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Abstract 

 The first comprehensive analysis of surface waters in the Labrador Sea for 236U was 

completed via Accelerator Mass Spectrometry.  Through the analysis of 236U the method for 

AMS measurement was fine-tuned to allow for more precise results.  Surface samples for the 

anthropogenic isotopes 137Cs and 129I were also collected along with two depth profiles of 129I.   

Samples were also collected in the Beaufort Sea and analyzed for the aforementioned 

isotopes.  It was found that anthropogenic 129I from reprocessing plants is easily discernible at 

different concentrations among water bodies in both the Labrador and Beaufort Sea.  137Cs in 

surface waters is close to global fallout levels with no discernable influence from reprocessing 

plant inputs, but follows a similar trend to that of 129I with depth in the Beaufort Sea.  236U 

among surface waters in the Labrador Sea did not follow the same trends as 129I but had 

concentrations indicative of a mix of global fallout as well as reprocessing plant influenced 

waters.  236U samples from the Beaufort Sea were contaminated by an unknown source of 236U 

and were inconclusive but were reproducible and allowed for continued development of the 

AMS analysis methodology.
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Resumé 

 La première analyse complète des eaux de surface dans la mer du Labrador pour 236U a 

été recueillie par spectrométrie de masse par accélérateur (SMA).  Grâce à l’analyse de 236U, la 

méthodologie analytique par SMA a était raffinée pour permettre des résultats plus précis.  Les 

échantillons supplémentaires ont été recueillis  pour mesurer les isotopes anthropique 137Cs et 

129I ainsi que deux profiles supplémentaires pour 129I. 

 Plusieurs autres échantillons ont aussi été récoltés dans la mer Beaufort pour les isotopes 

anthropiques susmentionnés. Il fut observé que l’isotope anthropique 129I qui dérive des usines de 

traitement des combustibles nucléaires usés, est facilement perceptible par les différentes 

concentrations des plans d’eau des mers de Labrador et Beaufort.  137Cs, dans les eaux de 

surface, est proche des valeurs pour les retombées radioactives globale sans une influence 

perceptibles des usines de traitement des combustibles nucléaires usés. Cependant, il suit une 

tendance similaire en profondeur à la valeur de l’isotope 129I dans la mer Beaufort. Dans la mer 

Labrador, 236U  ne suit pas les tendances de 129I mais reflète plutôt des concentrations indicatives 

d’un mélange de retombe radioactive et d’eau ternie  par les usines de traitement des 

combustibles nucléaires usés.  Les échantillons de 236U recueillies dans la mer de Beaufort ont 

été pollués par une source inconnue de 236U desquels aucune conclusion ne pouvait être tirée 

mais qui sont reproductibles et qui ont permis l’élaboration continue dans la méthodologie  

analytique  par SMA. 
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1. Introduction 
 

The Arctic 

 

 In recent years, the Arctic has become a topic of increasing popularity in both political 

and environmental circles for varying reasons.  The Arctic is usually defined as the region 

located above the Arctic Circle, located at latitude 66° 33’ 46.1” N.  This latitude marks the point 

where the sun does not set on the summer solstice, nor rise during the winter solstice (National 

Snow and Ice Data Center, 2015).  However, there are two other common definitions of what 

makes up the Arctic.  The first is what is called the Arctic tree line which denotes the point 

where trees cease to grow and the land 

becomes dominated by small shrubs as well as 

lichens (National Snow and Ice Data Center, 

2015). Finally, the Arctic can be defined in 

terms of temperature, the boundary located 

where the average daily temperature for the 

warmest month does not rise above 10°C 

(National Snow and Ice Data Center, 2015). A 

map with the extent of each of these 

definitions can be found in Figure 1. 

With increasing temperatures caused 

by global climate change, the Arctic is 

Figure 1: Extent on the Arctic based on the parameters of 

the Arctic Circle (broken blue circle), Arctic treeline (green 

line), and maximum temperature (red line). (National Snow 

and Ice Data Center, 2015) 
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considered one of the most susceptible 

regions to these effects (Anisimov et al., 

2008) with temperatures increasing in the 

Arctic at approximately twice the global 

rate (Anisimov et al., 2008; McBean et al., 

2005). One of the significant effects of this 

warming trend has been the continued 

disappearance of sea ice. Sea ice refers to 

any type of ice that forms in or on the 

surface of the sea, formed by freezing sea 

water (Weeks, 2010). Since sea ice cover 

was first recorded in the 1970’s the total 

area of sea ice has been shrinking with sea ice cover 

hitting record low levels (Comiso et al., 2015) with 

the lowest extent being recorded in 2015 (Figure 2). 

Sea ice loss has several implications, firstly in the 

loss of habitat to species native to the Arctic 

including the polar bears, which rely on sea ice for 

hunting (Laidre et al., 2015; Laidre et al., 2008) This, 

in turn, results in decreased biodiversity, as well as 

disruptions to the Arctic ecosystem (Laidre et al., 2015; Laidre et al., 2008). Furthermore sea ice 

loss has rendered the Arctic more hospitable for travel, opening up potential routes for shipping 

and trade, once impassible due to sea ice cover (Fuglestvedt et al., 2014; Lasserre, 2014).  Trade 

Figure 2: Annual sea ice extent from 1979 to present (Comiso 

et al., 2015) 

Figure 3: Potential Arctic shipping route (blue) 

compared to traditional route (red) Fuglesvedt et 

al., 2014 
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through the Arctic would provide a much shorter route from the Atlantic to the Pacific and Asia 

(Figure 3) and would therefore be more cost effective. Finally, nations bordering the Arctic have 

been in competition to decide territorial boundaries of this region as there is evidence of large 

deposits of fossil fuel, which are now accessible as well as cost effective due to the increasing 

hospitability of the Arctic (Osadetz et al., 2005). 

Importance of Circulation in the Arctic 

 

The Arctic plays an important role in global thermohaline circulation, and therefore the 

global climate.  The primary role of the Arctic is to act as a balance in heat gain at low latitudes, 

and heat loss at high altitudes. (International Arctic Science Committee (IASC), 2010).  Half of 

the excess heat produced at low latitudes is sent northwards as warm and salty water currents, 

while the other half travels towards the poles as atmospheric water vapour (IASC, 2010).  

Eventually, both these sources of heat reach the Arctic through ocean circulation as well as 

atmospheric transport.  Heat carried in the atmosphere is released into the Arctic via 

condensation, adding fresh water to the Arctic system through precipitation.  To avoid increased 

salinity at low latitudes, freshwater is imported from high latitudes such as the Arctic, returning 

to lower latitudes and reuniting atmospheric water with saline ocean water (IASC, 2010). 

The Arctic also plays an important role in the global climate due to several feedback 

systems.  First and most simply is the effect of sea ice on solar radiation and albedo.  Ice and 

snow reflect solar radiation back into space more effectively than open water.  With the warming 

of the Arctic, and less sea ice cover, more solar radiation is able to hit the oceans and warm the 

water, causing more sea ice melt, which again allows more solar radiation to be absorbed by the 

Arctic Ocean.  Second is Thermohaline feedback.  With increasing melting of Sea Ice, there is 

increased injection of fresh water into the Arctic Ocean.  Increased export of fresh water from 
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the Arctic Ocean could lead to increased stratification in the North Atlantic Ocean, slowing 

down the global thermohaline current (THC).  A slowed THC would draw less warm salty water 

from the low latitudes into the Arctic, slowing down global overturning and potentially leading 

to localized cooling due to less transport of heat via the oceans (IASC, 2010).  Due to the highly 

important nature of the Arctic in the THC it is important to understand how currents and 

circulation in the Arctic function and to understand any potential changes that are occurring in 

the present day due to factors such as climate change. 

 

1.3 Measuring Currents and Water Masses 

 

Since the advent of 

nuclear technology, 

including nuclear 

weapons and nuclear 

power plants, the planet 

has been subject to large 

inputs of 

anthropogenically 

produced isotopes that in 

many cases have 

overwhelmed the natural 

inventories present on Figure 4: Locations of Sellafield (UK) and La Hague (France) and the route 

Radionuclide releases take into the Arctic Ocean. Inset: 129I discharge data, Karcher et 

al., 2012  
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Earth (Casacuberta et al., 

2014; Gómez-Guzmán et al., 

2012; Christl et al., 2013) The 

presence of these isotopes in 

the environment provides a 

unique opportunity.  Since the 

1960’s two nuclear 

reprocessing plants have been 

active in La Hague, France as 

well as Sellafield in the 

United Kingdom (Smith et al., 

1998) (Figure 4).  Through 

their operations they release radioisotopes into the environment at levels higher than the 

background in the surrounding water of the Irish Sea and English Channel (Smith and Ellis, 

1999).  This provides two large point source injections into the environment at concentrations 

significantly higher than background (Smith et al., 1998).  The discharge information is 

relatively well documented since 1966 for La Hague and 1952 for Sellafield (Casacuberta et al., 

2014) allowing the movement and timing of annual releases of radionuclides to be traced through 

Western European coastal waters.  Three particular radioisotopes that have proven to be helpful 

in this task are characterized and documented below. 

 

  

Figure 5: Fission Yield Curve of 235U 
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Radioactive Isotopes as Tracers 

 

129I 

 

 Iodine-129 is a long lived radionuclide 

with a half-life of 15.7 Ma and has several 

natural sources.  Firstly, it can be produced by 

bombardment of xenon in the atmosphere by 

cosmic rays. It is also a product of 

spontaneous fission of naturally occurring 238U 

and 235U in the lithosphere (Gómez-Guzmán et 

al., 2013) as well as rarely from neutron 

induced reactions on 128Te and 130Te.  The 

natural production of 129I has been found to 

produce 129I/127I ratios in a range of 10-12 to 10-

13.  However as 129I is a fission product of 238U and 235U with a yield of approximately 0.6% 

(Raisbeck et ela., 1995) it is also released into the environment from anthropogenic nuclear 

processes, including atmospheric nuclear weapons testing, incidents at Chernobyl and more 

recently Fukushima, as well as the activities of nuclear reprocessing plants (Gómez-Guzmán et 

al., 2013).  These sources have increased the concentration of 129I in the environment with 

anthropogenic 129I changing the 129I/127I ratio to a range between 10-10 and 10-8 which 

corresponds to a concentration of between 1x108 and 33.7x108 atoms/L (Gómez-Guzmán et al., 

2013). 

Figure 6: Inputs of 129I and 137Cs into the Norwegian Coastal 

Current at 60°N (top) and inputs for Arctic Water entering 

intermediate levels of the Arctic Ocean from 

the eastern Norwegian Sea (Smith et al., 2011) 
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 Iodine, and by extension 129I is biophilic and thus capable of entering the food chain 

(Gómez-Guzmán et al., 2013). Iodine is also capable of forming several compounds such as I2, 

HI, HOI, CH3I, and KI, which are both water soluble and volatile (Gómez-Guzmán et al., 2013) 

allowing for exchange across the air/water interface.  These reactions are slow in the open ocean.  

