nielsen, S. & Golser, R. Method for 236U Determination in 

Seawater Using Flow Injection Extraction Chromatography and Accelerator Mass Spectrome-

try. Anal. Chem. 87, 7411–7417 (2015). 

67. Castrillejo, M. et al. Tracing water masses with 129I and 236U in the subpolar North Atlantic 

along the GEOTRACES GA01 section. Biogeosciences 15, 5545–5564 (2018). 

68. Casacuberta, N. et al. Tracing the Three Atlantic Branches Entering the Arctic Ocean With 

129I and 236U. J. Geophys. Res. Oceans 123, 6909–6921 (2018). 

69. Casacuberta, N. First 236U data from the Arctic Ocean and use of 236U/238U and 129I/236U 

as a new dual tracer. Earth and Planetary Science Letters 8 (2016). 

70. Sakaguchi, A. et al. Temporal and vertical distributions of anthropogenic 236U in the Japan 

Sea using a coral core and seawater samples. J. Geophys. Res. Oceans 121, 4–13 (2016). 

71. Chamizo, E., López-Lora, M., Bressac, M., Levy, I. & Pham, M. K. Excess of 236U in the 

northwest Mediterranean Sea. Science of The Total Environment 565, 767–776 (2016). 

72. Qiao, J., Hain, K. & Steier, P. First dataset of 236U and 233U around the Greenland coast: A 

5-year snapshot (2012–2016). Chemosphere 257, 127185 (2020). 

73. López-Lora, M. et al. 236U, 237Np and 239,240Pu as complementary fingerprints of radioac-

tiveeffluents in the western Mediterranean Sea and in the Canada Basin (Arctic Ocean). Sci-

ence of The Total Environment 765, 142741 (2021). 

74. Christl, M. et al. First data of Uranium-236 in the North Sea. Nuclear Instruments and Meth-

ods in Physics Research Section B: Beam Interactions with Materials and Atoms  294, 530–

536 (2013). 



 

87 

75. Povinec, P. P. et al. Certified reference material for radionuclides in seawater IAEA-381 

(Irish Sea Water). 6 (2000). 

76. Winkler, S. R., Steier, P. & Carilli, J. Bomb fall-out 236U as a global oceanic tracer using an 

annually resolved coral core. Earth and Planetary Science Letters 359–360, 124–130 (2012). 

77. Castrillejo, M. et al. Unravelling 5 decades of anthropogenic 236U discharge from nuclear 

reprocessing plants. Science of The Total Environment 717, 137094 (2020). 

78. Salbu, B. et al. Challenges associated with the behaviour of radioactive particles in the envi-

ronment. Journal of Environmental Radioactivity 186, 101–115 (2018). 

79. Boulyga, S. F. & Heumann, K. G. Determination of extremely low 236U/238U isotope ratios 

in environmental samples by sector-field inductively coupled plasma mass spectrometry using 

high-efficiency sample introduction. Journal of Environmental Radioactivity 88, 1–10 (2006). 

80. Boulyga, S. F. et al. Determination of 236U/238U isotope ratio in contaminated environmen-

tal samples using different ICP-MS instruments. J. Anal. At. Spectrom. 17, 958–964 (2002). 

81. Mironov, V. P., Matusevich, J. L., Kudrjashov, V. P., Boulyga, S. F. & Becker, J. S. Deter-

mination of irradiated reactor uranium in soil samples in Belarus using 236U as irradiated 

uranium tracer. J. Environ. Monitor. 4, 997–1002 (2002). 

82. Beasley, T. M., Kelley, J. M., Maiti, T. C. & Bond, L. A. 237Np/239Pu atom ratios in inte-

grated global fallout: a reassessment of the production of 237Np. Journal of Environmental 

Radioactivity 38, 133–146 (1998). 

83. Sakaguchi, A., Steier, P., Takahashi, Y. & Yamamoto, M. Isotopic Compositions of 236U and 

Pu Isotopes in “Black Substances” Collected from Roadsides in Fukushima Prefecture: Fall-

out from the Fukushima Dai-ichi Nuclear Power Plant Accident. Environ. Sci. Technol. 48, 

3691–3697 (2014). 

84. Hain, K. et al. 233U/236U signature allows to distinguish environmental emissions of civil 

nuclear industry from weapons fallout. Nat Commun 11, 1275 (2020). 

85. Alvarez, R. Managing the Uranium-233 Stockpile of the United States. Science & Global 

Security 21, 53–69 (2013). 

86. De Cesare, M. et al. Actinides AMS at CIRCE and 236U and Pu measurements of structural 

and environmental samples from in and around a mothballed nuclear power plant. Nuclear In-

struments and Methods in Physics Research Section B: Beam Interactions with Materials and 

Atoms 294, 152–159 (2013). 

87. Fifield, L. K., Tims, S. G., Stone, J. O., Argento, D. C. & De Cesare, M. Ultra -sensitive 

measurements of 36Cl and 236U at the Australian National University. Nuclear Instruments 

and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms  

294, 126–131 (2013). 

88. Steier, P. et al. The actinide beamline at VERA. Nuclear Instruments and Methods in Physics 

Research Section B: Beam Interactions with Materials and Atoms  458, 82–89 (2019). 

89. Jaegler, H. et al. Pushing Limits of ICP–MS/MS for the Determination of Ultralow 

236U/238U Isotope Ratios. Anal. Chem. 92, 7869–7876 (2020). 

90. Wang, Y., Hou, X., Zhang, W., Zhang, L. & Fan, Y. Determination of ultra-low 236U in en-

vironment samples using ICP-MS/MS measurement and chemical separation. Talanta 224, 

121882 (2021). 

91. Bürger, S. et al. Isotope ratio analysis of actinides, fission products, and geolocators by high -

efficiency multi-collector thermal ionization mass spectrometry. International Journal of 

Mass Spectrometry 286, 70–82 (2009). 

92. Sahoo, S. K., Nakamura, Y., Shiraishi, K. & Masuda, A. Accurate measurement of uranium 

isotope ratios in soil samples using thermal ionization mass spectrometry equipped with a 

warp energy filter. International Journal of Environmental Analytical Chemistry  84, 919–926 

(2004). 

93. Richter, S., Alonso, A., De Bolle, W., Wellum, R. & Taylor, P. D. P. Isotopic “fingerprints” 

for natural uranium ore samples. International Journal of Mass Spectrometry 193, 9–14 

(1999). 

94. Hedberg, P. M. L., Peres, P., Fernandes, F. & Renaud, L. Multiple ion counting measurement 

strategies by SIMS – a case study from nuclear safeguards and forensics. J. Anal. At. Spec-

trom. 30, 2516–2524 (2015). 

95. Ranebo, Y., Hedberg, P. M. L., Whitehouse, M. J., Ingeneri, K. & Littmann, S. Improved 

isotopic SIMS measurements of uranium particles for nuclear safeguard purposes. J. Anal. At. 

Spectrom. 24, 277 (2009). 



 

88 

96. Esaka, F. et al. Comparison of ICP-MS and SIMS techniques for determining uranium isotope 

ratios in individual particles. Talanta 78, 290–294 (2009). 

97. Boulyga, S. F. & Prohaska, T. Determining the isotopic compositions of uranium and fission 

products in radioactive environmental microsamples using laser ablation ICP–MS with multi-

ple ion counters. Anal Bioanal Chem 390, 531–539 (2008). 

98. Varga, Z. Application of laser ablation inductively coupled plasma mass spectrometry for the 

isotopic analysis of single uranium particles. Analytica Chimica Acta 625, 1–7 (2008). 

99. Donard, A., Pointurier, F., Pottin, A.-C., Hubert, A. & Pécheyran, C. Determination of the 

isotopic composition of micrometric uranium particles by UV femtosecond laser ablation 

coupled with sector-field single-collector ICP-MS. J. Anal. At. Spectrom. 32, 96–106 (2017). 

100. Woodgate, R. Arctic Ocean Circulation – going around at the top of the world. 15 (2012). 

101. Polyakov, I. V. et al. Greater role for Atlantic inflows on sea-ice loss in the Eurasian Basin of 

the Arctic Ocean. 8 (2017). 

102. Kershaw, P. & Baxter, A. The transfer of reprocessing wastes from north-west Europe to the 

Arctic. Deep Sea Research Part II: Topical Studies in Oceanography  42, 1413–1448 (1995). 

103. Livingston, H. D., Kupferman, S. L., Bowen, V. T. & Moore, R. M. Vertical profile of artifi-

cial radionuclide concentrations in the Central Arctic Ocean. Geochimica et Cosmochimica 

Acta 48, 2195–2203 (1984). 

104. Smith, J. N., Ellis, K. M. & Jones, E. P. Cesium 137 transport into the Arctic Ocean through 

Fram Strait. J. Geophys. Res. 95, 1693 (1990). 

105. Ohno, T. et al. Temporal change of 236U/238U and 235U/238U isotopic ratios in atmospher-

ic deposition in Tokyo and Akita from 1963 to 1979. Science of The Total Environment 

151292 (2021) doi:https://doi.org/10.1016/j.scitotenv.2021.151292. 

106. Naegeli, R. Calculation of the radionuclides in PWR spent fuel samples for SFR experiment 

planning. SAND2004-2757, 919122 https://www.osti.gov/servlets/purl/919122/ (2004) 

doi:10.2172/919122. 

107. HELCOM. Radioactivity in the Baltic Sea, 1999-2006 HELCOM thematic assessment. 64 

(2009). 

108. Toscano-Jimenez, M. & García-Tenorio, R. A three-dimensional model for the dispersion of 

radioactive substances in marine ecosystems. Application to the Baltic Sea after the Cherno-

byl disaster. Ocean Engineering 31, 999–1018 (2004). 

109. Monte, L. Application of the migration models implemented in the decision system MOIRA-

PLUS to assess the long term behaviour of 137Cs in water and fish of the Baltic Sea. Journal 

of Environmental Radioactivity 134, 136–144 (2014). 

110. Periáñez, R. et al. A comparison of marine radionuclide dispersion models for the Baltic Sea 

in the frame of IAEA MODARIA program. Journal of Environmental Radioactivity 139, 66–

77 (2015). 

111. Dellwig, O., Wegwerth, A. & Arz, H. W. Anatomy of the Major Baltic Inflow in 2014: Im-

pact of manganese and iron shuttling on phosphorus and trace metals in the Gotland Basin, 

Baltic Sea. Continental Shelf Research 104449 (2021) doi:10.1016/j.csr.2021.104449. 

112. Moros, M. et al. Towards an event stratigraphy for Baltic Sea sediments deposited since AD 

1900: approaches and challenges. Boreas 46, 129–142 (2017). 

113. Häusler, K. et al. Massive Mn carbonate formation in the Landsort Deep (Baltic Sea): Hydro-

graphic conditions, temporal succession, and Mn budget calculations. Marine Geology 395, 

260–270 (2018). 

114. Dellwig, O. et al. Impact of the Major Baltic Inflow in 2014 on Manganese Cycling in the 

Gotland Deep (Baltic Sea). Front. Mar. Sci. 5, 248 (2018). 

115. Casacuberta, N. et al. Potential Releases of 129I, 236U, and Pu Isotopes from the Fukushima 

Dai-ichi Nuclear Power Plants to the Ocean from 2013 to 2015. Environ. Sci. Technol. 51, 

9826–9835 (2017). 

116. Tipton, R. C. Safety cabinet. (1995). 

117. BIPM, I., IFCC, I., ISO, I. & IUPAP, O. Evaluation of measurement data—guide to the ex-

pression of uncertainty in measurement, JCGM 100: 2008 GUM 1995 with minor corrections. 

Joint Committee for Guides in Metrology (2008). 

118. Golbeck, I. et al. Quality Information Document (QUID) Baltic Sea Physical Analysis and 

Forecasting Product BALTICSEA_ANALYSIS_FORECAST_PHY_003_006: Issue 4.0 . 

(2017). 



 

89 

119. Berg, P. & Poulsen, J. W. Implementation details for HBM. (Danish Meteorological Institute, 

2012). 

120. Wan, Z., Bi, H. & She, J. Comparison of two light attenuation parameterization focusing on 

timing of spring bloom and primary production in the Baltic Sea. Ecological Modelling 259, 

40–49 (2013). 

121. She, J., Berg, P. & Berg, J. Bathymetry impacts on water exchange modelling through the 

Danish Straits. Journal of Marine Systems 65, 450–459 (2007). 

122. Frishfelds, V., Sennikovs, J., Bethers, U., Murawski, J. & Timuhins, A. Modeling Transit 

Flow Through Port Gates and Connecting Channel in Baltic Sea—Liepaja Port—Liepaja 

Lake System. Frontiers in Marine Science (2021). 

123. Murawski, J., She, J., Mohn, C., Frishfelds, V. & Nielsen, J. W. Ocean Circulation Model 

Applications for the Estuary-Coastal-Open Sea Continuum. Frontiers in Marine Science 8, 

515 (2021). 

124. Tian, T. et al. Simulations of the last two decades Baltic Sea climate using a high-resolution 

regional climate model: A comparison using prescribed and modelled SSTs. Tellus A 65, 

19951 (2013). 

125. OSPAR. OSPAR Liquid Discharges from Nuclear Installations. 

https://odims.ospar.org/en/search/?dataset=discharges_nuclear (2021).  

126. McCubbin, D. et al. Further studies of the distribution of technetium-99 and caesium-137 in 

UK and European coastal waters. Continental Shelf Research 22, 1417–1445 (2002). 

127. Povinec, P. P., Bailly du Bois, P., Kershaw, P. J., Nies, H. & Scotto, P. Temporal and spatial 

trends in the distribution of 137Cs in surface waters of Northern European Seas—a record of 

40 years of investigations. Deep Sea Research Part II: Topical Studies in Oceanography  50, 

2785–2801 (2003). 

128. Kershaw, P. J., McCubbin, D. & Leonard, K. S. Continuing contamination of north Atlan tic 

and Arctic waters by Sellafield radionuclides. Science of The Total Environment 237–238, 

119–132 (1999). 

129. Orre, S., Gao, Y., Drange, H. & Nilsen, J. E. Ø. A reassessment of the dispersion properties 

of 99Tc in the North Sea and the Norwegian Sea. Journal of Marine Systems 68, 24–38 

(2007). 

130. Bois, P. B. D., Guéguéniat, P., Gandon, R., Léon, R. & Baron, Y. Percentage contribution of 

inputs from the Atlantic, Irish Sea, English Channel and Baltic into the North Sea during 

1988: A tracer-based evaluation using artificial radionuclides. Netherlands Journal of Sea 

Research 31, 1–17 (1993). 

131. Seasonal Index. in The Concise Encyclopedia of Statistics 476–479 (Springer New York, 

2008). doi:10.1007/978-0-387-32833-1_365. 

132. López-Lora, M. et al. Isolation of 236U and 239,240Pu from seawater samples and its deter-

mination by Accelerator Mass Spectrometry. Talanta 178, 202–210 (2018). 

133. Nomura, T. et al. Reconstruction of the temporal distribution of 236U/238U in the Northwest 

Pacific Ocean using a coral core sample from the Kuroshio Current area. Marine Chemistry 

190, 28–34 (2017). 

134. Ku, T.-L., Mathieu, G. G. & Knauss, K. G. Uranium in open ocean: concentration and isotop-

ic composition. Deep Sea Research 24, 1005–1017 (1977). 

135. ICES. ICES Dataset on Oceanography. https://ices.dk/data/dataset-

collections/Pages/default.aspx (2020). 

136. De Cort, M. Atlas of caesium deposition on Europe after the Chernobyl accident. (1998).  

137. Holloway, D. Research note: Soviet thermonuclear development. International Security 4, 

192–197 (1979). 

138. Ikäheimonen, T. K. Determination of transuranic elements, their behaviour and sources in the 

aquatic environment. (University of Helsinki, 2003).  

139. Nielsen, S. P. et al. Baltic Sea: Radionuclides. in Encyclopedia of Inorganic Chemistry (eds. 

King, R. B., Crabtree, R. H., Lukehart, C. M., Atwood, D. A. & Scott, R. A.) ia760 (John 

Wiley & Sons, Ltd, 2010). doi:10.1002/0470862106.ia760. 

140. Devell, L. & Nuclear, S. Characteristics of the Chernobyl release and fallout that affect the 

transport and behaviour of radioactive substances in the environment. RECENT ADVANCES 

IN REACTOR ACCIDENT CONSEQUENCE ASSESSMENT 11 (1988). 



 

90 

141. Raunemaa, T., Lehtinen, S., Saari, H. & Kulmala, M. Chernobyl accident and hot particles in 

the fallout. RECENT ADVANCES IN REACTOR ACCIDENT CONSEQUENCE ASSESSMENT  

42 (1988). 

142. Dahlgaard, H., Herrmann, J. & Salomon, J. C. A tracer study of the transport of coastal water 

from the English Channel through the German Bight to the Kattegat. Journal of Marine Sys-

tems 6, 415–425 (1995). 

143. Feistel, R., Nausch, G. & Hagen, E. Unusual Baltic inflow activity in 2002-2003 and varying 

deep-water properties. Oceanologia 48, (2006). 

144. IAEA. Inventory of radioactive waste disposals at sea. IAEA. Techdoc 1, 105–121 (1999). 

145. Hou, X. L., Dahlgaard, H. & Nielsen, S. P. Iodine-129 Time Series in Danish, Norwegian and 

Northwest Greenland Coast and the Baltic Sea by Seaweed. Estuarine, Coastal and Shelf Sci-

ence 51, 571–584 (2000). 

146. Andersen, J. H., Kallenbach, E., Murray, C. & Ledang, A. B. Eutrophication in the Danish 

parts of the North Sea, Skagerrak and Kattegat 2006-2014. A literature-based status assess-

ment. (2016). 

147. Wesslander, K. et al. Swedish National Report on Eutrophication Status in the Skagerrak, 

Kattegat and the Sound-OSPAR ASSESSMENT 2016. (2017). 

148. Baden, S., Loo, L.-O., Pihl, L. & Rosenberg, R. Effects of eutrophication on benthic commu-

nities including fish: Swedish west coast. AMBIO: A Journal of the Human Environment 

(1990). 

149. Turrell, W. R., Henderson, E. W., Slesser, G., Payne, R. & Adams, R. D. Seasonal changes in 

the circulation of the northern North Sea. Continental Shelf Research 12, 257–286 (1992). 

150. Hordoir, R., Dieterich, C., Basu, C., Dietze, H. & Meier, H. E. M. Freshwater outflow of the 

Baltic Sea and transport in the Norwegian current: A statistical correlation analysis based on 

a numerical experiment. Continental Shelf Research 64, 1–9 (2013). 

 

  



 

91 

7 Papers 

 

I M. Lin, J. X. Qiao, X. L. Hou, R. Golser, K. Hain, and P. Steier. On the 

Quality Control for the Determination of Ultratrace-Level 236U and 233U 

in Environmental Samples by Accelerator Mass Spectrometry. Analytical 

Chemistry. 2021, 93 (7), 3362-3369. 

II M. Lin, J. X. Qiao, X. L. Hou, O. Dellwig, P. Steier, K. Hain, R. Golser, 

and L. C. Zhu. 70-Year Anthropogenic Uranium Imprints of Nuclear 

Activities in Baltic Sea Sediments. Environmental Science & Technology. 

2021, 55 (13), 8918-8927. 

III M. Lin, J. X. Qiao, X. L. Hou, P. Steier, R. Golser, M. Schmidt, O. 

Dellwig, M. Hansson, Ö. Bäck, V. P. Vartti, C. Stedmon, J. She, J. 

Murawski, A. Aldahan, and S. A. K. Schmied. Anthropogenic 236U and 
233U in the Baltic Sea: distribution, source terms, and budgets. Manuscript 

submitted to Water Research. 

IV M. Lin, J. She, J. Murawski, X. L. Hou, and J. X. Qiao. Long-term 

pollutant dynamics in the North-Baltic Sea unraveled by numerical 

modeling and observation of the radiotracer transport. Manuscript. 

V M. Lin, J. She, J. Murawski, X. L. Hou, and J. X. Qiao. Water-mass 

composition of the transition zone between the North and Baltic Seas. 

Manuscript. 

 

In this online version of the thesis, paper I-V are not included but can be ob-

tained from electronic article databases e.g. via www.orbit.dtu.dk or on re-

quest from: 

DTU Environment 

Technical University of Denmark 

Bygningstorvet, Building 115 

2800 Kgs. Lyngby 

Denmark 

info@env.dtu.dk. 

mailto:info@env.dtu.dk


 

 

 

 

On the Quality Control for the Determination of    

Ultratrace-Level 236U and 233U in Environmental 

Samples by Accelerator Mass Spectrometry 

Mu Lin1, Jixin Qiao*,1, Xiaolin Hou1, Robin Golser2, Karin Hain2, and Peter 

Steier2 

1Department of Environmental Engineering, Technical University of Denmark, 

DTU Risø Campus, DK-4000 Roskilde, Denmark 

2VERA Laboratory, Faculty of Physics, Isotope Physics, University of Vienna, 

Währinger Straße 17, A-1090 Vienna, Austria 

  

Paper I 



On the Quality Control for the Determination of Ultratrace-Level
236U and 233U in Environmental Samples by Accelerator Mass
Spectrometry
Mu Lin, Jixin Qiao,* Xiaolin Hou, Robin Golser, Karin Hain, and Peter Steier

Cite This: Anal. Chem. 2021, 93, 3362−3369 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Our recent attempt to determine ultratrace-level
236U and 233U in small-volume seawater samples was challenged by
high and unstable procedure blanks in our environmental
radioactivity laboratory, which used to be a spent fuel research
facility. Through intercomparison experiments with different
laboratories and background checks on the chemical reagents
and laboratory dust, the resuspended U-bearing dust was identified
as the dominating source of the 236U and 233U contamination. With
the implementation of background control (especially dust
control) measures, the procedure blanks and detection limits of
236U and 233U for the radiochemical separation procedure have
been significantly improved by three orders of magnitudes. With
well-controlled blanks, the analytical precision for 236U and 233U
predominantly relies on the AMS counting statistics. Background check and dust control are strongly recommended before the
analyses of environmental-level long-lived radionuclides (such as 236U and 233U) that are conducted in the former or active nuclear
facilities, even if clearance of radioactivity relevant for radioprotection was achieved.

The long-lived uranium isotope 236U (t1/2 = 23.4 Myr) has
become a popular tracer in oceanic studies because of

improved measurement techniques by accelerator mass
spectrometry (AMS) and its excellent properties, including
high solubility, long residence time, and conservative
features.1−4 Besides a minor amount of naturally produced
236U,5 the majority of environmental 236U was released through
anthropogenic nuclear activities, including atmospheric nuclear
weapon tests,1,6−8 authorized discharges of nuclear reprocess-
ing plants,9 and nuclear accidents.10−12 The pulse injection of
anthropogenic 236U results in a wide scale of 236U/238U atomic
ratios (10−13 to 10−6) in the global oceanic systems (Figure
1),1,7,13−30 which roughly corresponds to a range of 103 to 109

atoms/kg for 236U concentrations in seawater. This makes 236U
a suitable transient tracer to investigate the oceanic circulation
patterns, water mass mixing, and transit time.
Recent developments of the AMS technique enable the

measurement and tracer application of another long-lived
anthropogenic uranium isotope 233U (t1/2 = 0.16 Myr) in the
environment.3,30,31 Different from 236U, the only massive
emission of anthropogenic 233U occurred during the global
fallout of nuclear weapon testing (GF). In contrast, little 233U
is produced by nuclear reactors and released from reprocessing
plants or nuclear accidents.3 The representative level of the
233U/236U atomic ratio in natural reservoirs exposed to GF is
estimated to be (1.40 ± 0.15) × 10−2 by a recent study on a

peat core (Black Forest, Germany),3 while the documented
levels in the discharges of the nuclear reprocessing plant at La
Hague are 10−7 to 10−6 (HELCOM MORS Discharge
database).32 In the Irish Sea, an average 233U/236U atomic
ratio of (0.12 ± 0.01) × 10−2 was measured in the seawater
and sediments close to the nuclear reprocessing plant at
Sellafield.3 Based on the production mechanisms of anthro-
pogenic 233U and 236U, the 233U/236U atomic ratio only
depends on the features of the nuclear fuel and neutron
spectrum.3 This makes the 233U/236U atomic ratio a robust
signature to identify the emission sources of anthropogenic
uranium and allows the precise quantification of GF’s
contribution in multiple-source systems, demonstrated by the
recent studies in the Danish Straits and Greenland coast.3,30

AMS, together with the preceding radiochemical separation
of uranium, is the only possible method to determine
ultratrace-level 236U and 233U in the environmental samples.
As a sufficiently low detection limit (LOD) of the analytical
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method is critical, the instrumental sensitivity of AMS and the
levels of 236U, 233U, and interferences present in the procedure
blank are therefore the most important parameters. The
effective radiochemical separation and the physical processes
involved in the AMS setup, mostly the stripping process, allow
a high suppression of the molecular isobars, especially the ones
coming from the naturally occurring neighboring isotopes (i.e.,
235U in the 236U case and 232Th in the 233U case). Hence, the
major limitations to overall LODs are the 236U and 233U in the
procedure blank introduced during the radiochemical
procedure.31 In previous studies,19,23,25−27,33 the procedure
blanks for 3−20 L of water samples were reported to contain
40−1000 ag (corresponding to 1.0 × 105 to 2.6 × 106 atoms; 1
ag = 10−18 g) of 236U, and the major contributions were from
the 233U spikes,26,29,34 reagents,5,24 labwares,29 and cross-
contamination.1,25 However, few research studies were
concerned about the levels and sources of 233U in procedure
blanks since it was mainly utilized as a yield tracer for 236U. It
must, however, be investigated for the 233U analyses in
environmental samples considering its extremely low concen-
trations. From the representative levels of 236U/238U (10−9)
and 233U/236U atomic ratios for the GF signature in modern
ocean surface waters,7 a 233U/238U atomic ratio of about 1.4 ×
10−11 and a 233U concentration of about 1.2 × 105 atoms/kg
can be estimated in the open sea.
Besides procedure blanks, precision is also vital for the

determination and tracer application of 236U and 233U. For
instance, the Atlantic Waters in the Arctic Ocean are labeled by
the 236U and 129I discharged from two European reprocessing
plants (RPs). RP-derived 129I/236U atomic ratios have been
adopted to estimate the age of Atlantic Waters.19,25−27,35,36

Lower measurement uncertainties of 236U are favorable for the
precise estimation of the transit time. Furthermore, the
measured 129I/236U atomic ratios in Atlantic Waters could be
significantly biased by the additional GF-derived 236U along
the transport pathway,16 which could be corrected by the
simultaneous determination of 233U.3,30 Such a subtraction also
requires acceptable precision of 233U to avoid introducing large
uncertainties. For example, Greenland seawater consists of
about 30 and 70% of GF- and RP-derived 236U according to
the 233U/236U atomic ratios, respectively,30 and a relative
uncertainty of 30% for 233U will contribute a relative

uncertainty of 13% for RP-derived 236U. The reported 236U
analyses enabled the precise measurement of 236U/238U atomic
ratios (within 10% of relative uncertainty) in 1−2 L of
seawater samples with the lowest value of 10−917,21,22,27 and 3−
20 L with 10−10.1,7,15,17,19,24−27,29,33,35,37 Even though limited
experience exists for the 233U analyses, unavoidably large
uncertainties can be expected due to its extremely low
concentrations in environmental samples, restricting its
application on source discrimination. Naturally, larger sample
volumes are needed for the lowest-level samples to improve
precision, but this leads to less sampling efficiency, higher cost
for sample transportation and storage during the scientific
expeditions,38 and higher costs for the laboratory analyses.
Hence, finding out the key parameters affecting the measure-
ment uncertainties of 236U and 233U and optimizing them to
obtain the desirable uncertainties are a prerequisite for the
sampling plan and AMS measurement.
In this work, the aspects of quality control on laboratory

background and analytical uncertainty are discussed by
introducing our recent attempt to analyze 236U and 233U with
2 L of seawater samples, which was challenged by relatively
high and unstable levels of 236U and 233U in procedure blanks
prepared at an environmental radioactivity laboratory that used
to be a spent fuel research facility. The sources of uranium
isotopes presented in procedure blanks during the radio-
chemical preparation were systematically investigated. Back-
ground control measures were implemented, and the major
contributors to combined uncertainties of 236U and 233U were
analyzed. Two sets of seawater samples were utilized for the
demonstration of background control and uncertainty analysis.

■ EXPERIMENTAL SECTION
Standards and Reagents. Uranium standard solutions

(10 μg/mL in 2% HNO3, Labkings) were used to establish the
standard curve for the inductively coupled plasma mass
spectrometry (ICP-MS) measurement. Chemicals with differ-
ent purity grades and suppliers (as summarized in Table S1)
were utilized at the different laboratories involved in this work,
including the Department of Environmental Engineering in the
Technical University of Denmark (DTU-ENV), the National
Institute of Aquatic Resources in the Technical University of
Denmark (DTU-AQUA), and the Vienna Environmental

Figure 1. Comparison of the 236U/238U atomic ratios in global oceanic systems. The red and green bars represent the detection limits of the
analytical method for 2 L of seawater (with 238U concentrations of 1−3 μg/kg) based on the previous and improved procedure blanks, respectively.
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Research Accelerator facility in the University of Vienna
(VERA). At DTU-ENV and DTU-AQUA, 37% HCl and 65%
HNO3 solutions were distilled by an acid sub-boiling system
before usage to remove uranium and other major matrix
components.24 Fe solution (0.05 g/mL) was prepared by
dissolving FeCl3·6H2O (analytical grade, Sigma-Aldrich) in 3
M HNO3 and then purified with a UTEVA resin column
(100−150 μm, Triskem International) to remove uranium
isotopes. At VERA, all of the chemicals were of SuperPure
grade and were directly utilized without any purification.
Ultrapure water (18 MΩ·cm at 25 °C) was consistently used
for reagent preparation in all laboratories.
Separation of Uranium from Seawater. An optimized

radiochemical separation procedure was modified and utilized
to separate uranium from 2 L water samples for the
determination of 236U and 233U by AMS.24 After filtration
with filter paper (Grade 00K, Munktell Filtrak), 2 L of water
sample was acidified to pH = 2 with 65% HNO3. After adding
200 mg of Fe3+ as a carrier and bubbling for 10 min, 25% NH3·
H2O solution was gradually added to the water sample while
stirring until pH = 8−9 to coprecipitate uranium with
Fe(OH)3. The Fe(OH)3 precipitate was allowed to settle
down for 0.5 h. The supernatant was discarded, and the slurry
was centrifuged at 3000 rpm for 10 min. The precipitate was
dissolved with 1 mL of 37% HCl, and 5 mL of 65% HNO3 was
added. The solution was diluted with ultrapure water to a final
concentration of 3 M HNO3 and then loaded to a 2 mL
UTEVA resin column preconditioned with 20 mL of 3 M
HNO3. After washing the column with 2 × 20 mL of 3 M
HNO3 and 20 mL of 6 M HCl, uranium was eluted with 10
mL of 0.025 M HCl. Two milligrams of Fe3+ was added to the
eluate, and pH was adjusted to 8−9 for coprecipitating
uranium with Fe(OH)3. The precipitate was dried at 90 °C for
4 h and then baked at 800 °C for 12 h. Finally, the sample was
pressed into an aluminum sputter target holder to measure
236U/238U and 233U/238U atomic ratios by AMS at VERA.
Different from other AMS laboratories, no metallic powder was
added to the uranium sputter material, even though it can
increase the ionization yields and ion currents. On the one
hand, adding binders may introduce additional uranium
isotopes to the procedure blanks, which is avoided as far as
possible in this work (especially for 233U). On the other hand,
during tuning of the beam before the stripping process, the
often-used copper and silver binders give rise to molecular
anions in the mass range around 250 amu, which interfere with
the UO− ions. In fact, any new element in the matrix will make
the molecular spectrum more complex in the heavy mass
range, which will increase the effort of method validation.
Measurement of 238U, 236U, and 233U by ICP-MS and

AMS. To obtain the chemical yield of the radiochemical
procedure and calculate the 236U and 233U concentrations in
water samples, 100 μL aliquots of original water and uranium
eluate were taken and diluted 10−50 and 100−10000 times
with 0.5 M HNO3, respectively, for the measurement of 238U
concentration by a triple-quadrupole ICP-MS (8800, Agilent).
The detailed determination method for 236U/238U and
233U/238U atomic ratios and setup description for the AMS
at VERA are provided in the Supporting Information and
reported elsewhere.3,31 The AMS system’s overall detection
efficiency for uranium atoms is about 5 × 10−4,3 assuming
complete consumption of the sputter material. As no pure 238U
material without any 236U or 233U is available as a machine
blank, the instrumental LODs of AMS for 236U/238U and

233U/238U can only be estimated to be in the order of 10−14

and 10−16, respectively.3,31

It is worth noting that the actual 236U/238U or 233U/238U
atomic ratio in the original sample (RS

236(233)) is obtained by a
correction of AMS measurement result according to eq 1 to
subtract 236U or 233U contained in the procedure blank

=
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where Rm
236(233) and Rb

236(233) are the 236U/238U or 233U/238U
atomic ratios measured in the sample and blank targets, and
mm

238 and mb
238 are the corresponding 238U contents. It should

be noted that AMS can only quantitatively determine the
isotopic ratios but not the absolute amounts of 238U since
ionization yield might change between cathodes. As the
chemical yield for the target preparation step is quantitative
(Ytarget > 99%),24 the 238U content in the sample or blank target
is assumed to be equal to that in the eluate and can be
calculated by eq 2.
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where mm, eluate or mb, eluate is the mass of sample or blank
eluate, and Cm

238 or Cb
238 is the 238U concentration in the eluate

of sample or blank measured by ICP-MS. With RS
236 and RS

233,
the 233U/236U atomic ratio (RS

233/236) in the water sample is
calculated as RS

233/236 = RS
233/RS

236.
Blank Sample Preparation. To quantify 236U and 233U

introduced during the radiochemical separation, procedure
blanks (n = 6, named as DTU-ENV Batch) were prepared at
DTU-ENV with 2 L of ultrapure water following the
aforementioned procedure. The whole procedure was con-
ducted in the fume hood, where water samples were usually
treated at DTU-ENV. For comparison, another three batches
of procedure blanks were prepared in a fume hood at VERA (n
= 4, named as VERA Batch), a fume hood at DTU-AQUA (n =
4, named as DTU-AQUA Batch), and a laminar flow bench
(Safe 2020, Thermo Fisher Scientific) at DTU-ENV (n = 3,
named as DTU-ENV-LFB Batch).
Based on mb

238 and Rb
236(233), the 236U or 233U contents in the

sputter targets of procedure blanks could be calculated by
mb

236(233) = mb
238 × Rb

236(233) × 236(233)/238. Hence, the overall
LOD of the analytical method for the 236U/238U or 233U/238U
atomic ratio (LOD(236(233)U/238U)) is deduced from eq 3.
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× ×
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where Cs
238 is the 238U concentration in the water sample, V is

the sample volume, Y is the chemical yield for the chemical

procedure, and mb
236(233) and σb

236(233) are the average values
and uncertainties (1 standard deviation) of 236U or 233U
contents in the sputter targets of the procedure blanks,
respectively.

Source Identification of 236U and 233U Contamination.
To identify the sources of 236U and 233U present in the
procedure blanks prepared in the fume hood usually used for
processing seawater samples at DTU-ENV, the levels of 236U
and 233U in chemical reagents and airborne dusts were
investigated. The consumption amounts of different reagents
for a blank in the DTU-ENV Batch during the radiochemical
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procedure were calculated, as summarized in Table S2. Two
“total reagent” samples (named as DTU-TR samples, Table
S4) were prepared by mixing equivalent amounts of these
reagents. The DTU-TR samples were subjected to the entire
radiochemical procedure starting from the first Fe(OH)3
coprecipitation step to determine the total contents of 236U,
233U, and 238U in the mixture of reagents, which represent the
contribution from chemical reagents to the procedure blank. A
corresponding blank (named as DTU-TR-bk, Table S4) for
DTU-TR samples was also prepared to deduct the extra 236U,
233U, and 238U introduced during the radiochemical procedure.
The entire procedure was conducted in the laminar flow bench
to exclude the influence of airborne dusts.
To evaluate the contribution from airborne particles, four

aerosol samples (1000−1700 m3 of air volume) were collected
by a high-volume air sampler (Staplex) with glass microfiber
filters (0.45 μm, Staplex) in different laboratories of DTU-
ENV and the field outside the laboratory building (as
summarized in Table S3). A dust sample (DTU-BD-kemi3-
fh) was also collected on a sheet of paper placed on the fume
hood desktop, where water samples were previously treated.
The aerosol samples and the dust sample were digested with
120 mL of aqua regia by heating on a hot plate at 150 °C for
0.5 h and then 200 °C for 2 h to leach uranium. The leachate
was filtrated with glass microfiber filters (grade GF/A,
Whatman), and the residue was washed three times with 10
mL of 0.5 M HNO3. The washing solution was combined into
the leachate, and 100 mg of Fe3+ was added to each sample as a
carrier. The samples were processed starting from the first
Fe(OH)3 coprecipitation step. All aerosol samples were
prepared at VERA using VERA’s reagents, while the dust
sample was prepared in the laminar flow bench at DTU-ENV
using DTU’s reagents.

■ RESULTS AND DISCUSSION

Laboratory Background at DTU-ENV, DTU-AQUA,
and VERA. The analytical results of 236U, 233U, and 238U
contents, together with 236U/238U, 233U/238U, and 233U/236U
atomic ratios, in all procedure blanks are shown in Table S4. In
the comparison of procedure blanks prepared at DTU-ENV,
DTU-AQUA, and VERA (Figure 2), the DTU-ENV Batch
shows about 2−4, 1−2, and 1−2 orders of magnitudes higher
236U, 233U, and 238U contents than the DTU-AQUA Batch and
3−5 and 1−2 orders of magnitudes higher 236U and 238U
contents than the VERA Batch, respectively. The comparison
indicates that typically high contamination of 236U, 233U, and
238U occurred in the radiochemical procedure in the DTU-
ENV Batch. Specifically, the total amount of 236U present in
DTU-ENV-bk-1 ((2.66 ± 0.36) × 107 atoms) is much higher
than the procedure blanks for 3−20 L of seawater samples (1.0
× 105 to 2.6 × 106 atoms) reported in other stud-
ies.19,23,25−27,33 Moreover, the highest 236U/238U atomic ratio
((4.94 ± 0.59) × 10−6) in the DTU-ENV Batch even exceeds
the reported level in the Irish Sea water sample (IAEA-443,
2.45 × 10−6)39 that is highly contaminated with 236U
discharged from the Sellafield Nuclear Reprocessing Plant.
This excludes the possibility of cross-contamination as no
sample with such a high level of 236U/238U atomic ratio has
been treated at DTU-ENV based on our record. The results
indicate that blanks prepared at DTU-ENV were randomly
contaminated from a “hot” source with varying high 236U/238U
atomic ratio. Considering that the same reagents and labware
were used for the DTU-ENV Batch and DTU-AQUA Batch,
the source term should not be related to chemical reagents or
labware but to the laboratory environment.

Sources of 236U, 233U, and 238U in DTU-ENV Blanks.
The measured contents of uranium isotopes and their ratios in
the aerosol, dust samples, and reagents are summarized in

Figure 2. Comparison of (A) 236U, 233U, and 238U contents and (B) 236U/238U, 233U/238U, and 233U/236U atomic ratios in the procedure blanks
prepared at DTU-ENV, DTU-AQUA, and VERA.
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Table S4. For the aerosol samples collected in various locations
of DTU-ENV, the highest air volume-normalized 236U content
of (1.60 ± 0.36) × 104 atoms/m3 is observed in the sample
collected in the fume hood of Kemi3 Lab (DTU-AS-kemi3-fh),
where the environmental water samples were previously
prepared. In comparison, no count was detected for 236U in
the aerosol sample collected in the field, suggesting that
negligible 236U is from the natural environment. High 236U,
233U, and 238U contents of (4.57 ± 1.92) × 109 atoms, (3.57 ±
2.07) × 106 atoms, and (378 ± 158) ng, respectively, are also
found in the dust sample collected in the same fume hood
(DTU-BD-kemi3-fh, 0.16 g), which are higher than those in
the DTU-ENV Batch (2.26 × 105 to 2.66 × 107 atoms, (1.45−
6.1) × 104 atoms, and 0.37−6.27 ng, respectively). On the
contrary, the 236U, 233U, and 238U contents in the DTU-TR
samples (<3.23 × 103 atoms, <139 atoms, and <6.04 × 10−2

ng, respectively) are much lower than those in the DTU-ENV
Batch. These results indicate that the unknown contamination
of uranium isotopes in the DTU-ENV Batch likely originates
from aerosol particles and dust in the fume hood rather than
from reagents.
In addition, the 233U/236U atomic ratios can also be utilized

to identify the source terms of anthropogenic uranium
isotopes. Low 233U/236U atomic ratios are found in the dust
sample (DTU-AS-kemi3-fh, (0.08 ± 0.03) × 10−2) and a
procedure blank in the DTU-ENV Batch (DTU-ENV-bk-1,
(0.05 ± 0.05) × 10−2) (Figure 2), which are consistent with
the presence of irradiated uranium with depleted 233U/236U
atomic ratios.3 Even though large uncertainties exist in the
results for 233U/236U atomic ratios in DTU-TR samples (Table
S4), their lower limits are still higher than the expected global-
fallout ratio of 1.4 × 10−2.3 This supports our conclusion that
the high and unstable level of 236U observed in the DTU-ENV
Batch must be mainly attributed to aerosols and dust in the
laboratory bearing anthropogenic uranium isotopes with a
thermal-reactor signature.
The building hosting the laboratories for 236U and 233U

analyses at DTU-ENV has been used for research studies
related to spent fuel from the local research reactors. We
assume that some 236U-associated particles were generated
during the spent fuel treatment process. These “hot particles”
were released into the atmosphere, dispersed to the whole
building, and deposited on the building’s inner surface,
including the ventilation system. Even though the building
was renovated before it was repurposed to environmental
radioactivity research, complete clearance was hard to achieve
because of the difficulties in analyzing low-level long-lived
radionuclides, such as 236U. The contamination of dust from
the ventilation system was likely to randomly happen during
the column separation step in the fume hood, when the
columns were exposed to the atmosphere.
Background Control. As the contamination may occur in

any step of the procedure for the analyses of 236U and 233U,
including sampling, storage, radiochemical separation, target
preparation, and AMS measurement, background control
measures have been implemented at DTU-ENV.
Purification of Reagents. Purification of reagents and

utilization of high-purity-grade chemicals containing very low
contents of uranium isotopes are widely applied in 236U
studies.18,21,22,25,28−30,33,37 Our previous work demonstrated
that distillation of acids and purification of Fe solution as
detailed in the Experimental Section significantly reduced the
236U contents in the procedure blanks for 10 L water analysis

from (3.35 ± 2.40) × 104 ag (corresponding to 8.5 × 107

atoms) to (6.5 ± 5.6) × 102 ag (around 1.7 × 106 atoms) and
thus improved the LOD.24

Labware and Cleaning. The replacement of the ordinary
glassware with Teflon and disposable labware has proven
useful for reducing potential cross-contamination.29 All the
reusable labware (e.g., beaker, the only glassware, and Teflon
centrifuge tubes) are boiled with 6 M HCl for 2 h and rinsed
with ultrapure water after each usage to remove any adsorbed
uranium.

