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Abstract 

 

This thesis presents novel applications of dissolved Ga and Pb isotope ratios as oceanographic 

tracers of biogeochemical cycling and trace metal input mechanisms in the northeast Pacific 

Ocean, the Columbia River plume, and the Western Arctic Ocean.  Conclusions of this thesis are 

based on the first multi-year transect of dissolved Ga in the northeast Pacific Ocean along Line 

P, the first dissolved Ga concentrations reported in the Arctic Ocean, and the first Line P transect 

of Pb isotope ratios.  This thesis introduces 5 new tracer applications contributing to 

oceanographic research, dissolved Ga traces: 1) advective inputs of trace metals in the northeast 

Pacific, 2) Pacific and Atlantic source waters in the western Arctic, and 3) plume transport of the 

Columbia River, Ga/Pb traces: 4) fluvial freshwater inputs, and Pb isotope ratios trace: 5) 

geographically and temporally distinct trace metal inputs to the northeast Pacific.  Dissolved Ga 

is positively correlated with the variable spice, interpreted to trace advective trace metal inputs 

from the California Undercurrent and North Pacific Intermediate Waters bisecting the Line P 

transect.  This thesis identifies the Ga/Pb ratio as a tracer of an interface along Line P of fluvial 

trace metal inputs.  Isotopic ratios of Pb trace eolian Asiatic and fluvial North American sources, 

identifying a front of differential trace metal inputs along Line P.  Dissolved Ga is identified as a 

conservative tracer of Pacific waters in the Arctic and applies the conservative nature of 

dissolved Ga to interpretation of calculated rates of nitrogen fixation within shallow waters of the 

Beaufort Gyre, impacting phosphate concentrations and ecosystems in both the Arctic and North 

Atlantic Oceans.  Finally, dissolved Ga traces conservative and non-conservative behaviour 

under upwelling and downwelling conditions associated with the dynamic Columbia River 

plume.  This thesis contributes the five tracer applications described above to interpretation of 

trace metal inputs and advection in the northeast Pacific Ocean and source waters and nitrogen 

and phosphate coupling in the western Arctic Ocean.   
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Chapter 1: Introduction 

1.1 Trace metal oceanography  

 

Representing an area covering ~70% of the Earth’s surface, to an average depth of 4000m, 

studying the oceans is quite simply an enormous task.  Early chemical analysis of seawater 

identified principal ions composing ocean salinity at mmol kg-1 (10-3mol kg-1) concentrations.  

Biological study revealed that macroscopic fish and whales are dependent on an ecologic web 

based on microscopic photosynthetic phytoplankton, with phytoplankton growth dependent on 

the foundational elements of nitrogen and phosphorus, present at mol kg-1 (10-6mol kg-1) 

concentrations.  Until ~30 years ago, however, the majority of the elements in the periodic table 

were unknown in the ocean, present at nmol kg-1 (10-9mol kg-1), pmol kg-1 (10-12mol kg-1), and 

even fmol kg-1 (10-15mol kg-1) concentrations.  While trace metal oceanography represents a 

comparatively young field, recognition of the importance of trace metals to understanding global 

biogeochemical oceanic processes is demonstrated by the massive international multi-decadal 

research efforts of the GEOTRACES program (Henderson, et al. 2007) studying trace metals in 

the world’s oceans.  This thesis presents new applications of the trace metal gallium (Ga) in the 

northeast Pacific Ocean, western Arctic Ocean, and the Columbia River plume, and isotopic 

ratios of the trace metal lead (Pb) in the northeast Pacific, advancing both the study of trace 

metals in the ocean and the field of oceanography.   

 

Oceanography combines physical, chemical, and biological data to study ocean circulation 

(Whitney and Freeland 1999; McLaughlin, et al. 2004; Hickey, et al. 2010), biogeochemical 

cycling of elements (Morel and Price 2003; Saito, et al. 2003), and investigate climate change 

and paleoclimate (Doney, et al. 2014; Henderson 2002).  While temperature and salinity 

observations provided early insight into ocean circulation, and nitrate and phosphate nutrient 

concentrations and oxygen measurements assisted in interpreting controls on biological 

production, trace metals and isotopes provide key new parameters useful in the integrative study 

of biogeochemical cycling in the ocean.  Trace metals have proven to be vital to elucidating 

enigmatic regions of the ocean wherein an abundance of nitrate is not utilized by phytoplankton, 
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resulting in low chlorophyll concentrations.  Trace metal research demonstrated the control of Fe 

on phytoplankton productivity in such High Nutrient Low Chlorophyll (HNLC) regions in the 

ocean sourced from eolian deposition and upwelling (Martin 1990; de Baar, et al. 2005).  In 

addition, trace metals have been shown to provide proxies of these source processes of Fe, such 

as Al for eolian sources (Orians and Bruland 1986; Measures and Vink 2000) and Mn for 

sedimentary sources (Jones and Murray 1985).   

 

In addition to biological requirements, trace metals provide important applications as proxies and 

tracers, as illustrated by Al and Mn above.  Utility of an oceanographic tracer is dependent on 

spatial and temporal heterogeneity.  Trace metal concentrations in the ocean are by definition 

low, potentially one billion times lower than common ions such as sodium and chloride. 

However, the heterogeneous distribution of trace elements, in contrast to the nearly uniform 

conservative distribution of the major ions as a function of salinity, trace oceanographic sources, 

sinks, physical processes, and biogeochemical dynamics.  Utilization of multiple tracers, 

including trace metals, is essential for identification and explanation of oceanographic processes.  

Results of this thesis present new tracer applications of dissolved Ga and Pb isotopes in the 

ocean, summarized below.   

 

This thesis interprets measurements of dissolved Ga concentrations and radiogenic Pb isotopic 

ratios in the Northeast Pacific Ocean along Line P, the Western Arctic Ocean, and the Columbia 

River Plume.  This thesis presents the first reports of dissolved Ga in the Arctic Ocean, providing 

a conservative tracer of Pacific waters to the Arctic Ocean.  Dissolved Ga concentrations in the 

Northeast Pacific Ocean are correlated with the variable spice to identify advective sources 

associated with North Pacific Intermediate Waters and the California Undercurrent to stations 

along Line P.  Additionally, dissolved Ga is combined with dissolved Pb to introduce the Ga/Pb 

ratio as a proxy of fluvial sources to Line P.  Radiogenic Pb isotopes are interpreted to indicate 

eolian sources to Line P, with Asiatic sources to the western terminus Ocean Station Papa (OSP), 

while isotopic Pb ratios consistent with coastal Canadian sources are observed along the 

remainder of the transect.  Finally, this thesis presents a plume mixing model demonstrating both 

conservative mixing and scavenged removal of dissolved Ga within the Columbia River plume.  
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Results of this thesis present opportunities for future research investigating controls on HNLC 

conditions in the northeast Pacific, tracing source waters in the Arctic Ocean, and investigating 

trace metal sources from rivers.   

 

In the following sections, introduction to trace metals as tracers begins with description of 

characteristic trace metal profiles, leading to discussion of physical and biological controls on 

trace metal profiles, and concluding with the pairing of trace elements and the additional utility 

that trace metal ratios serve as oceanographic tracers.  Next, the two elements studied in this 

thesis, Ga and Pb, will be introduced, followed by introduction of study areas of this thesis, and 

the application of selected elements specific to each study area.  Finally, the aims of this thesis 

will be presented along with brief accompanying statements of the contributions of this thesis to 

the field of oceanography. 

 

1.2 Trace metal profiles 

 

Trace metal oceanography required two primary advances: analytical methods and 

instrumentation, and clean sample collection and processing.  Low concentrations of trace metals 

in seawater require sensitive analytical methods, and while advances in analytical chemistry 

provided opportunities to quantify low concentrations of trace metals found in the ocean, clean 

sampling techniques and sample processing was necessary to ensure that results accurately 

reflected the ocean sample and not simply contamination.  Analytical methods and sampling 

techniques employed in this thesis will be described in Chapter 2.   

 

Following the advancements of clean sampling and analytical techniques, a new era in 

oceanography was born as previously unknown profiles of elements throughout the periodic 

table began to be reported.  Profiles of trace metal in the ocean were shown to exhibit a variety of 

characteristics based on the element and sampling environment considered.  Synthesis of trace 

metal studies in the oceans has allowed for classification of trace metals into three common 

categories: conservative, nutrient-type, and scavenged.  While elements may be grouped into 
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categories, based on observed profiles and known chemical and biological interactions, 

archetypal elemental profiles are overprinted by the local physical and biological source and sink 

characteristics of a given area, resulting in the heterogeneous distributions benefitting tracer 

applications.  

 

1.2.1 Conservative profiles 

 

Elements possessing a long oceanographic residence time produce profiles of elemental 

concentration as a function of depth that are conservative, typically varying only as a function of 

salinity.  Long residence times of conservative elements result from slow removal processes 

from the water column.  While conservative elements comprise a bulk of ions resulting in the 

saline character of the ocean, trace elements may also demonstrate conservative profiles.  Given 

that the conservative nature of an element is dependent on residence time and not concentration, 

the element molybdenum remains at trace concentrations due to a low crustal abundance, and 

therefore a low input of Mo to the ocean, yet slow removal of Mo from the ocean results in a 

long residence time and therefore a largely conservative profile.  While Mo represents an 

example of a conservative trace metal, many trace metals demonstrate heterogeneous 

distributions in the ocean, described by nutrient type and scavenged type profiles.   

 

1.2.2 Nutrient type trace metals 

   

Profiles of nutrient-type trace metals result from assimilation by phytoplankton and release back 

to the water column following consumption and respiration.  Profiles of nutrient type trace 

metals possess behaviour analogous to phosphate and nitrate profiles, as demonstrated for Cd 

(Bruland, et al. 1978a), or to silicic acid as demonstrated by Zn (Bruland, et al. 1978b), and 

similarly concentrations increase from the Atlantic to Pacific Oceans during Meridional 

Overturning Circulation.  Beyond strictly biological requirements by phytoplankton, nutrient 

type trace metals can serve as tracers as well, such as the cadmium (Cd) phosphorous (P) ratio 
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(Cd/P) proving insight into past nutrient regimes and Fe availability (Cullen, et al. 2003; 

Elderfield and Rickaby 2000).   

 

1.2.3 Scavenged-type trace metals 

 

Scavenged removal on particle surfaces influences trace metal concentrations.  For example, Al 

concentrations are higher in the Atlantic than in the north Pacific due to greater atmospheric 

deposition of Al to the Atlantic.  Therefore, in contrast to the increasing concentration of nutrient 

type trace metals along thermohaline circulation, distributions of scavenged type trace metals are 

more dependent on local sources and sinks.  Surface sources include eolian or fluvial freshwater 

sources, while bottom sources can result from sediment flux and shelf processes, while low 

concentrations through the remainder of the water column are maintained by chemical 

scavenging reactions.  Scavenged type trace metals, including Ga and Pb studied in this thesis, 

are useful as tracers due to heterogeneous distributions, a function of particle reactivity resulting 

in short oceanic residence times with respect to ocean circulation time scales of 1000 years.  

Scavenged-type trace metal profiles in the ocean are classically illustrated by dissolved 

aluminum, wherein despite the high crustal abundance of Al, low concentrations of dissolved Al 

in the oceans are maintained by particulate scavenging, while sources are identified by 

concentration gradients at the ocean surface and approaching the bottom sediments (Orians and 

Bruland 1985).   

 

1.3 Trace metals as tracers 

 

Ocean temperature and salinity provide tracers of physical processes of upwelling, gyre 

circulation, and water mass advection and are combined to produce plots of temperature vs 

salinity (T-S plots), assisting in differentiating ocean waters.  Chemical tracers in the ocean 

include both the individual measured concentrations of constituents such as O2, NO3, and PO4, as 

well as combinations of multiple chemical and/or physical properties creating additional 

chemical tracers such as Apparent Oxygen Utilization (AOU), preformed nitrate (Abell, et al. 
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2005), N* (N* = NO3 – 16xPO4 + 2.9) (Gruber and Sarmiento 1997), and NO (NO = 9xNO3 + 

O2) (Broecker 1974).   

 

Trace metals are additional chemical tracers of oceanographic processes.  Trace metal profiles 

reflect local source and sink functions in the ocean.  For example, eolian inputs to the ocean are 

identified by Al (Orians and Bruland 1985; Han, et al. 2008; Measures and Vink 2000), inputs of 

trace metals following sedimentary reduction are traced by Mn (Jones and Murray 1985; Lam 

and Bishop 2008; Aguilar-Islas, et al. 2007), and freshwater sources are tracked by Ba (Guay, et 

al. 2009).  Isotopes provide additional opportunities for identification of source terms, as 

hydrothermal sources are identified utilizing primordial 3He (Lupton 1998; Ruth, et al. 2000), 

groundwater inputs with 226Ra (Moore 1996), and continental sources and margin exchange 

suggested by Nd isotopes (Jeandel, et al. 2007; Lacan and Jeandel 2005).  Sinks are identified by 

scavenged type trace metal profiles, including quantification of flux based on depletion of the 

scavenged elemental isotope 234Th and 230Th relative to the conservative distribution of the 

parent isotopes 238U and 234U (Bacon and Anderson 1982). 

 

Chemical and physical tracers work in concert to elucidate oceanographic processes.  For 

example, an organic matter flux calculated by 234Th resulting from a phytoplankton bloom 

initiated by upwelled nutrients, identified by temperature and salinity, could be fuelled by Fe 

from the sediment, traced by Mn.  Application of trace metals as complimentary tracers of 

oceanographic processes arises from global and local physical controls on trace metal profiles, 

such as global thermohaline circulation, gyre structure, and eddy formation, and biologic 

influence of both trace metal utilization and scavenging.  Physical and biological effects on trace 

metal profiles will each be discussed followed by an example demonstrating the tandem effect of 

these two processes. 
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1.4 Physical and biological controls on trace metals 

  

Trace metals receive much deserved attention for their role in mediating biology in the ocean.  

Physical processes also govern trace metal distributions, resulting in applications of trace metals 

as tracers of physical processes such as water mass source, structure, and advection.   

Distributions of heat, nutrients, and observed trace metal distributions are dependent on physical 

processes that govern water transport.  For example, physical processes associated with North 

Atlantic Deep Water (NADW) formation and advection influence profiles of dissolved Al in the 

Atlantic Ocean.  Advection of NADW results in elevated concentrations of Al at depth in the 

Atlantic as eolian sources of Al in surface waters are entrained during NADW formation 

(Measures and Edmond 1992).  In contrast to the north Atlantic, deep water formation in the 

Southern Ocean is low in dissolved Al due to reduced eolian transport in the southern 

hemisphere (Shiller 1998).  Additionally, removal of Al occurs on particulate surfaces during 

thermohaline transport.  Fractionation of dissolved Al between the Atlantic and Pacific is 

therefore a product of physical processes of water mass formation and transport, local sources of 

Al, and chemical properties of Al with particle scavenging.  Combination of these factors gives 

Al a short residence time with respect to thermohaline circulation and concentrations of Al are 

therefore 1-2 orders of magnitude lower in the north Pacific than in the north Atlantic.   

 

Additional physical controls on dissolved Al in the ocean include eddies. Within the low Al 

concentration waters of the North Pacific, elevated Al concentrations are observed associated 

with eddies (Brown, et al. 2012) as coastal waters of relatively high Al concentration are 

transported offshore.  Eddies also transport Fe to offshore areas (Johnson, et al. 2005) potentially 

enhancing phytoplankton production, leading to increased scavenging rates of Al.  

Concentrations of dissolved Al within eddies relative to surrounding waters therefore illustrate a 

balance between local sources and sinks imparted by physical and biologic controls.    

 

Trace metals are key in understanding ocean biology, as trace metals are utilized within catalytic 

enzymatic centers essential to phytoplankton growth in the ocean.  While iron (Fe) has been 
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famously demonstrated to allow nutrient utilization under HNLC conditions, additional trace 

metals have been shown to elicit control on phytoplankton, including Cu (Semeniuk, et al. 2009), 

Cd (Lane and Morel 2000), and Zn (Jakuba, et al. 2012).  Biological influence on observed trace 

metal profiles and dynamics occur for both nutrient-type trace metals, as a consequence of active 

biological uptake, and scavenged-type trace metals as a function of particulate surface area in the 

water column, associated with phytoplankton bloom conditions (Moran and Moore 1988).   

 

A summative example of linked physical and biological controls on scavenged-type trace metal 

distributions is provided by surface concentrations of dissolved Ga along a transect extending 

from the subtropical to subpolar North Pacific (Orians and Bruland 1988b).  Suppression of 

nutrient availability imposed by the anticyclonic subtropical gyre impedes biological production 

as the gyre retains a shallow mixed layer of warm water. Stratification and inhibition of nutrient 

sources results in reduced rates of Ga scavenging, allowing scavenged-type trace metals to 

accumulate within the shallow mixed layer (Bruland, et al. 1994).  Alternatively, cyclonic 

rotation of the subpolar gyre supports biological production, leading to decreased dissolved Ga 

concentrations due to increased scavenging on biotic particulates. Dissolved gallium 

concentrations therefore change as a function of latitude from 28°N – 55°N in the northeast 

Pacific reflecting physical, biological, and chemical controls on this scavenged-type trace metal.   

 

1.5 Trace metal ratios 

 

Ratios of two trace metal concentrations can provide tracer utility beyond that of each individual 

element.  Changes in the elemental ratio results from physical and biogeochemical processes 

leading to differential scavenging.  Hydroxide speciation influences differential scavenging of 

the elemental pairs Al and Ga, and zirconium (Zr) and hafnium (Hf).  Examples of Al/Ga and 

Zr/Hf ratio applications are followed by introduction of the Ga/Pb ratio presented in this thesis.   
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1.5.1 Hydroxide speciation 

 

Removal of trace metals from the ocean via scavenging is influenced by the ability of an element 

to be hydrolyzed, which is a function of their electron attracting ability as determined by the 

charge to radius (z2/r) ratio (Turner, et al. 1981).  Increasing charge and/or decreasing radius 

results in a higher polarizing power of the element and a correspondingly greater ability to attract 

and pull electrons from potential ligand donors.  Water acts as a ligand and surrounds cationic 

elements within hydration spheres as the negative dipole of the oxygen atom within water 

molecules orientate themselves toward the positive charge of the cation.  Given a sufficiently 

high z2/r value, elemental hydration will be followed by hydrolysis, resulting in hydroxide 

speciation of the element (ie. Ga(OH)4).  With increasing polarizing power, full hydrolysis 

occurs, resulting in formation of oxyacids, as in molybdenum, MoO4
2-.  Low electron binding 

energy precludes hydrolysis (Li 1991), resulting in the presence of free hydrated ions in solution, 

as observed for sodium, Na+(H2O)n.   

 

Hydroxide speciation of an element affects elemental reactivity and scavenging onto particulates.  

Reaction and scavenging of an element on a negatively charged particulate surface occurs to a 

greater extent for a neutrally charged hydroxide species than for a negatively charged species.  

For example, Ga and Al are chemically similar elements, residing in the same column of the 

periodic table.  Speciation of Ga is dominated by the anionic form, Ga(OH)4
-, while Al 

speciation results in ~1:1 ratio of the neutral, Al(OH)3
0, and anionic Al(OH)4

- species (Orians 

and Bruland 1988a).  Greater proportion of the neutral species of Al results in increased 

scavenging relative to Ga and a shorter residence time of dissolved Al in the ocean relative to 

dissolved Ga.   

 

1.5.2 Trace metal ratios: Example 

 

Ratios of trace metals highlight differential residence times of two elements over time scales 

ranging from global ocean circulation to phytoplankton blooms.  Evolution of elemental ratios as 
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a function of time, depth, and location, therefore lends insight into geochemical behaviour of 

these elements in the ocean and provides utilization of elemental ratios as oceanographic tracers.   

 

As discussed above, hydroxide speciation leads to a shorter residence time of Al relative to Ga, 

resulting in a positive correlation of Ga/Al ratios and chlorophyll concentrations (Shiller and 

Bairamadgi 2006), as the more reactive Al is removed preferentially to Ga onto biogenic 

particles.  Similar to Ga and Al, zirconium (Zr) and hafnium (Hf) are an elemental pair 

displaying a slightly greater relative abundance of the more reactive neutral species Hf(OH)5
0 

relative to Zr(OH)5
0, providing a potential mechanism for Zr/Hf fractionation (McKelvey 1994).  

Correspondingly, terrestrial Zr/Hf ratios of 60-120 fractionate to ratios of 180 – 250 in the 

Atlantic Ocean and evolve to ratios of 400 in the north Pacific during thermohaline ocean 

circulation on 1000 year time scales (McKelvey 1994), as the longer residence time of dissolved 

Zr results in an increasing Zr/Hf ratio with time as dissolved Hf is scavenged more rapidly from 

the ocean.  Fractionation of Zr/Hf on shorter time scales and associated with freshwater sources 

to the ocean is observed along the Hudson River as terrestrial Zr/Hf values of ~80 increase to 

140 as a function of preferential removal of dissolved Hf within regions of elevated particle 

abundance within the river and as salinity increases towards the ocean (Godfrey, et al. 2008).  In 

addition to scavenged removal, fractionation of trace metal ratios can occur as a function of 

differential weathering, modifying the Ga/Al ratio during freshwater transport (Shiller and Frilot 

1996).   

 

This work introduces the Ga/Pb ratio as an oceanographic tracer.  Both Ga and Pb are sourced to 

the ocean by atmospheric deposition and rivers.  Fluvial freshwater inputs of trace metals to the 

oceans are altered within plume environments (Boyle, et al. 1977).  Fluvial inputs of trace metals 

specify freshwaters from rivers.  While both Ga and Pb are scavenged during transport from 

freshwater rivers to the ocean, high rates of Pb removed occur with estuarine environment upon 

metal oxides (Nelson, et al. 1999).  This thesis presents the Ga/Pb ratio as a tracer of freshwater 

fluvial inputs to the ocean, wherein an elevated Ga/Pb ratio results from preferential removal of 

Pb during fluvial transport.   
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1.6 Gallium (Ga) 

 

This thesis presents the following advancements in utilization of dissolved Ga as an 

oceanographic tracer: 1) the first dissolved Ga transect along Line P identifies correlation of 

dissolved Ga concentrations with spice, identifiying distinct water sources as a function of 

temperature and salinity along surfaces of equal density and interpreted to represent advective 

sources of trace metals along Line P, 2) the first dissolved Ga profiles in the Arctic Ocean 

provide a conservative tracer of Pacific source waters, 3) introduction of the Ga/Pb ratio provides 

a proxy of fluvial freshwater inputs to the ocean, and 4) development of a river plume 

endmember mixing model demonstrates local wind influence on observed concentrations of 

dissolved Ga associated with the Columbia River plume.  Relevant to these studies, the ocean 

biogeochemistry of Ga will be introduced, beginning with discussion of sources and sinks, 

describing known behaviour of dissolved Ga in the Pacific Ocean, Atlantic Ocean, Arctic Ocean, 

and freshwaters, and then concluding with a summary of advantages of utilizing dissolved Ga as 

an oceanographic tracer.   

 

1.6.1 Dissolved Ga: Sources and sinks 

 

Profiles of dissolved Ga are consistent with scavenged type behaviour analogous to Al (Orians 

and Bruland 1988a).  Sources of Ga to the ocean include atmospheric deposition (Orians and 

Bruland 1988a; Shiller 1998) and fluvial freshwaters (Shiller and Frilot 1996, McAlister and 

Orians 2012).  Eolian deposition represents a common source mechanism of trace metals to the 

ocean, such as Al and Fe.  Eolian inputs represent atmospheric sources of trace metals and may 

include both wet and dry deposition. Gallium, however, provides a complementary tracer to the 

more rapidly scavenged Al and Fe, which is biologically utilized, redox sensitive, and 

scavenged.  Similarly, while freshwaters represent a source of both Al and Ga to the oceans, 

greater particle reactivity of Al results in high rates of scavenging of Al within river plumes 

during transport to the ocean.  While scavenging of Ga also occurs through river plumes, 
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elevated concentrations of Ga representing a fluvial freshwater source are observed at increasing 

salinities relative to Al (Lanthier 1999).   

 

1.6.2 Dissolved Ga: Pacific Ocean 

 

Dissolved Ga in the north Pacific Ocean displays a range of concentrations.  Regionally dynamic 

concentrations within shallow waters are observed, with concentrations of ~10 – 15 pmol kg-1 in 

the central subtropical gyre and only 3 – 5 pmol kg-1 in the eastern and western north Pacific 

associated with the sub polar gyre (Shiller and Bairamadgi 2006; Orians and Bruland 1988b). 