129I will behave in a mostly conservative manner giving it an advantage over other tracers such as 

chlorofluorocarbons that rapidly exchange with the atmosphere (Raisbeck et al., 1995).  As a by-

product of the operation of nuclear reactors 129I is one of the major isotopes released at the 

Sellafield and La Hague reprocessing locations, and as such provides two origins for its release 

into the environment.  As is evident from Figure 6, the 129I input into the Arctic and surrounding 

area has increased since the mid 1990’s allowing for better detection as well as the ability to 

follow tracer plumes from year to year (Smith et al., 2011) 

 

137Cs 

 

Cesium-137 with a half-life of 30.2 years (Smith et al., 1998) is formed as a fission 

product of 235U at the very top of the fission/yield curve, meaning it has a fairly high rate of 

formation during the process of fission (Figure 5).  Over time, it will build up in nuclear reactors 

and it is one of the isotopes removed during the reprocessing of spent nuclear fuel. Cesium-137 

has been used as a tracer in ocean circulation since the 1970’s, due to its ease of measurement 

through gamma spectroscopy. It is considered a useful radiotracer of ocean water due to its 

conservative behaviour in the open ocean, and therefore its distribution is largely controlled by 

advection and mixing of water (Cochran et al., 1995).  Concentrations of 137Cs have varied over 

the years due to input from global fallout of nuclear weapons testing debris, the nuclear 

reprocessing plants in Western Europe, as well as input in the late 1980’s from the Chernobyl 
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incident.  However, after the Chernobyl incident in 1986, visible in Figure 6, inputs of 137Cs into 

the environment from reprocessing plants have decreased to negligible levels in recent years 

(Figure 6).  Most of the 137Cs presently entering the ocean from European sources (Figure 6) is 

due to runoff from the land or remobilization from marine sediments (Smith et al., 1998; 1999)    

 

236U 

 

Uranium-236 is a long-lived and primarily anthropogenic isotope with a half-life of 23.4 Ma.  

It has several sources related to nuclear activities such as the testing of atomic weapons in the 

previous century and the release of nuclear waste, as well as releases from nuclear facilities such 

as nuclear power generating stations or nuclear reprocessing plants (Hotchkis et al., 2000). 236U 

is produced when a 235U atom is bombarded by a neutron.  Approximately 80 per cent of the time 

this will result in the 235U atom undergoing fission resulting in daughter atoms as well as the 

release of energy and neutrons to sustain the reaction.  However, the remaining 20 per cent will 

stabilize into 236U (Hotchkiss et al., 2000). Unfortunately, 236U is non fissile and is therefore 

considered to have a “poisoning” effect on nuclear reactors where it will continue to capture 

neutrons without undergoing fission (Hotchkiss et al., 2000).  

236U can also be produced by neutron absorption of natural 235U (Chamizo et al., 2015) 

However, it is estimated that only about 30kg of this naturally produced 236U exists in the upper 

layers of the earth, with less than 0.5kg residing in the oceans (Eigl et al., 2012) with pre-

anthropogenic 236U/238U ratios ranging from 10-14 to 10-10 (Steier et al., 2008). These values are 

outweighed by the anthropogenic inputs of 236U into the environment, estimated to be 

approximately 106kg produced from nuclear reactors (Casacuberta et al., 2014) as well as about 
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900kg from atmospheric nuclear weapons tests (Christl et al., 2013). These 236U inputs may be 

extremely useful as an oceanographic tracer since even a small amount of 236U released into the 

oceans is enough to overwhelm the natural 236U present (Casaberta et al., 2014) Furthermore it 

was observed by Sakaguchi et al., in 2011 that uranium, particularly 236U, behaved 

conservatively.  It remains dissolved in the water column and is not subject to scavenging after 

50 years.  This information implies that 236U could be used as an effective long term oceanic 

tracer due to its behaviour and long half-life.  One unfortunate shortcoming with respect to tracer 

applications of 236U is that its discharge record from the aforementioned reprocessing plants has 

not been as extensively recorded as that for the other isotopes such as 137Cs and 129I (Casacuberta 

et al., 2014).  Additional work is ongoing to address this issue. 

Measuring low level isotopes 

 

Among the aforementioned isotopes, Cesium-137 was the first to be widely used in 

oceanography in the 1960’s (Smith et al., 1998) mainly due to its ease of measurement via 

Gamma spectrometry; although large volumes of water are required (20-100L).  Iodine-129 and 

Uranium-236 however did not become available for measurement until much later, as the 

techniques and technology were simply not available.  With the advent of Accelerator Mass 

Spectrometry (AMS) first 129I and now more recently 236U can be measured even at low 

concentrations in the Oceans.  Furthermore, for the case of 129I and 236U, it is more efficient to 

use an atom counting method (as is used in AMS) than to use decay counting methods due to the 

low isotope concentrations and long half-lives of the isotopes in question (Kilius et al., 1992).   

The main difference between regular mass spectrometry and AMS is the incorporation of 

a tandem accelerator into the analysis (beam) line.  In the ion source a solid sample is sputtered 

with 133Cs.  The Cs ions collide with the atoms of the sample and release them from the sample 
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matrix. As these atoms leave the sample surface, the neutralized Cs which accumulates on the 

surface, gives up an electron to ionize them negatively.  These ions are accelerated in a voltage 

gradient and injected into the beam line.  The injection magnet performs a mass analysis and this 

ensures that atoms or molecules other than those with the masses of interest are unable to travel 

into the tandem accelerator.  The tandem accelerator accelerates the molecules through a 

stripper, which is either in the form of a dense gas or thin carbon foil, which strips several 

electrons from the negative ions, forcing them into a positive state (Kilius et al., 1992; Zhao et 

al., 1997).  Charge changing the ions into a positive state and selecting for a 3+ charge or higher 

ensures that only monoatomic ions pass through into the high energy beam line because the 

imbalance in the Coulomb forces resulting from changing the charge of the molecule disintegrate 

it into its constituent atoms.  Finally, the positively charged ions pass through another magnet in 

which they are separated by mass, and then through an electrostatic analyzer that separates ions 

based on their energy to charge ratio.  Then the ions are sent to detectors for measurement.  

Figure 7  below shows a visual summary of an AMS and its components. 

 

Figure 7: Diagram of the University of Ottawa AMS (Kieser et al., 2015) 
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Objectives 

 

The objective of this thesis is to explore the utility of 236U as a new potential 

tracer for water circulation in the Arctic alongside the anthropogenic isotopes 129I and 

137Cs.  It explores the development of a methodology for the analysis of 236U from sea 

water via AMS and presents the first comprehensive analysis of 236U in surface waters of 

the Labrador Sea as well as the first depth profile of 236U in the Beaufort Sea.  Using the 

ratio of 129I/236U, conclusions will also be drawn on the origins of these anthropogenic 

tracers as well as the distribution of 236U in the Labrador and Beaufort Sea when 

compared to the global distribution. 
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2. The Labrador Sea 
 

 The Labrador Sea is the body of water in the North Atlantic that divides the Labrador 

coast in Canada and the Greenland coast, the majority of which lies within the temperature zone 

defined as the Arctic (Figure 1)  The Labrador Sea provides a unique opportunity for the 

measurement of radioisotopes, as there is a history of regular measurement.  Since 1990, the 

Bedford Institute of Oceanography, a division of the Canadian Department of Fisheries and 

Oceans, has annually sampled a transect across the Labrador Sea (Yashayaev et al., 2014).  This 

includes both chemical and biological measurements, along with more recent measurements for 

radionuclides such as 129I (Smith et al., 2005). 

2.1 Labrador Sea Water Masses 

 

 The Labrador Sea is important due to its location.  As it borders the Arctic it is one of the 

few areas in which the Arctic Ocean interacts with the global ocean, in this case the North 

Atlantic.  Like the Arctic Ocean, the Labrador Sea comprises several fairly distinct layers of 

water with their own characteristics.  The upper Labrador Sea is dominated by the aptly named 

Labrador Sea water (LSW).  During the winter, the flux of water and air associated with cold 

airflows over the Labrador Sea cause the formation of a convectively mixed surface layer, the 

depth of which depends on the severity of the winter (Lazier et al., 2002; Curry et al., 1998; 

Pickart et al., 2002).  This provides the basis for the formation of Labrador Sea water, which in 

severe winters can reach depths greater than 2000 m (Lazier et al., 2002).  The importance of 

Labrador Sea water is that the deep convection, which occurs in the Labrador Sea provides an 

important pathway for atmospheric gases such as oxygen, carbon dioxide, and Chlorfluoro-

carbons to pass from the surface layers to intermediate depths (Lazier et al., 2002) signifying it 
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as one of the ocean’s main “lungs” for the atmosphere-ocean exchange (Yashayaev et al., 2015). 

Due to the unique method of LSW formation, the convection present remixes and modifies it, 

changing its properties such as thickness, density, and salinity, so that  many of its properties 

shift and change on an annual basis depending on seasonal conditions (Yashayaev et al., 2008).  

For simplicity, LSW can be considered to occupy the upper 2000 m of the central Labrador Sea 

(Yashayaev, 2007). Beneath the LSW layer lies the North East Atlantic Deep Water (NEADW), 

formed from the Iceland-Scotland overflow water (ISOW) (Yashayaev et al., 2015), which 

originates between Iceland and Scotland. This is formed primarily of older overflow waters, 

which are low in concentrations of anthropogenic tracers (Hansen and Osterhus, 2000).  ISOW 

crosses the Mid-Atlantic ridge and flows northwards into the Irminger Sea, located between the 

Eastern Coast of Greenland and Iceland (Figure 8) and is carried into the Labrador Sea by the 

East Greenland Current (Smith et al., 2005). The NEADW layer separates the intermediate LSW 

layer from the bottom waters, which in the case of the Labrador Sea is composed of Denmark 

Strait Overflow Water (DSOW). DSOW is formed primarily of fresher returning Atlantic Water, 

which itself is partially formed from water travelling along the Norwegian Coastal Current 

following the Eastern Greenland Coast as part of the Eastern Greenland Current (Figure 8) as 

well as Arctic Intermediate Water. Upon entering the Irminger Sea, this DSOW descends off the 

Denmark Strait towards the bottom, where it is overridden by the ISOW water also travelling 

towards the Labrador Sea (Smith et al., 2005).  Interestingly DSOW is actually less saline 

(34.84-34.87) than ISOW (34.92) but is kept in place by the halocline present between them as 

well as its increased density from low temperatures (Smith et al., 2005), which also allows for 

the two layers to be distinguished from one another. Therefore, the Labrador Sea can be 

characterized as three primary layers: the upper layer consisting of LSW in the first 2000 m, 
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underlain by a more saline NEADW layer which in turn overlies the DSOW found below 3000 

m. 

  

2.2 Labrador Sea Circulation 

 

 The Labrador Sea is one of the water bodies making up a major system in the greater 

Atlantic Ocean called Atlantic meridional overturning circulation (AMOC), which involves the 

northward flow of warm, salty water of the upper layers in the Atlantic, and the southward flow 

of colder waters from the north, deep Atlantic (Sundry, 2010). As mentioned above, the Labrador 

Sea plays an important part in the formation of LSW and in its role as one of the primary areas 

where overturn from increasing density occurs (Pickart and Spall, 2007).   