Limitation of Spike Usage. In our radiochemical procedure,
238U is used as an intrinsic chemical yield tracer instead of 233U,
which allows us to determine the 233U content of the sample
and avoids the introduction of 236U potentially present in the
233U spike. For instance, a 236U/233U atomic ratio of 5 × 10−4

has been reported in a 233U spike.29 In addition, the isotopic
equilibrium problem when using 233U spike is also
eliminated.24

Dust Control. As the aerosols and dusts are identified as the
primary source of 236U, 233U, and 238U in the DTU-ENV
Batch, dust control has become a critical part, especially for
ultralow-level samples. A new independent laminar flow bench
has been installed and utilized at DTU-ENV to create a dust-
free environment for the radiochemical separation and target
preparation with the specially designed downward flow.40 The
built-in HEPA filter in the laminar flow bench is widely utilized
in the nuclear industry,41 which can remove more than 99.99%
of the 0.3 μm particles, including any inherited “hot particles”.
In addition, dust-protection measures are also applied during
the storage and transport of samples and glassware.

Improvement of Laboratory Background. A significant
reduction of background is observed in the procedure blanks
(DTU-ENV-LFB Batch) prepared after dust control (Figure
2). The contents of 236U, 233U, and 238U in the DTU-ENV-
LFB Batch are reduced by 3−4, 3, and 1−2 orders of
magnitudes to (2.09−3.79) × 103 atoms, 50−162 atoms, and
0.06−0.18 ng, respectively, and are comparable with those in
the DTU-AQUA Batch, VERA Batch, and DTU-TR samples.
The 233U/236U atomic ratios in the DTU-ENV-LFB Batch
((2.17−4.17) × 10−2) are comparable with the GF signature,
similar to the DTU-TR samples. This means that the aerosol
and dusts contributed >90% of 238U and >99.9% of 236U and
233U present in the DTU-ENV Batch, now eliminated by using
the laminar flow bench. The current dominating source of 236U
and 233U in the DTU-ENV-LFB Batch stems no longer from
aerosols or dusts but reagents.

Improvement of Detection Limit. According to eq 3, the
LODs of the analytical method based on the previous
procedure blanks are estimated to be 3 × 10−9 and 8 ×
10−12 for 236U/238U and 233U/238U atomic ratios, respectively,
in open sea water samples (assuming that V = 2 L, Y = 80%,
and Cs

238 = 3 μg/kg). The previous LOD for the 236U/238U
atomic ratio could only enable the analyses of samples (2 L)
collected from high-level areas such as the Irish Sea and part of
the North Sea (Figure 1). With the reduced procedure blanks,
the LODs for 236U/238U and 233U/238U atomic ratios are
significantly improved to 4 × 10−13 and 2 × 10−14 for open sea
water. Such low LODs theoretically enable the determination
of 236U/238U and 233U/238U atomic ratios in most of the
marine regions with 2 L of sample volume (Figure 1). Still, the
analyses of low-level samples typically have large uncertainties
due to the limitations of AMS performance, and therefore, an
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uncertainty analysis and optimization of measurement
conditions are needed.
Uncertainty Analysis. The uncertainty of a measurement

is a parameter that characterizes the dispersion of the
measurement results that could be reasonably attributed to
the analyte.42 Sources of uncertainty can exist at any step of the
analysis and vary from one laboratory to another. In this work,
all the major uncertainty components contributing to the
combined uncertainty of the background-corrected 236U/238U
or 233U/238U atomic ratios (u(RS

236(233))) are illustrated by a
fishbone chart (Figure S1). For RS

236(233) calculated from eq 1,
the combined uncertainty can be derived with eq 4 according
to the law of uncertainty propagation, which contains several
independent uncertainty components, including the uncertain-
ties of 238U contents in the eluates of sample and blank
(u(mm

238) and u(mb
238)) determined by ICP-MS and the

uncertainties of determined 236U/238U or 233U/238U atomic
ratio in the eluates of sample and blank (u(Rm

236(233)) and
u(Rb

236(233))) determined by AMS.
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The calculation of u(mm
238) and u(mb

238) is detailed in the
Supporting Information, and here, we focus on the discussion
of u(Rm

236(233)) and u(Rb
236(233)). For the detection of 236U and

233U by AMS, the significant contributions to u(Rm
236(233)) and

u(Rb
236(233)) are from counting statistics and measurement

repeatability. The counting statistics determine the best
achievable instrumental uncertainty by AMS for the
236U/238U or 233U/238U atomic ratio. Poisson statistics predict

a relative standard deviation (RSD) of 100%/ N236(233) ,
where N236(233) is the number of 236U or 233U counts. RSDs of
33, 10, and 3.3% are yielded from 10, 100, and 1000 counts of
236U or 233U, which correspond to 2 × 104, 2 × 105, and 2 ×
106 atoms of 236U or 233U sputtered from the sample target
with the ultimate counting efficiency of 5 × 10−4. The
repeatability may vary from one measurement to another due
to unexpected instrumental issues of the complex equipment.
Hence, it is assessed for every sample batch by repeated

measurements on the samples and interleaved measurements
on several reference materials. Even though the drifts of the
current amplifiers for the 238U measurement or the detector
efficiency are accounted for, the obtained repeatability is
typically <5%, which is quadratically added to the uncertainty
from counting statistics. The contribution from the repeat-
ability to u(Rm

236(233)) and u(Rb
236(233)) is usually less significant

with <100 counts (typical for blanks) but dominating with
>400 counts. However, cross-contamination during target
preparation may also cause reduced repeatability, which cannot
be detected in the AMS measurement of a single sample but
replicates of the same samples or inserted procedure blanks.
For the samples with very small uranium content, 234U instead
of 238U is utilized for normalization, as introduced in the
Supporting Information. As the amounts of 236U and 233U are
also small for such environmental samples and procedure
blanks, 234U counting statistics and a possible disequilibrium of
234U/238U do not substantially contribute to the uncertainty.
Four scenarios based on different laboratory backgrounds

(Table S5) were designed to identify the major uncertainty
compounds to u(RS

236(233)). In each scenario, the contributions
from u(Rm

236(233)), u(Rb
236(233)), u(mm

238), and u(mb
238) to

u(RS
236(233)) were calculated for the seawater samples (Cs

238=
3 μg/kg) with different levels of 236U/238U atomic ratios (Rm

236

= 1 − 100 × LOD) (Table S6). In all scenarios, when Rm
236(233)

is 10 times higher than the corresponding LOD, contributions
of u(Rb

236(233)), u(mm
238), and u(mb

238) can be ignored (less than
5% in total) and, thus, u(RS

236(233)) is mainly from the
measurement uncertainty of AMS. However, for the low-level
samples (e.g., Rm

236(233) = LOD), u(Rb
236(233)) and u(mb

238) also
have considerable contributions to u(RS

236(233)) and introduce
extra uncertainty other than u(Rm

236(233)). As the levels of
236U/238U atomic ratios in most parts of the ocean (Figure 1)
and estimated 233U/238U atomic ratio in modern surface ocean
waters (1.4 × 10−11) are at least 10 times higher than the
improved LODs of the analytical method for 2 L of seawater
samples (4 × 10−13 and 2 × 10−14), the major contribution for
u(RS

236(233)) will result from the measurement uncertainty of
AMS (mainly counting statistics).
The discussion above indicates that the best uncertainty of

AMS measurement is determined by N236(233), which is
relevant with the adopted sample volume, 236U or 233U
concentration in the sample, and counting time for 236U or
233U. At DTU-ENV, u(RS

236(233)) is predicted by an estimation
of N236(233) before sampling and AMS measurement, which
applies to the VERA setup and is utilized to optimize the
related parameters, as detailed in the Supporting Information.

Demonstration of Real Samples. Two seawater samples
provided by the Federal Maritime and Hydrographic Agency of
Germany (2018184, Baltic Sea) and Swiss Federal Institute of
Technology in Zurich (SW 49-57, Mediterranean Sea) were
utilized to demonstrate the effectiveness of background control
and reproducibility of analytical results. Four replicates of each
sample with different sample volumes (1, 2, 4.5, and 9 L) were
prepared following the aforementioned radiochemical proce-
dure except for the first Fe(OH)3 coprecipitation step, during
which proportional amounts of reagents were used based on
the sample volume. To obtain an unbiased estimation of the
AMS performance, these replicates were included in a large
batch of routine environmental samples, and the staff operating
AMS was not informed on the purpose of these samples, which
was encouraged by the VERA research group. The back-
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ground-corrected 236U/238U and 233U/238U atomic ratios
(RS

236(233)) and their combined uncertainties (u(RS
236(233))) are

shown in Table S7. The calculations for the weighted mean
value (WMV) of RS

236(233) and its corresponding uncertainty are
provided in the Supporting Information.
For all replicates of both 2018184 and SW 49-57, 236U and

233U present in the corresponding blanks are negligible
compared to those in the samples, and background correction
would, in principle, be not necessary with well-controlled
procedure blanks. Consequently, u(RS

236(233)) is equal to
u(Rm

236(233)) and is dominated by the number of counts
detected by AMS for 236U or 233U. The reproducibility of
analytical results of 2018184 and SW 49-57 is satisfactory with
the sample volume varying from 1 L to 10 L, and larger volume
and/or longer detection time is favorable to achieve larger
numbers of counts and, thus, lower uncertainties.
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Table S7.  Results of 236U/238U and 233U/238U atomic ratios for the replicates of two seawater samples.   
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ABSTRACT: A strongly stratified water structure and a densely
populated catchment make the Baltic Sea one of the most polluted
seas. Understanding its circulation pattern and time scale is
essential to predict the dynamics of hypoxia, eutrophication, and
pollutants. Anthropogenic 236U and 233U have been demonstrated
as excellent transient tracers in oceanic studies, but unclear input
history and inadequate long-term monitoring records limit their
application in the Baltic Sea. From two dated Baltic sediment
cores, we obtained high-resolution records of anthropogenic
uranium imprints originating from three major human nuclear
activities throughout the Atomic Era. Using the novel 233U/236U
signature, we distinguished and quantified 236U inputs from global
fallout (45.4−52.1%), Chernobyl accident (0.3−1.8%), and
discharges from civil nuclear industries (46.1−54.3%) to the Baltic Sea. We estimated the total release of 233U (7−15 kg) from
the atmospheric nuclear weapon testing and pinpointed the 233U peak signal in the mid-to-late 1950s as a potential time marker for
the onset of the Anthropocene Epoch. This work also provides fundamental 236U data on Chernobyl accident and early discharges
from civil nuclear facilities, prompting worldwide 233U−236U tracer studies. We anticipate our data to be used in a broader
application in model-observation interdisciplinary research on water circulation and pollutant dynamics in the Baltic Sea.
KEYWORDS: U-236, U-233, Baltic Sea, sediment, global fallout, Chernobyl accident, nuclear reprocessing plant, Anthropocene

■ INTRODUCTION

As the second-largest brackish water body worldwide, the
Baltic Sea is a shallow enclosed marginal sea and is
characterized by a permanent halocline restricting the
ventilation of bottom waters.1,2 The renewal of deep waters
mainly relies on the O2-rich saline inflows from the North
Sea.1,3 The long residence time of saline water (∼30 years),4

dramatic drop in the frequency of Baltic inflows since the
1980s, and the persistent eutrophication trigger the world’s
largest hypoxic area and make the Baltic Sea extremely
sensitive to anthropogenic pollutants in its highly populated
catchment.5−7 Hence, investigation of the transit time and
transport pathways of saline waters in different sub-basins of
the Baltic Sea is essential to predict the dynamics of hypoxia,
eutrophication, and pollutants.
Our previous studies8−11 indicated that the Baltic Sea

receives radioactive discharges (e.g., 99Tc, 137Cs, 129I, and 236U)
from two European nuclear reprocessing plants at Sellafield
and La Hague via the inflowing waters from the North Sea.
Among these radionuclides, 236U (t1/2 = 23.4 Myr) is a
powerful oceanic tracer owing to its long half-life and high
solubility in the ocean.12−15 Throughout the Atomic Era,
significant amounts of 236U have been released to the
environment by human nuclear activities, such as global fallout

of atmospheric nuclear weapon testing (900−2100 kg),12,16−18
deliberate discharges from Sellafield and La Hague (more than
262 kg),19 and the Chernobyl accident.20,21 Coupled with 129I,
the pointlike releases of reprocessing-derived 236U have been
utilized to quantify timescales of regional ocean circulations,
for example, the Atlantic waters in the Arctic Ocean.22−25

Reprocessing-derived 236U is a promising proxy to
investigate the Baltic inflows, but it suffers from methodo-
logical difficulties in distinguishing it from ubiquitous global-
fallout-derived 236U. Recently, a 233U−236U paired tracer
system was proposed to identify emission sources of
236U.8,14,26 This is based on the fact that 233U (t1/2 = 0.16
Myr), another long-lived U isotope, was mostly released from
nuclear weapon testing, while almost no 233U is produced in
commercial nuclear power reactors or reprocessing plants.14

The representative 233U/236U atomic ratio of the global-fallout
signal was suggested to be (1.40 ± 0.15) × 10−2.14 Discharge
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data on La Hague and reactor-modeling results indicate that
10−8−10−6 is the representative level of the 233U/236U atomic
ratio for the reactor-related releases.14,27,28 Thereby, 233U/236U
can be used as a robust fingerprint to quantify the global-
fallout-derived and reactor-derived 236U. However, there is still
a knowledge gap in the release history and global inventory of
233U, which is critical for its tracer application.
Moreover, the 236U budget is still an open question in the

Baltic Sea due to the unclear input function and limited
observation data. Many studies have reconstructed the
temporal distribution of 236U in marine waters from biogenic
materials (like corals and shells) and further estimated the 236U
inputs of global fallout and nuclear reprocessing plants into the
ocean (Table S1).14,18,19,29,30 Unfortunately, such efforts do
not apply to the Baltic Sea because of the absence of corals and
the lack of routine sampling of shells. Hence, anoxic sediments
from the deep basins of the Baltic Sea are a promising
alternative considering the advantages of single sampling,
flexible time scale, and high sample accessibility.
In this work, we resolved the 70-year temporal evolution of

236U and 233U in the Baltic Sea from two dated sediment cores
collected in the Gotland Basin, the largest Baltic sub-basin, and
Landsort Deep, the deepest Baltic sub-basin, respectively
(Figure 1). With the use of novel 236U/233U fingerprint in an
endmember mixing model, we aim to quantify the historical
236U inputs from global fallout, civil nuclear industry
discharges, and the Chernobyl accident to the Baltic Sea.
Based on the new 233U data set, we also aim to obtain more
insights into the atmospheric deposition pattern of 233U and
estimate the total release of 233U from atmospheric nuclear
weapon testing.

■ MATERIALS AND METHODS
Sampling and Pretreatment. A sediment core 7-MUC4

(L = 30 cm, Φ = 10 cm) was collected from site GB7-4

(57°16.98′N, 20°07.23′E, 241 m water depth) in the central
Gotland Basin during a cruise with RV Elisabeth Mann
Borgese in December 2018 (EMB201).31 The core covers a
period from the 1940s until 2018. The composite core 11-
10MUC2/36-MUC3 from the Landsort Deep is compiled
from two sediment cores collected from site LD1 (437 m water
depth). Core 11-10MUC2 (L = 49 cm, Φ = 10 cm;
58°38.36′N, 18°15.99′E), collected during the EMB201 cruise,
covers the period from ∼1960 until sampling in 2018. To
extend this sediment record to ∼1948, six additional samples
from core 36-MUC3 (L = 37.5 cm, Φ = 10 cm; 58°38.36′N,
18°16.04′E), previously obtained during a cruise with RV
Meteor from site LD1 in November 2011 (M86/1a), were
added resulting in a composite profile.32 All sediment cores
were collected using a multicorer device, sliced in 0.5 cm or 1
cm resolution on board, and then freeze-dried and
homogenized using an agate ball mill for geochemical and
radiochemical analyses.
To investigate the behaviors of natural U in the Gotland

Basin and Landsort Deep, water column samples collected
using Pump-CTD and sediment porewater samples extracted
using rhizons were analyzed for U and sulfide concentrations at
site GB271 (57°19.19′N, 20°02.52′E; close to the site GB7-4)
and site LD1.31,33,34 For dissolved U analysis, porewater and
water column samples after filtration with 0.45 μm syringe
filters (SFCA) were immediately acidified with 2 vol % of
HNO3. For particulate U analysis, 2 L of the water column
sample was filtered using 0.4 μm polycarbonate filters
(Millipore) and the residue was rinsed with 50 mL of
ultrapure water to remove the remaining salt. To determine
total sulfide, porewater and filtrated water column samples
were added to 2 mL reaction tubes containing 20 μL of 20 vol
% Zn acetate.

Methods for Geochemical and Radiochemical Anal-
yses. Further details of the analytical methods adopted in this

Figure 1. Schematic illustration of sampling sites and 236U and 233U inputs to the Baltic Sea. The red squares refer to the sampling locations of the
sediment cores in this work; the dark blue arrows represent the major oceanic currents in the North Sea−Baltic Sea region (ECW: English channel
waters; SCC: Scottish coastal current; NCC: Norwegian coastal current; BI: Baltic inflows; and NS: North Sea); light blue arrows represent river
runoff and potential liquid discharges from local nuclear facilities; and gray arrows represent the atmospheric deposition from global fallout and the
Chernobyl accident.
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work are provided in the Supporting Information. After total
digestion with an acid mixture (HNO3:HClO4:HF = 1:2:2, v/
v), the sedimentary Al and U in the Baltic Sea sediment cores
were determined by inductively coupled plasma−optical
emission spectrometry (ICP-OES, iCAP 7400 Duo, Thermo
Fisher Scientific) and inductively coupled plasma−mass
spectrometry (ICP-MS, iCAP Q, Thermo Fisher Scientific),
respectively.31 All element contents are salt-corrected because
of salt contents of up to 30 wt % in some freeze-dried samples.
In addition to sedimentary U contents, the concentrations of

dissolved and particulate U, O2, and sulfide in the water
column as well as the concentrations of dissolved U and sulfide
in the porewater of the sediments were analyzed. O2
concentrations in the water column were directly determined
using an SBE 911+ CTD (Sea-Bird) equipped with an SBE 43
oxygen sensor. Total sulfide in porewater and water column
samples was determined using the Cline method.35 The
concentrations of dissolved U in the water column and
porewater samples were measured using an ICP-MS coupled
to a seaFAST-pico system (Elemental Scientific).31,34 Except
for the decomposition of the polycarbonate filter by HClO4
before adding HF during total acid digestion, the U
concentrations of the suspended particulate matter from the
water column were analyzed in the same way as the sediment
samples.
An optimized radiochemical procedure modified from our

previous work was utilized for the determination of 236U/238U,
233U/238U, and 233U/236U atomic ratios in sediments by
accelerator mass spectrometry (AMS), including acid
digestion, coprecipitation, and extraction.36,37 As strong acids
are able to leach 236U from soil and sediments quantita-
tively,16,38 acid digestion with aqua regia (HCl:HNO3 = 3:1, v/

v) rather than total dissolution was adopted in our procedure
to deal with 1−10 g of sediment samples. About 93 and 84% of
238U in the Gotland Basin and Landsort Deep cores (obtained
by total dissolution using HNO3-HClO4-HF) was leached by
aqua regia digestion, respectively. A leaching experiment on the
core 7-MUC4 indicates that a single aqua regia digestion is
enough to extract >99% of leachable 238U and 236U from the
sediments (Table S2). To avoid the introduction of extra 236U
and 233U from yield tracers, 238U in the aqua regia leachate was
used as an intrinsic chemical yield tracer, and our radio-
chemical procedure provided satisfactory chemical yields (80−
100%) for 236U and 233U. Nine procedure blanks were
prepared following the same analytical protocol along with
the sediment samples. Special measures presented in the
Supporting Information were implemented for the background
control of 236U and 233U.37 The procedure blanks contained
less than 5.3 ng of 238U, 1.8 × 106 atoms of 236U, and 9.6 × 104

atoms of 233U, which were negligible compared with the
minimum amounts of 238U, 236U, and 233U in the sediment
samples except for the lowermost layer. To locate the layer
recording the Chernobyl accident signal, 137Cs and 241Am
activities in the sediment were directly measured by gamma
spectrometry.
The gamma measurements of 137Cs and 241Am and the

radiochemical separation procedure for 236U and 233U were
performed at the Department of Environmental Engineering in
the Technical University of Denmark (DTU-ENV); the AMS
measurements of 236U and 233U were carried out at the Vienna
Environmental Research Accelerator (VERA) facility in the
University of Vienna; and all the other analyses were
completed at the Leibniz Institute for Baltic Sea Research
Warnemünde (IOW).

Figure 2. Comparison of water column time series and the sedimentary record as well as water column and porewater profiles from the Gotland
Basin, Baltic Sea. (A) Instrumental water column time series of O2 and total sulfide in the Gotland Basin (ICES Dataset on Oceanography);58 (B)
record of U contents in the sediment core 7-MUC4 collected from site GB7-4 (57°16.98′N, 20°07.23′E) in the Gotland Basin; (C) profiles of
salinity, concentrations of O2, total sulfide, and particulate and dissolved U (green dot line = salinity-based U concentrations) in the water column
at site GB271 (57°19.19′N, 20°02.52′E; very close to the site GB7-4);31 and (D) concentrations of total sulfide and dissolved U in the porewaters
at site GB271.31 The gray bar in (C) represents the redoxcline (O2 < 3 μM and sulfide < 0.2 μM) in the water column. The sediment core 7-
MUC4, water column, and porewater samples were obtained during EMB201 cruise in December 2018.
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■ RESULTS AND DISCUSSION

Dating of the Sediment Cores. As previous studies in the
Gotland Basin and Landsort Deep revealed severe limitations
in 210Pb dating of sediment cores subjected to pronounced
redox dynamics, the age models for the obtained sediment
cores in this work were developed using an event stratigraphy
approach (see the detailed method and Figures S1−S7 in the
Supporting Information).31,32,39,40 Specific time markers were
identified along the cores through geochemical and radio-
logical analyses, including Mn enrichments following the Major
Baltic Inflows (1978, 1994, 2003, and 2014), Chernobyl-
accident-derived 137Cs and 241Am peaks (1986), initial and
maximum global-fallout-derived 241Am (1954 and 1963),
maximum Pb pollution identified by stable 206/207Pb ratios
(1970−1978), and onset of modern Hg pollution reflected by
Hg/Al ratios (1950). Between these time markers, the
sedimentation rates varied between 0.25 and 1.44 cm/yr,
providing nearly annual or biennial sample resolutions with
conventional core slicing. The obtained age-depth relations
enable to reconstruct the sedimentary chronology since the
1940s. All geochemical and radiochemical analysis results
involved in this work are summarized in Tables S3−S6.
Record of Uranium Contents in the Sediment Cores.

The sedimentary U levels in the Gotland Basin31 and Landsort
Deep (ave. 31.7 and 16.7 mg/kg, respectively) are much higher
than those in other type localities of sulfidic basins such as the
Black Sea and Cariaco Basin,15,41,42 suggesting that the
Gotland Basin and Landsort Deep have been acting as
effective U sinks for the past ∼70 years. Distinct U
enrichments appear in both cores especially in the organic-
rich sapropel intervals deposited during sulfidic water column
periods (Figure 2 and Figure S8) because soluble U(VI) can

be reduced to insoluble U(IV) under reductive conditions
(e.g., if H2S is present)43 and the formed U(IV) is easily
adsorbed on suspended particles and deposited on the seabed.
Water column and porewater profiles obtained in the Gotland
Basin31 and Landsort Deep in 2018 clearly document two
scavenging processes of U (see the detailed discussion in the
Supporting Information): (i) the redox-driven removal of
dissolved U from the sulfidic water column to the sediment as
particulate forms44 and (ii) the diagenesis-driven removal of
dissolved U in the sulfidic porewater environment mediated
through reductants, facilitating the diffusion of dissolved U
from bottom water to the porewater.45−47 Based on the
difference between the actual dissolved U concentrations in the
water column and those calculated from the uranium salinity
correlation for marine waters,48 we estimate that about 10−
20% of dissolved U was scavenged from the sulfidic bottom
waters to the sediments in the Gotland Basin and Landsort
Deep. On the other hand, a less effective U burial is observed
in the Mn carbonate-rich sections of both cores, which were
formed during the hypoxic (O2 < 2 mL/L ≃ 90 μM)2,7,49 water
column periods.32 This difference is most likely related to the
limited redox-driven scavenging in the nonsulfidic waters.
However, the diagenesis-driven removal should be maintained
below the sediment−water interface by the pronounced
reducing or even sulfidic conditions as Al-normalized U
concentrations ((0.70−19.6) × 10−4) still strongly exceed the
lithogenic background as represented by the upper continental
crust (0.33 × 10−4).50

The aforementioned results indicate that most of the natural
sedimentary U originates from the dissolved U in the water
column. In principle, this should also be valid for soluble 233U
and 236U, such as the dissolved fraction of global-fallout-

Figure 3. Comparison of 236U and 233U records. (A) Annual yields of nuclear tests and global deposition of 90Sr and 137Cs (UNSCEAR 2000);54

(B) records of 233U/238U, 236U/238U, and 233U/236U atomic ratios, Al-normalized 137Cs activities (decay-corrected to 2019), and 241Am activities in
the sediment core from the Gotland Basin (site GB7-4), Baltic Sea; (C) records of 233U/238U, 236U/238U, and 233U/236U atomic ratios and Al-
normalized 137Cs activities (decay-corrected to 2019) in the composite sediment core from the Landsort Deep (site LD1), Baltic Sea; (D) records
of 233U/238U, 236U/238U, and 233U/236U atomic ratios in a peat core from the Black Forest, Germany;14 and (E) records of 233U/238U, 236U/238U,
and 233U/236U atomic ratios in a coral core from the Kume Island, Japan.14 The solid magenta squares in plot (B) represent samples with detectable
241Am activities. The open circles and solid squares in plot (C) represent samples from core 36-MUC3 and 11-10MUC2, respectively. The
233U/236U atomic ratio in plot (D) refers to the ratio of cumulative inventories of 233U and 236U below the referred layer of the peat core.
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derived 233U and 236U and liquid discharges of reprocessing-
derived 236U. Hence, the anoxic sediments could record the
historical compositions of U isotopes in the water column,
mostly deep waters where U is efficiently scavenged. It is worth
noting that the sediments may also directly receive
atmospheric deposition of particulate 233U and 236U, such as
the global fallout from nuclear weapon testing and the regional
fallout from the Chernobyl accident. Permanently hypoxic and
periodically sulfidic water column conditions prevent bio-
turbation and facilitate the preservation of U in its immobilized
tetravalent state,45 making these 233U and 236U inputs ideal
time markers for dating purpose.
Deposition History and Total Release of 233U from

Global Fallout. Most measured 233U/238U and 236U/238U
atomic ratios in both sediment cores are much higher than
their natural background (10−14−10−11 and 10−14−10−10,
respectively),14,51 suggesting that the anthropogenic 233U and
236U have dominated the Baltic Sea since the mid-1940s. Both
cores exhibit very similar temporal distribution patterns for
233U/238U atomic ratios, consisting of a notable peak in the
mid-to-late 1950s and a subsequent gradual decrease until
2018 (Figure 3). Furthermore, we compared our two
sedimentary records with the only two reported 233U records
resolved from a peat core (Black forest, Germany) and a coral
core (Kume Island, Japan).14 The peat core only received the
global fallout signal, and the coral core was affected by both
global fallout and close-in fallout from Pacific Proving Ground
(PPG) (Table S1).14 With dating uncertainties, elevated
233U/238U atomic ratios appear in all available records in the
mid-to-late 1950s (blue bar in Figure 3), which indicates a
remarkable global atmospheric deposition of 233U.
A previous study proposed two potential sources for global-

fallout-derived 233U.14 The first one is the nuclear weapon tests
directly using 233U as a fissile material and releasing unfissioned
233U into the atmosphere.14 To the best of our knowledge, one
experimental device using a composite pit of 239Pu and 233U
was detonated by the United States in 1955 at the Nevada Test
Site (Operation Teapot “MET” test, 22kt).52 The former
Soviet Union’s two-stage hydrogen bomb tested in 1955 at the
Semipalatinsk Test Site (“RDS-37,” 3Mt) also utilized 235U
and 233U as the fuel in the fissile core.53 Considering a much
higher yield, the “RDS-37” test likely ejected more 233U debris
into the stratosphere and thereby resulted in a global fallout.54

The second source is the thermonuclear weapon tests using
enriched U (so-called oralloy) as a tamper material and
producing 233U via a fast neutron reaction 235U(n,3n)233U.14

According to the disclosed information, the first thermonuclear
weapon test with an oralloy tamper was the Operation Castle
“Nectar” test conducted by the United States at the PPG in
1954.14 In addition, several thermonuclear weapon tests of the
Operation Hardtack I with Mt yields conducted at the PPG in
1958 were also suspected to use oralloy tampers as indicated
by elevated 236U/239Pu atomic ratios found in other corals at
Enewetak Atoll.14

The universal 233U signal in the three locations across
Europe to Asia is likely attributed to the detonation of two
233U devices in 1955, especially the former Soviet Union’s
“RDS-37” test. The Baltic Sea sediment cores have much
higher maximum 233U/236U atomic ratios ((6.42−15.3) ×
10−2) than the peat and coral cores, suggesting that the Baltic
Sea is closer to the test site that is most likely the Semipalatinsk
Test Site for the “RDS-37” test. Unfortunately, the resolutions

in the peat cores and the sediment cores were rather poor in
the late 1950s and early 1960s to provide further evidence on
whether the United States Operation Hardtack I tests released
significant amounts of 233U or not.
Based on the areal cumulative inventories of 233U in

sediment and peat cores, the representative areal inventory
of 233U from the direct deposition of global fallout should be at
the level of 1010−1011 atom/m2 in the Northern European
region (see the detailed discussion in the Supporting
Information). The total release of 233U from the nuclear
weapon testing is roughly estimated to be 7−15 kg, assuming
an areal 233U inventory of (5−12) × 1010 atom/m2 in the
Northern Hemisphere and a one-third level in the Southern
Hemisphere according to the investigations on the global-
fallout-derived 90Sr.54 This estimation has the same order of
magnitude as determined with a simple calculation ((12−29)
kg) by multiplying the estimated global-fallout-derived 236U
inventory ((900−2100) kg)12,16−18 with the representative
233U/236U atomic ratios for global fallout ((1.40 ± 0.15) ×
10−2)14 and the atomic mass ratio of 233U and 236U (i.e., 233/
236).

Quantification of 236U from Different Nuclear
Activities. Except for a more pronounced peak in ∼1986
observed in the Landsort Deep composite core, the depth
profiles of 236U/238U atomic ratios in both sediment cores are
also very consistent, including an increase before the late
1970s, a relatively constant level during the 1980s, and a gentle
decline after the early 1990s (Figure 3). The Gotland Basin
and Landsort Deep sediments have similar areal cumulative
inventories of 236U, which are estimated to be (3.53 ± 0.19) ×
1013 and (3.16 ± 0.13) × 1013 atom/m2, respectively. As the
reducing bottom water conditions are favorable for the
sedimentation and preservation of U isotopes, a total inventory
of 607−679 g 236U was roughly estimated in the Baltic
sediments assuming a hypoxic area of ∼49,000 km2 (avg.
during 1961−2000)2 and a similar areal cumulative 236U
inventory in the hypoxic area of the Gotland Basin and
Landsort Deep. However, the deposition of 236U in the
oxygenated area of the Baltic Sea was not considered in this
estimation due to lack of observation data.
To clarify the sources of 236U in the Baltic Sea, we compared

the temporal distribution of 233U/236U atomic ratios in the
sediment, peat, and coral cores (Figure 3).14 It should be noted
that the 233U/236U atomic ratios in various records have
different interpretations (see the detailed discussion in the
Supporting Information). Before the mid-1960s, an earlier
intensive deposition of 233U than 236U led to higher 233U/236U
atomic ratios in the Baltic sediment cores than the modern
integrated global-fallout signal ((1.40 ± 0.15) × 10−2), which
is consistent with the peat core record. In the mid-to-late
1960s, 233U/236U atomic ratios approached 1.4 × 10−2 in all
settings (green bar in Figure 3). The record of the peat core
indicates that more than 90% of 233U and 80% of 236U have
been deposited by the year 1970 due to the partial nuclear test
ban treaty in 1963. Therefore, the main source term of 236U in
the Baltic sediments before the late 1960s should be identical
to that in the peat core, that is, global fallouts. Since 1970,
233U/236U atomic ratios in the peat and coral cores remained
constant at 1.4 × 10−2, suggesting that the ratio of 233U and
236U on the earth’s surface environment reached an
equilibrium, while the 233U/236U atomic ratios started to fall
below 1.4 × 10−2 in the Baltic sediments, indicating the
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appearance of reactor-derived 236U input(s) (e.g., from
reprocessing plants and other local facilities) to the Baltic
Sea. The remarkable drop of 233U/236U atomic ratios in ∼1986
in the Landsort Deep composite core is attributed to the
reactor-derived 236U from the Chernobyl accident (26 April,
1986), which is supported by the pronounced 137Cs signal in
the same sediment interval. Except for the year 1986, the
233U/236U atomic ratios in the Gotland Basin sediment core
((0.42−0.62) × 10−2) are lower than those in the Landsort
Deep composite core ((0.60−0.78) × 10−2) since the 1980s,
revealing a more significant input of reactor-derived 236U to the
Gotland Basin.
Using 233U/236U as a signature, the two-endmember mixing

model is adopted to calculate the proportions of global-fallout-
derived and reactor-derived 236U(/238U) in two sediment cores
(see the calculations provided in the Supporting Information).
(1.40 ± 0.15) × 10−2 and 10−6 ± 10−6 are used as the
representative 233U/236U atomic ratios for the endmembers of
global-fallout-derived and reactor-derived 236U, respectively.
Chernobyl-derived 236U(/238U) is individually estimated based
on the difference between the peak and baseline values of
236U/238U atomic ratios in the segments of 1986 for both cores.
The calculation results (Figure 4) show that the global-fallout-

derived, reactor-derived (excluding Chernobyl accident), and
Chernobyl-derived 236U account for (45.4 ± 5.5), (54.3 ± 8.0),
and (0.3 ± 0.6)% of total 236U in the Gotland Basin sediment
core, respectively, while the global-fallout-derived, reactor-
derived (excluding Chernobyl accident), and Chernobyl-
derived 236U contribute (52.1 ± 5.7), (46.1 ± 7.4), and (1.8
± 0.8)% of total 236U to the Landsort Deep composite core,
respectively. In general, global fallout and discharges from civil
nuclear industries (i.e., reprocessing plants and local nuclear
facilities) have comparable 236U inputs to the Baltic Sea,
whereas contribution from the Chernobyl accident is
negligible.
Input History of 236U to the Baltic Sea. The potential

236U inputs to the Baltic Sea include: (i) global-fallout-related
inputs, comprising the direct atmospheric deposition, and
indirect inputs from the North Sea and North Atlantic via
Baltic inflows and from the catchment via river runoff and (ii)

reactor-related inputs, including the discharges from nuclear
reprocessing plants followed by transport to the Baltic Sea
through oceanic currents, releases from local nuclear facilities,
and regional fallout from the Chernobyl accidents (Figure 1).

Global Fallout Inputs. Global-fallout-derived 236U/238U
atomic ratios have very comparable levels and depth profiles
in both Baltic sediment cores (Figure S9), suggesting that the
global-fallout-derived 236U may have an even spatial distribu-
tion in the central Baltic Sea. Sedimentary 236U is an
integration of directly deposited particulate fallout and
scavenged soluble 236U from the deep waters. As more than
95% of 236U fallout has been deposited by 1980 according to
the record of the peat core, 236U in the Baltic sediments mainly
originates from the scavenging processes since 1980. Our
sedimentary records suggest an exponential decrease of global-
fallout-derived 236U/238U atomic ratios in the bottom waters of
the Baltic Sea after 1980, which is consistent with the reported
records of coral cores from the Caribbean Sea, Japan Sea, and
the Northwest Pacific Ocean (Figure S9).18,29,30 The effective
half-life of global-fallout-derived 236U is estimated to be 29−54
years in these marine environments with different hydro-
graphic and physiochemical conditions (see the calculations
provided in the Supporting Information) and is much shorter
than its radioactive half-life (23.4 Myr), which should be
considered in future tracer studies. This is owing to the fact
that the dissolved global-fallout-derived 236U is mainly
distributed in the upper 1500 m of the ocean after intensive
global fallout,12,30,55−57 and the general decrease of global-
fallout-derived 236U mainly resulted from the hydrodynamic
transport, such as vertical diffusion to the deeper waters and
advection by oceanic currents.30

The resolved global-fallout-derived 236U/238U atomic ratios
in the Baltic Sea are about one order of magnitude higher than
other aforementioned seas (Figure S9). Assuming a 238U
concentration of 1.2 μg/kg in the bottom waters of the
Gotland Basin and Landsort Deep according to their bottom
average salinity,58 the global-fallout-derived 236U concentration
is estimated to be ∼1.8 × 107 atoms/kg in the 2010s. This
value is comparable with the observation results of the surface
water in the central Baltic Sea in 2015 ((1.6−1.8) × 107

atoms/kg)8 and is about two times higher than the
representative level in the open sea as well as the simulated
level in the North Sea (∼8 × 106 atoms/kg).25 A potential
reason is that the long residence time of water in the Baltic Sea
(∼30 years)4 is favorable to the preservation of “aged” waters
with higher global-fallout-derived 236U concentrations, for
example, from the North Sea and/or river runoff.

Chernobyl Accident Input. The notable 236U/238U peak in
the Landsort Deep composite core with no significant change
in the 233U/238U atomic ratios indicates a pure 236U input in
∼1986 (Figure 3). In contrast, the 236U peak in the Gotland
Basin sediment core in ∼1986 is very ambiguous, even though
clear Chernobyl 137Cs and 241Am signals show up. Explanations
for the different appearance of the Chernobyl 236U peaks
between the two cores include: (1) the coarser sediment
resolution and more scavenged 236U (soluble global-fallout-
derived and reactor-derived 236U in seawater) in ∼1986
segment of the Gotland Basin sediment core flatten the
Chernobyl 236U peak; (2) the Landsort Deep is closer to the
regions that were highly contaminated by the Chernobyl
fallout59 and received more Chernobyl fallouts than the
Gotland Basin; (3) Chernobyl-derived 236U was deposited to
the Baltic sediments as “hot particles” and therefore was not

Figure 4. Sedimentary 236U/238U atomic ratios in the Gotland Basin
(A) and Landsort Deep (B) allowing the estimation of the
contributions of different anthropogenic U sources (GF: global
fallout and NR: nuclear reactor).
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always “captured” by 10 cm diameter sediment cores. About
3−4 tons of nuclear fuel were reported to be released to the
atmosphere by the Chernobyl accident as particulate
forms,60,61 and fuel fragments with diameter of 2−20 μm
were found in Finland and Sweden.62,63 Unlike the 137Cs
activities that declined gradually after 1986, the 236U/238U
atomic ratios in the Landsort Deep composite core quickly
decreased to the pre-Chernobyl level. A similar phenomenon
was also seen for Chernobyl-derived 241Am (t1/2 = 458 yr) of
the Gotland Basin sediment core, which mainly originated
from the decay of Chernobyl-derived 241Pu (t1/2 = 14.2 yr).64

Considering that both Pu and Am are highly particle-reactive
and less mobile than Cs, the input of the Chernobyl-derived
236U was likely a pulse atmospheric deposition and particulate-
associated forms as well.
Civil Nuclear Industry Inputs. Excluding the Chernobyl-

derived 236U input, the temporal distribution of reactor-derived
236U/238U atomic ratios in the Baltic Sea sediment cores mainly
reveals the input history of reactor-derived 236U from civil
nuclear industries (Figure 4), including the liquid discharges
from the two major European nuclear reprocessing plants and
local nuclear facilities.8 A contemporary comparison suggests
that the Gotland Basin sediment core has slightly higher
reactor-derived 236U/238U atomic ratios than the Landsort
Deep composite core. Considering that the Gotland Basin is
located at the upstream of inflowing waters from the North
Sea, it should receive more reactor-derived 236U from the
reprocessing plants (Figure 1).
As dominating regional sources, the reprocessing plants at

Sellafield and La Hague were estimated to release >237 and
∼25 kg of 236U,19 and the reprocessing-derived 236U was
transported to the North Sea via the Scottish coastal current
and the English channel current.65 As previous model
calculations indicated that 1% of the reprocessing discharges
can reach the Baltic Sea,59 the total inputs of reprocessing-
derived 236U to the Baltic Sea can be roughly estimated as 2.6
kg. The decrease of reactor-derived 236U/238U atomic ratios in
the Baltic sediments since the mid-1980s is also consistent with
the declined discharges of reprocessing-derived 236U in the
recent decades.19 For comparison, the total deposition of
global-fallout-derived 236U on the Baltic Sea is estimated to be
1.5 kg (ignoring the indirect inputs).8 The above rough
estimations indicate that the inputs of reprocessing-derived
and global-fallout-derived 236U seem to be at the same
magnitude, which agrees well with our sediment observation
data.
Except for nuclear reprocessing plants, our previous research

estimated that additional 200 ± 47 g of reactor-derived 236U
was released to the Baltic Sea by an unknown source.8

Excluding the Chernobyl accident, the most possible
candidates are the local nuclear facilities, including nuclear
power plants in Sweden (Barsebac̈k, Ringhals, Oskarshamn,
and Forsmark), Finland (Olkiluoto), Russia (Leningrad and
Kaliningrad), and Germany (Greifswald), some research
facilities (Risø and Studsvik), and the nuclear fuel fabrication
facility (Westinghouse) in Sweden. The only documented 236U
sources are 0.44 g of aquatic discharge and 0.016 g of airborne
emission from Westinghouse during 2002−2017,28 which are
negligible compared with the abovementioned additional
reactor-derived 236U input. No significantly high levels of
236U have been reported in the surrounding environment of
other nuclear facilities, except for the nuclear research

company Studsvik, which has been in operation since the
1950s and reported to dump 64 tons of radioactive waste into
the coastal area nearby during 1959−1961.66 However, no
detectable reactor-derived 236U signal is observed in the Baltic
Sea sediment cores around 1960. Further investigation is still
needed to uncover the source of additional reactor-derived
236U. We should be aware that these additional reactor-derived
236U only contribute a small fraction to the 236U budget to the

Baltic Sea.8 For instance, even if 20% of the unknown 236U
source (∼ 40 g) is scavenged to the sediments, it is still minor
compared with the present total sedimentary reactor-derived
236U (295−385 g).
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Fresh Oxygen for the Baltic SeaAn Exceptional Saline Inflow after a
Decade of Stagnation. J. Mar. Syst. 2015, 148, 152−166.
(2) Conley, D. J.; Björck, S.; Bonsdorff, E.; Carstensen, J.; Destouni,
G.; Gustafsson, B. G.; Hietanen, S.; Kortekaas, M.; Kuosa, H.; Markus
Meier, H. E.; Müller-Karulis, B.; Nordberg, K.; Norkko, A.; Nürnberg,
G.; Pitkänen, H.; Rabalais, N. N.; Rosenberg, R.; Savchuk, O. P.;
Slomp, C. P.; Voss, M.; Wulff, F.; Zillén, L. Hypoxia-Related
Processes in the Baltic Sea. Environ. Sci. Technol. 2009, 43, 3412−
3420.
(3) Markus Meier, H. E. Modeling the Pathways and Ages of
Inflowing Salt- and Freshwater in the Baltic Sea. Estuar. Coast. Shelf
Sci. 2007, 74, 610−627.