Scavenging of dissolved Ga with depth results in concentration minima (Orians and Bruland 

1988b), relative to higher concentrations at shallower depths associated with surface sources.  At 

depths greater than the concentration minima, concentrations of dissolved Ga increase steadily 

toward the ocean bottom, reaching concentrations of 20 – 30 pmol kg-1 (Shiller and Bairamadgi 

2006; Orians and Bruland 1988b).  Increasing concentrations can be the result of dissolved Ga 

sources from the sediments (Orians and Bruland 1988b) or from the Southern Ocean, transported 

by thermohaline circulation  (Shiller and Bairamadgi 2006).   

 

Measurements of dissolved Ga at OSP (50°N, 145°W) identified a local concentration maxima at 

~150m (Orians and Bruland 1988b). Similar local maxima in dissolved Ga concentrations across 

the extent of Line P are reported in this thesis.  Description of the source mechanism of this 

feature in Chapter 3 identifies fronts across the north Pacific potentially impacting additional 

trace metals. Additionally, results of this thesis differentiate influence of fluvial and eolian 

sources of Ga to the north Pacific, providing a proxy for additional trace metal sources to the 

north Pacific.   

 

1.6.3 Dissolved Ga: Atlantic Ocean 

 

Atlantic Ocean profiles of dissolved Ga demonstrate unique characteristics relative to the Pacific.  

Surface concentrations of dissolved Ga in the north Atlantic are 20 – 30 pmol kg-1 (Shiller 1998), 
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4 – 10 times higher than surface concentrations in the north Pacific.  Higher concentrations of Ga 

in the surface represent greater influence of eolian sources to the north Atlantic (Orians and 

Bruland 1988a; Shiller 1998; Measures and Vink 2000).  Contrasting concentrations in the north 

Atlantic and north Pacific demonstrate the ability of dissolved Ga to act as a tracer of regional 

processes.   

 

In contrast to high eolian deposition to the north Atlantic, eolian deposition to the south Atlantic 

is lower given less relative land mass. Correspondingly, local minima in dissolved Ga 

concentration in the south Atlantic Ocean are interpreted to represent Antarctic Intermediate 

Water (AAIW) (Shiller and Bairamadgi 2006), therefore demonstrating dissolved Ga as a tracer 

of advected water masses.  This thesis identifies dissolved Ga as a tracer of advected water 

masses of Pacific and Atlantic origin to the western Arctic Ocean and interprets dissolved Ga 

concentrations as a tracer of advectively sourced trace metals to the northeast Pacific Ocean.   

 

1.6.4 Dissolved Ga: Arctic Ocean 

 

Profiles of dissolved Ga have not previously been reported in the Arctic Ocean.  Differential 

characteristics of dissolved Ga in the Pacific and Atlantic Oceans, however, elicits interest in 

dissolved Ga profiles in the Arctic given the presence of Pacific and Atlantic source waters to the 

Arctic Ocean.  Additional description of the unique oceanography of the Arctic Ocean will be 

discussed in section 1.8.2.2 below.  Opportunity therefore exists for dissolved Ga to provide a 

tracer of Pacific and Atlantic waters in the Arctic based on higher concentrations associated with 

Atlantic water inputs and lower concentrations of dissolved Ga in Pacific source waters.  This 

thesis presents the first profiles of dissolved Ga in the Arctic Ocean (Chapter 5).   

 

1.6.5 Dissolved Ga: Freshwater  

 

Dissolved Ga in terrestrial freshwaters transported to the ocean originates from weathering of 

rocks and soils.  Concentrations of dissolved Ga in freshwater vary widely, from 68 – 250 pmol 
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kg-1 in U.S. rivers (Shiller 1998), 1 – 78 pmol kg-1 in California streams (Shiller and Frilot 1996), 

and 11 – 7785 pmol kg-1 in the Amazon (Gaillardet et al. 2003).  Chemical behaviour of Ga 

influences dissolved Ga concentrations in freshwaters, and specifically differentiation is 

observed relative to Al.  For instance, while both Ga and Al are sourced to freshwaters from 

weathering reactions, the observed ratio of Ga/Al dissolved in river waters is higher than the 

Ga/Al of rocks (Shiller and Frilot 1996; Shiller 1988).  Both preferential dissolution of Ga to the 

dissolved phase (Shiller and Frilot 1996) and/or less relative scavenging of Ga from the 

dissolved phase (Shiller 1998) can result in the elevated Ga/Al ratios.   

 

In addition to differential chemical control mechanisms within the confines of freshwater rivers 

and streams, mixing of freshwaters to the ocean within plume environments impact 

concentrations of trace metals (Shiller and Boyle 1987; Boyle, et al. 1977).  This thesis utilizes 

concentrations of dissolved Ga within the Columbia River plume to construct a river-ocean 

endmember mixing model.   

 

1.6.6 Dissolved Ga: Advantages 

 

Gallium possesses chemical characteristics that both promote investigation as an oceanographic 

tracer and are advantageous to the analytical measurement of dissolved Ga in seawater.  First, the 

residence time of dissolved Ga in the ocean, due to its scavenged type behaviour, is appropriate 

to identifying regional and local source and sink mechanisms.  Dissolved Ga can complement the 

more rapidly removed dissolved Al, providing a longer lived tracer of advective transport of 

trace metal sources to the ocean.  Second, the chemical behaviour of Ga allows application of the 

analytical method of magnesium coprecipitation, an advantageous method for measuring 

dissolved Ga in seawater based on minimal sample volume and time requirements.  Third, Ga 

has two naturally occurring isotopes and therefore Ga concentrations can be calculated by 

isotope dilution following measurement by Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS).  Isotope dilution is advantageous as it provides an ideal internal standard during 

sample processing, as will be described in the methods chapter of this thesis (Chapter 2).  Fourth, 
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the low crustal abundance of Ga, relative to Al for instance, presents a lower risk of 

contamination for Ga during seawater sampling, analytical processing, and analysis.  Finally, 

while a solid foundational knowledge of dissolved Ga in the ocean is known, much remains to be 

discovered.  For example, in addition to presenting the first reports of dissolved Ga in the Arctic 

Ocean, this thesis provides new applications of dissolved Ga to oceanography resulting from the 

first interannual transect of dissolved Ga and the first high resolution shallow transect, including 

5 measurements in the upper 40m of the water column.  Specific applications of dissolved Ga 

relevant to each study area considered in this thesis will be discussed in sections 1.8.1.4, 1.8.2.4, 

and 1.8.3.4.   

 

1.7 Lead (Pb) isotopes  

 

Stable radiogenic isotope ratios of Pb trace sources and inputs of Pb to the environment 

(Komarek, et al. 2008) and Pb isotopes are applied to monitoring industrial processing (Shiel, et 

al. 2010) and remediation (Gulson, et al. 2012).  Additionally, Pb isotopes have been used to 

study and monitor anthropogenic Pb within the ocean (Gallon, et al. 2011; Wu and Boyle 1997a).  

In addition to contaminant concerns of anthropogenic Pb to the ocean, Pb isotopes are applied 

within oceanography as water mass tracers (Veron, et al. 1999; Alleman, et al. 2001; Flegal, et 

al. 1989).  Determination of Pb isotopes in the ocean has been reported for depth profiles and 

surface transects in the Atlantic and Pacific Oceans (Wu, et al. 2010; Gallon, et al. 2011).  This 

work reports the first transect of Pb isotope depth profiles, along the Line P transect in the 

northeast Pacific Ocean.  Introduction of the radiogenic series producing stable Pb isotopes will 

be followed below by biogeochemical cycling of Pb in the oceans, describing sources and sinks 

of Pb within the ocean, applications of Pb isotopes within the Atlantic and Pacific Oceans, and 

concluding with advantages of Pb isotope analysis presented in this thesis.   
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1.7.1 Radiogenic Pb isotopes 

 

Individual parent isotopes produce the radiogenic stable Pb isotopes 206Pb, 207Pb, and 208Pb.  

Each decay series occurs over a range of time scales, discussed below.  Additionally, relative 

composition of the parent isotopes varies within different sources.  Unique isotopic ratios of 

206Pb/207Pb and 208Pb/206Pb are therefore produced given the geographic, geologic, and temporal 

history of a sample.  Isotopic ratios of Pb can thus be applied analogous to a ‘fingerprint’, 

providing a diagnostic tool to identify Pb sources and input mechanisms.   

 

While both 206Pb and 207Pb are derived from uranium, 238U and 235U, respectively, the time scale 

of the two radiogenic series is very different.  Alpha decay of 235U to 231Th with a half-life of 704 

million years initiates production of 207Pb.  While 704 million years is a very long time, ~6.5 half 

lives have passed in the 4.6 billion year history of the earth, and thus only ~1% of 235U exists 

today.  Conversely, 206Pb begins with decay of 238U to 234Th, a reaction with a half-life of 4.5 

billion years.  Given the 4.6 billion year age of the earth, only approximately half of the 238U has 

decayed to 206Pb and therefore production of 206Pb continues.  While decay of U leads to 

production of 206Pb and 207Pb, 208Pb results from the radioactive decay of 232Th.  Initiation of the 

208Pb sequence, the alpha decay of 232Th to 228Ra, has a half-life of 14 billion years, and therefore 

only ~15% of 232Th has decayed over 4.6 billion years.  As 206Pb and 208Pb are the daughters of 

238U and 232Th, respectively, the U/Th ratio of a host material will influence the 208Pb/206Pb ratio.   

 

Isotopic ratios of Pb measured in samples can therefore trace the geographic source of the Pb 

input. For instance, comparatively high or low 206Pb/207Pb ratios can be used to differentiate Pb 

samples.  Higher 206Pb/207Pb ratios are associated with younger, more geologically recent sources 

as 238U remains in the sample, while little 235U will be available for decay.  The amount of 207Pb 

will therefore remain nearly constant while 238U decay to 206Pb results in higher 206Pb/207Pb 

ratios.  In contrast, in an older geologic setting more 235U has decayed to 207Pb resulting in a 

comparatively low 206Pb/207Pb ratio.  In this thesis, Pb isotope ratios measured in seawater will 

be compared to reported ratios from Asia and North America.  Geographic sources of Pb inputs 
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are identified by comparatively low 206Pb/207Pb representing inputs of Pb from Asia, while higher 

206Pb/207Pb indicate Pb from North America.   

 

1.7.2 Dissolved Pb in the ocean: Sources and sinks 

 

Inputs of Pb to the ocean by atmospheric deposition and fluvial freshwaters are common to other 

trace metals, and therefore Pb provides a proxy of trace metal inputs to the ocean.  Pb in the 

ocean represents both natural and anthropogenic sources, the latter originating from industrial 

use including both Pb added to gasoline as well as emissions from coal power plants.  Isotopic 

ratios of Pb can be applied to determining the source material (ie. gasoline, coal) or the source 

location (ie. Asia, North America) of Pb inputs.  This thesis focuses on identification of source 

location, as the intent is to differentiate Asian and North American Pb inputs along the Line P 

transect in the northeast Pacific Ocean.  Sinks of dissolved Pb from the ocean include particle 

reactivity and therefore Pb distributions reflect local source and sink processes, similar to 

dissolved Ga discussed above.  Scavenging of dissolved Pb occurs on the surface of particulate 

matter in the ocean and therefore scavenging increases during phytoplankton blooms.  

Additionally, scavenging occurs upon the surfaces of oxide minerals (Tebo, et al. 2004; Nelson, 

et al. 1999), observed as freshwater inputs of Pb to the ocean are modified by removal within 

plume environments.   

 

1.7.3 Pb isotopes: Atlantic Ocean 

 

Following the phaseout of Pb in gasoline, Pb isotopes traced the decrease in anthropogenic Pb 

inputs to the Atlantic as a function of time (Weiss, et al. 2003; Wu and Boyle 1997a).  Isotopes 

of Pb measured in the Atlantic have also been utilized to show isotopic equilibrium between 

dissolved and particulate Pb (Sherrell and Boyle 1992).  Isotopic signatures of dissolved Pb from 

the surface ocean can be transported vertically on the surface of sinking particles (Wu, et al. 

2010).  Atlantic Pb isotope data also show the advective influence on Pb isotopes (Boyle, et al. 

2014).  Finally, the mixed layer in the Sargasso Sea of the Atlantic Ocean has been shown to 
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capture distinct Pb isotopes signatures, relative to ratios at depths below the mixed layer (Veron, 

et al. 1993).  This thesis identifies unique Pb isotope signatures associated with the summer 

mixed layer, and previous winter mixed layer, along Line P in the northeast Pacific.   

 

1.7.4 Pb isotopes: Pacific Ocean 

 

Isotopic ratios of Pb reported in the Pacific Ocean have also been utilized to identify 

anthropogenic sources to the surface ocean.  Emissions from Asia contribute Pb to the western 

north Pacific surface ocean (Gallon, et al. 2011) and urban sources are identified in fluvial inputs 

to the Gulf of California (Soto-Jimenez and Flegal 2009).  Anthropogenic Pb ratios in the deep 

waters of the central north Pacific (Wu, et al. 2010) confirm vertical transport of Pb from surface 

sources, as thermohaline circulation is not rapid enough to source anthropogenic Pb to deep 

Pacific waters.  Physical oceanographic processes in the Pacific have also been traced by isotopic 

ratios of Pb, such as upwelling (Flegal, et al. 1989).  This thesis utilizes Pb isotopic signatures to 

differentiate eolian sources of Pb from Asia and fluvial freshwater sources from North America 

to the Line P transect in the northeast Pacific.   

 

1.7.5 Pb isotopes: Advantages 

 

Isotopic ratios of Pb provide an excellent environmental tracer based on distinct decay series 

radiogenic production of the stable Pb isotopes 206Pb, 207Pb, and 208Pb.  This thesis utilizes the 

analytical advantage provided by the Nu AttoM, discussed in section 2.4.2 to measure Pb isotope 

ratios in 50mL seawater samples, providing logistical advantages to sample collection and 

processing relative to previous methods utilizing sample volumes 2 – 50 times larger, as 

discussed in section 4.3.  Isotopic ratios of Pb measured in this thesis on the Nu AttoM ICP-MS 

are shown in section 2.4.4 to provide sufficient precision to resolve Pb isotopic ratios relevant to 

identification and interpretation of oceanographic features and processes.  An additional 

advantage of Pb isotopes is the wealth of existing reports of Pb isotope ratios from a wide variety 
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of samples from locations around the world, assisting identification of the geographic source of 

Pb isotopes to the northeast Pacific Ocean studied in this thesis.   

 

1.8 Thesis study areas and tracer application  

 

The study areas in this thesis, the northeast Pacific along Line P, the Beaufort Sea of the Arctic 

Ocean, and the Columbia River plume, each possess unique properties and research questions.  

Dissolved Ga, the Ga/Pb ratio, and Pb isotopes are beneficial to different study areas and 

research questions given the physical, chemical, and biological controls on their distributions.  

Hydrography and topics specific to each study area are discussed followed by specific tracer 

application of Ga, Ga/Pb, and Pb isotopes within each research area, leading to the development 

of the aims of this thesis presented in section 1.9.     

 

1.8.1 Northeast Pacific – Line P and Ocean Station Papa (OSP) 

1.8.1.1 Study area 

 

Ocean Station Papa (OSP) and Line P represent one of the longest oceanographic time series 

(Freeland 2007).  Extending ~1500km off the coast of Vancouver Island, Line P is currently 

comprised of 26 stations, with station P26 equivalent to OSP (50°N 145°W).  Observations of 

decadal change in the northeast Pacific Ocean include decreases in O2 levels (Whitney, et al. 

2007), atmospheric oscillations influencing temperature increases (Crawford, et al. 2007b), and 

shifts in nutrient availability (Pena and Varela. 2007).  Additionally, OSP, as a station within the 

VERTEX oceanographic program, assisted in establishing Fe as a key control in High Nutrient 

Low Chlorophyll (HNLC) regions (Martin and Fitzwater 1988).  Therefore inputs of Fe along 

Line P are important and have been identified from coastal inputs (Cullen, et al. 2009), eddies 

(Johnson, et al. 2005), volcanic (Hamme, et al. 2010), and atmospheric dust (Mahowald, et al. 

2005) sources.   
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Trace metal time series data, however, is limited for Line P cruises.  Iron measurements 

conducted for the last decade by the Institute of Ocean Science allow comparison of multiple 

years of data (Nishioka, et al. 2001).  Recently additional trace metal concentrations have been 

determined along the full Line P transect at increasingly frequent intervals, including Cu 

(Semeniuk 2014, Posacka, et al. 2012), Cd  (Janssen, et al. 2014), Zn (Janssen, et al. 2014), 

Fe(II) (Schallenberg, et al. 2014), Pb (Charters 2011), Mn (Sim and Orians 2014), and Al (Cain 

2014).   This thesis reports the first transect of dissolved Ga along Line P, including interannual 

comparison between 2010 and 2011, and interdecadal time series comparison at OSP based on 

reported data from sampling in 1983 (Orians and Bruland 1988b).  This thesis also reports the 

first transect of dissolved Pb isotopes along Line P.  

 

1.8.1.2 Line P hydrography 

 

Line P transects a dynamic oceanographic region of the north Pacific providing a natural 

laboratory to study HNLC regions of the ocean.  While HNLC areas also exist in the equatorial 

Pacific and southern Ocean, the Line P transect provides the most convenient geographic and 

logistical access to an HNLC region.  Along the Line P transect HNLC conditions vary 

temporally and geographically as regional processes influence nutrient availability.  Four 

processes influencing hydrographic conditions along Line P will be discussed below, the 

Alaskan gyre, upwelling along the coast, freshwater inputs, and transport of coastal waters into 

the northeast Pacific by eddies.   

 

Counterclockwise rotation of the Alaskan gyre produces upwelling through divergence, creating 

a source of available nutrients.  Utilization of these nutrients by phytoplankton is hindered by 

low Fe supplies creating the anomalous HNLC conditions in this region.  The Alaska Gyre is 

situated along the western portion of the Line P transect and the greatest influence of the Alaskan 

gyre along Line P is seen at station P26.  Therefore as the Line P transect enters into the Alaska 

Gyre, concentrations of nitrate increase due to supply from the upwelling gyre.  Low 

concentrations of chlorophyll however indicate that phytoplankton are not able to utilize the 
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available nitrate.  A gradient in HNLC conditions is therefore established along Line P 

associated with the Alaska Gyre.   

 

Upwelling occurs seasonally and episodically along the coastal portion of Line P when winds 

blow from north to south along the coast.  Nutrient sources are provided by Ekman pumping as 

surface waters transported offshore are replaced by upwelled waters.  Upwelling along the coast 

and upwelling associated with the Alaska Gyre both provide nutrient sources.  Therefore in the 

summer Line P can be bookended by regions of nutrient availability in the east and west.  High 

chlorophyll concentrations, however, are only observed along the eastern coastal portion of Line 

P, while iron limitation exists in the west associated with the Alaska Gyre.   

 

Freshwater inputs along the eastern portion of the Line P transect produce a ‘Dilute Domain’ 

(Favorite, et al. 1976).  Freshwater inputs vary seasonally, with Vancouver Island rivers 

contributing freshwater from winter rainfall (Freeland, et al. 1984).  Additionally, summer 

freshwater inputs from the Fraser River to the Strait of Georgia are amplified by a 2 – 3 times 

greater outflow through the Strait of Juan de Fuca in the summer (Hickey, et al. 1991).  

Additionally, freshwater is stored along the margin of the Juan de Fuca eddy (MacFadyen, et al. 

2008), extending along the shelf break to the eastern portion of Line P.  Nitrate and phosphate 

inputs from the Fraser River are known to influence phytoplankton dynamics (Ware and 

Thompson 2005).  Trace metal inputs from fluvial freshwater sources will be investigated in 

Chapter 4 of this thesis.   

  

Eddies also influence the northeast Pacific and hydrographic conditions along the Line P 

transect.  While ephemeral in nature, eddies are ubiquitous in both space and time (Crawford, et 

al. 2007a).  Eddies in the northeast Pacific form as anticyclonic, clockwise, rotating water masses 

resulting in convergence and downwelling toward their core.  Eddies are typically transported 

toward the east and south into the northeast Pacific.  Coastal waters trapped during eddy 

formation are therefore transported offshore, producing microcosms within the northeast Pacific 

of coastally derived nutrients potentially intersecting the Line P transect.  Satellite and 

hydrographic data identify the presence of an eddy along Line P during August 2010, 
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implications of the eddy on observed dissolved Ga concentrations are discussed in sections 3.5.6 

and 3.5.7 of this thesis.   

 

1.8.1.3 HNLC 

 

Phytoplankton blooms require a nutrient source of phosphate (PO4) and nitrate (NO3), however, 

paradoxically large areas of the ocean possess an abundance of unutilized NO3 and PO4, 

resulting in regions described as High Nutrient Low Chlorophyll (HNLC).  Regions of the ocean 

displaying HNLC characteristics include the equatorial Pacific, the Southern Ocean, and the 

northeast Pacific.  These seemingly disparate regions share commonality in representing areas of 

upwelling within large regions of the open oceans.  Divergence created by opposing Corriolis 

forces across the equator, along sub Antarctic fronts, and cyclonic gyre rotation of the Alaskan 

gyre provide sources of upwelled nutrients.  Remote sensing, however, indicates that these large 

regions of the ocean chronically display low chlorophyll concentrations.  Given the presence of 

nutrients, the lack of accompanying phytoplankton growth encouraged iron addition experiments 

within the three HNLC regions, confirming that Fe results in phytoplankton blooms (de Baar, et 

al. 2005).  Given that phytoplankton growth in the HNLC northeast Pacific is mediated by trace 

metal availability, this thesis seeks to identify sources of trace metals to this region.   

 

1.8.1.4 Tracer applications to Line P: Ga, Ga/Pb and Pb isotopes  

 

Three tracers are applied in this thesis to the Line P study area, each possessing characteristics 

unique to the investigation of trace metal sources along Line P.  First, Dissolved Ga is applied as 

a tracer of advective trace metal sources.  Selection of Ga provides the opportunity to identify 

sources potentially masked by the rapid removal of dissolved Al, the biological uptake of Fe, and 

offers decoupling of the multiple sources of redox sensitive trace metals such as Mn.  Dissolved 

Ga distributions are compared with the oceanographic variable spice to investigate advective 

inputs of trace metals along Line P.  Spice identifies different temperature and salinity 

characteristics among waters of the same density (Flament 2002).  Along a given isopycnal 
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comparatively warm salty water is differentiated by a higher spice value from cooler fresher 

water along the same isopycnal.  Therefore advection of water masses from different locations 

can be identified by spice and correlation with dissolved Ga is demonstrated in Chapter 3.  

Second, application of dissolved Ga and Pb as a combined tracer is investigated based on 

differential removal processes within freshwater sources to the ocean, providing a tracer of 

fluvial freshwater sources of trace metals along Line P.  Finally, isotopic ratios of dissolved Pb 

are applied in Chapter 4 to the identification of geographic sources of trace metals along Line P.  

Dissolved Ga, the Ga/Pb ratio, and Pb isotopes are therefore applied in this thesis to an integrated 

study of advective, fluvial freshwater, and geographic sources of trace metals along Line P and 

the northeast Pacific Ocean.   

 

1.8.2 Arctic Ocean – Beaufort Sea  

1.8.2.1 Study area 

 

Logistical requirements associated with Arctic sampling have caused the Arctic Ocean to be 

undersampled with respect to trace metals.  Dissolved Ga concentrations have not been reported 

in the Arctic Ocean and profiles of the chemically similar element Al in the Arctic (Middag, et 

al. 2009, Moore 1989) are different relative to observations in the Pacific (Orians and Bruland 

1988b), Atlantic (Measures, et al. 1986), or Mediterranean (Hydes, et al. 1988) Oceans.  Relative 

to these other oceans, unique traits of the Beaufort Sea in the western Arctic Ocean include sea 

ice formation and melt, water sources from both the Pacific and Atlantic Oceans, and oscillating 

cycles of the Beaufort Gyre that store and release freshwater from the gyre.   

 

This thesis identifies dissolved Ga as a tracer of Pacific and Atlantic waters in the Arctic Ocean.  

Additionally, interpretation of dissolved Ga as a tracer of shelf waters suggests that calculations 

of nitrogen fixation presented in this thesis represent a feature of the Beaufort Gyre, with 

subsequent cyclical release of stored water from within the Gyre delivering a pulse of PO4 

deficient water to the North Atlantic Ocean.  
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1.8.2.2 Arctic hydrography 

 

While sea ice represents a defining characteristic of the Arctic Ocean, sea ice melt and formation 

is impacted by climate change, initiating change from ecosystems to economies (Barber, et al. 