Figure 8: Overview of water masses and currents in and around the Labrador Sea, ISOW refers to Iceland-Scotland Overflow 

Water, DSOW refers to Denmark Strait Overflow Water, EGC is the Eastern Greenland Current, NAC the North Atlantic 

Current, NCC the Norwegian Coastal Current, RAW is Return Atlantic Water (Smith et al., 2005) 
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The majority of water flows into the Labrador Sea from the east driven by several 

currents (Figure 8).  On the Eastern side of Greenland, two currents flow side by side: the East 

Greenland current (EGC), which is primarily composed of cold, fresh water from the Arctic, 

while the Irminger Current (IC) is composed of warmer and saltier water.  These two water 

masses flow around the Southern tip of Greenland and merge into the West Greenland Current 

(WGC). Some of this water flows up into Baffin Bay following the Greenland coast, however the 

majority of this current crosses the Labrador Sea before combining with water flowing out of the 

Davis Strait and flowing south along the North American coast and becoming the Labrador 

Current (Pickart and Spall, 2007).  The Deep Western Boundary Current (DWBC) is located at 

the base of the continental slope and transports dense overflow water (such as the NEADW and 

DSOW discussed above) through the Labrador Sea and southward along the North American 

continental slope into the deep North Atlantic.  Finally, the central Labrador Sea is primarily 

defined by a weak and nearly depth independent cyclonic gyre (Pickart and Spall, 2007; 

Lavender et al., 2000).  A visual summary of the circulation of the Labrador Sea can be viewed 

in Figure 8 and Figure 9. 
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Figure 9: Dominant currents in the Labrador Sea. The Red line indicates warm upper layer current, while blue represents cold 

upper layer current.  EGC refers to the East Greenland Current, IC is the Irminger Current, DWBC is the Deep Western 

Boundary Current, represented by the grey line, WGC is the West Greenland Current, LC is the Labrador Current, and RG as 

well as the black line refers to the recirculation gyre, (Pickart and Spall, 2007).  Also pictured is the AR7W line and the stations 

occupied during this study   
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2.3 Labrador Sea Sampling Methods 

 

129I 

 

Water was collected in two 1 litre bottles from each sampling site before being stored for 

analysis upon return to the University of Ottawa laboratory.  For the analysis of 129I no further 

preservation was required to store the samples.  Surface samples were taken from along the 

AR7W line (Figure 10) in the Labrador Sea at every second station until reaching the Greenland 

Coast when samples were taken every station.  Furthermore, two depth profiles for 129I were 

taken at stations 17 and 24.  The Iodine samples acquired can be reviewed in Table 1 along with 

the details of the depth profiles. 

Table 1: Summary of Stations Sampled across the Labrador Sea line AR7W and their location; included in the two right columns 

are the details of the two depth profiles acquired. 

Station 
ID Depth Latitude (N) 

Longitude 
(W) L3-17 L3-24 

L3-05 4 54° 29.5’ 54° 45.3’ 510m 310m 
L3-07 4 54° 57.3’ 54° 17.7’ 870m 560m 
L3-09 4 55° 15.8’ 53° 59’ 1300m 880m 
L3-11 4 55° 36.7’ 53 37.9’ 1550m 1060m 
L3-13 4 56° 6.8’ 53° 7’ 2040m 1460m 
L3-15 4 56° 57.4’ 52° 14.2’ 2520m 1860m 
L3-17 4 57° 48’ 51° 20.4’ 2940m 2240m 
L3-19 4 58° 38.4’ 50° 25’ 3120m 2400m 
L3-21 4 59° 29’ 49° 28.5’ 3380m 2540m 
L3-24 4 60° 10.5’ 48° 40.5’ 3490m 2760m 
L3-25 4 60° 17.5’ 48° 32.5’ 3590m 2840m 
L3-26 4 60° 22’ 48° 27.2’ 3670m 2900m 
L3-27 4 60° 26.8’ 48° 21.7’ 

  L3-28 4 60° 34’ 48° 13.7’ 
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Figure 10: Labrador Sea Station Map, depth profile stations 17 and 24 are labelled 
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137Cs 

 

Seawater surface samples for cesium analyses were collected using the ships internal 

water intake system and stored in two hardware store buckets lined with plastic bags.  The 

samples of 15 litres of seawater were weighed and 100 micrograms of 133Cs was added in a 5 ml 

solution to act as a yield tracer.  The water in the buckets was mixed and then a 20 ml subsample 

was removed for future analysis.  The sample was then acidified to pH 2 using 20 ml of HNO3.  

Four grams of Ammonium Phosphomolybdate (AMP) was added as a cesium sorbent, after the 

sample was acidified to facilitate sorption of cesium to the sorbent.  The sample was then mixed 

and let stand for about 24 hours to allow for the precipitate to settle.  The supernatant was 

removed and the sides of the bags were washed to remove the AMP precipitate.  The sample was 

then transferred to increasingly smaller containers until the volume was able to fit in 1-3 50 ml 

centrifuge tubes.  This methodology was modified from Sakaguchi et al., 2012.  Unfortunately, 

due to the speed of station turnover close to the Greenland Coast along with the slow settling 

time of the AMP, no Cesium samples were acquired from stations 25 or 28. 

236U 

 

To acquire uranium samples two plastic hardware store buckets were lined with plastic 

bags and each filled with 15 litres of seawater; 5.22 picograms of 233U was added as a yield 

tracer to the water, and a 20 ml subsample was taken for ICP-MS analysis of 238U.  The sample 

was then acidified to pH 1-2 by adding 20 ml of concentrated HNO3 and mixed thoroughly to 

ensure proper mixing.  400 mg of iron was then added to the water as FeCl3 to coprecipitate the 

uranium.  The acidified sample was then bubbled with Nitrogen gas for 20 minutes to remove 

any carbonates from the water, which would have otherwise preferentially complexed the 
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uranium and prevented it from coprecipitating with the iron hydroxide.  To precipitate the 

Fe(OH)3, the pH of the sample was then raised to 8-9 using 25 ml of concentrated NH3OH.  The 

sample was then covered and left so that the precipitate could settle.  Once the sample had settled 

the supernatant was siphoned off and the remaining water and precipitate was transferred to a 2 

litre graduated cylinder and left to resettle, after which more supernatant was removed.  The 

process was repeated until the volume was small enough for the precipitate to be stored in 2-3 50 

ml centrifuge tubes.  This methodology was modified from Sakaguchi et al., 2012 .  Surface 

sample duplicates were acquired from each station mentioned in table 1.  Unfortunately, no large 

volume samples were acquired from the depth profiles due to limitations on the water budget. 

2.4 Sample Analysis 

 

129I 

 

 Iodine was extracted from sea water using the following procedure adapted from The 

Protocol for the Analysis of Iodine-129 at the IsoTrace Laboratory manual, which is based on 

Fehn et al., 1992.  100 ml of seawater sample was added to a Nalgene bottle, 20µL of a Sodium 

Iodide carrier containing 2 mg of I was then added to the sample, and a further 100 ml of 

seawater was then added to the bottle to ensure thorough mixing of the NaI carrier.  Iodate in the 

samples was then reduced to Iodine by adding 2 ml of 1 M Sodium Bisulfite, and the samples 

were shaken vigorously for 15 minutes and then left to stand for 16 hours. 

 Following the standing period, 15 ml of hexane was added to the solution and the reduced 

Iodine was oxidized to I2 using 0.3 ml of 6 M Sodium Nitrite. The samples were then shaken 

vigorously for 15 minutes to maximize the transfer of the elemental Iodine into the organic 

phase.  The hexane was then collected from the sample and stored.  The Iodine extraction was 
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repeated two more times using 15 ml of hexane and then with 10 ml of hexane to ensure the 

collection of the majority of the Iodine from the sample. 

 The 40 ml of collected hexane was then re-added to the separatory funnel along with 10 

ml of water.  The Iodine was then reduced to I- using 0.2 ml of 1 M Sodium Bisulfate, 

transferring the Iodine back into the aqueous phase.  The water was then collected and the 

hexane discarded.  The water was acidified using 0.2 ml of concentrated nitric acid to achieve a 

pH of 1, 15 ml of hexane was then added to the water along with 0.2 ml of 6 M Sodium Nitrite to 

force the Iodine back into the organic phase; the hexane was then collected.  The Iodine was 

again reduced into the aqueous phase as described above.  This process of transferring the Iodine 

between the organic and aqueous phase was to ensure the sample was a clean as possible, 

removing potential contaminants left in the discarded phases of each step.  0.1 ml of 

concentrated nitric acid was then added to the 10 ml sample and was heated to 85-90°C to 

remove any sulphur dioxide from the sample. 0.1 ml of 0.1 M Silver Nitrate was then added to 

the sample to precipitate the Iodine as Silver Iodide.  The precipitate was allowed to settle, then 

collected and dried. 

 The Iodine was then mixed with pure Niobium powder roughly in a 4:1 mixture of 

Niobium to Silver Iodide.  The addition of Niobium is to facilitate conductivity in the sample as 

Silver Iodide is not very conductive.  The samples were pressed into targets and run on the AMS 

at the University of Ottawa (Kieser et al. 2015). 
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137Cs 

 

 Upon returning to the University of Ottawa the samples were centrifuged and remaining 

supernatant was removed, samples from the same station and depth were then consolidated into a 

single centrifuge tube and places into a drying oven for 24 hours to remove the remaining water.  

Afterwards the remaining AMP was weighed to measure physical recovery. 50 mg subsamples 

of AMP were removed and redissolved for use in ICP-MS to measure the 133Cs added as a spike 

to record the chemical recovery of the 137Cs by the AMP.  Due to the low amount of 133Cs added 

to the samples however it was necessary to look at other possible inputs of 133Cs due to the 

possibility that the majority of 133Cs observed in the samples was coming from other sources 

rather than the spike.  AMP without any added 133Cs and unprocessed sea water was also 

analyzed for 133Cs and it was found that the cumulative 133Cs input from these sources accounted 

for approximately 3% of the 133Cs observed in the samples, which has been corrected for in the 

calculations. 

The remaining AMP was transferred to a vial and prepared for Gamma counting to 

measure the activity of 137Cs.  The samples were analyzed on a high resolution HPGe detector 

(Ortec Instruments Inc).  Due to the low concentration of 137Cs in the oceans, the samples were 

counted for an average of 2 days each in order to attain enough counts.   
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236U 

 

 Upon return to the lab samples were centrifuged and any remaining supernatant was 

discarded. The iron precipitate was then consolidated and dissolved using 5 ml of 8 M HNO3 

which was then diluted to 4 M with 5 ml of deionized water.  The dissolved sample was then run 

through a 1.2 micron filter to ensure any 

remaining solids were removed from the 

sample. To remove the uranium from the 

sample, UTEVA resin columns were used.  

The extractant in UTEVA resin is diamyl, 

amylphosphonate (DAAP) and will form 

nitrato complexes with actinide elements 

(Horwitz et al., 1992).  These complexes are 

formed from the nitrate in the sample.  This 

means that actinide uptake onto the resin 

from the sample is driven by increasing 

concentration of nitric acid (Horwitz et al., 

1992).  Furthermore actinides can easily be 

stripped from the resin by use of very dilute 

nitric acid, however it was also noted that dilute hydrochloric acid was more efficient at 

removing actinides from the resin (Horwitz et al., 1992) 

 The UTEVA columns used were first equilibrated and activated by running 10 ml of 4 M 

HNO3 through them, afterwards the sample was then mounted and allowed to run through the 

column. After the sample had been run through the column another 10ml of 4 M HNO3 was 

Figure 11: Horwitz et al., 1992 retrieved from: 

http://www.eichrom.com/products/info/uteva_resin.aspx 
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passed through the column to remove any additional iron that may have been left over, then 5 ml 

of 6 M HCl was passed through the column to remove any thorium that may have been present, 

after which only uranium was left on the column.  The uranium was then eluted from the column 

into a clean centrifuge tube with 10 ml of 0.0025 M HCl. The sample was then placed in a drying 

bath for 24 hours to remove the HCl.  After 24 hours, 4 mg of iron as a FeCl3 solution was added 

to the vial as well as 5 ml of 0.5 M HNO3. The sample was then shaken and concentrated 

ammonium hydroxide was added dropwise until the iron with the concentrated uranium 

reprecipitated.  Again the sample was centrifuged and the supernatant was discarded leaving 4 

mg of iron containing the concentrated uranium from the sea sample.  The precipitate was then 

again dried for 24 hours before being transferred to a quartz cup and calcinated in a furnace at a 

temperature of 760°C in order to remove any remaining water and hydroxide.  

Following the preparation of the 236U into in oxide form, several issues arose surrounding the 

analysis of 236U via AMS.  There were two primary issues encountered during AMS operations 

that needed to be overcome in order to achieve reliable results.   