(4) Franck, H.; Matthaus, W.; Sammler, R. Major Inflows of Saline
Water into the Baltic Sea during the Present Century. Gerlands
Beitraege Zur Geophysik 1987, 96, 517−531.
(5) Andersen, J. H.; Carstensen, J.; Conley, D. J.; Dromph, K.;
Fleming-Lehtinen, V.; Gustafsson, B. G.; Josefson, A. B.; Norkko, A.;
Villnäs, A.; Murray, C. Long-Term Temporal and Spatial Trends in
Eutrophication Status of the Baltic Sea: Eutrophication in the Baltic
Sea. Biol. Rev. 2017, 92, 135−149.
(6) Meier, H. E. M.; Eilola, K.; Almroth-Rosell, E.; Schimanke, S.;
Kniebusch, M.; Höglund, A.; Pemberton, P.; Liu, Y.; Väli, G.; Saraiva,
S. Disentangling the Impact of Nutrient Load and Climate Changes
on Baltic Sea Hypoxia and Eutrophication since 1850. Clim. Dyn.
2019, 53, 1145−1166.
(7) Carstensen, J.; Andersen, J. H.; Gustafsson, B. G.; Conley, D. J.
Deoxygenation of the Baltic Sea during the Last Century. Proc. Natl.
Acad. Sci. 2014, 111, 5628−5633.
(8) Qiao, J.; Zhang, H.; Steier, P.; Hain, K.; Hou, X.; Vartti, V.-P.;
Henderson, G. M.; Eriksson, M.; Aldahan, A.; Possnert, G.; Golser, R.
An Unknown Source of Reactor Radionuclides in the Baltic Sea
Revealed by Multi-Isotope Fingerprints. Nat. Commun. 2021, 12, 823.
(9) Qiao, J.; Steier, P.; Nielsen, S.; Hou, X.; Roos, P.; Golser, R.
Anthropogenic 236U in Danish Seawater: Global Fallout versus
Reprocessing Discharge. Environ. Sci. Technol. 2017, 51, 6867−6876.
(10) Hou, X. L.; Dahlgaard, H.; Nielsen, S. P.; Kucera, J. Level and
Origin of Iodine-129 in the Baltic Sea. J. Environ. Radioact. 2002, 61,
331−343.
(11) Qiao, J.; Andersson, K.; Nielsen, S. A 40-Year Marine Record of

137Cs and 99Tc Transported into the Danish Straits: Significance for
Oceanic Tracer Studies. Chemosphere 2020, 244, No. 125595.
(12) Casacuberta, N.; Christl, M.; Lachner, J.; van der Loeff, M. R.;
Masqué, P.; Synal, H.-A. A First Transect of 236U in the North
Atlantic Ocean. Geochim. Cosmochim. Acta 2014, 133, 34−46.
(13) Swanson, V. E.; Swanson, V. E. Geology and Geochemistry of
Uranium in Marine Black Shales: A Review; US Government Printing
Office, Washington, DC, 1961.
(14) Hain, K.; Steier, P.; Froehlich, M. B.; Golser, R.; Hou, X.;
Lachner, J.; Nomura, T.; Qiao, J.; Quinto, F.; Sakaguchi, A. 233U/236U
Signature Allows to Distinguish Environmental Emissions of Civil
Nuclear Industry from Weapons Fallout. Nat. Commun. 2020, 11,
1275.
(15) Dunk, R. M.; Mills, R. A.; Jenkins, W. J. A Reevaluation of the
Oceanic Uranium Budget for the Holocene. Chem. Geol. 2002, 190,
45−67.
(16) Sakaguchi, A.; Kawai, K.; Steier, P.; Quinto, F.; Mino, K.;
Tomita, J.; Hoshi, M.; Whitehead, N.; Yamamoto, M. First Results on
236U Levels in Global Fallout. Sci. Total Environ. 2009, 407, 4238−
4242.
(17) Christl, M.; Lachner, J.; Vockenhuber, C.; Lechtenfeld, O.;
Stimac, I.; van der Loeff, M. R.; Synal, H.-A. A Depth Profile of
Uranium-236 in the Atlantic Ocean. Geochim. Cosmochim. Acta 2012,
77, 98−107.
(18) Winkler, S. R.; Steier, P.; Carilli, J. Bomb Fall-out 236U as a
Global Oceanic Tracer Using an Annually Resolved Coral Core. Earth
Planet. Sci. Lett. 2012, 359-360, 124−130.
(19) Castrillejo, M.; Witbaard, R.; Casacuberta, N.; Richardson, C.
A.; Dekker, R.; Synal, H.-A.; Christl, M. Unravelling 5 Decades of
Anthropogenic 236U Discharge from Nuclear Reprocessing Plants. Sci.
Total Environ. 2020, 717, No. 137094.
(20) Boulyga, S. F.; Matusevich, J. L.; Mironov, V. P.; Kudrjashov, V.
P.; Halicz, L.; Segal, I.; McLean, J. A.; Montaser, A.; Sabine Becker, J.
Determination of 236U/238U Isotope Ratio in Contaminated Environ-
mental Samples Using Different ICP-MS Instruments. J. Anal. At.
Spectrom. 2002, 17, 958−964.
(21) Mironov, V. P.; Matusevich, J. L.; Kudrjashov, V. P.; Boulyga, S.
F.; Becker, J. S. Determination of Irradiated Reactor Uranium in Soil
Samples in Belarus Using 236U as Irradiated Uranium Tracer. J.
Environ. Monitor. 2002, 4, 997−1002.
(22) Casacuberta, N.; Masqué, P.; Henderson, G.; Rutgers van-der-
Loeff, M.; Bauch, D.; Vockenhuber, C.; Daraoui, A.; Walther, C.;

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c02136
Environ. Sci. Technol. 2021, 55, 8918−8927

8925

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jixin+Qiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5409-4274
mailto:jiqi@env.dtu.dk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mu+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaolin+Hou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4851-4858
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olaf+Dellwig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Steier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karin+Hain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5083-1986
https://orcid.org/0000-0001-5083-1986
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robin+Golser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liuchao+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02136?ref=pdf
https://doi.org/10.1016/j.jmarsys.2015.03.005
https://doi.org/10.1016/j.jmarsys.2015.03.005
https://doi.org/10.1021/es802762a?ref=pdf
https://doi.org/10.1021/es802762a?ref=pdf
https://doi.org/10.1016/j.ecss.2007.05.019
https://doi.org/10.1016/j.ecss.2007.05.019
https://doi.org/10.1111/brv.12221
https://doi.org/10.1111/brv.12221
https://doi.org/10.1111/brv.12221
https://doi.org/10.1007/s00382-018-4296-y
https://doi.org/10.1007/s00382-018-4296-y
https://doi.org/10.1073/pnas.1323156111
https://doi.org/10.1038/s41467-021-21059-w
https://doi.org/10.1038/s41467-021-21059-w
https://doi.org/10.1021/acs.est.7b00504?ref=pdf
https://doi.org/10.1021/acs.est.7b00504?ref=pdf
https://doi.org/10.1016/S0265-931X(01)00143-6
https://doi.org/10.1016/S0265-931X(01)00143-6
https://doi.org/10.1016/j.chemosphere.2019.125595
https://doi.org/10.1016/j.chemosphere.2019.125595
https://doi.org/10.1016/j.chemosphere.2019.125595
https://doi.org/10.1016/j.gca.2014.02.012
https://doi.org/10.1016/j.gca.2014.02.012
https://doi.org/10.1038/s41467-020-15008-2
https://doi.org/10.1038/s41467-020-15008-2
https://doi.org/10.1038/s41467-020-15008-2
https://doi.org/10.1016/S0009-2541(02)00110-9
https://doi.org/10.1016/S0009-2541(02)00110-9
https://doi.org/10.1016/j.scitotenv.2009.01.058
https://doi.org/10.1016/j.scitotenv.2009.01.058
https://doi.org/10.1016/j.gca.2011.11.009
https://doi.org/10.1016/j.gca.2011.11.009
https://doi.org/10.1016/j.epsl.2012.10.004
https://doi.org/10.1016/j.epsl.2012.10.004
https://doi.org/10.1016/j.scitotenv.2020.137094
https://doi.org/10.1016/j.scitotenv.2020.137094
https://doi.org/10.1039/b201803a
https://doi.org/10.1039/b201803a
https://doi.org/10.1039/b207573c
https://doi.org/10.1039/b207573c
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c02136?rel=cite-as&ref=PDF&jav=VoR


Synal, H. A.; Christl, M. First 236U Data from the Arctic Ocean and
Use of 236U/238U and 129I/236U as a New Dual Tracer. Earth Planet.
Sci. Lett. 2016, 440, 127−134.
(23) Casacuberta, N.; Christl, M.; Vockenhuber, C.; Wefing, A.-M.;
Wacker, L.; Masqué, P.; Synal, H.-A.; Rutgers van der Loeff, M.
Tracing the Three Atlantic Branches Entering the Arctic Ocean With
129I and 236U. J. Geophys. Res. Oceans 2018, 123, 6909−6921.
(24) Wefing, A.-M.; Casacuberta, N.; Christl, M.; Gruber, N.; Smith,
J. N. Circulation Timescales of Atlantic Waters in the Arctic Ocean
Determined from Anthropogenic Radionuclides. Ocean Sci. Discuss.
2020, 2020, 1−29.
(25) Christl, M.; Casacuberta, N.; Vockenhuber, C.; Elsasser, C.;
Bailly du Bois, P.; Herrmann, J.; Synal, H.-A. Reconstruction of the
236U Input Function for the Northeast Atlantic Ocean: Implications
for 129I/236U and 236U/238U-Based Tracer Ages. J. Geophys. Res. 2015,
120, 7282−7299.
(26) Qiao, J.; Hain, K.; Steier, P. First Dataset of 236U and 233U
around the Greenland Coast: A 5-Year Snapshot (2012−2016).
Chemosphere 2020, 257, No. 127185.
(27) Naegeli, R. E. Calculation of the Radionuclides in PWR Spent Fuel
Samples for SFR Experiment Planning. SAND2004-2757, 919122;
2004; pp SAND2004-2757, 919122. doi: DOI: 10.2172/919122.
(28) HELCOM. HELCOM MORS Discharge database https://
helcom.fi/%20baltic-sea-trends/data-maps/databases/ (accessed May
1, 2020).
(29) Nomura, T.; Sakaguchi, A.; Steier, P.; Eigl, R.; Yamakawa, A.;
Watanabe, T.; Sasaki, K.; Watanabe, T.; Golser, R.; Takahashi, Y.;
Yamano, H. Reconstruction of the Temporal Distribution of
236U/238U in the Northwest Pacific Ocean Using a Coral Core
Sample from the Kuroshio Current Area. Mar. Chem. 2017, 190, 28−
34.
(30) Sakaguchi, A.; Nomura, T.; Steier, P.; Golser, R.; Sasaki, K.;
Watanabe, T.; Nakakuki, T.; Takahashi, Y.; Yamano, H. Temporal
and Vertical Distributions of Anthropogenic 236U in the Japan Sea
Using a Coral Core and Seawater Samples. J. Geophys. Res. Oceans
2016, 121, 4−13.
(31) Dellwig, O.; Wegwerth, A.; Arz, H. W. Anatomy of the Major
Baltic Inflow in 2014: Impact of Manganese and Iron Shuttling on
Phosphorus and Trace Metals in the Gotland Basin, Baltic Sea. Cont.
Shelf Res. 2021, No. 104449.
(32) Häusler, K.; Dellwig, O.; Schnetger, B.; Feldens, P.; Leipe, T.;
Moros, M.; Pollehne, F.; Schönke, M.; Wegwerth, A.; Arz, H. W.
Massive Mn Carbonate Formation in the Landsort Deep (Baltic Sea):
Hydrographic Conditions, Temporal Succession, and Mn Budget
Calculations. Mar. Geol. 2018, 395, 260−270.
(33) Seeberg-Elverfeldt, J.; Schlüter, M.; Feseker, T.; Kölling, M.
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1.1 Dating for sediment cores 

Because the commonly used 210Pb dating method was compromised especially by redox-driven Mn shut-

tling partly causing negative 210Pb values, an event-stratigraphic approach was applied to the Gotland 

Basin sediment core 7-MUC4 and the Landsort Deep composite core 11-10MUC2/36-MUC3 obtained in 

this work. This dating approach has been successfully utilized in the previous studies on the Mn-rich 

sediments from the Landsort Deep and the Gotland Basin.1–3 

In the depth profiles of the Gotland Basin sediment core 7-MUC4, ten time markers were identified 

through geochemical and radiological analyses, including the Mn enrichments following the Major Baltic 

Inflows (1978, 1994, 2003, and 2014), Chernobyl-accident-derived 137Cs and 241Am peaks (1986), initial 

and maximum global-fallout-derived 241Am (1954 and 1963), maximum Pb pollution identified by stable 

206/207Pb ratios (1970 - 1978), and onset of modern Hg pollution reflected by Hg/Al ratios (1950) (Fig. 

S1). Constant sedimentation rates were assumed between ten allocated time markers, and the resulting 

age-depth relation is presented in Fig. S2. As the observational uncertainty depends on the sample reso-

lution and sedimentation rate, different dating uncertainties were assigned to different sections along the 

core.  

Dating of the Landsort Deep composite core 11-10MUC2/36-MUC3 is following the similar approach 

but a bit more complicated. The age model for the short core 36-MUC3 was originally developed by 

Häusler et al..1 Five basic time markers were identified in the depth profiles of 206/207Pb isotope ratios, 

241Am and 137Cs activities by the Pb pollution, Chernobyl accident, and nuclear weapons testing (blue 

arrows in Fig. S3). The authors concluded that longer-lasting but non-sulfidic water column conditions 

represent an important prerequisite for exceptional Mn carbonate formation in the surface sediments, 

which forms one of the most prominent features in the study area. On the other hand, sediments deposited 

during periods of substantial sulfide presence in the water column are virtually free of Mn carbonate. 

Encouraged by these findings, additional time markers were identified by the comparison of the instru-

mental O2/H2S time-series and the sedimentary Mn signatures, which is apparently closely related to the 

water column redox changes (red arrows in Fig. S3). In addition, one time marker was recognized by a 

drop in U burial resulting from a short-term water column oxygenation in 2004 - 2006. The combined 

age-depth relation of the basic and additional time markers for core 36-MUC3 is shown in Fig. S4. 

For dating of core 11-10MUC2 obtained at the same site, the developed age model of core 36-MUC3 was 

transferred to the new core 11-10MUC2 by using Mn, U/Al, 137Cs, and 206/207Pb signatures (Fig. S5). This 
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parallelization was based on similar signatures of the geochemical records, which allowed the identifica-

tion of twenty-nine time markers for the construction of the age model for the core 11-10MUC2. The 

depth profile of the core 11-10MUC2 was extended to the mid-1940s by adding six samples from core 

36-MUC3, and the age-depth relation of the composite core 11-10MUC2/36-MUC3 is presented in Fig. 

S6. Although the transferred age model suffers from potential changes in sedimentation rates and the 

ingrowth of diagenetic minerals, the dated sedimentary Mn contents of the composite core 11-

10MUC2/36-MUC3 and O2/H2S time-series from the water column of the Landsort Deep (ICES Dataset 

on Oceanography) agreed well (Fig. S7). 

1.2 Determination of Al, Hg, Mn, U contents, and 206/207Pb ratios in the sediments 

To identify time markers in the depth profiles of the Baltic sediment cores for dating purpose, sedimentary 

Al, Mn, and U contents, as well as stable Pb isotopes, in the Baltic Sea sediment cores were analyzed after 

acid dissolution of ~50 mg of freeze-dried and homogenized sediment aliquots. The sediment sample was 

weighed and digested in closed Teflon vessels at 180°C for 12 h using a mixture of 1 mL HNO3 (65%, 

analytical grade, purified by sub-boiling distillation system, Merck), 2 mL HClO4 (70%, suprapure quality, 

Roth), and 2 mL HF (48%, suprapure quality, VWR). After evaporation to near-dryness, residues were 

fumed-off three-times with 6 M HCl (suprapure quality, Merck) and finally diluted with 50 mL of 2 vol% 

HNO3.
4 The U contents were determined by inductively coupled plasma mass spectrometry (ICP-MS, 

iCAP Q, Thermo Fisher Scientific) coupled to a PrepFast system (Elemental Scientific) allowing online 

dilution of the external calibration stock solution and the acid-digestion solutions as well as the online 

addition of the internal standard (Ir). After automated dilution of the acid digestions to Pb concentrations 

of about 1 µg L-1 by the PrepFast system, 206Pb and 207Pb were also measured by ICP-MS. Instrument 

performance was optimized for the international reference material NIST SRM-981 giving a precision 

and accuracy of 0.31% and -0.04%, respectively. The contents of Al and Mn were measured by inductively 

coupled plasma optical emission spectrometry (ICP-OES, iCAP 7400 Duo, Thermo Fisher Scientific) 

using external calibration and internal standard (Sc). Analytical precision and accuracy of the U, Al, and 

Mn measurements were checked by the reference material SGR-1b (USGS), which were better than 4% 

and 2%, respectively. The Hg contents were measured by a direct mercury analyzer (DMA-80; Milestone). 

Precision and accuracy were monitored with the reference materials BCR-142R (CBR) and TH-2 (NWRI, 

Canada) and were better than 3.3% and -1.5%, respectively.  

1.3 Determination of dissolved U, particulate U, and sulfide in seawater and porewater 

The concentrations of dissolved U in the water column and porewaters were measured by ICP-MS coupled 

to a seaFAST-pico system (Elemental Scientific) for matrix removal and pre-concentration.4,5 Analytical 

precision and accuracy for the dissolved U measurements in the reference materials NASS-7 and CASS-
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6 (NRCC) were better than 4% and 5%, respectively. Except for pre-treatment with 1 mL HClO4 for 1 h 

at 150 °C to decompose the polycarbonate filter material before total acid digestion, the U concentrations 

of the suspended particulate matter from the water column at site LD 1 were determined in the same way 

as the sediment samples. Total sulfide in porewater and water column samples was determined by the 

Cline (1969) method.6 

1.4 Determination of 236U/238U and 233U/238U and 233U/236U atomic ratios in the sediments 

The atomic ratios of 236U/238U and 233U/238U in the Baltic Sea sediment cores were analyzed by accelerator 

mass spectrometry (AMS) with an optimized radiochemical procedure modified from our previous 

work.7,8 As strong acids are able to leach anthropogenic 236U from soil and sediments quantitatively,9,10 

acid digestion with Aqua regia (HCl: HNO3=3:1, v/v) rather than total dissolution was adopted in our 

procedure to deal with gram amounts of sediment samples. About 93% and 84% of 238U in the Gotland 

Basin and Landsort Deep cores (obtained by total dissolution using HNO3-HClO4-HF) were leached by 

Aqua regia digestion, respectively. A leaching experiment on core 7-MUC4 indicates that a single Aqua 

regia digestion is enough to extract >99% of leachable 238U and 236U from the sediments (Table S2). 

Specifically, 1- 10 g aliquots of homogenized sediment was weighed to a semi-closed flask and ashed at 

550 ℃ for 12h. After adding 60-100 mL of Aqua regia (HCl: HNO3=3:1 (v/v), 37% and 65%, analytical 

grade, purified by sub-boiling distillation system, VWR), the sample was heated on a hot plate at 150 ℃ 

for 0.5 h and then 200 °C for 2 h. The leachate was filtrated through a glass microfiber filter (Whatman), 

and the residue was rinsed with 10 mL of 0.5 M HNO3 for three times. After weighing, the leachate was 

adjusted to pH = 8 - 9 by gradually adding 25% NH3·H2O solution to co-precipitate uranium with 

Fe(OH)3. After centrifuging at 3000 rpm for 10 min, the supernatant was discarded. The co-precipitate 

was dissolved with 16 mL of 65% HNO3 and the solution was diluted with ultrapure water to a final 

concentration of 3 M HNO3. The sample solution was loaded to a 2 mL of UTEVA column pre-conditioned 

with 20 mL of 3M HNO3. The column was rinsed with 20 mL of 3 M HNO3 twice and then 20 mL of 6 

M HCl to remove the matrix elements and interferences. Uranium was eluted from the column with 10 

mL of 0.025 M HCl. After addition of 2 mg of Fe3+, the eluate was adjusted to pH = 8 - 9 to co-precipitate 

uranium with Fe(OH)3. The precipitate was dried in an oven at 90 °C for 4 h and then baked in a furnace 

at 800 °C for 12 h. Finally, uranium incorporated in a Fe2O3 matrix was pressed into an aluminum sputter 

target holder for the AMS measurement. Procedure blanks were prepared for each batch of 7 samples 

following the same analytical protocol as mentioned above, and 100 mg of Fe3+ as carrier was added in 

the Aqua regia digestion before co-precipitation. All of nine procedure blanks contained less than 5.3 ng 

of 238U, 1.8 × 106 atoms of 236U, and 9.6 × 104 atoms of 233U, which were negligible compared with 

minimum amounts of 238U, 236U, and 233U in the sediment samples except for the lowermost layer. 
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To avoid introduction of extra 236U and 233U, 238U in the Aqua regia leachate was used as an intrinsic 

chemical yield tracer instead of additional 233U or 232U standard solution, and our radiochemical procedure 

provided satisfactory chemical yields (80 - 100%) for 236U and 233U. Specifically, 238U concentrations 

were measured in 100 μL of Aqua regia leachate and final uranium eluate from the UTEVA column using 

an ICP-MS (Agilent, 8800 Triple Quadrupole ICP-MS) after proper dilution with 0.5 M HNO3.
 In or Bi 

solution was added as internal standard. Relative measurement uncertainty of 238U in the leachates and 

eluates was 1 - 10 %. 

The 236U/238U and 233U/238U atomic ratios in the sputter targets were measured using AMS at the Vienna 

Environmental Research Accelerator (VERA) facility at the University of Vienna, and the detailed method 

and instrument configuration has been reported elsewhere.11,12 Due to the existence of 236U or 233U in 

procedure blanks, the actual 236U/238U or 233U/238U atomic ratios in the original sample (Rs
236(233)) were 

calculated for blank correction according to the following equations:   

𝑅𝑆
236(233)

=
𝑅𝑚

236(233)
𝑚𝑚,elu − 𝑅𝑏

236(233)
𝑚𝑏,elu

𝑌𝑚𝑡

                                                                   (𝑆1) 

𝑌 =
𝑚𝑚,𝑒𝑙𝑢 − 𝑚𝑏,𝑒𝑙𝑢

𝑚𝑚,𝑙𝑒𝑎 − 𝑚𝑏,𝑙𝑒𝑎

                                                                                         (𝑆2) 

where Rm
236(233) and Rb

236(233) are the 236U/238U or 233U/238U atomic ratios measured in the sample and 

blank targets; mm,elu and mb,elu are the 238U masses in the eluate of sample and blank, which equal to the 

masses of eluate times the 238U concentrations in the eluate measured by ICP-MS; mt is the total mass of 

238U in the sample aliquot, which equals to the mass of sample aliquot times the 238U concentration in the 

sample determined by ICP-MS after total acid digestion; Y is the chemical yield of the radiochemistry 

procedure; mm,lea and mb,lea are the 238U masses in the leachate of sample and blank, which equal to the 

leachate masses times 238U concentrations in the leachate of sample and blank measured by ICP-MS. It 

should be noted that AMS cannot determine absolutely the amount of 238U in the sample target. Our pre-

vious work indicated that the chemical yield of uranium in target preparation normally exceeds 97%,7 

thereby the 238U mass in the sputter target was assumed to equal to the 238U mass in the eluate. 

After the blank correction of the 236U/238U and 233U/238U atomic ratios, the 233U/238U atomic ratios in 

sediment samples can be calculated by Rs
233/236 = Rs

233 / Rs
236. 

1.5 Background control measures for 236U and 233U analyses 

In order to reduce the background level of 236U and 233U in the procedure blanks, several measures were 

implemented,8 including:  

(1) Except for 25 wt% NH3·H2O solution (analytical grade, VWR), all the reagents involved in this work 

were suprapure quality or purified in different ways. A sub-boiling distillation system were utilized for 
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the purification of analytical grade concentrated HCl (37%, VWR) and HNO3 (65%, VWR or 65%, 

Merck). 0.05 g/mL Fe solution prepared by dissolving FeCl3·6H2O (analytical grade, Sigma-Aldrich) in 

3 M HNO3 was purified by a UTEVA column (100-150 μm, Triskem International).  

(2) All sample preparation steps were performed in a laminar flow bench (Safe 2020, Thermo Fisher 

Scientific) or with enclosed labware to avoid any possible 236U and 233U contamination from ambient 

dusts.  

(3) Teflon and disposable labware replaced most of ordinary glassware to reduce potential cross-contam-

ination in the experiment, and the reusable labware were cleaned by boiling with 6 M HCl to remove any 

adsorbed uranium after each usage. 

1.6 Determination of 137Cs and 241Am activities in the sediment 

In order to determine the 137Cs and 241Am activities in the Baltic Sea sediment cores, 2 - 15 g of sediment 

aliquots were packed in the petridishes and directly measured by gamma spectrometry using high-purity 

germanium (HPGe) detectors. The relative uncertainties of 137Cs measurement results were better than 

40% and 10% for the layers before and after 1960, respectively. 

2.1 Quantification of anthropogenic 236U from different sources 

As discussed in the main text, the main source term of 236U in the Baltic sediments before the late 1960s 

should be global fallout (when 233U/236U > 1.40 × 10-2). Since the mid-to-late 1960s, a two end-member 

linear mixing model is adopted to calculate the global-fallout-derived and reactor-derived 236U/238U 

atomic ratios in the sediment based on the atomic ratio of 233U/236U (eq. S3 and S4). (1.40 ± 0.15) × 10-2 

and 10-6 ± 10-6 are considered as the representative 233U/236U atomic ratios for the endmembers of global-

fallout-derived and reactor-derived 236U, respectively.12,13 In addition, the Chernobyl-derived 236U/238U 

atomic ratio for the segment of ~ 1986 is estimated separately by the difference between the peak and 

baseline (average of adjacent segments) values of 236U/238U atomic ratios in both cores (eq. S5). 

𝑅𝑆,𝐺𝐹
236 =

𝑅𝑆
233/236

− 𝑅𝑁𝑅
233/236

𝑅𝐺𝐹
233/236

− 𝑅𝑁𝑅
233/236

𝑅𝑆
236 ≈  

𝑅𝑆
233/236

𝑅𝐺𝐹
233/236

𝑅𝑆
236 =

𝑅𝑆
233

𝑅𝐺𝐹
233/236

                                                (𝑆3) 

𝑅𝑆,𝑁𝑅
236 = 𝑅𝑆

236 − 𝑅𝑆,𝐺𝐹
236  (− 𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙

236 )                                                                    (𝑆4) 

𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236 = 𝑅𝑆,𝑝𝑒𝑎𝑘

236 − (𝑅𝑆,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,1
236 + 𝑅𝑆,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,2

236 )/2                                                   (𝑆5) 

where 𝑅𝑆,𝐺𝐹
236 , 𝑅𝑆,𝑁𝑅

236 , and 𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236  represent the global-fallout-derived, reactor-derived, and Chernobyl-

derived 236U/238U atomic ratios in a specific sediment segment, respectively; 𝑅𝑆
236, 𝑅𝑆,𝑝𝑒𝑎𝑘

236 , and 𝑅𝑆,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
236  
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are the 236U/238U atomic ratios in a specific sediment segment, the segment of ~ 1986, and adjacent seg-

ments of ~ 1986, respectively; 𝑅𝑆
233/236

 refers to the 233U/236U atomic ratio in a specific sediment segment; 

𝑅𝐺𝐹
233/236

 and 𝑅𝑁𝑅
233/236

 are the representative 233U/236U atomic ratios for global fallout-derived and reac-

tor-derived signals, which are 1.40 × 10-2 and 10-6, respectively. As 𝑅𝑁𝑅
233/236

 is normally much lower than 

𝑅𝐺𝐹
233/236

 and 𝑅𝑆
233/236

, eq. S3 can be further simplified, and 𝑅𝑆
233 refers to the 233U/238U atomic ratios in 

a specific sediment segment.  

Based on eq. S3 - S5, the combined uncertainty for 𝑅𝑆,𝐺𝐹
236 , 𝑅𝑆,𝑁𝑅

236 , and 𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236  can be calculated based 

on the law of uncertainty propagation14 (eq. S6 - S8): 

𝑢(𝑅𝑆,𝐺𝐹
236 ) = √(

𝜕𝑅𝑆,𝐺𝐹
236

𝜕𝑅𝑆
233 )

2

𝑢2(𝑅𝑆
233) + (

𝜕𝑅𝑆,𝐺𝐹
236

𝜕𝑅𝐺𝐹
233/236)

2

𝑢2(𝑅𝐺𝐹
233/236

) = √
𝑢2(𝑅𝑆

233)

(𝑅𝐺𝐹
233/236

)2
+

(𝑅𝑆
233)2𝑢2(𝑅𝐺𝐹

233/236
)

(𝑅𝐺𝐹
233/236

)4
                                                (S6) 

               𝑢(𝑅𝑆,𝑁𝑅
236 ) = √(

𝜕𝑅𝑆,𝑁𝑅
236

𝜕𝑅𝑆
236 )

2

𝑢2(𝑅𝑆
236) + (

𝜕𝑅𝑆,𝑁𝑅
236

𝜕𝑅𝑆,𝐺𝐹
236 )

2

𝑢2(𝑅𝑆,𝐺𝐹
236 ) (+ (

𝜕𝑅𝑆,𝑁𝑅
236

𝜕𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236 )

2

𝑢2(𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236 ))  

= √𝑢2(𝑅𝑆
236) + 𝑢2(𝑅𝑆,𝐺𝐹

236 ) (+𝑢2(𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236 ))                                                                                                            (S7) 

               𝑢(𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236 ) = √(

𝜕𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236

𝜕𝑅𝑆,𝑝𝑒𝑎𝑘
236 )

2

𝑢2(𝑅𝑆,𝑝𝑒𝑎𝑘
236 ) + (

𝜕𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236

𝜕𝑅𝑆,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,1
236 )

2

𝑢2(𝑅𝑆,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,1
236 ) + (

𝜕𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236

𝜕𝑅𝑆,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,2
236 )

2

𝑢2(𝑅𝑆,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,2
236 )  

= √𝑢2(𝑅𝑆,𝑝𝑒𝑎𝑘
236 ) + 𝑢2(𝑅𝑆,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,1

236 )/4 + 𝑢2(𝑅𝑆,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒,2
236 )/4                                                                              (S8) 

where 𝑢(𝑅𝑆,𝐺𝐹
236 ), 𝑢(𝑅𝑆,𝑁𝑅

236 ), and 𝑢(𝑅𝑆,𝐶ℎ𝑒𝑟𝑛𝑜𝑏𝑦𝑙
236 ) represent the combined uncertainties for the global-fallout-

derived, reactor-derived, and Chernobyl-derived 236U/238U atomic ratios in a specific sediment segment, 

respectively; 𝑢(𝑅𝑆
236), u(𝑅𝑆,𝑝𝑒𝑎𝑘

236 ), and u(𝑅𝑆,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
236 ) are the measurement uncertainties of the 236U/238U 

atomic ratios in a specific sediment segment, the segment of ~ 1986, and adjacent segments of ~ 1986, 

respectively; 𝑢(𝑅𝑆
233) refers to the measurement uncertainty of the 233U/238U atomic ratios in a specific 

sediment segment; 𝑢(𝑅𝐺𝐹
233/236

) is the uncertainty of the representative 233U/236U atomic ratio for global 

fallout-derived 236U, which is 0.15 × 10-2. According to the calculation results of eq. S6, the relative un-

certainties for global-fallout-derived and reactor-derived 236U/238U atomic ratios are 11 - 35% and 6 - 

298%, respectively, and the endmember uncertainty contributes ~10% of relative uncertainty for the 

global-fallout-derived 236U.
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2.2 Calculation of effective half-life of global-fallout-derived 236U 

The effective half-life of global-fallout-derived 236U in marine waters reflects the net elimination rate of 

global-fallout-derived 236U in these reservoirs taking all inputs, outputs, dispersion, and sinks into account. 

An exponential curve regression was adopted to the recent 40-year records of (global-fallout-derived) 

236U/238U atomic ratios in the sediment and coral cores,15–17 resulting in the following functions: 

𝐿𝑎𝑛𝑑𝑠𝑜𝑟𝑡 𝐷𝑒𝑒𝑝 (𝐵𝑎𝑙𝑡𝑖𝑐 𝑆𝑒𝑎):              𝑅𝐺𝐹
236 = 14.6 × 10−9 × 𝑒−0.0210(𝑡−1980)    (𝑅2 = 0.889)                                        (S9) 

𝐺𝑜𝑡𝑙𝑎𝑛𝑑 𝐵𝑎𝑠𝑖𝑛 (𝐵𝑎𝑙𝑡𝑖𝑐 𝑆𝑒𝑎):               𝑅𝐺𝐹
236 = 18.7 × 10−9 × 𝑒−0.0332(𝑡−1980)    (𝑅2 = 0.804)                                      (S10) 

𝐵𝑒𝑙𝑖𝑧𝑒 (𝐶𝑎𝑟𝑖𝑏𝑏𝑒𝑎𝑛 𝑆𝑒𝑎):                       𝑅𝐺𝐹
236 = 1.27 × 10−9 × 𝑒−0.0043(𝑡−1980)    (𝑅2 = 0.180, 𝑛𝑜𝑡 𝑎𝑑𝑜𝑝𝑡𝑒𝑑)          (S11) 

𝐼𝑘𝑖 𝐼𝑠𝑙𝑎𝑛𝑑 (𝐽𝑎𝑝𝑎𝑛 𝑆𝑒𝑎):                         𝑅𝐺𝐹
236 = 1.83 × 10−9 × 𝑒−0.0128(𝑡−1980)    (𝑅2 = 0.966)                                     (S12) 

𝐾𝑢𝑚𝑒 𝐼𝑠𝑙𝑎𝑛𝑑 (𝑁𝑜𝑟𝑡ℎ𝑤𝑒𝑠𝑡 𝑃𝑎𝑐𝑖𝑓𝑖𝑐):  𝑅𝐺𝐹
236 = 1.99 × 10−9 × 𝑒−0.0236(𝑡−1980)    (𝑅2 = 0.859)                                     (S13) 

where 𝑅𝐺𝐹
236 refers to the global-fallout-derived 236U/238U atomic ratios in the sediment or coral core, t 

refers to the dating result of a specific layer. According to the regression functions, the effective half-lives 

of global-fallout-derived 236U (𝑇½,𝐺𝐹
236 ) in the marine waters could be calculated as below: 

𝐿𝑎𝑛𝑑𝑠𝑜𝑟𝑡 𝐷𝑒𝑒𝑝 (𝐵𝑎𝑙𝑡𝑖𝑐 𝑆𝑒𝑎):               𝑇½,𝐺𝐹
236 = ln(2) 0.0210⁄ = 33.0 ± 2.3 𝑦𝑒𝑎𝑟𝑠                                                           (S14) 

𝐺𝑜𝑡𝑙𝑎𝑛𝑑 𝐵𝑎𝑠𝑖𝑛 (𝐵𝑎𝑙𝑡𝑖𝑐 𝑆𝑒𝑎):                𝑇½,𝐺𝐹
236 = ln(2) 0.0332⁄ = 20.9 ± 2.2 𝑦𝑒𝑎𝑟𝑠                                                           (S15) 

𝐼𝑘𝑖 𝐼𝑠𝑙𝑎𝑛𝑑 (𝐽𝑎𝑝𝑎𝑛 𝑆𝑒𝑎):                         𝑇½,𝐺𝐹
236 = ln(2) 0.0236⁄ = 54.1 ± 5.0 𝑦𝑒𝑎𝑟𝑠                                                           (S16) 

𝐾𝑢𝑚𝑒 𝐼𝑠𝑙𝑎𝑛𝑑 (𝑁𝑜𝑟𝑡ℎ𝑤𝑒𝑠𝑡 𝑃𝑎𝑐𝑖𝑓𝑖𝑐):  𝑇½,𝐺𝐹
236 = ln(2) 0.0128⁄ = 31.8 ± 3.0 𝑦𝑒𝑎𝑟𝑠                                                            (S17) 
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3.1 Scavenging processes of U 

Water-column and porewater profiles obtained in the Gotland Basin and Landsort Deep in 2018 (Fig. 2 

and Fig. S8) clearly document the scavenging of U from water column to the sediments, as indicated by: 

i) 10 - 20% offsets between the dissolved U concentrations and salinity-based values calculated from the 

U-salinity correlation;18 ii) increasing concentrations of particulate U below the redoxcline (O2 < 3 μM 

and sulfide < 0.2 μM, grey bars in Fig. 2 and Fig. S8);1,19 and iii) the steep gradient of decreasing dissolved 

U concentrations in the highly sulfidic porewater within the uppermost 10 - 15 cm of sediment. Thermo-

dynamics calculation indicates that the soluble U(VI) can be reduced to insoluble U(IV) in reductive 

condition (e.g., if H2S is present),20 and the formed U(IV) is easily adsorbed on suspended particles and 

deposited on the seabed. Hence, the above-mentioned results imply two scavenging processes of U during 

sulfidic water-column periods: i) the redox-driven removal of dissolved U from the sulfidic water column 

to the sediment as particulate forms;21 and ii) the diagenesis-driven removal of dissolved U in the sulfidic 

porewater environment mediated through reductants, facilitating the diffusion of dissolved U from bottom 

water to the porewater.22–28  

3.2 Areal inventory of 233U from the direct deposition of global fallout 

To estimate the total amount of global fallout 233U, we calculated the areal cumulative inventories of 233U 

in the peat core ((1.15 ± 0.10) × 1011 atom/m2), Gotland Basin sediment core ((2.42 ± 0.15) × 1011 

atom/m2), and Landsort Deep composite core ((2.85 ± 0.12) × 1011 atom/m2). The gentler declines of 

233U/238U atomic ratios in the Baltic Sea sediment cores than the peat core indicate that besides direct 

atmospheric deposition, the sediments continuously received 233U from the scavenging processes men-

tioned above. The scavenged 233U can originate from the dissolve faction of 233U fallout deposited locally 

or transported from the North Sea and catchment. The areal cumulative inventories of 233U before 1970 

(the end of intensive global fallout) in the Gotland Basin Sediment core ((5.46 ± 0.32) × 1010 atom/m2) 

and the Landsort Deep composite core ((7.21 ± 0.36) × 1010 atom/m2) are estimated to be the upper limits 

of the atmospheric 233U deposition in the Baltic region. Hence, the representative areal inventory of 233U 

from the direct deposition of global fallout is estimated to be (5 - 12) × 1010 atom/m2 in the Northern 

European region. 

3.3 Interpretations behind the records of peat, coral, and sediment cores 

233U/236U atomic ratios in different records have different interpretations. The corals can retain the dis-

solved U isotopes in the seawater in their carbonate skeleton with year ring structure, and the 233U/236U 

atomic ratio in the coral record reveals the integrated ratio of soluble 236U and 233U (e.g. dissolved fraction 
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of global fallout and discharges from civil nuclear industry) cumulated in the marine waters at a specific 

time. While the peat core can only receive the atmospheric deposition of 236U and 233U and preserve the 

signals chronologically. For a reasonable comparison, the 233U/236U atomic ratio in the peat record was 

re-calculated in this work to reflect the integrated ratio of the cumulative inventories of 233U and 236U 

below the referred depth. The sediment cores can retain not only the soluble 236U and 233U in the water 

column by scavenging processes but also the particulate 236U and 233U fallout from direct atmospheric 

deposition. As the particulate fallout has limited remobilization in the anoxic sediments, it is possible to 

reconstruct the historical levels of 233U/236U atomic ratios in water column from the sedimentary records 

if the inputs from direct atmospheric deposition can be identified based the depth-profile pattern (e.g. 

Chernobyl signal). 
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Fig. S1.  Depth profiles of Mn contents, Al-normalized 137Cs (decay-corrected to 2019) and 241Am activ-

ities, 206/207Pb isotopic ratios and Al-normalized Hg contents in the sediment core 7-MUC4 collected in 

the Gotland Basin in December 2018.  
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Fig. S2.  The age-depth relation for the Gotland Basin sediment core 7-MUC4 based on individual time 

markers showing resulting sedimentation rates and observational uncertainty, respectively. 
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Fig. S3.  Instrumental time series of O2/H2S in the Landsort Deep below 430 m water depth (ICES Dataset 

on Oceanography)29, and the depth profiles of Mn contents, Al-normalized U contents, excess 210Pb 

(210Pbex) and 137Cs activities, Al-normalized 137Cs and 241Am activities, and 206/207Pb isotopic ratios in the 

Landsort Deep sediment core 36-MUC3 collected in November 2011. Except for U, sediment data origi-

nate from Häusler et al. (2018).1 The basic and additional time markers have been labeled as blue and red 

arrows, respectively. 
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Fig. S4.  The combined age-depth relation of the basic (blue dots) and additional (red dots) time markers 

for the Landsort Deep sediment core 36-MUC3. 
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Fig. S5. Transfer of the age model from the dated core 36-MUC3 to sediment core 11-10MUC2 obtained 

in December 2018. The parallelization of time markers was achieved by the comparisons of sedimentary 

records of Mn contents, Al-normalized U contents, Al-normalized 137Cs activities (decay-corrected to 

2019 in core 11-10MUC2), and 206/207Pb isotopic ratios. Both sediment cores originate from the same site 

LD1, the Landsort Deep (Baltic Sea). 
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Fig. S6.  The resulting age-depth relation for the Landsort Deep composite core 11-10MUC2/36-MUC3, 

among which six complementary samples are from the core 36-MUC3 to extend the covered time period. 

Sedimentation rates and observational uncertainties resulted from linear interpolation between the indi-

vidual time markers. 
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Fig. S7. Comparison between the instrumental time series of O2/H2S in the Landsort Deep below 430 m 

water depth (ICES Dataset on Oceanography)29 and the depth profile of Mn contents in the dated Landsort 

Deep composite core 11-10MUC2/36-MUC3. The black and open green dots represent core 11-10MUC2 

and core 36-MUC3, respectively. 
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Fig. S8.  Comparison of water-column time series and the sedimentary record, as well as water 

column and pore water profiles from the Landsort Deep, Baltic Sea. (A) Instrumental water-column 

time series of O2 and total sulfide in the Gotland Basin (ICES Dataset on Oceanography);29 (B) Record 

of U contents in the sediment core 11-10MUC2 collected at site LD1 (58°38.36'N, 18°16.04'E) in the 

Landsort Deep; (C) Profiles of salinity, concentrations of O2, total sulfide, particulate and dissolved U 

(green dot line = salinity-based U concentrations) in the water column at site LD1; (D) Concentrations of 

total sulfide and dissolved U in the pore waters at site LD1. The grey bar in (C) represents the redoxcline 

(O2 < 3 μM and sulfide < 0.2 μM) in the water column. The sediment core 11-10MUC2, water column, 

and pore water samples were obtained during EMB201 cruise in December 2018. 
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Fig. S9.  Contemporary comparison of global-fallout-derived (GF-derived) 236U/238U atomic ratios. 

