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The biogeochemical cycling of oceanic dissolved cadmium (dCd) has been an active area of 

research for the past ~40 years, due in part to the close correlation with phosphate (PO4). The 

global Cd:PO4 relationship has led to the use of microfossil Cd/Ca as a paleoproxy for ocean 

circulation and nutrient utilization; however considerable spatial and temporal variability in the 

relationship - particularly in surface waters - limits the utility of the proxy. Understanding the 

global biogeochemical cycling of Cd is an active area of research; however the Arctic Ocean is 

largely omitted from global models due to lack of data. This work presents depth profiles of dCd 

and Cd/PO4 ratios from 18 individual stations in the Canadian Arctic, collected during the 

Canadian GEOTRACES cruises GN02 and GN03, which connect the Arctic Ocean to the North 

Atlantic through the Canadian Arctic Archipelago (CAA). Salinity-driven water mass 

stratification exerts a primary control on the spatial distribution of Cd in the region, with elevated 

dCd and high Cd/PO4 ratios (~0.37 pM/µM) associated with waters of Pacific-origin. The 

elevated dCd and Cd/PO4 ratios are used as a tracer of Pacific-origin waters, identifying the 

presence of Pacific-origin water through the CAA and into Baffin Bay. High surface Cd/PO4 

ratios were observed across the transect, consistent with a general global increase in surface water 

Cd/PO4 with increasing latitude.  

The analysis of Cd and other bioactive trace metals (Mn, Fe, Ni, Cu, Zn and Pb) still presents 

considerable analytical challenges due to the high-risks of contamination, low concentrations and 

complex matrices. I present a novel multi-element analytical method, which combines the 

commercially-available seaFAST pico preconcentration system with ICP-MS/MS analysis. In this 

work, we demonstrate that ICP-MS/MS, which combines two mass-selecting quadrupoles 

separated by an octopole collision/reaction cell, effectively removes common interferences (ArO+ 

on 56Fe and MoO+ on Cd) when pressurized with O2 gas. Accurate and precise measurements of 
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the consensus references standards SAFe S and SAFe D and the certified reference material 

NASS-6 are presented as validation of the method. This thesis presents a novel method for the 

analysis of trace elements in seawater and discusses the biogeochemical cycling of Cd in the 

Arctic Ocean. 

 



 v 

Table of Contents 

 

Supervisory Committee ...................................................................................................... ii 
Abstract .............................................................................................................................. iii 
Table of Contents ................................................................................................................ v 
List of Tables .................................................................................................................... vii 
List of Figures .................................................................................................................. viii 
Acknowledgments............................................................................................................... x 
Dedication ......................................................................................................................... xii 
Chapter 1: Introduction ....................................................................................................... 1 

1.1 Cadmium Geochemistry ........................................................................................... 1 
1.2 Global Cadmium Emissions ..................................................................................... 3 
1.3 Cadmium in Freshwaters .......................................................................................... 3 
1.4 Cadmium in Ocean Waters ....................................................................................... 5 

1.4.1 Cadmium Oceanic Distribution ......................................................................... 5 
1.4.2 Speciation ........................................................................................................... 6 
1.4.3 Biological Utilization of Cadmium .................................................................... 8 
1.4.4 Cadmium Uptake by Phytoplankton .................................................................. 9 
1.4.5 The Cd:PO4 relationship .................................................................................. 11 

1.5 The Distribution of Cadmium in the Arctic ............................................................ 15 
1.6 The Canadian GEOTRACES program ................................................................... 17 
1.7 Thesis Focus............................................................................................................ 17 

Chapter 2: Determination of Mn, Fe, Ni, Cu, Zn, Cd and Pb in seawater using offline 

extraction and triple quadrupole ICP-MS/MS .................................................................. 19 
2.1 Abstract ................................................................................................................... 19 
2.2 Introduction ............................................................................................................. 20 
2.3 Experimental ........................................................................................................... 23 

2.3.1 Instrumentation ................................................................................................ 23 
2.3.2 Reagents ........................................................................................................... 24 
2.3.3 Extraction Procedure ........................................................................................ 25 
2.3.4 Shipboard Procedures ...................................................................................... 26 

2.4 Results and Discussion ........................................................................................... 26 
2.4.1 Effect of reaction cell gas on instrument sensitivity ........................................ 26 
2.4.2 Effect of reaction cell gas on polyatomic interferences ................................... 28 
2.4.3 Effect of O2 flow rate on instrument sensitivity and interference removal ..... 30 
2.4.4 Blanks and detection limit ............................................................................... 35 
2.4.5 Reference material ........................................................................................... 36 
2.4.6 Application of the method to open ocean profiles ........................................... 38 

2.5 Conclusions ............................................................................................................. 39 
Chapter 3: Dissolved Cadmium in the Canadian Arctic ................................................... 40 

3.1 Introduction ............................................................................................................. 40 
3.2 Methods................................................................................................................... 44 

3.2.1 Sampling locations and collection ................................................................... 44 
3.2.2 Sample Analysis............................................................................................... 45 

3.3 Hydrography and General Circulation .................................................................... 46 



 vi 

3.3.1 Canada Basin ................................................................................................... 48 
3.3.2 Canadian Arctic Archipelago ........................................................................... 50 
3.3.3 Baffin Bay ........................................................................................................ 51 

3.4 Results and Discussion ........................................................................................... 52 
3.4.1 Distribution of Cd and PO4 in the Canada Basin ............................................. 52 
3.4.2 Distribution through the Canadian Arctic Archipelago ................................... 56 
3.4.3 Distribution in Baffin Bay ............................................................................... 61 
3.4.4 The Global Cadmium-Phosphate Relationship….………………………………………62 

3.5 Conclusions ............................................................................................................. 67 
Chapter 4: Conclusions ..................................................................................................... 69 
Bibliography ..................................................................................................................... 75 
Appendix A Cleaning Protocols ....................................................................................... 84 

A.1 Sample bottle cleaning protocol ............................................................................. 84 
A.2 seaFAST elution tubes cleaning protocol .............................................................. 85 

Appendix B Data Tables with dissolved Mn, Fe, Ni, Cu, Zn, Cd and Pb from the 

Canadian Arctic ................................................................................................................ 86 
 



 vii 

List of Tables 

 

 

Table 1.1 Select chemical and physical properties of Cda ................................................. 1 

Table 1.2 Ionic index (Z2/r) and covalent index (Xm
2r) of select Group 12 elements. Data 

from Andersen, 1984. ......................................................................................................... 2 
Table 1.3 Isotopic abundance of naturally occurring Cd-isotopesa .................................... 2 
Table 1.4 Results from cadmium speciation studiesa ......................................................... 7 

Table 2.1 Typical operating conditions of the Agilent 8800 ICP-MS/MS ...................... 24 
Table 2.2 Average blanks and detection limits of this method from 10 extractions, 

compared to other recent studies. Detection limits are 3 times the standard deviation of 

the blank. NA indicates metal not analysed. Results were obtained in O2 mode unless 

otherwise indicated.  * indicates a 16-fold preconcentration factor, † indicates results 

obtained in H2 mode.......................................................................................................... 34 
Table 2.3 Results of the repeated analysis of consensus reference material, SAFe S and 

SAFe D and certified reference material, NASS-6. Consensus values for SAFe S and D 

were updated May 2013. Uncertainties represent the standard deviation of repeat 

measurements. Results were obtained in O2 mode unless otherwise indicated.  * indicates 

a 16-fold preconcentration factor, † indicates results obtained in H2 mode. .................... 37 

Table B.1 Dissolved Mn, Fe, Ni, Cu, Zn, Cd and Pb from the Canada Basin (stations 

CB1, CB2, CB3, and CB4). Where contamination is suspected, samples are highlighted 

in red. Data is expected to be submitted to the GEOTRACES International Data 

Assembly Centre by December 2017. .............................................................................. 86 
Table B.2 Dissolved Mn, Fe, Ni, Cu, Zn, Cd and Pb from the Canadian Arctic 

Archipelago (stations CAA1, CAA2, CAA3, CAA4, CAA5, CAA6, CAA7, CAA8, and 

CAA9). Where contamination is suspected, samples are highlighted in red. Data is 

expected to be submitted to the GEOTRACES International Data Assembly Centre by 

December 2017. ................................................................................................................ 89 
Table B.3 Dissolved Mn, Fe, Ni, Cu, Zn, Cd and Pb from the Baffin Bay and the 

Labrador Sea (Stations BB1, BB2, BB3, K1, and LS2). Where contamination is 

suspected, samples are highlighted in red. Data is expected to be submitted to the 

GEOTRACES International Data Assembly Centre by December 2017. ........................ 93 
 



 viii 

List of Figures 

 

Figure 1.1 Depth profiles of dissolved Cd and PO4 from the North Pacific (Bruland, 

1980), North Atlantic (Quay & Wu, 2015), Indian (Saager et al, 1992), and Southern 

Ocean (Abouchami et al., 2011). Figure taken from Quay et al., 2015. ............................. 5 

Figure 1.2 Calculated speciation of Cd in seawater at 25 ºC and 1 atm as a function of 

pH. Figure taken from Zirino & Yamamoto, 1972. ............................................................ 8 
Figure 1.3 Compilation of dissolved Cd versus PO4 from a global database. Lines 

represent the two distinct relationships, with [PO4] <1.3 µmol L-1 primarily Atlantic 

waters and [PO4] > 1.3 µmol L-1 primarily Indian-Southern-Pacific Ocean waters. Solid 

symbols represent stations in HNLC regions, while open symbols are from stations in 

which surface [PO4] <0.3 µmol L-1. Figure taken from (Cullen, 2006) ........................... 12 

Figure 2.1 Effect of the collision/reaction cell gas on signal intensity. Signal intensities 

were determined in a solution containing 1 µg L-1 of Mn, Fe, Ni, Cu, Zn, Cd and Pb. 

Relative signal intensities were calculated as the measured signal intensity in each gas 

mode (He, H2, and O2) relative to vented mode for Mn, Ni, Cu, Zn, Cd and Pb. For Fe, 

relative signal intensity was determined relative to O2. .................................................... 27 
Figure 2.2 Effect of reaction/collision cell gases (no gas, He, H2 and O2) on instrument 

sensitivity (bars) and BEC (symbols) for Fe and Cd. In SQ mode, Q1 acted as an ion 

guide. When H2 and O2 were used as reaction gases, the system was also run in MS/MS 

mode with Q1 and Q2 both set to the same m/z (on-mass mode). The signal intensity was 

obtained from a signal solution (1 µg L-1 Fe in 0.8 mol L-1 HNO3 for Fe and 1 µg L-1 Cd 

and 100 µg L-1 Mo in 0.8 mol L-1 HNO3 for Cd) and the BEC was determined from a 

blank solution (0.8 mol L-1 HNO3 for Fe and 100 µg L-1 Mo in 0.8 mol L-1 HNO3 for Cd).

........................................................................................................................................... 29 

Figure 2.3 Effect of H2 and O2 gas flow rate on signal intensity  and BEC for Fe and Cd. 

The signal intensity was obtained from a signal solution (1 µg L-1 Fe in 0.8 mol L-1 HNO3 

for Fe and 1 µg L-1 Cd and 100 µg L-1 Mo in 0.8 mol L-1 HNO3 for Cd) and the BEC was 

determined from a blank solution (0.8 mol L-1 HNO3 for Fe and 100 µg L-1 Mo in 0.8 mol 

L-1 HNO3 for Cd). ............................................................................................................. 31 

Figure 2.4 Effect of H2 (triangles) and O2 (circles) gas flow rate on the signal intensity 

and BEC of Mn, Ni, Cu, Zn, Pb. The signal intensity was measured in a solution 

containing 1 µg L-1 each of Mn, Fe, Ni, Cu, Zn, Cd and Pb in 0.8 mol L-1 HNO3. The 

BEC was determined from a blank solution  of 0.8 mol L-1 HNO3. ................................. 33 
Figure 2.5 Vertical depth profiles of Mn, Fe, Ni, Cu, Zn, Cd and Pb collected during 

GEOTRACES GN02 at station CB2 (75 49’N, -129 08’E) in the Arctic Ocean. ......... 38 

Figure 3.1 Sampling locations for CCGS Amundsen GN02 and GN03 (Red circles: 

Canada Basin, green circles: Canadian Arctic Archipelago, orange circles: Baffin Bay 

and the Labrador Sea). Surface currents shown with red arrows (Canada Basin modified 

from Steele et al, 2004; CAA modified from Michel et al, 2006 and Wang et al, 2011; 

Baffin Bay modified from Curry et al, 2011). BaI: Banks Island, VI: Victoria Island, 

PoWI: Prince of Wales Island, SI: Somerset Island, DI: Devon Island, BI: Bathurst 

Island. ................................................................................................................................ 43 



 ix 

Figure 3.2 Station locations for GN02 and GN03 in the Canada Basin (red symbols), 

Canadian Arctic Archipelago (green symbols) and Baffin Bay and the Labrador Sea 

(orange symbols). .............................................................................................................. 46 

Figure 3.3 Potential Temperature-Salinity diagrams for (a) Canada Basin, (b) Canadian 

Arctic Archipelago, and (c) Baffin Bay. ........................................................................... 47 
Figure 3.4 Geographical features of the Canada Basin, Canadian Arctic Archipelago, 

Baffin Bay and the Labrador Sea. ..................................................................................... 48 
Figure 3.5 (a) Vertical distributions of temperature (red circles) and salinity (purple 

circles), dCd (blue circles) and [PO4] (yellow circles), and Cd/PO4 (greencircles) for 

stations CB1, CB2, CB3, and CB4.  (b) Sampling locations in the Canada Basin. (c) 

Potential density vs dCd for CB1, CB2, CB3, and CB4. .................................................. 53 

Figure 3.6 (a) Vertical distributions of temperature (red circles) and salinity (purple 

circles), dCd (blue circles) and [PO4] (yellow circles), and Cd/PO4 (green circles) for 

stations CAA6, CAA7, CAA8, and CAA9. Red dashed lines indicate the σθ≈26.5 

isopycnal. (b) Sampling locations in western Canadian Arctic Archipelago. (c) Potential 

density vs dCd for CAA6, CAA7, CAA8, and CAA9...................................................... 57 
Figure 3.7 (a) Vertical distributions of temperature (red circles) and salinity (purple 

circles), dCd (blue circles) and [PO4] (yellow circles), and Cd/PO4 (green circles) for 

stations CAA1, CAA2, CAA3, CAA4, and CAA5. Red dashed lines indicate the σθ≈26.5 

isopycnal.  (b) Sampling locations in eastern Canadian Arctic Archipelago. (c) Potential 

density vs dCd for CAA1, CAA2, CAA3, CAA4, and CAA5. ........................................ 60 

Figure 3.8 (a) Vertical distributions of temperature (red circles) and salinity (purple 

circles), dCd (blue circles) and [PO4] (yellow circles), and Cd/PO4 (green circles) for 

stations BB1, BB2, and BB3. (b) Sampling locations in Baffin Bay. (c) Potential density 

vs dCd for BB1, BB2, BB3 and CAA2. ........................................................................... 63 
Figure 3.9  (a) Vertical distributions of temperature (red circles) and salinity (purple 

circles), dCd (blue circles) and [PO4] (yellow circles), and Cd/PO4 (green circles) for 

stations LS2 and K1. (b) Sampling locations in the Labrador Sea. (c) Potential density vs 

dCd for LS2 and K1. ......................................................................................................... 64 
Figure 3.10 dCd versus PO4 in the Canada Basin (blue diamond), CAA (yellow triangle), 

Baffin Bay (red square), and the Labrador Sea (green circles). Global relationships for the 

North Atlantic (grey diamonds) and North Pacific (grey circles) also shown. North 

Pacific and North Atlantic data from Quay et al., 2015 and references therein. .............. 66 
Figure 4.1 Potential density vs dCd for all stations on GEOTRACES sections GN02 and 

GN03. ................................................................................................................................ 69 

 



 x 

Acknowledgments 

 

Firstly, I would like to thank my supervisor, Jay Cullen, for making this project 

possible. Your constant kindness, support and wisdom have been invaluable to this 

process. Thank you for being a constant role model, both in science and in life.  

Thank you to my committee members, Roberta Hamme and Diana Varela. I am forever 

thankful for your endless patience. A special thanks to Roberta for welcoming me into 

your lab group discussions as my group embarked on more exciting adventures.  

Thank you to Jody Spence, for spending hours helping me to learn to use the ICP-

MS/MS, and trusting me in my work. 

Thank you to all the crew and scientists of the CCGS Amundsen for making the cruise 

such an enjoyable experience. A special mention to Kristin Orians and Maureen Soon, 

whose wisdom and experience were fundamental to ensuring my success on-board the 

vessel.  

To Dave Janssen – it is no exaggeration to say that this thesis would not have been 

possible without you. You have been my mentor and my friend since I arrived here. 

Thank you for the encouragement pokes, for putting up with endless facts about NZ, and 

for providing me with a bottomless supply of beer. I look forward to a friendship that 

lasts a lifetime.  

To Kathryn Purdon – thank you for being the best field assistant possible. You taught 

me far more than I taught you, and I couldn’t have asked for a better person and friend to 

accompany me on my first research cruise. 

To the Senior Lab Instructors – Duncan, David and Sarah – thank you for believing in 

and supporting me as an educator, and thank you for countless coffee conversations. 

To my many other friends in SEOS and UVic. Thank you to all of you for making this 

experience so positive. Thank you for opening my eyes to the wonders this world holds – 

to mountain hikes, to kayak trips, to sailing adventures, to trail running escapades. I leave 

this island with a more fulfilling life then I could have hoped for, entirely thanks to all of 

you.  



 xi 

This work was supported by funding from the Natural Sciences and Engineering 

Research Council of Canada (NSERC) Discovery Grant and Climate Change and 

Atmospheric Research programs  



 xii 

Dedication 

 

 

 

 

 

 

 

 

I dedicate this to my mother, for instilling in me a curiosity for the natural 
world. To my father, for fostering my sense of adventure. To my sister, for being 
wiser than I could ever hope to be. And to Joe, for making every day that little 
bit better.   



 

 

1 

Chapter 1: Introduction 

 

 

1.1 Cadmium Geochemistry 

 

Cadmium (Cd) is a soft, bluish-white metal located at the end of the 4d-transition series. It has an 

atomic number of 48, and is a Group 12 element, along with zinc (Zn) and mercury (Hg). Key 

physical and chemical properties of Cd are summarised in Table 1.1. 

 

Table 1.1 Select chemical and physical properties of Cda 

Property 

Atomic number 48 

Atomic weight (g mol-1)b 112.411 

Atomic radius (pm)c 155 

Ionic radius of Cd2+ (pm)d 95 

Electron configuration [Kr] 4d105s2 

Melting point (°C) 320.9 

Boiling point (°C) 767.3 

Oxidation states +2, +1 (rare) 

Reduction potential (E0) for Cd2+ + 2e- = Cd (V) -0.402 

First ionization energy (kJ mol-1) 867 

Second ionization energy (kJ mol-1) 1,625 

Ksp (25 ºC)e CdCO3 = 1.0x10-12 

Cd(OH)2 = 7.2x10-15 

Cd3(PO4)2 = 2.5x10-33 

CdS = 1x10-27 

a Table modified from Rehkämper et al. 2012 

b Wieser & Coplen 2010 

c Slater 1964 

d Shannon 1976 

e Haynes, 2014 
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Table 1.2 Ionic index (Z2/r) and covalent index (Xm
2r) of select Group 12 elements. Data from Andersen, 

1984. 

Metal ion Z2/r Xm
2r 

Zn2+ 5.40 2.20 

Cd2+ 4.12 2.80 

Hg2+ 3.63 4.10 

 

It has a stable electron configuration ([Kr]4d105s2). In nature, it is found predominantly in the +2 

oxidation state, though a +1 oxidation state is also possible. It is classed as a soft metal, forming 

the most stable complexes with soft donor atoms (S>>N>O) (Andersen, 1984). The ionic index 

(Z2/r) of Cd2+ is greater than that of Hg2+, but smaller than Zn2+ (Zn2+>Cd2+>Hg2+), while the 

covalent index (Xm
2r) shows the opposite trend (Hg2+>Cd2+>Zn2+) (Table 1.2). Cd has an atomic 

mass of 112.411 g mol-1, from a combination eight naturally-occurring stable (or quasi-stable) 

isotopes, with atomic masses ranging from 106 to 116 (Table 1.3). 

 

Table 1.3 Isotopic abundance of naturally occurring Cd-isotopesa 

Mass Number 106 108 110 111 112 113 114 116 

Isotope 

abundance (%) 
1.25 0.89 12.48 12.80 24.11 12.23 28.74 7.52 

a Data from Pritzkow et al. (2007) 

 

Cadmium has a low crustal abundance; with a concentration of only ~0.1 ppm in average 

continental crust, it is ~750 fold less abundant than Zn (Rudnick & Gao, 2014). Several Cd 

minerals have been identified, with the most notable being greenockite, hawleyite (polymorphs of 

CdS), and otavite (CdCO3), although no known deposits are commercially exploitable. Instead, 

Cd is primarily produced as a by-product of Zn processing as significant concentrations of Cd 

may be associated with Zn ore deposits. Cd is a chalcophile element, resulting in the bulk of Cd 

produced in association with zinc sulfide deposits (Butterman & Plachy, 2004). 



 

 

 

 

3 

1.2 Global Cadmium Emissions 

Approximately 4,400 t of Cd is emitted each year, with almost 2/3 of emissions coming from 

anthropogenic sources. Natural sources account for ~1,440 t/yr, and are dominated by volcanic 

emissions (~60%), with biogenic particles, wind-borne dust, terrestrial biomass burning and sea-

salt spray being other important sources (Cullen & Maldonado, 2013). As for many element 

cycles, anthropogenic emissions have considerably perturbed the natural Cd cycle. Cd emissions 

began steadily increasing at the beginning of the 20th century; however increasing awareness over 

Cd toxicity has led to greater regulation, and anthropogenic emissions have decreased in recent 

decades (Butterman & Plachy, 2004). Due to the association of Cd with Zn (and to a lesser extent 

Cu and Pb) ores, Cd emissions occur primarily as a by-product of ore processing, with non-

ferrous metal production contributing ~70% of the total anthropogenic Cd emissions (Cullen & 

Maldonado, 2013). Other anthropogenic sources include fossil fuel combustion, iron and steel 

production, cement production and waste disposal. The primary use of Cd is in Ni-Cd 

rechargeable batteries, with other important uses in pigments, as a coating or plating, and as a 

stabilizer in plastics (Butterman & Plachy, 2004).  