The first issue was the abnormal behaviour of the samples themselves during AMS 

operation.  When running the uranium oxide standards several large spikes of current and counts 

occurred during the measurements (Figure 12 A), when a relatively steady count rate was 

expected.  Normally, the number of counts of an isotope would be observed gradually increasing 

over time as more of the sample is consumed before reaching a maximum, slowly decreasing as 

the sample is exhausted (Figure 12 B).  When dealing with low concentration samples like those 

in the Arctic, a large spike of counts could severely impact results.   

It is believed that the cause of these spikes is related to a sudden burst of ions from the 

material of the target.  Until recently, uranium oxide samples were measured in a stainless steel 
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target, which is a poor heat conductor.  At the high operating temperatures resulting from the 

analysis of uranium, the stainless steel target pieces were unable to dissipate the heat effectively.  

The buildup of heat eventually would lead to a small explosion in the sample, releasing a burst of 

sample material into the AMS beam line resulting in the observed spikes.  This is not ideal as 

such an explosion and concentrated burst could waste the already small amount of sample 

material available, create particles with a wider range of energies, and potentially overwhelm the 

detector, lowering the number of ions counted as they pass through it.  To resolve this issue, 

copper target pieces are now used for uranium samples.  The copper target is a much better 

conductor and therefore better at dissipating heat buildup in the sample.  This simple change in 

target material has removed the issue of the spikes in the count rates. 
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Figure 12: AMS data of counts per cycle of 236U, figure A shows questionable behaviour with large spikes (orange points), while 

figure B shows a more ideal behaviour where counts increase over time. 
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The second issue was a bias observed in the initial measurements of the isotopes of 

uranium; specifically the 233U yield tracer and 236U.  After creating and running a series of 

standards containing known amounts of both 233U and 236U with a constant concentration of 233U 

and decreasing concentration of 236U, it was found that the measurements showed a bias towards 

233U (Figure 13).  It is believed that this issue arose from the positioning of the slits along the 

flight path of the ions within the spectrometer.  The slits are metal plates at the focal points of 

magnetic of electric analysers that can be inserted or withdrawn to either increase the resolution 

or increase the acceptance of the analyser; blocking the path of undesired particles while 

allowing others to pass through.  However due to the small mass difference between 236U and 

233U, it is possible that the slits blocked some of the 236U ions from reaching the detector 

therefore increasing the 233U/236U ratio.  By determining slit settings that gave equivalent 

transmission for both isotopes the bias was eliminated, resulting in much more replicable results 

and the observed uranium isotope atom ratios agreed with the expected standards. 
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Figure 13: A: First expected vs. observed results of known ratios of 233U/236U from the AMS, B: 

Most recent expected vs. observed results of the same standards 
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2.5 Results and Discussion 

 

129I 

 Among the surface samples for 129I from the Labrador Sea, there were interesting but not 

entirely unexpected trends across the AR7W line, with increased concentrations closer to both 

the Greenland and Labrador coasts and with lower concentrations located towards the centre of 

the Labrador Sea.  The highest concentration was located at station 26 with a concentration of 

2.33x109 atoms/L of 129I closer to the Greenland coast while the lowest value was 3.38x108 

atoms/L at station 13 closer to the centre of the Labrador Sea (Figure 14).  These values fall well 

within the expected values for water labelled with 129I discharge from the reprocessing plants in 

Europe.  What is most likely being observed in Figure 14 is the West Greenland Current (WGC) 

flowing up the Greenland coast along with the returning Labrador Current along the Labrador 

coast (Figure 9) which has a slightly lower 129I concentration due to splitting of the WGC in the 

Davis Strait with some 129I labelled water continuing northward into the Arctic Ocean.  

Furthermore the returning Labrador Sea water is mixed with water exiting the Arctic Ocean via 

the Canadian Arctic Archipelago, consisting primarily of Pacific mixed layer water from the 

Arctic, which contains lower concentrations of radioisotopes, thus diluting the 129I concentration 

in the Labrador Current derived from the WGC.  The lower concentrations located in the central 

Labrador Sea are explained by the Labrador Gyre which undergoes relatively slow mixing with 

the encircling currents of the WGC and LC (Figure 9). 

  Figure 15A - 15C show a 129I concentration/depth profile measured in 2014 at Station 

#17 compared with an 129I profile from 2012 (15A), a temperature/depth profile (15B), and a 

salinity/depth profile (15C).  As is evident from the figure, the surface waters show a slightly 

elevated concentration of 129I. The concentration decreases gradually to a minimum at about 
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2040 m and then the 129I increases consistently with increasing depth before reaching its 

maximum concentration (1.04x109) at 3670 m. Temperature at this station almost exhibits 

directly inverse behaviour to that of 129I concentration as a function of increasing depth.  While 

water temperature is slightly elevated in the surface and close to uniform up to 1500 m, it reaches 

a maximum at 2040 m before decreasing to its lowest value (1.8°C) at 3670 m.  Salinity at this 

station exhibits a different trend with salinity increasing from between 1300 m and 2040 m 

where it also reaches its maximum.  Salinity remained mainly uniform below this maximum 

except for a sharp decrease with increasing water depth near the bottom. 

 Figure 15 defines the different water masses present in the Labrador Sea based on their 

oceanographic characteristics as well as the concentration of 129I.  Combining these parameters 

simplifies the description of the different water masses.  Beneath the surface layer lies the LSW 

which is defined by the uniform 129I, salinity, and temperature between 500 and 1500 m.  As 

mentioned above, this layer is well mixed during the winter due to its unique formation process, 

which results in its uniform composition.  Directly beneath the LSW lies NEADW defined by its 

increased salinity and temperature, but it still contains 129I concentrations similar to that of the 

overlying LSW.  This makes sense in respect of NEADW’s primary source, ISOW; which is 

formed in the waters between Iceland and Scotland, external to the primary transport route of 

tracer labelled water, the Norwegian Coastal Current.  Finally, the deepest portion of the water 

column is dominated by DSOW defined by colder, lower salinity water having the highest 

concentrations of 129I.  DSOW is formed primarily from returning Atlantic water flowing 

southward along the eastern coast of Greenland in the East Greenland Current (EGC).  The 

DSOW is colder and fresher, as it is formed primarily from modified Atlantic water returning 

from the Arctic which had originated in the northward flowing Norwegian Coastal Current.  The 
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DSOW can therefore be defined not only by its low temperature and decreased salinity, but by 

the increased concentration of anthropogenic tracers from European nuclear fuel reprocessing 

plants such as 129I.  It is possible to discern the DSOW in Figure 15 at water depths below 3000 

m from the salinity decrease in the transition between the NEADW and DSOW as well as from 

the increasing concentration of 129I. 

 Figure 16 shows the depth profile of station 24 which is located closer to the Greenland 

coast.  Figures A, B, and C show the 129I concentration with depth, a comparison of temperature 

and 129I concentration, and Salinity and 129I concentration respectively.  At station 24 the highest 

concentration of 129I is at the surface and it slowly decreases with depth until reaching 1500 m 

before slowly increasing in concentration until reaching the deepest point.  Temperature shows 

cooler temperatures at the surface before increasing by almost 3°C at 500 m. After reaching its 

temperature maximum at 500 m the temperature steadily decreases with depth until reaching the 

deepest point.  Perhaps the most interesting in this figure is the salinity value, which after 

increasing to approximately 34.9 at 500 m is nearly unchanged with depth for the remainder of 

the column.  This near steady salinity along with the weak trend in increasing 129I concentration 

with depth when compared to station 17 implies that this close to the Greenland Coast there is 

little to no stratification of the different layers at station 17, apart from the difference in the 

surface waters and those at 500 m and downwards.  At station 24 the highest concentration of 129I 

is found in the surface waters and this agrees with the trend of increasing 129I until reaching 

station 26 (Figure 14) which is a possible indicator of where the West Greenland Current lay in 

the spring of 2014.  Following this line of reasoning, station 24 most likely lay within or on the 

edge of the West Greenland current, which can account for the lack of stratified layers at the 

station.  The massive movement of water northwards stopped any clear pattern from developing. 
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Looking at the salinity profile of station 24, from 500 m onwards the water is quite uniformly 

mixed.  We do see a slight increase of 129I with depth but nowhere near as pronounced as that in 

station 17.  However, similar trends are observed in 129I concentration at both stations with depth 

until past the 3000 m mark.  It is possible that due to the fact that station 24 is shallower than 

station 17 the increase in 129I is not observed as there is not as much available space in the water 

column for the DSOW, and were both stations of similar depth the same trends may have been 

observed. 
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Figure 14:  129I concentration of surfaces waters across the AR7W Line in the Labrador Sea. Inset is the map of the transect and station locations. 
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Figure 15:129I Depth Profile of Station 17; Figure A shows a comparison between 2012 and 2014 129I values, Figure B is a 

comparison between 129I concentrations and temperature with depth, while figure C is a comparison of 129I concentration and 

salinity with depth 
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Figure 16: 129I Depth Profile of Station 24; Figure A shows the concentration of 129I with depth values, Figure B is a comparison 

between 129I concentrations and temperature with depth, while figure C is a comparison of 129I concentration and salinity with 

depth 
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137Cs 

 

 137Cs results from samples collected across the surface of the AR7W section are reported 

below in Figure 17.  137Cs concentrations vary by less than 1 Bq/m3 across the entire transect.  

This is in agreement with fallout levels measured in the Arctic Ocean that were similar to those 

observed in the surface waters of the Labrador Sea (Smith et al., 2011).  This is in agreement 

with the observed discharges of 137Cs from the reprocessing plants which has decreased to almost 

0 in the years since 1986 (Figure 6). 

 

Figure 17: 137Cs values across the surface of the Labrador Sea, Cs1 and 2 refer to duplicates taken at each station 
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236U 

 Among the surface samples taken across the Labrador Sea, a trend nearly opposite to that 

of 129I was observed in the distribution of 236U concentrations.  It was predicted that 236U would 

follow a distribution similar to that of 129I with higher concentrations closer to the coasts of the 

Labrador Sea because both isotopes have similar sources and behave conservatively in the ocean 

(Raisbeck et al., 1995; Sakaguchi et al., 2011).  However, 236U concentrations in the surface 

waters of the Labrador Sea do not match the trend of 129I (Figure 18A).  The highest values are 

actually located closer to the centre of the Labrador Sea, rather than within the outer boundary 

currents. 

To ensure that this was not due to experimental error samples from selected stations were 

reanalysed (Figure 18B).  There is little difference in the 236U values between runs 1 and 2, 

although analytical uncertainties were greater for the run 2 measurements.  This uncertainty is 

due to the fact that limited sample material was available for run 2 and this reflected in the 

poorer counting statistics.  However even with the large error associated with run 2, both runs 

show the same overall trend in the distribution of 236U across the surface of the Labrador Sea.   

236U concentration ranged from 7.87x105 and 8.55x106 atoms/L., and although these 

values do not follow the expected distribution, they do agree with values measured previously in 

other areas of the other areas of the North Atlantic (Casacuberta et al., 2014; Christl et al., 2013).  

The 236U concentration in the Denmark Strait ranges from 7.99x106 to 1.12x107
 atoms/L 

(Casacuberta et al., 2014).  These values are expected to be somewhat higher compared to those 

in the Labrador Sea due to their closer proximity to the reprocessing plants.  236U values in the 

North Sea range from 6.10x106 to 1.67x108 (Christl et al., 2013).  These 236U levels are again 

higher than those in the Labrador Sea due to the proximity to the reprocessing plants.  The 
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maximum 236U value reported for the North Sea is directly downstream of the La Hague 

reprocessing plant in the English Channel.  