2008a).  Lower annual ice volume results from both earlier seasonal ice melt and later ice 

formation (Comiso, et al. 2008; Stroeve, et al. 2007).  Inputs to the Arctic from both Pacific 

(Shimada et al. 2006) and Atlantic waters threaten ice melt (Rudels, et al. 2004),  Additionally, 

warming Atlantic source waters (McLaughlin, et al. 2009) infiltrating further west into the 

Beaufort Sea (McLaughlin, et al. 2004) can upwell into shallow shelf waters of the Western 

Arctic (Woodgate, et al. 2005). Sea ice melt increases stratification and influences phytoplankton 

dynamics.  For example a limited nutrient regime results in decreased phytoplankton size (Li, et 

al. 2009).  Additionally, ice melt will influence carbon cycling in the Arctic (McGuire, et al. 

2009).  

 

Source inputs from both the Pacific and Atlantic Oceans to the Arctic Ocean link the world’s two 

largest oceans as transport of Pacific waters through the Arctic Ocean represents a return of fresh 

water lost from the Atlantic to the Pacific across Central America back to the Atlantic (Carmack 

2007).  Sources of Pacific and Atlantic waters to the Arctic Ocean and Beaufort Sea demonstrate 

temporal and spatial variability, including decadal shifts in the intrusion of warm Atlantic waters 

(Carmack, et al. 1997; McLaughlin, et al. 2004) and dependency of Pacific water transport on the 

Arctic Oscillation (Steele, et al. 2004) and inflow along the Alaskan current (Woodgate, et al. 

2006).  Atlantic inputs to the Arctic represent comparatively warmer and saltier waters relative to 

colder, fresher, and less dense Pacific waters.  Strong thermo- and haloclinic structure 

established by the divergent properties of Pacific and Atlantic source waters impede heat stored 

in the Atlantic layer of the Arctic from warming the surface and accelerating Arctic sea ice melt 

(Shimada, et al. 2005).  Tracing Pacific and Atlantic waters is therefore required as these sources 

from opposite sides of the globe meet within the Arctic Ocean.    
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Characterization of Atlantic and Pacific water contributions in the eastern Arctic have been 

determined given NO3 and PO4 relationships (Jones, et al. 1998).  Calculation of Pacific source 

contributions based on nutrient composition, however, can be obscured by denitrification 

(Bauch, et al. 2011). Seasonal denitrification is particularly relevant given the large shelf area of 

the Bering and Chukchi seas, therefore influencing NO3 dynamics within Pacific waters entering 

the Beaufort Sea.  Therefore, within the unique environment of the Arctic, exhibiting inter- and 

intra- annual variability in temperature and NO3, Ga will be investigated as a complimentary 

tracer of Pacific and Atlantic waters.   

 

Pacific waters entering the western Arctic become trapped within the anticyclonic Beaufort Gyre 

(Proshutinsky, et al. 2002).  Storage of waters in the Beaufort Gyre continues until a weakening 

of the gyre circulation releases waters from the gyre resulting in a pulse of Pacific freshwater to 

the Atlantic (McPhee, et al. 2009).  Additionally, effects of nitrogen cycling identified in this 

thesis, introduced in the next section, accumulate during the anticyclonic residence time of the 

gyre and therefore represent potential shifts in nutrient sources to the north Atlantic when waters 

stored in the Beaufort Gyre are released.   

 

1.8.2.3 Nitrogen cycle 

 

Climate change in the Arctic, impacting earlier ice melt and later ice formation, modify the 

phytoplankton growing season (Tremblay, et al. 2006; Pabi, et al. 2008). While high 

concentrations of nitrate are present within the western Arctic Ocean at depths of ~120m, 

availability of these nutrients to phytoplankton in the sunlit surface is hindered by density 

gradients within the stratified Arctic (Tremblay, et al. 2008).  Given stratified hindrance to 

nitrate sources, are additional nitrogen sources available to allow utilization of increased light 

provided by reduced ice cover?  

 

Nitrogen within the ocean cycles between forms of nitrogen as N2, reduced NH4 and fully 

oxidized NO3, with intermediates of N2O and NO2
-, during processes of nitrogen fixation and 

respiration.  Within areas of low oxygen, nitrate is utilized as a respiratory oxidant during 
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denitrification, representing a loss of fixed nitrogen from the ocean cycle as nitrate is returned to 

N2.  Denitrification consumes NO3 while producing a source of PO4, therefore resulting in an 

excess of available PO4 relative to NO3.  Globally, the Arctic Ocean is a vital component in 

balancing the nitrogen cycle.  Pacific waters returning to the Atlantic through the Arctic Ocean 

bring excess phosphate resulting from cumulative effects of net global denitrification.  Nitrogen 

fixation in the north Atlantic utilizes the excess phosphate returned from the Pacific Ocean 

through the Arctic Ocean, balancing the global nitrogen cycle.   

 

This thesis interprets an observed phosphate deficiency as representing nitrogen fixation within 

the Beaufort Gyre of the western Arctic Ocean and calculates rates of nitrogen fixation. 

Dissolved Ga concentrations in areas of nitrogen fixation are consistent with Pacific sources, 

supporting interpretation of nitrogen fixation occurring within Pacific waters contained within 

the Beaufort Gyre, as opposed to advective sources from the shelf.  In addition to representing a 

nitrogen source to the western Arctic Ocean, utilization of excess PO4 by nitrogen fixation in the 

Arctic Ocean potentially impacts north Atlantic ecosystems as less excess PO4 is returned to the 

north Atlantic.   

 

1.8.2.4 Tracer application to Arctic: Ga 

 

This thesis will determine the utility of Ga as a tracer of water masses in the Beaufort Sea of the 

Arctic Ocean.  Dissolved Ga represents an advantageous tracer of Pacific and Atlantic water 

sources in the Arctic Ocean given the divergent concentrations of Ga within the Atlantic and 

Pacific Oceans.   

 

1.8.3 Columbia River 

1.8.3.1 Study area 

 

Rivers provide a source of trace metals to coastal ecosystems.  Coastal systems, while 

comprising a small portion of the global ocean, combine upwelling and fluvial nutrient inputs 
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resulting in highly productive ecosystems.  While considering the northeast Pacific Ocean and 

Line P in this thesis, it is therefore relevant to include the Columbia River, the largest freshwater 

source along the west coast of North America.  Indeed, the plume waters of the Columbia River 

can reach as far north as the Strait of Juan de Fuca (MacFadyen, et al. 2005) influencing the 

near-coast region of the Line P transect.   

 

1.8.3.2 Columbia River hydrography 

 

Dynamic Columbia River plume transport results from frequently shifting winds.  Therefore, 

spatially and temporally unique plume environments are produced during upwelling and 

downwelling conditions (Banas, et al. 2009; Hickey, et al. 2010; Berdeal, et al. 2002).  Columbia 

River water entering the Pacific may be transported to the south and offshore with winds from 

the north or transported north and alongshore with winds from the south (Hickey, et al. 2009).  

Often, seasonal cycles may be considered wherein winds favouring upwelling occur in the 

summer and downwelling in the winter.  However, winds impacting upwelling and downwelling 

conditions shift on daily to hourly time scales. The Columbia River plume therefore represents a 

dynamic environment with frequent northward and southward shifts in surface waters (Hickey, et 

al. 2005).   

 

Trace metals supplied from the Columbia River (Lippiatt, et al. 2010; Aguilar-Islas and Bruland 

2006) may therefore help fuel phytoplankton blooms when upwelling conditions provide 

nutrients.  Alternatively, downwelling conditions preclude upwelled nutrients, however supply of 

trace metals by the Columbia River continues.  An effectively new source of trace metals to the 

coastal ocean may thus be considered as utilization of fluvial trace metals inputs is curtailed by 

downwelling conditions.  This thesis presents a new application of dissolved Ga to trace fluvial 

inputs of trace metals from the Columbia River during downwelling conditions.   
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1.8.3.3 Conservative and non-conservative mixing 

 

River waters mixing with ocean waters may be predicted to result in conservative mixing of 

salinity.  Scavenged trace metal concentrations, however, decrease non-linearly along estuarine 

transects, resulting in observed concentrations below predictions based on conservative mixing 

as a function of salinity (Boyle, et al. 1977; Shiller and Boyle 1987).  Trace metal sources from 

the Columbia River are therefore dependent on particle dynamics influencing scavenging during 

mixing of the Columbia River and seawater endmembers.  Oceanographic sampling logistics do 

not always provide the opportunity to directly sample both a river endmember and a 

representative seawater endmember.  Can endmembers therefore be identified in the absence of 

direct sampling?  Chapter 6 of thesis presents a method of differentiated parabolic regression to 

calculate seawater and river endmembers.   

 

1.8.3.4 Tracer application to Columbia River plume: Ga 

 

Dissolved Ga is applied as a tracer of advected Columbia River plume waters during upwelling 

and downwelling conditions.  Scavenged type behaviour of Ga allows observation of non-

conservative mixing between river and seawater endmembers while also possessing a residence 

time sufficient to identify conservative mixing.  Utilization of dissolved Ga as a tracer within the 

Columbia River plume allows development of the river-seawater endmember mixing model 

developed in Chapter 6.   

 

1.8.3.5 Tracer application to Columbia River plume: Zr 

 

While the focus of this thesis is on dissolved Ga, dissolved zirconium (Zr) is included in the 

published manuscript (McAlister and Orians 2012) comprising Chapter 6 of this thesis.  

Following development of the river-seawater endmember mixing model based on interpretation 

of dissolved Ga concentrations, the method was applied to concentrations of dissolved Zr as 

well.  While Zr is not the focus of this thesis, results in Section 6.4.7: Model results: Zr, provides 
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a demonstration of application of the river-seawater endmember mixing model developed in 

Chapter 6.   

 

1.9 Thesis aims and contributions: 

 

Aims of the research conducted in this thesis are presented below and provide the foundation of 

the remaining chapters.  Additionally, the contributions of this thesis to the oceanographic 

research field associated with each Aim are summarized.  Results of this thesis provide new 

applications of Ga and Pb isotopes as oceanographic tracers and therefore promote inclusion of 

dissolved Ga and isotopic ratios of Pb as increasingly routine oceanographic trace metal 

measurements.   

 

1.9.1 Aim 1: Describe biogeochemical cycling of dissolved Ga in the northeast Pacific 

Ocean along Line P (Chapter 3) 

1.9.1.1 Aim 1: Contribution 

 

Dissolved Ga concentrations along Line P exhibit local concentration maxima at ~150 – 200m, 

demonstrated in this thesis to correlate with the variable spice.  Lower spice waters along the 

western terminus of the transect, indicative of North Pacific Intermediate Waters, are coincident 

with lower concentrations of dissolved Ga, while higher spice waters representing the influence 

of the California Under Current possess higher concentrations of dissolved Ga.  This work 

therefore identifies dissolved Ga as a tracer of advective source mechanisms of trace metals to 

the northeast Pacific.  Geographic and temporal variability in spice along the Line P transect 

suggest differential trace metal sources as a function of space and time across Line P and 

providing a potential control on transitional HNLC regions along Line P.   
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1.9.2 Aim 2: Investigate the Ga/Pb ratio as an oceanographic tracer (Chapter 3)  

1.9.2.1 Aim 2: Contribution  

 

Ratios of Ga/Pb are interpreted in this thesis to represent a novel tracer of fluvial freshwater 

inputs of trace metals.  Elevated Ga/Pb ratios are observed along Line P at stations along the 

shelf break and associated with the presence of an eddy, as coastal waters of high Ga/Pb are 

transported offshore.  Application of the Ga/Pb ratio to future research includes the opportunity 

to trace fluvial sources to the north Pacific and along Line P during intra-annual cycles of river 

discharge as a function of snow accumulation and melt and interannual precipitation changes 

such as effects of El Niño.   

 

1.9.3 Aim 3: Apply Pb isotopic ratios to identify sources along Line P (Chapter 4) 

1.9.3.1 Aim 3: Contribution  

 

This thesis utilizes stable Pb isotopes to identify Asian and North American sources to the 

northeast Pacific along Line P.  In addition to geographic source variability, temporal source 

variation is also identified as ratios of Pb consistent with freshwater fluvial sources from the west 

coast of North America are confined to the summer mixed layer.  Finally, correlation is 

demonstrated between isotopic ratios of Pb and HNLC conditions across Line P.  These 

contributions reveal influence of geographic, temporal, and source mechanism controls on trace 

metal sources along the Line P HNLC gradient.  

 

1.9.4 Aim 4: Report the first dissolved Ga profiles in the Arctic Ocean (Chapter 5) 

1.9.4.1 Aim 4: Contribution  

 

This thesis provides the first investigation of dissolved Ga in the Arctic, resulting in unique 

profiles relative to other oceans.  Dissolved Ga in the Arctic is shown to provide a 
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complimentary tracer of Pacific waters in the Arctic.  Conservative behaviour of dissolved Ga in 

Pacific waters supports interpretation of calculated nitrogen fixation rates in this thesis as 

representing in-situ processes within the Beaufort Gyre, as opposed to influence from freshwater 

sources.  Additionally, profiles of dissolved Ga in the Arctic reported here provide insight into 

dissolved Al profiles in the Arctic.  Results of this thesis provide a baseline of dissolved Ga 

concentrations in the western Arctic, providing comparison with future measurements of 

dissolved Ga through the Arctic archipelago and the eastern Arctic.  Finally, this work promotes 

investigation of impacts of nitrogen fixation in the Beaufort Gyre on phosphate delivery to the 

north Atlantic.   

 

1.9.5 Aim 5: Identify sources of elevated trace metal concentrations within the Columbia 

River plume (Chapter 6)  

1.9.5.1 Aim 5: Contribution  

 

This thesis develops a method of calculating estuarine plume endmembers.  Dissolved Ga is 

shown to trace dynamic shifts in advective plume waters, identifying spatially and temporally 

distinct plume structures, and demonstrating differential trace metal sources during periods of 

upwelling and downwelling.  This work promotes future research on differential trace metal 

sources within river plumes utilizing autonomous real time measurements of ocean temperature, 

salinity, and wind data to allow targeted sampling of upwelling and downwelling events.  

 

1.9.6 Chapter 7: Thesis conclusions and synthesis  

 

Conclusions of this thesis are summarized and synthesized in Chapter 7 and figures are 

developed providing a graphical representation of conclusions presented in this thesis. This 

thesis provides the first reports of dissolved Ga in the Arctic Ocean, the first transect and 

interannual study of dissolved Ga along Line P, and the first reports of isotopic Pb ratios along 

the Line P transect.  This thesis introduces 5 new tracer applications contributing to 
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oceanographic research, dissolved Ga traces: 1) advective sources of trace metals in the northeast 

Pacific, 2) Pacific and Atlantic source waters in the western Arctic, and 3) plume transport of the 

Columbia River, Ga/Pb traces: 4) fluvial freshwater sources, and Pb isotope ratios trace: 5) 

geographically and temporally distinct trace metal sources to the northeast Pacific.  Conclusions 

presented in this thesis contribute to the fields of trace metal oceanography and ocean 

biogeochemical cycling and encourage increasingly routine measurement and application of 

dissolved Ga and Pb isotopes as tracers of physical and chemical processes in the ocean.   
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Chapter 2: Methods 

 

Measuring low concentrations of trace metals in seawater requires sensitive analytical methods 

and sample preconcentration.  In addition, clean sampling techniques and sample processing is 

necessary to ensure that results accurately reflected the ocean sample and not secondary 

contamination. Advantages and disadvantages of methods for preconcentration of Ga and Pb 

from seawater and detection by different analytical instruments are discussed. Specifics related 

to each method and each study are contained within the Methods section of each thesis chapter.   

 

2.1 Sampling  

2.1.1 Clean sample collection 

 

Breakthroughs in trace metal oceanography required the development of sampling methods to 

collect ocean water samples without trace metal contamination (Bruland, et al. 1978a).  Teflon 

lined sample bottles attached to a Kevlar line and tripped with Teflon messengers provide a 

classic method of oceanographic trace metal sampling.  Pumps provide a method of trace metal 

sampling to shallow depths.  Surface samples can be collected into clean bottles by hand from a 

small boat.  Surface samples can also be continuously pumped through a ‘fish’ suspended off the 

bow of a research vessel.  Modern trace metal rosette systems provide a platform for 12 GoFlo 

bottles and include a Conductivity, Temperature, Depth (CTD) instrument housed in a titanium 

frame.  Conducting Kevlar line allows oceanographic properties, such as salinity, temperature, 

oxygen, and fluorescence, to be monitored in real time, therefore allowing for targeted selection 

of sample depths.  Studies included in this thesis utilize samples obtained by trace metal rosette 

and GoFlo bottles, Niskin X bottles attached to a Kevlar line and Teflon messengers, surface 

sampling by hand from a small boat, and a surface sampling fish system.   

 

Acquisition of trace metal samples to be stored and analyzed in the lab requires careful sampling 

and handling techniques to avoid contamination.  Samples were collected into Low Density 
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Polyethylene (LDPE) bottles, rigorously cleaned with alkaline detergent and HCl and HNO3 

acids.  Acidification of samples was performed using trace metal clean HCl obtained from 

Seastar Chemicals Inc (Sidney, BC, Canada) within a hood providing laminar flow following 

passage through a HEPA filter.  Trace metal clean procedures are continued during sample 

processing and analysis within class 1000 clean rooms and class 100 laminar flow benches, 

described in section 2.2.1 below.   

 

2.1.2 Sampling depth selection 

 

Interpretation of trace metal profiles in the ocean and identification of new oceanographic 

applications is dependent on selection of sample depths specific to a given study site and 

hydrographic observations within individual profiles.  Real time Conductivity, Temperature, 

Depth (CTD) data provide a unique opportunity to select sampling depths targeting physical and 

chemical characteristics of the water column.  For example, sample depths may be selected based 

on local maxima or minima in oxygen, representing photosynthesis and respiration processes.  

Isopycnals can be targeted across a transect, assisting in interpretation of advected water masses.  

Temperature and salinity provide opportunities to select sampling depths corresponding to the 

mixed layer or upwelling events.  Sampling at depths above and below a gradient observed in a 

profile can elucidate processes associated with property interfaces in the water column.  Targeted 

sampling in this thesis was performed in the Beaufort Sea of the Arctic Ocean and in 2011 along 

Line P.   

 

Selection of sampling depths based on oceanographic properties is of particular importance in 

the highly stratified Arctic Ocean.  Complex Arctic hydrography demands high resolution 

sampling with appropriate selection of sampling depths.  Temperature, salinity, and oxygen 

profiles were therefore monitored on the downward rosette cast, allowing for selection of sample 

depths based on hydrographic parameters.  Primary profile characteristics identified for sampling 

included the temperature minimum and O2 minimum indicative of Pacific Winter Waters (PWW) 

and temperature maximum associated with Pacific Summer Waters (PSW) (see Figure 5.2).  



 

 

35 

Specific water mass sampling assists interpretation of dissolved Ga as a tracer in the Arctic 

Ocean.   

 

Trace metal sampling along Line P in August 2010 provided an additional opportunity, use of a 

trace metal clean pump to collect shallow depth samples at high resolution. Trace metal sampling 

at high resolution (0, 5, 10, 25, 40, 75, 100m) provided detail essential for the identification and 

application of the Ga/Pb ratio and the interpretation of geographic and temporal variability of Pb 

isotopes.  Dynamic trace metal concentrations and isotopic ratios in the upper 75m across the 

Line P transect reported in this thesis emphasize heterogeneity within the upper water column 

and associated with mixed layer depths, encouraging future high resolution sampling.  

 

2.2 Sample analysis 

2.2.1 Trace metal clean laboratories 

 

Following trace metal clean sample collection analysis of the trace metals in seawater occurs in 

trace metal clean laboratories.  To prevent contamination during sample processing, procedures 

are conducted in laminar flow fume hoods with air supplied through HEPA filters.  Laminar flow 

fume hoods provide a Class 100 workspace, indicating the maximum number of particles (100) 

of a given size class (5m) per ft3.  Trace metal clean laboratories represent class 1000 space 

and are maintained in an overpressure environment by HEPA filtered air.  Entrants to trace metal 

labs wear full body clean suits, a bonnet over the head, and gloves.  Work surfaces within the 

clean lab are wiped down before and after use and care is exercised handling ocean samples and 

chemical reagents to prevent contamination.   

 

2.2.2 Sample processing 

 

Sample processing prior to instrumental analysis is often required to preconcentrate elements of 

interest, remove matrix interference, and prepare the sample in a solution appropriate for 

analysis.  Instrumental sensitivity is insufficient to detect most trace metals at ambient seawater 
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concentrations, therefore preconcentration of ocean water samples is required prior to 

instrumental analysis.   

 

Preconcentration by liquid-liquid extraction uses an added chelator in the form of an organic 

molecule to bind trace metals of interest, followed by separation of an organic phase from the 

aqueous matrix of ocean water.  Preparation of the sample for analysis requires the element to be 

returned to an aqueous phase, either by back extraction by acid addition or evaporation of the 

organic phase.  Resins of various types have also been utilized to retain elements of interest from 

seawater, including recent utilization of the NOBIAS resin (Sohrin, et al. 2008; Biller and 

Bruland 2012).  Resins can be loaded into columns offering both online as well as offline 

detection capability.  Selective retention of elements as a function of pH allows the advantage of 

retaining multiple trace elements, while excluding the major ions of the seawater matrix, such as 

Na+, K+, and Ca2+.   

 

Magnesium coprecipitation represents an additional method for concentrating trace metals from 

seawater while also removing unwanted ions from the seawater matrix.  Simple addition of 

NH4(OH) to a seawater sample initiates formation of Mg(OH)2 and scavenges trace metals from 

the seawater.  Centrifugation results in a pellet containing the precipitated trace metals and the 

seawater matrix is decanted.  Acidification returns the precipitate to the dissolved phase and the 

sample is ready for analysis.  Magnesium coprecipitation has been previously utilized for 

measurement of trace metals in seawater including Fe and Mn (Saito and Schneider 2006), Ga 

(Shiller and Bairamadgi 2006) and Pb (Wu and Boyle 1997b).  Given a variety of 

preconcentration methods, advantages and disadvantages of each method are evaluated in 

Sections 2.3.1 and 2.4.1 for Ga and Pb. 

 

2.2.3 Instrumental analysis  

 

Early analytical advancements in trace metal oceanography included application of Graphite 

Furnace Atomic Absorption Spectroscopy (GF-AAS).  Atomization of the sample deposited 
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within a graphite tube is achieved by high temperatures within a furnace.  Detection by AAS 

provides elemental specificity, as only a single wavelength specific to the element of interest is 

available for absorption.  Sensitivity of GF-AAS often requires preconcentration of a given trace 

metal from seawater, employing methods such as those described in section 2.2.2 above.   

 

Mass Spectrometry (MS) allows detection of multiple elements or isotopes concurrently during 

sample analysis, based on the mass to charge ratio of the ion.  Sector field instruments such as 

the Element 2 employ double focusing capabilities of a magnetic sector, steering ions based on 

their energy and mass, and an electrostatic sector focusing ions based on energy alone.  Selection 

of ions of different mass to charge ratios is achieved by scanning the magnet.   

 

As mass spectrometry separates and detects ions based on their mass to charge ratio, analytes of 

interest within a sample must be ionized.  While a variety of ionization methods exist, an 

Inductively Coupled Plasma (ICP) provides effective ionization of trace metals.  

Preconcentration is still required for ICP-MS analysis of trace metals at pmol kg-1 concentrations 

in the ocean.  Additionally, sample processing for the removal of major salt ions in seawater is 

required for ICP-MS as precipitation of salts during sample delivery to the MS will result in 

fewer ions entering the MS and therefore decreased sensitivity.   

 

While ICP-MS and GF-AAS are most commonly utilized in land based laboratories following 

offline sample preconcentration, fluorescence detection combined with flow through sample 

preconcentration systems provide opportunity for trace metal analysis at sea.  Each detection 

method has merits specific to a given application.  Selection of instruments for detection of 

dissolved Ga and Pb isotopes in this work will be discussed in Sections 2.3.2 and 2.4.2.   

 

2.2.4 Data Analysis 

 

Following elemental detection, quantification methods are required to calculate elemental 

concentrations in the original seawater sample.  Standard curves provide a classic means of 
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quantification.  Standards, however, are rarely able to be prepared in a matrix exactly matching 

that of sample solutions, and therefore the matrix can influence quantification given differential 

matrix effects in standard and sample solutions.  Standard addition provides a means of matrix 

matching, with addition of an elemental spike to each sample.  While standard addition removes 

the requirement of measuring a standard curve prepared in a separate matrix, a standard curve 

must still be produced.  While standard curves could be produced for every sample, an 

assumption of sample matrix similarity is often employed, allowing one standard curve to be 

used to quantify multiple samples.   