1.3 Cadmium in Freshwaters 

The anthropogenic perturbation to the natural Cd cycle has resulted in elevated concentrations in 

freshwater systems. Although there is considerable regional variability, the average concentration 

in world rivers is 0.08 µg L-1, a 40-800 fold increase from pre-industrial concentrations 

(Gaillardet et al., 2014). Considerable regional variability in river concentrations exists which is 

likely related to local anthropogenic inputs, although variability in underlying bedrock also 

contributes to regional differences. 
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In aqueous systems, it is important to consider the speciation of Cd, as this controls the 

bioavailability and the partitioning between the dissolved or particulate phase. In freshwater 

systems, Cd complexation is dependent on pH, the concentration of other dissolved ions, and the 

binding characteristics of organic material. Organic complexation acts to reduce the free Cd ion 

concentrations ([Cd2+], and reduce the bioavailability or toxicity of Cd (Bewers et al., 1987). 

Although the organic ligands are poorly characterised, stability constants have been measured in a 

number of freshwater systems, with constants in the range of log K = 9.4-10.3 (Xue & Sigg, 

1998). Organic complexation significantly reduces the concentration of [Cd2+] in eutrophic lakes, 

such that [Cd2+]/[Cd]Tot=0.01-0.03 (Cao et al., 2006; Xue & Sigg, 1998), with a much higher 

proportion of [Cd2+] observed in oligotrophic lakes ([Cd2+]/[Cd]Tot=0.8) (Xue & Sigg, 1998). 

 

 

Partitioning of Cd between the dissolved and particulate phase in freshwater systems is in part 

controlled by the propensity of Cd to adsorb to particulate matter. The partitioning of Cd between 

the adsorbed phase and the dissolved phase has been measured for different substrates and is 

reported as Kd, where: 

Kd =  
amount sorbed per unit mass

equilibrium dissolved concentration
 

with the highest Kd values observed for humic matter (18,000 +/- 3000 L kg-1) and lower values 

observed in kaolinite clays (380 +/- 50 L kg-1) (Gardiner 1974). Kd is influenced by pH, the 

oxidation status of the water, and the concentration of inorganic anions and metal cations. In 

general, higher pH acts to increase Kd, while higher ionic strength tends to decrease Kd (Bewers 

et al., 1987). 
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1.4 Cadmium in Ocean Waters 

1.4.1 Cadmium Oceanic Distribution  

Cadmium is delivered to the oceans either by rivers or through atmospheric deposition. 

Concentrations range from 1-1000pM (de Baar et al., 1994), with a residence time of ~10,000 

years (Cullen & Maldonado, 2013). Constraints on sampling and analytical techniques meant that 

the first reliable measurements of Cd in seawater were not available until the 1970’s (Boyle et al., 

1976; Bruland et al., 1978). The vertical distribution of Cd is classified as a nutrient-type profile 

remarkably similar to the macronutrient PO4
3- (de Baar et al., 1994), with a depletion in surface 

waters due to uptake by photosynthetic plankton and an increase in Cd concentrations through the 

thermocline as particulate matter regenerates (Fig. 1.1).  

 

 

Figure 1.1 Depth profiles of dissolved Cd and PO4 from the North Pacific (Bruland, 1980), North Atlantic 

(Quay & Wu, 2015), Indian (Saager et al, 1992), and Southern Ocean (Abouchami et al., 2011). Figure 

taken from Quay et al., 2015.  
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The global oceanic distribution of Cd is controlled by internal cycling mechanisms (biological 

uptake and regeneration) superimposed on global thermohaline circulation patterns. In general, 

deep-water forms in the North Atlantic and flows through the Southern Ocean and finally to the 

North Pacific, accumulating nutrients (including Cd) as it circulates (Broecker & Peng, 1982). 

The result is that North Atlantic deep-waters have low Cd concentrations (~320 pM), higher 

concentrations are seen in the Southern Ocean and the South Indian (~670-690 pM) and the 

highest in the North Pacific (~930 pM) (Quay et al., 2015). Coastal water also typically has 

higher concentrations of Cd, reflecting local terrestrial inputs from riverine and atmospheric 

sources and coastal upwelling (Bruland & Franks, 1983). Surface water Cd concentrations can be 

severely depleted in oligotrophic regions (<1 pM) and much higher in upwelling regions (~150 

pM) (Bruland, 1992). 

1.4.2 Speciation 

As in freshwater systems, speciation controls the fate and cycling of Cd in seawater. In ocean 

waters, the majority of Cd is complexed with chloride ions or organic ligands. In surface waters, 

the majority of Cd is tightly bound to organic ligands with high stability constants (K’cond,Cd’). The 

results from studies on organic speciation of Cd are shown in Table 1.4. In general, the degree of 

organic complexation is high in surface waters (~70%) although significant regional variability 

exists. Ellwood (2004) found up to 99% of Cd was organically complexed in surface waters off 

the coast of New Zealand. A lower degree of complexation was found in the North Pacific, with 

~67% of Cd organically bound (Bruland, 1992). The degree of complexation typically decreases 

with depth, although again, regional variability exists which is likely related to upwelling 

conditions and water mass distributions (Baars et al., 2014). Bruland (1992) found no evidence of 

organic complexation below ~200m. In contrast, in the Atlantic sector of the Southern Ocean, 
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Baars et al. (2014) found relatively low organic complexation in surface waters south of the 

Antarctic Polar Front and no decrease with depth. They attribute this variability to upwelling 

conditions and the timing of the study (post-bloom). The organically-bound Cd is thought to be 

unavailable for biological uptake, although weak organic complexes may be bioavailable (Xu et 

al., 2012). 

Table 1.4 Results from cadmium speciation studiesa  

Region Depth (m) logK’Cd’ CdL (%) 

Narragansett Bay (Rhode Island)b Surface 9.0-9.2 73-83 

North Pacificc <200 10.0-10.8 11-80 

North Pacificc 200-600 - - 

SAZ East Pacificd <80 9.8-11.0 87-99 

SAZ Atlantic Ocean <80 9.9-10.4 86-96 

SAZ Atlantic Ocean 200-500 10.3-10.5 93-97 

SAZ Atlantic Ocean 4350 9.7 60 

Antarctic Ocean 0-100 9.0-9.6 45-75 

Antarctic Ocean >100 9.0-9.7 35-62 

Coastal Antarcticae 0-250 9.1-9.9 0-92 

a Table modified from Baars et al. 2014. Data from Baars et al. 2014 unless otherwise specified.  

bKozelka & Bruland 1998 

cBruland 1992  

d Ellwood 2004 

e Capodaglio et al. 1998 

 

In ocean waters, the remaining faction of Cd is primarily bound to chloride ions (Fig. 1.2). 

Approximately 36% is found as CdCl+, 45% as CdCl2, 16% as CdCl3
- and 3% as Cd2+ (Byrne, 

2002; Byrne et al., 1988), with the distribution among the inorganic species changing as a 

function of salinity. The degree of organic speciation controls the concentration of inorganic Cd 

species ([Cd’]), often reducing surface [Cd’] to sub-pM values and dramatically reducing the 

bioavailability of Cd (Cullen & Maldonado, 2013). 
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Figure 1.2 Calculated speciation of Cd in seawater at 25 ºC and 1 atm as a function of pH. Figure taken 

from Zirino & Yamamoto, 1972. 

1.4.3 Biological Utilization of Cadmium 

Despite the nutrient-type profile displayed by Cd, the biological role for Cd remained a mystery 

for over a decade after the first reliable measurements were made (Boyle et al.,1976; Bruland et 

al., 1978) . Evidence of biological utilization of Cd in phytoplankton was first observed in a 

marine diatom isolated in laboratory culture by Price and Morel (1990). The study showed that 

additions of Cd to Zn-limited cultures of the marine diatom Thalassiosira weissflogii increased 
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growth to 90% of the growth rate observed under Zn-replete conditions, leading the authors to 

suggest that Cd may substitute for Zn in a metalloenzyme. Further work showed that Cd was 

likely substituting for Zn in carbonic anhydrase (CA), an enzyme required by the carbon 

concentrating mechanism (CCM) to catalyze the conversion of HCO3
- to CO2 (Lee et al., 1995). 

Stimulation of growth rate by Cd supplementation under Zn-limiting conditions has since been 

demonstrated in several different phytoplankton species (Lee & Morel, 1995). A Cd-specific form 

of CA (CdCA), the only known Cd-specific protein, was discovered in T. weissflogii, with 

production of the enzyme modulated by pCO2 conditions (Lane & Morel, 2000). Xu et al. (2008) 

showed that Cd can readily exchange with Zn as the catalytic centre in CA in diatoms, providing 

a competitive advantage for diatoms in metal-poor environments.  

1.4.4 Cadmium Uptake by Phytoplankton 

Cd uptake rates and intracellular Cd content of phytoplankton varies widely, driven by factors 

including species composition, trace metal availability, irradiance, and pCO2. Culturing 

experiments have shown that uptake of Cd is directly proportional to [Cd’], and inversely 

proportional to [Zn’] and [Mn’] (where [M’] indicates the total inorganic species) (Lee et al., 

1995; Sunda & Huntsman, 2000). Different biological mechanisms appear to drive the 

antagonistic relationships of Cd-Zn and Cd-Mn. The relationship with Mn appears to be driven by 

increased transport of Cd through the upregulation of an Mn transporter at low Mn 

concentrations. Conversely, transport of Cd at low Zn concentration is due to a high-affinity 

Cd/Co transporter which is likely upregulated to relieve Zn-stress by replacing Zn as the metal 

cofactor in CA (Lee et al., 1995; Lee & Morel, 1995; Price & Morel, 1990). Low pCO2 has also 

been shown to increase Cd uptake, likely due to an increased requirement for CA in its role in the 

CCM, both in laboratory cultures (Lane & Morel, 2000) and in field studies (Cullen & Sherrell, 

2005). 
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More recently, there is a growing body of work that suggests that Fe concentration exerts an 

important control on intracellular Cd:P ratios. Sunda and Huntsman (2000) suggested that Fe-

limiting conditions lead to a Zn depletion, which in turn results in the upregulation of the Cd/Co 

transport system and higher intracellular Cd:P ratios, linking Fe-limited regions to higher Cd 

content. Subsequent shipboard incubations of Fe-limited cultures showed that additions of Fe 

decreased intracellular Cd:P ratios irrespective of Zn concentration, suggesting a direct control on 

Cd:P content by Fe (Cullen et al., 2003). The authors suggested that growth rate dilution may be 

the mechanism for the change in Cd content, with cellular uptake of P increasing when Fe-stress 

is alleviated while Cd uptake remains constant. More recent work has provided further evidence 

that Cd content increases under Fe-stress; however it was suggested that the upregulation of a 

non-selective divalent metal transporter in low-Fe conditions may explain the increase in cellular 

Cd (Lane et al., 2008). An extension of this work demonstrated that changes in cellular Cd under 

changing Fe condition cannot be explained by a single mechanism. Rather, it is a combination of 

changing species compositions, growth rate dilution and upregulation of transport systems that 

drives the observed increase in cellular Cd in Fe-limited conditions (Lane et al., 2009).  

 

Cellular Cd quotas also appear to be strongly influenced by species composition, with Cd quotas 

varying by two orders of magnitude between 15 different marine eukaryotic phytoplankton 

species (Ho et al., 2003). Cd quotas are relatively high – almost 1/3 of the average Zn quota - 

given the only known biochemical use of Cd is in CA (Ho et al., 2003). The highest quotas are 

observed in coccolithophores, with lower ratios in diatoms followed by green algae. Variations in 

Cd:P in response to changes in irradiance and growth rate have also been shown to be controlled 

by phylogenetic groups (Finkel et al., 2007). The study found that while diatoms exhibit an 

increase in Cd:P in response to increases in irradiance, cyanobacteria Cd:P decrease, and no 

response is seen in prasinophyte and dinoflagellate species. Lane et al. (2009) found that Cd:C 
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ratios varied by 66-fold among 7 species of phytoplankton under Fe-replete conditions. When the 

species were cultured in Fe-limiting conditions, Cd:C increased for all species, although the 

magnitude of change was species dependent.  

1.4.5 The Cd:PO4 relationship  

A striking similarity between dissolved Cd and PO4 was observed when the earliest vertical 

profiles of Cd were measured in the North Pacific (Boyle et al. 1976; Bruland et al. 1978). As 

additional data became available from other ocean basins, it became apparent that while Cd and 

PO4 are strongly correlated, there is a distinctive break in the slope at PO4≈1.3 µM (also known 

as the “kink”) (Fig. 1.3). Below PO4≈1.3 µM, the relationship is defined by a slope of ~0.2 

nM/µM, and is primarily North Atlantic data. Above PO4≈1.3 µM, the slope increases to ~0.4, 

and is primarily defined by data from the Indian, Southern and Pacific Oceans (Cullen, 2006; de 

Baar et al., 1994; Quay et al., 2015).  

 

The linearity of the Cd-PO4 relationship led to the use of Cd as a proxy for nutrient content and 

deep-water circulation of the paleocean (Boyle, 1988), which was extended by Elderfield and 

Rickaby (2000) to include the surface ocean and determine variability in the efficiency of the 

biological pump across glacial-interglacial timescales. The proxy, which uses the Cd/Ca ratio 

preserved in foraminifera tests to reconstruct paleo PO4 concentrations, requires a robust 

mechanistic understanding of the Cd-PO4 relationship, including the causes of temporal and 

spatial variability. The non-linearity of the Cd-PO4 relationship (“the kink”) complicates the 

utility of Cd as a paleoproxy, and a mechanistic understanding of the observed variability of the 

Cd-PO4 relationship is necessary for meaningful use of the proxy. Several mechanisms have been 

proposed to explain the kink. Boyle (1988) suggested that different depths of remineralization of 

Cd and PO4 could explain the kink; however the coincidence of the Cd and PO4 peaks does not 
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support this theory. Conversely, Elderfield and Rickaby (2000) suggested that the kink is merely 

an artifact of preferential uptake of Cd relative to PO4 in surface waters and that the Cd-PO4 

relationship can be described by a Rayleigh fractionation model with a constant fractionation 

factor. 

 

Figure 1.3 Compilation of dissolved Cd versus PO4 from a global database. Lines represent the two distinct 

relationships, with [PO4] <1.3 µmol L-1 primarily Atlantic waters and [PO4] > 1.3 µmol L-1 primarily 

Indian-Southern-Pacific Ocean waters. Solid symbols represent stations in HNLC regions, while open 

symbols are from stations in which surface [PO4] <0.3 µmol L-1. Figure taken from (Cullen, 2006) 

 



 

 

 

 

13 

Significant evidence exists to suggest that the Cd:P content of phytoplankton is dependent on 

micronutrient concentrations (Cullen & Sherrell, 2005; Lane et al., 2008; Sunda & Huntsman, 

2000) which led to the suggestion that chronic Fe-limitation in high-nutrient low-cholorphyll 

(HNLC) regions may be the cause of the “kink” (Cullen, 2006). Cullen (2006) suggested that a 

growth rate dilution effect, imposed by chronic Fe-limitation, results in phytoplankton with 

greater Cd:P ratios in HNLC regions, resulting in lower dissolved Cd/PO4 ratios in surface waters 

and higher Cd/PO4 ratios through the nutricline than in Fe-replete regions. As previously 

discussed, this idea was expanded upon to suggest that a combination of growth rate dilution and 

upregulation of metal transport systems in HNLC regions explains the observed differences 

between HNLC and Fe-replete regions (Lane et al., 2009).  

 

An alternate explanation suggests that the kink is the result of mixing of water masses with 

different preformed Cd/PO4 ratios (Frew & Hunter, 1992). The authors suggested that injections 

of subantarctic surface waters into intermediate depth could explain the kink, as these waters are 

depleted in Cd. Though this model helped explain the kink, it was not consistent with profiles 

from the eastern Atlantic Ocean (Yeats et al., 1995) and did not provide a mechanistic 

understanding. More recent work on Cd isotopes (Baars et al., 2014; Gault-Ringold et al., 2012) 

and Cd distributions (Baars et al., 2014; Xie et al., 2015) have presented evidence that injections 

of Subantarctic Mode Water (SAMW) play an important role in the global Cd-PO4 relationship. 

These recent studies suggest that the low Cd/PO4 ratios in SAMW may be a result of high Cd:P in 

phytoplankton due to HNLC conditions in the Southern Ocean (Baars et al., 2014). 

 

 

More recently, models have been used to help understand the global variation in the Cd:PO4 ratio. 

Quay et al. (2015) used a compilation of measurements of dissolved Cd and PO4 from 182 
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stations and inferred particulate Cd:P ratios and fractionation factors (FF, where 

FF=[Cd/P]particles/[Cd/PO4]seawater) to understand the impacts of thermohaline circulation and 

particle degradation on the global Cd-PO4 relationship. Analysis of the large dataset showed that 

differences in Cd:P of exported particles was largely dependent on whether HNLC conditions 

existed, with higher Cd:P and FF in HNLC regions. The authors credited low Fe, Zn and Mn 

availability, reduced growth rates, and differences in species composition (a dominance of 

diatoms) in HNLC regions with the high particulate Cd:P ratios. The authors also ran a simple 

multibox model, which produced results consistent with the observed deepwater Cd/PO4 values 

for different ocean basins, indicating that particulate Cd:P, dependent on HNLC conditions, 

exerted a strong control on deepwater ratios. The model also demonstrated that the deepwater 

Atlantic Cd/PO4 was strongly influenced by particulate Cd:P ratios in the Southern Ocean, 

indicating that variability in HNLC conditions in the Southern Ocean during glacial-interglacial 

cycles and coincident variability in Cd:P ratio of exported particles could strongly influence 

Atlantic deepwater Cd/PO4 and limits the utility of Cd as a paleoproxy. A modelling study by Wu 

and Roshan (2015) was used to understand the depth-dependent variability in the Cd/PO4 ratio. 

The authors suggested that different groups of particulate organic carbon (POC) could explain 

both depth-dependent and interbasin variations in Cd/PO4 ratios. The model indicates that 

differences in remineralization rates and depths of Cd-poor non-ballast POC ([Cd/P]excess) and Cd-

rich ballast-associated POC ([Cd/P]protected) can explain the observed variability in the Cd/PO4 

ratio. A lower [Cd/P]protected ratio in the North Atlantic than in the North Pacific is required to 

accurately model measured Cd/PO4 ratios, which the authors suggest may be linked to higher 

[Cd/P]protected ratios in POC associated with opal ballast, due to higher intracellular Cd:P for the 

diatom Thallassiosira oceanica than for the coccolithophore Emiliana huxleyi (Finkel et al., 

2007; Ho et al., 2003; Lane et al., 2009). Roshan and Wu (2015) also used a regenerative mixing 

model (combining both conservative mixing and particle regeneration mechanisms in a multi-box 
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model) to examine the controls on the Cd distribution in the North Atlantic. They determined that 

at depths greater than 1000m, Cd distribution is mainly controlled by conservative mixing, while 

between 300-1000m regeneration of particulate material can contribute >50% of the measured 

Cd, complicating the utility of Cd as a paleoproxy for intermediate depths.  

1.5 The Distribution of Cadmium in the Arctic 

With a surface area of 9.5 x 1012 m2, the Arctic Ocean only represents approximately 3% of the 

global ocean by area (Jakobsson et al., 2002). The enclosed ocean can be considered as two major 

basins – the Eurasian and the Amerasian (Canadian) – separated by Lomonosov Ridge. The 

Alpha-Mendeleyev ridge further subdivides the Amerasian basin into the Canada and Makarov 

basins, while the Nansen ridge separates the Eurasian basin into the Amundsen and Nansen 

basins. The Arctic Ocean also notably contains broad continental shelf regions, which account for 

~53% of the total area (Jakobsson et al., 2002) and include the Barents, Kara, Laptev, East 

Siberian, Chukchi, White and Beaufort Seas, as well as the continental margins of the Canadian 

Arctic Archipelago (CAA) and Northern Greenland.  The effects of climate change are 

exaggerated in the Arctic, with warming occurring at two to three times the global rate (Trenberth 

et al., 2007) and satellite observations indicating that summer sea ice extent has decreased by 

9.4% - 13.6% per decade, combined with decreases in ice volume (Vaughan et al., 2013). Due 

primarily to unfavourable conditions and remoteness however, the Arctic Ocean remains one of 

the most under-studied oceanic regions, although there has been a considerable increase in 

scientific efforts in response to the rapidly changing conditions. 

 

The Arctic Ocean plays an important role in the global ocean system, by providing exchange of 

heat and freshwater between the North Pacific and North Atlantic (Beszczynska-Möller et al., 

2011). Water enters the Arctic Ocean from the North Pacific via Bering Strait and from the North 
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Atlantic via Fram Strait and the Barents Sea while export of water from the Arctic occurs through 

the CAA, Davis Strait and Fram Strait (Beszczynska-Möller et al., 2011). The Arctic is strongly 

stratified, owing largely to significant freshwater input from large Arctic rivers (Jakobsson et al., 

2004). While there exist considerable regional differences in hydrography, the deepwater across 

the Arctic is supplied by dense, saline water from the North Atlantic Ocean, while the Pacific-

origin water is largely restricted to the Canada Basin and forms a colder, fresher layer 

(McLaughlin et al., 1996). The surface layer, or Polar Mixed Layer (PML) is significantly altered 

by seasonal cycles, including sea ice formation and melt, river runoff and biological cycling 

(Jakobsson et al., 2004). 

 

There are very few profiles of dissolved trace metals available for the Western Arctic. Moore 

(1981) presented a profile of Zn, Cd, Cu and Al from the LOREX ice station, located near the 

North Pole. Dissolved Cd (dCd) was high in surface waters ~0.30 nM, increasing to a maximum 

of 0.60 nM coinciding with the nutrient maximum, with the profile closely resembling profiles of 

PO4 and SiO2. Profiles were also obtained from the CESAR ice station in the Canada Basin 

(Yeats, 1988) and the Canadian Ice Island (Yeats & Westerlund, 1991) which closely resembled 

the LOREX profile, with a maximum in Cd that corresponds with the nutrient maximum. More 

recently, Cid et al. (2012) presented profiles of dissolved and total dissolved Al, Mn, Fe, Co, Ni, 

Cu, Zn, Cd and Pb in the Chukchi and Beaufort Seas. This work identified a maximum in the 

halocline for all the metals except Al, and found that Ni, Cu, Zn and Cd were found to be 

predominantly in the dissolved form. Kondo et al. (2016) recently published profiles for Mn, Fe, 

Ni, Zn and Cd in the Chukchi Sea and Canada Basin, which again showed a maximum in the 

halocline.  Cd was shown to be strongly correlated with PO4, suggesting that the primary control 

on Cd was internal biogeochemical cycling. There was little variability in either PO4 or Cd in the 

upper halocline in the transect, suggesting that internal recycling in the Canada Basin was 
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negligible, and that Cd may be transported considerable distance in the halocline with little 

modification.   