236U concentrations in samples collected in the Sea of Japan in 2010 show a range 

between 1.3x106 to 1.6x107 atoms/L (Sakaguchi et al., 2012), which is similar to the 

concentration range in the Atlantic Ocean.  It is unlikely however that this similarity in 

concentration can be attributed to reprocessing plant input.  An alternate explanation is the 

disproportionately large amount of atomic weapons testing that took place in the Pacific Ocean 

during the previous century.  American weapons tests mainly occurred in the US Marshall 

Islands, depositing large amounts of isotopes such as 236U locally.  The fallout was then carried 

up into the Sea of Japan by the North Equatorial, Kuroshio and Tsushima currents (Sakaguchi et 

al., 2015) resulting in levels higher than those expected from global fallout. 

The 129I/236U ratio can also be used to identify the source of these radionuclides in sea 

water.  The 129I/236U ratio differs in global weapons test fallout, reprocessing plant inputs and 

natural production in the atmosphere (Casacuberta et al., submitted to Earth and Planetary 

Sciences).  The distribution of the 129I/236U ratio, is closer to what would be expected (Figure 19) 

with higher values closer to the coasts, and the ratio of isotopes observed is from reprocessing 

plants.  Observing such a high 129I/236U ratio confirms the influence of reprocessing plants, while 

lower values indicate a higher influence from global fallout (Casacuberta et al., submitted to 

Earth and Planetary Sciences). New research into the use of 236U/238U and 129I/236U as a dual 

tracer has shown that higher values in both imply the presence of reprocessing plant water while 

a 236U/238U ratio between 1x10-9 and 4x10-9 and a 129I/236U ratio close to 0 implies influence from 

global fallout (Casacuberta et al., submitted to Earth and Planetary Sciences).  Comparing Figure 
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20 and Figure 21, the majority of 236U in the Labrador Sea surface waters are a combination of 

both Global Fallout and reprocessing plant origins. 

 

 

Figure 18: A: Run 1 236U concentrations across surface waters of the Labrador Sea, B: comparison between Run 1 and 2 for 

select stations across the Labrador Sea. 
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Figure 19: A: 129I/236U distribution across the Surface waters of the Labrador Sea, B: comparison between run 1 and 2 of 
129I/236U distribution across the Labrador Sea 
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Figure 20: Sources of 236U based on 129I/236U ratios and 236U/238U ratios, GF is global fallout, RP is reprocessing plant, and LB 

is lithogenic background (Casacuberta et al., submitted to Earth and Planetary Sciences) 

 

 

Figure 21: Distribution of 129I/236U ratios and 236U/238U ratios at stations across the Labrador Sea (add red box to show inset) 

 

  

07-U2
09-U2

13-U115-U2

17-U2

19-U2

24-U2

25-U2
26-U2

27-U2
28-U1

0.00E+00

1.00E-09

2.00E-09

3.00E-09

4.00E-09

5.00E-09

6.00E-09

0.00 200.00 400.00 600.00 800.00 1000.00 1200.00 1400.00 1600.00

2
3

6 U
/2

3
8 U

129I/236U



42 

 

3. The Arctic Ocean 
 

 The Arctic Ocean is a strongly stratified and enclosed sea consisting of two major basins 

and multiple shallow shelves with only four passages connecting it to the World’s Oceans 

(Rudels et al., 1994). The Barents Sea, Fram Strait, and Canadian Arctic Archipelago connect the 

Arctic Ocean to the North Atlantic, while the Bering Strait is the Arctic Ocean’s sole connection 

to the Pacific Ocean (Rudels et al., 1994). 53% of the Arctic Ocean is characterized by large 

shallow shelves such as those of the Barents (200-300 m deep),  Kara (50-100 m),  Laptev (<50 

m), and East Siberian  (<50 m), and  Chukchi Seas (50-100 m;Rudels, 2009)  The two large 

basins which make up the deepest points of the Arctic Ocean are the Eurasian and Canadian 

Basins which are separated by the Lomonosov Ridge.  The Eurasian Basin can be further 

subdivided into the Nansen and Amundsen basins, separated by the Gakkel Ridge, while the 

Canadian Basin can be subdivided by the Alpha and Mendeleyev Ridges into the Makarov and 

Canada Basins (Rudels, 2009). 
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Figure 22: Map of the Arctic Ocean showing geographical and bathymetric features. The bathymetry is from IBCAO (the 

International Bathymetric Chart of the Arctic Ocean; Jakobsson et al., 2000; 2008) and the projection is Lambert equal area. 

The 500 and 2000 m isobaths are shown. All maps used here are made by Martin Jakobsson). BIT, Bear Island 

Trough; CB, Canadian Basin; EB, Eurasian Basin; GFZ, Greenland Fracture Zone; MJP, Morris Jessup Plateau; JMFZ, Jan 

Mayen Fracture Zone; SAT, St. Anna Trough; YM, Yermak Plateau; VC, Victoria Channel; VS, Vilkiltskij Strait; FJL, Franz 

Josef Land; BS, Barrow Strait; HG & CS, Hell Gate and Cardigan Sound. (From Rudels, 2009) 



44 

 

3.1 Arctic Ocean Water Masses 

 

While climate change driven warming of the Arctic, as well as sea ice loss are important 

issues and arguably the most well-known challenges regarding the environmental stability in the 

Arctic, they make up only a small part of a complex and important natural system, with many 

variables involved.  One such variable is the circulation of water throughout the Arctic and its 

ultimate fate.  The Arctic Ocean is comprised of several different water layers having unique 

characteristics.  In oceanography, water masses are most simply distinguished by their 

temperature, and salinity measured in parts per thousand.   

The majority of water enters the Arctic from two sources in the North Atlantic: the Barents 

Sea and through the Fram Strait located between Greenland and the island of Svalbard (Jones, 

2001).  A much smaller input (approximately 10% of the total) occurs from the Pacific Ocean 

through the shallow (depth < 50 m) Bering Strait between Russia and Alaska (Jones, 2001).  

Upon entering the Arctic several changes occur resulting in the formation of distinct layers of 

water. The upper 50 m of the Arctic Ocean is referred to as the Polar Mixed Layer (PML), 

dominated mainly by surface temperatures governed by atmospheric cooling and sea ice 

production and fed mostly by river runoff, melted sea ice, and water entering from the North 

Atlantic and Pacific Oceans (Rudels, 2009).  The PML is homogenized during the winter by 

freezing, brine release and haline convection, while during the summer months it becomes 

freshened from melting sea ice (Rudels, 2015). The salinity ranges from 30 to 32.5 in the 

Canadian basin, and 32 to 34 in the Eurasian Basin (Rudels, 2009).  Below the PML is a 

halocline which separates it from the rest of the water column (Jones, 2001; Rudels, 2009). 
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The halocline is characterised by temperatures close to 0°C, and a very steep density 

gradient associated with the increasing salinity with depth (Rudels, 2015).  In the western Arctic 

the halocline is steepened by the inflow of Pacific water, which is less dense than the underlying 

Atlantic Layer (Rudels, 2015).  This water layer occupied the 100-250 m depth range and is 

characterized by increasing salinity from 32.5 to 34.5. 

 The warmer water of the North Atlantic entering the Arctic Ocean through Fram Strait 

encounters sea ice which causes partial melting, thereby freshening the surrounding water and 

forming a halocline (Jones, 2001; Rudels et al., 1996) Warmer (2 – 3 °C) and denser water 

entering the Arctic Ocean from the North Atlantic form the Atlantic Layer (also referred to as 

intermediate waters) of the Arctic Ocean (Jones, 2001) at water depths of 400 – 900 m and with 

salinity ranging from 34.5 to 35 (Figure 24).  

The deepest layer of water is Arctic Deep Water (ADW) which includes inputs from both 

the Bering Strait and Barents Sea.  During winter in the Barents Sea temperatures decrease which 

encourages the formation of sea ice, causing the surrounding water to increase in salinity.  The 

increase in salinity is such that it increases the water density enough for it to flow off the shelf in 

plumes to the depth of Arctic Deep Water (Jones, 2001) which in turn results in salinity increases 

to around 34.94.  A similar process can occur with water entering through the Bering Strait, 

where increased salinity from sea ice formation injects water into the Arctic Deep layer. 
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Figure 24: Temperature and Salinity Depth profiles of the Canadian Basin (CB, Blue), Makarov Basin (MB, Magenta), 

Amundsen Basin (AM, Green), and Nansen Basin (NB, Yellow) (Rudels, 2009) (1dbar = 1.01m)  

Figure 23: Major water masses of the Arctic (AMAP, 1998) 
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3.2 Arctic Ocean Circulation 

 

The movement of the 

aforementioned water bodies 

in the Arctic is also an 

important component of the 

region.  Due to the variability 

in external forces such as 

temperature and wind, as well 

as the differences in the water 

masses themselves, it is not as 

simple as having each layer 

behave identically.  The portion of the PML entering from the North Atlantic generally follows 

an eastern route until hitting the Lomonosov ridge.  It then flows along the ridge before returning 

to exit through the Fram Strait (Jones, 2001).  PML formed from Pacific water entering from the 

Bering Strait splits in the Chukchi sea, with one half flowing along the North American coast 

while the other flows north to eventually mix with water from the Atlantic Layer before exiting 

through the Canadian Arctic Archipelago and the Fram Strait (Jones, 2001).  As this layer is 

closest to the surface it is influenced partially by local wind, however the Pacific Ocean 

possesses a higher sea level than the Arctic Ocean.  This in turn causes a pressure gradient to 

develop in the Bering Strait, pushing water into the Arctic Ocean (Rudels, 2009).  

Below the PML, the Atlantic layer and the upper portion of the Polar Deep Water follow 

completely different circulation patterns (Figure 25).  Warmer Atlantic water is carried 

Figure 25: Arctic Circulatory Patterns of Surface water (grey arrows), and Atlantic 

Layer and Upper Polar Deep water to around 1700 m (Black arrows) Straight black 

arrows represent major rivers.  The letters refer to major subsurface ridges where A 

is the Mendeleyev Ridge, B is the Lomonosov Ridge, C is the Alpha Ridge, the 

asterisk shows the approximate location of Station A.  Adapted from Jones, 2001 

* 
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Northwards by the Norwegian Atlantic Current, where it then splits into two.  One flow enters 

into the Barents Sea before continuing into the Arctic, while the second body moves towards the 

Fram strait and enters the Arctic Ocean through it before continuing East along the bottom of the 

Nansen Basin in what is called Fram Strait Branch Water (FSBW) (Rudels, 2009; Karcher et al., 

2012).  The branch travelling through the Barents Sea can be split into two layers.  The lighter 

Atlantic Water which is cooled and freshened from interactions by sea ice (Karcher et al., 2012; 

Rudels et al., 2004) experiences mixing from river runoff and is responsible for feeding the 

surface water of the Eurasian Basin before gradually recirculating towards the Fram Strait 

(Karcher et al., 2012).  The second branch is the denser portion of Barents Sea Atlantic Water 

which enters into the Nansen basin as Barents Sea Branch Water (BSBW) where there is limited 

mixing between it and the FSBW.  The BSBW and FSBW flow cyclonically around the Arctic 

Ocean in the boundary current which splits at each of the major ridges (Rudesl, 2009). One loop 

enters the Makarov basin along the Mendeleyev Ridge, while another enters into the Canadian 

Basin at the Chukchi plateau.  The boundary current carrying intermediate Atlantic Water also 

enters into the Canada basin at the Alpha ridge and the Makarov Basin from the Lomonosov 

ridge (Rudels, 2009; Karcher et al., 2012). These general circulation patterns can be observed in 

Figure 4 and Figure 25.  Interestingly, these distinct gyres introduce a time lag that makes the 

Atlantic waters entering these basins distinct, even if they originated from the same inflow into 

the Arctic Ocean (Rudels, 2009) 

3.3 Beaufort Sea Sampling Methods 

 

Samples were taken across the Beaufort Sea with depth profiles for Iodine being taken at 

each station, while Uranium and Cesium depth profiles were taken at Station A.  Station 

locations can be viewed below in Figure 26. 
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Figure 26: Beaufort Sea sample locations and station ID’s 

  

Table 2: Samples taken at each station in the Beaufort Sea by depth in metres 

Station A CB10 CB12 CB15 PP7 

6m 4m 5m 7m 6m 
202m 174m 187m 180m 180m 
307m 269m 451m 454m 451m 
358m 444m 510m 509m 510m 
404m 510m 612m 611m 612m 
510m 611m 814m 814m 814m 
607m 815m 1016m 1017m 1017m 
806m 1017m 2034m 2034m 2035m 

1013m  3684m 3591m 3427m 
2035m     

3293m     
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129I 

 

The method for collection of 129I remained unchanged to that of the samples taken in the 

Labrador Sea. A sample list can be viewed above in Table 2 

137Cs 

 

The method for the collection of 137Cs remained unchanged.  However due to an error in 

the calculation of the spike solution 100 nanograms of 133Cs spike was added to the samples in 

the Beaufort Sea rather than 100 micrograms.  Furthermore, 137Cs samples from Station A were 

run twice on two different gamma detectors to ensure reproducibility.  The gamma detectors 

possess different parameters and the intercomparison between them is discussed below.  The two 

detectors are the CANBERA SAGe detector, and the ORTEC HPGe detector.  The CANBERA 

detector contains thicker shielding than the ORTEC, which is more effective at blocking 

incoming external radiation, and also possesses a larger and thicker germanium crystal which is 

more effective at detecting gamma radiation from samples.  Due to these differences the 

CANBERA detector has an efficiency approximately double that of the CANBERA.  