 

Elements possessing multiple isotopes provide the benefit of isotope dilution methods.  Addition 

of a stable isotope at the beginning of a sample preparation analysis provides an ideal internal 

standard, normalizing for variation in element recovery and inherent instrumental 

inconsistencies.  Given the known natural abundance ratio of two isotopes of an element, and the 

known amount of enriched isotope added to a sample, the amount of non-enriched isotope 

present in the sample is calculated.  Isotope dilution has the advantage that any processes 

affecting the concentration or detection of ions in a sample will not impact the quantification of 

an element calculated by isotope dilution, as only the ratio of isotopes is needed for 

quantification.   

 

Similarly, interest in isotopic ratios of Pb is not dependent on the absolute amount of ions 

present, but rather only on the relative amounts of different Pb isotopes.  While measured 

isotopic ratios are not quantified with respect to a standard curve or isotope dilution, ratios are 

corrected relative to a reference material.  Correction to a reference standard allows isotopic ratio 

comparison intraday, interday, inter-instrument, and inter-laboratory.  Processing of data for 

calculation of Ga concentrations and Pb isotopic ratios will be discussed in the corresponding 

sections 2.3.3 and 2.4.3 below.   
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2.3 Methods: Ga 

2.3.1 Mg coprecipitation: Ga 

 

Various methods to preconcentration Ga from seawater have advantages and disadvantages.  

While liquid-liquid extraction provides optimal removal of major salts from the sample, the 

method is time consuming and organic reagents utilized in the procedure can be harmful.  Resins 

can be packed into columns and provide the ability to perform multi-element analysis.  

Additionally, automated systems can be developed, increasing sample throughput.  However, 

cleaning and maintaining a system with columns, tubing, connectors, resin, and multiple reagents 

can lead to inconsistencies during operation.  For instance, columns packed with resin can form 

channels and peristaltic pump tubing continuously changes rigidity with use, resulting in 

improper proportions of reagent mixing.   

 

For this thesis, therefore, magnesium coprecipitation was selected for preconcentrating Ga from 

seawater.  This method is less time consuming, requires minimal addition of reagents (reducing 

contamination risk) and no specialized equipment is required, thus reducing inconsistencies 

during sample processing.  This method, however, is not without faults.  Differential 

precipitation may occur based on the properties of individual samples potentially impacting 

element recovery. The use of isotope dilution methods described in section 2.3.3 alleviates this 

latter concern.  Additionally, this method precipitates Mg within the seawater matrix. To manage 

the amount of Mg introduced to the ICP-MS a second precipitation step is performed, described 

in section 2.3.4.   

 

2.3.2 ICP-MS: Ga 

 

GF-AAS (described in section 2.2.3 above) provides a quick and inexpensive method of 

measuring concentrations of Ga preconcentrated from seawater.  Additionally, given the 

specificity of AAS, additional elements in the matrix are less likely to produce interference, and 

therefore specific matrix removal is of less concern.  ICP-MS, however, offers a distinct 
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advantage relative to GF-AAS: the ability to measure isotopes of an element and perform 

quantification by isotope dilution.  Analysis of Ga in this thesis was therefore performed by ICP-

MS.  Results presented in Chapter 3 and Chapter 5 were measured on a Thermo Scientific 

Element 2 sector field ICP-MS operated in Medium Resolution mode, as described in section 

2.3.4 below.   

 

2.3.3 Isotope dilution: Ga 

 

Gallium possess two naturally occurring isotopes 69Ga and 71Ga, occurring at a natural 

abundance of 60% 69Ga and 40% 71Ga.  Isotope dilution adds an enriched solution of 71Ga 

(99.8% 71Ga), and thereafter only the isotopic ratio of 71Ga / 69Ga of the sample is necessary for 

quantification.  Concentration of the enriched 71Ga solution is determined by reverse isotope 

dilution, relative to a standard solution of natural abundance Ga.  Given the known concentration 

of the enriched solution, addition of a known volume of this solution to each sample allows 

quantification solely on the analysis of each individual sample.  Relative to quantification based 

on a standard curve, isotope dilution minimizes effects of inherent fluctuations in instrument 

performance and differences in matrix between samples and standards.   

 

Dissolved Ga reported in this thesis from Line P in the northeast Pacific and the western Arctic 

Ocean is therefore determined by a method of preconcentration by Mg coprecipitation, analysis 

by ICP-MS, and quantification by isotope dilution.  Evaluation of the method will be presented 

in section 2.3.5, following description of method modifications developed as a part of this thesis.   

 

2.3.4 Method modifications 

 

This work introduces modest modifications to sample preparation and analytical procedures.  

Medium Resolution (MR) mode was utilized on the ICP-MS to resolve interference of 138Ba2+ 

with 69Ga.  While this interference has been mitigated through washing of the precipitate (Shiller 

and Bairamadgi 2006), attempts at washing in this work were not successful in consistently 
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removing sufficient amounts of Ba from the sample.  Removal of Ba by washing is more 

advantageous for samples collected from the Atlantic Ocean, as concentrations of Ba are lower, 

while Ga concentrations are higher, relative to the Pacific.  Conversely, Ba concentrations are 

higher in the North Pacific as Ba concentrations increase along thermohaline circulation, while 

concentrations of Ga are lower as discussed previously, therefore exacerbating the problem of Ba 

interfering with Ga in samples from the North Pacific.   

 

Provided that washing of the precipitate removes sufficient Ba, Ga can be measured by ICP-MS 

in Low Resolution (LR) mode, including in Pacific samples (Shiller and Bairamadgi 2006).  

While a correction can be performed by analyzing a Ba standard and taking the signal at m/z = 

69 to represent 138Ba2+ and applying a correction factor, inconsistency in the washing did not 

provide confidence in application of a single correction factor to all samples.  Given insufficient 

removal of Ba by washing in this work, MR mode was investigated as a means of removing the 

interference of 138Ba2+.  Analysis of a Ba standard in LR resulted in 8-10% counts/sec (cps) of 

the 138Ba+ signal detected as 138Ba2+, interfering with measurement of 69Ga.  While in MR only 

0.002% of the 138Ba+ signal is detected as 138Ba2+, removing the interference of Ba with 

measurement of 69Ga.  While absolute signal is lower in MR compared to LR, the signal/noise 

ratio was higher in MR than LR by a factor of 1.5 – 2.   

 

Preconcentration of Ga in this work beginning with a 50mL seawater sample and final solution 

volume of 0.5mL provides a 100X concentration of Ga from seawater for analysis by ICP-MS. 

For Mg coprecipitation, an appropriate volume of NH4(OH) must be selected to initiate 

precipitation while minimizing introduction of salts to the ICP-MS interface.  Multiple factors 

result in differential NH4(OH) volume requirements among samples.  Given salinity stratification 

within the water column, particularly in the shallow Beaufort Sea of the Arctic Ocean, the 

volume of NH4(OH) required to initiate precipitation will vary.  Samples of similar salinity can 

differ in the amount of NH4(OH) required as sample pH can vary based on the exact volume of 

the seawater sample and HCl added, given logistical constraints of sampling at sea.  

Additionally, the total alkalinity and buffering capacity of the sample can influence the effects of 

HCl and NH4(OH) addition.  Therefore, prior to precipitation of 50mL seawater sample volumes, 
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1.3mL sample volumes were tested with a range of NH4(OH) concentrations and the optimal 

NH4(OH) volume was then scaled up to precipitate the 50mL sample.  

 

This work also introduced a second precipitation step to minimize Mg introduced to the MS.  

Following addition of NH4(OH) to a 50mL seawater sample, centrifugation, and decanting, the 

precipitated Mg pellet, and associated scavenged trace elements, are dissolved in 1mL 0.1% HCl 

and transferred to a 1.3mL microcentrifuge tube.  This solution is then precipitated with a small 

volume (10 – 20 L) of NH4(OH), sufficient to produce only a very small precipitate, 

approximately 1 – 10% the size of the original precipitate.  While less precipitate is formed, 

concentrations of Ga are orders of magnitude lower than Mg and therefore Mg precipitation is 

sufficient to scavenge Ga from the solution.  Additionally, calculation of element concentrations 

by isotope dilution is not dependent on absolute recovery, but rather is performed based on the 

relative ratio of elemental isotopes.   

 

2.3.5 Method evaluation: Ga 

 

Oceanographic consistency (Boyle, et al. 1977) is a concept employed to evaluate the quality of 

oceanographic data by comparison of relative concentrations within a profile, i.e. that the profile 

is smooth, with gradients present as expected based on hydrographic and biological influence. 

This work reports smooth oceanographically consistent profiles of dissolved Ga (see for example 

Figure 3.2, Figure 5.3).  Due to logistical constraints of oceanographic and trace metal sampling, 

replicate samples are often not available, and therefore consistency with previous observations is 

an additional method to evaluate data.  Additionally, deep ocean waters provide a quasi-standard, 

as little modification is expected on decadal time scales.  Accuracy of the method is therefore 

supported by excellent agreement between profiles at P26 sampled in 1983 (Orians and Bruland 

1988b) and this work (Figure 2.1).   
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Figure 2.1: Profiles of dissolved Ga at OSP (50N, 145W) sampled in 1983 (Orians and Bruland 

1988b) and 2012 (this work) demonstrate excellent agreement, supporting the accuracy of the 

method of dissolved Ga analysis utilized in this thesis. 

 

Sample precision is evaluated by performing method replicates on approximately 1 in every 5 

samples of dissolved Ga measured in this thesis along Line P in the northeast Pacific and the 

western Arctic Ocean.  Method replicates consist of replicate samples from the same sample 

bottle, representing evaluation of method precision.  Precision based on percent relative standard 

deviation (%RSD) of n = 32 replicate sample preparations (n = 2) for samples along Line P 

(Table 2.1) results in a mean = 3.2% RSD, median = 3.3% RSD, and range = 0 – 7.4% RSD.  

Precision of Arctic samples (Table 2.2), n = 22 replicate samples (n = 2), were mean = 3.5% 

RSD, median = 2.8% RSD, and range = 0 – 12% RSD.   
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Table 2.1. Replicate samples of dissolved Ga from seawater: Northeast Pacific Ocean (Line P) 

Year Station Depth (m) 
Replicate 

Mean SD RSD (%) 
1 2 

2010 P4 10 4.1 3.8 4.0 0.2 5.4 

2010 P12 150 7.0 7.0 7.0 0.0 0.0 

2010 P16 300 6.8 6.7 6.8 0.1 1.0 

2010 P20 0.5 3.6 3.5 3.6 0.1 2.0 

2010 P20 40 3.9 3.7 3.8 0.1 3.7 

2010 P26 150 6.9 7.1 7.0 0.1 2.0 

2010 P26 800 4.6 4.8 4.7 0.1 3.0 

2011 P4 35 4.1 3.7 3.9 0.3 7.3 

2011 P4 200 8.2 8.1 8.2 0.1 0.9 

2011 P4 600 5.9 5.9 5.9 0.0 0.0 

2011 P4 900 5.5 5.3 5.4 0.1 2.6 

2011 P4 1100 5.8 5.8 5.8 0.0 0.0 

2011 P12 800 5.0 5.5 5.3 0.4 6.7 

2011 P16 130 9.5 9.5 9.5 0.0 0.0 

2011 P16 150 9.3 10.0 9.7 0.5 5.1 

2011 P20 10 3.5 3.7 3.6 0.1 3.9 

2011 P20 25 4.0 3.6 3.8 0.3 7.4 

2011 P20 40 3.6 3.6 3.6 0.0 0.0 

2011 P20 50 3.8 3.5 3.7 0.2 5.8 

2011 P20 75 5.0 5.4 5.2 0.3 5.4 

2011 P20 100 6.6 6.1 6.4 0.4 5.6 

2011 P20 130 7.8 7.7 7.8 0.1 0.9 

2011 P20 150 9.5 9.0 9.3 0.4 3.8 

2011 P20 240 6.7 6.6 6.7 0.1 1.1 

2011 P20 300 6.3 6.3 6.3 0.0 0.0 

2011 P20 600 4.9 5.0 5.0 0.1 1.4 

2011 P20 1400 4.9 5.4 5.2 0.4 6.9 

2011 P20 1600 6.0 5.7 5.9 0.2 3.6 

2011 P26 75 3.3 3.5 3.4 0.1 4.2 

2011 P26 185 5.4 5.7 5.6 0.2 3.8 

2011 P26 2000 6.5 6.3 6.4 0.1 2.2 

2012 P26 150 5.0 4.5 4.8 0.4 7.4 
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Table 2.2. Replicate samples of dissolved Ga from seawater: Arctic Ocean (Beaufort Sea) 

Year Station Depth (m) 
Replicate 

Mean SD RSD (%) 
1 2 

2009 L1 30 4.3 5.1 4.7 0.6 12.0 

2009 L1 250 17.5 17.5 17.5 0.0 0.0 

2009 L1 400 24.7 26.1 25.4 1.0 3.9 

2009 L1 1250 27.9 29.0 28.5 0.8 2.7 

2009 L1 1500 25.5 23.1 24.3 1.7 7.0 

2009 L1.1 20 6.8 6.2 6.5 0.4 6.5 

2009 L1.1 60 4.6 4.7 4.7 0.1 1.5 

2009 L1.1 110 5.2 5.3 5.3 0.1 1.3 

2009 L1.1 360 24.7 26.0 25.4 0.9 3.6 

2009 L1.1 400 26.7 25.3 26.0 1.0 3.8 

2009 L1.1 425 26.0 25.6 25.8 0.3 1.1 

2009 L1.1 500 28.1 26.9 27.5 0.8 3.1 

2009 L1.1 600 27.3 27.8 27.6 0.4 1.3 

2009 L1.1 1250 29.6 30.6 30.1 0.7 2.3 

2009 L1.1 1500 29.1 31.3 30.2 1.6 5.2 

2009 L2 8 6.3 5.8 6.1 0.4 5.8 

2009 L2 120 6.0 6.1 6.1 0.1 1.2 

2009 L2 900 26.6 26.4 26.5 0.1 0.5 

2009 L2 2100 29.0 29.0 29.0 0.0 0.0 

2009 L3 10 7.6 7.4 7.5 0.1 1.9 

2009 L3 180 8.1 9.2 8.7 0.8 9.0 

2009 S4 17 12.7 12.2 12.5 0.4 2.8 

 

2.4 Methods: Pb isotopes 

2.4.1 Sample processing: Pb isotopes 

 

Preconcentration of Pb from seawater is performed in an analogous procedure to Ga (Wu and 

Boyle 1997b).  Following preconcentration of Pb from a 50mL seawater sample by Mg 

coprecipitation, a secondary resin procedure is performed to eliminate additional trace metal and 

matrix ions (Shiel, et al. 2010).  Retention of Pb on an anion exchange column occurs in the 

presence of Br- anions, excluding transition metals and alkali earth elements within the matrix.  

Lead is then eluted from the column following the addition of Cl- anions. The resulting solution 

is then dried down and reconstituted in 0.5mL 1% HNO3 for analysis by ICP-MS.  Sample 

processing therefore results in a 100X concentration of Pb from seawater for analysis of stable 

radiogenic Pb isotopes.   
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2.4.2 Pb isotopes: ICP-MS 

 

Isotopic Pb ratios of seawater samples were measured on the Nu AttoM ICP-MS.  While the Nu 

AttoM is a single collector sector field MS, similar to the Element 2 described above, an 

advantage of the Nu AttoM is the introduction of deflector plates at the entrance and exit of the 

magnet to focus the ion beam, as opposed to scanning the magnet, therefore increasing magnet 

stability and optimizing precision.  Increased instrumental precision is beneficial as the volume 

of seawater to be processed for analysis is dependent on the amount of Pb required to provide the 

level of precision required for a given application.  Precision requirements specific to 

oceanographic applications and this method will be evaluated in section 2.4.4.  Lower seawater 

volume requirements of 50mL applied in this thesis provide logistical advantages for both field 

sampling and laboratory sample preparation, promoting increasingly routine analysis of Pb 

isotopes during oceanographic research cruises.   

 

2.4.3 Data handling: Pb isotopes 

 

Reference standard NBS-981 brackets all sample analyses and linear correction is performed for 

each sample.  Comparison of Pb isotope ratios to NBS-981 provides internal consistency and 

accuracy of measured isotopic ratios of Pb relative to the NBS-981 standard.  Correction to NBS-

981 provides the ability to compare both intra-day and inter-day ratios of Pb isotopes measured 

on a given instrument, as well as allowing comparison with results from other laboratories.  

 

Regarding instrumental precision, slight variations in instrumental performance invariably and 

continuously occur, potentially impacting absolute counts of individual isotopes.  For instance, 

variation in the plasma influences ionization and therefore variation in the measured counts of an 

individual isotope.  Ratios of isotopes measured on each individual scan, performed by the ICP-

MS on millisecond time scales, display greater consistency, as factors impacting the counts of 

one isotope are likely to impact other isotopes as well.  Consideration of isotopic ratios therefore 
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provides the advantage of reducing the impact of inherent instrumental variation.  Accuracy and 

precision of the Pb isotope method presented in this thesis are discussed further in the following 

section.   

 

2.4.4 Method evaluation: Pb isotopes 

 

Reference standards for Pb isotopes in the ocean are being evaluated as part of the global trace 

metal program GEOTRACES (Boyle, et al. 2012).  Accuracy of Pb isotope ratios measured by 

the method in this thesis on the Nu AttoM ICP-MS is evaluated by comparison to reference 

standards available from GEOTRACES: GDI, collected at 2000m at the Bermuda Atlantic Time 

Series (BATS) and GSI, collected at ~7m at BATS (Boyle et al. 2012).  Isotopic Pb ratios of 

reference standards measured in this work compare favourably (p < 0.05) with reported values 

from laboratories at the Massachusetts Institute of Technology (MIT) and the University of 

California Santa Cruz (UCSC) (Boyle et al. 2012).   

 

Table 2.3. Isotopic Pb ratios of the GDI reference standard 

  Reference Standard: GDI 

  206Pb/207Pb SD 208Pb/206Pb SD 

This work 1.180 0.0025 2.074 0.0064 

MIT 1.184 0.0017 2.070 0.0029 

UCSC 1.181 0.0003 2.073 0.0016 

 

Table 2.4. Isotopic Pb ratios of the GSI reference standard 

  Reference Standard: GSI 

  206Pb/207Pb SD 208Pb/206Pb SD 

This work 1.174 0.0031 2.078 0.0030 

MIT 1.175 0.0003 2.082 0.0008 

UCSC 1.178 0.0005 2.078 0.0029 
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Standard deviation values of Pb isotope ratios measured in this work are greater than reported 

values from the other two labs.  Precision of the method presented in this thesis is therefore 

evaluated.  Precision requirements for interpretation of a given set of data is dependent on the 

data resolution required, and therefore must be viewed as context specific.  Oceanographic 

206Pb/207Pb isotope ratio values exhibit ranges differentiated by 206Pb/207Pb ≥ 0.01.  For 

example, 206Pb/207Pb ratios of 1.16 are observed in the upper 500m of the central north Pacific, 

increasing to 1.18 at 1500m, and contrasting with 206Pb/207Pb ratios of 1.20-1.21 within the 

underlying sediments (Wu, et al. 2010).  Similarly, water masses in the south Atlantic are 

differentiated based on 206Pb/207Pb ratios of 1.14 – 1.19 (Alleman, et al. 2001).  

 

Statistical comparison of data may be performed utilizing a Student’s t-test, a function of the 

mean difference between two data points and a reciprocal function of data precision.  Precision 

dictates the resolution at which two data can be discriminated.  Data means differing by a value 

greater than the resolution provided by the precision of the data are therefore statistically 

different.  Therefore, what precision values are required for a given resolution requirement?  

Presented here is a graphical representation of achievable resolution as a function of precision 

(Figure 2.2).   
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Figure 2.2 a) Graph demonstrating the statistical resolution provided by the standard deviation of 

any two samples.  Contours indicate m, the difference between two mean values that can be 

statistically resolved given the standard deviation of samples i and j, indicated on the axis.  Plotted 

are the respective standard deviations of all sample pairs, indicating the difference in means that can 

be resolved between the two samples.  Blue symbols represent sample pairs that, if differing by the 

target resolution of m = 0.01, will be statistically resolved based on their respective SD values.  Red 

symbols represent sample pairs that, if differing by the target resolution of m = 0.01, would not be 

statistically resolved based on their respective SD values b). Histogram displaying the number of 

sample comparisons plotted in panel a) corresponding to each resolution bin, >98% of all possible 

sample comparisons can be resolved at the target resolution of m = 0.01.   
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Graphical representation of statistical resolution provides an approach to determining resolution 

provided by the precision of two data to be compared.  Standard deviations of two data to be 

compared are plotted and contours represent the minimum mean difference required for statistical 

discrimination.  As the targeted resolution of the method is 206Pb/207Pb ≥ 0.01, all sample pairs 

of precision sufficient to provide resolution of m ≤ 0.01, represented as blue symbols in Figure 

2.2 meet the requirement of providing statistical resolution of 206Pb/207Pb ≥ 0.01.   

 

For instance, given sample i with a SD value of 0.004, comparison with another sample j of SD = 

0.004 provides statistical resolution of ~0.006, therefore if 206Pb/207Pb ratio of the two samples 

differed by more than 0.006, the samples could be statistically distinguished, if the 206Pb/207Pb 

ratio of the two samples differed by <0.006, a null hypothesis that the two samples are different 

would be rejected.  Alternatively, if the same sample i, with SD = 0.004, was compared with a 

different sample j of SD=0.007, then the difference, m that could be statistically resolved would 

be ~0.008.  Both of these examples meet the targeted resolution of 206Pb/207Pb ≥ 0.01.   

 

Standard deviation of Pb isotope ratios reported in Chapter 4 of this thesis range from SD = 

0.0007 – 0.008 (Table 4.1, Table 4.2), with mean SD = 0.0034 and median SD = 0.0030.  

Comparison of 206Pb/207Pb ratios for all stations and all depths result in a mean m = 0.0053, a 

median m = 0.0052, and > 98.5% of all possible sample comparisons provide resolution at m 

≤ 0.01.  Therefore, results of this method provide sufficient resolution for interpretation of Pb 

isotopic ratios presented in Chapter 4 of this thesis and application as tracers of geographic and 

temporal resolution of Pb sources along Line P.   

 

2.5 Methods conclusions 

 

This thesis utilizes Mg coprecipitation to preconcentrate Ga and Pb from seawater.  While both 

elements are measured by ICP-MS, the Nu AttoM provides increased precision allowing for 

analysis of Pb isotopes from 50mL sample volumes.  Quantification of Ga is performed by 

isotope dilution and Pb isotope ratios are corrected by comparison with NBS-981.  Profiles of 
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dissolved Ga demonstrate oceanographic consistency and concentrations measured in deep north 

Pacific waters in this work show excellent comparison with previous reports (Orians and Bruland 

1988b).  Isotopic ratios of Pb of reference standards measured in this work compare well with 

published results.  Precision of Pb isotope measurements provided by the Nu AttoM is shown to 

be sufficient to provide oceanographically relevant resolution.  Methods introduced here are 

utilized to measure dissolved Ga along the Line P transect in the northeast Pacific ocean 

(Chapter 3), Pb isotopes along Line P (Chapter 4), and dissolved Ga in the western Arctic Ocean 

(Chapter 5).   
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Chapter 3: Dissolved Gallium in the Northeast Pacific Ocean 

 

3.1 Synopsis 

 

Results of this work demonstrate novel applications of dissolved Ga in the ocean as a tracer of 

advective and fluvial sources.  Dissolved Ga concentrations in the northeast Pacific Ocean 

measured in this work represent the first depth profile transects of dissolved gallium (Ga) 

measured in consecutive years.  While comparison of the two years reveals similar features 

within dissolved Ga profiles along the transect, geographically and temporally distinct 

characteristics are observed.  Specifically, variation is observed in the magnitude of local 

dissolved Ga concentration maxima occurring at 150 – 200m along Line P.  These local 

dissolved Ga maxima are shown to correlate positively with the variable spice, an indicator of 

temperature and salinity characteristics of waters along an isopycnal.  Dissolved Ga is interpreted 

in this work to represent a tracer of advective sources of trace metals to the northeast Pacific 

Ocean originating from the California Undercurrent (CUC) and North Pacific Intermediate 

Water (NPIW), based on correlation of higher concentrations of Ga with higher spice waters of 

the CUC and lower Ga with lower spice NPIW.  Given the correlation identified in this work 

interannual longitudinal variability in spice shown here across Line P indicates dynamic trace 

metal advective sources.  Additional tracer application of dissolved Ga is identified here paired 

to concentrations of dissolved Pb (Charters 2012).  Elevated concentrations of the resulting 

Ga/Pb ratio are interpreted to represent fluvial freshwater sources of trace metals.  Finally, this 

work indicates elevated concentrations of dissolved Ga associated with an eddy, transporting 

coastal waters offshore and intersecting the Line P transect.  