1.6 The Canadian GEOTRACES program  

The GEOTRACES program was developed in collaboration with over 30 nations, to improve 

understanding of the global cycling of trace elements and isotopes (TEIs). TEIs play an important 

role as regulators or tracers of important biogeochemical cycles or physical processes, but a 

paucity of data has limited the current understanding of TEI cycling. GEOTRACES aims to 

improve the understanding of global TEI biogeochemical cycles by focusing on fluxes, internal 

cycling, and the development of proxies. The Canadian GEOTRACES program has played a 

prominent role in the development and deployment of a comprehensive Arctic sampling program. 

In 2015/2016 the USA, Germany and Canada completed cruise sections which spanned the Arctic 

Ocean. The results from the cruises will provide a synoptic picture of the biogeochemical cycling 

of TEIs in the Arctic Ocean.  The focus of the Canadian program, which encompassed the Canada 

Basin, Canadian Arctic Archipelago and Baffin Bay, is to understand the connection between the 

Pacific and the Atlantic Ocean.  

1.7 Thesis Focus 

This thesis aims to provide a comprehensive understanding of the distribution of Cd through the 

Canadian High Arctic, covering the Canada Basin, the Canadian Arctic Archipelago, and Baffin 

Bay. Changing climatic conditions, which are forcing large-scale physical and biogeochemical 

changes in the Arctic Ocean, have highlighted the necessity for improved data coverage in the 

Arctic Ocean.   
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Chapter 2 presents a novel method for the analysis of Mn, Fe, Ni, Cu, Zn, Cd and Pb in 

seawater. The method uses an automated solid-phase extraction system, with Nobias PA1 ion 

exchange resin, to both preconcentrate and extract trace metals from seawater. The extracted 

samples are analysed by ICP-MS/MS, which consists of two mass-selecting quadrupoles 

separated by a collision/reaction cell, resulting in accurate and precise results. Chapter 3 presents 

dissolved Cd data from the Arctic Ocean. The results show a clear influence of high-Cd Pacific-

origin water throughout the Canada Basin and CAA, with evidence of mixing of Pacific-origin 

and Atlantic-origin waters in Baffin Bay.  
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Chapter 2: Determination of Mn, Fe, Ni, Cu, Zn, Cd and Pb in 
seawater using offline extraction and triple quadrupole ICP-
MS/MS   

 

2.1 Abstract 

 

Highly resolved temporal and spatial distributions of trace elements in ocean water can provide 

insight into ocean processes but carry a significant analytical demand which require methods that 

combine accuracy and precision with high sample throughput. Here a multi-element method is 

presented which combines the commercially-available seaFAST preconcentration system with 

ICP-MS/MS for the analysis of Mn, Fe, Ni, Cu, Zn, Cd and Pb in seawater. Samples (20 mL or 

40 mL) are loaded on to a chelation resin column and trace metals eluted into 2.5 mL of 1.6 N 

HNO3. Analysis of the eluate was carried out by ICP-MS/MS, which combines two mass-

selecting quadrupoles separated by an octopole collision/reaction cell. The collision/reaction cell 

was pressurized with O2 gas for the analysis of Mn, Ni, Cu, Cd and Pb and H2 gas for the analysis 

of Fe and Zn which removed common interferences (e.g ArO+ on 56Fe and MoO+ on Cd) yet 

maintained the highest instrument sensitivity across the entire mass range. Measured blanks and 

detection limits were at ≤10 pmol L-1 levels, except for Fe (blank 0.14 nmol L-1) and were 

suitable for open-ocean seawater analysis. We report results for the certified reference material 

NASS-6, consensus reference standards SAFe S and SAFe D and depth profiles of trace metals 

from the Arctic Ocean, collected as part of the Canadian GEOTRACES program.    
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2.2 Introduction 

 

With approximately half of global autotrophic primary production occurring in our oceans 

(Falkowski, 1997), understanding the role trace metals play in biogeochemical cycling has 

become increasingly important (Morel & Price, 2003). The past few decades have improved the 

scientific understanding of the roles trace metals play as micronutrients, toxins, important tracers 

of anthropogenic input, and potential paleoproxies (Henderson et al., 2007). Historically, research 

has focussed on iron (Fe), as Fe complexes play an essential role in several key metabolic 

functions of phytoplankton, including as an essential component in photosynthetic electron 

transport and nitrogen fixation (Sunda & Huntsman, 1995). The low availability of Fe in surface 

waters means it limits primary productivity in up to 50% of the surface ocean (Moore et al., 2004) 

leading to intensive studies of Fe sources and sinks (Boyd & Ellwood, 2010; Tagliabue et al., 

2017). Similarly Zn, which is the co-factor in carbonic anhydrase (CA), a catalytic enzyme 

involved in photosynthetic carbon concentrating mechanisms (Badger & Price, 2003), may limit 

or co-limit primary productivity in open ocean waters (Franck et al., 2003; Morel et al., 1994; 

Sunda & Huntsman, 2005; Varela et al., 2011). Cadmium (Cd) is known to substitute for Zn as 

the co-factor in CA and may exert controls on community composition and productivity (Lane & 

Morel, 2000; Price & Morel, 1990). Copper (Cu) can be toxic at elevated concentrations (Mann et 

al., 2002; Price & Morel, 1994); however it is still an important micronutrient in low-Fe waters, 

where Cu-containing enzymes can replace Fe-containing analogues (Peers & Price, 2006). 

Manganese (Mn) is useful as a tracer of redox cycling (Chester & Jickells, 2012) and riverine 

input (Landing & Bruland, 1980), while lead (Pb) is used as a tracer of anthropogenic aerosols 

deposited to the ocean surface (Boyle, 2001; Cullen & McAlister, 2017). Understanding the 

distribution and cycling of trace metals in the ocean is the principle objective of the 
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GEOTRACES program, launched in 2008 as an international collaboration between marine 

scientists from over 30 nations (Henderson et al., 2007). 

In order to meet the analytical burden inherent in the stated goals of the GEOTRACES program, 

it was necessary to develop a high-precision, high-throughput method which allowed for the rapid 

multi-element determination of trace metals in seawater. Trace metals are typically found in pmol 

L-1 to nmol L-1 concentrations, leading to problematic interferences from the mmol L-1 

concentrations of cations and anions present in the seawater matrix. To overcome this, methods 

have primarily focussed on the separation of single or multiple elements from the matrix, coupled 

with analysis on an inductively coupled plasma mass spectrometer (ICP-MS).  The separation and 

preconcentration methods that have been used include solvent extraction (Bruland et al., 1979), 

co-precipitation with Mg(OH)2 (Saito & Schneider, 2006; Wu & Boyle, 1997), and solid-phase 

extraction using a chelating resin. Resins containing a variety of functional groups have been 

successfully used in the extraction procedure, including 8-hydroxyquinoline (8-HQ) (Landing et 

al., 1986; Mclaren et al., 1985), iminodiacetate (IDA) (Beck et al., 2002; Milne, Landing et al., 

2010), and nitrilotriacetic acid (NTA) (Lee et al., 2011; Lohan et al., 2005). Several recent studies 

have successfully used a resin containing both ethylenediaminetriacetate (EDTriA) and IDA 

functional groups for multi-element analyses (Biller & Bruland, 2012; Sohrin et al., 2008). The 

commercially available seawater preconcentration system, seaFAST-pico (Elemental Scientific, 

Omaha, NE, USA), couples this resin with an automated, trace metal clean, flow-injection system 

for successful determination of the biogeochemically important trace elements (Lagerström et al., 

2013). 

 

The majority of multi-element solid-phase extraction methods utilise an ICP-MS for analysis. 

Analysis on ICP-MS has many advantages, including a wide linear dynamic range, making it 

suitable for multi-element methods, and the possibility of obtaining isotopic information. 
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However, spectral interferences are problematic with ICP-MS and several strategies have been 

developed to overcome this. The use of sector-field ICP-MS (ICP-SFMS) has allowed for much 

higher mass resolution, allowing the separation of the peaks of analytes and interfering ions 

(Jakubowski et al., 2011). While ICP-SFMS has greatly improved the technical capabilities of 

ICP-MS, it is still not possible to resolve all interferences, and the high purchase cost of the 

instrument has led to the development of alternate instrumentation. Collison/reaction cell (CRC) 

technology has developed over the last ~20 years to aid in the suppression of interferences. The 

CRC is pressurized with either a non-reactive gas (e.g. He) and/or a reactive gas (e.g. H2, O2, 

NH3), which are able to remove interferences either by non-reactive collisions in combination 

with kinetic energy discrimination or by reactions with the reactive-gases (Tanner et al., 2002). 

While the CRC is an effective tool for improving detection limits, it can be challenging to prevent 

the formation of new interferences within the CRC. Recently, ICP-tandem mass spectrometers 

(ICP-MS/MS, also called triple quadrupole ICP-MS) have become commercially available 

(Agilent Technologies 8800, 8900; Thermo Fisher iCap–tq). These newly developed ICP-MS/MS 

are able to overcome many of the problems faced by single quadrupole ICP-MS (a recent review 

article  by Balcaen et al., 2015 describes the instrument and applications). The tandem MS 

configuration of these instruments consists of two quadrupole mass filters separated by a 

collision/reaction cell. This differs from conventional single quadrupole ICP-MS by the addition 

of the quadrupole mass filter between the ion source and the collision/reaction cell allowing for 

mass-selection of the ions that enter the CRC, leading to much improved control over the 

reactions occurring in the CRC. The ICP-MS/MS has already been successfully used to make 

direct measurements of Cd in seawater, through careful removal of the MoO+ isobaric 

interference (Zhu & Itoh, 2016). 
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In this study we present a novel method for the rapid determination of Mn, Fe, Ni, Cu, Zn, Cd and 

Pb using the ICP-MS/MS, following offline matrix removal and pre-concentration with the 

seaFAST-pico preconcentration system. The precision and accuracy of the method was confirmed 

by the analysis of SAFe inter-comparison samples for which consensus values exist and certified 

reference material (NASS-6). The utility of the method is demonstrated through the presentation 

of depth profiles of trace metals obtained through analysis of Arctic Ocean seawater samples. 

2.3 Experimental 

2.3.1 Instrumentation 

 

All of the analyses were carried out using an Agilent 8800 ICP-MS/MS instrument (Agilent 

Technologies). The instrument consists of two mass-selecting quadrupoles (Q1 and Q2) separated 

by a third generation octopole collision/reaction cell (CRC). For our work, the instrument was 

operated in two modes, single-quad mode and MS/MS mode. In single-quad mode, Q1 functioned 

only as an ion-guide, such that the instrument behaved like a traditional ICP-MS. In MS/MS 

mode, both Q1 and Q2 acted as mass filters. This allowed control over the species entering the 

CRC, and careful selection of the reaction gas ensured that interferences were effectively 

removed. The CRC was pressurized with He, H2 and O2 to evaluate which gas was most effective 

at removing spectral interferences. The instrument was run in single-quad mode for all gases, and 

MS/MS mode when pressurized with H2 and O2.  In each case, the instrument parameters were 

optimized for maximum sensitivity across the mass range while minimizing the formation of 

molecular interferences.  Eluted samples were transferred to an Agilent SPS 4 Autosampler 

connected to the ICP-MS/MS and were introduced using a 0.4mL/min concentric Micromist 

glass nebulizer. The instrument operating conditions are listed in Table 2.1.  
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Table 2.1 Typical operating conditions of the Agilent 8800 ICP-MS/MS 

Instrument parameter Operating conditions 

RF applied power (W) 1600 

Plasma sampling depth (mm) 10.0 

Dilution gas flow rate (L min-1) 0.40 

Carrier gas flow rate (L min-1) 0.88 

Extract 1 (V) 0.0 

Extract 2 (V) -145.0 

Omega bias (V) -75 

Omega lens (V) 8.8 

Cell gas flow rate (mL min-1) He: 5.0; H2: 5.0; O2: 0.35 

Octopole bias (V) No gas: -8.0; He: -18.0; H2: -18.0; O2: -5.0 

KED (V) No gas: 5.0; He: 5.0; H2: -3.0; O2: -7.0 

Wait time offset (msec) No gas: 0; He: 0; H2: 0; O2: 4 

Nebulizer Concentric glass nebulizer 

 

2.3.2 Reagents 

 

All reagents were prepared in a Class-100 laminar flow hood in a class-1000 space, using the 

highest grade reagents available. Ultra-pure deionized water (MQW) was generated using a Milli-

Q Element system (>18 M) (Millipore, Darmstadt, Germany) and used to prepare all reagents. 

Standards and ICP-MS/MS test solutions were all prepared by dilution of 10 µg∙mL-1 single-

element standards (High-Purity Standards, SC, USA). For the preconcentration procedure, the 1.6 

M HNO3 elution acid was prepared using ultrahigh-purity HNO3 (SeaStar Chemicals, Sydney, 

BC, Canada) and spiked with 1µg∙L-1 Indium (In) which served as an internal standard for 

instrument sensitivity (High-Purity Standards, North Charleston, SC, USA). For the buffer, a 

saturated ammonium acetate solution (19.2 M) was prepared by bubbling high-purity anhydrous 

ammonia gas through twice-distilled acetic acid. The concentrated solution was diluted to 2.3 M, 

and the pH was adjusted to pH = 6.0 ± 0.1 using concentrated, twice-distilled NH3. A 0.012 M 

HCl rinse solution was prepared fresh each day from ultrahigh-purity HCl (SeaStar Chemicals, 

Sydney, BC, Canada).  
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2.3.3 Extraction Procedure 

 

The commercially-available seaFAST-pico SC-4 DX system (ESI, Omaha, NE, USA) was used to 

remove the bulk seawater matrix and pre-concentrate the trace metals. The seaFAST-pico system 

uses solid phase extraction (SPE) by way of a column loaded with Nobias PA-1 resin 

functionalized with ethylenediaminetriacetic acid and iminodiacetic acid coordination groups that 

display high affinity for a variety of TMs across a broad range of pH. Details of the method are 

described in Lagerström et al, 2013. Briefly, samples are processed as follows: 

1) Fill loops: The 10mL sample loop is overfilled, using an integrated vacuum pump and the 

buffer line is filled, using a syringe pump. 

2) Load column: Syringe pumps mix buffer and sample online, and the buffered sample is 

pushed across the analytical column where metal ions are selectively bound. 

3) Wash matrix: Buffer and MQW are mixed online and rinse the column, removing 

unchelated matrix ions.  

4) Elute column: 2.5mL of elution acid spiked with internal standard was used to elute trace 

metals from the column into pre-cleaned, metal-free centrifuge tubes (VWR, Radnor, PA, 

USA) 

5) Condition column: Buffer and MQW are mixed online and pushed across the column, to 

raise pH and condition the column for the next sample. 

Steps 1-3 were repeated 2 times or 4 times prior to elution, for an 8-fold or 16-fold 

preconcentration factor respectively. 
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2.3.4 Shipboard Procedures 

 

Open-ocean seawater samples were collected on two cruises in the Arctic Ocean aboard the 

CCGS Amundsen, GEOTRACES sections GN02 (10 Jul 2015 – 20 Aug 2015, from 56N to 

75N and from 53W to 98W) and GN03 (4 Sept 2015 – 1 Oct 2015, from 74N to 77N and 

from 96W to 150W). Seawater was collected using a modified trace-metal rosette sampling 

system (Measures et al., 2008), consisting of a powder-coated aluminium frame equipped with 

twelve 12 L Teflon-coated GO-FLO bottles (General Oceanics, FL USA) attached to a 4000 m 4-

member conducting Vectran cable encased in polyurethane (Cortland Cable Co., Cortland NY 

USA). GO-FLO bottles were deployed in the open position and lowered to below the deepest 

desired depth. Bottles were closed at the desired depth on the ascent to reduce the potential for 

contamination from the rosette and instrument payload. On deck, GO-FLO bottles were relocated 

to a HEPA-filtered clean container for sample collection. Seawater was gravity-filtered through 

0.2 µm Acropak filters (Pall Corporation) and acidified on-board to pH = 1.7 with 12 M high-

purity HCl (SeaStar Chemical) for storage. 500 mL LDPE bottles (Nalgene) were acid-washed 

according to GEOTRACES protocols (Cutter et al., 2010) and used for sample collection and 

storage.  

 

2.4 Results and Discussion 

2.4.1 Effect of reaction cell gas on signal intensity 

 

By running the instrument in MS/MS mode, it is possible to effectively decompose polyatomic 

interferences in the CRC. However, using a reaction cell gas can dramatically reduce the signal 

intensity on certain elements. We compared the signal intensity of a solution containing 1 µg L-1 

each of Mn, Fe, Ni, Cu, Zn, Cd and Pb run in no-gas mode with the signal intensity observed 
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using three different CRC gases: He, H2 and O2 (Fig. 2.1). For Fe, relative signal intensity was 

determined relative to the signal using O2 gas, as large interferences from 40Ar16O+ in no-gas 

mode made relative difference in the signal intensity between CRC gases unresolvable. With He 

as the CRC gas, the instrument was run in single quad (SQ) mode, with Q1 set as a non-selective 

ion guide. With H2 and O2 as the CRC gas, the instrument was run in MS/MS mode, with Q1 and 

Q2 set to the m/z of the selected ion. Helium was found to cause a substantial decrease in signal 

intensity for all elements except for 208Pb: signal intensity was <10% of the signal intensity in no-

gas mode for Mn and Zn, and <25% for Ni, Cu and Cd. With H2 and O2 as the CRC gases, the 

signal sensitivity was greater than 40% of the signal in no-gas mode for all elements, except in 

the case of Ni and Cu in H2 mode where signal sensitivity was <20% of signal in no-gas mode.  

 

Figure 2.1 Effect of the collision/reaction cell gas on signal intensity. Signal intensities were determined in 

a solution containing 1 µg L-1 of Mn, Fe, Ni, Cu, Zn, Cd and Pb. Relative signal intensities were calculated 

as the measured signal intensity in each gas mode (He, H2, and O2) relative to vented mode for Mn, Ni, Cu, 

Zn, Cd and Pb. For Fe, relative signal intensity was determined relative to O2. 
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2.4.2 Effect of reaction cell gas on polyatomic interferences 

 

In order to accurately measure the concentration of Fe and Cd in seawater, it is necessary to 

remove or correct for polyatomic interferences from 40Ar16O+ and Mo16O+ respectively. To test 

the effectiveness of the gases at removing interferences, we measured the background equivalent 

concentration (BEC) and the signal intensity in single-quad mode (SQ) for all gases (no gas, He, 

H2 and O2) , and in MS/MS mode for H2 and O2 reaction gases (Fig. 2.2). For Fe, our background 

solution was 0.8 mol L-1 HNO3, and the signal solution was 1 µg L-1 Fe in 0.8 mol L-1 HNO3. For 

Cd, the background solution was 100 µg L-1 Mo in 0.8 mol L-1 HNO3 and the signal solution 

contained 1 µg L-1 Cd and 100 µg L-1 Mo in 0.8 mol L-1 HNO3.  

 

For Fe, there was a dramatic decrease in both signal intensity and BEC when a CRC gas was 

used. The BEC was >50 µg kg-1 in no-gas mode, which we infer to be derived primarily from the 

40Ar16O+ interference, while this diminished to 60 ng kg-1 with He as the reaction gas and ~20 ng 

kg-1 with both H2 and O2 as the reaction gas in MS/MS mode. The BEC was reduced in MS/MS 

mode when compared to SQ mode for both H2 and O2 gases. While the BEC, which we attribute 

primarily to 40Ar16O+ interference, still contributed to the observed Fe signal, the BEC was stable 

throughout the ICP-MS/MS run (± 7% variability in BEC  throughout run) and could be 

considered a baseline blank signal which was corrected for by subtraction from the sample signal. 
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Figure 2.2 Effect of reaction/collision cell gases (no gas, He, H2 and O2) on instrument sensitivity (bars) 

and BEC (symbols) for Fe and Cd. In SQ mode, Q1 acted as an ion guide. When H2 and O2 were used as 

reaction gases, the system was also run in MS/MS mode with Q1 and Q2 both set to the same m/z (on-mass 

mode). The signal intensity was obtained from a signal solution (1 µg L-1 Fe in 0.8 mol L-1 HNO3 for Fe 

and 1 µg L-1 Cd and 100 µg L-1 Mo in 0.8 mol L-1 HNO3 for Cd) and the BEC was determined from a blank 

solution (0.8 mol L-1 HNO3 for Fe and 100 µg L-1 Mo in 0.8 mol L-1 HNO3 for Cd). 
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For Cd, the BEC (which we attribute primarily to an interference from MoO+) contributed 96 ng 

kg-1  signal in no-gas mode, which was reduced to 6, 80 and 4 ng kg-1 with He, H2 and O2 as the 

reaction gases, respectively (with H2 and O2 in MS/MS operating mode). The BEC was similar in 

SQ and MS/MS mode when H2 gas was used, but dramatically decreased in MS/MS mode when 

O2 gas was used, demonstrating the advantage of including a second mass-selecting quadrupole 

prior to the collision/reaction cell. For both Fe and Cd, there was a notable decrease in the 

background contribution when the reaction cell gases were used. For Fe, both H2 and O2 produced 

similar signal intensities and BEC. For Cd,  O2 was the most effective gas at decreasing the BEC 

while maintaining high sensitivity when run in MS/MS mode.  Based on their effects on signal 

sensitivity and BEC, both H2 and O2 run in MS/MS mode were investigated further for use in the 

CRC. 

2.4.3 Effect of gas flow rate on instrument sensitivity and interference removal 

 

Using a reaction gas in the CRC has the advantage of decreasing the effect of polyatomic 

interferences, however it can also reduce the sensitivity of the analytes and increase the BEC. As 

this is a multi-element method, it was necessary to optimize the gas flow rate such that sensitivity 

across all analytes was maximised, while polyatomic interferences were minimised.  

 

To examine the impact of the reaction gas on sensitivity, we first looked at the effect of H2 and O2 

flow rate on the most interference prone elements, Fe and Cd (Fig. 2.3). We used the same signal 

and background solutions for Fe and Cd as were used in the previous test, but systematically 

varied the gas flow rates of H2 and O2. Both raw CPS and BEC were measured at H2 flow rates of 

3, 4, 4.5, 5, 5.5, 6 and 7 mL min-1 and O2 flow rates of 0.10, 0.20, 0.25, 0.30, 0.35, 0.40 and 0.50 

mL min-1 for Fe and Cd. For Fe, sensitivity was similar for most flow rates in both gases (~50,000 

CPS/ µg kg-1), while the minimum BEC was observed with H2 gas (17 ng kg-1 at a flow rate of 
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5.5 mL min-1 H2 versus 22 ng kg-1 at a flow rate of 0.35 mL min-1 O2. For Cd, the sensitivity was 

similar for both reaction gases (~90,000 CPS/µg kg-1), however the BEC was at a minimum when 

O2 was used as a reaction gas, at flow rates greater than 0.35 mL min-1 (BEC < 5 ng kg-1) 

compared to BEC >10 ng kg-1 for all flow rates with H2 as the reaction gas.   