Furthermore both detectors were calibrated independently using two different methods.  The 

ORTEC detector was calibrated traditionally by measuring a standard of known concentration 

and geometry and generating a calibration curve.  The CANBERA detector was calibrated with a 

Monte Carlo simulation based on the various components of the detector.  By comparing the 

same samples on both independently calibrated detectors, and achieving similar results supports 

the validity of the data. 

236U 
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The method for collection of 236U was modified with one additional step compared to the 

method in the Labrador Sea.  After the addition of acid and the 233U spike, 0.6ml of 12% 

Titanium Trichloride was added as a reducing agent to promote U4+ formation as it is less soluble 

than its U6+ form (Zavodska et al., 2008).  It was found that upon returning to the lab and 

processing the uranium samples that the TiCl3 was not removed and remained with the final 

precipitate, which made it difficult to work with.  It would not be recommended to use TiCl3 in 

the future as any potential benefit was outweighed by the trouble it caused in processing. 

Furthermore, due to limitations on available water, the supernatant used to acquire the cesium 

samples was recovered and reused for Uranium sampling. 

 

3.4 Results and Discussion 

 

129I 

 

Within the Beaufort Sea, 129I samples (Figure 27) showed similar trends across all the 

stations sampled.  At each station there is a strong trend of a sharp increase of temperature and 

129I concentration at approximately the 500 m mark followed by a rapid decrease in both 

temperature and 129I concentration with depth.  Among the deep stations (Station A, CB-12, CB-

15, and PP7) 129I concentration has decreased significantly by the time it reaches 2000 m and 

continues to decrease slightly by the bottom of the profile.  Temperature across the deep stations 

behaves similarly as well, decreasing between 500 m and 2000 m before increasing slightly at 

the deepest point.  A slight anomaly can be viewed at station A regarding the temperature 

difference between the surface point and the following point at 200 m.  The other stations present 

express similar trends of approximately -1.5°C in the surface water and first 200 m before 
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increasing to the temperature maximum at 500 m, while Station A has a temperature maximum 

at the surface before decreasing rapidly to a value similar to that of the other stations at 200 m.  

This is most likely due to Station A’s position further south as the air temperature became much 

colder further north.  Another interesting trend is the apparent increase in temperature between 

the 2000 m and 3500 m point at all the deep stations sampled.  One potential explanation is the 

increase in pressure with increasing depth, causing an increase in temperature.  Another possible 

reason for the higher temperature is the location of the Lomonosov Ridge, which separates the 

Canadian basin from the other major Arctic basins.  The location of this basin stops colder 

bottom waters located in the other basins from flowing into the Canada basin causing it to have a 

higher temperature in the bottom waters (Tomczak & Godfrey, 1994). 

The 129I trends observed in the Beaufort Sea data can be explained by the different water 

masses explained above.  Relatively low concentrations of 129I are observed in the surface waters 

as it is made primarily up of water originating from the Pacific Ocean as well as flow from river 

systems emptying into the Arctic Ocean, both low with anthropogenic tracers when compared to 

water labelled with discharge from the nuclear reprocessing plants of Europe.  This also explains 

the lower salinity in the surface waters when compared to the rest of the profile.  Melting sea ice, 

along with injections of fresh river water and less saline Pacific water reduces the salinity of the 

surface Arctic Ocean. 

Increasing in depth it is possible to observe the Atlantic layer, identified by higher 

temperatures as well as the increased concentration of 129I concentration.  This again is due to the 

origins of this water entering the Arctic.  The Atlantic water first passed through the British Isles 

and North Sea, becoming labelled with isotopes released from Sellafield and La Hague before 

continuing up the Norwegian Coastal Current through the Fram Strait and into the Arctic Ocean.  
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The rather rapid decline in 129I concentration with depth after reaching its maximum is due to the 

entry into the Arctic Deep layer where; relative to the 129I concentration maximum, values are 

close to 0.  This is due to the extremely long residence time of the Artic Deep Layer of around 

300 years, and of course, since the advent of the nuclear age is less than a century old, little to no 

anthropogenically produced radioisotopes have penetrated into this layer. 
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Figure 27:129I and Temperature depth profiles across the Beaufort Sea 
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Figure 28: Salinity and Temperature depth profiles across the Beaufort Sea 
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137Cs 

 

 137Cs at Station A shares a nearly identical trend to that of 129I above with values of 

approximately 1 Bq/m3
 in surface waters before increasing to a maximum concentration at 400 

m, after which it slowly decreases with depth.  The reason for this trend is the same as that for 

129I as tracer labelled Atlantic water occupies the mid depth at the concentration maximum 

before transitioning into the Deep Arctic layer.  The concentration of 1Bq/m3 at the surface is 

expected for background fallout levels so there is little to no influence from the nuclear 

reprocessing plants in the upper 200 m of the water column consisting of the Pacific mixed layer 

and halocline.  The low concentration maximum of only 2.5Bq/m3 is due to the small amount of 

137Cs being released by the nuclear reprocessing plants today.  The transit time from the site of 

the nuclear reprocessing facilities to station A in the Canada basin was modelled to be 

approximately 14 years (Smith et al., 1998). This time period still falls within the period of low 

releases from the reprocessing plants.  Furthermore, the residence time of the Atlantic layer in 

the Arctic is around 30 years which implies there may still be some 137Cs present from the period 

of increased releases of 137Cs as well as fallout from Chernobyl.  It is therefore most likely that 

the majority of the 137Cs in the Atlantic layer is indeed from reprocessing inputs, with a small 

contribution from other sources such as Chernobyl (Smith et al., 1998) 

 To ensure the reproducibility of the results, the depth profile of station A was run on two 

different gamma counters and their results were compared (Figure 29A)  The difference between 

the two counters is that the CANBERA detector had a much larger germanium crystal and a  

thicker surrounding shield than the ORTEC counter resulting in double the counting efficiency.  

It is clear from the figure that the results are indeed reproducible with results from both counters 

overlapping their respective uncertainty.  These results increase our confidence that these data 
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are an accurate representation of the depth distribution of 137Cs at Station A.

 

Figure 29: A: Comparison of 137Cs values with depth between two different Gamma detectors at Station A.  B: 137Cs 

concentration and Temperature with depth at Station A 
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236U 

  

Concentration of 236U measured in the Beaufort Sea ranged from 6.60x109 to 8.31x109 

atoms/L and was relatively constant for the entirety of the depth profile.  The calculated values 

can be found in Table 3.  It is believed that these concentrations are not indicative of the actual 

concentration or distribution of 236U in the Beaufort Sea. These concentrations are believed to be 

suspect for two reasons.  First, the recorded concentrations of 236U in the Beaufort Sea are higher 

even than those measured directly off the coast of the La Hague reprocessing plant which is 

higher than 1.67x108 (Christl et al., 2013).  Secondly, 236U in the Beaufort Sea is also expected to 

follow a distribution similar to that of 129I, but no such trend is observed.  Instead 236U maintains 

relatively unchanged concentration with depth.  It is believed the high and uniform concentration 

is due to contamination from an outside source of 236U.  Given the nature of the uniform 

concentration in each sample this contamination could have been from one of the chemicals or 

materials added during the sampling process, although this is hard to believe since all the same 

materials were used in both the Labrador Sea and Beaufort Sea sample processing.  The only 

difference in the Beaufort Sea was the addition of TiCl3 and the reuse of water used in 137Cs 

processing.  Both of these differences were determined not to be able to have such a large impact 

on 236U concentration.  The current cause of 236U concentration is therefore unknown. 

 Although the samples in the Beaufort Sea gave unsatisfactory oceanographic results they 

did help to confirm the reliability of the sampling and analytical process as the duplicates proved 

highly reproducible (Table 3).  The high concentrations of 236U also provided useful samples for 

the continued improvement of the A.E. Lalonde AMS methodology for 236U measurement. 
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Table 3:236U concentration in atoms/L in the Beaufort Sea, values with the same depth are duplicates 

Sample 
ID 

Depth 
(m) 

236U atoms/L 

 U242 5 5.92E+09 

 U237 64 6.07E+09 

 U234-1 185 5.95E+09 

 U234-2 185 5.97E+09 

 U232 200 6.61E+09 

 U228-1 400 6.66E+09 

 U228-2 400 6.52E+09 

 U225-1 600 6.08E+09 

 U225-2 600 6.04E+09 

 U223 800 5.53E+09 

 U221-1 1000 7.16E+09 

 U221-2 1000 7.69E+09 
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4. Conclusions 

This work measured 129I, 137Cs and 236U in seawater from the Beaufort Sea, Arctic 

Ocean and the Labrador Sea.  All three isotopes help to identify the origin of the water in 

different parts of the water mass.   

The water in the Labrador Sea contains 129I from reprocessing plants.  In Labrador 

Sea surface water, the highest 129I values were in the current circling the outer limit of the 

Labrador Sea, in the West Greenland Current and Labrador Current, with lower values 

towards the centre of the Labrador Sea in the Labrador Gyre.  In the deeper waters, the 

highest 129I values were observed at the greatest depth in the Denmark Strait Overflow 

Water, which originates from the Norwegian Coastal current.  129I is a well-documented 

anthropogenic tracer and these values from the Labrador Sea are consistent with previous 

measures reported by Smith (2011). 137Cs values in all of the surface waters of the 

Labrador Sea were close to global fallout levels of 1 Bq/m3 and there is no evidence of 

elevated concentrations of 137Cs from the reprocessing facilities. 

236U was successfully measured by AMS at the A.E. Lalonde Laboratory.  

Throughout the course of this research, the method for the analysis of 236U was greatly 

improved.  The concentrations of 236U across the Labrador Sea are similar to those 

reported in the North Atlantic Ocean.  The measured distribution of 236U in the Labrador 

Sea did not follow the distribution predicted by the distribution of 129I.   

In the Beaufort Sea both 129I and 137Cs concentrations were very different in 

different water masses that are found in different depths in the Canada Basins. The depth 
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distributions of both isotopes are consistent with the distributions that were expected 

based on oceanographic data.  

The samples for 236U in the Beaufort Sea were unfortunately contaminated by a 

still unknown source. As a result, the distribution of 236U in the Beaufort Sea could not be 

determined.  However the 236U results were highly reproducible lending credibility to the 

sampling and analytical method.  Based on these results, it shows the potential for 236U as 

a useful oceanographic tracer in terms of both sampling methodology as well as its 

analysis via AMS. 