 

3.2 Introduction 

 

Line P represents one of the longest running sampling programs in oceanography, extending 

more than 50 years (Freeland 2007).  Line P consists of a series of stations extending from 
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coastal waters off the coast of Vancouver Island to open ocean stations more than 1600km 

offshore into the northeast Pacific Ocean.  Multi-decadal time series of temperature and salinity 

along Line P indicate warming trends (Crawford, et al. 2007b), declining oxygen (Whitney, et al. 

2007), nutrient dynamics (Pena and Varela 2007), decadal regime shifts (Wong, et al. 2007), and 

ENSO cycles (Schwing, et al. 2002).  Physical and chemical oceanographic conditions along the 

transect elicit biologic controls on phytoplankton dynamics, ultimately impacting fisheries and 

local economies along coastal British Columbia.  

 

The Alaska Gyre represents a dominant physical oceanographic presence within the northeast 

Pacific Ocean. Ekman pumping associated with the cyclonic Alaska Gyre provides an upwelled 

source of nutrients to the western extent of Line P including the terminus station Ocean Station 

Papa (OSP, equivalent to P26).  Upwelling along the coast in the summer when winds blow from 

north to south also provide nutrient inputs to the near coastal portion of Line P.  While physical 

processes provide nutrient availability along Line P, phytoplankton have additional trace metal 

requirements to utilize available nutrients (Morel and Price 2003).  Nutrients within the Alaska 

Gyre are underutilized by Fe-limited phytoplankton, creating a High Nutrient Low Chlorophyll 

(HNLC) region.  In contrast, along the eastern extent of Line P phytoplankton are able to utilize 

available nutrinets. Line P therefore provides the opportunity to study inputs of trace metals 

influencing phytoplankton blooms along the coast to HNLC conditions associated with the 

Alaska Gyre. 

 

Trace metals can be sourced from upwelling along the continental shelf (Lohan and Bruland 

2008).  Fluvial waters also provide inputs of trace metals (Gaillardet et al. 2003), influencing 

nutrient utilization along the eastern portion of the Line P (Ware and Thompson 2005).  

Extending beyond the shelf break along Line P is the Dilute Domain (Favorite et al. 1976) 

representing local fluvial inputs providing nutrients to Line P.  In the summer the Dilute Domain 

is influenced by snowmelt fuelling the Fraser River freshet and inputs in the winter include 

Vancouver Island rivers fed by winter rainfall (Freeland et al. 1984).   
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Eddies provide additional nutrient inputs to Line P (Whitney and Robert 2002).  Surface eddies 

are a ubiquitous feature of the northeast Pacific (Crawford, et al. 2007a) and represent a source 

of trace metal (Johnson, et al. 2005).  Additionally, eddies can occur within the subsurface 

originating from the California Under Current (CUC) and have been called cuddies (Garfield, et 

al. 1999).  Cuddies can result in advection of CUC waters offshore within the north Pacific 

(Collins, et al. 2013) and have been observed in the region of Line P and may provide Fe sources 

(Pelland, et al. 2013).  Waters of the CUC bring warm salty waters from the south to the cool 

fresher waters of the northeast Pacific.  Mixing of these differentially sourced waters along 

isopycnal surfaces can be identified by the oceanographic variable spice (Flament 2002). Spice 

differentiates waters of equivalent density based on their temperature and salinity characteristics.  

In addition to cuddies, advection from the shelf can occur along isopycnal surfaces influenced by 

Ekman transport (Cullen, et al. 2009).  Volcanoes can also supply episodic inputs of Fe, fuelling 

phytoplankton blooms along Line P (Melancon, et al. 2014; Hamme, et al. 2010).  Given the 

spectrum of trace metal limitation that exists along Line P trace metal distributions along Line P 

are required to understand phytoplankton dynamics. 

 

Trace metal data along the Line P transect, however, is limited.  Iron (Fe) represents the most 

extensively studied trace metal along Line P.  Paradigm shifting linkage of Fe to HNLC areas 

was established at OPS (Martin, et al. 1991; Boyd, et al. 1996).  Additionally, multi-annual time 

series of Fe across Line P have been maintained (Ross 2014) and recently investigation of 

reduced Fe(II) has been added (Schallenberg, et al. 2014).  Additional trace metal profiles have 

been reported at individual stations, particularly OSP (50oN, 145oW), including Al and Ga 

(Orians and Bruland 1988b) and Zn (Lohan, et al. 2002) and biological influence of Cu 

availability has been shown along Line P (Semeniuk, et al. 2009, Semeniuk 2014)   Trace metal 

sampling along Line P in August 2010 and 2011 produced the first Line P transects reported for 

dissolved Pb (Charters 2012), Al (Cain 2014), Cu (Posacka et al. 2012), Mn (Sim and Orians 

2014), Cd (Janssen, et al. 2014), and Pb isotopes (this thesis, Chapter 4).  This chapter presents 

the first reports of dissolved Ga along the Line P transect.   
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Dissolved Ga is a scavenged type trace metal, with concentrations of 30-40 pmol kg-1 in the 

north Atlantic, 20-30 pmol kg-1 in the south Atlantic (Shiller 1998), declining to 10-15 pmol kg-1 

in the North Pacific gyre, and 3-4 pmol kg-1 in the northeast Pacific at OSP (Orians and Bruland 

1988b).  Scavenging of dissolved Ga in the ocean results in heterogeneous distribution and 

profiles.  Utility of dissolved Ga as an oceanographic tracer results from this observed spatial and 

temporal heterogeneity as demonstrated in the north Pacific (Orians and Bruland 1988b; Shiller 

and Bairamadgi 2006), south Atlantic (Shiller 1998), and Arctic (this thesis, Chapter 5) Oceans, 

as well as freshwater sources and fluvial ocean inputs (Shiller and Frilot 1996; McAlister and 

Orians 2012).   

 

Advantages of Ga as a tracer include a residence time short enough to identify local source and 

sink processes, yet longer than the rapidly scavenged Al (Orians and Bruland 1988b).  Second, 

Ga is not redox sensitive and thus inputs are not complicated by photo reduction or reduction 

associated with suboxic environments.  Third, while Ga can be bound by siderophores (Emery 

1986), the complex would not be taken up by phytoplankton using reductive transport 

mechanisms (Maldonado and Price 1999).  Additionally, Ga provides analytical advantages as 

contamination risks are less than for Al and Fe, and concentrations can be calculated using 

methods of isotope dilution.  Finally, an excellent foundational knowledge of Ga in the ocean 

exists, and yet relatively few reports have been published in the last 20 years.  Therefore new 

applications identified here promote the increasingly routine measurement of dissolved Ga on 

oceanographic cruises.   

 

This work identifies two novel tracer applications of dissolved Ga.  Correlation of dissolved Ga 

concentrations with the variable spice is interpreted to indicate dissolved Ga as a tracer of 

advective trace metal sources to the northeast Pacific intersecting Line P.  Additionally, this 

work presents the Ga/Pb ratio as a tracer of fluvial inputs, including eddy transport of coastal 

waters to offshore stations along Line P.  These new tracers identify features and interpretations 

of processes necessary to the understanding of biogeochemical cycling along Line P and 

regionally in the north east Pacific Ocean, an area important to study of HNLC regions (Boyd 
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and Harrison 1999), balancing the global nitrogen budget (Yamamoto-Kawai, et al. 2006), 

carbon flux (Boyd, et al. 1998), and fisheries (Hutchings, et al. 2012).   

 

3.3 Methods 

 

Dissolved Ga concentrations were sampled along Line P (Figure 3.1) in the northeast Pacific 

during three cruises in August 2010, 2011, 2012.  Sampling details specific to each cruise are 

described below.  All three cruises were aboard the CCGS Tully in conjunction with the Line P 

program at the Institute of Ocean Sciences and Fisheries Canada.  Trace metal sampling was 

performed at the five stations indicated in Figure 3.1.  Station P4 represents eutrophic conditions 

at the edge of the continental shelf with nutrients supplied by summer upwelling supporting 

phytoplankton blooms.  Phytoplankton at P12 are nutrient limited, while at station P26 available 

nutrients are underutilized, representing a High Nutrient Low Chlorophyll (HNLC) region.  

Stations P16 and P20 represent a transition zone of increasing HNLC characteristics approaching 

P26.  Station P12 was influenced by the presence of an eddy in August 2010, observed by 

satellite altimetry (Colorado Center for Astrodynamics Research) to originate along the path 

indicated by the arrow in Figure 3.1.  Eddies are shown to be a consistent (Crawford and 

Greisman 1987), although temporally and geographically variable, feature in the northeast 

Pacific including intersecting Line P (Crawford, et al. 2007a).   

 

Figure 3.1: Map of the northeast Pacific Ocean indicating stations sampled for dissolved Ga, arrow 

indicates source and direction of an eddy present in August 2010 
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Trace metal sampling performed on August 20 – August 26, 2010 was performed with Niskin X 

bottles for depths below 40m, Teflon pump for samples at 5m – 40m, and hand sampling at 

0.5m.  Niskin X bottles were suspended from a Kevlar line and tripped with Teflon messengers.  

Pump samples were collected from a Teflon hose attached to Kevlar line and pumped into a 

HEPA laminar flow hood for sampling.  Hand sampling was performed by dipping a sample 

bottle 0.5m below the surface with a gloved hand and plastic coated sleeve over the side of a 

Zodiac inflatable boat hundreds of meters away from the ship.  Sampling performed on August 

19 - August 26, 2011 utilized a trace metal rosette (Giesbrecht, et al. 2013) consisting of 12 

GoFlo bottles attached to a powder coated frame and a CTD housed in a titanium frame 

providing real time T, S, and O2 data transmitted by a conducting Kevlar line.  GoFlo bottles 

were transported from the rosette into a trace metal clean container for sampling.  Sampling at 

P26 to 4000m on August 25, 2012 was performed by trace metal rosette at depths of 25m – 

1800m, and Niskin X bottles on Kevlar line for depths 2100m – 4000m.  All samples were 

collected into LDPE bottles washed prior to the cruise with a surfactant, 6M HCl (Environmental 

Grade), and 0.7M HNO3 (Seastar Chemicals).  All sample bottles were then rinsed three times 

with the ocean water sample prior to sample collection.  All samples were filtered to 0.45m and 

acidified at sea, 1mL 12M HCl (Seastar Chemicals) to 1L seawater sample, in a HEPA filter 

laminar flow hood.   

 

Analysis of Ga in the filtered seawater samples was performed by concentrating a 50mL 

seawater sample 100X by magnesium coprecipitation induced by addition of ammonium 

hydroxide (Seastar Chemicals).  Similar methods have been utilized for concentration of Fe and 

Mn (Saito and Schneider 2006), Pb, Cu, and Cd (Wu and Boyle 1997b), and Ga (Shiller and 

Bairamadgi 2006).  Quantitation was performed by isotope dilution, performed by 50L addition 

of an enriched solution of 71Ga (99.8%), and analysis on an Element 2 inductively coupled 

plasma mass spectrometer (ICP-MS).  Detection was performed in medium resolution (MR) to 

resolve interference of doubly charged 138Ba2+ with 69Ga+.  Blank subtraction was performed on 

samples prior to calculation of sample concentration by isotope dilution and blank signals 

represented < 1% of sample signal.  Blank solutions of 1% HNO3 were analyzed and ammonium 
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hydroxide blanks were prepared by evaporation of ammonium hydroxide in a Teflon beaker and 

reconstitution in 1% HNO3 for analysis.   

 

Results of the method are supported by oceanographically consistent (Boyle, et al. 1977) profiles 

and corroboration of dissolved Ga concentrations within deep waters of the north Pacific (Orians 

and Bruland 1988b).  Error bars in plots represent standard deviation of samples measured in 

duplicate (Table 2.1), 31 samples were analyzed in duplicate (~1 in 5), the n=32 duplicate pairs 

produce a mean percent relative standard deviation = 3.2% RSD and median = 3.3% RSD, with a 

range of 0 – 7.4%.   

 

While trace metal sampling was performed at 5 stations across the transect, calculation and 

plotting of isopycnals and the variable spice included in the discussion section are performed 

utilizing CTD data from all available stations along the transect, available from Line P archives 

maintained by the Institute of Ocean Science (www.waterproperties.ca/linep).   

 

3.4 Results 

 

Dissolved Ga measured at 5 stations across Line P demonstrates both broad similarity with depth 

and consistency with time, while also identifying unique features demonstrating both geographic 

and temporal heterogeneity across the transect.  Following comparison in the results section of 

annual and decadal profile and description of profile features across the transect, proposal of 

processes producing observed features will be presented in the Discussion.   

 

Dissolved Ga profiles sampled across Line P in 2010 and 2011 (Table 3.1 and Table 3.2) are 

presented in Figure 3.2 and interannual comparison of the upper 400m is provided in Figure 3.3.  

Broad profile characteristics are revealed in Figure 3.2, including low concentrations of 

dissolved Ga in the upper 50m increasing to a maximum at 150m – 200m.  Sampling in 2011 and 

2012 reveals that the maximum at 150 – 200m represents a local maxima within a profile, as 

concentration increase approaching 2000m shown in 2011, including continued increasing to 
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4000m (P26, 2012).  While local maxima at 150 – 200m represent similar features across the 

transect, maximum concentrations of dissolved Ga, as well as the depth and density of local 

maxima vary with longitude across Line P (Figure 3.3).   

 

Table 3.1. Concentrations of dissolved Ga (pmol kg-1) measured along Line P in August 2010  

Depth (m) 
2010 

P4 P12 P16 P20 P26 

0.5 3.4 4.0 2.7 3.6 - 

5 4.3 4.5 3.3 4.3 3.7 

10 4.0 5.1 3.1 3.3 3.2 

25 4.4 5.2 2.4 3.8 3.8 

40 4.3 5.1 4.1 3.8 3.8 

75 - 4.8 4.9 4.9 4.3 

100 - 5.3 7.9 6.0 5.3 

150 - 7.0 9.5 8.8 7.0 

200 - 7.6 8.0 7.8 5.5 

300 - 6.8 6.8 5.2 5.5 

400 - - 7.6 6.1 4.6 

600 - - - - 4.6 

800 - - - - 4.7 
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Table 3.2. Concentrations of dissolved Ga (pmol kg-1) measured along Line P in August 2011 and P26 in 2012.  

Selection of sample depths represent both historical consistency as well as targeted sampling of features such 

as isopycnals, resulting in sampling depths specific to individual stations across the transect.   

Depth (m) 2011 2012 

  P4 P12 P16 P20 P26 P26 

10 3.6 3.5 3.4 3.6 2.5 - 

25 4.1 3.9 4.0 3.8 - 2.4 

35 3.9 - - - - - 

40 3.9 3.9 4.0 3.6 2.2 - 

50 3.3 4.0 4.2 3.6 2.4 3.0 

75 4.4 4.7 5.2 5.2 3.4 3.3 

100 5.3 7.2 8.3 6.3 3.8 3.2 

130 - - 9.5 7.7 - - 

150 6.8 7.6 9.7 9.2 5.1 4.7 

185 - - - - 5.6 - 

200 8.1 8.3 7.3 6.6 5.1 4.5 

240 - - - 6.7 - - 

250 7.9 7.0 - - - - 

275 - - 6.5 - - - 

300 7.0 6.7 7.2 6.3 5.2 4.5 

360 7.2 - - - - - 

400 7.5 6.1 5.9 5.9 4.9 4.1 

600 - 5.4 6.2 5.0 5.0 - 

675 - 6.0 - - - - 

700 6.2 5.6 - - - - 

800 5.2 5.3 5.6 5.3 4.5 4.5 

900 5.4 - - - - - 

1000 6.1 5.2 - 5.0 4.6 - 

1100 5.8 - 5.1 4.7 5.2 5.1 

1200 6.6 5.9 5.2 5.3 - - 

1400 - 6.2 5.0 5.2 5.7 5.3 

1600 - 5.9 5.3 5.9 5.6 - 

1800 - 7.0 6.7 6.2 5.8 5.8 

2000 - 8.3 7.2 7.0 6.4 - 

2100 - - - - - 6.7 

2500 - - - - - 8.4 

3000 - - - - - 11.1 

3500 - - - - - 13.8 

4000 - - - - - 17.5 
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Figure 3.2: Profiles of dissolved Ga at stations P4 – P26 across Line P in 2010 (triangles) and 2011 

(circles).  Note extended depth scale to 2000m in 2011.  Inter-annual comparison of profiles in the 

upper 400m is shown in Figure 3.3 
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Figure 3.3: Annual comparison of dissolved Ga profiles in 2010 (triangles) and 2011 (circles) as a function of 

both depth and density.  To provide a reference in the density plots, the local dissolved Ga maxima are shown 

as a filled symbol.   

 

Prominent local maxima in 2010 and 2011 at P16 and P20 are both centered at 150m, 

corresponding to  = 26.5 – 26.6 (Figure 3.3).  In contrast, at P26  = 26.5 occurs at 100 – 

150m and sampling at 150m in 2010 and 185m in 2011 represent local maxima correspond to  

= 26.7 – 26.8, .  Stations P12 and P4 both demonstrate local maxima at 200m, however 

corresponding densities differ: P4 2011  = 26.55, P12 2010  = 26.60, and P12 2011  = 

26.68.  In addition to varying depth and density of local maxima across Line P, the magnitude of 

the maxima illustrates differences across the transect (Figure 3.4).  Highest concentrations of 

dissolved Ga within the local maxima are observed at Stations P16 and P20 in both 2010 and 

2011.  Station P26 has the lowest concentration at the local maxima.  Presence of a dissolved Ga 

subsurface maxima at P26 was observed in 1983 (Orians and Bruland 1988) and confirmed in 
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this work by similar features at P26 in 2010, 2011, and 2012.  Local maxima in dissolved Ga are 

reported here for the first time at additional stations along the Line P transect.  Source of this 

subsurface Ga maximum and opportunity for use as a tracer is presented in the Discussion 

section below.   

 

 

                a.                                            b. 

Figure 3.4: Comparison of dissolved Ga profiles along Line P in a. 2010 (triangle) and b. 2011 

(circle).  Symbol colours representing stations are consistent between the two plots, symbol shape 

indicating year is consistent with previous plots. 

 

Finally, results presented here provide confidence in the analytical technique and sampling 

methodologies employed in this work.  Interdecadal comparison at P26 to 4000m (Figure 3.5) 

indicates excellent agreement between samples from 2012 (this thesis) and the profile sampled in 

1983 (Orians and Bruland 1988b).  This comparison provides a cross validation of the isotope 

dilution Mg coprecipitation method utilized in this work with the method of ion exchange 

column preconcentration and graphite furnace Atomic Absorption Spectroscopy (Orians and 

Bruland 1988b).   
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Figure 3.5: Full depth profile of dissolved Ga at P26 sampled in 2012 (this work) and 1983 (Orians 

and Bruland 1988b).     

 

3.5 Discussion 

3.5.1 Dissolved Ga: Shallow 

 

Low concentrations dissolved Ga of 2 – 4 pmol kg-1 are associated with the summer mixed layer, 

with a depth of ~30m across the transect, and the fluorescence maximum at 30 – 50m, consistent 

with the scavenged behavior of Ga.  Similar concentrations of 3 – 4 pmol kg-1 are observed 

within shallow waters of both the northeast Pacific at OSP (50°N 145°W) (Orians and Bruland 

1988b) and northwest Pacific at 50°N 167°E (Shiller and Bairamadgi 2006).  Along the edge of 

the continental shelf at P4, concentrations of 3 – 4 pmol kg-1 in the upper 40m are similar to 

coastal waters off central California (Orians and Bruland 1988b).  Elevated concentrations of ~5 

pmol kg-1 are observed at P12 in 2010, discussed in section 3.5.7 below associated with the 

presence of an eddy.   
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3.5.2 Dissolved Ga: 150m – 200m local maxima  

 

Profiles of dissolved Ga display local maxima at depths of 150 – 200m, corresponding to  = 

26.5 – 26.8 (Figure 3.3).  Similar maxima were observed at P26 in 1983, as well as in the central 

and eastern coastal north Pacific (Orians and Bruland 1988b).  Less prominent local subsurface 

maxima were observed in the central and western north Pacific (Shiller and Bairamadgi 2006).  

What accounts for these local maxima?  Regeneration of dissolved Ga from particulate matter 

and subsequent scavenging (Orians and Bruland 1988b) is consistent with observation of 

maxima crossing isopycnal surfaces.  Alternatively, given the absence of similar features of 

dissolved Ga local maxima in the Atlantic, advective sources were suggested in the Pacific 

(Shiller and Bairamadgi 2006).  Additionally, within the northeast Pacific proximal to Line P, 

concentrations of Fe have been shown to be elevated along  = 26.5 – 26.8 associated with 

sedimentary reduction (Cullen, et al. 2009).  While Fe is a key element in biogeochemical redox 

cycling within low oxygen environments, Ga is not known to be associated with biogeochemical 

cycling of Fe reduction, and influence of the oxygen minimum zone along Line P related to 

concentrations of dissolved Ga is not observed.   

 

Waters along  = 26.5 – 26.8 kg/m3 have been identified as originating within the California 

Under Current (CUC) (Pierce, et al. 2000).  Waters of the CUC can be identified by spice, 

allowing waters of the same density to be differentiated based on their relative temperature and 

salinity characteristics (Flament 2002).  Warmer, saltier waters of a given density will have 

greater spice than cooler, fresher waters of the same density.  Spice values of -0.1 – -0.3 are 

associated with the CUC at  = 26.6 – 26.8 (Pierce, et al. 2000).  Offshore transport of CUC is 

observed within subsurface anticyclonic eddies originating in the CUC and termed ‘cuddies’ 

(Garfield, et al. 1999), defined as lasting > 70 days, and observed to last as long as 520 days and 

travel 1650km (Collins, et al. 2013).  Cuddies observed just south of Line P are estimated to 

transport offshore an average of 44% of the heat and salt lost from the CUC (Pelland, et al. 

2013).   
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Contoured sections of spice along the Line P transect (Figure 3.6) indicate relatively spicy waters 

within the warm 30m summer mixed layer overlaying lower spice waters of the winter mixed 

layer.  Below the winter mixed layer, a dynamic pattern of spice is revealed across the transect.  

While low spice waters of the winter mixed layer follow isopycnal contours, below the winter 

mixed layer isopycnals penetrate regions of varying spice, indicating differential temperature and 

salinity signatures within these waters of the same density.   

 

b. 

a. 

 

Figure 3.6: Spice calculated along Line P from CTD data in a. 2010 and b. 2011, contours indicate density 

().  Filled symbols reference depths of dissolved Ga maxima.   
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Local maxima of Ga concentrations are coincident with higher spice values, particularly at 

stations P16 and P20 in 2010, and similarly in 2011 (Figure 3.6).  Lower concentrations of the 

dissolved Ga maxima at P26 relative to P16 and P20 (Figure 3.4, Figure 3.7) correspond as well 

to lower spice values at P26 compared to P16 and P20 (Figure 3.6, Figure 3.7).  Lower spice 

values at P26, associated with the presence of North Pacific Intermediate Waters (NPIW), and 

increasing Ga concentrations with higher spice values associated with the CUC, suggests a 

source of dissolved Ga provided by the CUC.   
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Figure 3.7: Dissolved Ga and spice potted at stations P16, P20, and P26 along Line P at 150m and 

200m in 2010 and 2011, showing the decrease in spice and dissolved Ga at P26 relative to stations P20 

and P16.   
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Correlation of dissolved Ga with spice at stations P16 – P26 at 150m – 200m (Figure 3.8), 

resulting in R2 = 0.86 and significance at P < 0.001, supports the interpretation of the CUC 

providing a source of dissolved Ga along Line P.  Spice suggests advective mixing of CUC and 

NPIW waters along isopycnal surfaces, and correlation of dissolved Ga with spice is interpreted 

to represent dissolved Ga as a tracer of advective trace metal sources in the northeast Pacific.   