 

Figure 2.3 Effect of H2 and O2 gas flow rate on signal intensity  and BEC for Fe and Cd. The signal 

intensity was obtained from a signal solution (1 µg L-1 Fe in 0.8 mol L-1 HNO3 for Fe and 1 µg L-1 Cd and 

100 µg L-1 Mo in 0.8 mol L-1 HNO3 for Cd) and the BEC was determined from a blank solution (0.8 mol L-

1 HNO3 for Fe and 100 µg L-1 Mo in 0.8 mol L-1 HNO3 for Cd). 
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For Cd, we found that the contribution of MoO+ to the observed signal decreased as we increased 

the O2 flow rate. A maximum BEC of 105 ng kg-1 was observed at an O2 flow rate of 0.10 mL 

min-1, which continuously decreased as the flow rate was increased, to a minimum of 1 ng kg-1 at 

0.50 mL min-1. The assumed mechanism of the removal of the MoO+ interference in O2 mode is 

by the formation of MoO2
+ through reaction with O2 gas, shown by Eq 1. 

 

𝐌𝐨𝐎+ + 𝐎𝟐  → 𝐌𝐨𝐎𝟐
+ + 𝐎                𝚫𝐇 =  −𝟎. 𝟒𝟔 𝐞𝐕     (1) 

       (Agilent Technologies, Inc., 2012) 

 

The reaction is dependent on the pressure of O2 in the CRC. At higher pressures, determined by 

higher O2 flow rates, we expect a greater formation of MoO2
+, shifting the m/z of the interfering 

ion from 111 to 127, which was reflected in our results (Fig. 2.3). 

The effect of H2 and O2 gas flow rates on signal sensitivity and BEC were also investigated for 

Mn, Ni, Cu, Zn and Pb (Fig. 2.4). For Ni and Cu, sensitivity was maximised and BEC minimised 

with O2 as the CRC gas. For Mn and Pb, both sensitivity and BEC were comparable with H2 and 

O2 as reaction gases. For Zn, sensitivity was greater with O2 gas, however the BEC was lower 

with H2 gas. For optimum sensitivity with minimum BEC, we opted to analyse Mn, Ni, Cu, Cd 

and Pb with O2 as the reaction gas, at a flow rate of 0.35 mL min-1 and Fe and Zn with H2 as the 

reaction gas, at a flow rate of 5.5 mL min-1. 
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Figure 2.4 Effect of H2 (triangles) and O2 (circles) gas flow rate on the signal intensity and BEC of Mn, Ni, Cu, Zn, Pb. The signal intensity was measured in a 

solution containing 1 µg L-1 each of Mn, Fe, Ni, Cu, Zn, Cd and Pb in 0.8 mol L-1 HNO3. The BEC was determined from a blank solution  of 0.8 mol L-1 HNO3. 
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Table 2.2 Average blanks and detection limits of this method from 10 extractions, compared to other recent studies. Detection limits are 3 times the standard 

deviation of the blank. NA indicates metal not analysed. Results were obtained in O2 mode unless otherwise indicated.  * indicates a 16-fold preconcentration 

factor, † indicates results obtained in H2 mode. 

 Blanks  Detection Limits 
 

This 

study 

Quéroué et 

al., (2014) 

Lagerström et 

al., (2013) 

Biller & 

Bruland, (2012) 

 This 

study 

Quéroué et 

al., (2014) 

Lagerström 

et al., (2013) 

Biller & Bruland, 

(2012) 

Mn (nmol L-1) 0.006 0.004 0.008 0.0056  0.002 0.002 0.002 0.002 

Fe (nmol L-1) 0.14*† 0.26 0.067 0.03  0.029*† 0.092 0.014 0.014 

Ni (nmol L-1) 0.053 0.013 0.027 0.2  0.03 0.003 0.013 0.089 

Cu (nmol L-1) 0.03 0.054 0.013 0.034  0.008 0.03 0.003 0.054 

Zn (nmol L-1) 0.025† NA 0.118 0.80  0.017*† NA 0.016 0.90 

Cd (pmol L-1) 0.34* 0.19 NA 1.013  0.6* 0.12 NA 0.58 

Pb (pmol L-1) 0.46 0.74 NA 0.027  0.3 0.21 NA NA 
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2.4.4 Blanks and detection limit 

 

To determine blanks associated with the method, we ran a solution containing 125 mL MQW 

with 250 µL HCl (SeaStar Chemicals, Sydney, BC, Canada) and 125 µL of Pacific open-ocean 

surface seawater for matrix-matching as has been previously reported in Lagerström et al, 2013. 

Our blank was preconcentrated by the same method as our samples, with 20 mL or 40 mL of 

blank loaded onto the column, which was eluted with 2.5 mL of elution acid. This ensures that 

any volume-dependant blanks were correctly accounted for (i.e. blanks from the buffer or elution 

acid).  Other potential sources for blanks included the autosampler bottles, elution vials, the 

preconcentration manifold (pumps, tubing and valves) and from the ICP-MS/MS. The observed 

blanks were all at picomolar or sub-picomolar levels, except for Fe (0.14 nmol L-1). Fe and Pb 

blanks were comparable to Quéroué et al. (2013), but significantly greater than other studies. Mn, 

Ni, Cu, Zn and Pb blanks and detection limits for all elements were comparable to blanks 

reported in previously published studies (Table 2.2). 

 

The high blanks calculated for Fe (0.14 nmol L-1) are likely due to the interference from ArO+ 

even under optimized conditions and are subtracted from all results. To determine the 

contribution of ArO+ to the Fe blank compared to the contribution from the extraction procedure, 

several aliquots of the 1.6 M HNO3 elution acid were run on each day of analysis on the ICP-

MS/MS and the counts in the elution acid and the extracted blanks were compared. While the 

elution acid itself could contain some concentration of Fe, we attribute the majority of the elution 

acid blank to the ArO+ interference. We found the ArO+ contributed between 60-85 % of the 

observed blank signal each run, with the percentage contribution from ArO+ internally consistent 

on each day of analysis. Our detection limits were calculated on each day of analysis, as three 

times the standard deviation of the blanks. As blanks varied from day to day depending on 



 

 

 

 

36 

individual reagents and fluctuations in instrument baseline, we have presented the average of the 

detection limits observed over multiple instrumental runs. We found that our detection limits 

were again comparable to other recent studies, and were all less than the expected concentrations 

of metals in our samples. The detection limits for Mn, Ni, Cu, Zn and Cd were all less than 1% of 

the concentration of SAFe D, while the detection limits of Pb and Fe were ~1% and ~9%. For 

SAFe S, the detection limits for Mn, Ni, Cu and Pb were all ~1% of the consensus concentration. 

Fe, Zn and Cd are all in very low concentrations in SAFe S hence 40mL loads were used to 

achieve a 16-fold preconcentration factor to both improve the detection limits and sensitivity. 

Detection limits were ~25 % of the concentration of SAFe S for Fe and Zn, and ~50 % for Cd. 

2.4.5 Reference material 

 

The accuracy of the method was evaluated through the analysis of three reference samples: the 

certified reference material NASS-6 (National Research Council, Canada) and two consensus 

standards from the Sampling and Analysis of Fe (SAFe) intercalibration cruise, SAFe S (surface) 

and SAFe D2 (deep). Results are reported in Table 2.3.  

Our results for NASS-6 agree with the certified values for all elements, within analytical 

uncertainty. Concentrations in SAFe S are representative of open Pacific Ocean surface water 

levels and are therefore very low for some metals; however all metals were found to agree with 

the consensus values within analytical uncertainty, except Mn. In SAFe D, we had good 

agreement between the measured and consensus values for all metals, except for Mn. Our 

measured values for Mn in both SAFe S and SAFe D are higher than the reported consensus 

values; however several other groups have reported similarly elevated values for Mn (Biller & 

Bruland, 2012; Quéroué et al., 2014). 

 

 



 

 

 

 

37 

 

 

Table 2.3 Results of the repeated analysis of consensus reference material, SAFe S and SAFe D and certified reference material, NASS-6. Consensus values for 

SAFe S and D were updated May 2013. Uncertainties represent the standard deviation of repeat measurements. Results were obtained in O2 mode unless 

otherwise indicated.  * indicates a 16-fold preconcentration factor, † indicates results obtained in H2 mode. 

 SAFe S 
O2, n = 9 
H2, n = 6 

 
SAFe D2 

O2, n = 13 
H2, n = 9 

NASS-6 
(n = 4) 

 Measured Consensus  Measured Consensus  Measured Certified 

Mn (nmol L-1) 0.94 ±- 0.02 0.81 ± 0.06  0.46 ± 0.03 0.36 ± 0.05  9.46 ± 0.06 9.65 ± 0.91 

Fe (nmol L-1) 0.081 ± 0.018*† 0.095 ± 0.008  0.972 ± 0.038† 0.956 ± 0.024  9.22 ± 0.10 8.86 ± 0.82 

Ni (nmol L-1) 2.43 ± 0.05 2.34 ± 0.09  9.05 ± 0.12 8.85 ± 0.26  5.22 ± 0.01 5.13 ± 0.43 

Cu (nmol L-1) 0.49 ± 0.01 0.53 ± 0.05  2.27 ± 0.03 2.34 ± 0.15  3.64 ± 0.05 3.90 ± 0.39 

Zn (nmol L-1) 0.065 ± 0.005*† 0.071 ± 0.010  7.83 ± 0.08† 7.62 ± 0.26  3.60 ± 0.05 3.93 ± 0.31 

Cd (pmol L-1) 0.8 ± 0.3*a 1.1 ± 0.3  1034 ±16 1011 ± 24  272 ± 21 277 ± 17 

Pb (pmol L-1) 51.3 ± 0.7 49.2 ± 2.3  29.0 ± 2.4 28.4 ± 1.5  21.2 ± 0.2 29.0 ± 9.7 
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2.4.6 Application of the method to open ocean profiles 

 

This method was used to analyse ~300 samples from GEOTRACES section GN02 and GN03 in 

the Arctic Ocean. We present vertical profiles for each of the elements from a single station, CB2 

(75 49’N, -129 08’E) in the central Canada Basin (Fig. 2.5). The profiles for all elements are 

oceanographically consistent and similar to those reported by previous studies in the region (Cid 

et al., 2012; Moore, 1981). Mn has a scavenged-type profile, with a surface water maximum 

concentration that diminishes with depth. Ni, Cu, Zn and Cd all show mid-depth maxima, at 

~150m, that is associated with nutrient- and trace metal-enriched Pacific-origin water at this 

depth in this region of the Beaufort Sea. Fe displays a more uniform profile, with a sub-surface 

minimum observed at ~50m. Pb also displays a fairly uniform profile, though with some 

variability which could be due to contamination during sampling or analysis. 

 

Figure 2.5 Vertical depth profiles of Mn, Fe, Ni, Cu, Zn, Cd and Pb collected during GEOTRACES GN02 

at station CB2 (75 49’N, -129 08’E) in the Arctic Ocean. 
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2.5 Conclusions 

 

I developed  an accurate and precise method for the analysis of Mn, Fe, Ni, Cu, Zn, Cd and Pb at 

oceanographically relevant levels in filtered seawater. Combining solid-phase extraction (SPE) 

using the seaFAST pico (ESI, Omaha, NE, USA) preconcentration system with ICP-MS/MS 

obtained low blanks and detection limits, with high sample throughput. The additional mass-

selector in the ICP-MS/MS prior to the collision/reaction cell provides the user with more control 

over the suppression of interferences.  

Oxygen gas was found to be an effective reaction gas in the CRC for the analysis of Mn, Ni, Cu, 

Cd and Pb, and hydrogen gas was found to be effective for the analysis of Fe and Zn, removing 

polyatomic interferences on Cd and Fe and allowing for the accurate quantification of metals 

across the mass range. Consistently low blanks and detection limits were observed which were 

suitable for the analysis of most open ocean seawater samples.  

The determined blanks and detection limits are comparable to those achieved in studies using 

sector-field ICP-MS providing a cost-effective alternative method for the analysis of trace metals 

in seawater. The SAFe consensus standards, SAFe S and SAFe D and the certified reference 

seawater, NASS-6, were analysed and showed agreement with consensus values, confirming the 

validity of this method. The automation of the method, coupled with the lower purchase-cost of 

the ICP-MS/MS makes this a useful method for laboratories aiming to expand their analytical 

capabilities and is necessary with an increase in global participation in large oceanographic 

programs, such as GEOTRACES.  
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Chapter 3: Dissolved Cadmium in the Canadian Arctic Ocean 

 

3.1 Introduction 

 

Early research into the distribution of dissolved cadmium (Cd) concentrations in seawater found 

depletions in surface waters and increased concentrations with depth remarkably similar to the 

macronutrients, in particular phosphate (PO4) (Boyle et al., 1976; Bruland et al., 1978; de Baar et 

al., 1994). Cd and PO4 are closely correlated throughout global oceans, with a “kink” in the 

relationship at PO4~1.3µmol L-1 (Boyle, 1988; de Baar et al., 1994), with North Atlantic and 

surface water primarily defining the slope below the kink and Indian, Pacific and Southern Ocean 

waters defining a steeper slope above the kink (de Baar et al., 1994; Löscher et al., 1997). The 

correlation between Cd and PO4 has led to the use of preserved Cd/Ca ratios in microfossils as 

paleoproxies, both for deep-water circulation (Boyle, 1988) and surface-water nutrient-utilization 

(Elderfield & Rickaby, 2000a). However, an incomplete mechanistic understanding of what 

drives the “kink” in the Cd:PO4 relationship, as well as meridional and inter-basin variations in 

Cd/PO4 ratios have limited the use of Cd as a paleoproxy (Cullen, 2006; Saager & de Baar, 1993). 

Several explanations for the kink have been proposed; Cullen (2006) proposed that chronic Fe-

limitation in High-Nutrient Low-Chlorophyll (HNLC) regions leads to lower surface Cd/PO4 

ratios and may drive the “kink” in the Cd:PO4 relationship. Another mechanism suggests that 

injections of Cd-depleted waters into intermediate depths leads to the kink (Frew & Hunter, 

1992), with stable isotopes providing evidence for the importance of the Cd-depleted Sub-

Antarctic Mode Water (SAMW) in Cd cycling (Abouchami et al., 2014; Baars et al., 2014; Gault-

Ringold et al., 2012). Despite incomplete understanding of the drivers behind the global Cd:PO4 

relationship, deep waters (>1000m) appear to show constant basin-dependent Cd/PO4 ratios. The 

deep-water Cd/PO4 ratio increases with the age of the waters, from ~0.23 nM/µM in the North 
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Atlantic (Danielsson et al., 1985; Quay & Wu, 2015) to ~0.30 nM/µM in the Southern Ocean and 

South Indian Ocean (Frew & Hunter, 1992; Saager et al., 1992) to ~0.35 nM/µM in the North 

Pacific (Bruland, 1980). 

 

Variations in phytoplankton uptake of Cd and cellular Cd:P ratios, which drive the biological 

cycling of Cd, have been observed in experiments with both laboratory isolates and field studies 

with natural algal assemblages. Cd has been shown to restore growth of Zn-limited phytoplankton 

(Price & Morel, 1990) by substituting for Zn in carbonic anhydrase (CA) (Lee et al., 1995) or as a 

Cd-specific CA (Lane & Morel, 2000). Laboratory studies have found that Cd uptake rates are 

directly related to free ion concentration of Cd [Cd’] and inversely proportional to [Zn’] and 

[Mn’] (where [M’] indicates the total inorganic species)  (Lee et al., 1995; Sunda & Huntsman, 

2000), while decreasing partial pressure of carbon dioxide (pCO2) increases Cd uptake (Cullen & 

Sherrell, 2005; Lane & Morel, 2000). Decreasing Fe concentrations also affects phytoplankton 

Cd:P, with additions of Fe to Fe-limited cultures causing a decrease in Cd:P ratios in 

phytoplankton cultures (Cullen & Sherrell, 2005; Lane et al., 2009; Sunda & Huntsman, 2000). 

Community composition may also exert a strong influence on surface dissolved Cd/PO4, owing to 

variations of cellular Cd:P across phytoplankton taxa (Ho et al. 2003). Changing irradiance and 

hence growth rate also exerts an influence on Cd:P; however phylogenetic groups appear to 

control whether this leads to increases or decreases in cellular Cd:P (Finkel et al., 2007).  

 

More recently, modelling studies have been used to understand the global relationship between 

Cd and PO4, with respect to surface water variations, basin-dependant changes in deepwater 

ratios, and changes in the Cd/PO4 ratio with depth. Quay et al (2015) analysed a global dataset 

from 182 stations, and found that the Cd:P ratios of exported particles were primarily dependant 

on whether HNLC conditions existed.  In HNLC regions particles tend to have higher Cd:P and a 
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greater fractionation factor (FF, where FF=[Cd:P]particles/[Cd/PO4]seawater). The authors also used a 

multibox model to investigate the impacts of thermohaline circulation and particle degradation on 

deepwater Cd/PO4 ratios, which further illustrated that deep-water Cd/PO4 ratios are strongly 

affected by the Cd:P of degrading particles, which in turn are impacted by whether HNLC 

conditions exists or not. Wu and Roshan (2015) also used a model to help understand the depth-

dependent variation in the Cd/PO4 ratio and differences in the ratio between the North Pacific and 

the North Atlantic, which demonstrated that a difference in regeneration depths between Cd-poor 

non-ballast particulate organic carbon (POC) and Cd-rich ballast-associated POC could explain 

both interbasin and depth-dependent differences in Cd/PO4. 

 

Although considerable advances have been made to understand the controls on the global 

distribution of Cd, the Arctic Ocean is largely omitted from models primarily due to a lack of 

available data. The Arctic Ocean represents only 3% of the total area of the world’s ocean, but it 

provides the only natural pathway for direct communication between the North Pacific and North 

Atlantic making it an important region oceanographically. Water enters the Arctic from the 

Atlantic via Fram Strait and Barents Sea, and from the Pacific via Bering Strait, and exits via 

Fram Strait or the Canadian Arctic Archipelago (CAA) (Carmack & McLaughlin 2011). Pacific-

origin water carries a distinct high-nutrient signal, allowing it to be traced through the Arctic 

(Jones et al., 2003). Early trace metal studies in the Arctic Ocean discovered a peak in Cd 

coincident with the nutrient maximum observed in the Pacific-origin waters (Moore, 1981; Yeats, 

1988; Yeats & Westerlund, 1991). More recent work in the Chukchi Sea and western Canada 

Basin has again shown that a peak in Cd is found in the high-nutrient Pacific-origin waters, with 

likely transport of these Cd-enriched waters across the Canada Basin (Cid et al., 2012; Kondo et 

al., 2016)
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Figure 3.1 Sampling locations for CCGS Amundsen GN02 and GN03 (Red circles: Canada Basin, green circles: Canadian Arctic Archipelago, orange circles: 

Baffin Bay and the Labrador Sea). Surface currents shown with red arrows (Canada Basin modified from Steele et al, 2004; CAA modified from Michel et al, 

2006 and Wang et al, 2011; Baffin Bay modified from Curry et al, 2011). BaI: Banks Island, VI: Victoria Island, PoWI: Prince of Wales Island, SI: Somerset 

Island, DI: Devon Island, BI: Bathurst Island.
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This study was part of the GEOTRACES Canadian sections GN02 and GN03 which collected 

samples from Baffin Bay, the Canadian Arctic Archipelago and the Canada Basin in Summer and 

Fall 2015. Here we present profiles of dissolved Cd and Cd/PO4 ratios from GN02 and GN03, 

contributing to the sparse datasets currently available for the Arctic Ocean.  

 

3.2 Methods 

3.2.1 Sampling locations and collection 

 

Samples were collected on the CCGS Amundsen as part of GEOTRACES sections GN02 (10 Jul 

2015 – 20 Aug 2015) and GN03 (4 Sept 2015 – 1 Oct 2015) which covered an area from 56°N to 

77°N and 53°W to 150°W in the Canadian Arctic Ocean (Fig. 3.1). Vertical profiles of 8 to 25 

discrete depths were obtained at 18 stations: four in the Canada Basin, nine in the Canadian 

Arctic Archipelago, three in Baffin Bay and two in the Labrador Sea (Fig. 3.2).  A trace-metal 

clean sampling system consisting of a powder-coated aluminium frame which held twelve 12L 

Teflon-coated GO-FLO bottles attached by a 4000m 4-member conducting Vectran cable encased 

in polyurethane (Cortland Cable Co., Cortland NY USA) (Measures et al., 2008) was used to 

collect seawater samples. The rosette was fitted with a Conductivity-Temperature-Depth Sensor 

(SeaBird SBE 911plus) equipped with a dissolved oxygen sensor (SBE 43) which obtained 

oceanographic parameters. On-board the ship, samples were gravity-filtered through 0.2 µm 

Acropak filters (Pall Corporation) into 500mL LDPE bottles (Nalgene) in a HEPA filtered air 

environment. The sample bottles were pre-cleaned according to GEOTRACES protocols (Cutter 

et al., 2010; Appendix A). After collection, samples were acidified to pH=1.7 using SeaStar 

Baseline HCl and kept at room temperature until analysis (SeaStar Chemicals, Sidney, BC). 



 

 

 

 

45 

 

3.2.2 Sample Analysis 

 

Samples were analysed in a Class-1000 clean room at the University of Victoria, BC. Trace-metal 

extraction and preconcentration was performed using the seaFAST-pico SC-4 DX system (ESI, 

Omaha, NE, USA). The automated seaFAST system preconcentrated samples by a factor of 8 

while removing the bulk seawater matrix through solid phase extraction (Lagerström et al., 2013). 