Sediment cores were obtained in the Gotland Basin and Landsort Deep (Baltic Sea) and coral cores were 

collected in the Caribbean Sea, the Japan Sea and the Northwest Pacific Ocean.15–17 
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Table S1. Overview of the resolved records of 236U and 233U in the published and present studies. (PPG: Pacific Proving Grounds; SF: Sellafield; 

LH: La Hague) 

Sample  

description 

Time  

range 
Sources 

236U/238U 

atomic ratio 

[×10-9] 

236U 

areal inventory 

[atom/m2] 

236U input 

[kg] 

233U/238U 

atomic ratio 

[×10-11] 

233U 

areal inventory 

[atom/m2] 

233U input 

[kg] 
Reference 

Coral core 
(Belize, Caribbean Sea) 

1944 - 2006 
Global fallout; 
close-in fallout (PPG) 

< 0.01 - 1.84 / 

1060 (Global 

fallout); 
240 (Close-in 

fallout) 

/ / / 16 

Coral core 

(Iki Island, Japan Sea) 
1935 - 2010 

Global fallout; 

close-in fallout (PPG) 
0.10 - 6.15 / / / / / 17 

Shell 
(Traeth Melynog, Irish Sea) 

1971 - 2018 
Global fallout; 
reprocessing plant (SF) 

62.0 - 1.74 × 103 / 
> 237 (SF, after 
1970)  

/ / / 30 

Shell 
(Balgzand, Wadden Sea) 

1967 - 2017 
Global fallout; 
reprocessing plant (LH) 

13.3- 160 / 25 (LH) / / / 30 

Coral core 

(Kume Island, Northwest Pa-

cific Ocean) 

1940 - 1970 
Global fallout; 
close-in fallout (PPG) 

0.05 - 10.5 / / < 0.2 - 15.7 / / 12,15 

Peat core 
(Black Forest, Germany) 

1917 - 1992 Global fallout (0.72 - 9.20) × 103 (5.57 ± 0.35) × 1012 / 1.1 × 102 - 1.78 × 104 / / 12,31 

Sediment core 
(Gotland Basin, Baltic Sea) 

1940 - 2018 

Global fallout; 

reprocessing plants and 

local facilities 

0.47 - 35.9 
 

(1.53 ± 0.10) × 1013 

(global fallout); 
(2.00 ± 0.29) × 1013 (civil 

nuclear industry) 

/ 2.72 - 36.3 (2.42 ± 0.15) × 1011 
7 - 15 
(Global fallout) 

This work 

Sediment core 
(Landsort Deep, Baltic Sea) 

1946 - 2018 

Global fallout; 

Chernobyl accident; 
reprocessing plants and 

local facilities 

0.23 - 51.5 

(1.60 ± 0.07) × 1013 

(global fallout); 

(1.57 ± 0.17) × 1013 

(Chernobyl accident & 
civil nuclear industry) 

/ 0.27 - 40.8 (2.66 ± 0.11) × 1011 
7 - 15 
(Global fallout) 

This work 
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Table S2.  Leaching experiment of the Baltic Sea sediments. In the leaching experiment, the first Aqua 

regia digestion was performed on six samples of core 7-MUC4. After filtrating the leachates and resining 

the residues, a second Aqua regia digestion was conducted for the residues. The leaching rate is calculated 

as the ratio of leached 238U from each Aqua regia digestion and total sedimentary 238U obtained by total 

dissolution using HNO3-HClO4-HF digestion. 

Sample 
Depth 
[cm] 

Leached 238U  
[μg/g-sediment] 

Leached 236U  
[atoms/g-sediment] 

Leaching rate 
[%] 

First Aqua regia digestion (sediment) 

7-MUC4_8.25 8 - 8.5 48.3 ± 0.8 (2.23 ± 0.04) × 109 94.3 

7-MUC4_8.75 8.5 - 9 46.4 ± 0.7 (2.12 ± 0.04) × 109 94.9 

7-MUC4_9.25 9 - 9.5 33.3 ± 0.4 (1.50 ± 0.04) × 109 88.0 

7-MUC4_16.5 16 - 17 35.0 ± 0.7 (3.29 ± 0.09) × 109 93.1 

7-MUC4_17.5 17 - 18 34.8 ± 0.7 (3.42 ± 0.19) × 109 92.6 

7-MUC4_18.5 18 - 19 36.9 ± 0.5 (3.46 ± 0.28) × 109 91.0 

Second Aqua regia digestion (residue of first digestion) 

7-MUC4_8.25 8 - 8.5 0.076 ± 0.037 < 9.61 × 105 0.1 

7-MUC4_8.75 8.5 - 9 0.062 ± 0.041 < 7.25 × 105 0.1 

7-MUC4_9.25 9 - 9.5 0.103 ± 0.039 < 7.44 × 105 0.3 

7-MUC4_16.5 16 - 17 0.171 ± 0.011 (7.74 ± 1.51) × 106 0.5 

7-MUC4_17.5 17 - 18 0.165 ± 0.015 (2.06 ± 0.30) × 107 0.4 

7-MUC4_18.5 18 - 19 0.211 ± 0.015 (1.72 ± 0.41) × 107 0.5 
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Table S3.  Measurement results of U, Mn, Al, and mass ratio of U/Al in the sediment core 7-MUC4 

collected in the Gotland Basin, the Baltic Sea.5 The elemental contents are salt-corrected, and the analyt-

ical precisions are better than 5%. 

Depth [cm] Year [yr CE] U [mg/kg] Mn [%] Al [%] U/Al [×10-4] 

0 - 0.5 2018.7 ± 0.4 31.3 0.28 2.71 11.5 

0.5 - 1 2018.3 ± 0.4 28.2 0.22 2.73 10.3 

1 - 1.5 2017.9 ± 0.4 26.4 0.18 2.86 9.25 

1.5 - 2 2017.5 ± 0.4 24.0 0.17 3.07 7.82 

2 - 2.5 2017.1 ± 0.4 25.2 0.22 3.07 8.20 

2.5 - 3 2016.6 ± 0.4 22.9 0.23 3.11 7.37 

3 - 3.5 2016.2 ± 0.4 20.0 0.18 3.21 6.24 

3.5 - 4 2015.8 ± 0.4 19.2 0.25 3.20 5.98 

4 - 4.5 2015.4 ± 0.4 18.3 0.74 3.22 5.69 

4.5 - 5 2015.0 ± 0.4 17.0 3.42 3.34 5.09 

5 - 5.5 2014.0 ± 1.0 16.4 1.75 3.38 4.84 

5.5 - 6 2013.0 ± 1.0 21.8 0.37 3.41 6.39 

6 - 6.5 2012.0 ± 1.0 47.4 0.17 3.58 13.2 

6.5 - 7 2011.0 ± 1.0 65.7 0.11 3.57 18.4 

7 - 7.5 2010.0 ± 1.0 66.2 0.10 3.58 18.5 

7.5 - 8 2009.0 ± 1.0 68.2 0.09 3.48 19.6 

8 - 8.5 2008.0 ± 1.0 65.6 0.09 3.42 19.2 

8.5 - 9 2007.0 ± 1.0 62.4 0.10 3.69 16.9 

9 - 9.5 2006.0 ± 1.0 47.3 0.10 4.32 11.0 

9.5 - 10 2005.0 ± 1.0 31.4 1.01 4.58 6.87 

10 - 11 2003.5 ± 2.4 37.5 2.91 4.50 8.35 

11 - 12 2000.7 ± 2.4 44.1 0.11 4.29 10.3 

12 - 13 1997.8 ± 2.4 39.9 0.09 4.33 9.21 

13 - 14 1995.0 ± 2.4 32.2 1.67 5.06 6.37 

14 - 15 1992.9 ± 2.4 26.5 0.08 4.94 5.36 

15 - 16 1990.8 ± 2.4 41.6 0.10 4.78 8.71 

16 - 17 1988.6 ± 2.4 44.0 0.09 4.72 9.32 

17 - 18 1986.5 ± 2.4 43.5 0.09 4.95 8.79 

18 - 19 1983.7 ± 3.3 47.2 0.08 4.75 9.94 

19 - 20 1980.8 ± 3.3 39.8 1.60 4.72 8.44 

20 - 21 1978.0 ± 3.3 25.8 0.33 4.17 6.18 

21 - 22 1974.0 ± 3.3 22.4 3.10 3.50 6.39 

22 - 23 1970.0 ± 3.3 17.8 9.22 3.05 5.82 

23 - 24 1966.5 ± 4.0 17.4 17.5 2.58 6.77 

24 - 25 1963.0 ± 4.0 18.9 11.2 3.38 5.59 

25 - 26 1958.5 ± 4.0 14.2 1.31 5.14 2.77 

26 - 27 1954.0 ± 4.0 8.54 5.17 5.96 1.43 

27 - 28 1950.0 ± 4.0 7.36 4.86 6.40 1.15 

28 - 29 1946.0 ± 4.0 6.14 2.31 6.82 0.90 

29 - 30 1942.0 ± 4.0 6.13 1.31 7.05 0.87 
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Table S4. Measurement results of U, Mn, Al, and mass ratio of U/Al in the composite sediment core 11-

10MUC2/36-MUC3 collected in the Landsort Deep, the Baltic Sea. The elemental contents are salt-cor-

rected, and the analytical precisions are better than 5%.  Except for the lowermost six samples originating 

from core 36-MUC3,1 other samples are from core 11-10MUC2. 

Depth [cm] Year [yr CE] U [mg/kg] Mn [%] Al [ %] U/Al [×10-4] 

0 - 1 2017.9 ± 1.8 33.7 0.07 2.29 10.5 

1 - 2 2016.1 ± 1.8 31.1 0.06 3.15 7.53 

2 - 3 2014.3 ± 1.8 32.0 0.07 3.81 6.75 

3 - 4 2012.6 ± 1.8 26.8 0.06 3.33 6.46 

4 - 5 2010.8 ± 1.8 29.9 0.06 3.47 6.78 

5 - 6 2009.0 ± 1.8 38.8 0.07 2.64 11.4 

6 - 7 2008.2 ± 0.7 40.6 0.08 2.97 10.6 

7 - 8 2007.4 ± 0.7 41.6 0.08 3.71 9.11 

8 - 9 2006.6 ± 0.7 39.3 0.09 3.45 9.07 

9 - 10 2005.8 ± 0.7 32.4 0.09 3.35 7.70 

10 - 11 2005.0 ± 0.7 28.8 0.09 4.32 5.64 

11 - 12 2004.4 ± 0.7 34.0 0.09 3.27 8.39 

12 - 13 2003.8 ± 0.7 39.5 0.12 4.00 8.31 

13 - 14 2003.1 ± 0.7 43.6 0.13 4.41 8.44 

14 - 15 2002.5 ± 0.7 41.5 0.13 4.47 8.08 

15 - 16 2001.9 ± 0.7 28.8 0.32 4.36 5.71 

16 - 17 2001.3 ± 0.7 29.0 0.24 5.10 5.06 

17 - 18 2000.6 ± 0.7 24.3 0.14 4.82 4.52 

18 - 19 2000.0 ± 0.7 20.0 0.20 4.99 3.56 

19 - 20 1999.0 ± 1.0 11.5 2.63 4.54 2.26 

20 - 21 1998.0 ± 1.0 7.03 16.7 3.26 1.99 

21 - 22 1997.0 ± 1.0 5.13 18.3 3.02 1.59 

22 - 23 1996.2 ± 1.0 5.34 16.3 3.54 1.43 

23 - 24 1995.4 ± 1.0 5.26 12.6 4.35 1.14 

24 - 25 1993.0 ± 1.0 4.84 16.2 3.75 1.22 

25 - 26 1992.3 ± 1.0 4.94 13.3 3.91 1.20 

26 - 27 1991.7 ± 1.0 5.22 16.0 3.31 1.49 

27 - 28 1991.0 ± 1.0 5.36 20.6 2.48 2.05 

28 - 29 1989.0 ± 1.0 6.47 15.8 3.18 1.91 

29 - 30 1988.5 ± 1.0 5.44 20.1 2.41 2.13 

30 - 31 1986.5 ± 1.0 5.28 18.9 2.50 2.01 

31 - 32 1986.0 ± 1.0 4.77 23.8 1.51 3.00 

32 - 33 1985.2 ± 1.0 6.73 17.8 2.23 2.81 

33 - 34 1984.4 ± 1.0 10.6 8.69 2.15 4.09 

34 - 35 1983.7 ± 1.0 11.2 0.78 3.54 2.71 

35 - 36 1983.0 ± 1.0 22.5 0.64 3.54 5.70 

36 - 37 1981.4 ± 1.0 18.1 5.65 3.82 4.42 

37 - 38 1980.2 ± 1.0 9.82 7.15 4.18 2.16 

38 - 39 1979.0 ± 1.0 6.63 22.0 1.84 3.40 

39 - 40 1978.0 ± 1.0 6.69 14.0 2.63 2.37 
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Depth [cm] Year [yr CE] U [mg/kg] Mn [%] Al [ %] U/Al [×10-4] 

40 - 41 1976.0 ± 1.8 9.32 5.74 3.34 2.52 

41 - 42 1974.0 ± 1.8 9.37 2.46 4.08 2.08 

42 - 43 1972.5 ± 1.8 10.9 10.7 3.07 3.26 

43 - 44 1971.0 ± 1.8 8.86 14.8 2.17 3.78 

44 - 45 1969.3 ± 1.8 12.5 9.61 3.04 3.77 

45 - 46 1968.0 ± 1.8 11.7 7.38 3.66 2.92 

46 - 47 1965.7 ± 1.8 6.63 15.0 3.13 1.99 

47 - 48 1963.0 ± 1.8 7.24 11.4 3.92 1.74 

48 - 49 1960.0 ± 1.8 6.37 8.57 4.85 1.25 

33 - 33.5 1956.0 ± 1.1 5.68 12.3 4.79 1.13 

33.5 - 34 1955.0 ± 1.1 4.02 5.54 5.18 0.74 

34 - 34.5 1954.0 ± 1.1 5.18 10.5 5.27 0.94 

34.5 - 35 1953.0 ± 1.1 6.47 1.82 6.32 0.98 

35 - 35.5 1952.0 ± 1.1 5.23 1.86 7.30 0.70 

37 - 37.5 1948.0 ± 1.1 5.77 4.44 4.79 0.86 
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Table S5.  Measurement results of 236U/238U, 233U/238U, and 233U/236U atomic ratios, 137Cs activities, 

241Am activities, and calculation results of global-fallout-derived, reactor-derived 236U/238U atomic ratios, 

and Chernobyl-derived 236U/238U atomic ratios in the sediment core 7-MUC4 collected in the Gotland 

Basin, the Baltic Sea. (GF: global fallout; NR: nuclear reactor; ND: not detected; "-": no measurement or 

not applicable) 

Depth 

[cm] 

Year 

[yr CE] 

236U/238U 

[×10-9] 

233U/238U 

[×10-11] 

233U/236U 

[×10-2] 

GF-derived 
236U/238U 

[×10-9] 

NR-derived 
236U/238U 

[×10-9] 

Chernobyl-derived 
236U/238U 

[×10-9] 

137Cs 

[Bq/kg] 

241Am 

[Bq/kg] 

0 - 0.5 2018.7 ± 0.4 14.6 ± 1.8 7.54 ± 1.21 0.52 ± 0.10 5.39 ± 1.04 9.17 ± 2.06 - 53.8 ± 7.6 - 

0.5 - 1 2018.3 ± 0.4 14.5 ± 1.5 8.13 ± 1.65 0.56 ± 0.13 5.81 ± 1.33 8.72 ± 1.99 - 56.5 ± 3.5 ND ** 

1 - 1.5 2017.9 ± 0.4 14.0 ± 0.7 7.55 ± 1.03 0.54 ± 0.08 5.39 ± 0.93 8.66 ± 1.19 - 69.7 ± 5.1 ND ** 

1.5 - 2 2017.5 ± 0.4 13.8 ± 0.8 6.53 ± 2.13 0.47 ± 0.16 4.66 ± 1.60 9.13 ± 1.78 - 69.5 ± 4.6 ND ** 

2 - 2.5 2017.1 ± 0.4 12.9 ± 1.2 6.18 ± 2.03 0.48 ± 0.16 4.41 ± 1.52 8.53 ± 1.96 - 66.4 ± 4.3 ND ** 

2.5 - 3 2016.6 ± 0.4 14.6 ± 0.6 7.47 ± 1.19 0.51 ± 0.08 5.34 ± 1.02 9.31 ± 1.20 - 73.4 ± 4.3 ND ** 

3 - 3.5 2016.2 ± 0.4 13.3 ± 1.3 5.67 ± 0.77 0.43 ± 0.07 4.05 ± 0.70 9.21 ± 1.49 - 71.7 ± 4.3 ND ** 

3.5 - 4 2015.8 ± 0.4 14.8 ± 1.2 7.73 ± 0.67 0.52 ± 0.06 5.52 ± 0.76 9.28 ± 1.42 - 79.9 ± 5.2 ND ** 

4 - 4.5 2015.4 ± 0.4 15.5 ± 0.8 9.30 ± 0.35 0.60 ± 0.04 6.64 ± 0.75 8.88 ± 1.09 - 79.2 ± 4.4 ND ** 

4.5 - 5 2015.0 ± 0.4 13.3 ± 2.3 7.49 ± 0.65 0.56 ± 0.11 5.35 ± 0.74 7.93 ± 2.39 - 82.1 ± 5.2 ND ** 

5 - 5.5 2014.0 ± 1.0 17.1 ± 0.9 9.13 ± 0.74 0.53 ± 0.05 6.52 ± 0.88 10.6 ± 1.3 - 87.5 ± 5.2 ND ** 

5.5 - 6 2013.0 ± 1.0 16.9 ± 0.8 9.79 ± 0.70 0.58 ± 0.05 6.99 ± 0.90 9.95 ± 1.24 - 98.2 ± 5.4 ND ** 

6 - 6.5 2012.0 ± 1.0 18.8 ± 1.2 11.2 ± 0.3 0.60 ± 0.04 8.01 ± 0.89 10.8 ± 1.5 - 110 ± 6 ND ** 

6.5 - 7 2011.0 ± 1.0 17.5 ± 0.8 10.7 ± 0.3 0.61 ± 0.03 7.62 ± 0.85 9.85 ± 1.17 - 112 ± 6 ND ** 

7 - 7.5 2010.0 ± 1.0 16.6 ± 0.3 8.08 ± 0.83 0.49 ± 0.05 5.77 ± 0.86 10.9 ± 0.9 - 122 ± 7 ND ** 

7.5 - 8 2009.0 ± 1.0 17.2 ± 0.3 8.27 ± 0.47 0.48 ± 0.03 5.91 ± 0.72 11.3 ± 0.8 - 113 ± 7 ND ** 

8 - 8.5 2008.0 ± 1.0 17.2 ± 0.3 9.25 ± 0.75 0.54 ± 0.04 6.61 ± 0.89 10.6 ± 0.9 - 117 ± 7 ND ** 

8.5 - 9 2007.0 ± 1.0 17.2 ± 0.3 7.16 ± 0.64 0.42 ± 0.04 5.12 ± 0.72 12.0 ± 0.8 - 129 ± 7 ND ** 

9 - 9.5 2006.0 ± 1.0 15.7 ± 0.5 7.72 ± 0.33 0.49 ± 0.04 5.51 ± 0.71 10.1 ± 0.8 - 149 ± 8 ND ** 

9.5 - 10 2005.0 ± 1.0 22.1 ± 2.2 13.4 ± 0.5 0.60 ± 0.06 9.54 ± 1.08 12.6 ± 2.4 - 147 ± 8 ND ** 

10 - 11 2003.5 ± 2.4 25.1 ± 1.6 15.5 ± 0.6 0.62 ± 0.05 11.1 ± 1.3 14.0 ± 2.0 - 119 ± 6 ND ** 

11 - 12 2000.7 ± 2.4 28.2 ± 1.6 16.6 ± 0.4 0.59 ± 0.04 11.8 ± 1.3 16.4 ± 2.0 - 145 ± 8 ND ** 

12 - 13 1997.8 ± 2.4 29.0 ± 0.8 17.5 ± 0.6 0.60 ± 0.03 12.5 ± 1.4 16.5 ± 1.6 - 139 ± 7 ND ** 

13 - 14 1995.0 ± 2.4 30.6 ± 2.1 18.6 ± 0.6 0.61 ± 0.05 13.3 ± 1.5 17.3 ± 2.6 - 159 ± 8 ND ** 

14 - 15 1992.9 ± 2.4 27.1 ± 0.9 16.1 ± 0.7 0.59 ± 0.03 11.5 ± 1.3 15.6 ± 1.6 - 135 ± 7 ND ** 

15 - 16 1990.8 ± 2.4 33.8 ± 1.8 20.3 ± 1.1 0.60 ± 0.05 14.5 ± 1.7 19.3 ± 2.5 - 117 ± 6 ND ** 

16 - 17 1988.6 ± 2.4 34.6 ± 0.9 21.4 ± 0.6 0.62 ± 0.02 15.3 ± 1.7 19.3 ± 1.9 - 148 ± 8 ND ** 

17 - 18 1986.5 ± 2.4 35.9 ± 2.0 19.4 ± 1.3 0.54 ± 0.05 13.9 ± 1.8 20.5 ± 2.7 1.50 ± 2.50 * 149 ± 8 5.18 ± 0.45 

18 - 19 1983.7 ± 3.3 33.7 ± 2.7 19.6 ± 1.4 0.58 ± 0.06 14.0 ± 1.8 19.6 ± 3.3 - 58.4 ± 3.1 ND ** 

19 - 20 1980.8 ± 3.3 31.9 ± 2.3 19.9 ± 1.5 0.62 ± 0.06 14.2 ± 1.8 17.7 ± 3.0 - 47.4 ± 2.6 ND ** 

20 - 21 1978.0 ± 3.3 26.7 ± 1.9 20.5 ± 0.9 0.77 ± 0.06 14.6 ± 1.7 12.1 ± 2.5 - 46.5 ± 2.6 ND ** 

21 - 22 1974.0 ± 3.3 27.3 ± 2.3 24.1 ± 1.8 0.88 ± 0.10 17.2 ± 2.3 10.1 ± 3.2 - 34.9 ± 2.0 2.73 ± 0.50 

22 - 23 1970.0 ± 3.3 21.4 ± 1.3 21.3 ± 1.3 1.00 ± 0.09 15.2 ± 1.9 6.17 ± 2.29 - 30.7 ± 1.8 5.92 ± 0.60 

23 - 24 1966.5 ± 4.0 20.2 ± 1.4 25.2 ± 1.7 1.25 ± 0.12 18.0 ± 2.3 2.22 ± 2.67 - 25.0 ± 1.4 6.34 ± 0.49 

24 - 25 1963.0 ± 4.0 13.5 ± 0.7 26.8 ± 1.4 1.98 ± 0.14 13.5 ± 0.7 - - 26.2 ± 1.5 10.1 ± 0.7 

25 - 26 1958.5 ± 4.0 5.65 ± 0.26 36.3 ± 1.9 6.42 ± 0.44 5.65 ± 0.26 - - 22.3 ± 1.4 5.63 ± 0.52 

26 - 27 1954.0 ± 4.0 4.19 ± 0.28 20.4 ± 1.5 4.86 ± 0.49 4.19 ± 0.28 - - 10.4 ± 0.7 2.04 ± 0.29 

27 - 28 1950.0 ± 4.0 2.18 ± 0.08 11.1 ± 0.3 5.07 ± 0.24 2.18 ± 0.08 - - 7.42 ± 0.53 ND ** 

28 - 29 1946.0 ± 4.0 0.88 ± 0.04 5.65 ± 0.31 6.39 ± 0.46 0.88 ± 0.04 - - 8.61 ± 0.56 ND ** 

29 - 30 1942.0 ± 4.0 0.47 ± 0.03 2.72 ± 0.25 5.74 ± 0.64 0.47 ± 0.03 - - 7.45 ± 0.51 ND ** 

* In the year of 1986, Chernobyl-derived 236U/238U is estimated based on the difference between the peak and the baseline (average of adjacent years) 

values of 236U/238U; 

** No 241Am peak was identified in the gamma spectrum.    
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Table S6.  Measurement results of 236U/238U, 233U/238U, and 233U/236U atomic ratios, 137Cs activities, and 

calculation results of global-fallout-derived, reactor-derived, and Chernobyl-derived 236U/238U atomic ra-

tios in the composite sediment core 11-MUC10/36-MUC3 collected in the Landsort Deep, the Baltic Sea. 

Except for the lowermost six samples originating from core 36-MUC3, other samples are from core 11-

10MUC2 (GF: global fallout; NR: nuclear reactor; "-": no measurement or not applicable) 

Depth 

[cm] 

Year 

[yr CE] 

236U/238U 

[×10-9] 

233U/238U 

[×10-11] 

233U/236U 

[×10-2] 

GF-derived 
236U/238U 

[×10-9] 

NR-derived 
236U/238U 

[×10-9] 

Chernobyl-derived 
236U/238U 

[×10-9] 

137Cs 

[Bq/kg] 

0 - 1 2017.9 ± 1.8 16.3 ± 0.7 10.8 ± 0.5 0.66 ± 0.04 7.69 ± 0.91 8.58 ± 1.12 - - 

1 - 2 2016.1 ± 1.8 15.9 ± 0.5 9.98 ± 0.27 0.63 ± 0.03 7.13 ± 0.79 8.72 ± 0.92 - - 

2 - 3 2014.3 ± 1.8 16.9 ± 0.4 10.1 ± 0.4 0.60 ± 0.03 7.24 ± 0.83 9.66 ± 0.94 - - 

3 - 4 2012.6 ± 1.8 14.4 ± 0.4 8.77 ± 0.30 0.61 ± 0.03 6.26 ± 0.70 8.14 ± 0.80 - 87.2 ± 5.0 

4 - 5 2010.8 ± 1.8 15.4 ± 0.4 9.95 ± 0.84 0.65 ± 0.06 7.11 ± 0.97 8.26 ± 1.06 - 97.9 ± 5.9 

5 - 6 2009.0 ± 1.8 16.6 ± 0.4 10.3 ± 0.6 0.62 ± 0.04 7.34 ± 0.88 9.25 ± 0.98 - 71.5 ± 4.3 

6 - 7 2008.2 ± 0.7 15.5 ± 0.8 10.8 ± 0.4 0.70 ± 0.05 7.69 ± 0.88 7.76 ± 1.18 - 95.9 ± 6.0 

7 - 8 2007.4 ± 0.7 14.4 ± 0.7 9.81 ± 0.32 0.68 ± 0.04 7.01 ± 0.79 7.41 ± 1.06 - 110 ± 7 

8 - 9 2006.6 ± 0.7 17.2 ± 0.4 11.3 ± 0.3 0.66 ± 0.03 8.10 ± 0.90 9.08 ± 1.00 - 107 ± 6 

9 - 10 2005.8 ± 0.7 16.4 ± 0.5 11.6 ± 0.4 0.71 ± 0.03 8.30 ± 0.92 8.06 ± 1.03 - 107 ± 7 

10 - 11 2005.0 ± 0.7 15.6 ± 0.5 10.9 ± 0.4 0.70 ± 0.03 7.76 ± 0.87 7.81 ± 0.99 - 139 ± 8 

11 - 12 2004.4 ± 0.7 17.5 ± 0.5 11.8 ± 0.4 0.67 ± 0.03 8.43 ± 0.94 9.09 ± 1.04 - 112 ± 6 

12 - 13 2003.8 ± 0.7 18.6 ± 0.4 12.2 ± 0.3 0.66 ± 0.02 8.69 ± 0.96 9.86 ± 1.05 - 133 ± 9 

13 - 14 2003.1 ± 0.7 18.5 ± 0.6 12.2 ± 0.3 0.66 ± 0.03 8.70 ± 0.96 9.83 ± 1.12 - 144 ± 9 

14 - 15 2002.5 ± 0.7 18.1 ± 0.9 12.3 ± 0.6 0.68 ± 0.05 8.78 ± 1.03 9.32 ± 1.35 - 170 ± 10 

15 - 16 2001.9 ± 0.7 20.7 ± 0.6 12.8 ± 0.5 0.62 ± 0.03 9.17 ± 1.04 11.5 ± 1.2 - 150 ± 9 

16 - 17 2001.3 ± 0.7 21.3 ± 0.8 14.9 ± 0.4 0.70 ± 0.03 10.6 ± 1.2 10.6 ± 1.4 - 217 ± 12 

17 - 18 2000.6 ± 0.7 21.7 ± 0.6 14.4 ± 0.4 0.66 ± 0.03 10.3 ± 1.1 11.4 ± 1.3 - 194 ± 11 

18 - 19 2000.0 ± 0.7 22.2 ± 0.8 15.8 ± 0.4 0.71 ± 0.03 11.3 ± 1.2 10.9 ± 1.5 - 221 ± 12 

19 - 20 1999.0 ± 1.0 21.5 ± 0.5 15.1 ± 0.8 0.70 ± 0.04 10.8 ± 1.3 10.7 ± 1.4 - 199 ± 11 

20 - 21 1998.0 ± 1.0 19.7 ± 0.4 14.9 ± 0.5 0.76 ± 0.03 10.6 ± 1.2 9.01 ± 1.27 - 99.9 ± 5.8 

21 - 22 1997.0 ± 1.0 22.2 ± 2.8 14.8 ± 1.6 0.67 ± 0.11 10.6 ± 1.6 11.7 ± 3.2 - 99.1 ± 5.3 

22 - 23 1996.2 ± 1.0 19.5 ± 0.8 15.3 ± 0.5 0.78 ± 0.04 10.9 ± 1.2 8.58 ± 1.43 - 121 ± 6 

23 - 24 1995.4 ± 1.0 17.0 ± 0.6 13.3 ± 0.4 0.78 ± 0.04 9.52 ± 1.06 7.53 ± 1.24 - 137 ± 7 

24 - 25 1993.0 ± 1.0 20.7 ± 0.5 14.0 ± 0.4 0.68 ± 0.02 10.0 ± 1.1 10.7 ± 1.2 - 121 ± 7 

25 - 26 1992.3 ± 1.0 20.6 ± 0.6 13.2 ± 0.6 0.64 ± 0.03 9.46 ± 1.09 11.2 ± 1.3 - 135 ± 8 

26 - 27 1991.7 ± 1.0 25.8 ± 1.0 16.1 ± 0.6 0.63 ± 0.03 11.5 ± 1.3 14.2 ± 1.6 - 122 ± 7 

27 - 28 1991.0 ± 1.0 28.2 ± 0.7 18.7 ± 0.6 0.67 ± 0.03 13.5 ± 1.5 14.6 ± 1.7 - 104 ± 6 

28 - 29 1989.0 ± 1.0 29.2 ± 0.8 19.1 ± 0.7 0.65 ± 0.03 13.6 ± 1.5 15.6 ± 1.7 - 132 ± 7 

29 - 30 * 1988.5 ± 1.0 28.1 ± 0.9 18.8 ± 1.0 0.67 ± 0.06 13.4 ± 1.6 14.6 ± 1.8 - 121 ± 6 

30 - 31 * 1986.5 ± 1.0 51.5 ± 9.8 16.8 ± 0.5 0.34 ± 0.05 12.4 ± 1.3 16.8 ± 10.7 22.3 ± 9.8 ** 162 ± 9 

31 - 32 * 1986.0 ± 1.0 34.7 ± 2.6 20.8 ± 3.4 0.59 ± 0.05 14.7 ± 2.9 15.0 ± 3.9 5.0 ± 2.7 ** 37. 8 ± 2.1 

32 - 33 1985.2 ± 1.0 30.4 ± 1.0 18.5 ± 0.6 0.61 ± 0.03 13.2 ± 1.5 17.3 ± 1.8 - 18.4 ± 1.5 

33 - 34 1984.4 ± 1.0 30.3 ± 0.7 19.0 ± 0.7 0.63 ± 0.03 13.5 ± 1.5 16.8 ± 1.7 - 22.5 ± 2.0 

34 - 35 1983.7 ± 1.0 33.1 ± 1.1 21.0 ± 0.6 0.63 ± 0.03 15.0 ± 1.7 18.1 ± 2.0 - 40.5 ± 3.5 

35 - 36 1983.0 ± 1.0 29.5 ± 0.7 19.3 ± 0.5 0.65 ± 0.02 13.8 ± 1.5 15.7 ± 1.7 - 37.8 ± 2.8 

36 - 37 1981.4 ± 1.0 28.6 ± 1.5 18.5 ± 0.9 0.65 ± 0.04 13.2 ± 1.5 15.4 ± 2.1 - 36.5 ± 2.3 

37 - 38 1980.2 ± 1.0 25.2 ± 1.2 17.7 ± 0.5 0.70 ± 0.04 12.6 ± 1.4 12.6 ± 1.8 - 30.6 ± 1.9 

38 - 39 1979.0 ± 1.0 32.2 ± 0.7 21.1 ± 0.5 0.65 ± 0.02 15.1 ± 1.7 17.2 ± 1.8 - 14.1 ± 1.0 

39 - 40 1978.0 ± 1.0 24.3 ± 1.2 19.4 ± 0.7 0.80 ± 0.05 13.8 ± 1.6 10.4 ± 2.0 - 18.1 ± 1.7 

40 - 41 1976.0 ± 1.8 23.0 ± 0.6 20.4 ± 0.6 0.89 ± 0.03 14.6 ± 1.6 8.42 ± 1.72 - 21.3 ± 1.7 

41 - 42 1974.0 ± 1.8 22.8 ± 0.6 20.5 ± 0.6 0.90 ± 0.03 14.6 ± 1.6 8.13 ± 1.72 - 27.5 ± 2.6 

42 - 43 1972.5 ± 1.8 23.4 ± 0.6 23.4 ± 0.6 1.00 ± 0.03 16.7 ± 1.8 6.70 ± 1.92 - 19.3 ± 1.7 

43 - 44 1971.0 ± 1.8 23.9 ± 1.2 26.1 ± 1.3 1.09 ± 0.08 18.6 ± 2.2 5.27 ± 2.48 - 18.4 ± 1.4 

44 - 45 1969.3 ± 1.8 20.8 ± 0.5 23.5 ± 0.5 1.13 ± 0.04 16.8 ± 1.8 3.99 ± 1.90 - 23.6 ± 1.9 

45 - 46 1968.0 ± 1.8 18.8 ± 0.8 25.3 ± 1.2 1.34 ± 0.09 18.1 ± 2.1 0.77 ± 2.28 - 26.8 ± 1.6 

46 - 47 1965.7 ± 1.8 16.7 ± 0.7 25.6 ± 1.1 1.54 ± 0.09 16.7 ± 0.8 - - 16.4 ± 1.0 

47 - 48 1963.0 ± 1.8 11.1 ± 0.5 22.2 ± 1.0 2.01 ± 0.12 11.0 ± 0.7 - - 14.8 ± 0.9 
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Depth 

[cm] 

Year 

[yr CE] 

236U/238U 

[×10-9] 

233U/238U 

[×10-11] 

233U/236U 

[×10-2] 

GF-derived 
236U/238U 

[×10-9] 

NR-derived 
236U/238U 

[×10-9] 

Chernobyl-derived 
236U/238U 

[×10-9] 

137Cs 

[Bq/kg] 

48 - 49 1960.0 ± 1.8 5.78 ± 0.20 22.2 ± 0.9 3.83 ± 0.20 5.78 ± 0.61 - - 6.0 ± 0.6 

33 - 33.5 1956.0 ± 1.1 4.94 ±  0.24 17.3 ± 1.0 3.50 ± 0.27 4.94 ± 0.74 - - 3.8 ± 1.4 

33.5 - 34 1955.0 ± 1.1 3.65 ± 0.27 27.8 ± 2.3 7.62 ± 0.85 3.65 ± 1.65 - - 6.1 ± 0.8 

34 - 34.5 1954.0 ± 1.1 2.68 ± 0.12 40.9 ± 1.7 15.3 ± 1.0 2.68 ± 1.21 - - 3.8 ± 1.3 

34.5 - 35 1953.0 ± 1.1 2.39 ± 0.11 17.3 ± 0.9 7.23 ± 0.48 2.39 ± 0.61 - - 5.0 ± 1.1 

35 - 35.5 1952.0 ± 1.1 1.27 ± 0.10 11.8 ± 0.8 9.23 ± 0.96 1.27 ± 0.56 - - 5.0 ± 1.4 

37 - 37.5 1948.0 ± 1.1 0.23 ± 0.06 0.27 ± 0.09 1.18 ± 0.49 0.23 ± 0.06 - - - 

* These samples were analyzed with two replications;  

** In the year of 1986, Chernobyl-derived 236U/238U is estimated based on the difference between the peak and the baseline (average of adjacent 

years) values of 236U/238U. 
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Abstract 25 

The Baltic Sea receives substantial amounts of hazardous substances and nutrients, which become 26 

widely distributed, and persistently impair the local marine ecosystems. Being source specific and 27 

highly soluble, anthropogenic uranium isotopes (236U and 233U) are ideal tracers to couple with 28 

oceanic modeling approaches for locating and quantifying sources, tracing the mixing and 29 

transport, and predicting the fate of contaminants in the Baltic Sea. This study reports the large-30 

scale spatial distribution of 236U and 233U in the Baltic seawater, with the aim to gain insights on 31 

the source terms, transport processes, and budgets of anthropogenic uranium in the Baltic Sea. 32 

Using 236U/233U fingerprints, we distinguished between global-fallout-derived and reactor-derived 33 

236U signals, and discussed their relevant transport processes. The total 236U budget in the Baltic 34 

Sea was estimated to be (316 ± 25) g during 2018-2019, with approximately 45% from global 35 

fallout of nuclear weapon testing and 55% from civil nuclear industries, respectively. Our study 36 

indicates that the Baltic Sea acts as a temporary reservoir for pollutants/nutrients from the 37 

catchment and the North Sea, and any pulse pollution event can be retained in the Baltic Sea for a 38 

period stretching from decades to a century. 39 

Keywords: Baltic Sea; U-236; U-233; tracer; pollutant dynamics  40 



 

 

1. Introduction 41 

During the Atomic Era, significant amounts of 236U and 233U have been released to the environment 42 

by human nuclear activities. Their long radioactive half-lives (t U-236 = 23.4 Ma; t U-233= 0.16 Ma), 43 

high solubility, and temporally variable releases make them ideal transient tracers in 44 

oceanographic studies (Casacuberta et al., 2018, 2014; Hain et al., 2020). 236U is mainly produced 45 

by thermal neutron capture reaction 235U (n, γ) 236U in nuclear reactors and fast neutron reaction 46 

238U (n, 3n) 236U in nuclear explosions (Sakaguchi et al., 2009; Steier et al., 2008). As a result, the 47 

two primary sources of anthropogenic 236U in the environment are global fallout (GF) from 48 

atmospheric nuclear weapons testing (900 - 2100 kg) (Casacuberta et al., 2014; Christl et al., 2012; 49 

Sakaguchi et al., 2009; Winkler et al., 2012) and the authorized discharges from the two European 50 

nuclear reprocessing plants at Sellafield and La Hague (> 260 kg) (Castrillejo et al., 2020). 233U is 51 

primarily produced by thermal neutron capture reaction 232Th (n, γ) 233U in some thorium-based 52 

prototype reactors and fast neutron reaction 235U (n, 3n) 233U in nuclear explosions (Hain et al., 53 

2020). In contrast to 236U, almost no 233U is produced in thermal nuclear power reactors (NR) or 54 

reprocessing plants, and the only substantial release of 233U (7 - 15 kg) (Lin et al., 2021a) is from 55 

the tests of 233U-fueled devices and thermonuclear weapons using enriched uranium as tamper 56 

material. This difference makes 233U/236U atomic ratio a source-specific fingerprint allowing us to 57 

distinguish emission sources for 236U (Hain et al., 2020; Lin et al., 2021b, 2021a; Qiao et al., 2021, 58 

2020). The representative 233U/236U atomic ratio for the integrated GF signal was suggested to be 59 

(1.40 ± 0.15) × 10-2 by a recent research on a peat core (Black forest, Germany) and a coral core 60 

(Kume Island, Japan) (Hain et al., 2020). The reactor-modeling result and documented La Hague 61 

discharge data indicate that the 233U/236U atomic ratio in the NR-related releases from normal 62 

operations and accidents should be at the level of 10-8 - 10-6 (Hain et al., 2020; HELCOM, 2020; 63 

Naegeli, 2004). This is supported by relatively low 233U/236U atomic ratios (avg. (0.12 ± 0.01) × 64 

10-2) measured in the seawater and sediments close to the nuclear reprocessing plant at Sellafield 65 

(Hain et al., 2020). Using a binary end-member model, the GF-derived and NR-derived 236U 66 

signals can be quantified in a multiple-source environment (e.g. the Baltic Sea and the Greenland 67 

coast) (Hain et al., 2020; Lin et al., 2021a; Qiao et al., 2021, 2020) and thereby utilized to 68 

investigate oceanic circulation and water mixing. 69 



 

 

The Baltic Sea is a semi-enclosed marginal sea in Northern Europe comprised of a series of shallow 70 

sub-basins divided by sills. The input of freshwater from the vast catchment and saline water from 71 

the North Sea result in a highly density-stratified structure (Burchard et al., 2005; Markus Meier, 72 

2007; Mohrholz et al., 2015). Limited water exchange and long water residence time (~30 years) 73 

(Franck et al., 1987) make it vulnerable to anthropogenic disturbances. For instance, via river 74 

runoff and atmospheric deposition, substantial amounts of hazardous substances and nutrients 75 

discharged from the highly populated catchment (~85 million residents) enter the Baltic Sea and 76 

accumulate for decades (HELCOM, 2018). Moreover, interactions between natural variability, 77 

anthropogenic pressures and climate change lead to stronger stratification, less O2-rich saline 78 

inflows since the 1980s, and increasing eutrophication and deoxygenation of bottom waters since 79 

the 1980s (Carstensen et al., 2014).  80 

Qiao et al. (2017 & 2021) and Lin et al., (2021a) demonstrated that the Baltic Sea receives 236U 81 

from both GF and discharges from the two European nuclear reprocessing plants via saline inflows 82 

from the North Sea. The GF-derived 236U deposited on the Baltic Sea and its catchment can be 83 

used as a proxy for the delivery of other pollutants, such as Pb and Hg,  by atmospheric deposition 84 

and riverine inputs (HELCOM, 2018). The NR-derived 236U discharged from the reprocessing 85 

plants can be used to investigate the transport and mixing processes of saline inflow waters 86 

carrying nutrients and pollutants from the North Sea to the Baltic Sea (Aure, 1998; Dahlgaard et 87 

al., 1995). However, inadequate source-term information currently hinders the use of 236U and 233U 88 

as tracers in the Baltic Sea. Recent findings revealed a possible additional source of NR-derived 89 

236U, which is suspected to be the discharges from local nuclear facilities or accidental leakages 90 

from nuclear waste dumping (Qiao et al., 2021). Nevertheless, the contributions of different 236U 91 

sources to the modern Baltic Sea is still ambiguous due to the lack of systematic observation data. 92 