 

 

          a.                                                                     b. 

Figure 3.8: a. Correlation of dissolved Ga and spice at P16, P20, and P26 at 150m (filled symbols) and 200m 

(open symbols), in 2010 (triangles) and 2011 (circles), linear regression results in a slope of 11.5, intercept of 

13.2, r2 = 0.84, p < 0.001.  b. Note: regression line in panel a. is presented in panel b. for reference and 

extrapolated (dashed line).  Concentrations of dissolved Ga at P4 and P12 150m are lower than predicted by 

the correlation in a., potentially due to increased scavenging at this more productive location.  At station P12 

at 200m in 2010 (open green triangle) anonymously spicy waters could result from the presence of the 

observed surface eddy.   

 

Based on the correlation of dissolved Ga and spice, high spice waters at P4 are suspected to 

provide a trace metal source from the CUC.  Lower concentrations of dissolved Ga are measured 

at P4, however, than predicted by the spice correlation (Figure 3.8b).  Dissolved Ga is 

susceptible to increased scavenging at P4 along the continental margin as a result of sediment 

transport, nepheloid layers, and/or increased coastal phytoplankton abundance.  Similar 

observations of increased scavenging of Ga along continental margins are observed along the 
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California coast (Orians and Bruland 1988b) and along the shelf in the western Arctic Ocean 

(this thesis, Chapter 5).  While correlation is similar for P12 150m 2010 (Figure 3.8b), 

anonymously spicy waters at 200m in 2010 (open green triangle) could result from the impact of 

an eddy at P12 in 2010.  At P12 150m in 2011 scavenging may decrease Ga concentrations, as 

suggested at P4 in 2011.  Biological and physical processes may therefore impact the correlation 

of dissolved Ga and spice at stations P4 and P12.  However, this does not preclude spicy waters 

of the CUC as an input of trace metals at P4 and P12.   

 

3.5.3 Geographic spice variability: North Pacific spice interface 

 

Low spice waters of ~ -0.65 in the western portion of the transect along  = 26.7 – 26.9 are 

more prominent in 2010, extending to ~137.5°W, compared to confinement of these waters to 

~144°W in 2011 (Figure 3.6).  Calculation of spice based on temperature and salinity 

measurements available from Argo floats allows a spice section to be plotted extending across 

the north Pacific along 50°N (Figure 3.9).  Line P is shown to transect an interface in spice at 

~140°W, representing distinct sources of waters along  = 26.8 at P26 relative to P4 – P20. 

North Pacific waters at  = 26.8 are consistent with North Pacific Intermediate Water (NPIW) 

(Talley 1993).  Alternatively, these waters could represent inputs from the Alaska coast (Lam et 

al. 2006), sourced from recirculation of the Alaska Gyre (Whitney et al. 2005). Given the 

correlation of spice with dissolved Ga along the Line P transect (Figure 3.8), and the interannual 

variability in the infiltration of higher spice waters from the east to the western most stations 

along Line P (Figure 3.6), the spice interface along Line P represents an area of future research 

regarding trace metal availability and ecosystem structure of the northeast Pacific Ocean. 
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Figure 3.9: Spice calculated at 50°N across the north Pacific from Argo float data.  Plotting as a function of 

density reveals differential temperature and salinity characteristics of isopycnal surfaces across the north 

Pacific.  Triangles represent density of the local maximum concentrations of dissolved Ga at 150m at stations 

P4 – P26 demonstrating the interface in spice between P26 and P20 and the extension of spice values observed 

at P26 across the north western Pacific.   

 

3.5.4 Temporal spice variability: Line P 

 

The correlation of dissolved Ga with spice suggests a CUC source of Ga.  Thus, variation in 

spice as a function of depth, density, longitude, and time may suggest an influence in trace metal 

inputs along Line P.  Sections of spice plotted as a function of density highlight differential 

source waters across Line P in August of each year 2009 – 2012 (Figure 3.10).  While spice 

values at P4 and P12 are consistently high across the four years from 2009 – 2012, dynamic 

shifts in the influence of CUC at stations P16 and P20 occur at  = 26.3 – 26.6 (Figure 3.10).  

Cuddies are estimated to form at rates of 4 – 8 per year (Pelland, et al. 2013), therefore frequent 

enough to be regularly observed features, and yet infrequent enough to yield heterogeneous 

distributions and inter-annual variability.  Longitudinal variation in low spice waters of NPIW 

from the west observed at P26 display interannual variation as well, providing an additional 

influence on spice variability across Line P.  Additionally, depth contours in Figure 3.10 

demonstrate that trace metal sampling at depths of 100m, 150, and 200m intersect very different 

isopycnal surfaces and spice characteristics inter-annually and across Line P.   
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a. 

b. 
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c. 

d. 
 

Figure 3.10: Spice calculated along Line P from CTD data in a) 2009, b) 2010, c) 2011, and d) 2012.  

Horizontal dashed line at  = 26.5 kg m-3 and depth contours provide reference showing dynamic spice as 

a function of longitude across Line P as well as interannual variation.  

 

Considering interannual variability in spice values along the Line P transect at  = 26.5 (Figure 

3.11), indicated as a horizontal dashed line in Figure 3.10, relatively little variation in spice is 

observed at P4 in 2009, 2011, and 2012, while lower spice values in 2010 indicate upwelling 

(Figure 3.11).  Spice values of -0.2 to -0.3 support a California Undercurrent source and 

concentrations at the dissolved Ga maximum at P4 in 2011 of 8.0 pmol kg-1 are in agreement 

with observations of 7.3 pmol kg-1 off central California (Orians and Bruland 1988b).  In contrast 

to large variations in spice at P16 and P20 in 2009 and 2012 relative to 2010 and 2011, spice 

values converge across all four years approaching P26, supporting the greater influence of NPIW 

at P26, and therefore displaying less sensitivity due to variation in spicy waters from the south.  

Dissolved Ga concentrations in the area of NPIW formation reported in the western north Pacific 
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at 50°N, 167°E at depths consistent with NPIW were 4.2 – 7.2 pmol kg-1 (Shiller and Bairamadgi 

2006) are consistent with concentrations of 4.5 – 5.1 pmol kg-1 measured at P26 in 2011 and 

2012 in this work, and concentrations of 7.1 pmol kg-1 in 2010 and 6.5 pmol kg-1 in 1983 (Orians 

and Bruland 1988b).  Advection from the margins along isopycnals is not indicated as a source 

of the dissolved Ga maximum observed within the north Pacific subtropical gyre (Orians and 

Bruland 1988b).  Transport by cuddies can cross isopycnals (Pelland, et al. 2013) and therefore 

advection from the margins by cuddies may influence dissolved Ga in the northeast Pacific.   

 

 

Figure 3.11: Spice values along Line P at  = 26.5 kg m-3, years 2010 and 2011 in black show higher spice 

values at P16 and P20 relative to 2009 and 2012 in grey.  All years show a decrease in spice approaching P26.   

 

While spice values at  = 26.5 decrease nearly linearly along Line P from P12 to P26 in 2009 

and 2012, spice values remain comparatively elevated across stations P16 and P20 in 2010 and 

2011 (Figure 3.11).  High spice values observed at P16 and P20 in 2010 and 2011 at 150m 

(Figure 3.6) are associated with positive salinity anomalies identified in analysis available from 

the Institute of Ocean Science (www.waterproperties.ca/linep).  Alternatively, negative salinity 

anomalies are observed at these locations in 2009 and spice values are lower in 2009 at  = 26.3 

– 26.6 at P16 and P20 compared to 2010 and 2011 (Figure 3.10).  El Niño conditions have been 

shown to result in increasing transport of waters from the south intersecting Line P (Schwing et 
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al. 2002), consistent with observed positive salinity anomalies and spicier waters in 2010 and 

2011, relative to 2009.  Increased new production and maxima in particulate flux are observed 

along Line P in El Niño years (Wong, et al. 2002; Wong, et al. 1999).  Correlations of dissolved 

Ga with spice and interannual variations in spice associated with El Niño therefore suggest 

advective trace metal inputs may influence phytoplankton dynamics in the northeast Pacific.  

 

Fronts in spice bisect Line P between P20 and P26 (Figure 3.10) and are coincident with HNLC 

gradients along Line P.  Trace metals associated with local Ga maxima at 150m may be sourced 

to the surface during winter mixing to the halocline.  Mixed layer depth is controlled by salinity 

in the winter, as opposed to shallow summer mixed layer depths dictated by temperature (Kara, 

et al. 2000).  Future research is required to investigate if correlations between dissolved Ga and 

spice impact availability of additional trace metals along Line P and ultimately phytoplankton 

growth. 

 

3.5.5 Dissolved Ga: Deep north Pacific 

 

Dissolved Ga increases at depths below 1500m in the northeast, northwest, and north central 

Pacific (Orians and Bruland 1988b; Shiller and Bairamadgi 2006).  Increasing concentrations of 

dissolved Ga within North Pacific Deep Waters (NPDW) have been suggested to result from 

sediment flux (Orians and Bruland 1988b).  While a sediment source of Ga to North Atlantic 

Deep Water (NADW) was proposed by Shiller (1998), Shiller and Bairamadgi (2006) suggest 

that dissolved Ga concentrations in the deep north Pacific (>3500m) are consistent with 

Antarctic Bottom Waters (AABW) and imply that a sediment source of dissolved Ga would be 

minimal.  Alternatively Shiller and Bairamadgi (2006) suggest that the increasing dissolved Ga 

concentrations observed in the central north Pacific result from a mixing of local dissolved Ga 

minima, suggested to be of North Pacific Intermediate Water (NPIW) origin, with AABW.   

 

This work presents the first profiles of dissolved Ga to 2000m at stations P20, P16, and P12 

along Line P.  Comparison of profiles indicates increasing concentrations of dissolved Ga at 
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2000m at P20, P16, and P12 (Figure 3.2), similar to observed increases at P26 (Figure 3.5). 

While this work is unable to assess the mechanisms leading to the increase of dissolved Ga with 

depth, sampling to 4000m depths along Line P is encouraged to evaluate controls on NPDW 

trace element distributions.   

 

3.5.6 Ga/Pb ratio 

 

Local maxima in trace element concentrations along Line P, as observed here for dissolved Ga 

are also observed for dissolved lead (Pb) (Charters 2012).  Considering the Ga/Pb ratio as a 

means to evaluate the comparative behaviour of these two elements, very similar Ga/Pb ratios 

are observed at P16, P20, and P26 below the 30m summer mixed layer (Figure 3.12).  Within the 

mixed layer, some variability is observed at stations P16 – P26.  However at P4 and P12 much 

higher Ga/Pb ratios are observed relative to P16 – P26 (Figure 3.12).  Below the mixed layer, the 

Ga/Pb ratio at 40m at P4 converges with ratios measured at P16 – P26.  Conversely, station P12 

retains the Ga/Pb ratio of the mixed layer at 40m, and the ratio remains slightly elevated relative 

to P16 – P26 at 75m and 100m before converging at 150m and 200m with Ga/Pb ratios observed 

along the remainder of the transect.   
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Figure 3.12: Ga / Pb ratio at stations P4 – P26 across Line P.  Note log depth scale to emphasize 

shallow dynamics associated with the 30m mixed layer depth.   

 

Both Ga and Pb may be sourced to the ocean by atmospheric deposition and fluvial freshwater 

sources.  Elevated ratios of Ga/Pb within the mixed layer at stations P4 and P12 may result from 

different inputs at these two locations relative to the remainder of the transect.  Multiple 

opportunities exist for relative fractionation of Ga and Pb sourced from rivers.  Differential 

weathering of terrestrial sources influence trace metal sources in rivers, as demonstrated for Ga 

(Shiller and Frilot 1996, Shiller 1988).  Therefore Ga/Pb ratios may be fractionated within 

freshwater river sources.  For example, mean Ga/Pb x 10 = 10.4 with median 8.0, and range 0.9 – 

34.0 for n=8 rivers (Gaillardet, et al. 2003).  Fractionation of the Ga/Pb ratios can also occur 

during fluvial freshwater inputs of Ga and Pb to the ocean.  Both elements will be scavenged 

during mixing with seawater within river plumes. Additionally, removal of Pb occurs upon metal 

oxide surfaces (Nelson, et al. 1999; Tebo, et al. 2004).   

 

Therefore, Ga/Pb ratios are expected to be higher within fluvial sources given differential 

weathering during river transport and the additional removal mechanism of dissolved Pb to metal 

oxide surfaces during mixing of fluvial freshwaters with seawater.  Indeed, elevated Ga/Pb ratios 

are associated with lower salinities, whereas lower Ga/Pb ratios observed at P16 – P26 occur at 
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higher salinities (Figure 3.13).  Higher ratios of Ga/Pb at stations P4 and P12 are therefore 

interpreted here as a tracer of freshwater fluvial sources to stations P4 and P12.  

 

 

Figure 3.13: Ga/Pb ratio plotted as a function of salinity, elevated Ga/Pb ratios at low salinity 

support Ga/Pb as a tracer of fluvial freshwater sources 

 

While station P4 is along the continental slope, P12 is westward of the continental margin.  

Therefore freshwater fluvial sources may not be expected at P12.  However Haida eddies are 

know to influence Line P (Whitney and Robert 2002) and an eddy was in the area of station P12 

at the time of sampling (visualized by sea surface altimetry from the Colorado Center for 

Astrodynamics Research).  Convergence of P12 Ga/Pb ratios at 150m (Figure 3.12) suggests that 

the distributions of Ga and Pb at 150m are controlled by the influence of advectively sourced 

high spice waters below the low spice of the winter mixed layer.  Elevated Ga/Pb, established by 

fluvial freshwaters at the source of the eddy, are observed to penetrate the summer mixed layer 

to 40m and are diluted during transport within the eddy.  Eddy influence indicated by the Ga/Pb 

ratio demonstrates the ability of eddies to transport coastal fluvial water far offshore within the 

northeast Pacific, including intersecting Line P.  This thesis presents the Ga/Pb ratio as a tracer 
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of fluvial freshwater inputs, an important global source of trace metals and nutrients to the ocean 

(Gaillardet, et al. 2003). 

 

3.5.7 Dissolved Ga: Eddy influence 

 

Eddies intersecting Line P have been shown to supply Fe along Line P (Johnson, et al. 2005), 

while concentrations of dissolved Pb have been shown to be lower within eddies relative to 

surrounding waters (Charters 2012).  Transport of dissolved Al from coastal freshwater sources 

occurs within eddies of the northeast Pacific (Brown, et al. 2012).  Consistent with the eddy at 

P12 in 2010, elevated concentrations of dissolved Al were observed at P12 in 2010 relative to 

2011 (Cain 2014).  Higher concentrations of dissolved Ga are also present at P12 in 2010 relative 

to 2011 (Figure 3.14), representing the first description of dissolved Ga associated with eddies.   

 

 

              a.                                            b. 

Figure 3.14: Concentrations of dissolved Ga at P12 in 2010 and 2011, note log depth scale to 

emphasize shallow water dynamics.  Elevated concentrations in 2010 of dissolved Ga as a function of 

a. depth and b. density are interpreted to result from the presence of an eddy.    
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3.6 Conclusion 

 

This work reports the first transect of dissolved Ga across Line P in the northeast Pacific Ocean 

and identifies new applications of dissolved Ga as a tracer of ocean biogeochemical cycling.  

Dissolved Ga profiles reported here show that local maxima concentrations of dissolved Ga at 

150m – 200m correlate positively with the variable spice.  This correlation is interpreted to 

represent the California Under Current as an advective source of trace metals along the eastern 

portion of Line P, extending to stations P16 and P20.  Station P26 (OSP) is associated with lower 

spice and thus lower concentrations of dissolved Ga indicating advected North Pacific 

Intermediate Waters as a lower trace metal source.  Fronts in spice bisecting Line P demonstrate 

inter-annual variability.  Results therefore encourage future work investigating the impact of 

additional trace metal sources and controls on annual and longitudinal shifts in phytoplankton 

production along Line P.  A second tracer application is identified combining dissolved Ga and 

Pb and demonstrating the Ga/Pb ratio as a potential tracer of fluvial freshwater inputs to the 

ocean.  This ratio was indeed used to identify offshore transport of fluvial waters within an eddy.  

Given annual variation in river runoff, and the ephemeral nature of eddies, fluvial inputs 

represent an additional area of future research regarding controls on phytoplankton dynamics and 

fisheries in the northeast Pacific Ocean.  Finally, this work provides an interdecadal comparison 

for dissolved Ga at OSP, a future GEOTRACES crossover station.   
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Chapter 4: Geographic and temporal variability of Pb isotopes in the 

northeast Pacific Ocean 

 

4.1 Synopsis 

 

This thesis presents the first profiles of radiogenic stable isotopic ratios of lead (Pb) along the 

Line P transect in the north east Pacific Ocean including Ocean Station Papa (OSP), a future 

GEOTRACES crossover station.  Line P intersects the Alaska Gyre along the eastern extent of 

the transect, wherein nitrate sources are often underutilized due to iron (Fe) limitation.  A 

gradient of High Nutrient Low Chlorophyll (HNLC) conditions therefore exists along Line P.  

Isotopic Pb ratios can identify the origin of Pb inputs to the ocean, informing potential Fe and 

trace metal sources to this HNLC region of the ocean.  Isotopic ratios of Pb reported here reveal 

geographically and temporally distinct sources of Pb along the Line P transect.  Isotopic ratios of 

206Pb/207Pb and 208Pb/206Pb at OSP, the westernmost station of the transect, indicate eolian 

sources from Asia.  In contrast, isotopic Pb ratios at stations east of OSP are consistent with 

mixing of local coastal terrestrial ratios.  Isotopic ratios of Pb and Ga/Pb together suggest that 

these terrestrial signatures are representative of fluvial freshwater sources.  Terrestrial Pb inputs 

are restricted to the summer mixed layer.  In contrast, isotopic ratios of Pb indicating Asian 

sources at OSP extend to the winter mixed layer.  This thesis therefore identifies geographic and 

temporal fronts of Pb sources along Line P.  Additionally, correlation is identified between Pb 

isotope ratios and HNLC conditions.  Isotopic Pb ratios along Line P transition from eolian 

Asian inputs in the west to coastal fluvial freshwaters.  These distinct geographic sources of Pb 

correspond to the gradient in HNLC characteristics along Line P.  Isotopic ratios of Pb reported 

here are obtained from 50mL seawater samples analyzed on the Nu AttoM single collector ICP-

MS.  Reference standard results for 206Pb/207Pb and 208Pb/206Pb compare favourably (p < 0.05) 

with published values.  Smaller sample volume requirements reduce logistical barriers and 

promote more routine analysis of Pb isotopes in seawater.   
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4.2 Introduction 

 

Radiogenic stable lead (Pb) isotope ratios of 206Pb/207Pb and 208Pb/206Pb provide a geochemical 

tracer of Pb sources to the environment (Cheng and Hu 2010; Komarek, et al. 2008).  

Characteristic Pb ratios are a function of source location and age (Cowart and Burnett 1994), 

originating from the production of 206Pb, 207Pb, 208Pb from decay series initiated by 238U, 235U, 

and 232Th, respectively.  

 

Application of Pb isotope ratios has demonstrated anthropogenic release of Pb to the 

environment during the industrial revolution (Graney, et al. 1995; Weiss, et al. 1999a) including 

the introduction of leaded gasoline (Schaule and Patterson 1981; Weiss, et al. 2003).  Pb isotopic 

ratios are now tracking the decline in Pb following the phase out of Pb in gasoline (Wu and 

Boyle 1997a; Boyle, et al. 2014, Wang et al. 2006).  However, atmospheric sources of Pb 

remain, such as coal combustion (Chen, et al. 2008) and mining (Csavina, et al. 2012).  Pb 

isotopes have also been utilized to trace Pb sources in the past (Weiss, et al. 1999b), from records 

contained in lake sediments (Outridge, et al. 2002) and ice (Shotyk, et al. 2005).   

 

The ocean behaves as an additional reservoir providing an archive of anthropogenic Pb.  

Atmospheric deposition of anthropogenic Pb to the ocean is captured by isotopic ratios of Pb 

within banded corals (Inoue and Tanimizu 2008) and time series profiles in the ocean (Boyle, et 

al. 2014).  Differential Pb sources to the surface ocean are evidenced by Pb isotope ratios within 

the northwest Pacific (Gallon, et al. 2011).  In addition, fluvial inputs to the ocean can be 

identified by isotopic ratios of Pb (Alleman, et al. 2000). 

 

While Pb isotope ratios within the ocean provide a tracer of pollution sources, Pb isotope ratios 

can also be used to trace oceanic physical and chemical processes.  Pb isotopic ratios can 

delineate and identify water masses (Alleman, et al. 2001), upwelling events (Flegal, et al. 1989), 

paleo-ocanographic circulation (Banner 2004; Frank 2002), and demonstrate reversible exchange 
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of Pb between the dissolved and particulate phase (Sherrell and Boyle 1992; Wu, et al. 2010; 

Nagaoka, et al. 2010).   

 

This work presents Pb isotope ratios measured in seawater analyzed with the Nu AttoM single 

collector Inductively Coupled Plasma Mass Spectrometer (ICP-MS), utilizing sample volumes of 

50ml.  The Nu AttoM provides increased sensitivity and precision among single collector 

ICPMS instruments.  Control of ion trajectory by deflector plates at the entrance and exit to the 

magnet allows the magnet to remain stable.  Sample volume requirements of only 50mL reduce 

logistical barriers to sample collection and analysis and facilitates the determination of Pb 

isotopes along Line P, an oceanographic transect in the northeast Pacific Ocean.   

 

Line P represents one of the longest oceanographic time series, initiated in 1956 (Freeland 2007).  

Line P begins near the coast of Vancouver Island and continues ~1500km into the northeast 

Pacific Ocean.  Upwelling along the coast provides nutrients such as nitrate and support 

phytoplankton blooms.  In contrast, upwelling within the Alaska Gyre along the western portion 

of Line P is characterized by low phytoplankton abundance, despite abundant nitrate sources.  

This enigmatic High Nitrate Low Chlorophyll (HNLC) area along Line P is Fe limited (Boyd, et 

al. 1996).  Inputs of Fe along Line P include eolian (Bishop, et al. 2002), volcanic (Hamme, et al. 

2010; Melancon, et al. 2014), coastal upwelling and transport (Cullen, et al. 2009), and eddy 

sources (Johnson, et al. 2005).  

 

This work applies Pb isotopic ratios to investigate trace metal inputs to Line P.  Geographic 

sources from Asia and North America are delineated.  Additionally, inputs are differentiated 

temporally between summer and winter.  Finally, inputs identified here are shown to correlate 

with observed HNLC conditions along Line P.   
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4.3 Methods 

 

Seawater samples were collected for trace metal analysis at 5 stations in the northeast Pacific 

along the Line P transect (Figure 4.1) between August 20 – 27, 2010.  Seawater samples at 

depths greater than 40m were collected in Niskin X bottles mounted on Kevlar coated rope.  

Samples collected at 5, 10, 25, and 40m were collected utilizing a Teflon pump and Teflon 

tubing attached to Kevlar coated rope.  Surface samples were collected from a Zodiac boat, 

hundreds of meters from the ship, directly into clean sample bottles by dipping ~0.5m below the 

surface with gloved hands and clean plastic protected forearms.  Samples were collected into Bel 

Art LDPE bottles and filtered to 0.45m.  Samples were acidified at sea, 1mL 12M HCl (Seastar 

Chemicals) to 1L seawater sample, within a HEPA flow hood.  All sample bottles were cleaned 

prior to the cruise with dilute surfactant solution, 6M HCl, (Environmental Grade) and then 0.7M 

HNO3 (Seastar Chemicals).  Bottles were thoroughly rinsed with seawater prior to sample 

collection.   

 

 

Figure 4.1. Pb isotope results reported from Stations P4 – P26 along Line P in the northeast Pacific Ocean.  

Additionally, sample sites referenced in the Discussion of reported Pb isotope results from the north and 

south of Vancouver Island, a coastal fjord, and the Nass River are indicated for reference.   
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Analysis of Pb isotopes in seawater has been performed following extraction of Pb from 

seawater sample volumes of 4L and 2L (Flegal, et al. 1986; Sanudo-Wilhelmy and Flegal 1994; 

Flegal, et al. 1989), 0.1L – 1L (Gallon, et al. 2011), and 0.25L – 0.8L (Wu, et al. 2010) and 

29mL (Weiss, et al. 2000).  Recent demonstration of Pb isotopic analysis utilizing < 0.2ng Pb 

(Newman and Georg. 2012) would allow analysis of 50mL seawater sample volumes given Pb 

concentrations > 20 pmol kg-1.  Concentrations of Pb measured from the surface to 400m along 

Line P range from 30-80 pmol kg-1 (Charters 2012).  Therefore this work will utilize 50mL 

seawater samples for analysis of Pb isotopes.   