Future work should include depth profiles of stations in the Labrador Sea to 

observe the distribution of 137Cs and 236U with depth, paying special attention to the 

bottom 500 m.  In the Beaufort Sea, four depth profiles for 129I, 137Cs, and 236U were 

collected in September of 2015, but unfortunately were not able to be analyzed within the 

timeframe of this thesis.  A higher resolution between the depths of 200 m to 600 m depth 

would allow for analysis of the expected maximum for the anthropogenic tracers within 

the Atlantic Layer.   
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6.1 Appendix A – Sample Data 

 

Labrador Sea – Uranium 
Sample 

Site 
Sample 

ID N Latitude 
W 

Longitude 
Depth 

(m) 
Sample Mass 

(kg) 
233U added 

(pg) 
HNO3 added 

(mL) 
FeCl3 added (mg 

Fe) 
Bubbling 

Time 
NH4OH added 

(mL) 

L3-05 U1 N 54' 29.5" W 54' 45.3" 4 14.8 5.22 20 400 20m 19s 25 

L3-05 U2 N 54' 29.5" W 54' 45.3" 4 14.7 5.22 20 400 20m 19s 25 

L3-07 U1 N 54' 57.3" W 54' 17.7" 4 15.2 5.22 20 400 20m 34s 25 

L3-07 U2 N 54' 57.3" W 54' 17.7" 4 15.2 5.22 20 400 20m 34s 25 

L3-09 U1 N 55' 15.8" W 53' 59" 4 15 5.22 20 400 20m 30s 25 

L3-09 U2 N 55' 15.8" W 53' 59" 4 15 5.22 20 400 20m 30s 25 

L3-11 U1 N 55' 36.7" W 53' 37.9" 4 15.4 5.22 20 400 20m 41s 25 

L3-11 U2 N 55' 36.7" W 53' 37.9" 4 15.1 5.22 20 400 20m 41s 25 

L3-13 U1 N 56' 6.8" W 53' 7" 4 15 5.22 20 400 20m 30s 25 

L3-13 U2 N 56' 6.8" W 53' 7" 4 15.3 5.22 20 400 20m 30s 25 

L3-15 U1 N 56' 57.4" W 52' 14.2" 4 15.2 5.22 20 400 21m 30s 25 

L3-15 U2 N 56' 57.4" W 52' 14.2" 4 15 5.22 20 400 22m 00s 25 

L3-17 U1 N 57' 48" W 51' 20.4" 4 14.7 5.22 20 400 21m 33s 25 

L3-17 U2 N 57' 48" W 51' 20.4" 4 16.1 5.22 20 400 21m 33s 25 

L3-19 U1 N 58' 38.4" W 50' 25" 4 15.5 5.22 20 400 21m 50s 25 

L3-19 U2 N 58' 38.4" W 50' 25" 4 15.8 5.22 20 400 21m 50s 25 

L3-21 U1 N 59' 29" W 49' 28.5" 4 15 5.22 20 400 21m 27s 25 

L3-21 U2 N 59' 29" W 49' 28.5" 4 14.9 5.22 20 400 21m 27s 25 

L3-24 U1 N 60' 10.5" W 48' 40.5" 4 15 5.22 20 400 21m 32s 25 

L3-24 U2 N 60' 10.5" W 48' 40.5" 4 15.3 5.22 20 400 21m 32s 25 

L3-25 U1 N 60' 17.5" W 48' 32.5" 4 15.3 5.22 20 400 22m 50s 25 

L3-25 U2 N 60' 17.5" W 48' 32.5" 4 15.2 5.22 20 400 22m 50s 25 

L3-26 U1 N 60' 22" W 48' 27.2" 4 14.9 5.22 20 400 20m 50s 25 

L3-26 U2 N 60' 22" W 48' 27.2" 4 15.1 5.22 20 400 20m 50s 25 

L3-27 U1 N 60' 26.8" W 48' 21.7" 4 15.3 5.22 20 400 20m 40s 25 

L3-27 U2 N 60' 26.8" W 48' 21.7" 4 14.9 5.22 20 400 20m 40s 25 
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L3-28 U1 N 60' 34" W 48' 13.7" 4 15.1 5.22 20 400 25m 00s 25 

L3-28 U2 N 60' 34" W 48' 13.7" 4 15.5 5.22 20 400 25m 00s 25 

 

Labrador Sea - Cesium 
Sample 

Site 
Sample 

ID N Latitude 
W 

Longitude 
Depth 

(m) 
Mass of 

Water (kg) 
Cs-133 added 

(mL) 
133Cs added 

(ug) 
HNO3 added 

(mL) 
AMP added 

(g) 

L3-05 Cs 1 N 54' 29.5" W 54' 45.3" 4 15.1 4.99 99.8 20 4.01 

L3-05 Cs 2 N 54' 29.5" W 54' 45.3" 4 15.1 4.98 99.6 20 4.01 

L3-07 Cs 1 N 54' 57.3" W 54' 17.7" 4 15 4.99 99.8 20 4 

L3-07 Cs 2 N 54' 57.3" W 54' 17.7" 4 15.3 5 100 20 4 

L3-09 Cs 1 N 55' 15.8" W 53' 59" 4 15.2 4.98 99.6 20 4.01 

L3-09 Cs 2 N 55' 15.8" W 53' 59" 4 15.6 5.01 100.2 20 3.98 

L3-11 Cs 1 N 55' 36.7" W 53' 37.9" 4 15.5 5 100 20 4.02 

L3-11 Cs 2 N 55' 36.7" W 53' 37.9" 4 15.4 5 100 20 4.01 

L3-13 Cs 1 N 56' 6.8" W 53' 7" 4 15 4.98 99.6 20 4.02 

L3-13 Cs 2 N 56' 6.8" W 53' 7" 4 15 4.97 99.4 20 4.02 

L3-15 Cs 1 N 56' 57.4" W 52' 14.2" 4 15.4 5 100 20 4 

L3-15 Cs 2 N 56' 57.4" W 52' 14.2" 4 15.4 5 100 20 4 

L3-17 Cs 1 N 57' 48" W 51' 20.4" 4 15.5 5 100 20 4.01 

L3-17 Cs 2 N 57' 48" W 51' 20.4" 4 15.6 5 100 20 4 

L3-19 Cs 1 N 58' 38.4" W 50' 25" 4 14.7 5 100 20 4 

L3-19 Cs 2 N 58' 38.4" W 50' 25" 4 15.4 5 100 20 4.01 

L3-21 Cs 1 N 59' 29" W 49' 28.5" 4 15.1 5 100 20 4 

L3-21 Cs 2 N 59' 29" W 49' 28.5" 4 14.9 5 100 20 4 

L3-24 Cs 1 N 60' 10.5" W 48' 40.5" 4 15.1 4.98 99.6 20 4.01 

L3-24 Cs 2 N 60' 10.5" W 48' 40.5" 4 15.1 4.93 98.6 20 4.01 

L3-26 Cs 1 N 60' 22" W 48' 27.2" 4 15.2 5.96 119.2 20 4.02 

L3-26 Cs 2 N 60' 22" W 48' 27.2" 4 14.8 4.98 99.6 20 4.01 

L3-27 Cs 1 N 60' 26.8" W 48' 21.7" 4 15.1 5 100 20 4 

L3-27 Cs 2 N 60' 26.8" W 48' 21.7" 4 15.1 5 100 20 3.97 
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Beaufort Sea - Cesium 
Sample 

ID 
Station 

ID 
Depth 

(m) 
Sample Mass 

(kg) 
133Cs added 

(ng) 
HNO3 added 

(ml) 
AMP added 

(g) 

Cs 242 STA-A 5 15.9 100 20 4.01 

Cs 237 STA-A 64 15 100 20 4.02 

Cs 234 STA-A 185 15.9 100 20 4.01 

Cs 232 STA-A 200 14.8 100 20 4.01 

Cs 228 STA-A 400 14.9 100 20 4.01 

Cs 225 STA-A 600 15.5 100 20 4 

Cs 223 STA-A 800 17.4 100 20 4.01 

Cs 221 STA-A 1000 14.5 100 20 4.01 
 

Beaufort Sea - Uranium 

Sample 
ID 

Station 
ID 

Depth 
(m) 

Sample 
Mass 
(kg) 

233U 
added 

(pg) 

TiCl3 
added 

(ml) 

HNO3 
added 

(ml) 

FeCl3 
added 

(ml) 
Bubbling 

Time 
NH4OH 

added (ml) 

U 221 STA-A 1000 14.1 5.22 0.6 20 400 24m 30s 35 

U 223 STA-A 800 17.1 5.22 0.6 20 400 25m 48s 35 

U 225 STA-A 600 15.1 5.22 0.6 20 400 26m 17s 35 

U 228 STA-A 400 14.5 5.22 0.6 20 400 24m 0s 35 

U 232 STA-A 200 14.4 5.22 0.6 20 400 24m 0s 35 

U234 STA-A 185 15.5 5.22 0.6 20 400 25m 0s 35 

U237 STA-A 64 14.6 5.22 0.6 20 400 27m 0s 35 

U 242 STA-A 5 15.5 5.22 0.6 20 400 23m 30s 35 
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6.2 Appendix B – Experimental Data 

 

129I 

Labrador Sea 

Sample ID 
Depth 

(m) 
Sample Mass 

(g) 
Corrected 129I 

(atm/L) 
Uncertainty 

(atm/L) 

L3-05 4 199.43 9.67E+08 3.39E+04 

L3-07 4 203.21 9.50E+08 3.36E+04 

L3-09 4 205.00 7.39E+08 3.00E+04 

L3-11 4 201.78 4.14E+08 2.32E+04 

L3-13 4 209.83 3.38E+08 2.12E+04 

L3-15 4 200.79 3.52E+08 2.16E+04 

L3-17 4 201.13 3.82E+08 2.24E+04 

L3-19 4 199.26 7.12E+08 2.95E+04 

L3-21 4 199.98 7.84E+08 3.08E+04 

L3-24 4 201.66 1.59E+09 4.27E+04 

L3-25 4 201.36 1.86E+09 4.59E+04 

L3-26 4 200.06 2.33E+09 5.10E+04 

L3-27 4 200.55 2.21E+09 4.97E+04 

L3-28 4 201.72 2.11E+09 4.87E+04 

L3-17-510m 510 202.30 3.18E+08 2.07E+04 

L3-17-870m 870 203.38 3.20E+08 2.07E+04 

L3-17-1300m 1300 200.99 3.20E+08 2.07E+04 

L3-17-1550m 1550 203.40 3.04E+08 2.03E+04 

L3-17-2040m 2040 200.76 2.05E+08 1.72E+04 

L3-17-2520m 2520 205.58 2.59E+08 1.90E+04 

L3-17-2940m 2940 204.05 3.37E+08 2.12E+04 

L3-17-3120m 3120 203.83 3.96E+08 2.27E+04 

L3-17-3380m 3380 203.72 6.59E+08 2.85E+04 

L3-17-3490m 3490 214.54 8.78E+08 3.24E+04 

L3-17-3590m 3590 203.47 1.04E+09 3.51E+04 
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L3-17-3670m 3670 201.81 1.04E+09 3.51E+04 