In this work, we present the first dataset of large-scale spatial distribution of 236U and 233U in the 93 

water column of the Baltic Sea in 2018 - 2019. Using the novel 233U/236U signature, we aim to 94 

locate the source terms of 236U and quantify their contributions to the total 236U budget in the Baltic 95 

seawater. By combining observation and numerical modeling, we also seek to uncover the 96 

transport and mixing processes related to the dispersion of NR-derived 236U from the North Sea to 97 

the Baltic Sea, thus provide better understanding on the dynamics and fate of contaminants in the 98 

Baltic Sea.  99 



 

 

2. Material and methods 100 

2.1. Seawater Sampling 101 

To investigate the spatial distribution of 236U and 233U in the Baltic Sea, 125 seawater samples 102 

were collected from 35 stations (depth files) in the Baltic Sea during 2018 - 2019 (Table S1). The 103 

scientific expeditions were carried out by the Swedish Meteorological and Hydrological Institute 104 

(SMHI), the National Institute of Aquatic Resources at Technical University of Denmark (DTU 105 

Aqua), the Finnish Environment Institute and Radiation and Nuclear Safety Authority (SYKE and 106 

STUK), and the Leibniz Institute for Baltic Sea Research Warnemünde (IOW), Germany. Based 107 

on the sampling periods and geographical distribution, these samples could be grouped into three 108 

transects: Transect #1 from the Skagerrak to Western Gotland Basin in the winter of 2018, Transect 109 

#2 from the Bothnian Bay to the Gulf of Finland in the summer of 2019, and Transect #3 from the 110 

Arkona Basin to the Western Gotland Basin in the winter of 2019 (Figure 1). The sampling area 111 

covers all major regions of the Baltic Sea, including the transition zone between the North Sea and 112 

Baltic Sea (Skagerrak, Kattegat, and Danish Straits), southern Baltic Sea region (Arkona Basin, 113 

Bornholm Basin, and South Baltic Proper), middle Baltic Sea region (Northern Baltic Proper, 114 

Western Gotland Basin, and Eastern Gotland Basin) and northern Baltic Sea region (Archipelago 115 

Sea, Åland Sea, Bothnian Sea, Bothnian Bay, and Gulf of Finland).  116 

To facilitate the presentation of results and discussion, we identified six water masses in the Baltic 117 

Sea based on the salinity and geographical locations. In the transition zone, Atlantic water (salinity > 118 

34.5), Jutland coastal water (salinity = 32 - 34.5), and Baltic inflowing and outflowing water 119 

(salinity = 15 - 32) are three dominating water masses (Aarup et al., 1996). Atlantic water 120 

dominates the bottom of Skagerrak and Kattegat and originates from a southeastward branch of 121 

the Norwegian Current expanding along the slope of Norwegian Trench (Andersson, 2007). 122 

Jutland coastal water is comprised of the central/southern North Sea waters and runoff-influenced 123 

German Bight water, which transports waters from the southern North Sea to the transition zone 124 

by Jutland Coastal Current (Aure, 1998). The central region of the Baltic Sea is separated by a 125 

permanent halocline into the Baltic bottom water (salinity = 9 - 15) and Baltic surface water 126 

(salinity = 5 - 9), which are influenced by the saline inflows from the transition zone, less saline 127 

brackish water from the nortern Baltic region, and large freshwater supply from the rivers. The 128 



 

 

Baltic freshwater (salinity < 5) is mainly distributed in the Bothnian Bay and the estuary of Neva 129 

River in the Gulf of Finland. 130 

2.2. Determination of 238U, 236U, and 233U 131 

238U concentrations in seawater samples were directly measured by inductively coupled plasma 132 

mass spectrometry (Agilent 8800 ICP-QQQ) after 20 - 50 times dilution. For the determination of 133 

ultra-trace levels of 236U and 233U, an optimized radiochemical separation procedure was utilized 134 

to extract uranium isotopes from 4.5 - 9 L seawater samples  (Lin et al., 2021b; Qiao et al., 2015), 135 

which is detailed in the Supporting Information. Procedure blanks (in total of nineteen) were 136 

prepared in every batch (typically seven samples) of analysis using ultrapure water following the 137 

same analytical procedure. Special measures were implemented to reduce the background of 236U 138 

and 233U, including purification of chemicals, utilization of laminar flow bench, and acid boiling 139 

for glassware (Lin et al., 2021b). Less than 1.95 ng of 238U, 2.79 × 106 atoms of 236U, and 8.94 × 140 

103 atoms of 233U were detected in the procedure blanks, which were negligible compared to the 141 

uranium isotopes measured in our seawater samples. The accelerator mass spectrometry 142 

measurements of the atomic ratios of 236U/238U and 233U/238U were carried out at the Vienna 143 

Environmental Research Accelerator (VERA) facility in the University of Vienna using the 144 

established setup and method for actinides (Hain et al., 2020; Steier et al., 2019). 238U was also 145 

used as an intrinsic tracer to obtain chemical yield of uranium, which was on an average of ~70% 146 

in this work. The robustness of the analytical method was verified by repeated analyzing a quality 147 

control sample (2018184, Baltic seawater), provided by the Federal Maritime and Hydrographic 148 

Agency of Germany, together with the seawater samples in this work (Lin et al., 2021b). The 149 

background subtraction and uncertainty calculation for the actual uranium concentrations and 150 

isotope ratios are detailed in the supporting information. 151 

2.3. Numerical modelling 152 

In this work, a three dimensional (3D) ocean circulation model HIROMB-BOOS Model (HBM) 153 

was applied to simulate the dispersion of reprocessing-derived 236U in the North-Baltic Sea. HBM 154 

is a well-calibrated operational model for storm surge forecast, oil spill forecast warning service 155 

in Denmark and Germany (Berg and Poulsen, 2012; Murawski et al., 2021; She and Murawski, 156 

2018). The model has three nested layers with a barotropic model covering North Atlantic Shelf 157 

Sea in 6 nautical mile (nm) to provide wind-induced sea level for the 3D North-Baltic Sea model 158 



 

 

in 3 nm resolution which is two-way nested with a high resolution (1 nm) model domain in the 159 

North-Baltic Sea transition waters (Figure S1). The dynamic two-way nesting with high resolution 160 

is essential for resolving the narrow Danish Straits and simulating North-Baltic Sea water 161 

exchange (She et al., 2007).  162 

Two point sources were set for the two European reprocessing plants at La Hague and Sellafield. 163 

The annual discharges of 236U from two point sources were based on the reconstructed data from 164 

shell records by Castrillejo et al. (2020), and a constant discharge rate was assumed for each point 165 

source within a specific year. As Sellafield is located out of the model domain, its corresponding 166 

point source was moved to the upper left corner of the domain. A loss rate of 50% and a lag time 167 

of 1 year were assumed for the transport of 236U from Sellafield to its new location as suggested 168 

by Christl et al. (2015b). The model was integrated for the period of 1971-2018. More details of 169 

the HBM model, setup, simulation and modelling validation are given in Supporting Information. 170 

3. Results and discussion 171 

3.1. Level and distribution of 238U, 236U, 233U concentrations and 236U/238U, 233U/238U atomic 172 

ratios.  173 

An overview of the concentrations of 238U, 236U, and 233U, as well as the atomic ratios of 236U/238U, 174 

233U/238U, and 233U/236U in the Baltic Sea in 2018 - 2019 is given in Table S2. The 238U 175 

concentrations ranged between 0.3 and 3.8 μg/kg and showed a strong correlation with salinity 176 

(R2=0.999) in the Baltic surface waters (water depth ≤ 10 m). The intercept of linear fitting 177 

suggested an average riverine 238U concentration of 0.06 μg/kg (Figure S2). However, compared 178 

to the calculated 238U concentrations from the surface 238U-salinity correlation, negative offsets 179 

were apparent (avg. −15%) for measured 238U concentrations in the sulfidic deep waters of the 180 

Baltic Sea, and the offsets showed strong connection with sulfide concentrations (Figure S3). This 181 

indicates that some fraction of the dissolved 238U, together with other uranium isotopes, can be 182 

sequestered from sulfidic deep waters of the Baltic Sea, which is supported by the sedimentation 183 

history of natural uranium in the Gotland Basin and Landsort Deep. Significant higher 238U 184 

concentrations were observed in the Baltic sediment segments corresponding to the periods with 185 

sulfidic bottom waters in these two sub-basins (Lin et al., 2021a). This is not in line with our 186 

previous concept on the conservativeness of uranium isotopes in the ocean, which should be 187 

considered in their tracer application in sulfidic water bodies. 188 



 

 

The measured 236U/238U and 233U/238U atomic ratios ((2.42 - 25.8) × 10-9 and (1.42 - 22.5) × 10-11, 189 

respectively) in the Baltic seawater collected in 2018-2019 were significantly higher than their 190 

natural background ratios of 10-14 - 10-10 and 10-14 - 10-11, respectively (Hain et al., 2020; Steier et 191 

al., 2008), suggesting the dominance of anthropogenic 236U and 233U in the Baltic Sea. Distinctly 192 

high 236U/238U atomic ratios were observed in the freshwater-influenced areas (Bothnian Bay, 193 

Bothnian Sea, and the surface of central Baltic Sea, Figure S4), which were about two times higher 194 

than the maximum levels determined in the North Sea in 2010 (Christl et al., 2017). 236U/238U and 195 

233U/238U atomic ratios in the three transects of this work were comparable to the reported values 196 

in Baltic surface water in 2014-2015 ((5.47 - 52.4) × 10-9 and (0.77 - 28.6) × 10-11, respectively) 197 

(Qiao et al., 2021). The obtained 236U/238U (14.8 - 16.6) × 10-9) and 233U/238U ((7.60 - 9.82) × 10-198 

11) atomic ratios in the bottom waters of the Gotland Basin and Landsort Deep were consistent 199 

with the values ((14.5 - 16.3) × 10-9 and (7.54 - 10.8) × 10-11, respectively) previously determined 200 

in the ~2018 segment of sediment cores collected at the same sites (Lin et al., 2021a). 201 

The measured 236U ((1.99 - 8.75) × 107 atoms/kg) and 233U ((1.31 - 3.73) × 105 atoms/kg) 202 

concentrations in this study were also similar to the previously determined levels in the surface 203 

waters of the Baltic Sea in 2011-2016 ((3.31 - 12.5) × 107 atoms/kg and (0.46 - 5.63) × 105 204 

atoms/kg, respectively; Figure S5) (Qiao et al., 2021, 2017). As shown in Figure 2, relatively high 205 

236U concentrations (> 5 × 107 atoms/kg) were observed in Jutland coast water, Baltic inflowing 206 

and outflowing water, and part of Baltic bottom water along the passage from the Danish Straits 207 

to Gotland Basin. The 233U concentrations were distributed within a narrow range ((2.15 - 3.50) × 208 

105 atoms/kg) throughout the Baltic Sea with slightly lower levels in Atlantic water and Baltic 209 

freshwater. 210 

3.2. Levels and distribution of 233U/236U atomic ratios, GF-derived and NR-derived 236U 211 

concentrations. 212 

The atomic ratios of 233U/236U in the Baltic Sea were within (0.18 - 0.97) × 10-2 in 2018-2019, 213 

reflecting contributions of 236U from both GF and NR sources. Higher 233U/236U atomic ratios as 214 

observed in the Bothnian Bay indicated higher relative contributions of GF-derived 236U, whereas 215 

lower 233U/236U atomic ratios in Jutland coastal water, Baltic inflow water, and Baltic bottom water 216 

reflected the relatively strong influences of NR-derived 236U in the transition zone and southern 217 

Baltic region (Figure 3).  218 



 

 

Using 233U/236U atomic ratio in a binary mixing model consisting of GF-derived 236U (233U/236U = 219 

1.40 × 10-2) and NR-derived 236U (233U/236U = 10-6) as endmembers, the GF-derived and NR-220 

derived 236U concentrations in all seawater samples were calculated (see details in Supporting 221 

Information), which varied within (0.93 - 2.66) × 107 and (0.61 - 6.90) × 107 atoms/kg, respectively 222 

(Figure 3). In the brackish waters of the Baltic Sea (Baltic inflow and outflow water, Baltic surface 223 

water, and Baltic bottom water), the GF-derived 236U concentrations ((1.48 - 2.66) × 107 atoms/kg) 224 

were evenly distributed, whereas the freshwater and saline sources (Atlantic water and Jutland 225 

coast water) had slightly lower GF-derived 236U concentrations ((0.93 - 1.66) × 107 atoms/kg). The 226 

GF-derived 236U concentrations ((1.8 - 2.5) × 107 atoms/kg) in the surface waters of the central 227 

Baltic Sea in 2018 - 2019 were consistent with the reported values ((1.2 - 3.9) × 107 atoms/kg) in 228 

2011 - 2016 (Qiao et al., 2021). However, these concentration values were much higher than the 229 

representative GF levels in the surface water of the open ocean (0.8 × 107 atoms/kg) (Christl et al., 230 

2012) and simulated concentrations in the North Sea in the 2010s ((0.7 - 1.1) × 107 atoms/kg) 231 

derived from a global surface ocean model (Christl et al., 2015b). Except for Atlantic water, the 232 

NR-derived 236U had similar distribution pattern as salinity in the Baltic Sea. Higher NR-derived 233 

236U concentrations (4.21 - 9.59) × 107 atoms/kg) mainly occurred in the sub-surface layer of 234 

Skagerrak and Kattegat as well as the bottom inflows along transects from the Danish Straits to 235 

the northern Baltic proper. The lowest NR-derived 236U concentrations ((0.61 - 1.31) × 107 236 

atoms/kg) were observed in the Bothnian Bay and the bottom of Skagerrak predominated by the 237 

Baltic freshwater and Atlantic water, respectively. 238 

3.3. Source terms of 236U in the modern Baltic Sea. 239 

In addition to a negligible natural background, the 236U in the Baltic Sea potentially originates 240 

from: (1) direct atmospheric deposition of GF from the nuclear weapons testing; (2) direct 241 

deposition of NR-derived 236U from Chernobyl accident; (3) riverine inputs of GF-derived and 242 

Chernobyl-derived 236U deposited in the catchment; (4) marine transport of NR-derived 236U 243 

released from the two European reprocessing plants as well as the GF-derived 236U in the North 244 

Sea via Baltic inflows; and (5) unreported discharges from local nuclear facilities or accidental 245 

leakages from dumped nuclear wastes (Figure 1). According to the a peat core record from the 246 

Black Forest, Germany, direct atmospheric deposition of GF-derived 236U in North Europe 247 

primarily occurred in the 1950s - 1970s and the contribution after the 1980s is almost negligible 248 

(Hain et al., 2020). Our recent study on the Baltic sediments indicated that the Chernobyl-derived 249 



 

 

236U and potential release from the local nuclear facilities were expected to be marginal compared 250 

to the overall historical inputs from GF and reprocessing plants (Lin et al., 2021a).  251 

Based on the observation data in 2018-2019, we extrapolated the spatial distribution of 236U and 252 

233U concentrations, as well as GF-derived and NR-derived 236U concentrations, throughout the 253 

Baltic Sea using a 3D estimation tool in Ocean Data View (5.3.0). The 3D estimation was 254 

implemented as a fast weighted averaging procedure and used a specified high-resolution 255 

topography dataset of the Baltic Sea (latitude: 1'; longitude: 2'; and depth: 5 m) (Seifert et al., 256 

2001). The total dissolved 236U and 233U inventories in the modern Baltic seawater were thereby 257 

estimated to be 316 ± 25 g and 1.96 ± 0.25 g, respectively. The GF-derived and NR-derived 236U 258 

accounted for 44.9 ± 4.2 % (142 ± 13 g) and 55.1 ± 13.0 % (174 ± 40 g) of the total 236U in the 259 

Baltic Sea, respectively. In our recent research, we estimated that the accumulated inputs of 236U 260 

from GF and reprocessing plants to the Baltic Sea were 1.5 kg and 2.6 kg, respectively, during the 261 

recent 70 years, among which 313 ± 5 g of GF-derived 236U and 325 ± 45 g of NR-derived 236U 262 

were sequestered to the Baltic sediments (Lin et al., 2021a; Qiao et al., 2021). The calculated 236U 263 

budget of the modern Baltic Sea water was much lower than the expected amount (the overall 264 

historical inputs minus the sedimentary inventories), suggesting that most of dissolved 236U has 265 

been exported from the Baltic Sea. 266 

3.4. NR-derived 236U in the Baltic Sea. 267 

The spatial distribution suggested that the NR-derived 236U in the Baltic Sea was of origin from 268 

the North Sea (more specifically, two reprocessing plants) rather than other riverine or benthonic 269 

sources (Figure 3). Earlier findings suggested a potential unaccounted source of NR-derived 236U 270 

in the Baltic Sea (Qiao et al., 2021), but no distinctly high NR-derived 236U concentration was 271 

observed in the brackish/fresh waters of the Baltic Sea in 2018 - 2019, indicating that local 272 

discharges of NR-derived 236U were negligible in the modern Baltic seawater. 273 

The NR-derived 236U vs salinity diagram revealed that there were three endmembers for NR-274 

derived 236U in the Baltic Sea (Figure 4). The first endmember was the saline Atlantic water 275 

characterized by low NR-derived 236U concentrations (< 2 × 107 atoms/kg). The second 276 

endmember was the slightly less saline water (Jutland coastal water) with high but variable NR-277 

derived 236U concentrations ((3.5 - 16) × 107 atoms/kg) preliminarily estimated by the upper and 278 

lower boundaries for the mixing lines (red and blue dot lines in Figure 4). The third endmember 279 



 

 

was the brackish Baltic surface water with relatively constant NR-derived 236U concentrations ((1.5 280 

- 3.5) × 107 atoms/kg), likely resulted from the long residence time of saline water in the Baltic 281 

Sea.  282 

Due to the limitation in sampling frequency and spatial resolution, the mixing diagram lost many 283 

details in the transition zone and southern Baltic region. To elaborate further on the mixing and 284 

transport processes affecting NR-derived 236U distribution, the 3D ocean model HBM was used to 285 

simulate the impact of 236U discharges from Sellafield and La Hague. It should be noted that there 286 

are methodological difficulties in distinguishing NR-derived 236U from the reprocessing plants and 287 

those from other civil nuclear facilities in the observations, but only the former ones were 288 

considered in our simulation. For a more accurate description, we prefer to use the term 289 

"reprocessing-derived 236U" to represent "NR-derived 236U from the reprocessing plants" in the 290 

simulation results. 291 

The simulated water-column results for 128 stations in the North-Baltic Sea drew a full picture for 292 

the dispersion of reprocessing-derived 236U by oceanic circulation. In the North Sea, higher 236U 293 

concentrations were restricted in the near-shore area rather than the central and northern region by 294 

the coastal current transports. 236U from Sellafield and La Hague were advected to the southern 295 

North Sea by the Scottish Coastal Current and English Channel Current, respectively, and further 296 

to the Skagerrak along the western coastline of the European Continent by Jutland Coastal Current 297 

(Figure S6), which agreed with the previous observations by Christl et al. (2017, 2015a). Upon 298 

arrival at the Skagerrak, the Jutland coastal water tagged by reprocessing-derived 236U was 299 

sandwiched into the surface brackish outflowing water and the bottom saline Atlantic water due 300 

to the density stratification (Figure S7), which was also confirmed by the earlier findings (Aarup 301 

et al., 1996; Dahlgaard et al., 1995; Stedmon et al., 2010). Both our observation and numerical 302 

modeling results revealed that the vertical mixings between Atlantic water and Jutland coastal 303 

water as well as the Jutland coastal water and Baltic outflowing water in the transition zone caused 304 

the inverted v-shaped mixing lines in NR-derived 236U vs salinity diagram (Figure 4 and Figure 305 

S8). A notable variation was observed in the simulated reprocessing-derived 236U concentrations 306 

((6 - 19) × 107 atoms/kg) of Jutland coastal water in the year of 2018, which was consistent with 307 

our observations ((3.5 - 16) × 107 atoms/kg). There seemed to be no fixed mixing line between the 308 

Jutland coastal water and other waters, and the possible reason was the seasonal variability in the 309 

water-mass composition of the transition zone. Driven by the predominant southwesterly winds in 310 



 

 

the North Sea, Jutland Coastal Current becomes stronger and brings more near-shore waters, along 311 

with reprocessing-derived 236U, into the Skagerrak in winter and vice versa in summer (Aure, 312 

1998), which could be supported by our simulation results in 2018 (Figure S8).  313 

As the 236U discharges from the two reprocessing plants has decreased since the 1970s (Castrillejo 314 

et al., 2020), our hindcast simulation revealed a significant decline of reprocessing-derived 236U 315 

concentration in Jutland coastal water (Figure S8) and the deceasing inventories of NR-derived 316 

236U in the North Sea (from the max. 42.7 kg to 1.52 kg) and Baltic Sea (from the max. 624 g to 317 

211 g) in recent 40 years (Figure S9). The loss of NR-derived 236U was much slower in the Baltic 318 

Sea than the North Sea, owing to a much longer water residence time in the Baltic Sea (~30 years) 319 

than the North Sea (1 - 2 years). The narrow and shallow channels of the Danish Straits make the 320 

saline inflows, driven by either the horizontal density gradients (observed in summer; Feistel et al., 321 

2006) or storms (mainly in winter; Mohrholz, 2018), restricted. Limited water renewal endows the 322 

Baltic Sea with strong "memory effect" and favors trapping the "aged" pollutions in the central 323 

Baltic Sea. The numerical modeling indicated that by the year of 2018, up to 57% of reprocessing-324 

derived 236U present in the Baltic Sea originated from the discharges before 1990. In contrast, 325 

almost 100% of reprocessing-derived 236U in the North Sea was released within the recent 30 years. 326 

In the HBM model, even though the endmember for Jutland coastal water varied largely for 327 

individual inflows, the monthly imported/exported reprocessing-derived 236U was marginal (< 328 

10%) compared to the NR-derived 236U budget of the Baltic Sea since the 1990s, and could not 329 

significantly change the endmember for the Baltic surface water. This was also supported by our 330 

observation on the central Baltic Sea, where the distribution of NR-derived 236U was relatively 331 

even (Figure 3). 332 

Regarding the NR-derived 236U budget of the Baltic Sea (Figure 5), the simulated inventory of 333 

reprocessing-derived 236U in the Baltic Sea in 2018 (211 g) agreed with the observed inventory of 334 

NR-derived 236U (174 ± 40 g). Our hindcast simulation suggested a net output of reprocessing-335 

derived 236U to the North Sea via the oceanic circulation since the 1980s, which was estimated as 336 

1.1 g/year (average value for the period of 1981-2018, Figure S9). In addition, our previous 337 

investigation on the Baltic sediments indicated that part of the dissolved NR-derived 236U was 338 

sequestered from sulfidic Baltic seawater to the sediments with an estimated rate of 5.3 g/year. 339 

This figure was calculated assuming that the scavenging rate of NR-derived 236U by the anoxic 340 

sediments was 2.7 × 1011 atom/(m2·year) in 2018 (Lin et al., 2021a) and an average hypoxic area 341 



 

 

of 49,000 km2 in the Baltic Sea (Conley et al., 2009). In summary, the Baltic Sea lost 5 + 11 = 16 342 

g of NR-derived 236U in 2018-2019.  343 

It should be noted that our previous work estimated that an "unknown" local source contributed 344 

200 ± 47 g of NR-derived 236U to the Baltic Sea (Qiao et al., 2021), which was at the same level 345 

of the total NR-derived 236U inventory obtained in this work. Considering the notable differences 346 

in sampling scales (periods, depths, and locations), modeling approaches, and endmember settings 347 

between the two studies (Figure S10 and Table S3), the "unknown" source of NR-derived 236U 348 

might contain some "aged" reprocessing-derived 236U trapped in the central Baltic Sea. When the 349 

"aged" reprocessing signal was imported into the Baltic Sea with saline inflows, it could take 20-350 

30 years to disperse to the Gotland Basin and northern Baltic Proper (Markus Meier, 2007). We 351 

could imagine that the endmember of Jutland coastal water for the "aged" reprocessing signal 352 

should be much higher than that for the "modern" reprocessing signal, which leaded to the large 353 

deviation of 236U/238U atomic ratios between the observation and the mixing model in the surface 354 

of the central Baltic Sea in our previous work (Qiao et al., 2021). 355 

3.5. GF-derived 236U in the Baltic Sea. 356 

The mixing diagram of GF-derived 236U vs salinity indicated slightly higher GF-derived 236U 357 

concentrations in the brackish waters of the Baltic Sea (Baltic surface water, Baltic bottom water, 358 

and Baltic outflow water) than the incoming saline and fresh waters (Atlantic water, Jutland coast 359 

water, and Baltic freshwater). This feature suggested that the present GF-derived 236U in the main 360 

body of the Baltic Sea did not originate from the current inflowing waters, but from a rather old 361 

GF-derived 236U input (Figure 4). The reported records resolved from coral and sediment cores 362 

suggested a general exponential decrease of GF-derived 236U in global marine systems since the 363 

1980s (Lin et al., 2021a). A comparison between the simulated GF-derived 236U concentrations in 364 

the surface layer of the North Sea (55 ֯N, 5 ֯E, data from (Christl et al., 2015b) and the reconstructed 365 

GF-derived 236U concentrations in the bottom waters of the Gotland Basin and Landsort Deep (Lin 366 

et al., 2021a) revealed a longer effective half-life of GF-derived 236U in the Baltic Sea (21 - 33 367 

years) than the North Sea (11 years). This should also be related to the longer water residence time 368 

of the Baltic Sea. Similar to NR-derived 236U, higher GF-derived 236U concentrations in the Baltic 369 

brackish waters might represent the "aged" GF-derived 236U signals trapped in the central Baltic 370 

Sea due to the limited water renewal. 371 



 

 

Regarding the GF-derived 236U budget of the Baltic Sea (Figure 5), the annual riverine input of 372 

GF-derived 236U to the Baltic Sea was estimated to be 1.8 g, assuming that a GF-derived 236U 373 

concentration of 107 atoms/kg in freshwater atoms/kg (the upper limit derived from the observation) 374 

and an average runoff of 454 km3/year (Johansson, 2016). As the average net outflow rate from 375 

the Baltic Sea to the North Sea is 753 km3/year and GF-derived 236U concentrations were at the 376 

same levels (~ 1.5 × 107 atoms/kg) in Baltic outflowing and inflowing waters in 2018-2019, the 377 

annual net output of GF-derived 236U from the Baltic Sea can be estimated as 4.4 g. Similar to NR-378 

derived 236U, the annual deposition rate of GF-derived 236U to the Baltic sediments was estimated 379 

to be 3.5 g (Lin et al., 2021a). In summary, the Baltic Sea lost 4.4 + 3.5 - 1.8 = 6.1 g of GF-derived 380 

236U in the year of 2018-2019. 381 

4. Conclusions 382 

In this work, based on the large-scale observation and long-term 3D numerical simulation, we 383 

obtained in-depth knowledge on the source terms, transport, mixing, and fate of anthropogenic U 384 

in the Baltic Sea. We established a budget scheme for anthropogenic 236U in the mordern Baltic 385 

Sea indicating generally comparable contributions from global fallout (~45%) and civil nuclear 386 

industries (~55%). Our explorations on 236U and 233U tracer application suggested that limited 387 

water renewal of the Baltic Sea results in a marginal transport of contaminants from the North Sea 388 

to the Baltic Sea (<1.5%) and a strong "memory effect" of the Baltic Sea. Once trapped in the 389 

Baltic Sea, any pollutants/nutrients from the Baltic catchment and/or the North Sea may take 390 

several decades or even a century to be fully vanished from the Baltic Sea simply via oceanic 391 

circulation. 392 

The results obtained in this work highlighted the potential of anthropogenic 236U and 233U as 393 

powerful oceanic tracers to investigate the pollution dynamics in the Baltic Sea, and more relevant 394 

applications on the oceanic studies could be expected. For instance, using 3D numerical simulation 395 

in combination with other anthropogenic isotopes (such as 129I and 99Tc), we can further quantify 396 

different water masses in the North Sea and transition zone, and investigate the transit passages 397 

and circulation timescales of saline water in different sub-basins of the Baltic Sea, which provide 398 

fundamental knowledge to the decision-makers for the environmental management in the Baltic 399 

region. 400 
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 544 

Figure 1. (A) Schematic circulation patterns of water masses in the North Sea-Baltic Sea region; (B) Three 545 

transects and sampling stations in the Baltic Sea. In plot A, the solid and dashed arrows represent surface and 546 

bottom currents, respectively. In plot B, the numbered black circles represent sampling stations; and the red, green, 547 

blue lines represent Transect #1 from the Skagerrak to Western Gotland Basin, Transect #2 from the Bothnian 548 

Bay to Gulf of Finland, and Transect #3 from the Arkona Basin to Western Gotland Basin, respectively. The 549 

abbreviations in plot A are: NwAC, Norwegian Atlantic Current; SCC, Scottish Coastal Current; ECC, English 550 

Channel Current; JCC, Jutland Coastal Current; NCC, Norwegian Coastal Current; BI, Baltic inflows; BO, Baltic 551 

outflows.552 



 

 

 553 

Figure 2. Distribution of salinity, 236U and 233U concentrations in Transect #1 (A), Transect #2 (B), and Transect #3 (C). The 554 

numbered black circles in the plots represent sampling stations. The abbreviations in the plots are: AW, Atlantic water; JCW, Jutland 555 

coastal water; BI and BO, Baltic inflowing and outflowing water; BBW, Baltic bottom water; BSW, Baltic surface water; BFW, Baltic 556 

freshwater. 557 
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 559 

Figure 3. Distribution of 236U/236U atomic ratios, GF-derived and NR-derived 236U concentrations in Transect #1 (A), Transect 560 

#2 (B), and Transect #3 (C). The numbered black circles in the plots represent sampling stations. The abbreviations in the plots are: 561 

GF, global fallout; NR, nuclear reactor.562 



 

 

 563 

 564 

Figure 4. Mixing diagrams of NR-derived 236U concentration vs salinity (A) and GF-derived 236U 565 

concentration vs salinity (B), resolved GF-derived 236U concentrations in the bottom waters of the central 566 

Baltic Sea and simulated GF-derived 236U concentrations in the mixed layer of the North Sea (C). In plot A, 567 

red solid lines represent the mixing lines between Jutland coastal water and Baltic surface water; blue solid lines 568 

represent the mixing lines between Atlantic water and Jutland coastal water; and the dashed circles and arrow 569 

indicate three endmembers (their endmembers are summarized in Table S2). In plot B and plot C, dark purple 570 

and blue rectangles represent the ranges of resolved and simulated GF-derived 236U concentrations in the Baltic 571 

Sea and North Sea in the 2010s, respectively. The resolved GF-derived 236U concentrations are estimated from 572 

two sediment cores collected at the Gotland Basin and Landsort Deep (Lin et al., 2021a). Here we assume that 573 

the sedimentary GF-derived 236U/238U atomic ratios are equal to those in the bottom waters of two sub-basins and 574 

the 238U concentrations are 1.2 μg/kg based on the historical bottom average salinity (ICES, 2020). The simulation 575 

data of GF-derived 236U concentrations in the North Sea are from Christl et al. (2015b), and refer to the grid point 576 

55 ֯N, 5 ֯E. The abbreviations in the plots are: GF, global fallout; NR, nuclear reactor. 577 
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Figure 5. General scheme of GF-derived and NR-derived 236U budgets in the Baltic Sea in 2018-2019. The 580 

solid arrows represent the fluxes of GF-derived and NR-derived 236U, and the positive/negative values refer to the 581 

inputs to/outputs from the Baltic seawater. The flux for the ocean circulation represent the net output from the 582 

Baltic Sea to the North Sea combining all relevant inputs and outputs. The abbreviations in the plots are: GF, 583 

global fallout; NR, nuclear reactor.  584 
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1. Determination of 236U/238U, 233U/238U and 233U/236U atomic ratios in seawater samples 

The atomic ratios of 236U/238U and 233U/238U in seawater samples were analyzed by accelerator 

mass spectrometry (AMS) with an optimized radiochemical procedure from our previous works 

(Lin et al., 2021; Qiao et al., 2015). After filtration with filter paper (Grade 00K, Munktell Filtrak), 

4.5 - 9 L of water sample was acidified to pH = 2 with 65% HNO3. After adding 450 - 900 mg of 

Fe3+ as a carrier and bubbling for 10 min, 25% NH3·H2O solution was gradually added to the water 

sample while stirring until pH = 8-9 to co-precipitate uranium with Fe(OH)3. The Fe(OH)3 

precipitate was allowed to settle down for 0.5 h. The supernatant was discarded, and the slurry was 

centrifuged at 3000 rpm for 10 min. The precipitate was dissolved with 5 mL of 65% HNO3. The 

solution was diluted with ultrapure water to a final concentration of 3 M HNO3 and then loaded to 

a 2-mL UTEVA® resin column pre-conditioned with 20 mL of 3 M HNO3. After washing the 

column with 2 × 20 mL of 3 M HNO3 and 20 mL of 6 M HCl, uranium was eluted with 10 mL of 

0.025 M HCl. 2 mg of Fe3+ was added to the eluate, and pH was adjusted to 8-9 for co-precipitating 

uranium with Fe(OH)3. The precipitate was dried at 90 ℃ for 4 h and then baked at 800 ℃ for 12 

h. Finally, the sample was pressed into an aluminum sputter target holder to measure 236U/238U and 

233U/238U atomic ratios by AMS. 

To avoid introduction of extra 236U and 233U, 238U in the Aqua regia leachate was used as an 

intrinsic chemical yield tracer instead of additional 233U or 232U standard solution, and our 

radiochemical procedure provided satisfactory chemical yields (~70%) for 236U and 233U. 

Specifically, 238U concentrations were measured in raw seawater and final uranium eluate from the 

UTEVA column using an inductively coupled plasma mass spectrometry (Agilent 8800 ICP-QQQ) 

after proper dilution with 0.5 M HNO3.
 In or Bi solution was added as internal standard. Relative 

measurement uncertainty of 238U in the seawater samples and eluates was 1 - 10 %. 

The 236U/238U and 233U/238U atomic ratios in the sputter targets were measured using AMS at the 

Vienna Environmental Research Accelerator (VERA) facility in the University of Vienna, and the 

detailed method and instrument configuration has been reported elsewhere (Hain et al., 2020; 

Steier et al., 2019). Due to the existence of 236U or 233U in procedure blanks, the actual 236U/238U 

or 233U/238U atomic ratios in the original seawater sample (R236(233)) were calculated according to 

Equation S1 for blank correction:   
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𝑅
236(233)

=
(𝑚𝑚

238𝑅𝑚
236(233)

 −  𝑚𝑏
238𝑅𝑏

236(233)
)

𝑚𝑚
238  −  𝑚𝑏

238                                              (𝑆1) 

where Rm
236(233) and Rb

236(233)
 were the 236U/238U or 233U/238U atomic ratios measured in the sample 

and blank targets;  mm
238 and mb

238 were the corresponding 238U contents. It should be noted that 

AMS can only quantitatively determine the isotopic ratios, but not the absolute amounts of 238U 

since ionization yield might change between cathodes. As the chemical yield for the target 

preparation step was quantitative (Ytarget > 99%) (Qiao et al., 2015), the 238U content in the sample 

or blank target was assumed to be equal to that in the eluate and could be calculated by Equation 

S2: 

𝑚𝑚(𝑏)
238 = 𝑚𝑚(𝑏),𝑒𝑙𝑢𝑎𝑡𝑒𝐶𝑚(𝑏)

238 𝑌𝑡𝑎𝑟𝑔𝑒𝑡 ≈ 𝑚𝑚(𝑏),𝑒𝑙𝑢𝑎𝑡𝑒 𝐶𝑚(𝑏)
238                                  (S2) 

where  mm(b), eluate  was the mass of sample or blank eluate; Cm(b)
238

  was the 238U concentration 

(atoms/kg) in the eluate of sample or blank measured by ICP-MS. After the blank correction of the 

236U/238U and 233U/238U atomic ratios, the 233U/236U atomic ratios in the seawater samples could be 

calculated by Rs
233/236 = Rs

233 / Rs
236.  

At last, the 236U or 233U concentration (𝐶
236(233)

 , atoms/kg) in the seawater was calculated by 

Equation S3: 

𝐶236(233)
=  𝑅

236(233)
𝐶238 ×

10−6

238
× 6.02 × 1023                                  (S3)  

where 𝐶238 was the 238U concentration (Cm
238 − Cb

238
, μg/kg) in the seawater sample. The combined 

uncertainty for 236U or 233U concentration ( 𝑢 (𝐶236(233)
) ) was calculated by Equation S4 based 

on the law of uncertainty propagation (BIPM et al., 2008): 

𝑢2 (𝐶
236(233)

) =  [(
𝜕𝐶

236(233)

𝜕𝑅
236(233))

2

𝑢2 (𝑅
236(233)

) + (
𝜕𝐶

236(233)

𝜕𝐶238 )

2

𝑢2(𝐶238)] × (
10−6

238
× 6.02 × 1023) 2  

                                  [(𝐶238)
2

𝑢2 (𝑅
236(233)

) + (𝑅
236(233)

)
2

𝑢2(𝐶238)] × (
10−6

238
× 6.02 × 1023) 2       (S4) 

where 𝑢 (𝑅
236(233)

)  and 𝑢(𝐶238)  were the combined uncertainties for the 236U/238U (or 233U/238U) 

atomic ratio and 238U concentration in a specific seawater sample, and the calculations have been 

reported elsewhere (Lin et al., 2021). 
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2. Binary mixing model for 236U source identification 

To quantify the GF-derived and NR-derived 236U concentrations in the seawater of the Baltic Sea 

(𝐶𝐺𝐹
236 and 𝐶𝑁𝑅

236, atoms/kg), a two end-member linear mixing model was adopted using the 233U/236U 

atomic ratio as signature (Equation S5-6):  

𝐶𝐺𝐹
236 =

𝑅
233/236

− 𝑅𝑁𝑅
233/236

𝑅𝐺𝐹
233/236

− 𝑅𝑁𝑅
233/236

𝐶236 ≈  
𝑅

233/236

𝑅𝐺𝐹
233/236

𝐶236  =   
𝐶233

𝑅𝐺𝐹
233/236

                                  (𝑆5) 

𝐶𝑁𝑅
236 = (1 −

𝑅
233/236

− 𝑅𝑁𝑅
233/236

𝑅𝐺𝐹
233/236

− 𝑅𝑁𝑅
233/236

) 𝐶236 ≈  𝐶236 −  𝐶𝐺𝐹
236                                      (𝑆6) 

where 𝐶𝐺𝐹
236 and 𝐶𝑁𝑅

236 represented the GF-derived and NR-derived 236U concentrations in a specific 

seawater sample; 𝑅𝐺𝐹
233/236

 and 𝑅𝑁𝑅
233/236

 were the representative 233U/236U atomic ratios for GF-

derived and NR-derived signals (1.40 × 10-2 and 10-6, respectively) (Hain et al., 2020). The 

combined uncertainty for 𝐶𝐺𝐹
236 and 𝐶𝑁𝑅

236 were calculated by Equation S7-8 following the law of 

uncertainty propagation: 

𝑢2(𝐶𝐺𝐹
236) = (

𝜕𝐶𝐺𝐹
236

𝜕𝐶233)
2

𝑢2(𝐶233) + (
𝜕𝐶𝐺𝐹

236

𝜕𝑅𝐺𝐹
233/236)

2

𝑢2 (𝑅𝐺𝐹
233/236

) =
𝑢2(𝐶233)

(𝑅𝐺𝐹
233/236

)
2 +

(𝐶233)
2

𝑢2(𝑅𝐺𝐹
233/236

)

(𝑅𝐺𝐹
233/236

)
4     (S7) 

𝑢2(𝐶𝑁𝑅
236) = (

𝜕𝐶𝑁𝑅
236

𝜕𝐶236)
2

𝑢2(𝐶236) + (
𝜕𝐶𝑁𝑅

236

𝜕𝐶𝐺𝐹
236)

2

𝑢2(𝐶𝐺𝐹
236) = 𝑢2(𝐶236) + 𝑢2(𝐶𝐺𝐹

236)               (S8) 

where 𝑢(𝐶𝐺𝐹
236) and 𝑢(𝐶𝑁𝑅

236) were the combined uncertainties for GF-derived and NR-derived 236U 

concentrations, respectively;  𝑢(𝑅𝐺𝐹
233/236

)  was the uncertainty of the representative 233U/236U 

atomic ratio for global fallout-derived 236U (0.15 × 10-2) (Hain et al., 2020). 