For each sample 20mL of seawater was loaded onto a column which contained Nobias PA-1 resin 

(containing the functional groups ethylenediaminetriacetic acid and iminodiacetic acid). The 

column was then rinsed with an ammonium acetate buffer solution (pH=6.0) prepared by 

bubbling high-purity anhydrous ammonia gas through twice-distilled acetic acid with the pH 

adjusted by additions of NH3 to remove the matrix. Samples were eluted in 2.5 mL of 1.6 M 

SeaStar Baseline HNO3 (SeaStar Chemicals, Sidney, BC, Canada). The preconcentrated samples 

were analysed using the Agilent 8800 ICP-MS/MS. The ICP-MS/MS consists of two mass-

selecting quadrupoles (Q1 and Q2) separated by a collision/reaction cell (CRC). MoO+ causes a 

problematic interference on Cd analysis and effective removal is necessary for accurate and 

precise Cd analysis. To remove the interference and accurately analyse Cd concentrations, Q1 

and Q2 were both set at m/z of 111, and the CRC was pressurized with O2. O2 gas reacted with 

MoO+ to form MoO2
+, shifting the m/z of the interference from 111->127. The efficiency of this 

removal was monitored by running a Cd-free Mo calibration curve, which allowed for the 

removal of any residual interference on Cd. SAFe reference material was analysed to confirm the 

accuracy of the measurements. The consensus value for Cd for SAFe D2 is 1011 ± 24 pM, and 

we measured a value of 1034 ± 16 pM.  Our detection limit was 0.5pM.  
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 3.3 Hydrography and General Circulation 

 

GEOTRACES GN02 and GN03 traverses a wide expanse of the Arctic Ocean, which can be 

considered as three distinct geographic regions: the Canada Basin, the Canadian Arctic 

Archipelago, and Baffin Bay and the Labrador Sea. These regions have distinct hydrographic 

structure, which will be discussed individually below.  

 

 

 

 

Figure 3.2 Station locations for GN02 and GN03 in the Canada Basin (red symbols), Canadian Arctic 

Archipelago (green symbols) and Baffin Bay and the Labrador Sea (orange symbols). 
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Figure 3.3 Potential Temperature-Salinity diagrams for (a) Canada Basin, (b) Canadian Arctic 

Archipelago, and (c) Baffin Bay. 
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Figure 3.4 Geographical features of the Canada Basin, Canadian Arctic Archipelago, Baffin Bay and the Labrador Sea. 
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3.3.1 Canada Basin 

 

The Canada Basin is a sub-basin of the Arctic Amerasian Basin, separated from the Makarov 

Basin by the Mendeleev-Alpha Ridge, reaching depths of ~3500m. The Canada Basin receives 

water from both the North Atlantic and the North Pacific. Pacific waters enter via the shallow 

Bering Strait (~50m), with a net annual transport of ~0.8 Sv, undergoing significant modification 

as it transits the Chukchi Shelf (Coachman & Aagaard, 1988). Atlantic waters enter via Fram 

Strait and the Barents Sea, undergoing significant modification as they transit the Barents Sea 

Shelf and the shelf of the Eurasian Sea (McLaughlin et al., 1996). 

Five distinctive water masses were identified in the Canada Basin, shown on a temperature-

salinity diagram (Fig. 3.3a) which were characterized in a manner consistent with previous 

studies in the region (e.g. McLaughlin et al. 2005; Cid et al. 2012; Kondo et al. 2016). These 

water masses are: (1) Surface water layer (SWL), which extends to a depth of 40-70m. This layer 

has variable temperatures (between -1.4˚C and 0.4˚C) and salinity (25-32), thanks to inputs of 

freshwater from sea ice melt and Mackenzie River runoff. (2) The upper halocline layer (UHL), 

with temperatures between -1.5˚C and -0.9˚C and salinities between 32.0 and 33.7 and extends to 

a depth of 150-250m. The UHL, also referred to as the Pacific Halocline, is derived of water 

which enters the Arctic Ocean from the North Pacific via Bering Strait. As the waters transit 

700km across the Chukchi shelf the water is modified by shelf processes, including ice formation 

and melting, biological activity, and sediment resuspension and interactions (McLaughlin et al., 

2005). (3) The lower halocline water (LHL) from ~200m to ~300m, with a temperature between -

0.3˚C and -0.9˚C and salinities between 33.8 and 34.4. (4) the Atlantic Layer (AL) extends to a 

depth of ~1000m, and is relatively warm (T>0˚C) with salinities between 34.6 and 34.9. (5) The 

Canada Basin Deep Water (CBDW) is found below ~1000m, and has temperature <0˚C and 

salinity >34.9. 
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3.3.2 Canadian Arctic Archipelago 

 

The Canadian Arctic Archipelago (CAA) represents one of two major flow pathways for water 

from the Arctic Ocean to the North Atlantic, the other being the Fram Strait. Flow through the 

CAA is complex, and water masses undergo significant modification through physical and 

biogeochemical processes during transit. The mean flow is eastwards, from the Pacific, to the 

Arctic, into the North Atlantic, due to higher steric sea level in the North Pacific relative to the 

North Atlantic.  The CAA consists of a number of interconnected channels, with deep basins 

separated by shallow sills. Water enters the CAA from the Canada Basin via M’Clure Strait, the 

Amundsen Gulf or through complex pathways through the Queen Elizabeth Islands. A shallow 

sill (125m) at Barrow Strait separates the CAA into western and eastern part (McLaughlin et al., 

2004; Michel et al., 2006).  

At the west end of the transect, Canada Basin waters enter the CAA via M’Clure Strait, restricted 

by a sill of ~375m depth (Fig. 3.1; Fig. 3.4). Both Pacific and Atlantic water masses can be 

identified in the M’Clure Basin and Viscount Melville Basin, with Atlantic waters below a depth 

of ~135m. The Atlantic Water can be identified by an increase in temperature with depth and a 

change in the salinity slope (Fig. 3.3b). East of the Barrow Strait, complex flow dynamics and 

mixing make identification of Pacific and Atlantic origin water masses more complex.  

The flow of water eastwards is restricted by the 125m deep sill at Barrow Strait. East of the sill, 

there is evidence of continued eastward flow of water from the Canada Basin on the southern 

edge of the channel. At the northern edge, waters flow westwards into the channel from Baffin 

Bay, as part of a southwards flow from Nares Strait or a northwards flow from the North Atlantic 

along the western coast of Greenland (Jones & Coote, 1980).  
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3.3.3 Baffin Bay 

 

The final region, Baffin Bay, lies between Baffin Island and Greenland, forming a mediterranean 

sea with an area of approximately 1400km by 55km. Baffin Bay is connected to the Arctic Ocean 

via complex pathways through the Canadian Arctic Archipelago (Fig. 3.4). Jones Sound, 

Lancaster Sound and Nares Strait connect Baffin Bay to the Arctic, while Davis Strait (~600m 

deep sill) connects it to the Labrador Sea (Tang et al., 2004).  

In Baffin Bay, we identified 3 water masses based on the classification from Tang et al (2004): 

Arctic Water, West Greenland Intermediate Water (WGIW), and Baffin Bay Deep Water 

(BBDW) (Fig 3.3c). The Arctic Water constitutes a cold, low-salinity layer which occupies the 

upper 150-200m of water column. The Arctic Water is formed from the confluence of multiple 

pathways, entering Baffin Bay from the CAA via Lancaster Sound, Jones Sound and Nares Strait, 

as well as from the West Greenland Current which flows northward along the western edge of 

Greenland. The Arctic Water is identified by salinities <34 and T>0 °C.  

The WGIW forms a warm, salty layer at a depth between 250m and 1000m. It is identified by 

salinities >34 and T>0 °C. This water enters Baffin Bay through the eastern Davis Strait and 

circulates through Baffin Bay. Below depth of ~1000m lies the BBDW. This water mass is cooler 

and saltier than the overlying WGIW, with T ~-0.5°C and S <34.5. The origins of this water mass 

are still debated, with authors variously suggesting that the water mass originates from Nares 

Strait subsurface water (Bailey, 1956; Collin, 1965), a mixture of Labrador Sea deep water and 

brine enriched surface water (Sverdrup et al., 1942; Tan & Strain, 1980), or from the formation 

and later migration of cold and saline water in the North Winter polynya in winter (Bourke & 

Paquette, 1991; Bourke et al., 1989). 
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3.4 Results and Discussion 

3.4.1 Distribution of Cd and PO4 in the Canada Basin 

 

The distribution of Cd in the Canada Basin is strongly affected by water mass structure.  In the 

surface water layer (SWL), dissolved Cd (dCd – the fraction of Cd <0.2 µM) is ~270 pM at CB4 

and CB3, and increases to ~300 pM at the shallower shelf break and shelf stations CB2 and CB1 

(Fig. 3.5). Concentrations increased rapidly through the surface layer, reaching a maximum in 

dCd in the UHL, between 600-740 pM. The dCd maximum is deepest at CB4, at 220m and 

increasingly shallower towards the coast, decreasing to 150m at CB2 and CB3, and 75m at CB1, 

but is consistently found on the σθ=26.5 isopycnal surface. There is a rapid decrease in dCd with 

depth through the LHL to the AL. Below ~400m at CB2, CB3 and CB4, dCd is 207± 2 pM and 

remains constant with depth toward the seafloor.  

Depth profiles of PO4 are very similar to dCd and are strongly influenced by the water mass 

structure, with a clear nutrient maximum in the UHL. The nutrient-rich UHL layer is of Pacific-

origin and undergoes significant transformation during transit across the highly productive 

Chukchi Sea (Grebmeier et al., 2006). A number of biological and physical processes affect the 

chemical signature of the Pacific-origin water, including biological production and subsequent 

remineralization, interaction with sediments, sea-ice formation and melt, and riverine inputs 

(Carmack & McLaughlin, 2011; Mathis et al., 2007). Recent studies of trace metals in the 

Western Arctic (Chukchi Shelf to the Canada Basin) found elevated concentrations of dFe and 

dMn in Chukchi Shelf bottom waters (Cid et al., 2012; Hioki et al., 2015; Kondo et al., 2016), 

indicating that interactions with shelf sediments are a source of trace metals to the halocline. Both 

Kondo et al (2016) and Cid et al (2012) also found that concentrations of other trace metals (Mn, 

Fe, Ni, Zn and Cd) were elevated across the Chukchi Shelf and slope region within the UHL 

waters. While those studies were limited to the extent of the Chukchi shelf break, the close  
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Figure 3.5 (a) Vertical distributions of temperature (red circles) and salinity (purple circles), dCd (blue circles) and [PO4] (yellow circles), and Cd/PO4 

(greencircles) for stations CB1, CB2, CB3, and CB4.  (b) Sampling locations in the Canada Basin. (c) Potential density vs dCd for CB1, CB2, CB3, and CB4.
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correlation observed between PO4 
 and dCd (Cid et al., 2012; Kondo et al., 2016) led the 

researchers to suggest that it was likely that elevated dCd would be found throughout the Canada 

Basin in the UHL, as elevated PO4 concentrations have been measured throughout the Canada 

Basin in the UHL. The coincidence of both elevated PO4 and dCd in the UHL suggests a common 

source for both parameters, likely due to interactions with shelf sediments. We observe 

subsurface Cd maxima in the UHL at all stations in the Canada Basin, coincident with the PO4 

maxima. 

 

Spatial variations in dissolved Cd/PO4 ratios also appear to be controlled by the water mass 

structure. High Cd/PO4 ratios are seen in surface waters at all stations, at 0.47±0.05 nM/uM. Note 

that from here on, Cd/PO4 refers to the ratio of dissolved Cd to PO4 in a discrete water sample in 

nM/µM, Cd:PO4 refers to the slope of Cd to PO4 in nM/µM, and Cd:P refers to the ratio of 

particulate Cd to P in nmol/µmol. All ratios will be presented without units. The ratio decreases 

to 0.37±0.03 in the UHL and further decreases through the LHL to 0.25±0.02 in the AIW.  

 

Quay et al. (2015) and Elderfield and Rickaby (2000) both observed a meridional trend in surface 

water Cd/PO4 ratios – with minimum values observed between 30°N-30°S (Cd/PO4=0.10±0.09) 

and a general poleward increase, with a ratio of Cd/PO4=0.26±0.07 above 50°. This poleward 

increase is attributed to variations in particulate Cd:P reflected in the Rayleigh fractionation 

factor ([Cd:P]particles/[Cd/PO4]seawater). The surface Cd/PO4 ratio observed in the Canada Basin was 

high – at 0.47±0.05 it is one of the higher Cd/PO4 surface ratios observed globally. The high ratio 

is likely due to a number of factors including advection of Pacific-origin waters with a high 

Cd/PO4 ratio, additional input of Cd relative to PO4 from riverine input or sea ice melt, or by a 

biological fractionation and export of particles with low Cd:P ratio. The Cd:P of exported 

particulate matter is strongly influenced by Cd/P cellular ratios of the phytoplankton community, 
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which can vary by orders of magnitude thanks to inter-species differences in Cd quotas (Ho et al., 

2003). A previous study found that picoeukaryotes (the green algae Prasinophyceae Micromonas) 

dominated the late summer phytoplankton bloom (Blais et al., 2017; Tremblay et al., 2009). 

Studies on the Cd quota of different marine phytoplankton found that green algae typically have 

lower Cd quotas than coccolithophores and diatoms (Ho et al., 2003), and export of green algae 

with low Cd:P quotas could contribute to the elevated Cd/PO4 we observe in surface waters in the 

Canada Basin. The cellular quotas are also influenced by external factors, such as [Fe’], [Mn’], 

[Zn’] and pCO2 (Cullen et al., 1999). Uptake of Cd has been found to be enhanced under Fe-

limited conditions, either due to biodilution (where Cd uptake remains constant, but growth rate 

increases with increasing Fe-availability, resulting in higher Cd:P quotas in Fe-lmited 

phytoplankton) (Cullen, 2006; Cullen et al., 2003) or by upregulation of metal non-specific metal 

transporters (Lane et al., 2008). Cd uptake has also been shown to be inversely proportional to 

[Zn’] and [Mn’] (Sunda & Huntsman, 1998). Kondo et al. (2016) quantified the degree of Fe-

limitation in the Canada Basin using the index Fe* (Fe* = dFe-0.47PO4), where positive values 

generally indicate sufficient dFe. All samples had positive Fe* values, indicating that the Canada 

Basin is replete in Fe, so we might expect lower Cd:P ratios in exported particles, which would 

contribute to the high surface Cd/PO4 ratio we observed.  

 

Deepwater global Cd/PO4 ratios have clear interbasin trends, with an increase in the ratio related 

to deep water age (de Baar et al., 1994). In the North Atlantic, deep water has a Cd/PO4 ratio of 

0.25±0.02, increasing to 0.35 in the North Pacific (Quay et al., 2015). We found that the Pacific-

origin UHL water in our study region has a Cd/PO4 ratio of 0.37±0.02 while the Atlantic-origin 

AIW has a ratio of 0.25±0.02, both of which are very similar to the global average deep water 

values indicating the strong influence that source waters exert on the Cd/PO4 ratios in the Arctic 

interior.  
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3.4.2 Distribution through the Canadian Arctic Archipelago 

 

The complex physics and water flow pathways in the CAA exert a strong control on the 

distribution of dCd in the region. As discussed earlier, flow through the CAA in our transect is 

predominately eastward, entering the CAA from the Canada Basin at M’Clure Strait, and into 

Baffin Bay via Lancaster Sound. A shallow (125m) sill at Barrow Strait is a natural barrier that 

separates the transect into eastern and western sections. To the west of Barrow Strait, at CAA8, 

the distribution of dCd is very similar to what was observed in the upper ~400m of the Canada 

Basin. There is a concentration maximum of ~650 pM at 90m depth, on the σθ≈26.5 isopycnal, 

both at CAA8 and CB1, which coincides with the UHL waters. Below ~300m depth is Atlantic-

origin water, with a lower nutrient signature, and diminished dCd of ~320 nM (Fig. 3.6).  

 

CAA9, CAA6 and CAA7 are located close (50-150km) to the shallow Barrow Strait sill, and here 

we see differences in the dCd distribution consistent with previously observed circulation patterns 

and Coriolis forcing (e.g Wang et al. 2012; Michel et al. 2006; McLaughlin et al. 2004). As at 

CAA8, a peak of 600 pM in dCd is observed at CAA7, though at 160m it is deeper than at CAA8. 

Despite the greater depth, both peaks are found on the σθ≈26.5 isopycnal. The shallow sill at 

Barrow Strait is a barrier to eastward flow from Viscount Melville Sound, and approximately half 

of the flow is deflected south into M’Clintock Channel (Wang et al., 2012), with the Coriolis 

force causing the flow to hug the southern edge of the channel. This water deflects north through 

Peel Sound before rejoining the eastward flowing water through Lancaster Sound, at 

approximately the location of CAA7 (Wang et al., 2012). The coincidence of both dCd peaks at 

σθ≈26.5 is consistent with the circulation models, suggesting that water arriving at CAA7 has 

flowed south through M’Clintock before returning north through Peel Sound.  
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Figure 3.6 (a) Vertical distributions of temperature (red circles) and salinity (purple circles), dCd (blue circles) and [PO4] (yellow circles), and Cd/PO4 (green 

circles) for stations CAA6, CAA7, CAA8, and CAA9. Red dashed lines indicate the σθ≈26.5 isopycnal. (b) Sampling locations in western Canadian Arctic 

Archipelago. (c) Potential density vs dCd for CAA6, CAA7, CAA8, and CAA9.
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Though we see clear evidence of high-Cd Pacific-origin water at CAA7, there is no evidence of 

the low-Cd Atlantic-origin water present at CAA8 below 300m. A shallow sill at M’Clintock 

Channel restricts the flow of deeper waters through Peel Sound and may act as a barrier to this 

Atlantic-origin water.  

 

Depth profiles of dCd at stations CAA6 and CAA9 are markedly different from the distributions 

observed at CAA8 and CAA7. Both are depleted in dCd in the surface waters and increase to 

~450 pM through the upper ~120m and then remain constant with increasing depth.  Water enters 

the CAA from many different pathways, including southward flowing pathways through the 

Queen Elizabeth Islands (Fig. 3.1). Though the depth profile at CAA6 appears different to those 

at CAA7 and CAA8, the peak in dCd is found along the same isopycnal as at the other stations 

(σθ≈26.5). In contrast, CAA9 has no peak at σθ≈26.5, instead peak dCd concentrations are found 

at > σθ=27. This provides evidence that water arriving at CAA9 has followed a different pathway 

and has a different source to that at CAA8 and CAA7. The coincidence of the peak at CAA6 with 

CAA7 and CAA8 suggest the water may have the same source, though the reduction in the dCd 

peak concentrations (from ~600 pM at CAA8 to ~450 pM at CAA6) implies the water mass has 

been modified. CAA6 likely contains a considerable contribution from the eastward flowing 

water masses observed at stations CAA7 and CAA8, however there may also be a contribution 

from westward flowing water flowing from Baffin Bay, with less of a Pacific component.  

 

Stations CAA5 and CAA4 form a N-S transect in western Lancaster Sound while CAA3, CAA2 

and CAA1 form a N-S transect at the eastern edge of Lancaster Sound, at the entrance to Baffin 

Bay (Fig. 3.7b). Both CAA5 and CAA4 have a peak in dCd of ~500 pM at σθ=26.5, at a depth of 

~160m for CAA4 and ~140m for CAA5. Again, these peaks are located along the same isopycnal 

(σθ≈26.5) as at CAA8 and CAA7. Near CAA4 and CAA5, previous work has shown that flow is 
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predominantly eastwards, both from direct observations (Prinsenberg & Bennett, 1987) and from 

models (Wang et al., 2012). Cd/PO4 ratios throughout the water column at both stations are high: 

>0.34 at all depth at CAA4, and >0.39 below 45m at CAA5. The high Cd/PO4 ratios suggest a 

significant proportion of Pacific-origin water is found at the stations. Jones et al. (2003) have 

previously used variations in the nitrate-phosphate relationship between Atlantic-origin and 

Pacific-origin water in the Arctic to determine the contribution of Pacific-origin water in each 

region. They found that water flowing through Barrow Strait was essentially all Pacific-origin. 

Our samples are collected slightly to the east of Barrow Strait, but the high Cd/PO4 ratios suggest 

that this region still has a very high fraction of Pacific-origin water.   

 

At the eastern end of Lancaster Sound, the Baffin Current penetrates westward into the northern 

edge of Lancaster Sound due to Coriolis forcing before looping south and returning eastward 

along the southern edge. At CAA1, we still see a peak in both dCd and PO4, however this peak is 

no longer at σθ=26.5, and is instead found at a higher density, at σθ≈27. The westward flow along 

the northern edge of Lancaster Sound is part of the Baffin Current, part of which originates in the 

Arctic. The Arctic water arrives via Nares Strait and Jones Sound (Fissel et al., 1982) and so the 

water masses are different to those arriving through Barrow Strait. The peak observed at CAA1, 

although associated with a different water mass to other stations in the CAA, has a similar 

Cd/PO4 ratio (0.40) suggesting that it is similarly Pacific-origin water, although it has arrived via 

a different pathway. At CAA3, on the southern edge of the channel, we once again observe 

evidence of Pacific-origin water from the Canada Basin, with a clear peak in dCd and PO4 at 

σθ=26.5 and an associated Cd/PO4 of 0.41. Circulation models indicate that this is Pacific-origin 

water which has been advected along the southern edge of Lancaster Sound (Wang et al., 2012), 

and is the same water mass we observed at CAA8, CAA7 and CAA5. CAA2, in the central 

channel, has a different profile. 
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Figure 3.7 (a) Vertical distributions of temperature (red circles) and salinity (purple circles), dCd (blue 

circles) and [PO4] (yellow circles), and Cd/PO4 (green circles) for stations CAA1, CAA2, CAA3, CAA4, 

and CAA5. Red dashed lines indicate the σθ≈26.5 isopycnal.  (b) Sampling locations in eastern Canadian 

Arctic Archipelago. (c) Potential density vs dCd for CAA1, CAA2, CAA3, CAA4, and CAA5. 

 

 

There is a decrease in temperature between 50m and 120m, which is associated with a peak in 

dCd and PO4 at 60m, however this peak is much less pronounced than at other stations (315 pM). 

It has been previously suggested that Baffin Bay waters may penetrate into central Lancaster 

Sound (Fissel et al., 1982). There is a mid-depth maxima in dCd at σθ≈27.5 which is coincident 

with mid-depth maxima at both stations BB2 and BB1 suggesting a similar source for these water 
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masses, although a similar mid-depth maxima is not observed at either CAA1 or CAA2 (Fig. 3.8). 

This suggests that CAA2 has a different source to both the northern and southern edges of the 

channel, and may indicate the flow of Baffin Bay waters separate from the Baffin Current into the 

channel.  