 

Preconcentration of Pb from seawater samples is performed by established methods of 

magnesium coprecipitation with ammonium hydroxide (Wu and Boyle 1997b), followed by 

additional matrix removal by ion exchange (described in Shiel, et al. 2010).  Mass bias effects 

were corrected for by standard bracketing with NBS-981 and application of a linear correction 

factor based on established ratios of NBS-981 of 206Pb/207Pb=1.0932 and 208Pb/206Pb=2.1677 

(Abouchami, et al. 1999).  Relative standard deviation (RSD) of 206Pb/207Pb for NBS-981 is 0.1% 

(n=86), comparable to results of Newman and Georg (2012).  Total Pb concentrated from 

seawater samples and analyzed was 0.2 – 0.4ng Pb.  Blank subtraction resulted in a standard 

deviation of ≤ 0.0006 between blank corrected and uncorrected ratios which is within 

instrumental precision.  GEOTRACES reference standards were analyzed and resulted in 

206Pb/207Pb = 1.174 +/- 0.0031 and 1.180 +/- 0.0025 for samples GSI and GDI, respectively.  

These values compare well (p < 0.05) to those previously reported (Boyle, et al. 2012).   

 

4.4 Results 

 

Isotopic ratios of dissolved Pb (Table 4.1, Table 4.2) plotted in Figure 4.2a, b display unique 

characteristics both within individual depth profiles, and longitudinally across the Line P 

transect.  Profiles of 206Pb/207Pb (Figure 4.2a) and 208Pb/206Pb (Figure 4.2b) are plotted with a log 

base10 depth axis to aid visualization of high resolution shallow sampling depths of 0.5, 5, 10, 25, 

and 40m.  Combination of the three isotopes 206Pb, 207Pb, and 208Pb in plots of 206Pb/207Pb vs. 
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208Pb/206Pb (Figure 4.2c) further differentiates samples.  Dotted lines in 206Pb/207Pb vs. 

208Pb/206Pb plots are provided as a reference for comparison between plots.  Deeper samples, 

plotted as circles, are centered near the intersection of the two lines and are similar across the 

transect. Triangles are isotopically differentiated (Figure 4.2c) and are used to identify Pb 

sources to Line P.   
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Table 4.1. 206Pb/207Pb ratios and standard deviation (SD) at stations P26 – P4 across Line P 

z (m) 
P26 P20 P16 P12 P4 

206Pb/207Pb SD 206Pb/207Pb SD 206Pb/207Pb SD 206Pb/207Pb SD 206Pb/207Pb SD 

0     1.166 0.005 1.173 0.004 1.173 0.007 1.177 0.001 

5 1.138 0.003 1.164 0.006 1.169 0.007 1.177 0.006 1.181 0.001 

10 1.145 0.005 1.172 0.001 1.161 0.004 1.181 0.005 1.176 0.003 

25 1.144 0.003 1.172 0.002 1.171 0.006 1.180 0.002 1.175 0.002 

40 1.147 0.001 1.159 0.002 1.168 0.001 1.162 0.004 1.166 0.002 

75 1.144 0.001 1.162 0.003 1.166 0.004 1.165 0.002   

100 1.163 0.004 1.163 0.003 1.164 0.002 1.167 0.003   

150 1.170 0.001 1.162 0.002 1.165 0.002 1.161 0.001   

200 1.161 0.004 1.165 0.003 1.164 0.002 1.161 0.004   

300 1.164 0.003 1.161 0.002 1.171 0.003 1.168 0.002   

400 1.167 0.004 1.163 0.002 1.170 0.002         
 

 

Table 4.2. 208Pb/206Pb ratios and standard deviation (SD) at stations P26 – P4 across Line P 

z (m) 
P26 P20 P16 P12 P4 

208Pb/206Pb SD 208Pb/206Pb SD 208Pb/206Pb SD 208Pb/206Pb SD 208Pb/206Pb SD 

0   2.083 0.006 2.070 0.006 2.067 0.010 2.077 0.003 

5 2.111 0.005 2.084 0.006 2.084 0.011 2.068 0.004 2.073 0.003 

10 2.112 0.002 2.083 0.006 2.090 0.012 2.056 0.006 2.079 0.003 

25 2.109 0.008 2.079 0.004 2.077 0.005 2.070 0.004 2.079 0.002 

40 2.111 0.004 2.098 0.003 2.099 0.002 2.097 0.005 2.099 0.003 

75 2.122 0.001 2.092 0.004 2.096 0.003 2.096 0.003   

100 2.094 0.006 2.096 0.002 2.100 0.003 2.095 0.002   

150 2.095 0.002 2.099 0.003 2.099 0.003 2.115 0.002   

200 2.087 0.007 2.100 0.003 2.096 0.002 2.100 0.007   

300 2.093 0.005 2.092 0.001 2.095 0.004 2.097 0.003   

400 2.088 0.003 2.097 0.006 2.094 0.003         
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Figure 4.2. Profiles of 206Pb/207Pb at stations P4 – P26 across the Line P transect and isotope - isotope plots of 
206Pb/207Pb vs. 208Pb/206Pb.  Horizontal dashed lines in profiles represent summer mixed layer depth at P4 – 

P20, and winter mixed layer at P26.  Dashed lines in 206Pb/207Pb vs. 208Pb/206Pb plots provide reference to 

orientate data.  Triangles represent samples associated with the summer mixed layer at stations P4 – P20 and 

the winter mixed layer at P26.  

 

Beginning at station P4, samples collected at 0.5, 5, 10, and 25m display 206Pb/207Pb ≥ 1.175 

(Range = 1.175 – 1.181) (Table 3.1) and are all significantly higher (p < 0.05) than 206Pb/207Pb = 

1.166 at 40m (Figure 4.2a).  Similar statistically significant (p < 0.05) differences are observed 

for 208Pb/206Pb ratios at P4 as 0 – 25m depths display 208Pb/206Pb ≤ 2.079 (Range = 2.073 – 

2.079), contrasting with 208Pb/206Pb = 2.099 at 40m (Figure 4.2b).  Isotopic distinction is further 
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visualized in 206Pb/207Pb vs. 208Pb/206Pb space (Figure 4.2c) as samples at depths 0 – 25m 

(triangles) plot in the upper left quadrant of the figure, exhibiting higher ratios of 206Pb/207Pb and 

lower of 208Pb/206Pb, relative to the 40m sample (circle).   

 

Continuing to P12, samples at 0 – 25m display 206Pb/207Pb ≥ 1.173 (Range = 1.173 – 1.181), 

significantly higher (p < 0.05) than the 1.162 value at 40m.  The values at 0 – 25m for 

208Pb/206Pb ≤ 2.070 (Range = 2.056 – 2.070) and are statistically lower (p < 0.05) than the 

208Pb/206Pb = 2.097 at 40m.  Plots in 206Pb/207Pb vs. 208Pb/206Pb space (Figure 4.2c) differentiate 

samples at 0 – 25m (triangles) from the remainder of the profile (circles), similar to observations 

at P4. This work therefore identifies a depth isotopic front along the western extent of Line P at 

stations P4 and P12. 

 

Divergent patterns of 206Pb/207Pb and 208Pb/206Pb ratios are observed at P26 relative to P4 and 

P12 (Figure 4.2).  Isotopic ratios at P4 and P12 are 206Pb/207Pb = 1.173 – 1.181, contrasting with 

206Pb/207Pb = 1.138 – 1.144 at P26.  Similar to P4 and P12, an isotopic interface is observed as a 

function of depth, as all 206Pb/207Pb ratios from 5m – 75m at P26 are statistically (p < 0.05) 

different from 206Pb/207Pb = 1.163 at 100m.  However while the depth interface at P4 and P12 is 

between 25 – 40m, the interface at P26 is located between 75 – 100m.  This same isotopic 

interface between 75m and 100m at P26 is observed for 208Pb/206Pb (Figure 4.2b), and triangles 

representing depths of 5 – 75m at P26 in 206Pb/207Pb vs. 208Pb/206Pb space plot opposite of the 

trend observed at P4 and P12 (Figure 4.2c).  Distinct depth interfaces at P26 relative to P4 and 

P12 will be investigated in the Discussion.  

 

Plots of 206Pb/207Pb vs. 208Pb/206Pb at P16 and P20 reveal slight isotopic shifts toward the upper 

left quadrant, similar to trends observed at P4 and P12, although less pronounced.  However, 

shallow samples are not consistent with the observation that P26 plots in the lower right 

quadrant.  Similarly, while the isotopic shifts at P16 and P20 are not as clearly defined by a 

shallow interface as observations at P4 and P12, a deep interface analogous to P26 is not 

observed.   
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Two distinct patterns are therefore observed along Line P.  First, while isotopic ratios below 25m 

at stations P4 – P20 and below 75m at P26 are very similar – plotting near the center of the 

206Pb/207Pb vs. 208Pb/206Pb plots – Pb isotope ratios above these depth interfaces are distinct.  

Second, ratios at depths shallower than the interface vary longitudinally along the Line P 

transect.  Isotopic shifts toward more radiogenic ratios at stations P4 – P20 plot in the upper left 

quadrant and are confined to depths < 40m.  Isotopic ratios at P26 plot in the lower right 

quadrant, indicating lower 206Pb/207Pb and higher 208Pb/206Pb, with an interface at 75 – 100m.  

Two Pb isotopic regimes are therefore identified, bisecting the transect between P20 and P26.  

Origin of these differential Pb isotope ratios will be explored in the Discussion section.   

 

4.5 Discussion 

4.5.1 Temporal differentiation 

 

Depth interfaces in Pb isotopic ratios at stations P4 – P20 suggest an input of Pb to the upper 

25m that does not penetrate to 40m.  This depth interface is interpreted to represent a summer 

input of Pb to the mixed layer, as Pb inputs to the surface during the summer would only be 

mixed down to the summer mixed layer depth (~30m).  Does the summer mixed layer 

correspond to the Pb isotope interface?  Here, the mixed layer is identified by d/dz, where  

represents potential density (kg m-3) and z = depth (m).   Contouring a section of d/dz across 

Line P allows visualization of the mixed layer (Figure 4.3).  Warm colours identify the density 

gradient associated with the base of the mixed layer, extending across the transect from P26 to 

P16 at ~25 – 30m.  Mixing to depths of 40m would therefore be prevented by the density 

gradient established by the summer mixed layer.  Weakening of the density gradient at P4 results 

from upwelling observed at the time of sampling; a summer mixed layer depth similar to the 

remainder of the transect could be expected during periods of less upwelling.   
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Figure 4.3. Contoured section of d / dz along Line P in August 2010, warm colours indicating a density 

gradient represent the base of the summer mixed layer 

 

Confinement of the distinct Pb isotopic ratios at stations P4 – P20 to the summer mixed layer 

(Figure 4.2) suggests a seasonal source of Pb to the surface. Concentrations of Pb increase with 

depth through the winter mixed layer (Charters 2012).  Therefore winter mixing at stations P4 – 

P20 would overprint the summer mixed layer signal and remove the interface of Pb isotope ratios 

observed between 25 – 40m.  Additionally, the interface could be removed by the process of 

reversible exchange of Pb on sinking particles, resulting in the vertical transport of surface 

source Pb ratios to greater depths in the water column (Wu, et al. 2010; Sherrell and Boyle 

1992). Particle sinking rates of 50 – 100m per year (Yoon, et al. 2001) and reversible exchange 

of particulate Pb would result in the penetration of this source signal to depths > 25m over 

annual cycles, supporting the Pb isotopic interface between 25 – 40m as a seasonal event.   

 

In contrast, station P26 does not exhibit a Pb isotopic interface associated with the summer 

mixed layer, rather the interface occurs between 75 – 100m.  Calculation of d/dz during the 

February 2010 Line P cruise from archived data (www.waterproperties.ca/linep) reveals winter 

mixed layer depths of 75 – 100m at stations P4 – P20 (Figure 4.4a).  Unfortunately stations west 

of P20 were not sampled due to inclement weather.  However, a density profile for P26 in 

February 2010 can be calculated based on Argo float data (Figure 4.4b) and reveals a similar 
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mixed layer depth of 75 – 100m.  Therefore, the Pb isotope interface observed at P26 in August 

2010 is coincident with the 2010 winter mixed layer, suggesting that the isotopically distinct Pb 

source observed associated with the summer mixed later at P4 – P20 is not present at P26.  

` 

 

            a. 

 

            b.  

Figure 4.4.  a. Contoured section of d / dz along Line P in February 2010, warm colours indicating a density 

gradient represent the base of the winter mixed layer, b. profile of sq at 50°N 145°W (OSP) in February 2010 

from Argo float data indicates a winter mixed layer depth of 75 – 100m. 
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This work therefore identifies temporally distinct sources of Pb to the northeast Pacific Ocean 

along Line P.  Observed 206Pb / 207Pb and 208Pb / 206Pb interfaces as a function of depth (Figure 

4.2) result from distinct ratios within the summer mixed layer at stations P4 – 20 (Figure 4.3), 

and the winter mixed layer at P26 (Figure 4.4).  Sources of Pb to P4 – P20 in the summer are not 

present at P26.  While summer inputs to P26 are not precluded, an isotopically distinct signature 

of Pb associated exclusively with the summer mixed layer is not evident at P26. Additionally, 

isotopic ratios associated with the winter mixed layer at P26 are not observed at P4 – P20 at 

winter mixed layer depths of 40 – 75m.  Following temporal differentiation of Pb sources across 

the Line P transect established here, geographic sources of this Pb are investigated in the next 

section.    

 

4.5.2 Geographic source differentiation 

 

In addition to a depth interface in Pb isotope ratios, a longitudinal interface is observed between 

ratios at P26 and the remainder of the transect (Figure 4.2).  Samples associated with the summer 

mixed layer at stations P4 – P20 and the winter mixed layer for P26 are compared in 206Pb / 207Pb 

vs. 208Pb / 206Pb space (Figure 4.5).  Ratios associated with stations P4 and P12 are more 

radiogenic, owing to greater relative amounts of 206Pb than at P26.  Stations P16 and P20 

represent a transition in Pb isotope ratios between stations P4 and P12 in the east and P26 in the 

west (Figure 4.5).  Concentrations of Pb within the mixed layer increase along Line P (Charters 

2012), with concentrations of 10 – 20 pmol kg-1 at stations P4 and P12 increasing to 30 – 40 

pmol kg-1 at stations P16 and P20, and 40 – 50 pmol kg-1 at P26.  It is possible therefore that 

inputs of Pb from North America may not influence the Pb isotope signal at P26.  However, 

given the higher concentrations of Pb at P26, the interface of Pb isotope ratios across Line P is 

also supported by ratios from P26 not overprinting the ratios along the eastern portion of the 

transect.   
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Figure 4.5. Comparison of isotopic ratios of Pb measured in the summer mixed layer (P4 – P20) and winter 

mixed layer (P26).  Higher 206Pb/207Pb values associated with the upper left quadrant are from stations P4 – 

P20, and represent more radiogenic dissolved Pb ratios relative to P26 in the lower right quadrant.  Note that 

symbol colour identifying stations here are consistent with Figure 4.2.  Interpretation of Figure 4.6, Figure 

4.7, and Figure 4.8 is aided by application of a colour scheme specific to those figures.   

 

What are the origins of the isotopic ratios of the eastern and western endmembers of the Line P 

transect?  Isotopic Pb ratios reported in the literature will be compared to ratios measured along 

Line P to provide suggestions of source origin.  Literature values represent Pb isotopic ratios of a 

wide range of sample types.  Filtered air samples are compared here to represent Pb isotopic 

ratios of potential eolian inputs to Line P.  Additionally, terrestrial Pb sources located proximal 

to Line P are included to evaluate potential fluvial sources to Line P.   

 

While comparison of Pb isotope ratios from the literature can help elucidate Pb sources measured 

in this work, limitations exist, particularly regarding comparison of ratios from samples collected 

years apart.  However, given that ratio stability is observed (Bollhofer and Rosman 2002) the 

focus will be on the primary isotopic signature of a source region.  Reference lines plotted in 

Figure 4.2c and Figure 4.5 will be retained throughout all following plots, easing orientation as 

axis scales change to accommodate additional literature data.  In addition to these reference lines, 
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colours facilitate interpretation and discussion of Pb as samples plotting in the lower right 

quadrant will be red, upper left quadrant will be green, and the lower left quadrant will be purple.  

The red and green quadrants are the primary focus of this discussion.  Data points in purple can 

simply be considered as a linear transition between data plotting in the red and green quadrants.  

 

4.5.2.1 Pb sources from Asia 

 

Eolian sources from Asia are deposited into the north Pacific, providing a potential source of Pb 

(Gross, et al. 2012) as well as Fe (Grand, et al. 2014).  Reports of Pb isotope ratios from filtered 

air samples across Asia are compared here to ratios measured along Line P.  Geographic sources 

from Asia are grouped into two broad categories based on interpretation of 206Pb / 207Pb vs. 208Pb 

/ 206Pb plots, locations in Asia at latitudes > 40oN and < 40oN.   

 

Isotopic ratios for samples from > 40oN (Bollhofer and Rosman 2001) are plotted as circles with 

the upper half filled red (Figure 4.6a), with sample locations mapped for reference (Figure 4.6b).  

Samples from > 40oN plot in the lower right quadrant, similar to ratios observed in the winter 

mixed layer at P26 and represent less radiogenic Pb.  Filtered air samples from < 40oN 

(Bollhofer and Rosman 2001) are plotted as circles with the lower half filled red (Figure 4.6a, b).  

While the majority of the samples from < 40oN plot in the lower right quadrant, 206Pb / 207Pb and 

208Pb / 206Pb values are generally higher than samples at > 40oN.  Higher relative 208Pb / 206Pb 

values in samples from < 40oN are consistent with Pb sourced from China (Cheng and Hu 2010). 

Similar Pb isotope ratios observed in sources from filtered air in Shanghai are associated with 

anthropogenic inputs from coal (Chen, et al. 2008).  Sources of Pb in air masses from Asia 

therefore exhibit isotopic Pb ratios within the range enclosed by the red ellipse in Figure 4.6.   
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a. 

b. 
 

Figure 4.6. a. Isotopic ratios of Pb collected from filtered air sampled from locations in Asia at >40°N (red 

circles, top half filled) (see also map in b.), and <40°N (red circles, bottom half filled) (Bollhofer and Rosman 

2001), and enclosed by the red ellipse, a time series study demonstrating temporal variability (Wang et al. 

2006) is represented by red dashes.  Also plotted are isotopic ratios of dissolved Pb within the surface ocean 

(Gallon et al. 2010) (see dashed blue ellipse in a. and map in b.), indicated by red circles outlined in blue, and 

samples from 50, 100, 200m depths at 30°N 140°W (red diamond outlined in blue) (Wu et al. 2010), ocean 

samples are indicated by the dashed blue ellipse.  P26 samples measured in this work (red inverted triangles 

in a. and b.) are indicated by the black ellipse in a. and are enclosed within the red ellipse, supporting an 

Asian source of Pb at P26.  Green circles along the coast of North America plot proximal to stations P4 – P20 

(green triangles) in the upper left quadrant (green) and will be discussed in section 4.5.2.2. 
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Samples from the P26 winter mixed layer, enclosed by the black ellipse (Figure 4.6), plot within 

the field of Asian airborne Pb.  Therefore Pb isotopes within the winter mixed layer at P26 are 

interpreted to be of Asian origin.  Isotopic ratios of dissolved Pb along a surface transect from 

the western to the central north Pacific (Gallon, et al. 2011) plot within the dashed blue ellipse 

(Figure 4.6), also enclosed within the red ellipse of eolian inputs of Asian origin.  Additionally, 

isotopic ratios of dissolved Pb at 50m, 100m, 200m sampled at 30oN, 150oW (Wu, et al. 2010) 

plot within the same dashed blue ellipse field (Figure 4.6) describing the Gallon et al. 2010 

surface transect.  While Asian sources of Pb to P26 reported are consistent with previous studies, 

ratios at P26 are less radiogenic, suggesting sources of airborne Pb from > 40oN latitude.  Pb 

isotope ratios observed at P26 in August 2010 from 5m – 75m are interpreted to represent an 

eolian input of trace metals from Asia.  

 

4.5.2.2 Pb sources from western North America 

 

While P26 Pb ratios plot in the lower right quadrant and indicate Pb sources from Asia, ratios at 

stations P4 – P20 plot in the upper left quadrant and do not overlap with Asian sources.  Filtered 

air samples of Pb from central California (Bollhofer and Rosman 2002), indicated as green 

circles (Figure 4.6a), have Pb isotopic ratios similar to stations P4 – P20 (green triangles).  

Analogous to filtered air samples, isotopic ratios of Pb in lichen represent a record of 

atmospheric Pb (Simonetti, et al. 2003).  Isotopic ratios in lichen across western Canada display 

a range of values (Figure 4.7), including the upper left quadrant (green) corresponding to ratios 

observed at stations P4 – P20.  Three conclusions are drawn from these results.  First, Pb ratios 

plotting in the green quadrant observed in North American samples (Figure 4.7a) are not 

observed in samples from Asia (Figure 4.6a).  Second, Pb isotope ratios from lichens sampled in 

western Canada that plot in the red quadrant are primarily on the eastern side of the Rocky 

Mountains (Figure 4.7b) and are near the cities of Calgary and Edmonton, suggesting an 

anthropogenic influence.  Third, while ratios plotting in the red quadrant are similar to ratios 
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measured at P26, these ratios are not observed at stations P4 – P20.  Additionally, the majority of 

lichen samples plotting in the red quadrant are more radiogenic than samples at P26.   

 

Pb isotope ratios at stations P4 – P20 plot in the green quadrant and similar ratios are also 

observed within some lichen from North American sources.  Asian sources identified in section 

4.5.2.1 are not consistent with Pb isotope ratios observed at stations P4 – P20.  Additional 

samples associated with North American sources are discussed below to further investigate 

North American source of Pb to stations P4 – P20.   
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a. 

b. 
 

Figure 4.7. a. Isotopic ratios of Pb measured in lichen (Simonetti, et al. 2003) across western North America 

(see map in b.) are indicated by squares and plot within both the upper left and lower right quadrant.  P4 – 

P20 samples measured in this work (green triangles) identified by the black ellipse in the upper left quadrant 

are enclosed by the green ellipse indicating lichen samples plotting in the upper left quadrant.  See text for 

additional interpretation and discussion. 
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Pb isotopes reported from the area enclosed by the box in Figure 4.7b are plotted in Figure 4.8a,b 

and mapped in Figure 4.8c.  Isotopic ratios of airborne Pb are reported from Victoria and 

Burnaby (near Vancouver) British Columbia (Bollhofer and Rosman 2002), revealing opposing 

ratios as Victoria plots near ratios observed at P26, while Pb isotope ratios from Burnaby plot 

within the proximity of ratios measured in this work at stations P4 – P20.  While results from 

Victoria are consistent with ratios measured at P26, this influence is not observed at stations P4 – 

P20 and therefore may not be a significant source to the coastal ocean relative to other sources.  

Samples representing Vancouver, BC road dust (Preciado, et al. 2007) plot largely within the 

green quadrant, while two road dust samples plot just outside and are coloured purple.  Airborne 

Pb samples from Vancouver and Burnaby therefore support a North American source of Pb to 

stations P4 – P20. 

 

Dissolved Pb in the western and central north Pacific ocean was shown above to support 

interpretation of an Asian source of dissolved Pb measured at P26 (Figure 4.6).  Here, Pb 

isotopic ratio of oysters sampled along the west coast of Vancouver Island (Shiel, et al. 2012) 

provide a proxy for dissolved Pb in the ocean as filtering of ocean waters by oysters represents 

an application analogous to lichen sampling the air.  Three oyster samples plot within the green 

quadrant and one within the red quadrant, although at less radiogenic values than observed at 

P26 (Figure 4.8a).  While it was suggested above that Pb sources from Victoria would be 

unlikely to influence Pb isotope ratios at P26 without impacting stations P4 – P20 along Line P, 

Pb sources from Victoria could potentially impact oysters along the coast of Vancouver Island, 

and therefore influencing the isotopic ratio of the oyster sample plotting in the red quadrant.  

Oyster samples therefore both support isotopic signatures observed at P4 – P20, while also being 

consistent with possible influence from less radiogenic isotopic ratios measured in air samples 

from Victoria.   
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            a. 