 

3. Numerical simulation of the dispersion of reprocessing-derived 236U in North-Baltic Sea 

In this work, an ocean circulation model HBM was applied to simulate the dispersion of 

reprocessing-derived 236U in the North-Baltic Sea over the period of 1971-2018. HBM is a three-

dimensional, hydrostatic, free-surface, baroclinic ocean circulation and sea ice model. The model 

has fully dynamic two-way nesting (Berg and Poulsen, 2012; She et al., 2007), which makes it an 

excellent tool to model the complex configuration of sea basins and complex coastlines and 
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estuaries. The model has a high level of rigorous testing and standardization, an efficient hybrid 

OpenMP-MPI memory parallelization. Portability and model correctness in term of reproducible 

output are key pillars of HBM model development (Poulsen et al., 2014). HBM has been shown 

to forecast sea level and its extremes with high accuracy (Golbeck et al., 2017). Furthermore, it 

can describe the transports and dynamics between the North Sea and Baltic Sea, which was shown 

e.g. in the simulation of the Major Baltic Inflow events in the past few years. HBM has been used 

not only as an operational forecasting system for the regional sea and local scales (in fjords), but 

also as a part of coupled atmosphere-ocean-ice system for climate change simulations (Tian et al., 

2013). Through coupling with wave model, suspended particle matter model, oil spill model and 

ecosystem models, HBM is applied in a wide range of applications on oil drift forecast, plastic 

litter drift modelling, environment assessment, ecosystem prediction and modelling, etc. (Wan et 

al., 2013). The HBM model set-up used in this paper consists of three model domains (Figure S1): 

 NOAMOD - 2-dimensional mesocale model, that calculates sea level as a function of wind 

speed and air pressure, and generates boundary data (external surge) for the regional 3-

dimensionan model 

 North - Baltic Sea - 3-dimensional regional model with subdomains 

 Transition Area - high resolution model of the waters south of Skagen and west of 

Bornholm 

The details of the model setup are given in Table S4. In the nested model domain, two point sources 

were set for the two European reprocessing plants at La Hague and Sellafield. The annual 

discharges of 236U from two point sources were based on the reconstructed data from shell records 

by Castrillejo et al. (2020), and a constant discharge rate was assumed for each point source within 

a specific year. As Sellafield is located out of the model domain, its corresponding point source 

was moved to the upper left corner of the domain (Figure S1). A loss rate of 50% and a lag time 

of 1 year were assumed for the transport of 236U from Sellafield to its new location as suggested 

by Christl et al. (2015b). HBM was forced by UERRA atmospheric reanalysis datasets, and 

outputted water-column physical parameters and 236U concentrations in 128 stations (54 in the 

North Sea and 74 in the Baltic Sea) with daily intervals. It should be noted that the applied HBM 

version didn't contain any ecological modules and thus the chemical or biological processes related 

to U (such as the redox-driven removal of U in sulfidic waters) were not reflected in the hindcast 

simulation. 
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The model setup was validated with our long-term observation data of 99Tc and 129I in the 

Norwegian coast and Danish Straits (unpublished results), and therefore appropriate for the 

oceanic dispersion of 236U in the Baltic Sea. Acceptable offsets (avg. 32%) were observed between 

the simulated reprocessing-derived 236U concentrations and observed NR-derived 236U 

concentrations in Transect #1 (Figure S11). Several factors might contribute to this 

overestimation: (1) overestimated discharge data from Sellafield and La Hague; (2) underestimated 

loss rate of 236U from Sellafield to its new location in the model domain; and (3) the redox-driven 

removal of U in the sulfidic Baltic seawaters. 
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Figure S1. The model domains applied for the HBM model set-up in this work. 
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Figure S2. The mixing diagram of 238U concentration vs salinity in the Baltic Sea in 2018. The 

mixing line function for the surface water (water depth < 10 m) is described by Equation S9: 

𝐶238 = 0.105 × 𝑆 + 0.0587  (𝑅2 = 0.999)                                             (S9) 

where 𝐶238 and S represent the 238U concentration (μg/kg) and salinity (psu).  
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Figure S3. A transect in the Baltic Sea from the scientific expedition EMB224 carried out in 

December, 2019 (A) and the spatial distribution of U depletion (B) and sulfide concentrations 

(C) in this transect. U depletion is equal to the difference between the salinity-based U 

concentration calculated by Equation S9 and the actual U concentration in the seawater. 
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Figure S4. Distribution of 236U/238U and 233U/238U atomic ratios in Transect #1 (A), Transect 

#2 (B), and Transect #3 (C). 
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Figure S5. Comparison with available 236U data in the Baltic Sea, North Sea, and North 

Atlantic Ocean from the literature. Red solid circles: seawaters in this work; red open circles: 

the Baltic Sea waters sampled in 2011-2016 (Qiao et al., 2021, 2017); blue open circles: the North 

Sea waters sampled in 2001-2010 (Christl et al., 2017, 2015); and purple open circles: the Atlantic 

Ocean waters sampled in 2014 (Castrillejo et al., 2018). The abbreviations in the plot are: NSW, 

North Sea water; AW, Atlantic water; JCW; Jutland coastal water; BO&I, Baltic outflowing and 

inflowing water; BBW, Baltic bottom water; BSW, Baltic surface water; BFW, Baltic freshwater. 
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Figure S6. Simulated distribution of reprocessing-derived 236U in the surface of the North 

Sea - Baltic Sea during the 4th quarter of 2018. The abbreviation "RP" in the plot refers to 

"reprocessing plant". 
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Figure S7. Simulated distribution of reprocessing-derived 236U in a transect from the English 

Channel to the Baltic Sea during the 4th quarter of 2018. The solid and dashed lines in the plot 

represent the surface and bottom (or subsurface) currents, respectively. The abbreviations in the 

plot are: RP, reprocessing plant; JCW, Jutland coastal water; AW, Atlantic water; BI, Baltic 

inflowing water; BO, Baltic outflowing water; BSW, Baltic surface water. 
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                             A 

 

                             B 

 

Figure S8. Simulated mixing diagram of reprocessing-derived 236U vs salinity for 74 stations 

in the transition zone and Baltic Sea in the year of 2018 (A) and over the period of 1971-2018 

(B). The abbreviation "RP" in the plots refers to "reprocessing plant". 
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Figure S9. Monthly 236U discharges from the two reprocessing plants to the North Sea in the 

HBM model setup over the period of 1971-2018 (A) and simulated inventories of 

reprocessing-derived 236U in the North Sea (B) and Baltic Sea (C). The abbreviations in the 

plot are: RP, reprocessing plant; NS, North Sea; BS, Baltic Sea.  
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Figure S10. Comparison between NR-derived 236U data of the Baltic Sea in 2018-2019 and 

2011-2016. Solid circles: present data in this work; open circles: the surface Baltic Sea waters 

sampled in 2011-2016 (Qiao et al., 2021). The abbreviations in the plot are: AW, Atlantic water; 

JCW; Jutland coastal water; BSW, Baltic surface water; BFW, Baltic freshwater; NR, nuclear 

reactor. 
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Figure S11. Comparison between the observed NR-derived 236U concentrations and 

predicted reprocessing-derived 236U concentrations by HBM in Transect #1 (2018). The 

observed salinity is illustrated with colors. In general, the results show that the simulated 236U 

concentrations are positively correlated with observed ones. HBM significantly overestimates the 

236U concentrations in the areas affected by the Jutland coastal water. This overestimation is 

spreaded to the Atlantic Water, Baltic outflowing and inflow water. When the signal enters Baltic 

Sea, HBM only slightly overestimate 236U concentrations in the Baltic surface and bottom water. 

The abbreviations in the plot are: NR, nuclear reactor; RP, reprocessing plant; JCW, Jutland coastal 

water; AW, Atlantic water; BI, BO, Baltic outflowing water; Baltic inflowing water; BSW, Baltic 

surface water; BBW, Baltic bottom water. 
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Table S1. Description of scientific expeditions and sampling information. 

Transect 

no. 
Cruise Principal Survey period Vessel 

Station 

number 

Sample 

number 

1 
October monitoring 

cruise 
SMHI 2018-10-14 - 2018-10-21 R/V Aranda 5 8 

1 
November monitoring 

cruise 
SMHI 2018-11-08 - 2018-11-15 R/V Aranda 7 10 

1 
December monitoring 

cruise 
SMHI 2018-12-04 - 2018-12-11 R/V Aranda 1 3 

1 Cruise 11/2018 DTU Aqua 2018-11-03 - 2018-11-14 R/V Dana 6 24 

2 COMBINE 2 
SYKE 

SYUK 
2019-05-27 - 2019-06-07 R/V Aranda 7 16 

3 EMB-224 IOW 2019-10-11 - 2019-10-23 
R/V Elisabeth 

Mann Borgese 
13 64 
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Table S2. Overall results of 238U, 236U, 238U concentrations, 236U/238U, 233U/238U, 233U/236U atomic ratios, and GF-derived and NR-derived 236U 

concentrations in the Baltic Sea (GF: global fallout; NR: nuclear reactor). 

No. Station Date 
Lat. 

[ ֯N] 

Lon. 

[ ֯E] 
Region 

Water  

mass 

Depth 

[m] 

Salinity 

[psu] 

238U conc. 

[μg/kg] 

236U/238U 

[×10-9] 

236U conc. 

[×106 atom/kg] 

233U/238U 

[×10-11] 

233U conc. 

[×105 atom/kg] 

233U/236U 

[×10-2] 

GF-derived  236U 

[×106 atom/kg] 

NR-derived  236U 

[×106 atom/kg] 

1 Å17 11/12/2018 58.28 10.50 KGR AW 1 34.5 3.79 ± 0.06 4.25 ± 0.40 40.7 ± 3.9 1.93 ± 0.33 1.85 ± 0.32 0.46 ± 0.09 13.2 ± 2.3 27.5 ± 4.5 

2 Å16 11/12/2018 58.27 10.72 KGR AW 1 34.5 3.66 ± 0.07 3.63 ± 0.15 33.6 ± 1.5 1.70 ± 0.21 1.57 ± 0.20 0.47 ± 0.06 11.2 ± 1.4 22.4 ± 2.1 

2 Å16 11/12/2018 58.27 10.72 KGR AW 200 35.1 3.76 ± 0.10 2.42 ± 0.17 23.0 ± 1.7 1.47 ± 0.24 1.40 ± 0.23 0.61 ± 0.11 10.0 ± 1.6 13.1 ± 2.4 

3 Fladen 12/7/2018 57.19 11.66 KGR BO 0 24.8 2.60 ± 0.08 7.30 ± 0.14 48.1 ± 1.8 4.11 ± 0.35 2.71 ± 0.25 0.56 ± 0.05 19.3 ± 1.8 28.8 ± 2.5 

3 Fladen 12/7/2018 57.19 11.66 KGR AW 40 34.7 3.67 ± 0.08 3.52 ± 0.10 32.7 ± 1.2 1.47 ± 0.26 1.36 ± 0.24 0.42 ± 0.07 9.7 ± 1.7 23.0 ± 2.1 

3 Fladen 12/7/2018 57.19 11.66 KGR AW 71 34.8 3.64 ± 0.08 3.11 ± 0.22 28.7 ± 2.1 1.42 ± 0.22 1.31 ± 0.21 0.46 ± 0.08 9.3 ± 1.5 19.3 ± 2.6 

4 Anholt E 11/11/2018 56.67 12.11 KGR BO 1 19.4 2.03 ± 0.11 9.18 ± 0.40 47.2 ± 3.3 5.20 ± 0.43 2.67 ± 0.27 0.57 ± 0.05 19.1 ± 1.9 28.1 ± 3.9 

4 Anholt E 11/11/2018 56.67 12.11 KGR GBW 30 32.6 3.40 ± 0.16 8.36 ± 0.66 71.9 ± 6.5 2.70 ± 0.24 2.32 ± 0.23 0.32 ± 0.04 16.6 ± 1.6 55.4 ± 6.7 

4 Anholt E 11/11/2018 56.67 12.11 KGR GBW 50 33.2 3.11 ± 0.09 6.83 ± 0.11 61.5 ± 1.7 2.36 ± 0.18 2.13 ± 0.17 0.35 ± 0.03 15.2 ± 1.2 46.3 ± 2.1 

4 Anholt E 10/17/2018 56.67 12.11 KGR BO 5 25.8 2.77 ± 0.07 15.7 ± 1.0 110 ± 7 2.74 ± 0.41 1.92 ± 0.29 0.18 ± 0.03 13.7 ± 2.1 95.9 ± 7.5 

4 Anholt E 10/17/2018 56.67 12.11 KGR GBW 40 32.2 3.39 ± 0.12 7.11 ± 0.51 60.9 ± 4.9 2.17 ± 0.42 1.86 ± 0.37 0.31 ± 0.06 13.3 ± 2.6 47.6 ± 5.5 

5 BY15 10/15/2018 57.31 20.08 MBR BSW 5 7.0 0.81 ± 0.07 21.0 ± 0.3 42.9 ± 3.9 14.6 ± 0.9 2.98 ± 0.32 0.69 ± 0.04 21.3 ± 2.3 21.6 ± 4.6 

5 BY15 10/15/2018 57.31 20.08 MBR BBW 80 10.0 0.95 ± 0.07 17.9 ± 1.1 42.9 ± 4.3 11.8 ± 1.0 2.83 ± 0.33 0.66 ± 0.07 20.2 ± 2.3 22.8 ± 4.9 

6 BY32 10/20/2018 58.02 17.98 MBR BSW 5 7.0 0.77 ± 0.07 22.5 ± 0.8 43.8 ± 4.2 15.6 ± 1.3 3.03 ± 0.37 0.69 ± 0.06 21.7 ± 2.6 22.2 ± 4.9 

6 BY32 10/20/2018 58.02 17.98 MBR BBW 60 10.0 0.90 ± 0.06 20.3 ± 0.8 46.2 ± 3.8 12.4 ± 1.1 2.82 ± 0.32 0.61 ± 0.06 20.1 ± 2.3 26.1 ± 4.4 

6 BY32 11/14/2018 58.02 17.98 MBR BBW 200 11.0 1.03 ± 0.07 17.9 ± 0.5 46.6 ± 3.3 9.9 ± 0.7 2.58 ± 0.25 0.55 ± 0.04 18.4 ± 1.8 28.2 ± 3.7 

7 BY38 10/20/2018 57.12 17.67 MBR BSW 5 6.9 0.79 ± 0.06 21.9 ± 1.5 43.9 ± 4.3 17.0 ± 0.9 3.40 ± 0.29 0.77 ± 0.07 24.3 ± 2.1 19.6 ± 4.8 

7 BY38 11/14/2018 57.12 17.67 MBR BBW 100 10.3 0.86 ± 0.07 19.9 ± 1.3 43.5 ± 4.5 12.7 ± 0.7 2.77 ± 0.27 0.64 ± 0.06 19.8 ± 1.9 23.7 ± 4.9 

8 BY5 11/10/2018 55.25 15.98 SBR BBW 80 17.3 1.66 ± 0.08 11.5 ± 0.4 48.3 ± 2.9 5.81 ± 0.67 2.44 ± 0.31 0.51 ± 0.06 17.5 ± 2.2 30.9 ± 3.6 

9 Ref M1V1 10/19/2018 56.37 16.20 MBR BSW 5 7.6 0.82 ± 0.06 19.5 ± 0.3 40.4 ± 3.1 15.9 ± 0.8 3.28 ± 0.30 0.81 ± 0.04 23.5 ± 2.1 16.9 ± 3.7 

9 Ref M1V1 11/13/2018 56.37 16.20 MBR BSW 15 7.4 0.80 ± 0.08 20.1 ± 0.5 40.8 ± 3.9 12.4 ± 2.4 2.52 ± 0.54 0.62 ± 0.12 18.0 ± 3.9 22.8 ± 5.5 

10 St. 1 11/13/2018 55.47 14.59 SBR BSW 1 7.7 0.87 ± 0.08 20.0 ± 0.4 43.8 ± 4.0 14.3 ± 1.4 3.13 ± 0.41 0.71 ± 0.07 22.4 ± 3.0 21.5 ± 5.0 

10 St. 1 11/13/2018 55.47 14.59 SBR BSW 24 7.7 0.89 ± 0.07 22.5 ± 0.7 50.9 ± 4.5 13.1 ± 1.3 2.95 ± 0.38 0.58 ± 0.06 21.0 ± 2.7 29.8 ± 5.3 

10 St. 1 11/13/2018 55.47 14.59 SBR BSW 50 7.9 0.90 ± 0.08 18.8 ± 0.5 42.5 ± 3.8 13.9 ± 1.6 3.14 ± 0.45 0.74 ± 0.09 22.4 ± 3.2 20.1 ± 5.0 

10 St. 1 11/13/2018 55.47 14.59 SBR BBW 56 14.9 1.52 ± 0.07 13.3 ± 1.1 51.0 ± 4.8 6.25 ± 0.54 2.40 ± 0.23 0.47 ± 0.06 17.2 ± 1.7 33.9 ± 5.0 

11 St. 32 11/14/2018 55.14 15.30 SBR BSW 1 7.7 0.83 ± 0.07 21.7 ± 1.0 45.2 ± 4.5 14.0 ± 1.6 2.92 ± 0.42 0.65 ± 0.08 20.9 ± 3.0 24.3 ± 5.4 

11 St. 32 11/14/2018 55.14 15.30 SBR BSW 30 7.7 0.83 ± 0.07 22.5 ± 0.7 47.0 ± 4.1 11.9 ± 1.3 2.49 ± 0.34 0.53 ± 0.06 17.8 ± 2.4 29.2 ± 4.8 

11 St. 32 11/14/2018 55.14 15.30 SBR BBW 45 9.1 0.96 ± 0.07 25.1 ± 0.7 61.0 ± 4.4 10.9 ± 1.1 2.65 ± 0.32 0.43 ± 0.05 19.0 ± 2.3 42.1 ± 5.0 

11 St. 32 11/14/2018 55.14 15.30 SBR BBW 60 14.1 1.43 ± 0.06 24.2 ± 1.5 87.5 ± 6.6 7.15 ± 1.10 2.59 ± 0.41 0.30 ± 0.05 18.5 ± 3.0 69.0 ± 7.2 

12 St. 23 11/5/2018 55.29 15.75 SBR BSW 1 7.7 0.84 ± 0.06 19.4 ± 0.4 41.3 ± 3.3 15.2 ± 1.6 3.24 ± 0.42 0.78 ± 0.08 23.2 ± 3.0 18.2 ± 4.5 

12 St. 23 11/5/2018 55.29 15.75 SBR BSW 35 8.0 0.87 ± 0.07 21.0 ± 0.5 46.2 ± 3.6 11.4 ± 1.4 2.51 ± 0.36 0.54 ± 0.07 18.0 ± 2.6 28.3 ± 4.4 

12 St. 23 11/5/2018 55.29 15.75 SBR BBW 50 13.6 1.48 ± 0.07 13.6 ± 0.7 50.7 ± 3.5 6.48 ± 0.86 2.42 ± 0.34 0.48 ± 0.07 17.3 ± 2.4 33.4 ± 4.3 

12 St. 23 11/5/2018 55.29 15.75 SBR BBW 91 18.0 1.94 ± 0.08 11.5 ± 0.7 56.3 ± 4.1 5.43 ± 0.52 2.66 ± 0.28 0.47 ± 0.05 19.0 ± 2.0 37.3 ± 4.6 

13 St. 26 11/5/2018 55.29 16.50 SBR BSW 1 7.6 0.89 ± 0.05 23.2 ± 1.3 51.9 ± 4.3 13.1 ± 1.9 2.94 ± 0.46 0.57 ± 0.09 21.0 ± 3.3 31.0 ± 5.4 

13 St. 26 11/5/2018 55.29 16.50 SBR BSW 40 7.8 0.87 ± 0.06 19.1 ± 0.5 42.1 ± 2.9 12.2 ± 1.4 2.69 ± 0.35 0.64 ± 0.08 19.2 ± 2.5 22.9 ± 3.8 

13 St. 26 11/5/2018 55.29 16.50 SBR BBW 50 13.0 1.35 ± 0.06 13.6 ± 0.3 46.3 ± 2.2 6.86 ± 0.78 2.34 ± 0.29 0.51 ± 0.06 16.7 ± 2.0 29.6 ± 3.0 

13 St. 26 11/5/2018 55.29 16.50 SBR BBW 56 15.7 1.64 ± 0.05 12.0 ± 0.4 49.6 ± 2.1 6.82 ± 0.52 2.82 ± 0.23 0.57 ± 0.05 20.2 ± 1.7 29.4 ± 2.7 

14 St. 40 11/3/2018 54.85 15.68 SBR BSW 1 7.7 0.84 ± 0.07 21.3 ± 0.8 45.1 ± 4.2 12.1 ± 1.3 2.57 ± 0.35 0.57 ± 0.06 18.3 ± 2.5 26.7 ± 4.9 

14 St. 40 11/3/2018 54.85 15.68 SBR BSW 40 7.7 0.83 ± 0.07 22.2 ± 1.9 46.4 ± 5.7 14.1 ± 2.4 2.94 ± 0.56 0.63 ± 0.12 21.0 ± 4.0 25.3 ± 7.0 

14 St. 40 11/3/2018 54.85 15.68 SBR BBW 50 10.5 1.12 ± 0.08 16.8 ± 0.3 47.6 ± 3.6 9.47 ± 0.98 2.69 ± 0.34 0.56 ± 0.06 19.2 ± 2.4 28.4 ± 4.3 

14 St. 40 11/3/2018 54.85 15.68 SBR BBW 73 15.7 1.60 ± 0.07 12.0 ± 0.6 48.4 ± 3.3 5.95 ± 0.69 2.40 ± 0.30 0.50 ± 0.06 17.2 ± 2.1 31.3 ± 3.9 

15 St. 11 11/10/2018 55.83 16.22 SBR BSW 1 7.2 0.82 ± 0.08 20.9 ± 0.4 43.5 ± 4.2 16.8 ± 1.3 3.50 ± 0.43 0.80 ± 0.06 25.0 ± 3.1 18.5 ± 5.3 

15 St. 11 11/10/2018 55.83 16.22 SBR BSW 20 7.4 0.82 ± 0.09 20.8 ± 0.6 43.3 ± 4.7 13.7 ± 1.9 2.85 ± 0.50 0.66 ± 0.09 20.3 ± 3.5 22.9 ± 5.9 

15 St. 11 11/10/2018 55.83 16.22 SBR BSW 37 7.8 0.87 ± 0.07 20.3 ± 0.5 44.5 ± 3.9 11.8 ± 1.6 2.58 ± 0.41 0.58 ± 0.08 18.5 ± 3.0 26.0 ± 4.9 

15 St. 11 11/10/2018 55.83 16.22 SBR BBW 52 12.7 1.31 ± 0.07 14.2 ± 0.3 47.0 ± 2.7 10.1 ± 0.9 3.35 ± 0.34 0.71 ± 0.06 23.9 ± 2.4 23.1 ± 3.7 

16 CVI 6/2/2019 65.14 23.34 NBR FW 1 3.1 0.34 ± 0.05 22.8 ± 7.8 19.9 ± 7.5 22.1 ± 5.4 1.92 ± 0.56 0.97 ± 0.41 13.7 ± 4.0 6.12 ± 8.47 

16 CVI 6/2/2019 65.14 23.34 NBR FW 68 3.1 0.35 ± 0.05 23.6 ± 1.0 20.9 ± 3.3 22.5 ± 4.0 1.99 ± 0.47 0.95 ± 0.17 14.2 ± 3.3 6.70 ± 4.66 

17 US5B 6/3/2019 62.35 19.58 NBR BSW 1 5.4 0.62 ± 0.05 24.6 ± 1.0 38.3 ± 3.5 16.9 ± 3.3 2.63 ± 0.56 0.69 ± 0.14 18.8 ± 4.0 19.5 ± 5.3 

17 US5B 6/3/2019 62.35 19.58 NBR BSW 220 6.4 0.71 ± 0.06 22.1 ± 0.5 39.6 ± 3.3 17.0 ± 1.6 3.05 ± 0.38 0.77 ± 0.07 21.8 ± 2.7 17.9 ± 4.3 

18 SR5 6/4/2019 61.05 19.35 NBR BSW 1 5.6 0.65 ± 0.08 22.8 ± 0.6 37.6 ± 4.4 15.6 ± 0.8 2.57 ± 0.33 0.68 ± 0.04 18.4 ± 2.3 19.2 ± 5.0 

18 SR5 6/4/2019 61.05 19.35 NBR BSW 15 5.6 0.66 ± 0.07 22.5 ± 0.5 37.3 ± 4.2 15.9 ± 0.8 2.64 ± 0.32 0.71 ± 0.04 18.8 ± 2.3 18.5 ± 4.7 

18 SR5 6/4/2019 61.05 19.35 NBR BSW 80 6.1 0.73 ± 0.07 23.8 ± 0.4 44.1 ± 4.3 12.7 ± 1.0 2.35 ± 0.29 0.53 ± 0.04 16.8 ± 2.1 27.3 ± 4.8 

18 SR5 6/4/2019 61.05 19.35 NBR BSW 100 6.6 0.74 ± 0.08 21.1 ± 0.3 39.7 ± 4.2 13.4 ± 1.6 2.52 ± 0.40 0.63 ± 0.08 18.0 ± 2.8 21.7 ± 5.0 
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Table S2. Overall results of 238U, 236U, 238U concentrations, 236U/238U, 233U/238U, 233U/236U atomic ratios, and GF-derived and NR-derived 236U 

concentrations in the Baltic Sea (GF: global fallout; NR: nuclear reactor). (Continue.) 

  

No. Station Date 
Lat. 

[ ֯N] 

Lon. 

[ ֯E] 
Region 

Water 

mass 

Depth 

[m] 

Salinity 

[psu] 

238U conc. 

[μg/kg] 

236U/238U 

[×10-9] 

236U conc. 

[×106 atom/kg] 

233U/238U 

[×10-11] 

233U conc. 

[×105 atom/kg] 

233U/236U 

[×10-2] 

GF-derived  236U 

[×106 atom/kg] 

NR-derived  236U 

[×106 atom/kg] 

19 EB1 6/4/2019 61.04 19.44 NBR BSW 1 5.6 0.65 ± 0.07 23.1 ± 1.2 38.2 ± 4.5 15.8 ± 2.2 2.61 ± 0.46 0.68 ± 0.10 18.6 ± 3.3 19.6 ± 5.6 

19 EB1 6/4/2019 61.04 19.44 NBR BSW 129 6.6 0.77 ± 0.05 22.1 ± 0.9 43.0 ± 3.3 13.3 ± 1.1 2.59 ± 0.27 0.60 ± 0.06 18.5 ± 1.9 24.5 ± 3.8 

20 LL17 6/6/2019 59.02 21.05 MBR BSW 1 6.4 0.75 ± 0.07 21.3 ± 0.6 40.5 ± 3.9 15.5 ± 0.9 2.94 ± 0.32 0.73 ± 0.05 21.0 ± 2.3 19.5 ± 4.5 

20 LL17 6/6/2019 59.02 21.05 MBR BBW 171 11.4 1.04 ± 0.06 17.0 ± 0.6 44.9 ± 3.1 10.3 ± 0.6 2.71 ± 0.23 0.60 ± 0.04 19.4 ± 1.6 25.5 ± 3.5 

21 JML 6/7/2019 59.35 23.38 NBR BSW 1 5.7 0.69 ± 0.07 20.4 ± 0.9 35.6 ± 3.8 15.2 ± 1.6 2.66 ± 0.38 0.75 ± 0.09 19.0 ± 2.7 16.6 ± 4.7 

21 JML 6/7/2019 59.35 23.38 NBR BBW 73 9.8 0.89 ± 0.07 17.8 ± 0.2 40.1 ± 3.2 11.0 ± 1.0 2.47 ± 0.30 0.62 ± 0.06 17.7 ± 2.1 22.4 ± 3.8 

22 LL3A 5/28/2019 60.04 26.21 NBR FW 1 4.8 0.60 ± 0.08 19.3 ± 0.6 29.1 ± 3.8 9.86 ± 1.60 1.49 ± 0.31 0.51 ± 0.08 10.6 ± 2.2 18.5 ± 4.4 

22 LL3A 5/28/2019 60.04 26.21 NBR BBW 67 9.3 0.87 ± 0.07 18.2 ± 0.3 40.1 ± 3.4 10.0 ± 0.9 2.20 ± 0.26 0.55 ± 0.05 15.7 ± 1.9 24.4 ± 3.9 

23 TF0113 10/22/2019 54.93 13.50 SBR BSW 3 8.1 0.91 ± 0.06 19.5 ± 0.5 44.7 ± 3.2 10.9 ± 1.3 2.49 ± 0.34 0.56 ± 0.07 17.8 ± 2.4 26.9 ± 4.0 

23 TF0113 10/22/2019 54.93 13.50 SBR BSW 26 8.8 0.97 ± 0.06 18.8 ± 0.4 46.2 ± 2.9 12.2 ± 1.3 2.99 ± 0.37 0.65 ± 0.07 21.3 ± 2.6 24.9 ± 3.9 

23 TF0113 10/22/2019 54.93 13.50 SBR BBW 46 18.4 1.89 ± 0.05 13.0 ± 0.6 62.0 ± 3.2 4.96 ± 0.54 2.37 ± 0.27 0.38 ± 0.05 16.9 ± 1.9 45.1 ± 3.8 

24 TF0109 10/13/2019 55.00 14.08 SBR BSW 1 8.3 0.91 ± 0.07 18.7 ± 0.6 43.0 ± 3.3 11.9 ± 1.3 2.73 ± 0.36 0.64 ± 0.07 19.5 ± 2.6 23.4 ± 4.2 

24 TF0109 10/13/2019 55.00 14.08 SBR BSW 27 8.7 0.96 ± 0.07 18.6 ± 0.5 45.3 ± 3.3 10.1 ± 1.5 2.46 ± 0.40 0.54 ± 0.08 17.6 ± 2.9 27.8 ± 4.4 

24 TF0109 10/13/2019 55.00 14.08 SBR BBW 37 13.7 1.44 ± 0.07 14.5 ± 0.3 52.7 ± 2.7 7.15 ± 0.85 2.60 ± 0.33 0.49 ± 0.06 18.6 ± 2.4 34.1 ± 3.6 

24 TF0109 10/13/2019 55.00 14.08 SBR BBW 47 17.8 1.85 ± 0.06 15.5 ± 0.6 72.4 ± 3.6 5.12 ± 0.55 2.40 ± 0.27 0.33 ± 0.04 17.1 ± 1.9 55.3 ± 4.1 

25 TF0154 10/21/2019 54.62 14.77 SBR BSW 2 7.7 0.87 ± 0.06 20.4 ± 0.6 45.1 ± 3.2 11.2 ± 1.2 2.47 ± 0.31 0.55 ± 0.06 17.7 ± 2.2 27.4 ± 3.9 

25 TF0154 10/21/2019 54.62 14.77 SBR BSW 26 7.9 0.88 ± 0.06 20.2 ± 0.5 45.2 ± 3.2 12.2 ± 1.6 2.73 ± 0.40 0.60 ± 0.08 19.5 ± 2.9 25.7 ± 4.3 

25 TF0154 10/21/2019 54.62 14.77 SBR BBW 35 10.0 1.11 ± 0.06 15.7 ± 0.5 44.0 ± 2.9 9.76 ± 1.70 2.74 ± 0.50 0.62 ± 0.11 19.5 ± 3.6 24.5 ± 4.6 

25 TF0154 10/21/2019 54.62 14.77 SBR BBW 46 11.4 1.21 ± 0.07 15.0 ± 0.4 46.0 ± 2.9 8.23 ± 0.91 2.52 ± 0.31 0.55 ± 0.06 18.0 ± 2.2 28.0 ± 3.7 

26 TF0222 10/16/2019 55.22 17.07 SBR BSW 1 7.6 0.87 ± 0.07 21.5 ± 0.5 47.3 ± 4.1 11.6 ± 1.4 2.55 ± 0.38 0.54 ± 0.07 18.2 ± 2.7 29.1 ± 4.9 

26 TF0222 10/16/2019 55.22 17.07 SBR BSW 35 7.6 0.86 ± 0.06 21.3 ± 0.7 46.3 ± 3.6 13.1 ± 2.0 2.85 ± 0.48 0.62 ± 0.10 20.3 ± 3.4 25.9 ± 5.0 

26 TF0222 10/16/2019 55.22 17.07 SBR BSW 45 8.3 0.89 ± 0.05 19.3 ± 1.0 43.3 ± 3.4 13.3 ± 1.4 2.98 ± 0.36 0.69 ± 0.08 21.3 ± 2.6 22.0 ± 4.3 

26 TF0222 10/16/2019 55.22 17.07 SBR BBW 60 11.9 1.30 ± 0.06 13.6 ± 0.5 44.7 ± 2.7 6.68 ± 0.82 2.20 ± 0.29 0.49 ± 0.06 15.7 ± 2.1 29.0 ± 3.4 

26 TF0222 10/16/2019 55.22 17.07 SBR BBW 89 15.0 1.53 ± 0.06 11.8 ± 0.4 45.5 ± 2.4 6.14 ± 1.00 2.37 ± 0.40 0.52 ± 0.09 16.9 ± 2.8 28.6 ± 3.7 

27 TF0259 10/16/2019 55.55 18.40 SBR BSW 1 7.4 0.85 ± 0.05 20.8 ± 0.4 44.9 ± 2.9 13.2 ± 1.0 2.85 ± 0.28 0.63 ± 0.05 20.3 ± 2.0 24.6 ± 3.5 

27 TF0259 10/16/2019 55.55 18.40 SBR BSW 35 7.4 0.88 ± 0.06 21.8 ± 0.8 48.3 ± 3.6 12.2 ± 1.4 2.70 ± 0.36 0.56 ± 0.07 19.3 ± 2.6 29.0 ± 4.4 

27 TF0259 10/16/2019 55.55 18.40 SBR BSW 50 7.6 0.88 ± 0.05 20.7 ± 1.1 45.9 ± 3.6 14.2 ± 1.4 3.15 ± 0.36 0.69 ± 0.08 22.5 ± 2.6 23.4 ± 4.5 

27 TF0259 10/16/2019 55.55 18.40 SBR BSW 60 8.4 0.90 ± 0.06 20.4 ± 0.7 46.2 ± 3.3 15.1 ± 1.6 3.42 ± 0.42 0.74 ± 0.08 24.5 ± 3.0 21.8 ± 4.5 

27 TF0259 10/16/2019 55.55 18.40 SBR BBW 80 10.6 1.08 ± 0.05 18.0 ± 0.4 49.1 ± 2.6 10.0 ± 1.2 2.73 ± 0.35 0.56 ± 0.07 19.5 ± 2.5 29.6 ± 3.6 

27 TF0259 10/16/2019 55.55 18.40 SBR BBW 87 11.7 1.14 ± 0.06 15.9 ± 0.5 45.7 ± 2.7 12.0 ± 1.9 3.45 ± 0.57 0.76 ± 0.12 24.6 ± 4.1 21.0 ± 4.9 

28 TF0250 10/17/2019 56.08 19.17 SBR BSW 1 7.3 0.86 ± 0.05 21.5 ± 0.9 46.9 ± 3.2 15.0 ± 1.6 3.27 ± 0.39 0.70 ± 0.08 23.3 ± 2.8 23.5 ± 4.3 

28 TF0250 10/17/2019 56.08 19.17 SBR BSW 30 7.3 0.86 ± 0.05 20.1 ± 0.5 43.7 ± 2.8 11.3 ± 1.5 2.45 ± 0.36 0.56 ± 0.08 17.5 ± 2.5 26.2 ± 3.8 

28 TF0250 10/17/2019 56.08 19.17 SBR BSW 50 7.6 0.87 ± 0.05 21.0 ± 0.6 46.3 ± 2.8 15.5 ± 1.2 3.42 ± 0.32 0.74 ± 0.06 24.4 ± 2.3 21.9 ± 3.6 

28 TF0250 10/17/2019 56.08 19.17 SBR BBW 70 10.1 1.02 ± 0.06 17.0 ± 0.8 43.8 ± 3.3 14.5 ± 1.4 3.73 ± 0.42 0.85 ± 0.09 26.6 ± 3.0 17.1 ± 4.5 

28 TF0250 10/17/2019 56.08 19.17 SBR BBW 90 11.6 1.18 ± 0.05 15.9 ± 0.6 47.3 ± 2.8 9.51 ± 1.80 2.83 ± 0.55 0.60 ± 0.12 20.2 ± 3.9 27.1 ± 4.9 

28 TF0250 10/17/2019 56.08 19.17 SBR BBW 120 12.4 1.26 ± 0.07 13.5 ± 0.3 43.0 ± 2.5 7.69 ± 0.54 2.45 ± 0.22 0.57 ± 0.04 17.5 ± 1.6 25.4 ± 2.9 

29 TF0273 10/17/2019 56.95 19.77 MBR BSW 2 7.0 0.83 ± 0.05 21.7 ± 0.5 45.5 ± 2.9 16.0 ± 1.7 3.35 ± 0.41 0.74 ± 0.08 23.9 ± 2.9 21.6 ± 4.1 

29 TF0273 10/17/2019 56.95 19.77 MBR BSW 25 7.0 0.83 ± 0.06 23.4 ± 0.6 48.9 ± 3.5 14.0 ± 1.8 2.92 ± 0.43 0.60 ± 0.08 20.9 ± 3.0 28.0 ± 4.7 

29 TF0273 10/17/2019 56.95 19.77 MBR BSW 50 7.6 0.86 ± 0.05 20.8 ± 0.9 45.1 ± 3.1 13.3 ± 1.7 2.88 ± 0.40 0.64 ± 0.09 20.6 ± 2.9 24.5 ± 4.2 

29 TF0273 10/17/2019 56.95 19.77 MBR BBW 80 10.5 1.03 ± 0.05 19.6 ± 0.7 51.2 ± 3.1 9.69 ± 1.90 2.53 ± 0.51 0.50 ± 0.10 18.1 ± 3.7 33.1 ± 4.8 

29 TF0273 10/17/2019 56.95 19.77 MBR BBW 110 12.0 1.21 ± 0.06 15.1 ± 0.3 46.2 ± 2.6 9.58 ± 0.68 2.93 ± 0.26 0.63 ± 0.05 21.0 ± 1.8 25.2 ± 3.2 

29 TF0273 10/17/2019 56.95 19.77 MBR BBW 178 13.2 1.22 ± 0.07 15.0 ± 0.5 46.2 ± 3.1 8.77 ± 0.63 2.70 ± 0.25 0.58 ± 0.05 19.3 ± 1.8 26.9 ± 3.6 

30 TF0272 10/17/2019 57.07 19.83 MBR BBW 140 12.7 1.27 ± 0.06 14.8 ± 0.3 47.6 ± 2.5 8.37 ± 0.66 2.68 ± 0.25 0.56 ± 0.05 19.2 ± 1.8 28.4 ± 3.1 

30 TF0272 10/17/2019 57.07 19.83 MBR BBW 200 13.2 1.21 ± 0.06 15.2 ± 0.3 46.8 ± 2.5 8.22 ± 1.20 2.52 ± 0.39 0.54 ± 0.08 18.0 ± 2.8 28.8 ± 3.7 

31 TF0275 10/17/2019 57.21 19.93 MBR BSW 2 6.7 0.80 ± 0.06 20.5 ± 1.4 41.4 ± 4.1 14.9 ± 1.6 3.01 ± 0.39 0.73 ± 0.09 21.5 ± 2.8 19.9 ± 4.9 

31 TF0275 10/17/2019 57.21 19.93 MBR BSW 25 6.7 0.76 ± 0.06 21.0 ± 0.7 40.5 ± 3.4 11.6 ± 1.3 2.23 ± 0.30 0.55 ± 0.07 16.0 ± 2.2 24.6 ± 4.0 

31 TF0275 10/17/2019 57.21 19.93 MBR BSW 50 7.6 0.84 ± 0.05 22.8 ± 0.7 48.4 ± 3.2 11.7 ± 0.9 2.47 ± 0.24 0.51 ± 0.04 17.7 ± 1.7 30.7 ± 3.6 

31 TF0275 10/17/2019 57.21 19.93 MBR BBW 80 10.9 1.08 ± 0.06 16.6 ± 0.6 45.3 ± 3.1 9.4 ± 1.4 2.58 ± 0.41 0.57 ± 0.09 18.4 ± 2.9 26.9 ± 4.3 

31 TF0275 10/17/2019 57.21 19.93 MBR BBW 110 12.0 1.20 ± 0.06 14.7 ± 0.3 44.6 ± 2.5 8.80 ± 0.91 2.66 ± 0.31 0.60 ± 0.06 19.0 ± 2.2 25.6 ± 3.4 

31 TF0275 10/17/2019 57.21 19.93 MBR BBW 224 13.2 1.21 ± 0.07 15.5 ± 0.3 47.2 ± 3.0 7.60 ± 1.10 2.32 ± 0.36 0.49 ± 0.07 16.6 ± 2.6 30.6 ± 4.0 

32 TF0271 10/17/2019 57.32 20.05 MBR BBW 234 13.3 1.19 ± 0.06 15.5 ± 0.3 46.8 ± 2.5 9.22 ± 0.78 2.79 ± 0.27 0.60 ± 0.05 19.9 ± 2.0 26.9 ± 3.2 



 

S23 
 

Table S2. Overall results of 238U, 236U, 238U concentrations, 236U/238U, 233U/238U, 233U/236U atomic ratios, and GF-derived and NR-derived 236U 

concentrations in the Baltic Sea (GF: global fallout; NR: nuclear reactor). (Continue.) 

 

  

No. Station Date 
Lat. 

[ ֯N] 

Lon. 

[ ֯E] 
Region 

Water 

mass 

Depth 

[m] 

Salinity 

[psu] 

238U conc. 

[μg/kg] 

236U/238U 

[×10-9] 

236U conc. 

[×106 atom/kg] 

233U/238U 

[×10-11] 

233U conc. 

[×105 atom/kg] 

233U/236U 

[×10-2] 

GF-derived  236U 

[×106 atom/kg] 

NR-derived  236U 

[×106 atom/kg] 

33 TF0282 10/20/2019 58.88 20.32 MBR BSW 3 6.3 0.74 ± 0.05 24.7 ± 1.2 46.1 ± 3.9 12.2 ± 1.3 2.28 ± 0.29 0.49 ± 0.06 16.3 ± 2.1 29.8 ± 4.4 

33 TF0282 10/20/2019 58.88 20.32 MBR BSW 21 6.5 0.77 ± 0.05 21.0 ± 0.3 40.7 ± 2.9 14.3 ± 1.5 2.77 ± 0.35 0.68 ± 0.07 19.8 ± 2.5 20.9 ± 3.8 

33 TF0282 10/20/2019 58.88 20.32 MBR BSW 41 7.5 0.83 ± 0.05 22.1 ± 0.4 46.2 ± 2.8 12.6 ± 2.1 2.64 ± 0.47 0.57 ± 0.10 18.8 ± 3.3 27.4 ± 4.4 

33 TF0282 10/20/2019 58.88 20.32 MBR BBW 81 10.7 0.97 ± 0.05 17.8 ± 0.6 43.7 ± 2.6 11.2 ± 1.0 2.76 ± 0.28 0.63 ± 0.06 19.7 ± 2.0 24.0 ± 3.3 

33 TF0282 10/20/2019 58.88 20.32 MBR BBW 120 11.5 1.09 ± 0.07 16.7 ± 0.6 46.1 ± 3.4 9.38 ± 0.66 2.58 ± 0.25 0.56 ± 0.05 18.4 ± 1.8 27.7 ± 3.9 

33 TF0282 10/20/2019 58.88 20.32 MBR BBW 159 11.8 1.12 ± 0.07 15.2 ± 0.3 43.1 ± 2.7 10.0 ± 1.2 2.84 ± 0.38 0.66 ± 0.08 20.3 ± 2.7 22.8 ± 3.8 

34 TF0284 10/20/2019 58.58 18.23 MBR BSW 1 6.0 0.69 ± 0.07 21.1 ± 0.6 36.9 ± 4.0 15.3 ± 1.2 2.68 ± 0.35 0.72 ± 0.06 19.1 ± 2.5 17.8 ± 4.7 

34 TF0284 10/20/2019 58.58 18.23 MBR BSW 20 6.3 0.74 ± 0.07 21.2 ± 0.3 39.9 ± 3.8 14.4 ± 1.0 2.71 ± 0.31 0.68 ± 0.05 19.4 ± 2.2 20.5 ± 4.4 

34 TF0284 10/20/2019 58.58 18.23 MBR BSW 40 7.4 0.86 ± 0.05 25.8 ± 0.7 56.3 ± 3.8 13.0 ± 0.9 2.83 ± 0.27 0.50 ± 0.04 20.2 ± 1.9 36.0 ± 4.2 

34 TF0284 10/20/2019 58.58 18.23 MBR BSW 60 8.4 0.87 ± 0.05 21.8 ± 0.9 48.0 ± 3.3 13.1 ± 1.0 2.88 ± 0.27 0.60 ± 0.05 20.6 ± 1.9 27.4 ± 3.8 

34 TF0284 10/20/2019 58.58 18.23 MBR BBW 80 10.1 0.90 ± 0.06 18.2 ± 0.6 41.5 ± 3.0 10.7 ± 0.6 2.45 ± 0.21 0.59 ± 0.04 17.5 ± 1.5 24.0 ± 3.4 

34 TF0284 10/20/2019 58.58 18.23 MBR BBW 100 10.7 1.00 ± 0.07 17.3 ± 0.4 43.6 ± 3.1 12.0 ± 0.7 3.02 ± 0.26 0.69 ± 0.04 21.6 ± 1.9 22.0 ± 3.6 

34 TF0284 10/20/2019 58.58 18.23 MBR BBW 150 11.2 1.02 ± 0.06 16.6 ± 0.2 42.9 ± 2.6 7.99 ± 0.44 2.07 ± 0.17 0.48 ± 0.03 14.8 ± 1.2 28.2 ± 2.8 

34 TF0284 10/20/2019 58.58 18.23 MBR BBW 250 11.3 1.05 ± 0.08 16.3 ± 0.4 43.2 ± 3.3 9.82 ± 0.81 2.60 ± 0.29 0.60 ± 0.05 18.6 ± 2.0 24.6 ± 3.9 

34 TF0284 10/20/2019 58.58 18.23 MBR BBW 350 11.3 1.05 ± 0.06 16.3 ± 0.3 43.2 ± 2.5 9.25 ± 1.50 2.46 ± 0.42 0.57 ± 0.09 17.5 ± 3.0 25.7 ± 3.9 

34 TF0284 10/20/2019 58.58 18.23 MBR BBW 436 11.4 1.07 ± 0.06 16.1 ± 0.3 43.7 ± 2.5 9.54 ± 0.69 2.59 ± 0.23 0.59 ± 0.04 18.5 ± 1.7 25.2 ± 3.0 

35 GB_SW 10/21/2019 56.62 17.13 MBR BSW 2 6.8 0.77 ± 0.06 21.7 ± 0.8 42.0 ± 3.5 13.5 ± 1.8 2.61 ± 0.40 0.62 ± 0.09 18.7 ± 2.9 23.3 ± 4.5 

35 GB_SW 10/21/2019 56.62 17.13 MBR BSW 20 6.8 0.74 ± 0.06 22.1 ± 0.5 41.5 ± 3.3 13.7 ± 1.3 2.57 ± 0.31 0.62 ± 0.06 18.4 ± 2.2 23.1 ± 3.9 

35 GB_SW 10/21/2019 56.62 17.13 MBR BSW 35 7.4 0.79 ± 0.06 19.9 ± 0.6 39.7 ± 3.4 12.1 ± 2.3 2.41 ± 0.50 0.61 ± 0.12 17.2 ± 3.6 22.5 ± 4.9 

35 GB_SW 10/21/2019 56.62 17.13 MBR BSW 50 7.9 0.83 ± 0.06 20.1 ± 0.6 42.4 ± 3.5 11.7 ± 1.2 2.47 ± 0.32 0.58 ± 0.06 17.6 ± 2.3 24.8 ± 4.1 

35 GB_SW 10/21/2019 56.62 17.13 MBR BBW 76 9.7 0.81 ± 0.06 18.7 ± 0.7 38.2 ± 3.1 12.5 ± 1.0 2.56 ± 0.28 0.67 ± 0.06 18.3 ± 2.0 20.0 ± 3.7 
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Table S3. Parameters of the endmembers used in the binary mixing models in this work and our 

previous work (Qiao et al., 2021). 