 

 

3.4.3 Distribution in Baffin Bay and the Labrador Sea 

 

Baffin Bay provides a link between outflowing water from the Arctic (via Jones Sound, Lancaster 

Sound and Nares Strait) to the North Atlantic (via Davis Strait) (Fig. 3.1). The three stations in 

Baffin Bay in our study are located in deep central Baffin Bay (BB2), on the western edge (BB3) 

and in Davis Strait (BB1). The Arctic Water can be observed as a distinctive cold layer (~-1.5°C) 

that extends to a depth of 150m in central Baffin Bay (BB2) and Davis Strait (BB1) and to 200m 

in western Baffin Bay (BB3) (Fig. 3.3c). A local maximum in dCd of 320-400 pM can be seen in 

this layer, at a depth of between 30-50m (Fig 3.8a). A weaker PO4 maxima can be seen at the 

same depth. Carmack and McLaughlin (2011) also identified a weak nutrient maximum in this 

layer, which they associated with advection of Pacific-origin waters through Baffin Bay. The high 

dCd we observed, which has been associated with the advection of Pacific-origin water 

throughout the transect indicates the continued presence of Pacific-origin water at a depth of ~30-

50m in Baffin Bay. Furthermore, we measured a Cd/PO4 ratio of 0.36-0.39 in the nutrient 

maximum, which is consistent with the Cd/PO4 ratio observed in Pacific-origin water in both the 

CAA and the Canada Basin.  

 

In the central Baffin Basin (BB2), Baffin Bay Deep Water is found below a depth of ~1200m, 

and is identified by lower temperatures (~-0.5°C) than the overlying WGIW. In the BBDW, 

nutrient regeneration is observed as a decrease in O2 (not shown) and an increase in PO4 with 
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depth. dCd also increases with depth, however the Cd:PO4 slope through the BBDW is much 

lower than the global Cd:PO4 slope. In the BBDW, the Cd:PO4 slope is only 0.08, while a slope 

of 0.2 is typical for the North Atlantic (de Baar et al., 1994; Wu & Roshan, 2015). There is also a 

decrease in the dissolved Cd/PO4 ratio in the BBDW, from 0.28 ± 0.02 in the WGIW to 0.23 ± 

0.01 in the BBDW. The low Cd:PO4 slope and decrease in dissolved Cd/PO4 ratio suggests either 

that particulate matter being regenerated in the BBDW has a low Cd:P ratio, or that there is a loss 

of Cd or source of PO4 in the deepwaters that is not currently accounted for. 

 

A 600m deep sill seperates the Labrador Sea from Baffin Bay at Davis Strait. We sampled two 

stations in the Labrador Sea, K1 and LS2 (Fig. 3.9). At both stations dCd and PO4 display much 

more typical nutrient-type profiles than elsewhere in the Canadian Arctic Ocean, with depletions 

in the surface waters and higher concentrations in the deep waters. dCd in the surface waters in 

the Labrador Sea are the lowest observed in the study region, with surface concentrations of only 

25 pM at K1 and 17 pM at LS2. Below ~100 m at both stations, dCd is constant at ~255 ± 7 pM. 

PO4 was similarly distributed, with surface water PO4 below the detection limit at LS2 and 0.10 

µM at K1. Below ~100m, concentrations of PO4 were constant at 1.03 ± 0.03 µM. 

 

The Labrador Sea is characterized by strong seasonal cycles, and highly productive summer 

months (Harrison & Li, 2008). During the winter, strong vertical mixing  and deep convection 

supply nutrients to the surface waters, which can support high biological production when light 

conditions are favourable. In the summer months, increases in stratification and high-rates of 

biological productivity can result in depletions in surface water nutrients, such that phytoplankton 

growth is nutrient-limited (Harrison & Li, 2008) . Sampling was conducted in the Labrador Sea in 

July, which likely coincided with the spring bloom. The distributions of both dCd and PO4 are 

consistent with high rates of productivity. We see a strong decrease in both dCd and PO4 in the 

surface waters, and increases in concentration at depth as the organic matter is respired.  
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Figure 3.8 (a) Vertical distributions of temperature (red circles) and salinity (purple circles), dCd (blue circles) and [PO4] (yellow circles), and Cd/PO4 (green 

circles) for stations BB1, BB2, and BB3. (b) Sampling locations in Baffin Bay. (c) Potential density vs dCd for BB1, BB2, BB3 and CAA2.
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Figure 3.9  (a) Vertical distributions of temperature (red circles) and salinity (purple circles), dCd (blue circles) and [PO4] (yellow circles), and Cd/PO4 (green 

circles) for stations LS2 and K1. (b) Sampling locations in the Labrador Sea. (c) Potential density vs dCd for LS2 and K1.
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Concentrations of dCd and Cd/PO4 ratios in waters below ~200 m are consistent with previous 

studies and modelled results, which have shown that North Atlantic Deep Water (NADW) is 

characterized by Cd/PO4 ratios of ~0.23 (Quay et al., 2015). In this study, Cd/PO4 was 0.25 ± 

0.01 below 200 m, which is very similar to previous measurements of NADW. Both the low 

concentrations of dCd and low Cd/PO4 ratios were considered to be indicative of North Atlantic-

origin water throughout this study, and measurements taken in the Labrador Sea were considered 

to be representative of end-member North Atlantic-origin water. 

 

3.4.4 The Global Cadmium-Phosphate Relationship 

 

The North Pacific and North Atlantic have distinctive and different Cd:PO4 slopes (Fig. 3.10). 

The Cd:PO4 slope for the North Pacific is ~0.35, but is only 0.25 for the North Atlantic (de Baar 

et al., 1994; Quay et al., 2015). As our transect has both Pacific-origin and Atlantic-origin waters, 

a single Cd:PO4 slope cannot be applied to our data, with region-specific and water-mass specific 

trends adding complexity to the relationship. In the Canada Basin, water-mass effects are clearly 

seen. The deep waters all have a concentration of ~200pM Cd and 0.9µM PO4, with a Cd/PO4 

ratio of 0.27, and sit very close to the global North Atlantic average Cd:PO4 slope. Water from 

the upper ~300m of the water column, however, shows a slope much more consistent with the 

North Pacific Cd:PO4 slope. Conversely, all of the Labrador Sea data sits along the North Atlantic 

Cd:PO4 slope, reflecting the origins of the water masses. The CAA shows some scatter in the 

Cd:PO4 relationship, but shows a slope similar to the North Pacific slope. The scatter is likely 

from the removal or addition of Cd relative to PO4 due to physical processes, such as riverine 

input and sea ice melt and formation. 
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Figure 3.10 dCd versus PO4 in the Canada Basin (blue diamond), CAA (yellow triangle), Baffin Bay (red square), and the Labrador Sea (green circles). Global 

relationships for the North Atlantic (grey diamonds) and North Pacific (grey circles) also shown. North Pacific and North Atlantic data from Quay et al., 2015 

and references therein.  
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While the Cd:PO4 slope in most regions of our transect shows direct influence from the source 

region, the Cd:PO4 slope in Baffin Bay is distinct from either the North Pacific or the North 

Atlantic. The surface waters have a Cd:PO4 slope very similar to the North Pacific, suggesting 

significant influence of North Pacific waters even in Baffin Bay. The WGIW samples lie between 

the Cd-PO4 slopes characteristic of North Pacific and North Atlantic values, indicating that they 

may be representative of mixing between the Pacific and Atlantic end-members. The BBDW 

have a Cd-PO4 slope which is much lower than either the Pacific or Atlantic slope, at only 0.08 

nM/µM.  This implies the regeneration of particles with a very low Cd:P ratio, or suggests that 

there is another process removing Cd relative to PO4 or adding P relative to Cd in the deep 

waters. A potential water-column sink for Cd is sulfide precipitation in low-oxygen waters 

(Janssen et al., 2014). While O2 is depleted in deep Baffin Bay waters, it is still well above the 

suggested threshold for sulfide precipitation (75µM in the North Atlantic, while O2 is > 100µM in 

deep Baffin Bay) and so is an unlikely cause of the low Cd:PO4 slope. The BBDW is unlikely to 

have formed from mixing between Atlantic and Pacific water masses, as the concentrations of Cd 

and PO4 in the BBDW are considerably higher than North Atlantic deepwater values (Fig. 3.10). 

This suggests that the most likely cause for the low concentrations of Cd relative to PO4 in deep 

Baffin Bay is the regeneration of low Cd:P particulate matter.  

 

3.5 Conclusions 

 

This study demonstrates that the distribution of Cd across the Canadian Arctic is strongly 

influenced by the local water masses. Cadmium is enriched in Pacific-origin UHL waters 

throughout all regions of our study area, with a distinctive Cd/PO4 ratio. A clear maximum can be 
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seen in the UHL in the Canada Basin, which can be traced through the Canadian Arctic 

Archipelago and into Baffin Bay and Davis Strait. Beyond Davis Strait, in the Labrador Sea, the 

high Cd signal is lost. Across the entire transect, Pacific-origin waters have a Cd/PO4 ratio of 

~0.37, while in the Labrador Sea the highest ratio observed was 0.28. The similar distribution and 

close correlation of Cd and PO4 across the transect implies that the distributions of both are 

largely controlled by internal biogeochemical cycling. Although the concentrations of Cd and 

PO4 vary across the transect, from maximum dCd of ~740 pM in the Canada Basin to only ~320 

pM in the sub-surface maxima in Baffin Bay, the Cd/PO4 ratio in these Pacific-origin waters 

remains constant and is a useful marker for tracing the transit of this water mass through the 

Canadian Arctic.  

Water masses across the entire transect show Cd:PO4 relationships consistent with the 

relationships observed in both the North Pacific and North Atlantic, except for Baffin Bay Deep 

Waters. The mechanisms driving the deviation from the global Cd:PO4 relationship in BBDW 

warrant further investigation, and additional research into other biogeochemical properties of the 

water mass may help to elucidate the processes controlling the curious Cd:PO4 signal we 

observed.  
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Chapter 4: Conclusions 

 

 

This thesis presents some of the only measurements of dissolved cadmium (dCd) in the Canadian 

Arctic Ocean, and the first geochemical section of dCd through the Canadian Arctic Archipelago 

which connects the Arctic Ocean to the North Atlantic. This chapter presents a summary of the 

major findings and a discussion of the implications for the biogeochemical cycling of Cd as well 

as suggestions for future work. 

 

Figure 4.1 Potential density vs dCd for all stations on GEOTRACES sections GN02 and GN03. 
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This work confirmed that salinity driven water mass stratification in the Arctic Ocean exerts a 

primary control on the spatial distribution of Cd. In the Canada Basin, the Pacific-origin UHL 

layer is clearly identifiable by high dCd concentrations (600-740 pM) relative to the underlying 

Atlantic-origin water (~200 pM). The Pacific-origin waters are found on the σθ=26.5 isopycnal 

throughout most of the transect, and this isopycnal was associated with maximum dCd 

concentrations at most stations (Fig. 4.1).   

 

The association of elevated dCd with waters of Pacific-origin allows the use of dCd to track the 

movement of this feature in response to transport and mixing in the Arctic. Understanding how 

Arctic waters are transported and modified from the Canada Basin into the Atlantic via the CAA 

is a key research objective of the Canadian GEOTRACES program. The CAA represents a 

crucial connection between the Pacific and Atlantic Oceans, with the transport of Arctic water 

into Baffin Bay and the Labrador Sea exerting a significant influence on biological productivity 

and the thermohaline circulation (Yamamoto-Kawai et al., 2006). The Canadian GEOTRACES 

program aims to provide a geochemical tracer baseline for future change, improve the 

understanding of the sensitivity of the region to climatic and anthropogenic perturbations, and 

improve the ability to quantify the response to these changes. Although several geochemical 

properties have already been identified as tracers of the Pacific-inflow, notably barium and 

nutrient-relationships (Cooper et al., 1997), the large difference in dCd between Pacific and 

Atlantic-origin water makes it a useful additional tracer. The use of dCd as a tracer is 

advantageous as it is unaffected by water column processes that may influence traditional tracers 

like N*. Furthermore, Cd/PO4 ratios are distinct between Atlantic and Pacific-origin water 

masses, providing an additional means for identifying the presence of Pacific-origin water 

throughout the transect. dCd and Cd/PO4 are valuable as tracers as they are less susceptible to in 
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situ water-column modification processes than traditional tracers of Pacific-origin water (such as 

N*). Both dCd and Cd/PO4 ratios showed that Pacific-origin water penetrates into the central 

Baffin Bay basin.  

 

Understanding global trends and regional variability in the Cd:PO4 relationship has been a 

primary focus since dissolved Cd could be reliably measured in the ocean in the 1970’s (Boyle et 

al., 1976; Bruland et al., 1978), due largely to the potential of Cd as a paleoproxy. Cd/Ca ratios in 

benthic foraminifera microfossils are routinely used to reconstruct past deep water PO4 

concentrations and as a tracer of past ocean circulation (Boyle, 1988; Marchitto & Broecker, 

2006; Rosenthal et al., 1997). Planktonic Cd/Ca ratios have also been used to infer paleo nutrient 

utilization in surface waters (Elderfield & Rickaby, 2000); however significant spatial and 

temporal variability in surface water Cd/PO4 ratios coupled with a limited mechanistic 

understanding of the causes of the variability have limited the utility of the paleoproxy. Although 

considerable scatter still exists, previous researchers identified a general increase in Cd/PO4 ratios 

in surface waters with increasing latitude (Elderfield & Rickaby, 2000; Quay & Wu, 2015). The 

data presented in this work is consistent with the trend, with high surface water Cd/PO4 ratios 

observed across the transect, which we attribute to the export of low Cd:P particles or the 

physical modification of the water mass. The Arctic Ocean has previously been omitted from any 

global models of Cd cycling due to lack of data, but the GEOTRACES Arctic program, of which 

this work is a component, will allow for integration of Arctic data into global models. 

 

This dataset provides insights into the Cd biogeochemical cycles for only a portion of the Arctic 

Ocean. Collaboration with both the US (GN01) and German GEOTRACES (GN04 and GN05) 

cruises will provide a more complete understanding of the biogeochemical cycling of Cd through 

the Arctic Ocean, including a clearer understanding of the key sources and sinks. Although high 
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dCd concentrations are observed in the Pacific-origin waters in this study, understanding the 

sources of the high-dCd are beyond the scope of this work. The US GEOTRACES transect, 

which transits the Chukchi Shelf regions, will provide insight into the source of the high Cd 

concentrations.  The US GEOTRACES cruise transect spans the Chukchi shelf, where the 

Pacific-inflow undergoes modification before entering the Canada Basin. These data will provide 

information about the sources and sinks for trace metals, notably how the water mass is 

transformed during interaction with shelf sediments and sea-ice melt and formation.  

 

Although only dissolved Cd data are discussed in this work, data was generated for 6 other key 

trace metals (Mn, Ni, Fe, Cu, Zn and Pb). The trace metals respond differently to key processes, 

such as scavenging, biological uptake, sea ice melt or anthropogenic input. A multi-faceted 

approach to Arctic biogeochemical cycling, which incorporates all seven trace metals measured 

in this work, may help to untangle some of the physical and biological processes which modify 

the water masses during the transit through the Arctic. In the future, it would be beneficial for the 

data from all the metals measured to be considered together to provide a more comprehensive 

understanding of the different process affecting trace metals throughout the Arctic Ocean.  

 

The results from this work showed anomalous results for the Cd:PO4 slope in deep Baffin Bay, 

which warrant further investigation. The sources contributing to Baffin Bay Deep Water are still 

debated, and may help to explain the curious results we observed. Source waters with a 

surprisingly low Cd/PO4 ratio, or re-dissolution of particles with low Cd:P ratios are the most 

likely explanations for the decrease in Cd/PO4 with depth in Baffin Bay, but further work is 

required to fully explain the observed feature. Preliminary data from the Canadian GEOTRACES 

program has indicated that there are unusual results for multiple chemical properties in deep 

Baffin Bay.  
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Recently, investigations into Cd isotopic ratios have provided additional insights into the global 

Cd biogeochemical cycles, with ratios presented in per mil (‰ ) using δ114 Cd notation, where: 

δ114Cd (‰) = [(

114𝐶𝑑
110𝐶𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

   
114𝐶𝑑
110𝐶𝑑 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

) − 1] ×  1000 

Values are reported relative to the standard NIST SRM 3108. A higher δ114Cd reflects an 

enrichment in heavier isotopes, while a lower value reflects an enrichment of light isotopes 

(hereafter referred to as heavy and light δ114Cd). In general, biological uptake of Cd in surface 

waters leads to heavier dissolved δ114Cd and a decrease in dCd, as phytoplankton preferentially 

assimilate lighter Cd isotopes. As the lighter Cd particulate matter is remineralized, dissolved 

δ114Cd becomes lighter and dCd increases, resulting in an inverse correlation between dCd and 

δ114Cd (Conway & John, 2015; Lacan, et al., 2006; Ripperger et al., 2007). The deepwater Cd 

isotopic composition is homogenous between the North Pacific, Southern Ocean and South China 

Sea (+0.3‰) (Abouchami et al., 2014; Ripperger et al., 2007; Xue et al., 2013; Yang et al., 2012), 

with a heavier isotopic signature in the North Atlantic (+0.23‰ to +0.5‰). Although Cd isotopes 

in seawater are a relatively new area of research, they have already provided insights into the 

biogeochemical cycling of Cd which cannot be discerned by Cd dissolved concentrations alone. 

Isotopically heavy dissolved Cd was measured in the Mauritanian oxygen minimum zone (OMZ), 

which may be caused by the precipitation of isotopically light Cd sulphides (Conway & John, 

2015; Janssen et al., 2014). Cd isotopic stratification and meridional trends in the Southern Ocean 

have also helped to understand the combined influences of biological cycling and ocean-

circulation on Cd biogeochemical cycling in the region (Abouchami et al., 2011, 2014; Gault-

Ringold et al., 2012; Xue et al., 2013). Investigations into Cd isotopes in the Arctic Ocean may 

help in understanding the biogeochemical cycling of Cd in the region. A single depth profile of 
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δ114Cd exists for the Canada Basin, with 5 discrete depths measured (Ripperger et al., 2007). Both 

the Pacific-origin water and Atlantic-origin water masses were sampled in the profile, identified 

by high dCd in the Pacific water (696.2 pM) and lower dCd in Atlantic water (220-204 pM). The 

water masses do not show resolvable differences in δ114Cd (+0.39±0.10‰ in the Pacific-origin 

and +0.42±0.10‰ to +0.44±0.10‰ in the Atlantic-origin water); however improvements in 

analytical methods with concurrent reductions in errors may make these differences resolvable in 

future studies. Moderate levels of fractionation were observed in surface waters (+0.58±0.10‰ to 

0.66±0.16‰). Future investigations into Cd isotopic ratios in Arctic Ocean may help to 

understand the sources and sinks of Cd in the Arctic Ocean. In particular, Cd isotopes may help to 

understand the modification of Pacific-origin water during transit over the Chukchi shelf, as input 

from biogenic shelf sediments would likely impart a different isotopic signal than either sea-ice 

melt or river input.  

 

This work contributes a significant amount of new dCd data for the Arctic Ocean and provides 

insight into the biogeochemical cycling of Cd in the region. Further contributions from the 

GEOTRACES Arctic program will provide a more complete view of the cycling of Cd 

throughout the Arctic and contribute to the understanding of the global Cd cycle. 
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Appendix A 
Cleaning Protocols 

 

Trace metal analysis is contamination-prone; hence it is necessary to adhere to strict cleaning 

protocols. The following protocols were developed by the trace-metal community for the 

GEOTRACES program. 

A.1 Sample bottle cleaning protocol 

 

500mL LDPE bottles (Nalgene) were used for sample collection and storage, and underwent a 

rigorous cleaning procedure, outlined below.  

1) The bottles were soaked in alkaline detergent for a minimum of one week. 

2) The bottles were rinsed four times with reverse osmosis (RO) water. 

3) The bottles were rinsed three times with ultra-pure deionized water (MQW) in a laminar-

flow hood, in a Class-100 clean room. 

4) The bottles were carefully over-filled with 6 M HCl (reagent grade) to form a concave 

meniscus and capped, ensuring that the threads and caps were leached during cleaning. 

Bottles were stored in acid for a minimum of one month. 

5) The bottles were rinsed four times with MQW in a laminar-flow hood, in a Class-100 clean 

room. 

6) The bottles were filled with 1 M HCl (environmental grade) and double-bagged. Bottles 

were filled a minimum of one month prior to cruise, and were transported on the cruise 

filled with 1 M HCl.  
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A.2 seaFAST-pico elution tubes cleaning protocol 

 

Polypropylene metal-free centrifuge tubes (VWR) were used to store the eluted samples. The 

tubes are certified to be free of trace metals to <1ppb, however given the low expected 

concentrations of metals in our samples we opted to pre-clean using the following protocol. 

1) Prior to the first use, tubes were soaked in detergent for a minimum of one week. 

2) The tubes were rinsed four times with RO water. 

3) The tubes were rinsed three times with MQW in a laminar-flow hood, in a Class-100 clean 

room. 

4) The tubes were filled with 1 M HCl (environmental grade) for a minimum of one week. 

5) The tubes were rinsed four times with MQW in a laminar-flow hood in a Class-100 clean 

room. 

6) The tubes were air-dried in a laminar-flow hood in a Class-100 clean room. Once dry, 

tubes were capped and stored double-bagged until required. 
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Appendix B 
Data Tables with dissolved Mn, Fe, Ni, Cu, Zn, Cd and Pb from the Canadian Arctic 

 

Table B.1 Dissolved Mn, Fe, Ni, Cu, Zn, Cd and Pb from the Canada Basin (stations CB1, CB2, CB3, and CB4). Where contamination is suspected, samples are 

highlighted in red. Data is expected to be submitted to the GEOTRACES International Data Assembly Centre by December 2017.  

Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 

error 
dNi 

dNi 
error 

dCu 
dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

    nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

CB1 75.33 -120.77 11 10.78 0.14 0.67 0.01 6.85 0.07 4.12 0.05 1.07 0.02 295 4 4.0 0.2 

CB1 75.33 -120.77 15 8.00 0.11 0.53 0.01 6.85 0.11 4.01 0.05 0.94 0.01 295 3 12.0 0.4 

CB1 75.33 -120.77 43 4.09 0.07 0.73 0.01 6.95 0.11 3.72 0.05 1.70 0.02 409 4 15.8 0.1 

CB1 75.33 -120.77 59 1.61 0.02 0.86 0.01 6.93 0.12 3.63 0.05 2.55 0.04 528 10 13.0 0.3 

CB1 75.33 -120.77 74 1.35 0.02 1.15 0.02 7.52 0.11 3.96 0.07 3.09 0.07 602 9 6.7 0.3 

CB1 75.13 -120.89 148 0.90 0.01 0.96 0.01 5.73 0.07 2.98 0.04 3.49 0.03 505 8 7.2 0.4 

CB1 75.13 -120.89 198 0.48 0.01 0.69 0.01 4.81 0.11 2.39 0.04 3.39 0.07 420 7 2.1 0.0 

CB1 75.13 -120.89 248 0.68 0.01 0.97 0.01 4.30 0.07 2.12 0.04 3.31 0.07 353 9 6.7 0.3 

CB1 75.13 -120.89 328 0.61 0.01 1.26 0.02 3.99 0.06 2.11 0.02 2.87 0.05 309 7 12.1 0.4 

CB1 75.13 -120.89 348 0.55 0.01 0.76 0.01 3.80 0.08 2.02 0.05 2.96 0.04 291 6 4.6 0.3 

CB1 75.13 -120.89 397 0.46 0.01 0.68 0.01 3.76 0.02 2.15 0.03 2.97 0.03 278 5 3.4 0.2 

CB2 75.81 -129.22 10 5.07 0.07 0.52 0.01 6.95 0.11 4.31 0.07 1.82 0.01 295 5 5.0 0.2 

CB2 75.80 -129.25 25 3.99 0.06 0.23 0.00 6.84 0.12 4.42 0.07 0.81 0.01 304 8 45.7 0.9 

CB2 75.80 -129.25 40 1.61 0.02 0.37 0.00 6.75 0.10 3.91 0.04 1.87 0.04 513 10 2.3 0.2 

CB2 75.81 -129.22 57 1.69 0.02 0.43 0.01 6.79 0.10 3.91 0.06 2.39 0.03 512 10 4.2 0.1 

CB2 75.81 -129.22 64 1.46 0.02 0.48 0.01 6.84 0.10 3.82 0.06 2.29 0.03 563 7 9.7 0.3 

CB2 75.80 -129.25 99 1.44 0.02 0.51 0.01 7.13 0.12 3.88 0.08 3.03 0.05 642 8 2.0 0.1 

CB2 75.81 -129.22 139 1.98 0.03 0.54 0.01 7.48 0.10 3.68 0.06 3.95 0.05 706 10 5.1 0.2 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 

error 
dNi 

dNi 
error 

dCu 
dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

    nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

CB2 75.81 -129.22 199 1.25 0.02 0.48 0.01 5.07 0.10 2.60 0.05 2.66 0.04 377 9 1.6 0.1 

CB2 75.80 -129.25 297 0.44 0.01 1.06 0.01 3.74 0.07 1.68 0.03 2.35 0.03 260 4 4.0 0.1 

CB2 75.80 -129.25 396 0.31 0.00 0.39 0.00 3.39 0.07 1.39 0.03 1.57 0.03 214 3 5.1 0.2 

CB2 75.80 -129.25 792 0.37 0.01 0.50 0.00 3.51 0.10 1.43 0.03 1.59 0.02 201 3 5.0 0.2 

CB2 75.80 -129.25 989 0.33 0.00 0.46 0.01 3.55 0.07 1.43 0.02 1.68 0.03 209 4 3.2 0.1 

CB2 75.80 -129.25 1188 0.36 0.01 0.66 0.01 3.96 0.08 1.48 0.02 2.17 0.03 205 5 2.4 0.1 

CB3 76.98 -140.04 10 7.13 0.16 0.48 0.01 6.84 0.17 4.33 0.11 1.18 0.03 271 6 4.9 0.3 

CB3 76.98 -140.04 25 4.23 0.07 0.62 0.01 7.04 0.15 4.39 0.08 1.01 0.03 300 5 3.1 0.1 

CB3 76.99 -140.03 40 2.95 0.05 0.34 0.01 6.82 0.10 4.17 0.05 0.99 0.01 352 4 3.3 0.2 

CB3 76.98 -140.04 57 1.78 0.04 0.41 0.01 6.81 0.11 4.04 0.07 1.27 0.02 433 8 8.9 0.2 

CB3 76.98 -140.04 57 1.85 0.02 0.38 0.01 6.68 0.11 4.07 0.07 1.26 0.02 417 6 8.1 0.4 

CB3 76.99 -140.03 99 1.33 0.03 0.62 0.01 7.16 0.13 3.96 0.06 2.96 0.05 616 10 2.4 0.2 

CB3 76.99 -140.03 119 1.53 0.02 0.64 0.01 7.34 0.14 3.81 0.08 3.20 0.06 647 11 1.6 0.1 

CB3 76.99 -140.07 148 2.03 0.04 0.59 0.01 7.84 0.11 3.91 0.06 3.77 0.06 740 11 1.0 0.1 

CB3 76.98 -140.04 178 1.87 0.02 0.56 0.01 7.65 0.11 3.82 0.05 3.89 0.05 728 11 3.1 0.1 

CB3 76.98 -140.04 198 1.75 0.03 0.52 0.00 6.73 0.14 3.56 0.07 3.71 0.05 589 11 2.0 0.2 

CB3 76.99 -140.07 247 0.96 0.01 0.40 0.00 4.30 0.08 2.04 0.03 1.92 0.04 291 7 1.7 0.1 

CB3 76.99 -140.03 297 0.71 0.01 0.62 0.01 4.22 0.06 2.03 0.03 1.76 0.03 236 5 3.2 0.1 

CB3 76.99 -140.03 475 0.37 0.00 0.28 0.01 3.55 0.08 1.42 0.03 1.37 0.04 204 5 4.1 0.1 

CB3 76.99 -140.07 594 0.41 0.01 0.37 0.00 3.67 0.05 1.52 0.02 1.93 0.02 207 4 1.6 0.1 

CB3 76.99 -140.03 792 0.39 0.01 0.28 0.00 3.60 0.06 1.40 0.03 1.45 0.04 206 7 4.9 0.3 

CB3 76.99 -140.03 989 0.35 0.01 0.28 0.00 3.54 0.10 1.39 0.02 1.52 0.03 206 5 3.2 0.2 

CB3 76.99 -140.07 1187 0.29 0.01 0.27 0.00 3.56 0.05 1.37 0.03 1.36 0.02 206 2 2.4 0.1 

CB3 76.99 -140.03 1385 0.31 0.00 0.28 0.00 3.50 0.04 1.43 0.02 1.51 0.01 206 6 2.9 0.1 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 

error 
dNi 

dNi 
error 

dCu 
dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

    nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

CB3 76.99 -140.07 1583 0.25 0.01 0.32 0.00 3.52 0.05 1.44 0.02 1.17 0.01 206 4 3.2 0.2 

CB3 76.99 -140.07 1979 0.21 0.00 0.34 0.00 3.41 0.08 1.38 0.02 0.86 0.02 204 6 3.5 0.1 

CB3 76.99 -140.07 2473 0.17 0.00 0.32 0.00 3.22 0.08 1.50 0.03 0.77 0.02 207 4 3.8 0.2 

CB3 76.99 -140.07 2968 0.16 0.00 0.27 0.00 3.16 0.06 1.70 0.02 0.87 0.02 203 4 2.3 0.1 

CB3 76.99 -140.07 3462 0.20 0.00 0.37 0.00 3.36 0.05 1.81 0.03 1.38 0.02 205 4 2.6 0.1 

CB4 75.00 -150.00 10 5.86 0.10 3.62 0.07 6.66 0.13 4.54 0.05 1.08 0.01 262 7 8.3 0.4 

CB4 75.00 -150.00 25 4.92 0.07 0.21 0.00 7.07 0.10 4.50 0.09 0.76 0.02 294 6 4.9 0.2 

CB4 75.00 -150.00 26 5.73 0.09 0.34 0.01 7.14 0.08 4.52 0.05 0.72 0.02 277 6 5.5 0.2 

CB4 75.00 -150.00 40 5.43 0.07 0.19 0.00 7.13 0.14 4.59 0.08 0.77 0.02 289 6 3.8 0.2 

CB4 75.00 -150.00 70 1.89 0.04 0.27 0.00 6.74 0.12 4.14 0.08 0.84 0.03 346 9 7.6 0.2 

CB4 75.00 -150.00 70 1.99 0.03 0.26 0.00 6.76 0.14 4.27 0.05 0.75 0.01 338 6 7.3 0.3 

CB4 75.00 -150.00 99 1.25 0.02 0.51 0.01 6.89 0.13 4.07 0.07 2.33 0.04 548 12 8.9 0.4 

CB4 75.00 -150.00 119 1.20 0.02 0.57 0.01 7.08 0.19 4.04 0.08 3.13 0.07 596 12 2.6 0.2 

CB4 75.00 -150.00 148 1.46 0.02 0.55 0.01 7.28 0.12 3.94 0.05 3.15 0.05 643 5 1.3 0.1 

CB4 75.00 -150.00 148 2.58 0.05 0.59 0.01 7.53 0.10 4.06 0.06 3.34 0.06 653 9 3.4 0.3 

CB4 75.00 -150.00 218 1.70 0.03 0.57 0.01 7.40 0.12 3.94 0.07 3.89 0.06 667 16 2.9 0.1 

CB4 75.00 -150.00 247 1.11 0.02 0.56 0.01 5.54 0.12 2.92 0.05 2.76 0.05 428 7 9.0 0.2 

CB4 75.00 -150.00 297 0.67 0.01 0.60 0.01 4.29 0.06 2.07 0.04 2.14 0.05 284 6 5.4 0.1 

CB4 75.00 -150.00 495 0.40 0.01 0.42 0.01 3.62 0.06 1.50 0.02 1.57 0.03 213 5 4.3 0.1 

CB4 75.00 -150.00 594 0.45 0.01 0.53 0.01 3.67 0.05 1.50 0.03 1.54 0.02 207 6 1.3 0.1 

CB4 75.00 -150.00 792 0.45 0.01 0.49 0.01 3.57 0.07 1.47 0.02 1.52 0.02 205 3 5.2 0.2 

CB4 75.00 -150.00 989 0.57 0.01 0.45 0.01 3.61 0.08 1.46 0.02 1.70 0.04 204 4 3.0 0.2 

CB4 75.00 -150.00 1220 0.35 0.01 0.41 0.00 3.56 0.10 1.49 0.03 1.48 0.03 205 6 2.8 0.1 

CB4 75.00 -150.00 1386 0.32 0.01 0.39 0.01 3.57 0.05 1.55 0.03 1.51 0.03 208 3 3.2 0.1 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 

error 
dNi 

dNi 
error 

dCu 
dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

    nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

CB4 75.00 -150.00 1583 0.27 0.00 0.38 0.00 3.47 0.05 1.38 0.02 1.19 0.02 206 4 3.5 0.1 

CB4 75.00 -150.00 1980 0.22 0.00 0.36 0.00 3.36 0.06 1.35 0.02 0.89 0.01 206 3 4.0 0.1 

CB4 75.00 -150.00 2473 0.17 0.00 0.30 0.01 3.23 0.07 1.39 0.02 0.75 0.01 196 5 4.1 0.1 

CB4 75.00 -150.00 2968 0.17 0.00 0.34 0.01 3.13 0.07 1.51 0.03 0.79 0.03 204 5 1.8 0.2 

CB4 75.00 -150.00 3461 0.17 0.00 0.22 0.00 3.26 0.04 1.54 0.02 0.95 0.01 204 2 4.6 0.2 

CB4 75.00 -150.00 3462 0.21 0.00 0.19 0.00 3.17 0.04 1.92 0.03 0.88 0.03 204 3 2.6 0.2 

 

Table B.2 Dissolved Mn, Fe, Ni, Cu, Zn, Cd and Pb from the Canadian Arctic Archipelago (stations CAA1, CAA2, CAA3, CAA4, CAA5, CAA6, CAA7, 

CAA8, and CAA9). Where contamination is suspected, samples are highlighted in red. Data is expected to be submitted to the GEOTRACES International Data 

Assembly Centre by December 2017. 

Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 
error 

dNi 
dNi 

error 
dCu 

dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

   m nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

CAA1 74.52 -80.56 10 5.38 0.08 0.84 0.01 5.36 0.11 3.52 0.05 0.56 0.04 216.5 4.9 9.6 0.2 

CAA1 74.52 -80.56 29 4.95 0.10 1.17 0.02 4.62 0.13 3.36 0.09 0.64 0.01 175.3 7.6 12.9 0.5 

CAA1 74.52 -80.56 44 4.85 0.08 1.97 0.03 5.79 0.14 3.49 0.05 1.89 0.03 327.9 10.0 12.6 0.2 

CAA1 74.52 -80.56 59 4.77 0.08 2.66 0.04 6.11 0.07 3.67 0.08 2.49 0.03 362.0 5.5 15.7 0.5 

CAA1 74.52 -80.56 80 4.55 0.05 2.48 0.04 6.28 0.12 3.60 0.05 1.90 0.05 399.7 6.2 12.4 0.2 

CAA1 74.52 -80.56 100 4.02 0.08 2.65 0.05 6.27 0.15 3.45 0.07 2.38 0.05 432.1 10.5 12.6 0.5 

CAA1 74.52 -80.57 120 3.66 0.06 2.38 0.04 6.11 0.07 3.35 0.05 2.29 0.02 435.4 7.5 8.2 0.4 

CAA1 74.52 -80.57 149 3.39 0.05 2.42 0.03 6.03 0.12 3.19 0.04 2.27 0.01 434.5 10.8 5.7 0.1 

CAA1 74.52 -80.57 199 3.50 0.07 3.14 0.06 5.43 0.12 2.81 0.05 2.09 0.05 398.6 6.6 6.4 0.3 

CAA1 74.52 -80.57 298 3.35 0.06 3.82 0.03 4.91 0.07 2.42 0.05 2.19 0.04 374.3 8.7 5.6 0.1 

CAA1 74.52 -80.57 398 3.67 0.05 3.55 0.02 4.62 0.05 2.22 0.03 2.73 0.04 349.2 6.5 2.8 0.1 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 
error 

dNi 
dNi 

error 
dCu 

dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

   m nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

CAA1 74.52 -80.57 597 3.16 0.06 7.69 0.11 4.63 0.13 2.28 0.05 2.36 0.07 335.5 6.1 5.2 0.3 

CAA2 74.32 -80.50 11 4.09 0.07 0.37 0.01 5.30 0.15 3.31 0.08 0.25 0.01 189.5 7.1 5.1 0.3 

CAA2 74.32 -80.50 29 3.63 0.07 0.54 0.01 5.71 0.10 3.23 0.05 0.91 0.01 288.1 6.1 4.7 0.1 

CAA2 74.32 -80.50 42 3.19 0.06 0.88 0.00 5.69 0.15 3.21 0.06 1.23 0.02 315.1 7.1 4.9 0.2 

CAA2 74.32 -80.50 60 2.56 0.06 0.94 0.02 5.15 0.12 2.77 0.05 1.18 0.02 298.8 12.2 5.8 0.3 

CAA2 74.32 -80.50 79 2.63 0.07 0.91 0.02 5.03 0.12 2.72 0.08 1.16 0.03 278.5 3.7 8.2 0.2 

CAA2 74.32 -80.50 99 2.56 0.05 0.86 0.02 5.04 0.11 2.69 0.07 1.83 0.05 277.5 7.6 14.7 0.4 

CAA2 74.32 -80.50 120 2.23 0.05 0.96 0.02 4.94 0.13 2.65 0.06 1.12 0.03 307.8 8.2 8.5 0.3 

CAA2 74.32 -80.50 149 1.38 0.03 1.07 0.02 4.80 0.13 2.44 0.05 1.57 0.04 346.5 3.8 11.0 0.4 

CAA2 74.32 -80.50 199 1.15 0.02 1.41 0.01 4.85 0.09 2.41 0.03 2.02 0.03 361.1 8.9 4.0 0.1 

CAA2 74.32 -80.50 298 1.29 0.03 1.65 0.01 4.61 0.09 2.13 0.04 2.18 0.04 352.3 5.4 5.9 0.1 

CAA2 74.32 -80.50 399 1.70 0.04 2.55 0.01 4.51 0.07 2.07 0.04 2.29 0.05 337.0 4.4 5.0 0.1 

CAA2 74.32 -80.50 597 8.66 0.12 7.38 0.08 4.68 0.10 2.18 0.04 2.49 0.04 360.8 8.3 5.6 0.2 

CAA3 73.81 -80.41 9 5.49 0.13 1.10 0.02 4.84 0.09 3.54 0.07 0.34 0.01 147.8 4.7 7.3 0.3 

CAA3 73.81 -80.41 18 5.11 0.13 0.85 0.02 4.78 0.11 3.45 0.09 0.44 0.01 156.2 5.4 8.8 0.4 

CAA3 73.81 -80.41 29 4.79 0.10 0.71 0.01 5.93 0.11 3.32 0.07 0.73 0.02 250.6 9.4 8.3 0.3 

CAA3 73.81 -80.41 40 4.16 0.08 0.74 0.01 7.22 0.19 3.48 0.08 1.43 0.02 388.1 6.0 9.3 0.2 

CAA3 73.81 -80.41 60 3.99 0.09 0.79 0.01 7.42 0.14 3.39 0.07 1.96 0.04 480.7 12.7 4.9 0.3 

CAA3 73.81 -80.41 80 3.08 0.06 1.19 0.02 6.72 0.15 3.40 0.07 2.67 0.05 501.6 11.9 4.1 0.2 

CAA3 73.81 -80.41 100 2.89 0.06 1.60 0.03 6.40 0.13 3.29 0.07 2.79 0.06 496.0 14.0 3.8 0.3 

CAA3 73.82 -80.49 119 3.03 0.08 1.70 0.03 6.44 0.18 3.29 0.07 2.88 0.05 485.3 13.1 3.9 0.2 

CAA3 73.82 -80.49 149 2.35 0.05 1.29 0.02 5.59 0.11 3.01 0.05 1.77 0.04 358.8 5.2 2.6 0.1 

CAA3 73.82 -80.49 198 1.80 0.04 1.38 0.03 5.44 0.10 2.80 0.04 2.27 0.05 394.9 6.7 2.9 0.2 

CAA3 73.82 -80.49 298 0.83 0.02 0.98 0.02 4.58 0.10 2.21 0.04 1.86 0.04 354.3 5.7 9.1 0.5 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 
error 

dNi 
dNi 

error 
dCu 

dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

   m nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

CAA3 73.82 -80.49 398 1.21 0.03 1.42 0.03 4.41 0.11 2.05 0.05 2.07 0.04 327.0 3.1 4.5 0.1 

CAA3 73.82 -80.49 598 1.75 0.04 2.42 0.04 4.51 0.14 2.11 0.03 2.47 0.08 342.8 9.4 3.7 0.1 

CAA4 74.12 -91.51 9 6.22 0.05 0.68 0.02 5.97 0.28 4.14 0.49 0.84 0.06 285.0 8.4 5.1 0.3 

CAA4 74.12 -91.51 33 5.05 0.08 0.42 0.02 5.91 0.59 3.80 0.73 0.74 0.07 256.5 8.4 4.5 0.4 

CAA4 74.12 -91.51 47 4.60 0.09 0.44 0.01 6.10 0.12 3.74 0.05 0.92 0.01 250.0 7.7 6.7 0.3 

CAA4 74.12 -91.51 59 3.59 0.08 0.87 0.01 5.81 0.40 3.89 0.43 1.39 0.08 355.8 7.0 7.8 0.8 

CAA4 74.12 -91.51 79 3.16 0.05 2.03 0.04 6.68 0.14 3.75 0.08 2.52 0.06 483.6 11.6 9.0 0.3 

CAA4 74.12 -91.51 95 2.97 0.09 2.03 0.04 5.97 0.40 3.73 0.54 2.87 0.16 520.7 12.0 3.5 0.4 

CAA4 74.12 -91.51 116 2.57 0.05 1.78 0.07 6.35 0.18 4.03 0.41 2.96 0.12 554.9 14.5 6.1 0.6 

CAA4 74.12 -91.51 149 3.13 0.09 2.20 0.05 6.14 0.48 3.65 0.57 3.33 0.07 557.0 12.4 7.0 0.6 

CAA5 74.54 -90.81 11 5.58 0.08 1.26 0.04 4.23 0.60 3.73 0.24 0.59 0.04 162.0 6.8 7.0 0.7 

CAA5 74.54 -90.81 21 5.60 0.14 1.34 0.04 4.15 0.44 3.57 0.26 0.51 0.04 161.5 5.3 11.8 0.8 

CAA5 74.54 -90.81 45 4.94 0.08 0.98 0.01 6.29 0.56 3.46 0.35 1.32 0.09 383.8 5.6 6.3 0.3 

CAA5 74.54 -90.81 70 3.93 0.07 1.64 0.04 6.00 0.56 3.52 0.29 2.56 0.08 523.6 11.0 6.2 0.5 

CAA5 74.54 -90.81 78 4.02 0.07 1.96 0.04 5.85 0.15 3.54 0.19 2.81 0.10 517.4 13.4 8.8 0.6 

CAA5 74.54 -90.81 100 5.52 0.10 4.61 0.07 4.92 0.49 4.49 0.50 13.27 0.36 234.2 11.8 83.4 1.4 

CAA5 74.54 -90.80 119 4.10 0.11 2.40 0.03 5.56 0.34 3.09 0.35 2.76 0.13 517.7 7.6 4.1 0.5 

CAA5 74.54 -90.80 139 4.44 0.11 2.65 0.07 5.24 0.17 2.95 0.31 2.41 0.12 471.1 7.5 4.4 0.8 

CAA5 74.54 -90.80 158 2.61 0.03 2.23 0.05 4.87 0.22 3.05 0.17 2.08 0.10 402.6 5.0 6.5 0.2 

CAA5 74.54 -90.80 188 4.86 0.12 3.73 0.06 5.10 0.38 2.90 0.26 2.01 0.15 422.6 12.9 5.9 0.4 

CAA5 74.54 -90.80 218 4.70 0.13 3.80 0.10 4.79 0.31 2.74 0.36 2.26 0.09 424.1 15.5 4.3 0.5 

CAA5 74.54 -90.80 219 5.70 0.13 4.42 0.09 5.50 0.36 2.72 0.17 2.29 0.08 432.3 4.8 5.8 0.5 

CAA6 74.75 -97.46 9 4.93 0.08 0.95 0.01 4.22 0.08 3.36 0.04 0.62 0.01 169.4 2.8 9.3 0.4 

CAA6 74.75 -97.46 33 4.33 0.07 1.07 0.01 2.44 0.05 2.96 0.05 0.48 0.02 71.5 1.4 7.2 0.3 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 
error 