L3-24-310m 310 201.50 3.92E+08 2.27E+04 

L3-24-560m 560 203.75 3.70E+08 2.21E+04 

L3-24-880m 880 200.90 3.43E+08 2.14E+04 

L3-24-1060m 1060 202.14 3.10E+08 2.05E+04 

L3-24-1460m 1460 200.79 2.64E+08 1.91E+04 

L3-24-1860m 1860 200.16 4.23E+08 2.34E+04 

L3-24-2240m 2240 205.10 4.55E+08 2.42E+04 

L3-24-2400m 2400 200.30 4.93E+08 2.50E+04 

L3-24-2540m 2540 201.68 5.69E+08 2.67E+04 

L3-24-2760m 2760 201.79 5.15E+08 2.55E+04 

L3-24-2840m 2840 199.82 5.47E+08 2.62E+04 

L3-24-2900m 2900 202.78 6.22E+08 2.78E+04 

17-24m (2012) 24 
 

5.03E+08 
 17-870m (2012) 870 

 
2.43E+08 

 17-2290m (2012) 2290 
 

1.34E+08 
 17-3120m (2012) 3120 

 
2.69E+08 

 17-3490m (2012) 3490 
 

6.71E+08 
 17-3590m (2012) 3590 

 
8.00E+08 

 17-3670m (2012 3670 
 

8.39E+08 
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137Cs 

 

Beaufort Samples (Cs ###) Decay corrected from 2014/09/08, Labrador Sea (L3-##) Samples Decay corrected from between 

2014/05/09 and 2014/05/15, Cs 1 and Cs 2 refer to duplicates from the same station 

ORTEC Counter 
Sample 

ID Station Depth Bq/m3 Decay Corrected Bq/m3 Uncertainty Bq/m3 

Cs 221 STA-A 1013 2.15 2.21 0.20 

Cs 223 STA-A 805.919 2.25 2.31 0.26 

Cs 225B STA-A 608.748 2.18 2.24 0.20 

Cs 228 STA-A 403.992 2.44 2.50 0.27 

Cs 232 STA-A 202.285 1.52 1.56 0.16 

Cs 234 STA-A 187.213 0.99 1.02 0.15 

Cs 237 STA-A 65.397 1.08 1.11 0.23 

Cs 242 STA-A 6.414 1.07 1.10 0.16 

L3-05-Cs1 L3-05 5 1.11 1.15 0.17 

L3-05-Cs2 L3-05 5 0.90 0.93 0.14 

L3-07-Cs1 L3-07 5 0.97 1.01 0.16 

L3-07-Cs2 L3-07 5 1.26 1.31 0.17 

L3-09-Cs1 L3-09 5 0.97 1.00 0.12 

L3-09-Cs2 L3-09 5 0.92 0.95 0.18 

L3-11-Cs1 L3-11 5 0.92 0.96 0.17 

L3-11-Cs2 L3-11 5 1.05 1.09 0.15 

L3-13-Cs1 L3-13 5 0.88 0.91 0.17 

L3-13-Cs2 L3-13 5 0.77 0.79 0.18 

L3-15-Cs1 L3-15 5 0.87 0.90 0.15 

L3-15-Cs2 L3-15 5 1.07 1.11 0.18 

L3-17-Cs1 L3-17 5 0.82 0.85 0.17 

L3-17-Cs2 L3-17 5 0.79 0.82 0.14 

L3-19-Cs1 L3-19 5 1.00 1.04 0.19 

L3-19-Cs2 L3-19 5 0.74 0.76 0.18 
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L3-21-Cs1 L3-21 5 0.83 0.86 0.18 

L3-21-Cs2 L3-21 5 0.67 0.69 0.17 

L3-24-Cs1 L3-24 5 0.90 0.93 0.20 

L3-24-Cs2 L3-24 5 1.12 1.16 0.15 

L3-26-Cs1 L3-26 5 0.94 0.98 0.17 

L3-26-Cs2 L3-26 5 0.99 1.03 0.18 

L3-27-Cs1 L3-27 5 0.99 1.03 0.31 

L3-27-Cs2 L3-27 5 0.98 1.02 0.16 

      CANBERA Counter 
Sample 

ID Station Depth Bq/m3 Decay Corrected Bq/m3 Uncertainty Bq/m3 

Cs 221 STA-A 1013 1.97 2.02 0.21 

Cs 223 STA-A 805.919 2.11 2.17 0.20 

Cs 225B STA-A 608.748 2.28 2.35 0.21 

Cs 228 STA-A 403.992 2.53 2.60 0.18 

Cs 232 STA-A 202.285 1.56 1.60 0.18 

Cs 234 STA-A 187.213 1.11 1.14 0.11 

Cs 237 STA-A 65.397 0.95 0.98 0.14 

Cs 242 STA-A 6.414 0.83 0.85 0.10 

 

Cs Yield Tracer 

Sample ID 133Cs (ppb) 133Cs in Sample (ug/L) 
Expected 133Cs in 

sample (ug/L) 
Measured 

133Cs/Expected 133Cs 

L3-05-Cs1 34.879 3.415 4.6565 0.733 

L3-05-Cs2 0.017 0.001 0.0913 0.015 

L3-07-Cs1 16.594 2.927 4.2137 0.695 

L3-07-Cs2 18.610 3.307 4.2108 0.785 

L3-09-Cs1 22.680 4.385 4.6717 0.939 

L3-09-Cs2 21.809 4.446 4.8334 0.920 
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L3-11-Cs1 20.283 3.906 4.4685 0.874 

L3-11-Cs2 20.511 3.711 4.2943 0.864 

L3-13-Cs1 22.547 3.853 4.0348 0.955 

L3-13-Cs2 21.786 3.827 4.1812 0.915 

L3-15-Cs1 18.870 3.734 4.6744 0.799 

L3-15-Cs2 21.850 4.031 4.3893 0.918 

L3-17-Cs1 18.111 3.562 4.5498 0.783 

L3-17-Cs2 17.118 3.095 4.3331 0.714 

L3-19-Cs1 17.942 3.445 4.5154 0.763 

L3-19-Cs2 17.990 3.271 4.3260 0.756 

L3-21-Cs1 16.320 3.420 4.9127 0.696 

L3-21-Cs2 15.926 2.416 3.5872 0.674 

L3-24-Cs1 23.087 4.435 4.6202 0.960 

L3-24-Cs2 21.667 4.179 4.5573 0.917 

L3-26-Cs1 18.634 3.397 4.2706 0.795 

L3-26-Cs2 20.170 3.522 4.1223 0.854 

L3-27-Cs1 20.999 3.484 3.9435 0.883 

L3-27-Cs2 21.456 3.570 4.0081 0.891 

Cs 221 1.060 0.174 0.0039 44.689 

Cs 223 1.402 0.170 0.0029 59.376 

Cs 225 1.416 0.157 0.0026 59.364 

Cs 228 1.308 0.167 0.0030 55.780 

Cs 232 1.308 0.159 0.0029 55.008 

Cs 234 1.382 0.141 0.0024 59.676 

Cs 237 1.274 0.143 0.0027 53.067 

Cs 242 1.219 0.132 0.0026 51.085 

Cs 438 1.311 0.154 0.0027 56.995 

Cs 441 1.482 0.167 0.0027 62.296 

Cs 471 1.726 0.162 0.0022 72.472 

Cs 474 1.538 0.148 0.0023 64.632 
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236U 

 

Run 1 236U Results 

Sample 
ID 

Counts 
Time 
(sec) 

atm/L 
error 

(atm/L) 
Atom Ratio 
(236/238) 

238 ppb 
129I 

(atm/L) 
129I/236U 

07-U2 539 2038.89 2.25E+06 2.86E+05 3.08E-10 2.873164 9.50E+08 421.43 

 09-U2 3043 2038.89 5.07E+06 4.27E+05 6.54E-10 3.04E+00 7.39E+08 145.86 

 13-U1 586 2038.89 7.87E+05 1.78E+05 1.43E-10 2.16E+00 3.38E+08 430.28 

 15-U2 703 2038.89 1.24E+06 2.00E+05 1.69E-10 2.87E+00 3.52E+08 284.91 

 17-U2 1954 2038.89 8.55E+06 6.01E+05 1.20E-09 2.80E+00 3.82E+08 44.65 

19-U2 965 2038.89 4.48E+06 3.85E+05 5.99E-10 2.94E+00 7.12E+08 158.76 

 24-U2 2484 2038.89 8.33E+06 8.28E+05 1.64E-09 1.99E+00 1.59E+09 191.32 

 25-U2 741 1961.22 1.53E+06 3.37E+05 4.67E-10 1.29E+00 1.86E+09 1215.78 

26-U2 504 2038.89 4.01E+06 5.17E+05 5.75E-10 2.74E+00 2.33E+09 580.99 

 27-U2 718 2038.89 3.33E+06 5.98E+05 4.80E-10 2.72E+00 2.21E+09 662.54 

28-U1 739 2038.89 1.96E+06 3.27E+05 2.70E-10 3.00E+00 2.00E+09 1076.83 

 

Run 2 236U Results 

Sample 
ID 

Counts 
Time 
(sec) 

atm/L 
error 
atm/L 

Atom Ratio 
(236/238) 

238 ppb 
129I 

atm/L 
129I/ Run 3 

236U 

07-U2 1 1165.08 1.05E+06 2.68E+06 1.43E-10 2.87316353 9.50E+08 905.64 

09-U2 10 1165.08 4.68E+06 2.95E+06 6.04E-10 3.03734625 7.39E+08 157.97 

13-U1 5 1165.08 9.27E+05 1.37E+06 1.68E-10 2.16384444 3.38E+08 365.22 

17-U2 11 1165.08 6.37E+06 3.86E+06 8.93E-10 2.7976217 3.82E+08 59.94 

24-U2 22 1165.08 5.61E+06 2.45E+06 1.71E-09 1.28709521 1.59E+09 284.22 

27-U2 6 1165.08 2.83E+06 3.88E+06 4.09E-10 2.71881175 2.21E+09 779.03 

28-U1 2 1165.08 3.02E+06 6.31E+06 4.16E-10 2.84360278 2.11E+09 699.27 
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6.3 Appendix C – Relevant Materials 

 

Materials: 

137Cs Standard (Amersham CDZ24) 

233U Standard (Eckert & Ziegler, item no, 7233) 

133Cs Standard (PlasmaCAL, item no. 140-051-551)] 

127I Standard (UOttawa, ISO-6II-1) 

FeCl3 (Sigma-Aldrich, item no. 236489) 

AMP (GFS Chemicals, item no. A0438) 

HNO3 (Fisher Scientific, item no. 351288-212) 

NH4OH (Fisher Scientific, item no. A669-212) 
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6.4 Appendix D – Step by step Field Methodology 

 

137Cs 

18L bucket 

Place garbage back into bucket, tape sides 

Fill with 15L of sea water 

Add tracer stable Cs - preweighed 

Subsample 20 mL into LSC vial for U and Cs etc 

add conc. HNO3 (20ml) 

Mix water and acid 

test pH (want less than 2) 

Add AMP (4 grams) 

Mix 

Cover with Lid 

Let settle 

Syphon of the clear surface water 

wash sides of the plastic bag 

Transfer to 2 litre graduated cylindar 

Let settle 

Syphon of the clear surface water 

transfer to 250 ml bottle or 1 litre bottles 

Transfer to 50ml centrifuge tubes for storage 

Rinse the bucket with seawater and dry it out. 
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236U 

18L bucket 

Place garbage back into bucket, tape sides 

Fill with 15L of sea water 

add 0.2g of U233 tracer 

Subsample 20ml into LSC vial 

add conc. HNO3 (20ml) 

Mix water and acid 

test pH (want less than 2) 

add 10ml of FeCl3 (400mg Fe) 

bubble N2 through water for 20 minutes 

add 25ml 38% NH3OH to raise pH 

mix lightly 

test pH (want 8-9) 

Cover with lid 

let rusty coloured precipitate form and settle 

syphon off clear surface water 

wash sides of bag 

transfer to 2L graduated cylinder 

let settle 

continue to syphon off water until precipitate can fit in 2-3 50ml centrifuge tubes 
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