Endmember 
Salinity 

[psu] 

NR-derived 236U conc. 

[×106 atom/kg] 

This work   

1. Atlantic Water (AW) 35 10 

2. Jutland Coastal Water (JCW) 33 35 - 160 

3. Baltic Surface Water (BSW) 7 15 - 35 

Qiao et al. (2021)   

1. North Sea water 35 56 

2. Fresh water 0 0 
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Table S4. The description of HBM model setup for the dispersion of reprocessing-derived 236U in 

the North-Baltic Sea over the period of 1971-2018. 

Model NOAMOD 
HBM 

North Sea - Baltic Sea 

HBM 

Transition Area 

Spatial resolution 

(latitude, longitude) 
(6', 10') (3', 5') (30", 50") 

Vertical layers 1 50 52 

Max. top layers 

thickness 
900m 8m 2m 

Time step: 

    Barotropic 

    Baroclinic: 

    Ice 

 

15s 

- 

- 

 

30s 

90s 

900s 

 

15s 

90s 

900s 

Atm. forcing ERA5 UERRA hourly reanalysis 
UERRA hourly 

reanalysis 

Area: longitude 21°W-13°E 4.1°W-30.3°E 9.3°E-14.8°E 

Area: latitude 48°N-66°N 
 Baltic Sea: 48.5°N-65.9°N 

 North Sea: 48.5°N-59°N 
53.6°N-57.6°N 

Open boundaries 
Radiation 

condition 

 Surge contribution from 

NOAMOD 

 Tidal sea level based on 17 

constituents 

 Monthly climatology fields for T 

and S via a sponge layer 

Nested in regional model 

Point sources at 

open boundary 
/ 

 La Hague: 49.675°N, 1.958°W 

 “Sellafield”: 58.975°N, 2.625°W 
/ 

River runoff / 
Daily climatological freshwater 

fluxes from 454 rivers 
/ 

236U discharge data / 
Reconstructed data from shell 

records by Castrillejo et al. (2020) 
/ 
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Abstract 14 

The Baltic Sea is one of the world's most polluted seas suffering serious contamination, eutrophication, 15 

and hypoxia expansion. The oceanic circulation is often the major driving force for the transport of 16 

pollutants/nutrients and thus significantly influences the pollutant dynamics in the Baltic Sea. Since the 17 

Atomic Era, the Baltic Sea has continuously received radioactive discharges from the two European 18 

nuclear reprocessing plants, empowering us to exploit these radionuclides as tracers to investigate the 19 

long-term transport and fate of pollutants in the North and Baltic Seas. In this work, we performed a 48-20 

year (1971-2018) hindcast simulation for the dispersion of 99Tc and 129I discharged from Sellafield and 21 

La Hague in the North and Baltic Seas using a well-calibrated 3D ocean circulation model HBM. The 22 

simulated spatiotemporal distribution of 99Tc and 129I were validated by seven time-series/spatial-23 

distribution observation datasets in different time periods. The hindcast simulation indicates that 0.9% and 24 

0.4% of the radioactive discharges from La Hague and Sellafield entered the Baltic Sea with transit times 25 

of 1.3 and 3.5 years, respectively. Our results reveal that the Baltic Sea has a strong memory effect, which 26 

underlines two potential environmental risks: (1) up to ~20 years of environmental half-life for any 27 

existing pollutants/nutrients in the Baltic Sea; and (2) the Baltic Sea as a pollutant reservoir continuously 28 

imposing contamination to the ambient areas after any pollution event in the North and Baltic Seas.  29 

Key words: Baltic Sea; North Sea; Tc-99; I-129; pollutant dynamics 30 

  31 
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1. Introduction 32 

As a marginal sea located in the northern Europe, the Baltic Sea is only connected to the North Sea by the 33 

narrow and shadow Danish Straits. The semi-enclosed Baltic Sea continuously receives large amounts of 34 

hazardous substances and nutrients from the highly populated catchment and the North Sea [1]. These 35 

pollutants/nutrients can accumulate in the Baltic Sea for decades owing to its slow water renewal rate [2], 36 

which makes the Baltic Sea one of the world's most polluted seas suffering serious contamination, 37 

eutrophication, and hypoxia expansion [1]. Previous findings indicated that oceanic transport is often one 38 

of the major fluxes for the budgets of nutrients, heavy metals, and carbon in the Baltic Sea [3–5], which,  39 

to a great extent, determines the fate of pollutants/nutrients in addition to their chemical properties.  40 

Three-dimensional (3D) ocean models have become essential tools to study the hydrographic features, 41 

e.g. the water ages, of the Baltic Sea. In the previous modeling works, a virtual passive tracer was usually 42 

added into the water mass with predefined salinity and temperature at the lateral boundaries or sea surface 43 

[6–8], and the simulated spatiotemporal distribution of the virtual tracer could provide useful knowledge 44 

on the large-scale circulation and related timescales in the Baltic Sea [9]. However, the simulated water 45 

ages might not necessarily be right and was hardly to be verified directly via the monitoring of salinity 46 

and temperature.  47 

Hence, the chemical and radioactive substances, intentionally or unintentionally released to the Baltic Sea, 48 

were utilized as oceanic tracers, the movement of which may reveal new hydrodynamic information and 49 

can be easily validated by the observations. For instance, Holtermann et al. injected an inert gas, CF3SF5, 50 

to the bottom of the central Baltic Sea to investigate the deep water mixing processes and rates [10,11]. 51 

Based on the observations of colored dissolved organic matter (CDOM) and nutrients, many studies have 52 

quantified the water-mass composition in the transition zone between the North and Baltic Seas [12–15]. 53 
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The Baltic Sea is also highly contaminated by the radionuclides (including 99Tc, 137Cs, 129I, 236U, etc.) 54 

from the global fallouts from the nuclear weapons testing, the regional fallouts of the Chernobyl accident, 55 

and liquid discharges from the two European nuclear reprocessing plants at Sellafield and La Hague [1,16–56 

20]. Compared with the conventional tracers including temperature, salinity, oxygen, and nutrients, the 57 

radionuclides of anthropogenic origins usually have extremely low natural backgrounds, specific sources, 58 

and well-documented release histories, which are ideal to trace water-mass movement and mixing between 59 

the North and Baltic Seas as well as within the Baltic Sea’s sub-basins [16,21,22]. 60 

Except for some local applications [23–25], there are several modeling works on the radionuclide transport 61 

in the Baltic Sea (Table S1) [26–29], typically the dispersion of Chernobyl-derived 137Cs in the ecosystem 62 

after the accident. Surprisingly, few studies addressed the impacts of hydrographic features of the Baltic 63 

Sea on the long-term transport and fate of radionuclides, probably owing to the facts that: (1) the lack of 64 

accurate deposition and distribution of Chernobyl fallouts on the Baltic Sea and the comparable 65 

radioactive half-life of 137Cs (T½ = 30.2 yr.) with the water residence time of the Baltic Sea (~ 20 yr.) led 66 

to the difficulties in the interpretations of the simulation and observation results for 137Cs in the Baltic Sea; 67 

(2) the barotropic and baroclinic inflows from the North Sea play a central role in the water renewal and 68 

radionuclide transport of the Baltic Sea, whereas the North Sea and radionuclides of North Sea’s origins 69 

were considered in the model setups of many modelling works; and (3) limited by the computing resources 70 

and model developments, the time windows of previous modelling works were often too short to obtain 71 

reliable tendency for the radionuclide dynamics in the Baltic Sea. 72 

In this work, a 48-year (1971- 2018) hindcast simulation is performed for the dispersion of 99Tc (T½, = 73 

0.211 Myr.) and 129I (T½ = 15.7 Myr.) from Sellafield and La Hague in the North and Baltic Seas with a 74 

3D ocean model HIROMB-BOOS Model (HBM). The motivation is to investigate the impacts of 75 

hydrodynamic processes on the pollutant dynamics in the North and Baltic Seas according to the modeling 76 
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and observations of the radiotracer transport. With long radioactive half-lives, well-documented discharge 77 

data, high solubility and conservative behaviors in the ocean, the point-source-released 99Tc and 129I are 78 

suitable tracers to depict the movement of tagged water mass in the North and Baltic Seas. A sufficient 79 

long simulation period empowers the characterization of the long-term pollutant dynamics (e.g. the transit 80 

timescale and environment half-life) in the two seas, and the simulation results are validated with available 81 

99Tc and 129I time-series or spatial-distribution observation datasets.  82 

2. Methods 83 

2.1 Model setup  84 

2.1.1. Hydrodynamic models 85 

The dispersion of 99Tc and 129I in the North-Baltic Sea was simulated by a three-dimensional (3D) ocean 86 

circulation model HIROMB-BOOS Model (HBM) developed by the Danish Meteorological Institute 87 

(DMI). The HBM model has fully dynamic two-way nesting [30,31], which makes it an excellent tool to 88 

model the complex configuration of sea basins and complex coastlines and estuaries. The model has a 89 

high level of rigorous testing and standardization, an efficient hybrid OpenMP-MPI memory 90 

parallelization. Portability and model correctness in term of reproducible output are key pillars of HBM 91 

model development [32]. HBM has been shown to forecast sea level and its extremes with high accuracy 92 

[33]. Furthermore, it can describe the transports and dynamics between the North Sea and Baltic Sea, 93 

which was shown e.g. in the simulation of the Major Baltic Inflow events in the past few years [34]. HBM 94 

has been used not only as an operational forecasting system for the regional sea and local scales (in fjords), 95 

but also as a part of coupled atmosphere-ocean-ice system for climate change simulations [35]. Through 96 

coupling with wave model, suspended particle matter model, oil spill model and ecosystem models, HBM 97 
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is has been a well-calibrated operational model for a wide range of applications on oil drift forecast, plastic 98 

litter drift modelling, environment assessment, ecosystem prediction and modelling, etc. [36,37].  99 

The HBM model set-up used in this work consists of four model domains as below (Figure 1), and their 100 

details are given in Table S3. 101 

 North Atlantic Model (NOAMOD) - 2-dimensional mesocale model in 6 nautical mile (nm) that 102 

calculates sea level as a function of wind speed and air pressure and generates boundary data 103 

(external surge) for the regional 3-dimensionan model; 104 

 North Sea - Baltic Sea - 3-dimensional regional model in 3 nm resolution, which is two-way nested 105 

with two high-resolution subdomains; 106 

 Transition Area - high-resolution (0.5 nm) model of the waters south of Skagen and west of 107 

Bornholm to simulate North-Baltic Sea water exchange in the narrow Danish Straits [16]; 108 

 Wadden Sea - high resolution (0.5 nm) model of the German Bight. 109 

2.1.2. Point sources and radionuclide tracers 110 

In the nested model domain North Sea - Baltic Sea, two point sources were set for two European 111 

reprocessing plants at Sellafield and La Hague, and 99Tc and 129I were feeded to the model via the two 112 

point sources according to the historic annual discharge data of 99Tc and 129I from Sellafield and La Hague 113 

(Figure 1) [38,39]. A constant discharge rate was assumed for each radiotracer from each reprocessing 114 

plant within a year. As Sellafield is located out of the model domain North Sea - Baltic Sea, its 115 

corresponding point source was moved to the Pentland Firth located in the upper left corner of the domain 116 

(Figure 1). A loss rate of 50% [40], as well as a lag time of 1 year [41,42], was assumed for the transport 117 
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of radionuclides from Sellafield to the Pentland Firth by the Scotland Coastal Current. The lost Sellafield-118 

derived radionuclides is either transported out of the Irish Sea to the Celtic Sea or escape from the Scotland 119 

Coastal Current and take a shortcut to the Norwegian Atlantic Current (NwAC) before entering the North 120 

Sea [43,44]. Considering that both of 99Tc and 129I are long-lived radionuclides, their radioactive decays 121 

are negligible within the investigated period. The liquid discharges from Sellafield and La Hague are the 122 

dominating sources for 99Tc (~93%) and 129I (~88%) in the environment (Table S2), therefore the other 123 

sources/inputs were ignored in the hindcast simulation for simplification. 124 

2.2 Simulation and validation  125 

2.2.1 Salinity and radiotracer corrections  126 

The hindcast simulation in this work was performed at DMI's High Performance Computing (HPC) 127 

facility in Iceland. HBM was forced by UERRA atmospheric hourly reanalysis data, and outputted water-128 

column physical parameters and radiotracer concentrations at the grib points with daily intervals. After 129 

1.5-year spin-up and 48-year simulation, an increasing negative offset was observed between the 130 

simulated and observed salinity in the Baltic areas stretching from the Danish Straits to the central Baltic 131 

Sea. This offset is probably owing to the fact that the subdomain Transition Area failed to import enough 132 

saline water from the North Sea to the Baltic Sea. Increasing the spatial resolution can significant mitigate 133 

the salinity offset issue but will require unaffordable computing resources. As both salt and radiotracers 134 

in the Baltic Sea are of the origin from the North Sea, the underestimation of salinity will eventually result 135 

in an underestimation of radiotracers. Correction factors were calculated as the ratios of simulated and 136 

observed (reanalysis data) salinities on each grid point with daily intervals to correct the salinity and 137 

radiotracer concentrations in our hindcast simulation, 138 

2.2.2 Observations 139 
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Four time-series observation datasets of 99Tc and 129I (Table S4) measured and compiled by the 140 

Radioecology and Tracer Studies research group at the Department of Environmental Engineering in the 141 

Technical University of Denmark (DTU-ENV) were used to validate the long-term performance of HBM 142 

model in the North and Baltic Seas. These datasets include 99Tc and 129I in seawater and seaweed samples 143 

collected at Utsira in the southwestern Norwegian coast and Klint and Hesselø in the Danish Straits (Figure 144 

1) during 1980-2015 [16,45]. One spatial-distribution dataset for 129I in surface waters of the North Sea in 145 

August 2005 and another two 129I seawater datasets for two transects from the Danish Straits to the western 146 

Gotland Basin in August 2006 and April 2007 were utilized to test the model's performance in the North 147 

Sea and Baltic Sea, respectively [46,47].  148 

2.2.3 Calculation of inventory and flux 149 

Based on the simulated distribution results, the inventory of 99Tc or 129I in the North Sea and Baltic Sea 150 

was calculated by cumulating the 99Tc activities or 129I masses in all grib cells (the products of grib cell 151 

volumes and simulated 99Tc activity concentrations or 129I concentrations) of the North Sea and Baltic Sea 152 

in the model domain. The boundary between the North Sea and Baltic Sea was from Skagen, Denmark to 153 

Gothenburg, Sweden (57.7°N). To investigate the transport of radiotracers in the North-Baltic Sea, the 154 

major fluxes of 99Tc and 129I in the North and Baltic were calculated according to the Equations 1-3: 155 

𝑓𝑅𝑃→𝑁𝑆(𝑛) = 𝐷𝐿𝐻(𝑛) + 0.5 × 𝐷𝑆𝐹(𝑛 − 12)                                        Eq.1 156 

𝑓𝑁𝑆↔𝐵𝑆(𝑛) = 𝐼𝐵𝑆(𝑛) − 𝐼𝐵𝑆(𝑛 − 1)                                                              Eq.2 157 

𝑓𝑁𝑆→𝑁𝑤𝑆(𝑛) = 𝐼𝑁𝑆(𝑛) + 𝑓𝑅𝑃→𝑁𝑆 − 𝑓𝑁𝑆↔𝐵𝑆                                               Eq.3 158 

where 𝑓𝑅𝑃→𝑁𝑆(𝑛), 𝑓𝑁𝑆↔𝐵𝑆(𝑛), and 𝑓𝑁𝑆→𝑁𝑤𝑆(𝑛) represent the discharge flux from the two reprocessing 159 

plants to the North Sea, the exchange flux between the North Sea and the Baltic Sea (positive values refer 160 
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to the net export from the North Sea to the Baltic Sea, and vice versa for the negative values), and the 161 

export flux from the North Sea to the Norwegian Sea in a certain month (n, n=1 refers to January 1971), 162 

respectively; 𝐷𝐿𝐻(𝑛) and 𝐷𝑆𝐹(𝑛 − 12) represent the monthly discharge from La Hague in a certain month 163 

and that from Sellafield twelve months earlier, respectively; 𝐼𝑁𝑆(𝑛), 𝐼𝐵𝑆(𝑛), and 𝐼𝐵𝑆(𝑛 − 1) represent the 164 

inventory in the North Sea, the inventory in the Baltic Sea in a certain month and that one month earlier, 165 

respectively. 166 

3. Results and Discussions 167 

3.1 Transport pathways of 99Tc and 129I 168 

Figure 2 exhibits the simulated distribution patterns of 99Tc and 129I in the surface of the North-Baltic Sea 169 

during 1971-2018. Despite the inter-annual and inter-seasonal variabilities in the surface velocity fields, 170 

the dispersion of 99Tc and 129I in the North Sea over the past five decades was dominated by the anti-171 

clockwise circulation (Figure 1) mainly driven by the wind [48,49]. The radioactive contaminations from 172 

La Hague was transported to the southern North Sea by the European Coastal Current via the English 173 

Channel. The majority of radiotracers from Sellafield "feeding point" were advected along the eastern 174 

British coast to the southern North Sea and mixed with the La Hague discharges there. However, there 175 

were jet-like eastward currents delivering a small fraction of 99Tc and 129I across the central North Sea to 176 

the western coast of Jutland before reaching the southern North Sea. The European Coastal Current 177 

transported the radiotracers from the southern North Sea to the Skagerrak along the western coastline of 178 

the Netherlands, Germany, and Denmark. In the transition zone between the North Sea and Baltic Sea, the 179 

majority of 99Tc and 129I flowed northwards, joined the Norwegian Coastal Current, and headed northward 180 

out of the northern boundary of the model domain along the Norwegian coastline, while a minor fraction 181 

was imported to the central Baltic Sea along the bottom slope from the Danish Straits to the Gotland Basin. 182 
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From the eastern Gotland Basin, the bottom current carrying 99Tc and 129I flowed either to the Landsort 183 

Deep or to the Gulf of Finland, but seldom reached the Bothnian Sea and Bothnian Bay due to the block 184 

of the sill. In the northern and western Gotland Basin and the Gulf of Finland, 99Tc and 129I were ventilated 185 

to surface, directly swiped out of the Baltic Sea by the outflowing Baltic surface water, and entrained by 186 

the northward Norwegian Coastal Current in the in the Skagerrak. 187 

3.2 Comparison between numerical simulation and observations 188 

To evaluate the model performance, we compared the results of the hindcast simulations to seven 189 

published time-series and spatial-distribution observation datasets for 99Tc and 129I in the North and Baltic 190 

Seas (Table S4). To reduce the noises from the daily variability (especially in the highly dynamic transition 191 

zone), the simulation results were averaged monthly. The simulated 129I concentrations in surface 192 

seawaters at Utsira and Klint were normalized to 129I/127I atomic ratios according to the simulated salinity 193 

and the 127I-salinity correlation equation (CI-127=1.374 × S - 1.364 (R2=0.984), in μg/kg) derived from 194 

the observation data on Baltic surface waters in 2018. Comparison on 129I/127I atomic ratios between 195 

seawater (simulation results) and seaweed (observation data) was feasible based on the justification that 196 

129I/127I atomic ratios in seaweed are comparable to those in the ambient seawater, as verified by our earlier 197 

studies [45]. The HBM model data clearly decipher the inter-annual/inter-seasonal variations of 99Tc 198 

activity concentrations and 129I/127I atomic ratios at the Norwegian coast and transition zone (Figure 3), as 199 

well as the spatial distribution of 129I concentrations in the North Sea and the Baltic Sea (Figure S1 and 200 

S2). The correlation coefficients and relative biases between the simulated results and observed values 201 

ranged from 0.544 to 0.934 and from -27% to 35% (Table S4), revealing a good skill for long-term 202 

prediction of the HBM model in the North Sea and Baltic Sea over the entire simulation period (ca. 50 203 

years).  204 
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3.3 Inventories and fluxes of 99Tc and 129I 205 

The simulated temporal evolution of the inventories of 99Tc and 129I in the North Sea and Baltic Sea 206 

generally followed their discharge patterns from the two repressing plants with a flattened shape and a lag 207 

time over the entire simulation period (1971-2018) (Figure 4). Due to the short water residence time (1-2 208 

years) in the North Sea, the inventory of radiotracers in the North Sea was approximately equivalent to 209 

two-year discharges from the reprocessing plants. The prevailing fluxes of 99Tc or 129I from the 210 

reprocessing plants to the North Sea (𝑓𝑅𝑃→𝑁𝑆 ) and from the North Sea to the Norwegian Sea ( 𝑓𝑁𝑆→𝑁𝑤𝑆 ) 211 

were at least one order of magnitude higher than the episodic flux between the North Sea and Baltic Sea 212 

(𝑓𝑁𝑆↔𝐵𝑆), and the net 𝑓𝑁𝑆↔𝐵𝑆 became further less owing to the water-mass oscillation in the transition 213 

zone (Figure 5). This indicates that the majority of radiotracers from the reprocessing plants flowed 214 

northward to the Norwegian coastal current rather than entered the Baltic Sea.  215 

Because of the different sources of 99Tc as for 129I (i.e. ~92% of reprocessing-derived 99Tc was discharged 216 

from Sellafield while ~76% of reprocessing-derived 129I was from La Hague), 99Tc and 129I had clearly 217 

different inputs and transport pathways in the North Sea (Figure 2). This feature makes them ideal proxies 218 

to investigate the transfer coefficient and transit time for any contaminants from the Pentland Firth/English 219 

Channel (the locations of two feeding points for reprocessing plants, Figure 1) to the Baltic Sea. The time 220 

series of 99Tc or 129I inventory in the North Sea and that in the Baltic Sea were compared to obtain a best-221 

fitted lag time between the two marine systems using the Pearson product-moment correlation analysis 222 

(Table S5). The best-fitted results were suggested to be 30 and 16 months (2.5 and 1.3 years) for 99Tc and 223 

129I, respectively, which generally represented the average transit time for 99Tc from the Pentland Firth to 224 

the Baltic Sea and that for 129I from the English Channel to the Baltic Sea. The fractions for the 225 

reprocessing-derived 99Tc and 129I from the feeding points to the Baltic Sea (𝐹𝑇𝑐−99  and 𝐹𝐼−129 ) were 226 

thereby estimated to be 0.76% and 0.85% according to Equation 4 and 5: 227 
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𝑭𝑇𝑐−99 = 𝑓𝑁𝑆↔𝐵𝑆,𝑇𝑐−99(𝑛 + 30)/𝑓𝑅𝑃→𝑁𝑆,𝑇𝑐−99(𝑛)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅                                  Eq.4 228 

𝑭𝐼−129 = 𝑓𝑁𝑆↔𝐵𝑆,𝐼−129(𝑛 + 16)/𝑓𝑅𝑃→𝑁𝑆,𝐼−129(𝑛)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅                                   Eq.5 229 

where 𝐹𝑇𝑐−99 was calculated as the averaged ratio of 𝑓𝑁𝑆↔𝐵𝑆,𝑇𝑐−99(𝑛 + 30) and 𝑓𝑅𝑃→𝑁𝑆,𝑇𝑐−99(𝑛) during 230 

the two periods with increasing 99Tc inventory in the Baltic Sea (July 1973 - February 1983 and September 231 

1997 - December 1999); where 𝐹𝐼−129 was calculated as the averaged ratio of 𝑓𝑁𝑆↔𝐵𝑆,𝐼−129(𝑛 + 16) and 232 

𝑓𝑅𝑃→𝑁𝑆,𝐼−129(𝑛) over the period of May 1972 - March 1998 when 129I inventory was increasing in the 233 

Baltic Sea. 234 

The aforementioned results reveal that about 0.85% of the discharges from La Hague entered the Baltic 235 

Sea in 1.3 years, and about 0.38% of Sellafield-derived radionuclides dispersed to the Baltic Sea in 3.5 236 

years when taking into account of the assumed loss rate (50%) and lag time (1 year) between Sellafield 237 

and the Pentland Firth. Even though our estimations were subject to the uncertainties from the mixing of 238 

discharges from two reprocessing plants and the variations in meteorological conditions, they were 239 

basically in line with earlier findings that about 1% of the discharges from Sellafield and La Hague can 240 

reach the Baltic Sea in about 4 and 2 years, respectively [20]. 241 

3.4 Memory effect of the Baltic Sea 242 

The aforementioned results suggested a limited exchange of water and accompanying substances between 243 

the North and Baltic Seas, which contributed to a slow response of the Baltic Sea not only in the case of 244 

accumulation of radiotracers but also in the case of clearance of existing contaminations. For instance, 245 

even though the last pulse release of 99Tc from Sellafield occurred more than two decades age, 246 

considerably high concentrations of 99Tc were still observed in the Baltic Sea in 2018, which was mainly 247 

attributed to the long residence time of Baltic seawater. This phenomenon highlights the potential 248 
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application of radiotracers on enlightening the time scales of pollutant dynamics in the Baltic Sea, which 249 

has not been discussed in other works.  250 

To explore this, we divided each radiotracer into two fractions in our hindcast simulation according to the 251 

release time from the feeding points: the pre-1990 discharges and post-1990 discharges (released before 252 

and after 1990, respectively). Since 1991, the feeding of pre-1990 discharges was shut down and a fast 253 

exponential decrease of pre-1990 99Tc and 129I in the North Sea occurred with an effective half-life of 0.69 254 

- 0.78 year (Figure 4). After 1995, there were only minor amounts of pre-1990 99Tc and 129I remaining in 255 

the North Sea areas influenced by the Baltic outflows, which ought to be the exported pre-1990 99Tc and 256 

129I from the Baltic Sea. In contrast, the pre-1990 99Tc and 129I signal in the Baltic Sea declined slowly 257 

with an effective half-life of 19 - 20 years (Figure 4).  258 

Apparently, the Baltic Sea has a strong "memory effect" preserving the entered pollutants, and this 259 

"memory effect" varies largely depending on the input history of pollutants. For instance, 99Tc has two 260 

pulse releases in the late-1970s and late-1990s, and 99Tc discharges during the pre-1990 and post-1990 261 

periods were almost equal. The numerical modeling indicated that the pre-1990 99Tc accounted for up to 262 

one third of total 99Tc in the Baltic Sea by the year of 2018 (Figure 4 and 8). In the case of 129I, due to the 263 

significant increased discharges in the 1990s, the pre-1990 129I proportion (2%) was marginal compared 264 

to the post-1990 129I (98%) in the Baltic Sea (Figure 4 and 9). 265 

Another consequence of the "memory effect" in the Baltic Sea is a long-term output of reserved pollutants 266 

from the Baltic Sea to the North Sea. In the case of 99Tc, after cutting the feed of pre-1990 99Tc, the gradual 267 

decease of pre-1990 99Tc inventory in the Baltic Sea after 1995, on the other hand, led to a constant output 268 

of pre-1990 99Tc (at a rate of ~4% of its inventory per year) from the Baltic Sea to the North Sea. Even 269 

though this outflow flux of pre-1990 99Tc was negligible compared to the dominating flux from the North 270 
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Sea to the Norwegian Sea (the contribution of pre-1990 99Tc to total 99Tc was ~2% in the Norwegian 271 

Coastal Current), the Baltic Sea can turn into a continues contamination source of 99Tc to the transition 272 

zone and Norwegian coastal areas for decades after the termination of reprocessing discharges (Figure 6).  273 

The “memory effect” of the Baltic Sea is supported by our recent observations of global-fallout-derived 274 

236U in the Baltic seawater and sediments (submitted). After the intensive atmospheric deposition in the 275 

1960s, there is a general decline of global-fallout-derived 236U in the surface water of the global oceans. 276 

Sedimentary records and numerical modeling suggested a slower decrease of global-fallout-derived 236U 277 

in the central Baltic Sea than the North Sea in the recent decades, leading to a net export of about 6 g/yr. 278 

of global-fallout-derived 236U from the Baltic Sea to the North Sea in 2018. 279 

4. Conclusions 280 

Based on a 48-year hindcast simulation with HBM model, we obtained an in-depth understanding of the 281 

pollutant dynamics in the North and Baltic Seas. A model setup for the long-term dispersion of 282 

reprocessing-derived 99Tc and 129I in the North and Baltic Seas is established for the first time, and the 283 

performance is validated with available observation datasets in different periods. The long-term hindcast 284 

simulation indicates that the anticlockwise coastal currents in the North Sea bring the pollutants from the 285 

north-west European shelf to the transition zone, with about 0.4-0.8% of the pollutants eventually entering 286 

into the Baltic Sea. 287 

The Baltic Sea has a very strong memory effect for any entered pollutants/nutrients, and two 288 

environmental consequences arise from the limited water renewal of the Baltic Sea: (1) The ecological 289 

half-life of the retained pollutants/nutrients is suggested to be ~20 years, indicating that it can take up to 290 

80 years (4 half-lives) for the Baltic Sea to reduce the contamination to <10% of its original level via 291 

oceanic circulation; (2) In addition, any pollution event in the North-Baltic Sea (such as the Chernobyl 292 
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nuclear accident) will not only induce a persistent damage to the local marine ecosystems, but also turn 293 

the Baltic Sea a constant contamination source to the transition zone and Norwegian coast for decades.  294 

The results obtained in this work provided fundamental knowledge to the decision-makers for the 295 

environmental management in the Baltic region, and highlighted the power of 3D oceanic model to 296 

investigate the spatiotemporal distribution and long-term transport of anthropogenic radionuclides and 297 

other contaminations. The applications of numerical modeling in combination of multiple radiotracers in 298 

the identification of water-mass sources and quantification of timescales in the North-Baltic Sea can be 299 

expected. 300 

 301 

Acknowledgments 302 

We wish to thank all colleagues at Ocean and Ice research group in DMI and Radioecology and Tracer 303 

Studies research group in DTU-ENV for the support on this research. The computing resources for the 304 

hindcast simulation were provided by DMI. 305 

 306 

Competing interests 307 

The authors declare no competing interests. 308 

  309 

References 310 

[1] HELCOM, State of the Baltic Sea – Second HELCOM holistic assessment 2011-2016., 2018. 311 

[2] H. Franck, W. Matthaus, R. Sammler, Major inflows of saline water into the Baltic Sea during the 312 

present century, Gerlands Beitraege Zur Geophys. 96 (1987) 517–531. 313 



Page 16 of 25 

 

[3] O.P. Savchuk, Large-Scale Nutrient Dynamics in the Baltic Sea, 1970–2016, Front. Mar. Sci. 5 314 

(2018) 95. https://doi.org/10.3389/fmars.2018.00095. 315 

[4] K. Kuliński, J. Pempkowiak, The carbon budget of the Baltic Sea, Biogeosciences. 8 (2011) 3219–316 

3230. https://doi.org/10.5194/bg-8-3219-2011. 317 

[5] B. Larsen, M. Pheiffer, Heavy metal budgets for selected Danish sea areas, Rapp. Proces-Verbaux 318 

Reun. Cons. Perm. Int. Pour L’exploration Mer. 186 (1986) 244–250. 319 

[6] M. Placke, H.E.M. Meier, U. Gräwe, T. Neumann, C. Frauen, Y. Liu, Long-Term Mean Circulation 320 

of the Baltic Sea as Represented by Various Ocean Circulation Models, Front. Mar. Sci. 5 (2018) 321 

287. https://doi.org/10.3389/fmars.2018.00287. 322 

[7] H.E. Markus Meier, Modeling the pathways and ages of inflowing salt- and freshwater in the Baltic 323 

Sea, Estuar. Coast. Shelf Sci. 74 (2007) 610–627. https://doi.org/10.1016/j.ecss.2007.05.019. 324 

[8] H.E.M. Meier, Modeling the age of Baltic Seawater masses: Quantification and steady state 325 

sensitivity experiments, J. Geophys. Res. 110 (2005) C02006. 326 

https://doi.org/10.1029/2004JC002607. 327 

[9] T. Soomere, E. Quak, eds., Preventive Methods for Coastal Protection, Springer International 328 

Publishing, Heidelberg, 2013. https://doi.org/10.1007/978-3-319-00440-2. 329 

[10] P.L. Holtermann, L. Umlauf, T. Tanhua, O. Schmale, G. Rehder, J.J. Waniek, The Baltic Sea 330 

Tracer Release Experiment: 1. Mixing rates, J. Geophys. Res. Oceans. 117 (2012). 331 

https://doi.org/10.1029/2011JC007439. 332 

[11] P.L. Holtermann, L. Umlauf, The Baltic Sea Tracer Release Experiment: 2. Mixing processes, J. 333 

Geophys. Res. Oceans. 117 (2012). https://doi.org/10.1029/2011JC007445. 334 

[12] T. Kristiansen, E. Aas, Water type quantification in the Skagerrak, the Kattegat and off the Jutland 335 

west coast, Oceanologia. 57 (2015) 177–195. https://doi.org/10.1016/j.oceano.2014.11.002. 336 

[13] T. Aarup, N. Holt, N.K. Højerslev, Optical measurements in the North Sea-Baltic Sea transition 337 

zone. II. Water mass classification along the Jutland west coast from salinity and spectral irradiance 338 

measurements, Cont. Shelf Res. 16 (1996) 1343–1353. https://doi.org/10.1016/0278-339 

4343(95)00076-3. 340 

[14] N.K. Højerslev, N. Holt, T. Aarup, Optical measurements in the North Sea-Baltic Sea transition 341 

zone. I. On the origin of the deep water in the Kattegat, Cont. Shelf Res. 16 (1996) 1329–1342. 342 

https://doi.org/10.1016/0278-4343(95)00075-5. 343 

[15] J. Aure, The origin of Skagerrak coastal water off Arendal in relation to variations in nutrient 344 

concentrations, ICES J. Mar. Sci. 55 (1998) 610–619. https://doi.org/10.1006/jmsc.1998.0395. 345 

[16] J. Qiao, K. Andersson, S. Nielsen, A 40-year marine record of 137Cs and 99Tc transported into 346 

the Danish Straits: Significance for oceanic tracer studies, Chemosphere. 244 (2020) 125595. 347 

https://doi.org/10.1016/j.chemosphere.2019.125595. 348 

[17] J. Qiao, P. Steier, S. Nielsen, X. Hou, P. Roos, R. Golser, Anthropogenic 236 U in Danish 349 

Seawater: Global Fallout versus Reprocessing Discharge, Environ. Sci. Technol. 51 (2017) 6867–350 

6876. https://doi.org/10.1021/acs.est.7b00504. 351 

[18] J. Qiao, H. Zhang, P. Steier, K. Hain, X. Hou, V.-P. Vartti, G.M. Henderson, M. Eriksson, A. 352 

Aldahan, G. Possnert, R. Golser, An unknown source of reactor radionuclides in the Baltic Sea 353 

revealed by multi-isotope fingerprints, Nat. Commun. 12 (2021) 823. 354 

https://doi.org/10.1038/s41467-021-21059-w. 355 

[19] X.L. Hou, H. Dahlgaard, S.P. Nielsen, J. Kucera, Level and origin of Iodine-129 in the Baltic Sea, 356 

J. Environ. Radioact. 61 (2002) 331–343. https://doi.org/10.1016/S0265-931X(01)00143-6. 357 

[20] S.P. Nielsen, M. Lüning, E. Ilus, I. Outola, T. Ikäheimonen, J. Mattila, J. Herrmann, G. Kanisch, I. 358 

Osvath, Baltic Sea: Radionuclides, in: R.B. King, R.H. Crabtree, C.M. Lukehart, D.A. Atwood, R.A. 359 



Page 17 of 25 

 

Scott (Eds.), Encycl. Inorg. Chem., John Wiley & Sons, Ltd, Chichester, UK, 2010: p. ia760. 360 

https://doi.org/10.1002/0470862106.ia760. 361 

[21] P. Yi, X.G. Chen, D.X. Bao, R.Z. Qian, A. Aldahan, F.Y. Tian, G. Possnert, A.C. Bryhn, T.F. Gu, 362 

X.L. Hou, P. He, Z.B. Yu, B. Wang, Model simulation of inflow water to the Baltic Sea based on 363 

129I, Appl. Radiat. Isot. 82 (2013) 223–231. https://doi.org/10.1016/j.apradiso.2013.07.034. 364 

[22] P. Yi, G. Possnert, A. Aldahan, X.L. Hou, A.C. Bryhn, P. He, 129I in the Baltic Proper and 365 

Bothnian Sea: application for estimation of water exchange and environmental impact, J. Environ. 366 

Radioact. 120 (2013) 64–72. https://doi.org/10.1016/j.jenvrad.2013.01.009. 367 

[23] J. Ribbe, S.H. Müller-Navarra, H. Nies, A one-dimensional dispersion model for radionuclides in 368 

the marine environment applied to the chernobyl fallout over the Northern Baltic Sea, J. Environ. 369 

Radioact. 14 (1991) 55–72. https://doi.org/10.1016/0265-931X(91)90015-8. 370 

[24] L. Kumblad, M. Gilek, B. Næslund, U. Kautsky, An ecosystem model of the environmental 371 

transport and fate of carbon-14 in a bay of the Baltic Sea, Sweden, Ecol. Model. 166 (2003) 193–372 

210. https://doi.org/10.1016/S0304-3800(03)00135-2. 373 

[25] A.C. Erichsen, L. Konovalenko, F. Møhlenberg, R.M. Closter, C. Bradshaw, K. Aquilonius, U. 374 

Kautsky, Radionuclide Transport and Uptake in Coastal Aquatic Ecosystems: A Comparison of a 375 

3D Dynamic Model and a Compartment Model, AMBIO. 42 (2013) 464–475. 376 

https://doi.org/10.1007/s13280-013-0398-2. 377 

[26] HELCOM, Radioactivity in the Baltic Sea, 1999-2006 HELCOM thematic assessment, 2009. 378 

[27] M. Toscano-Jimenez, R. García-Tenorio, A three-dimensional model for the dispersion of 379 

radioactive substances in marine ecosystems. Application to the Baltic Sea after the Chernobyl 380 

disaster, Ocean Eng. 31 (2004) 999–1018. https://doi.org/10.1016/j.oceaneng.2003.11.003. 381 

[28] R. Periáñez, R. Bezhenar, M. Iosjpe, V. Maderich, H. Nies, I. Osvath, I. Outola, G. de With, A 382 

comparison of marine radionuclide dispersion models for the Baltic Sea in the frame of IAEA 383 

MODARIA program, J. Environ. Radioact. 139 (2015) 66–77. 384 

https://doi.org/10.1016/j.jenvrad.2014.09.013. 385 

[29] L. Monte, Application of the migration models implemented in the decision system MOIRA-386 

PLUS to assess the long term behaviour of 137Cs in water and fish of the Baltic Sea, J. Environ. 387 

Radioact. 134 (2014) 136–144. https://doi.org/10.1016/j.jenvrad.2014.03.009. 388 

[30] P. Berg, J.W. Poulsen, Implementation details for HBM, Danish Meteorological Institute, 2012. 389 

[31] J. She, P. Berg, J. Berg, Bathymetry impacts on water exchange modelling through the Danish 390 

Straits, J. Mar. Syst. 65 (2007) 450–459. https://doi.org/10.1016/j.jmarsys.2006.01.017. 391 

[32] J. Poulsen, P. Berg, K. Raman, Better Concurrency and SIMD On The HIROMB-BOOS-MODEL 392 

(HBM) 3D Ocean Code, High Perform. Parallelism Pearls Multicore Many-Core Program. 393 

Approaches Ed. Jeffers J Reinders J Morgan Kaufmann Publ. USA. (2014). 394 

[33] I. Golbeck, J. Izotova, S. Jandt, F. Janssen, P. Lagemaa, T. Brüning, V. Huess, A. Hartman, 395 

Quality Information Document (QUID) Baltic Sea Physical Analysis and Forecasting Product 396 

BALTICSEA_ANALYSIS_FORECAST_PHY_003_006: Issue 4.0, (2017). 397 

[34] J. She, J. Murawski, Towards seamless modelling for the Baltic Sea. Operational Oceanography 398 

serving Sustainable Marine Development, in: 2018: pp. 233–241. 399 

[35] T. Tian, F. Boberg, O. Bøssing Christensen, J. Hesselbjerg Christensen, J. She, T. Vihma, 400 

Resolved complex coastlines and land–sea contrasts in a high-resolution regional climate model: a 401 

comparative study using prescribed and modelled SSTs, Tellus Dyn. Meteorol. Oceanogr. 65 (2013) 402 

19951. 403 



Page 18 of 25 

 

[36] J. Murawski, J. She, C. Mohn, V. Frishfelds, J.W. Nielsen, Ocean Circulation Model Applications 404 

for the Estuary-Coastal-Open Sea Continuum, Front. Mar. Sci. 8 (2021) 657720. 405 

https://doi.org/10.3389/fmars.2021.657720. 406 

[37] Z. Wan, H. Bi, J. She, Comparison of two light attenuation parameterization focusing on timing of 407 

spring bloom and primary production in the Baltic Sea, Ecol. Model. 259 (2013) 40–49. 408 

[38] HELCOM, HELCOM MORS Discharge database, (2020). https://helcom.fi/%20baltic-sea-409 

trends/data-maps/databases/ (accessed May 1, 2020). 410 

[39] OSPAR, OSPAR Liquid Discharges from Nuclear Installations, (2021). 411 

https://odims.ospar.org/en/search/?dataset=discharges_nuclear (accessed August 20, 2021). 412 