dNi 
dNi 

error 
dCu 

dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

   m nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

CAA6 74.75 -97.46 74 4.70 0.07 2.72 0.03 6.00 0.13 3.20 0.05 2.18 0.02 409.1 8.5 10.0 0.3 

CAA6 74.75 -97.46 99 4.88 0.08 3.26 0.05 6.24 0.13 3.24 0.05 2.25 0.02 420.7 5.3 10.1 0.5 

CAA6 74.75 -97.46 150 5.50 0.08 4.98 0.07 6.21 0.08 3.26 0.05 2.43 0.03 430.9 10.0 11.0 0.5 

CAA6 74.75 -97.46 175 5.52 0.09 5.08 0.08 6.17 0.11 3.28 0.06 2.49 0.03 434.4 8.0 6.7 0.2 

CAA6 74.75 -97.46 189 5.66 0.08 5.23 0.08 6.14 0.17 3.28 0.04 2.56 0.04 445.2 8.1 8.2 0.3 

CAA6 74.75 -97.46 239 5.89 0.10 5.51 0.10 6.01 0.12 3.19 0.06 2.81 0.04 455.9 9.6 11.1 0.3 

CAA7 73.67 -96.52 10 5.81 0.10 0.83 0.01 6.18 0.11 3.73 0.06 0.78 0.01 295.5 5.8 3.7 0.1 

CAA7 73.67 -96.52 30 4.41 0.06 1.36 0.01 6.26 0.08 3.59 0.05 1.66 0.03 404.9 5.6 3.4 0.2 

CAA7 73.67 -96.52 50 3.27 0.06 1.60 0.02 6.75 0.14 3.71 0.08 2.55 0.05 483.4 10.8 4.4 0.3 

CAA7 73.67 -96.52 75 2.43 0.03 1.41 0.00 6.44 0.08 3.41 0.06 2.85 0.05 522.9 7.4 5.6 0.1 

CAA7 73.67 -96.52 104 2.45 0.05 1.36 0.02 6.71 0.12 3.50 0.06 3.38 0.08 553.5 16.6 9.5 0.4 

CAA7 73.67 -96.52 120 2.06 0.04 1.26 0.01 6.94 0.17 3.56 0.05 4.03 0.06 597.8 16.5 3.6 0.1 

CAA7 73.67 -96.52 160 4.10 0.07 1.69 0.03 6.99 0.16 3.54 0.07 3.63 0.09 571.0 9.8 5.6 0.2 

CAA7 73.67 -96.52 188 5.90 0.09 2.67 0.04 6.36 0.15 3.23 0.06 3.26 0.06 525.9 12.1 3.2 0.2 

CAA8 74.14 -108.84 10 8.22 0.13 0.39 0.01 7.24 0.18 3.97 0.08 1.14 0.03 330 8 1.9 0.1 

CAA8 74.14 -108.84 45 2.58 0.04 0.66 0.01 6.79 0.09 3.72 0.06 2.07 0.03 495 9 25.8 0.4 

CAA8 74.14 -108.84 48 2.74 0.05 0.63 0.01 6.83 0.12 3.72 0.09 2.04 0.03 489 12 17.5 0.2 

CAA8 74.14 -108.84 89 1.53 0.02 1.17 0.02 7.35 0.09 3.76 0.06 4.39 0.05 656 6 8.1 0.2 

CAA8 74.14 -108.84 119 1.15 0.03 1.05 0.02 6.77 0.17 3.41 0.07 3.72 0.10 627 22 3.9 0.1 

CAA8 74.14 -108.84 148 0.81 0.02 0.80 0.02 5.55 0.14 2.78 0.06 3.48 0.07 493 11 2.3 0.1 

CAA8 74.14 -108.84 198 0.86 0.02 0.80 0.02 4.99 0.11 2.48 0.04 3.36 0.05 431 7 4.2 0.1 

CAA8 74.14 -108.84 247 0.62 0.01 0.60 0.01 4.47 0.09 2.34 0.03 3.35 0.06 396 9 3.0 0.1 

CAA8 74.14 -108.84 297 0.50 0.01 0.52 0.01 4.16 0.09 2.13 0.06 3.13 0.06 346 12 7.5 0.4 

CAA8 74.14 -108.84 346 0.47 0.01 0.50 0.01 3.95 0.07 2.08 0.04 3.20 0.06 321 6 5.4 0.3 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 
error 

dNi 
dNi 

error 
dCu 

dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

   m nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

CAA8 74.14 -108.84 445 0.44 0.01 0.48 0.01 3.98 0.08 2.59 0.05 3.96 0.06 348 10 11.9 0.5 

CAA9 76.33 -96.75 11 9.75 0.20 2.03 0.04 5.33 0.09 3.70 0.08 1.03 0.03 221 5 3.6 0.3 

CAA9 76.33 -96.75 17 8.26 0.17 1.59 0.03 5.38 0.13 3.58 0.07 1.04 0.01 237 4 14.3 0.3 

CAA9 76.33 -96.75 49 3.93 0.09 1.17 0.03 5.84 0.11 3.16 0.08 1.85 0.04 385 7 9.8 0.4 

CAA9 76.33 -96.75 69 3.33 0.06 1.17 0.02 5.85 0.12 3.11 0.08 2.24 0.03 410 3 4.8 0.1 

CAA9 76.33 -96.75 89 3.34 0.06 1.35 0.02 6.11 0.12 2.95 0.06 3.36 0.09 430 7 5.0 0.1 

CAA9 76.33 -96.76 119 4.02 0.07 1.94 0.04 5.70 0.14 2.70 0.05 2.54 0.06 447 4 3.5 0.2 

CAA9 76.33 -96.76 148 3.93 0.09 1.83 0.03 5.74 0.12 2.69 0.05 2.64 0.05 452 13 3.2 0.1 

CAA9 76.33 -96.76 199 4.66 0.09 2.50 0.04 5.66 0.10 2.67 0.04 2.63 0.07 459 8 5.5 0.3 

CAA9 76.33 -96.76 247 3.60 0.05 2.06 0.03 5.53 0.08 2.59 0.04 2.58 0.05 448 15 4.0 0.2 

CAA9 76.33 -96.76 297 3.54 0.07 2.08 0.04 5.52 0.14 2.62 0.06 2.64 0.06 446 12 3.5 0.2 

 

Table B.3 Dissolved Mn, Fe, Ni, Cu, Zn, Cd and Pb from the Baffin Bay and the Labrador Sea (Stations BB1, BB2, BB3, K1, and LS2). Where contamination 

is suspected, samples are highlighted in red. Data is expected to be submitted to the GEOTRACES International Data Assembly Centre by December 2017. 

Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 
error 

dNi 
dNi 

error 
dCu 

dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

   m nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

BB1 66.86 -59.07 11 3.06 0.07 0.53 0.01 5.50 0.11 3.42 0.08 0.38 0.01 205.3 4.9 9.7 0.4 

BB1 66.86 -59.07 21 2.55 0.07 0.76 0.02 5.66 0.17 3.45 0.09 1.07 0.03 324.5 9.4 15.5 0.5 

BB1 66.86 -59.07 46 1.55 0.04 0.91 0.01 5.60 0.12 3.47 0.06 1.15 0.02 300.1 6.2 11.3 0.4 

BB1 66.86 -59.07 99 1.21 0.04 0.79 0.01 5.22 0.10 3.08 0.07 1.53 0.03 280.5 6.8 7.7 0.4 

BB1 66.86 -59.07 149 0.97 0.02 0.52 0.01 4.83 0.08 2.64 0.05 1.25 0.03 269.8 6.9 7.1 0.2 

BB1 66.86 -59.07 200 0.59 0.01 0.70 0.01 4.65 0.08 2.48 0.05 1.86 0.05 324.4 9.7 6.0 0.1 

BB1 66.86 -59.06 299 1.12 0.01 1.47 0.03 4.10 0.03 1.98 0.05 1.73 0.03 231.6 4.6 20.0 0.7 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 
error 

dNi 
dNi 

error 
dCu 

dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

   m nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

BB1 66.86 -59.06 399 0.72 0.01 1.13 0.02 4.36 0.12 1.90 0.05 1.87 0.04 309.2 4.4 11.9 0.6 

BB1 66.86 -59.06 500 0.62 0.01 1.04 0.01 4.46 0.03 1.92 0.06 2.77 0.05 347.8 8.6 27.3 0.2 

BB1 66.86 -59.06 599 0.62 0.02 1.01 0.02 4.19 0.12 1.92 0.05 2.47 0.06 345.3 11.3 19.4 0.7 

BB1 66.86 -59.06 700 0.68 0.01 1.13 0.02 4.28 0.07 1.95 0.04 2.52 0.05 355.8 5.5 21.3 0.9 

BB1 66.86 -59.06 800 0.76 0.01 1.41 0.02 4.96 0.11 2.21 0.04 3.21 0.05 388.1 7.9 8.8 0.3 

BB1 66.86 -59.06 1001 0.82 0.02 1.47 0.02 5.14 0.10 2.42 0.05 4.49 0.06 414.7 12.2 9.8 0.2 

BB2 72.75 -66.99 10 3.63 0.07 0.37 0.00 6.41 0.08 3.22 0.05 0.65 0.01 175.0 4.2 5.6 0.3 

BB2 72.75 -66.99 29 3.82 0.06 0.59 0.01 6.12 0.08 3.18 0.04 0.64 0.01 254.7 1.4 6.3 0.2 

BB2 72.75 -66.99 49 2.52 0.05 0.78 0.01 5.97 0.08 3.23 0.07 1.35 0.03 338.9 5.8 4.6 0.2 

BB2 72.75 -66.99 99 1.14 0.01 0.66 0.01 5.38 0.07 3.11 0.04 1.28 0.02 298.2 5.6 6.7 0.3 

BB2 72.75 -66.99 149 0.90 0.01 0.53 0.01 5.30 0.07 2.91 0.04 1.63 0.02 298.6 4.7 11.2 0.3 

BB2 72.75 -66.99 199 0.62 0.01 0.68 0.01 5.00 0.12 2.55 0.05 2.32 0.04 315.5 4.9 13.6 0.6 

BB2 72.75 -66.99 299 0.42 0.01 0.78 0.01 4.59 0.11 2.10 0.04 2.20 0.03 355.4 2.7 13.4 0.3 

BB2 72.75 -66.99 398 0.45 0.00 0.86 0.01 4.54 0.06 1.96 0.02 2.33 0.04 346.8 6.9 16.8 0.4 

BB2 72.75 -66.99 498 0.47 0.01 0.88 0.02 4.47 0.13 1.90 0.04 2.55 0.05 343.9 12.2 5.6 0.2 

BB2 72.75 -66.99 597 0.45 0.01 0.87 0.02 4.47 0.12 1.89 0.04 2.58 0.03 349.2 7.6 8.8 0.3 

BB2 72.75 -66.99 695 0.42 0.01 0.92 0.01 4.61 0.04 2.05 0.03 2.91 0.03 364.2 8.2 9.1 0.2 

BB2 72.75 -66.99 800 0.39 0.01 0.93 0.01 4.71 0.04 2.06 0.04 2.92 0.04 371.9 2.7 10.1 0.1 

BB2 72.75 -66.99 996 0.30 0.00 0.96 0.01 4.89 0.09 2.27 0.05 2.91 0.06 386.2 10.6 2.9 0.2 

BB2 72.75 -66.99 1195 0.29 0.00 0.96 0.02 4.98 0.08 2.46 0.04 3.11 0.03 400.8 4.2 3.5 0.2 

BB2 72.75 -66.99 1397 0.27 0.00 0.86 0.01 5.08 0.09 2.96 0.06 3.44 0.04 421.9 9.9 2.9 0.2 

BB2 72.75 -66.99 1599 0.27 0.00 0.79 0.01 5.12 0.08 3.40 0.06 3.99 0.03 425.9 7.1 5.5 0.2 

BB2 72.75 -66.99 1900 0.28 0.01 0.79 0.02 5.21 0.09 4.08 0.09 5.32 0.06 423.7 5.4 5.1 0.2 

BB2 72.75 -66.99 2098 0.65 0.01 0.56 0.01 5.49 0.07 5.09 0.07 4.43 0.03 441.5 5.4 6.1 0.2 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 
error 

dNi 
dNi 

error 
dCu 

dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

   m nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

BB2 72.75 -66.99 2300 0.78 0.01 0.74 0.01 5.51 0.10 5.30 0.08 4.65 0.06 436.4 10.5 3.3 0.2 

BB3 71.41 -68.60 10 3.73 0.10 0.34 0.00 5.25 0.08 3.32 0.06 0.32 0.01 212.4 5.5 4.7 0.2 

BB3 71.41 -68.60 30 3.15 0.09 0.38 0.01 5.80 0.18 3.06 0.09 1.28 0.04 345.7 10.4 6.1 0.3 

BB3 71.41 -68.60 50 3.31 0.09 0.77 0.01 5.76 0.08 3.15 0.07 1.76 0.04 401.5 6.6 6.9 0.3 

BB3 71.41 -68.60 99 2.01 0.04 1.05 0.02 5.37 0.12 3.07 0.05 1.61 0.02 338.3 3.3 3.5 0.1 

BB3 71.41 -68.60 147 1.30 0.03 0.90 0.02 5.13 0.32 2.92 0.08 1.61 0.04 317.0 12.8 4.5 0.2 

BB3 71.41 -68.60 199 0.89 0.02 0.66 0.01 4.79 0.11 2.72 0.07 1.37 0.04 293.4 8.6 4.7 0.2 

BB3 71.41 -68.60 297 0.59 0.02 0.98 0.02 4.87 0.38 2.72 0.29 2.32 0.09 361.8 10.5 4.4 0.6 

BB3 71.41 -68.60 394 0.58 0.02 1.02 0.03 4.54 0.41 2.35 0.31 2.15 0.12 357.1 9.2 4.8 0.6 

BB3 71.41 -68.60 485 0.58 0.01 1.04 0.03 4.27 0.18 2.39 0.44 2.51 0.08 358.6 9.3 9.7 0.9 

BB3 71.41 -68.60 594 0.55 0.02 0.98 0.04 4.61 0.50 1.98 0.38 2.15 0.11 359.0 6.9 13.0 1.2 

BB3 71.41 -68.60 693 0.56 0.02 1.02 0.03 4.37 0.46 2.20 0.18 2.54 0.12 362.4 13.4 26.7 1.4 

BB3 71.41 -68.60 792 0.81 0.04 1.27 0.03 4.21 0.20 1.86 0.17 2.53 0.05 377.6 23.4 6.2 0.4 

BB3 71.41 -68.60 990 4.20 0.05 2.13 0.02 4.91 0.05 2.35 0.04 3.18 0.04 384.8 3.1 3.3 0.1 

K1 56.17 -53.37 9 0.90 0.01 0.31 0.01 3.49 0.10 1.66 0.05 0.26 0.00 24.7 1.4 16.4 0.5 

K1 56.17 -53.37 29 0.47 0.01 0.07 0.00 3.08 0.10 1.07 0.03 0.28 0.01 53.9 1.7 31.4 0.9 

K1 56.17 -53.37 50 0.54 0.01 0.09 0.00 3.34 0.08 1.33 0.03 0.50 0.01 107.0 4.0 25.7 0.5 

K1 56.17 -53.37 99 0.75 0.02 0.30 0.00 3.57 0.08 1.34 0.03 0.91 0.02 229.0 9.2 30.2 0.8 

K1 56.17 -53.37 148 0.77 0.02 0.52 0.01 3.67 0.07 1.32 0.03 2.10 0.05 255.3 9.3 79.8 1.9 

K1 56.17 -53.37 198 0.75 0.02 0.70 0.01 3.72 0.11 1.31 0.04 5.35 0.12 263.2 6.8 77.3 2.0 

K1 56.17 -53.37 302 0.68 0.02 0.69 0.01 3.63 0.08 1.27 0.03 1.26 0.02 254.8 6.1 74.1 2.0 

K1 56.17 -53.37 400 0.65 0.01 1.00 0.47 3.70 0.07 1.29 0.02 1.34 0.03 253.1 5.3 94.2 2.4 

K1 56.17 -53.37 500 0.58 0.02 0.69 0.01 3.67 0.11 1.29 0.03 2.37 0.04 255.0 8.7 43.7 1.6 

K1 56.17 -53.37 602 0.60 0.02 0.69 0.01 3.65 0.08 1.31 0.04 1.80 0.03 248.6 9.5 45.6 1.5 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
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dNi 

error 
dCu 

dCu 
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dPb 
error 

   m nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

K1 56.17 -53.37 700 0.57 0.02 0.72 0.01 3.68 0.07 1.45 0.04 2.78 0.08 249.5 6.6 88.1 2.0 

K1 56.17 -53.37 799 0.60 0.01 0.70 0.01 3.78 0.07 1.75 0.04 4.44 0.09 259.6 6.8 85.1 2.3 

K1 56.19 -53.41 1003 0.56 0.02 0.68 0.01 3.67 0.10 1.37 0.04 1.29 0.03 252.3 7.2 27.8 0.9 

K1 56.19 -53.41 1202 0.51 0.01 0.69 0.02 3.65 0.10 1.28 0.03 1.33 0.04 251.3 7.5 43.1 1.7 

K1 56.19 -53.41 1403 0.51 0.02 0.77 0.03 3.73 0.70 1.51 0.25 1.64 0.07 255.8 6.2 30.9 0.8 

K1 56.19 -53.41 1604 0.42 0.01 0.81 0.03 3.66 0.48 1.55 0.27 1.63 0.10 263.4 5.3 30.7 1.3 

K1 56.19 -53.41 2006 0.37 0.01 0.86 0.01 4.04 0.44 1.61 0.30 6.53 0.27 263.5 6.3 68.7 1.1 

K1 56.19 -53.41 2259 0.35 0.02 0.81 0.02 3.67 0.49 1.40 0.22 3.94 0.10 258.9 12.4 76.0 1.8 

K1 56.19 -53.41 2310 0.36 0.01 0.85 0.02 3.50 0.39 1.71 0.12 1.53 0.08 250.0 5.8 57.5 2.0 

K1 56.19 -53.41 2462 0.34 0.01 0.84 0.03 3.66 0.32 1.44 0.22 1.72 0.10 248.1 9.2 71.4 3.0 

K1 56.19 -53.41 2615 0.33 0.01 0.78 0.02 3.47 0.37 1.64 0.32 3.56 0.09 248.4 7.7 47.4 1.6 

K1 56.19 -53.41 2764 0.35 0.01 0.77 0.02 3.62 0.27 1.51 0.26 2.09 0.10 253.3 5.0 29.7 1.6 

K1 56.19 -53.41 3018 0.35 0.02 0.77 0.01 3.64 0.29 2.09 0.42 1.94 0.06 238.9 4.4 43.1 1.5 

K1 56.19 -53.41 3019 0.40 0.02 0.77 0.02 3.38 0.26 2.06 0.32 3.53 0.12 239.0 5.0 51.4 1.0 

LS2 60.65 -56.76 11 0.91 0.02 0.26 0.00 4.17 0.11 1.98 0.04 1.34 0.03 17.3 1.0 24.6 0.5 

LS2 60.65 -56.76 30 1.12 0.02 0.36 0.00 3.82 0.08 1.71 0.01 0.58 0.01 67.1 2.7 28.5 0.9 

LS2 60.65 -56.76 101 1.06 0.02 0.78 0.01 3.90 0.10 1.52 0.03 1.12 0.02 254.9 7.3 34.7 1.4 

LS2 60.65 -56.76 150 0.92 0.02 0.78 0.01 3.96 0.09 1.53 0.04 1.26 0.02 254.1 3.6 34.7 0.8 

LS2 60.65 -56.76 199 1.05 0.02 0.86 0.01 4.49 0.07 1.91 0.03 5.08 0.07 118.7 4.8 107.7 3.0 

LS2 60.51 -56.56 297 0.66 0.03 0.70 0.03 3.61 0.43 1.47 0.32 1.16 0.06 252.2 12.3 24.2 1.2 

LS2 60.51 -56.56 400 0.58 0.01 0.82 0.03 3.71 0.27 1.66 0.35 1.55 0.11 261.9 13.6 26.3 1.6 

LS2 60.51 -56.56 498 0.54 0.02 0.71 0.01 3.83 0.22 1.47 0.27 1.18 0.03 264.9 6.3 28.3 1.1 

LS2 60.51 -56.56 599 0.53 0.02 0.75 0.01 3.74 0.39 1.57 0.44 2.53 0.09 265.1 3.2 38.5 1.2 

LS2 60.51 -56.56 699 0.49 0.02 0.75 0.02 3.68 0.24 1.51 0.27 1.14 0.06 253.9 5.7 40.3 3.5 
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Station Latitude Longitude depth dMn 
dMn 
error 

dFe 
dFe 
error 

dNi 
dNi 

error 
dCu 

dCu 
error 

dZn 
dZn 
error 

dCd 
dCd 
error 

dPb 
dPb 
error 

   m nM nM nM nM nM nM nM nM nM nM pM pM pM pM 

LS2 60.51 -56.56 800 0.49 0.02 0.74 0.03 3.78 0.37 1.33 0.25 1.65 0.06 258.3 11.9 43.3 1.2 

LS2 60.51 -56.56 1003 0.48 0.02 0.75 0.02 3.70 0.39 1.61 0.50 1.67 0.11 278.8 7.3 38.7 1.7 

LS2 60.51 -56.56 1204 0.90 0.03 1.08 0.01 4.16 0.45 1.87 0.21 5.15 0.15 149.4 7.2 52.2 1.8 

LS2 60.49 -56.57 1402 0.39 0.01 0.86 0.01 3.93 0.06 1.43 0.02 1.53 0.03 263.6 5.7 28.7 0.7 

LS2 60.49 -56.57 1604 0.38 0.01 0.85 0.01 3.95 0.04 1.38 0.02 1.65 0.02 261.0 3.4 37.5 0.4 

LS2 60.49 -56.57 2006 0.37 0.00 0.89 0.01 3.91 0.05 1.59 0.02 2.70 0.04 257.7 4.4 27.4 0.6 

LS2 60.49 -56.57 2208 0.51 0.01 1.00 0.01 3.82 0.07 1.45 0.02 2.57 0.03 259.3 6.3 48.3 0.9 

LS2 60.49 -56.57 2411 0.37 0.01 0.86 0.01 3.97 0.09 1.53 0.03 3.69 0.06 256.5 4.7 42.9 0.9 

LS2 60.49 -56.57 2511 0.34 0.01 0.76 0.01 3.93 0.09 1.54 0.04 1.66 0.04 246.9 4.7 57.0 0.9 

LS2 60.49 -56.57 2613 0.34 0.01 0.80 0.01 3.91 0.07 1.55 0.03 2.49 0.04 253.0 5.2 28.1 0.8 

LS2 60.49 -56.57 2715 0.35 0.02 1.13 0.61 3.94 0.07 1.55 0.03 1.73 0.03 249.2 6.7 21.6 0.5 

LS2 60.49 -56.57 2816 0.42 0.01 0.79 0.01 3.82 0.06 1.61 0.02 1.69 0.03 253.5 3.1 18.1 0.4 

 

 

 

 

 