[40] M. Christl, N. Casacuberta, C. Vockenhuber, C. Elsasser, P. Bailly du Bois, J. Herrmann, H.-A. 413 

Synal, Reconstruction of the 236U input function for the Northeast Atlantic Ocean: Implications for 414 

129I/236U and 236U/238U&#8208;based tracer ages, J. Geophys. Res. 120 (2015) 7282–7299. 415 

[41] D. McCubbin, K.S. Leonard, J. Brown, P.J. Kershaw, R.A. Bonfield, T. Peak, Further studies of 416 

the distribution of technetium-99 and caesium-137 in UK and European coastal waters, Cont. Shelf 417 

Res. 22 (2002) 1417–1445. https://doi.org/10.1016/S0278-4343(02)00021-3. 418 

[42] P.P. Povinec, P. Bailly du Bois, P.J. Kershaw, H. Nies, P. Scotto, Temporal and spatial trends in 419 

the distribution of 137Cs in surface waters of Northern European Seas—a record of 40 years of 420 

investigations, Deep Sea Res. Part II Top. Stud. Oceanogr. 50 (2003) 2785–2801. 421 

https://doi.org/10.1016/S0967-0645(03)00148-6. 422 

[43] P.J. Kershaw, D. McCubbin, K.S. Leonard, Continuing contamination of north Atlantic and Arctic 423 

waters by Sellafield radionuclides, Sci. Total Environ. 237–238 (1999) 119–132. 424 

https://doi.org/10.1016/S0048-9697(99)00129-1. 425 

[44] S. Orre, Y. Gao, H. Drange, J.E.Ø. Nilsen, A reassessment of the dispersion properties of 99Tc in 426 

the North Sea and the Norwegian Sea, J. Mar. Syst. 68 (2007) 24–38. 427 

https://doi.org/10.1016/j.jmarsys.2006.10.009. 428 

[45] X.L. Hou, H. Dahlgaard, S.P. Nielsen, Iodine-129 Time Series in Danish, Norwegian and 429 

Northwest Greenland Coast and the Baltic Sea by Seaweed, Estuar. Coast. Shelf Sci. 51 (2000) 571–430 

584. https://doi.org/10.1006/ecss.2000.0698. 431 

[46] P. Yi, A. Aldahan, V. Hansen, G. Possnert, X.L. Hou, Iodine Isotopes ( 129 I and 127 I) in the Baltic 432 

Proper, Kattegat, and Skagerrak Basins, Environ. Sci. Technol. 45 (2011) 903–909. 433 

https://doi.org/10.1021/es102837p. 434 

[47] X. Hou, A. Aldahan, S.P. Nielsen, G. Possnert, H. Nies, J. Hedfors, Speciation of 129 I and 127 I in 435 

Seawater and Implications for Sources and Transport Pathways in the North Sea, Environ. Sci. 436 

Technol. 41 (2007) 5993–5999. https://doi.org/10.1021/es070575x. 437 

[48] J. Sündermann, T. Pohlmann, A brief analysis of North Sea physics, Oceanologia. 53 (2011) 663–438 

689. https://doi.org/10.5697/oc.53-3.663. 439 

[49] N.G. Winther, J.A. Johannessen, North Sea circulation: Atlantic inflow and its destination, J. 440 

Geophys. Res. 111 (2006) C12018. https://doi.org/10.1029/2005JC003310. 441 

 442 

 443 

  444 



Page 19 of 25 
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 446 

 447 

Figure 1. Schematic figure of the circulation pattern in the North-Baltic Sea (A), sampling stations for 448 

verification samples involved in this work (B), and annual discharges of 99Tc (C) and 129I (D) from two 449 

reprocessing plants at Sellafield and La Hague. In plot A: the red and blue solid lines mark the boundaries 450 

of the model domains; the solid circles represent the locations of Sellafield and La Hague; and the open 451 

circle marks the location of the feeding point for the Sellafield discharges (Pentland Firth); the black solid 452 

and dashed arrow lines represent the most relevant surface and bottom ocean currents, respectively; the 453 

double arrow line marks the ocean transport from the Sellafield to the Pentland Firth. In plot B: the red 454 

crosses represent the sampling stations for time series seaweed and seawater samples; black dots represent 455 

the sampling stations for water column samples; and the blue line represents two transects sharing the 456 

same route from Skagerrak to the western Gotland Basin. In plot C-D: the annual discharges of 99Tc and 457 

129I are from HELCOM/OSPAR discharge database [38,39]. 458 
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 460 

 461 

 462 

 463 

 464 

Figure 2. Simulated 99Tc (Bq/m3) and 129I (at/m3) concentrations in the surface of the North-Baltic Sea by 465 

the end of 1980, 1990, 2000, 2010, and 2018. 466 
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 468 

Figure 3. Comparison between simulation results and four time-series observations, including: A) 129I/127I 469 

atomic ratios at Utsira (Norwegian coast, 59.18 °N, 4.53 °E) during 1980-1995; B) 129I/127I atomic ratios 470 

at Klint (Danish Straits, 55.97 °N, 11.58 °E) during 1986-1999; C) and D) 99Tc activity concentrations at 471 

the surface and bottom of Hesselø (Danish Straits, 56.17 °N,11.78 °E) during 1998-2015. All simulation 472 

results are monthly average values. The simulation results for 129I/127I atomic ratios are obtained by a 473 

normalization of simulated 129I concentrations with simulated salinity according to the 127I-salinity 474 

correlation equation derived from the observation on the surface water of the Baltic Sea in 2018 475 

(CI-127=1.374 × S - 1.364  (R2=0.984), in μg/kg). As Utsira is located outside the domain, the simulation 476 

results in plot A refer to the grib point (58.975 °N, 4.542 °W) close to Utsira. 477 
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 479 

Figure 4. The comparisons of monthly inputs to the North Sea, inventories in the North Sea and Baltic 480 

Sea for Tc-99 (A) and I-129 (B) over the period of 1971-2018. 481 

  482 



Page 23 of 25 

 

483 

 484 

Figure 5. Comparisons of major fluxes in the North and Baltic Sea. 485 

  486 

0.001

0.01

0.1

1

10

100
N

S
 T

c-
9

9
 i
n

p
u

ts

[T
B

q
/m

th
]

 Balt ic Sea to North Sea

 Reprocessing plants to North Sea

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

0.001

0.01

0.1

1

10

100

 North Sea to Balt ic Sea

 North Sea to Norwegian Sea

N
S
 T

c-
9

9
 o

u
tp

u
ts

[T
B

q
/m

th
]

0.01

0.1

1

10

100

N
S
 I
-1

2
9

 i
n

p
u

ts

[k
g

/m
th

]

 Balt ic Sea to North Sea

 Reprocessing plants to North Sea

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

0.01

0.1

1

10

100

 North Sea to Balt ic Sea

 North Sea to Norwegian Sea

N
S
 I
-1

2
9

 o
u

tp
u

ts

[k
g

/m
th

]



Page 24 of 25 

 

  487 

 488 

  489 

Figure 6. Simulated pre-1990 99Tc activity concentrations and the percentage contributions of pre-1990 490 

99Tc to total 99Tc in the surface of the North-Baltic Sea by the end of 2000, 2010, and 2018. 491 
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  495 

Figure 7. Simulated pre-1990 129I activity concentrations and the percentage contributions of pre-1990 496 

129I to total 129I in the surface of the North-Baltic Sea by the end of 2000, 2010, and 2017. 497 
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Supplementary figures and tables 

 

 

Figure S1. Ratios (in log10 values) of simulated and observed 129I concentrations in the surface of 

the North Sea in 2005.  

  



 

Figure S2. Ratios (in log10 values) of simulated and observed 129I concentrations in a transect of 

the Baltic Sea in August 2006 (A) and April 2007 (B). 

 

  



Table S1. Summary of ocean models used for the dispersion of radionuclides in the Baltic Sea. 

Model  Type Radiotracer Source* Domain  
Spatial 

resolution  

Vertical 

layers 

Simulation 

period 

Time 

resolution 
Hydrodynamic forcing 

Other 

module** 
Ref. 

/ Box model 
Cs-137 
Sr-90 

NWT 

NRP 

CA 

North Sea 
Baltic Sea 

17 boxes 
Not 
mentioned 

1950 - 2006 
Not 
mentioned 

Advective transport: wind and tidal forces 
River runoff 

SPM 

Sediment 

Biota 

[5] 

/ 
3D model 

(Lagrangian) 
Cs-137 CA Baltic Sea 20 km 6 1986 - 1987 6 hours Reanalysis meteorological data 

SPM 

Sediment 
[6] 

MOIRA-PLUS Box model Cs-137 CA Baltic Sea 12 boxes 2 or 3 1986 - 2007 1 month Annual mean water exchange fluxes 

SPM 

Sediment 
Biota 

[7] 

USEV 2D model Cs-137 CA Baltic Sea 
Lat: 2’ 

Lon: 2’ 
1 1986 - 1991 0.5 hour Annual mean wind 

SPM 
Sediment 

Biota 

[8] 

THREETOX 3D model Cs-137 CA Baltic Sea 
Lat: 2’ 
Lon: 2’ 

20 1986 - 1991 16 seconds 

Open boundary: MyOcean reanalysis data 

Atmospheric forcing: ERA-Interim data 

Seasonally varying river runoff 

SPM 
Sediment 

[8] 

NRPA Box model Cs-137 
NWT 
NRP 

CA 

Baltic Sea 10 boxes 3 1986 - 1991 22 hours NAOSIM Arctic model 
SPM 

Sediment 
[8] 

POSEIDON Box model Cs-137 
NWT 

NRP 
CA 

Baltic Sea 98 boxes 2 1986 - 1991 1 year 
Averaged currents from SMHI 

River runoff 

SPM 

Sediment 
Biota 

[8] 

HBM 
3D model 
(Eulerian) 

Tc-99 

I-129 

U-236 

NRP 
North Sea 
Baltic Sea 

Lat: 30” - 3' 
Lon: 50” - 5' 

24 - 52 1971 - 2018 
15 - 30 
seconds 

Atmospheric forcing: UERRA reanalysis data 
Daily varying river runoff 

/ 
This 
work 

 

*   NWT: atmospheric deposition of nuclear weapon testing; NRP: liquid discharges from the European nuclear reprocessing plants at Sellafield and La Hague; CA: atmospheric fallout from the Chernobyl 

accident. 

** SPM: suspended particle material. 

 

 



Table S2. Major source terms of 99Tc and 129I in the environment. 

Sources 99Tc (TBq) Ref 129I (kg) Ref 

Natural production 

(Earth surface) 
  263 [9,10] 

Nuclear weapons 

testing 
140  [11] 90 [12] 

Sellafield (UK) 1715 [13,14] 
1913 (marine) 

180 (atmosphere) 
[13–15] 

La Hague (France) 157 [13,14] 
5907 (marine) 

75 (atmosphere) 
[13–15] 

Marcoule (France)   
45 (river) 

145 (atmosphere) 
[16] 

Hanford (USA)   274 [15] 

Chernobyl accident 0.75 [17] 1.3 - 6 [18,19] 

Fukushima accident   1.2 [20] 

 

  



Table S3. The description of HBM model setup for the dispersion of reprocessing-derived 

99Tc and 129I in the North-Baltic Sea over the period of 1971-2018. 

Model NOAMOD 
HBM 

North Sea - Baltic Sea 

HBM 

Transition Area 

HBM 

Wadden Sea 

Spatial resolution 

(latitude, longitude) 
(6', 10') (3', 5') (30", 50") (1', 1'24") 

Vertical layers 1 50 52 24 

Max. top layers 

thickness 
900m 8m 2m 8m 

Time step: 

    Barotropic 

    Baroclinic 

    Ice 

 

15s 

- 

- 

 

30s 

90s 

900s 

 

15s 

90s 

900s 

 

30s 

90s 

900s 

Atmospheric 

forcing 
ERA5 UERRA hourly reanalysis 

UERRA hourly 

reanalysis 

UERRA hourly 

reanalysis 

Area (longitude) 21°W-13°E 4.1°W-30.3°E 9.3°E-14.8°E 6.2°E-10.5°E 

Area: latitude 48°N-66°N 
 Baltic Sea: 48.5°N-65.9°N 

 North Sea: 48.5°N-59°N 
53.6°N-57.6°N 53.2°N-55.7°N 

Open boundaries 
Radiation 

condition 

 Surge contribution from 

NOAMOD 

 Tidal sea level based on 

17 constituents 

 Monthly climatology 

fields for T and S via a 

sponge layer 

Nested in regional 

model 

Nested in regional 

model 

Point sources at 

open boundary 
/ 

 La Hague: 49.675°N, 

1.958°W 

 “Sellafield”: 58.975°N, 

2.625°W 

/ / 

River runoff / 

Daily climatological 

freshwater fluxes from 454 

rivers 

/ / 

99Tc and 129I 

discharge data 
/ 

HELCOM/OPSAR 

discharge datasets 
/ / 

 



Table S4. Overview of the observation datasets of 99Tc and 129I in the North and Baltic Sea for the validation of simulation 

results. The Bias is calculated by the difference between the mean of the predicted values by the HBM model and that of observed 

values, and the relative bias is the ratio of the bias and the mean of observed values. The correlation coefficient is calculated by the 

Pearson product-moment correlation analysis. 

No. Tracer 
Data 

type 

Time 

period 

Sample 

type 

Sample 

number 
Location 

Observation 

range 

Simulation 

range 
Relative Bias 

Correlation 

coefficient 
Ref. 

1 
129I/127I 
ratio 

Time series 1980 - 1995 Seaweed 16 
Utsira, Norway 

(59.18°N, 4.53°E) 
1.88 - 18.5 

(×10-8) 
0.111 - 12.9 

(×10-8) 
-27% 0.544 [1] 

2 
129I/127I 

ratio 
Time series 1986 - 1999 Seaweed 39 

Klint, Denmark 

(55.97°N, 11.58°E) 

3.48 - 37.5 

(×10-8) 

5.31 - 57.9 

(×10-8) 
19% 0.934 [1] 

3 
99Tc 

conc. 
Time series 1998 - 2015 

Surface 

seawater 
28 

Hesselø, Denmark 

(56.17°N, 11.78°E) 

0.0720 - 1.68 

(Bq/m3) 

0.0939 - 1.68 

(Bq/m3) 
-22% 0.736 [2] 

4 
99Tc 

conc. 
Time series 1998 - 2013 

Bottom 

seawater 
27 

Hesselø, Denmark 

(56.17°N, 11.78°E) 

0.169 - 4.90 

(Bq/m3) 

0.0563 - 3.01 

(Bq/m3) 
-11% 0.633 [2] 

5 
129I 

conc. 

Spatial 

distribution 
Aug 2005 

Surface 

seawater 
20 

North Sea 

(20 stations) 

12.7 - 382 

(×109 atoms/kg) 

20.0 - 562 

(×109 atoms/kg) 
11% 0.631 [3] 

6 
129I 

conc. 

Spatial 

distribution 
Aug 2006 

Water 

column 
50 

Baltic Sea 

(15 stations) 

1.69 - 188 

(×109 atoms/kg) 

4.08 - 120 

(×109 atoms/kg) 
35% 0.787 [4] 

7 
129I 

conc. 
Spatial 

distribution 
Apr 2007 

Water 
column 

76 
Baltic Sea 

(18 stations) 
1.38 - 173 

(×109 atoms/kg) 
4.55 - 155 

(×109 atoms/kg) 
32% 0.879 [4] 

 

 



Table S5. Pearson product-moment correlation coefficients for the 99Tc or 129I inventory in 

the North Sea and that for the Baltic Sea with different lag time. Positive values indicate a 

strong association between 99Tc or 129I inventory in the North Sea and Baltic Sea, and the highest 

value suggests the best-fitted lag time, or the transit time, between North Sea and Baltic Sea. 

Tc-99 I-129 

Lag time (month) Correlation coefficient Lag time (month) Correlation coefficient 

19 0.482 7 0.840 

20 0.496 8 0.843 

21 0.511 9 0.847 

22 0.526 10 0.851 

23 0.540 11 0.855 

24 0.553 12 0.860 

25 0.564 13 0.863 

26 0.574 14 0.866 

27 0.581 15 0.868 

28 0.585 16 0.870 

29 0.587 17 0.870 

30 0.588 18 0.869 

31 0.588 19 0.868 

32 0.588 20 0.867 

33 0.587 21 0.867 

34 0.586 22 0.867 

35 0.586 23 0.869 

36 0.585 24 0.871 

37 0.582 25 0.873 

38 0.578 26 0.874 

39 0.573 27 0.875 

40 0.567 28 0.874 

41 0.560 29 0.873 

42 0.552 30 0.871 
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Abstract 14 

Quantification of water-mass sources of the transition zone between the North and Baltic Seas is of 15 

particulate importance, as its outflowing waters to the Norwegian coastal area and Baltic region deeply 16 

influence the regional ocean circulation, local climatology, and ecosystem health. In this work, we 17 

successfully quantified the water-mass compositions in the transition zone using an end-member mixing 18 

algorithm and predicted spatiotemporal distribution of salinity and two soluble radionuclides 129I and 236U 19 

from the two European reprocessing plants by a 3D oceanic model. The Atlantic water, North Sea water, 20 

English Channel water, and freshwater contributed 5-8%, 34-39%, 17-25%, and 28-44% to the surface of 21 

the transition zone; 22-26%, 43-44%, 27-31%, and 3-4% to the subsurface; and  65 %, 28 %, 6 %, and 22 

<1% to the bottom. Significant seasonality was observed for the summer ventilated Atlantic water in the 23 

surface and subsurface layers and the winter inflowing English Channel water to the transition zone. Two 24 

extreme event series were observed for the water-mass compositions in Skagerrak during 2000-2001 and 25 

2007-2009, and the driving forces behind were suspected to be the strong La Niña event in 2010-2012 and 26 

the shift from the strong La Niña event in 2007-2008 to the strong El Niño event in 2009-2010. 27 

Key words: North Sea; Baltic Sea; transition zone; water mass; I-129; U-236 28 

  29 



Introduction 30 

The transition zone between the North and Baltic Seas, including Skagerrak, Kattegat, and the Danish 31 

Straits, is of special importance to these two marginal seas. It is not only because 60% of the water entering 32 

the North Sea and all the inflows and outflows of the Baltic Sea pass through this area1, but also because 33 

the transition zone is the onset of Norwegian Coastal Current and Baltic inflows (Figure 1). The 34 

Norwegian Coastal Current delivers heat and freshwater all the way up into the Barents Sea, influencing 35 

the climatological conditions of the Norwegian coastal areas and maintaining the Arctic freshwater budget 36 

and halocline2,3. The ecosystem health of the Baltic Sea is large subject to the sufficient renewal of deep 37 

water by the frequent and strong O2-rich Baltic inflows. In addition, its crossroad location makes transition 38 

zone a pool collecting pollutants/nutrients from the coastal countries of Northwestern Europe and 39 

suffering serious eutrophication, hypoxia, and contamination in the history4–8. 40 

On the perspectives of regional oceanography, climatology, and ecology, locating and quantifying the 41 

water sources of the transition zone are essential to understand the oceanic circulation and the associated 42 

transport of heat, carbon, nutrients, and hazardous substances, as the oceanic transport is often the 43 

prevailing flux over other sources/sinks in the North and Baltic Seas9,10. All the saline water in the 44 

transition zone are of North Atlantic Ocean origin with three different inputs to the semi-enclosed North 45 

Sea (Figure 1): (1) Atlantic water from the diffuse Shetland Shelf inflow at the northern boundary of the 46 

North Sea (0.22 - 0.60 Sv) and deep inflow along the Norwegian Trench to the Skagerrak (0.70 - 1.11 47 

Sv)11,12; (2) central and southern North Sea water originating from a combination of Atlantic water from 48 

the Fair Isle Current and the coastal water from the Scottish Coastal Current through the Orkney-Shetland 49 

Channel (0.30 - 0.43 Sv)11,13; and (3) the inflowing Atlantic water from the English Channel restricted in 50 

the near-shore areas of the northwest European shelf (0.10 - 0.17 Sv)11. In addition, the transition zone 51 

also receives a large freshwater supply from the Baltic outflow and local rivers (0.017 Sv)11 and the 52 



entrained run-off by the coastal waters from the North Sea (0.006 Sv)11. To facilitate the presentation of 53 

results and discussions, we named the abovementioned four water masses as the Atlantic water, 54 

(central/southern) North Sea water, English Channel water and freshwater in this context. 55 

As the conventional salinity and temperature cannot precisely track and distinguish the aforementioned 56 

saline water masses in the North Sea, previous studies have tried to unpuzzle the water-mass composition 57 

of the transition zone based on the observations on the radiotracers, nutrients, and dissolved organic 58 

material (Table 1)1,4,14–17. However, due to the lack of long-term systematical sampling and precise end-59 

member time series, none of these studies has ever investigated the large-scale spatiotemporal distribution 60 

of water masses in the transition zone, their interseasonal oscillation and interannual variability, and the 61 

driving forces behind them. 62 

Ocean circulation models have been applied to investigate the dispersion and fate of anthropogenic 63 

radionuclides (137Cs, 90Sr, 99Tc, and 129I) released from the two European nuclear reprocessing plants at 64 

La Hague and Sellafield18–21. The simulation results combining the observations have been used to validate 65 

the ocean circulation models and investigate the water-mass transport and mixing. Furthermore, on the 66 

foundation of reliable long-term discharge data and predicted spatiotemporal distribution of radiotracers, 67 

reconstruction of end-member time series for different inflowing water masses to the North Sea becomes 68 

practical, which enables us to quantify their compositions in the North Sea and the transition area using 69 

the end-member mixing algorithm22. 70 

In this work, the dispersion of two soluble radionuclides 129I and 236U from the two reprocessing plants in 71 

the North and Baltic Seas was simulated using a 3D oceanic model HIROMB-BOOS Model (HBM). The 72 

end-member time series of salinity, 129I, and 236U for the Atlantic water, (central/southern) North Sea water, 73 

English Channel water and freshwater were constrained. Using an end-member mixing algorithm and 74 

predicted spatiotemporal distribution of salinity and radiotracers, we aim to obtain the recent 20-year 75 



water-mass composition in the transition zone, and investigate the driving forces for the interseasonal 76 

oscillation and interannual variability. 77 

Results and Discussions 78 

Distribution of predicted salinity, 236U, and 129I. 79 

The predicted salinity, 129I and 236U concentrations showed different distribution features in the North Sea 80 

and transition zone during 1996-2015 (Figure S1-2). The highest salinity (~35.2) was observed in the 81 

northern North Sea, the northern opening of Norwegian Trench, and on the west side of English Channel 82 

, which were dominated by the inflowing Atlantic water of the diffuse Shetland shelf inflow, deep 83 

Norwegian Trench inflow, and the English Channel Current, respectively12. Slightly less salinity was 84 

found in the near-shore areas of the British Islands and Northwestern Europe prevailed by the runoff-85 

influenced central/southern North Sea water (~35) and English Channel water (32-35). A steep salinity 86 

gradient (6-30) appeared in the transition zone stretching from the Arkona Basin to the Norwegian coast 87 

and Jutland coast, and a gentle one (30-32) showed up in the German Bight estuaries due to the large 88 

freshwater supply from the Baltic outflows and river runoff of the Ems, Weser and Elbe, respectively. 89 

Particularly higher 129I and 236U concentrations were restricted within the central/southern North Sea water 90 

and English Channel water tagged by the discharges from the two reprocessing plants. Relatively low 91 

levels of 129I and 236U were distributed in the prevailing regions of Atlantic water and freshwater, as no 92 

129I and 236U were feeded into the inflowing water from the northern boundary and river runoff in our 93 

model setup (see details in the Method section).  In general, the 129I concentrations maintained on a 94 

constant level in the central/southern North Sea water and English Channel water during 1996-2015, 95 

whereas the 236U concentrations showed a decreasing trend due to the declined discharges from La Hague 96 

and Sellafield.  Compared with the central/southern North Sea water, the English Channel water was 97 



tagged with about one order of magnitude higher 129I/236U atomic ratios by the discharges from La Hague 98 

than those from Sellafield, which can be exploited as a fingerprint to investigate the transport and mixing 99 

of these two water masses (Figure S2). 100 

Different distribution features of salinity, 129I, and 236U enabled us to distinguish the inputs of Atlantic 101 

water, central/southern North Sea water, English Channel water, and freshwater to the North Sea. The 102 

typical values or ranges of salinity, 129I and 236U concentrations for the end-members of four water masses 103 

were summarized in Table 2. Using a four-endmember mixing algorithm (Equation 1-4) modified from 104 

that proposed by Bailly du Bois et al.23, we quantified the contribution of four water masses in the North 105 

Sea and transition zone: 106 

𝐹𝐴𝑊 ∗ 𝑆𝐴𝑊 + 𝐹𝑁𝑆𝑊 ∗ 𝑆𝑁𝑆𝑊 + 𝐹𝐸𝐶𝑊 ∗ 𝑆𝐸𝐶𝑊 + 𝐹𝐵𝑊 ∗ 𝑆𝐹𝑊 = 𝑆                                       Eq.1 107 

𝐹𝐴𝑊 ∗ 𝐼129
𝐴𝑊 + 𝐹𝑁𝑆𝑊 ∗ 𝐼129

𝑁𝑆𝑊 + 𝐹𝐸𝐶𝑊 ∗ 𝐼129
𝐸𝐶𝑊 + 𝐹𝐵𝑊 ∗ 𝐼129

𝐹𝑊 = 𝐼129                  Eq.2 108 

𝐹𝐴𝑊 ∗ 𝑈236
𝐴𝑊 + 𝐹𝑁𝑆𝑊 ∗ 𝑈236

𝑁𝑆𝑊 + 𝐹𝐸𝐶𝑊 ∗ 𝑈236
𝐸𝐶𝑊 + 𝐹𝐵𝑊 ∗ 𝑈236

𝐹𝑊 = 𝑈236           Eq.3 109 

𝐹𝐴𝑊 + 𝐹𝑁𝑆𝑊 + 𝐹𝐸𝐶𝑊 + 𝐹𝐹𝑊 = 100%                                                                            Eq.4 110 

where 𝐹𝐴𝑊, 𝐹𝑁𝑆𝑊, 𝐹𝐸𝐶𝑊, and 𝐹𝐹𝑊 represent the fractions of Atlantic water, central/southern North Sea 111 

water, English Channel water, and freshwater, respectively; 𝑆𝐴𝑊 , 𝑆𝑁𝑆𝑊 , 𝑆𝐸𝐶𝑊 , 𝑆𝐹𝑊 , 𝐼129
𝐴𝑊 , 𝐼129

𝑁𝑆𝑊 , 112 

𝐼129
𝐸𝐶𝑊 , 𝐼129

𝐵𝑊 , 𝑈236
𝐴𝑊 , 𝑈236

𝑁𝑆𝑊 , 𝑈236
𝐸𝐶𝑊 , and 𝑈236

𝐹𝑊  refer to the salinity, 129I and 236U 113 

concentrations for the endmember of four water masses, respectively; S, 𝐼129 , and 𝑈236  are the salinity,  114 

129I and 236U concentrations for the seawater in the transition zone. This algorithm was based on three 115 

assumptions:  116 

(1) The water in the transition is totally comprised of four water masses. Even though the Baltic 117 

outflow also export brackish water from the central Baltic Sea to the transition zone, the majority of 118 

salt, 129I, and 236U in the transition zone is mainly from the oscillation currents in the transition zone 119 

blocked by the Danish Straits and the contributions from the central Baltic Sea are marginal.  120 



(2) 𝐼129 , and 𝑈236  behave conservatively along the transport pathway from the reprocessing plants 121 

to the transition zone, and the sources other than liquid discharges from the two European 122 

reprocessing plants (such as airborne discharges from the reprocessing plants, remobilization from 123 

the sediment, uptake by biota, etc.) were negligible. 124 

(3) The time-dependent endmembers of the central/southern North Sea water and English Channel 125 

water for the entire North Sea and transition zone were defined by the averaged salinity, 129I and 126 

236U concentrations in the downstream stations of the point sources at the moment when the 127 

radiotracer were released. The changes of these two endmembers during the transport from the point 128 

sources to the transition zone was ignored, as the variabilities of 129I and 236U discharges within the 129 

transit time of the central/southern North Sea water and English Channel water (1.3 - 3.0 year, not 130 

published) were not significant over the period of 1996-2015.  131 

Water-mass compositions in the transition zone. 132 

The water-mass compositions in the Skagerrak and Kattegat over the period of 1996-2015 are shown in 133 

Figure 2 and 3, respectively, and the averaged results in two stations of Skagerrak (Å17: 58.28°N, 134 

10.51°E) and Kattegat (Fladen: 57.19°N, 11.67°E) were summarized in Table 3. The transition zone 135 

showed a highly-stratified water-mass structure with significant temporal variability. The Atlantic water, 136 

North Sea water, English Channel water, and freshwater contributed 7.6 %, 38.5 %, 25.4 %, and 28.4 % 137 

to the surface layer (4 m) of station Å17 (Skagerrak), respectively, and they accounted for 21.6 %, 44.2  138 

%, 31.3  %, and 2.9 % of the intermediate water (59 m). In the bottom (275 m) of station Å17, these four 139 

water masses constitutes 65.4 %, 27.9 %, 6.2 %, and 0.4 %. The surface layer of station Fladen (Kattegat) 140 

had slightly higher freshwater fraction (44.3%) and less Atlantic water, North Sea water, and English 141 

Channel water fractions (5.1 %, 34.2 %, and 16.5 %, respectively) than that of station Å17. The bottom 142 

of the station Fladen had comparable water-mass compositions with the intermediate layer of station Å17 143 



due to the similar depths, which consists of 26.0 % of Atlantic water, 43.2 % of North Sea water, 26.5 % 144 

of English Channel water, and 4.3% of freshwater.  145 

In general, the Atlantic water predominated the deep water (> 100 m) of Skagerrak and regularly stirred 146 

the upper layers, and the freshwater was mainly distributed in the surface layer (0 - 20 m) of the transition 147 

zone. The English Channel water mainly appeared at the upper 100 m of the transition zone with a seasonal 148 

periodicity. In contrast, the North Sea water had a relatively homogenous distribution in the entire water 149 

column but was occasionally strengthened during the intervals of the retreated Atlantic water and English 150 

Channel water.  151 

Based on the observations of colored dissolved organic matter, nutrients, and radiotracers, the percentage 152 

contributions of Atlantic water/North Sea water and English Channel water (or German Bight water) were 153 

suggested to be: 51-79 % and 9-21 % in the surface of Skagerrak by Aarup et al. (1996), Aure (1998), and 154 

Kristiansen and Aas (2015); 90% and 10% in the bottom of Kattegat by Højerslev et al. (1996); and 7 % 155 

and 8% in the surface and 66 % and 9 % in the bottom of Danish Straits by Qiao et al. (2020) (Table 156 

1)1,4,14,16,17. Our results predicted comparable Atlantic water/North Sea water and English Channel water 157 

fractions in the surface Skagerrak (56 ± 22 %  and 28 ± 19 %, averaged from the surface and intermediate 158 

layers of station Å17) and bottom of Kattegat (69 ± 26 % and 27 ± 19 %) considering the 159 

(interseasonal/interannual) variabilities. It should be noted that we used freshwater as the forth end-160 

member in our algorithm rather than a brackish water with a salinity of ~8 in other studies, which resulted 161 

in slightly higher fractions for the saline water masses. 162 

Interseasonal oscillation and driving forces 163 

To investigate the significance of the seasonal variations for the water-mass compositions of the transition 164 

zone, we calculated the "seasonal index" to quantify the deviation between the actual result and what it 165 



would be if there were no seasonal variations using ratio-to-trend method: (1) converted the original 166 

monthly data value to the ratio of it to the corresponding centered 12-month moving average value; (2) 167 

calculated the seasonal index for each month by averaging all the ratios for a specific month over the entire 168 

study period in step (1); (3) multiplied a correction factor (= 1200% / sum of twelve seasonal indices) for 169 

the seasonal indices if their sum is not equal to 1200%. The significance of seasonal variation was then 170 

quantified as the difference between the maximum and minimum values of twelve seasonal indices and 171 

categorized as "no" (< 50%), "week" (50 - 100 %), and "strong" (> 100 %) seasonal variation.  172 

The heatmap for the time series of percentage contributions of four water masses in the different layers of 173 

station Å17 (Skagerrak) and station Fladen (Kattegat) over the period of 1996-2015 and the corresponding 174 

seasonal indices were shown in Figure 4 and 5, respectively. In summary, the most significant seasonal 175 

variations were observed in: (1) the ventilated Atlantic water in the surface and subsurface layers (> 100 176 

m) of the Skagerrak, which increased by ~50% during June - October and decreased by the same extent 177 

during December - March compared with the averaged levels; (2) the English Channel water in the whole 178 

water column of Skagerrak and Kattegat, which has an increase of ~40% in the winter and spring 179 

(December - March) and an decrease of ~40% in the summer and autumn (June - October). While the 180 

Alantic water in the bottom of Skagerrak, and the central/southern North Sea water and freshwater in the 181 

transition zone have only weak or no seasonality. The aforementioned results indicated that the ventilation 182 

of bottom Atlantic water to the upper layers of Skagerrak in summer/autumn and the invasion of English 183 

Channel water to the transition zone in winter/spring are the driving forces for the seasonality observed.  184 

Interannual variability and extreme event series. 185 

As the seasonal indices could quantify the influence of seasonality, we divided the original time series 186 

data by the seasonal indices to obtain the deseasonalized time series data and investigate the interannual 187 



variability of water-mass composition, as shown in the left inset of each panel in Figure 4 and 5. The 188 

deseasonalized compositions for four water masses at all layers of the Skagerrak followed the Gaussian 189 

distribution curves, and the mean values and corresponding standard deviations were provides in Table 190 

3. In this work, the values of water-mass compositions beyond two standard deviations away from the 191 

mean value were considered anomalies. Here we will not introduce the detailed interannual variability but 192 

discuss two extreme event series occurred in 2000-2001 and 2008-2009, respectively. 193 

The first extreme event series in the transition zone started with an extraordinarily strong ventilation of 194 

Atlantic water in Skagerrak in the summer of 2000 and followed by an extreme invasion of English 195 

Channel water in the winter of 2000/2001, which seemed to be related to one of the strongest La Niña 196 

event on record during 2010-2012. The onset of the second extreme event series was a contra-seasonal 197 

ventilation of Atlantic water in the winter of 2007/2008. Afterwards, the whole water column of Skagerrak 198 

was occupied by a contra-seasonal long-lasting inflow of English Channel water stretching from the 199 

summer of 2008 to the spring of 2009 and a significantly high level of North Sea water in the summer of 200 

2009. The second extreme event series might be related to the fast shift from the strong La Niña event in 201 

2007-2008 to the strong El Niño event in 2009-2010. 202 

  203 
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Figures and tables 264 

 265 

 266 

Figure 1. Map of the North Sea and transition zone between the North and Baltic Seas. The solid 267 

and dashed lines represent the most relevant surface and deep currents in this area, respectively, including 268 

the Norwegian Atlantic Current (NwAC), Norwegian Coastal Current (NCC), Shetland Shelf Inflow 269 

(SSI), Norwegian Trench Inflow (NTI), Fair Isle Current (FIC), Scottish Coastal Current (SCC), European 270 

Coastal Current (ECC), Jutland Coastal Current (JCC), Baltic inflows and outflows (BI and BO). The 271 

purple, red, blue, and green colors stand for the Atlantic water, the central/southern North Sea water, the 272 

English Channel water, and the freshwater, respectively. The red crosses represent two stations in the 273 

Skagerrak (Å17: 58.28°N, 10.51°E) and Kattegat (Fladen: 57.19°N, 11.67°E), respectively. 274 
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 276 

 277 

Figure 2. Water-mass compositions (in %) in Skagerrak over the period of 1996-2015. (AW: Atlantic 278 

water; NSW: North Sea water; ECW: English Channel water: FW: freshwater) 279 
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 282 

Figure 3. Water-mass compositions (in %) in Kattegat over the period of 1996-2015. (AW: Atlantic 283 

water; NSW: North Sea water; ECW: English Channel water: FW: freshwater) 284 

 285 



 286 

 287 

Figure 4. Contributions of Atlantic water (AW, A-C), North Sea water (NSW, D-F), English Channel water (ECW, G-I), and freshwater (FW, 288 

J-L) to the surface (0m, upper panels), intermediate (59m, middle panels), and bottom (275m, lower panels) layers of a station in Skagerrak 289 

(Å17: 58.28°N, 10.51°E) over the period of 1996-2015. The top and left insets of each panel illustrate the seasonal indices (color symbols) and 290 

deseasonalized time series (color area), which describe the interseasonal and interannual variability, respectively. The grey line in the top insets 291 

represent the level of 100% (no seasonality). The black solid and dot lines in the left insets refer to the averaged level and the corresponding standard 292 

deviations (±1σ, short dot lines; ±2σ, dot lines). The highlighted areas in the left insets mark two extreme climate event series. 293 
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 295 

Figure 5. Contributions of Atlantic water (AW, A-B), North Sea water (NSW, C-D), English Channel water (ECW, E-F), and freshwater (FW, 296 

G-H) to the surface (0m, upper panels) and bottom (45m, lower panels) layers of a station in Kattegat (Fladen: 57.19°N, 11.67°E) over the 297 

period of 1996-2015. The top and left insets of each panel illustrate the seasonal indices (color symbols) and deseasonalized time series (color area), 298 

which describe the interseasonal and interannual variability, respectively. The grey line in the top insets represent the level of 100% (no seasonality). 299 

The black solid and dot lines in the left insets refer to the averaged level and the corresponding standard deviations (±1σ, short dot lines; ±2σ, dot lines).  300 
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 302 

Figure S1. The average distribution of simulated salinity in the surface (top panels) and 303 

bottom (B) of the North and Baltic Seas. 304 
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Figure S2. Distribution of the simulated concentrations for 129I (A-C) and 236U (D-F) and 312 

atomic ratios for 129I/236U (G-I) in the surface of the North and Baltic Seas by the end of 1996 313 

(upper panels), 2005 (middle panels), and 2018 (bottom panels). 314 
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 316 

Figure S3. The annual discharges of 129I (A) and 236U (B) and the atomic ratios of 129I/236U in 317 

the discharges (C) from La Hague and Sellafield. 129I discharge data was from 318 

HELCOM/OSPAR discharge database24,25, and the 236U discharge data was reconstructed by 319 

Castrillejo et al. from the shell records26. 320 
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 322 

Figure S4. The model domains and point sources in the hindcast simulation.323 



Table 1. Comparison of water-mass composition results between the literatures and this work. 324 

No Location Period Parameter 
Literature [%] This work [%] 

Ref 
 AW+NSWa ECWa BWa AW NSW ECW FW 

1 Kattegat (bottom) 1992 (Mar, Sep-Oct) Salinity and CDOM  90 10 0 (Not covered) 16 

2 Skagerrak (top 10m) 1990-1992 Salinity and CDOM  78-82 9-12 7-12 (Not covered) 17 

3 Skagerrak (top 30m) 1970-1995 (Jan-Apr) 
Salinity, nitrate, Winter: 60 15 25 

(Not covered) 14
 

and phosphate Spring: 51 21 28 

4 Skagerrak (top 50m) 1996-2000 (Apr) Salinity and CDOM  79b 11b 8b 16 43 25 16 1 

a In the previous studies, the endmembers for Atlantic water and North Sea water were combined as a single one named the Atlantic water/North Sea water; the 325 

English Channel water was sometimes named as German Bight water; and the brackish outflowing water from the Baltic Sea named Baltic Sea water was used as 326 

the third end-member. 327 

b There was a forth end-member for the Norwegian river water used in this work, whose contribution was estimated to be 2%. 328 



Table 2. Endmembers for four water masses in the North Sea and water-mass composition 329 

in the transition zone over the period of 1996-2015.  The flux data for the water masses were 330 

from Otto et al. (1990)11. The abbreviations in the table are: AW, Atlantic water: NSW, 331 

(central/southern) North Sea water; ECW, English Channel water; FW, freshwater; ESI, Shetland 332 

shelf inflow; NTI, Norwegian Trench inflow; SCC, Scottish Coastal Current; ECC, European 333 

Coastal Current; and BO, Baltic outflow.  334 

Water 

mass 
Input 

Flux  

[Sv] 
Salinity 

129I conc. 

[109 at/L] 

236U conc. 

[106 at/L] 

129I/236U  

ratio  

AW 
SSI & 

NTI 

0.22 - 0.60 & 

0.70 - 1.11 
>35.2 0 0 / 

NSW SCC 0.30 - 0.43 33.4 - 35.2 0.42 - 81 2.7 - 3.8 × 102 48 - 4.3 × 102 

ECW ECC 0.10 - 0.17 32.0 - 35.4 0.75 - 8.0 × 102 1.0 - 1.6 × 103 4.7 × 102 - 2.3 × 103 

FW BO 0.017 0 0 0 / 

 335 
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Table 3. Mean values and standard deviations for the original and deseasonalized time series 337 

water-mass composition data, and seasonality of four water masses in two stations of the 338 

Skagerrak (Å17: 58.28°N, 10.51°E) and Kattegat (Fladen: 57.19°N, 11.67°E). The 339 

abbreviations in the table are: AW, Atlantic water: NSW, (central/southern) North Sea water; 340 

ECW, English Channel water; FW, freshwater.  341 

  Skagerrak Kattegat 

  
Surface 

(0m) 

Intermediate 

(59m) 

Bottom 

(275m) 

Surface 

(0m) 

Bottom 

(45m) 

AW [%] 
Mean ± SD 

(original) 
7.6 ± 10.1 21.6 ± 20.0 65.4 ± 18.5 5.1 ± 7.0 26.0 ± 19.4 

 
Mean ± SD 

(deseasonlized) 
7.7 ± 10.5 22.1 ± 22.8 65.6 ± 18.8 5.4 ± 7.9 26.4 ± 20.6 

 Seasonality Weak Strong   Weak 

NSW [%] 
Mean ± SD 

(original) 
38.5 ± 14.0 44.2 ± 17.5 27.9 ± 14.1 34.2  ± 11.5 43.2  ± 17.4 

 
Mean ± SD 

(deseasonlized) 
38.6 ± 13.8 44.2 ± 17.0 27.9 ± 13.8 34.2  ± 11.4 43.3  ± 17.2 

 Seasonality      

ECW [%] 
Mean ± SD 

(original) 
25.4 ± 16.4 31.3 ± 21.1 6.2 ± 12.0 16.5  ± 13.8 26.5  ± 18.9 

 
Mean ± SD 

(deseasonlized) 
25.5 ± 15.4 31.5 ± 19.5 6.2 ± 11.6 16.5  ± 12.8 26.5  ± 17.5 

 Seasonality Weak Weak Strong Weak Weak 

FW [%] 
Mean ± SD 

(original) 
28.4 ± 10.5 2.9 ± 1.5 0.4 ± 0.1 44.3  ± 11.7 4.3  ± 2.3 

 
Mean ± SD 

(deseasonlized) 
28.5 ± 10.2 2.9 ± 1.3 0.4 ± 0.1 44.3  ± 11.5 4.3  ± 2.1 

 Seasonality  Weak   Weak 

 342 
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