 

 

               b. 
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             c. 

Figure 4.8. a. Pb isotope ratios of filtered air samples (Bollhofer and Rosman 2002) and dust collected from 

the air (Preciado, et al. 2007) within coastal lower BC and oysters (Shiel, et al. 2012) are indicated on the map 

in b.  All but two of these samples from lower BC plot within the green ellipse containing stations P4 – P12.  

The remaining two samples suggest anthropogenic sources from Victoria.  c. Isotopic ratios of terrestrial 

samples: rock samples from Vancouver Island (diamonds) (Greene et al. 2009) and coastal BC waters 

draining the terrestrial watershed (circles) (Stukas, et al. 1999) (see also map in b).  Terrestrially derived 

samples are more radiogenic than values measured along Line P, thus relatively small amounts of terrestrial 

Pb would be required to influence Pb isotope ratios at P4 and P12 (green triangles).    

 

Finally, Pb ratios of potential terrestrial fluvial freshwater inputs to Line P are much more 

radiogenic than Line P samples (Figure 4.8c).  Terrestrial Pb sources from rocks on the northern 

and southern end of Vancouver Island possess radiogenic Pb isotope ratios of 206Pb/207Pb of 1.20 

– 1.25 (Greene, et al. 2009), compared to 206Pb/207Pb 1.16 – 1.18 for stations P4 – P20.  

Dissolved Pb measured in the Nass River (Stukas, et al. 1999) demonstrates similarly elevated 

206Pb/207Pb ratios, suggesting that radiogenic Pb could be supplied to the ocean via fluvial 

freshwater sources.  Ocean water sampled from a coastal fjord following a spring freshet (Stukas, 

et al. 1999) results in the highest 206Pb/207Pb ratios, suggesting that the watershed drains 

radiogenic terrestrial Pb.  Following winter renewal of the fjord with ocean waters, 206Pb/207Pb 

ratios (Stukas, et al. 1999) decrease to values similar those at P4 – P20, suggesting the dilution of 
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the more radiogenic ratios associated with the spring freshet.  Terrestrial sources of Pb 

transported by fluvial freshwaters could therefore influence the Pb isotopic ratio observed at 

stations P4 – P20.  Comparison and interpretation of samples representing potential sources of 

Pb measured at stations P4 – P20 reveals that the most probable source of Pb resulting in the 

depth interface associated with the summer mixed layer at P4 – P20 is from North America.   

 

4.5.3 Physical inputs of Pb: Eolian and fluvial  

 

Sources of Pb to the ocean may be eolian or fluvial and will be discussed here to evaluate the 

temporal and geographic differentiation of Pb isotopes identified in this work.  Temperature-

salinity plots identify 4 distinct groupings of stations across the Line P transect (Figure 4.9), 

assisting interpretation of Pb sources.   

 

 

Figure 4.9. Temperature-salinity of the summer mixed layer at stations across Line P in August 2010 reveal 

four distinct regions identified by cool, saline waters indicative of upwelling (blue), warmer lower salinity 

waters (green) containing P12, followed by P16 and P20 within stations of increasing salinity (red), and P26 

within waters of the decreasing temperature (black).   

 

While upwelling is observed at stations P2 – P5 (blue) (Figure 4.9, Figure 4.10), lower salinity 

waters are observed extending from P6 all the way to P13 (green), suggesting potential 
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freshwater influence.  While a salinity gradient represents a sharp transition between stations P13 

and P14 (Figure 4.10b), a temperature gradient delineates stations P22 – P26 in T-S space 

(Figure 4.9).  Decreasing temperatures from P22 – P26 (black) are interpreted to represent the 

transect entering into the Alaska Gyre.  Stations P14 – P21 (red) represent a transition to the 

Alaska Gyre, from lower salinity waters at stations P6 – P13 to the cooler waters of the Alaska 

Gyre.   

 

 

Figure 4.10. Temperature and salinity of the mixed layer along the Line P transect in August 2010 

demonstrates the longitudinal extent of the four regions identified in the TS plot, upwelling is clearly 

demonstrated along the coast (blue), followed by low salinity waters along the remainder of the eastern 

portion of the transect (green), a sharp salinity gradient occurs approaching the edge of the upwelling Alaska 

Gyre (gyre), and a decreasing temperature gradient upon entering the Alaska Gyre (black). 

 

These four distinct regions exhibit isotopic shifts along Line P (Figure 4.11).  Transition in 

206Pb/207Pb values from P12 to P16 is consistent with the transition identified by the salinity 

gradient (green to red) (Figure 4.10).  Similar 206Pb/207Pb values at P16 and P20 (red) are 
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corroborated by the position of these two stations within the same region of T-S space (Figure 

4.9).  Ratios at P26, associated with the Alaska Gyre based on T-S interpretation (black), 

represent Asian Pb sources, as identified in 4.5.2.1 above.  Transition toward the Alaska Gyre is 

therefore accompanied by a shift from high 206Pb/207Pb ratios associated with North American 

sources at P4 and P12, followed by intermediate ratios across the salinity gradient toward P16 

and P20, to lower ratios at P26 upon entering the Alaska Gyre.   

 

 

Figure 4.11. Mixed layer 206Pb/207Pb ratios measured across Line P.  Small grey circles show all samples from 

within the mixed layer.  Coloured circles corresponding to regions described in Figure 4.10 and Figure 4.11 

and represent the average and the cumulative error of all measurements within the mixed layer at each 

station.  Note the 206Pb/207Pb scale is reversed to provide consistency with Figure 4.14.   

 

Delineation of fluvial and eolian input process assists in interpreting patterns of Pb isotopes 

across Line P.  Fluvial freshwater sources are identified using the Ga/Pb tracer (Chapter 3) and 

are associated with low salinity waters at P4 and P12.  The observed pattern of Pb isotopes 

across Line P (Figure 4.11) is similar to Ga/Pb within the mixed layer (Figure 4.12).  The 

influence of fluvial sources of Pb on Pb isotope ratios is demonstrated within coastal fjord 

samples (Stukas, et al. 1999).  Indeed, a Ga/Pb interface is consistent with the salinity gradient 

observed between P12 and P16.  Additionally, Ga/Pb at P20 and P16 represents a transition 

along Line P towards the lowest and least variable Ga/Pb ratios at P26 (Figure 4.12).  Given the 
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confinement of the terrestrial Pb isotope signature to the summer mixed layer, fluvial sources 

may be advected to offshore regions within the shallow mixed layer.  Additionally, fluvial 

freshwater inputs can also be transported offshore by eddies.  Fluvial inputs of radiogenic Pb are 

therefore interpreted to influence observed 206Pb/207Pb at stations P4 – P20.  Eolian deposition 

provides sources of Pb from Asia to the north Pacific, evidenced by isotopic ratios within ocean 

samples (Wu, et al. 2010; Gallon, et al. 2011) as well as Alaskan ice cores (Gross, et al. 2012).  

Sources of Pb from Asia to P26 are therefore considered to result from eolian inputs.  This work 

therefore concludes eolian sources at P26 bounded by the Alaskan Gyre and the influence of 

fluvial sources of Pb to the remainder of the Line P transect.   

 

 

Figure 4.12. Fluvial sources to Line P traced by Ga/Pb within the mixed layer demonstrate a gradient 

between P12 and P16, and transition zone along P16 and P20 towards lower values at P26.  Note log scale on 

y axis to assist visualization of full data range.   

 

4.5.4 Implications 

 

Trace metals such as Fe, Cd, Zn, and Mn are important for phytoplankton growth and are 

similarly sourced by eolian and fluvial mechanisms.  Interpretations in this thesis suggest that 

fluvial inputs in the summer may provide increased availability of bioactive metals to 

phytoplankton.  Furthermore, in August 2010, this source appears to be restricted to stations P4 – 
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P20, outside the Alaska Gyre.  Isotopic ratios of Pb are therefore used as a tracer of potential 

trace metal sources to the HNLC waters across Line P.  Here, HNLC conditions are quantified by 

NO3 / Chl a (Figure 4.13), where NO3 is used to denote nitrate plus nitrite.  High values of NO3 / 

Chl a indicate underutilized nutrients and therefore HNLC conditions, and low values indicating 

non-HNLC conditions.  Ratios of NO3 / Chl a across Line P in August 2010 indicate non-HNLC 

conditions along the eastern portion of the transect including stations P4 and P12 (Figure 4.13).  

Following the salinity interface (Figure 4.10), HNLC conditions begins to be observed and are 

present at P16 and P20 (Figure 4.13).  Finally, and associated with the transition to the Alaska 

Gyre (Figure 4.9), NO3 / Chl a ratios increase along a steep gradient approaching station P26 

(Figure 4.13).  HNLC conditions and Fe-limitation are therefore indicated at P26, with a 

transitional region at P16 and P20.   

 

 

Figure 4.13. Concentrations of NO3 (triangles),Chl a (circles), and NO3 / Chl a ratio (squares) combine with 

colours based on T-S characteristics (Figure 4.9 and Figure 4.10) to identify regions of NO3 utilization (blue), 

NO3 limitation (green), followed by increasing concentrations of underutilized NO3 resulting in HNLC 

conditions approaching P26 (black) with transition toward HNLC conditions at P16 and P20 (red).   

 

A strong correlation between the NO3 / Chl a ratio (a proxy for Fe-limitation) and the 206Pb / 

207Pb ratio is observed along Line P (Figure 4.13).  At P4 high Chl a indicating utilization of 

available NO3 is coincident with higher 206Pb / 207Pb (Figure 4.14) associated with summer 

fluvial freshwater sources from North America.  Increasing NO3 / Chl a ratios at P16 
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corresponds to decreasing influence of fluvial sources (Figure 4.12, Figure 4.10) and a lower 

North American Pb isotope signal (Figure 4.14).  While HNLC character increases at stations 

P17 and 18, Pb isotope ratios and HNLC conditions at P20 are similar to observations at P16 

(Figure 4.14).  Increasing HNLC character at P26 (Figure 4.13) is coincident with Pb isotopes 

(Figure 4.14) indicative of eolian Asian sources to the Alaska Gyre.   

 

 

Figure 4.14. Values of the NO3/Chl a ratio, representing a measure of HNLC character, demonstrate similar 

patterns observed for 206Pb/207Pb, non-HNLC conditions are coincident with North American fluvial sources, 

increasing HNLC character at P16 and P20 corresponds to a shift in 206Pb/207Pb approaching the edge of the 

Alaska Gyre, and rapidly increasing HNLC character entering the Alaska Gyre is matched by the gradient in 
206Pb/207Pb.   

 

The strong correlation between NO3/Chl a, and 206Pb/207Pb values (Figure 4.15) (R2 = 0.93, p < 

0.001) suggests that fluvial North American summer sources of dissolved Pb and trace metals 

may influence HNLC conditions along Line P.  While correlation certainly does not imply 

causation, these results support future research of biologically important trace metals associated 

with North American fluvial inputs.  For instance, transport of Fe within eddies formed in coastal 

waters support phytoplankton production in the northeast Pacific (Fiechter and Moore 2012).   
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While sources from Asia can also provide Fe for phytoplankton (Meskhidze, et al. 2005), Asian 

Pb isotope signatures at P26 in August 2010 are associated with Fe-limited HNLC conditions.  

This does not imply that Fe was not delivered with the Asian input.  Rather, the Fe may have 

already have been utilized by phytoplankton.  Volcanic ash can also provide Fe to the northeast 

Pacific (Hamme, et al. 2010) and can have radiogenic Pb isotope ratios consistent with North 

American sources (Johnson, et al. 1996).  While volcanoes produce spectacular episodic sources 

of Fe, fluvial sources provide a more consistent input to the northeast Pacific Ocean.  

 

 

Figure 4.15. HNLC character, indicated by NO3 / Chl a, correlated with mixed layer 206Pb/207Pb resulting in 

R2 = 0.93, p < 0.001.   

 

4.6 Conclusion 

 

This thesis presents the first measurement of Pb isotopes across the Line P transect.  Isotopic 

ratios of Pb vary spatially and temporally along the transect.  Isotopic ratios of Pb are interpreted 

to represent Asian sources at P26, the western terminus of the transect, while terrestrial North 

American sources are observed along the remainder of the transect.  Asian sources at P26 are 

interpreted to be of eolian deposition, while terrestrial North American sources are interpreted to 
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be of fluvial origin.  Isotopic ratios of fluvial origin are confined to the summer mixed layer, 

while isotopic ratios indicative of Asian sources extend to the depth of the winter mixed layer.  

Incomplete nutrient utilization, indicative of HNLC conditions, is coincident with Asian sourced 

Pb within the Alaskan Gyre at stations approaching P26.  Transition from non-HNLC to HNLC 

conditions along stations P16 and P20 is aligned with transition in Pb isotope ratios from 

terrestrial fluvial summer sources to less radiogenic Asian eolian sources associated with the 

winter mixed layer.  This thesis therefore identifies 206Pb/207Pb and 208Pb/206Pb as tracers of 

eolian Asian and fluvial North American sources of trace metals correlating with HNLC 

conditions along Line P within the northeast Pacific Ocean.   
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Chapter 5: Dissolved Ga in the Beaufort Sea of the western Arctic Ocean 

 

5.1 Synopsis 

 

Dissolved gallium (Ga) concentrations are presented from the Beaufort Sea, representing the first 

reported values of Ga in the Arctic Ocean.  Profiles of dissolved Ga in this region reflect Pacific 

and Atlantic Oceans source waters.  Dissolved Ga concentrations of 4 – 6 pmol kg-1 at depths 

< ~150m are characteristic of dissolved Ga in the North Pacific and at depths > ~350m, 

concentrations of 25 – 28 pmol kg-1 are indicative of Atlantic waters.  A smooth gradient of 

increasing dissolved Ga concentrations is observed through the thermocline, consistent with 

mixing of cool Pacific waters of low Ga concentration and relatively warm Atlantic waters of 

higher Ga concentration.  Dissolved Ga is shown here to represent a complimentary tracer of 

Pacific inputs to the Western Arctic Ocean, as seasonal processes influencing temperature and 

NO3 : PO4 of Pacific Water entering the Arctic do not influence dissolved Ga profiles.  Observed 

PO4 deficiencies within NO3 deplete waters in the upper ~70m is interpreted to represent 

nitrogen fixation in Pacific waters stored within the anticyclonic Beaufort Gyre.  Nitrogen 

fixation rates calculated in this work are interpreted to represent the Beaufort Gyre, as opposed to 

freshwater sources associated with the Mackenzie River or sea ice melt, based on conservative 

behaviour of dissolved Ga within Pacific waters.  Storage of PO4 deficient Pacific waters in the 

Beaufort Gyre followed by release and transport to the north Atlantic would result in pulses of 

PO4 deplete waters from the Arctic, impacting nitrogen fixation in the Atlantic Ocean.  Sampling 

at one shelf station revealed local impacts on dissolved Ga concentrations. At the shelf station, 

high concentrations at shallow depths are interpreted to represent fresh waters inputs from the 

Mackenzie River or sea ice melt.  Additionally, contrary to the remainder of the stations, an 

increase in Ga concentrations associated with the thermocline is not observed, suggested to result 

from increased scavenging rates within shelf environments due to increased particle abundance.  

Finally, first reports here of dissolved Ga in the Arctic allow comparison with profiles of 

dissolved Al. Distinct profiles of these two similar elements in the Arctic Ocean are interpreted 
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to result from differential scavenging rates and vertical transport of dissolved Ga and Al within 

Atlantic sourced waters and deep basin waters.  

 

5.2 Introduction 

 

Trace metal research in the Arctic Ocean has benefitted from the GEOTRACES program and the 

International Polar Year (Henderson, et al. 2007; Melling, et al. 2012), including observation of 

hydrothermal inputs of Mn (Middag, et al. 2011) and Fe (Klunder, et al. 2012), confirmation of 

dissolved Al concentration profiles unique to the Arctic (Moore. 1989; (Middag, et al. 2009; 

Giesbrecht, et al. 2013), and classic Fe limitation of phytoplankton (de Baar, et al. 2005) is 

shown to be paired with light limitation in the Arctic (Taylor, et al. 2013).  However, dissolved 

Ga has not been reported in the Arctic Ocean.  

 

Gallium is a favourable element for oceanographic analysis and interpretation given three key 

characteristics.  First, as a scavenged type trace metal, dissolved Ga concentrations vary in the 

world oceans as a function of both depth as well as geographic location (Orians and Bruland 

1988a; Orians and Bruland 1988b; Shiller 1998; Shiller and Bairamadgi 2006).  Second, 

dissolved Ga provides utility as a tracer given a residence time longer than dissolved Al, yet 

short enough to display regional characteristics (Orians and Bruland 1988a).  Third, although 

dissolved Ga concentrations in the ocean are very low, 2-40pmol kg-1, less contamination risk 

exists during sampling and analysis relative to more contamination prone elements, such as Al, 

Fe, and Zn, due to the low natural abundance of Ga in the earth’s crust and relatively less use in 

industrial and manufacturing processes.   

 

Gallium concentrations measured in the ocean have been utilized to identify eolian inputs 

(Orians and Bruland 1988b; Shiller 1998).  Comparison of dissolved Ga concentrations with 

dissolved Al provided insight into differential scavenging as Ga is less particle reactive than Al 

(Orians and Bruland 1988a), and differential scavenging of Ga and Al results in a positive 

correlation between the dissolved Ga/Al ratio and Chl a (Shiller and Bairamadgi 2006).  
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Additionally, dissolved Ga is shown to be a tracer of temporally distinct plumes of the Columbia 

River, based on development of an endmember mixing model (McAlister and Orians 2012).  

This work here presents dissolved Ga as a tracer Pacific and Atlantic sourced waters to the Arctic 

Ocean.  Dissolved Ga concentrations therefore compliment ratios of dissolved NO3 : PO4 (Jones, 

et al. 2003) as tracers of Pacific freshwater in the Arctic.   

 

Multiple tracers are required to understand unique Arctic Ocean water mass properties and 

stratification, particularly as climate change influences Arctic Ocean circulation dynamics, 

timing of ice melt and formation, and biogeochemical cycling (McLaughlin, et al. 2011).  

Climate impacts in the Arctic exhibit local and global geophysical, biological, and social impacts 

(Barber, et al. 2008; Budikova 2009; Carmack and Wassmann 2006).  Recent years have seen 

shrinking Arctic sea ice (Zhang, et al. 2008), catalyzed by inputs from the Pacific and coupled 

ocean-atmosphere-sea ice dynamics (Shimada, et al. 2006).  Sea ice impacts climate via changes 

to albedo, modifies the stratified structure of the upper Arctic leading to changes to 

phytoplankton community production and composition (Li, et al. 2009), and influences seasonal 

inputs of Pacific waters to the Arctic (McLaughlin, et al. 2004)    

 

Pacific waters transported across the Arctic return freshwater to the Atlantic, completing global 

ocean cycling (Wijffels, et al. 1992).  Pacific freshwater inventory exceeds freshwater from 

rivers across the Canada Basin in the Western Arctic (Jones, et al. 2008) and storage of 

freshwater in the Beaufort Gyre results in episodic release of freshwater to the North Atlantic 

(Proshutinsky, et al. 2002).  Changes to Pacific water flow into the Arctic (Woodgate and 

Aagaard 2005) and the Arctic Oscillation (Steele, et al. 2004) further influence the extent of 

Pacific water transport across the Arctic.  Therefore tracing Pacific inputs of fresh water from the 

Arctic to the North Atlantic (Sutherland, et al. 2009; Aagaard and Carmack 1989) is critical 

given freshwater impacts on North Atlantic Deep Water formation (Keigwin, et al. 1991).   

 

Temperature and salinity provide identification of Arctic water masses, and have indicated recent 

and rapid changes in Arctic structure and circulation (McLaughlin, et al. 2004; Carmack, et al. 

1997; Shimada, et al. 2006; Jackson, et al. 2010).  Chemical tracers, including nitrate, phosphate, 
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and O2, provide additional markers of physical and biogeochemical sources and sinks in the 

Arctic (Falkner, et al. 2005; Jones, et al. 1998).  While utilization of temperature and N:P 

relationships is important for identifying Pacific waters in the Arctic, trace metals provide an 

additional opportunity for identification of complimentary tracers of physical and 

biogeochemical Arctic Ocean dynamics.  This work presents the first profiles of dissolved Ga 

concentrations in the Arctic Ocean, demonstrating utility as a complimentary conservative tracer 

of Pacific waters, highlighting differential source and sink processes in the Beaufort Gyre and 

along the shelf, application to interpretation of nitrogen fixation and available phosphate in the 

Beaufort Gyre, and suggesting differential scavenging rates and vertical transport producing 

distinct profiles of dissolved Ga and Al in the Arctic.   

 

5.3 Methods 

 

Dissolved Ga is reported from six profiles in the Beaufort Sea (Figure 5.1) sampled aboard the 

CCGS Amundsen in September 2009, a GEOTRACES cruise supporting the International Polar 

Year (Melling, et al. 2012).  Seawater was collected with GoFlo bottles attached to a trace metal 

clean rosette supported by a conducting Kevlar line (Giesbrecht, et al. 2013), filtered into acid 

cleaned LDPE bottles utilizing trace metal clean practices, and acidified onboard the ship in a 

laminar flow hood.   

 

Figure 5.1  Arctic Study Area: Beaufort Sea a) Study area in the Beaufort Sea of the Arctic Ocean, 

circles indicate sampling stations b) trace metal sampling performed at stations L1 – L3 and S4, 

stations S1 – S2 provide transmissometry data and water mass identification utilized in interpreting 

results.   
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Sample depths within the Pacific waters and Atlantic thermocline were selected based on real 

time CTD data.  Utilization of temperature, salinity, and oxygen data to select sample depths 

allowed specific targeting of oceanographically relevant features of Atlantic sources and 

seasonably variable inputs from the Pacific including unique features of the Western Arctic 

(Figure 5.2).  For instance, local temperature and oxygen minima were targeted as indicators of 

Pacific Winter Water (PWW).   

 

 

Figure 5.2  Profiles of temperature, salinity, and O2 at station L1.  Open circles represent trace metal 

sampling depths, T and O2 minima indicate PWW and the thermocline delineates cool Pacific waters 

(<~150m) from relatively warm Atlantic waters (>~350m).  Note log scale for depth to enhance 

visualization of Pacific water structure.   

 

Gallium was analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) following 

100X preconcentration from 50mL seawater samples utilizing Mg coprecipitation and quantified 

by isotope dilution (Shiller and Bairamadgi 2006).  Following addition of an isotopically 
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enriched solution of 71Ga, samples were precipitated with trace metal clean ammonium 

hydroxide (Seastar Chemicals), centrifuged, decanted, and the precipitate dissolved in 1% HNO3.  

Sample preparation was performed within a Class 100 laminar flow fume hood in a Class 1000 

clean room.  Operation of the ICP-MS was performed in medium resolution to resolve 69Ga and 

doubly charged 138Ba.   

 

Results here representing the first reports of dissolved Ga in the Arctic are oceanographically 

consistent, displaying smooth profiles and concentrations consistent with north Pacific (Orians 

and Bruland 1988b) and north Atlantic (Shiller 1998) source waters.  Duplicate analysis of 

samples (n=17 duplicates) resulted in a mean RSD of 3.2%, a range of 0.1% – 12.3% RSD and a 

median RSD of 2.1%.  

 

5.4 Results and discussion 

 

Results and Discussion will be presented and organized into five sections.  First, profiles of 

dissolved Ga from five stations (L1, L1.1, L1.5, L2, and L3: Figure 5.1) in the Canadian Basin 

are presented, showing concentrations consistent with Pacific and Atlantic sources.  Next, 

distinct Ga concentrations at station S4 on the shelf are discussed relative to the Basin stations.  

Third, application of dissolved Ga as a conservative tracer of Pacific waters, absent of seasonal 

influence of Pacific Winter Water will be demonstrated.  Fourth, conservative behaviour of 

dissolved Ga within nitrate deficient waters is used to interpret calculated nitrogen fixation as 

occurring within Pacific source waters of the Beaufort Gyre.  Finally, profiles of dissolved Ga 

and Al in the Arctic are shown to be similar within Pacific waters, while differences within the 

Atlantic portion of the profile are considered to result from the effects of differential scavenging 

and vertical transport of these two related elements.   
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Table 5.1. Dissolved Ga (pmol kg-1) measured in the Beaufort Sea of the western Arctic Ocean 

L1 L1.1 L1.5 L2 L3 S4 

Depth Ga Depth Ga Depth Ga Depth Ga Depth Ga Depth Ga 

8.5 3.9 7.5 6.3 10 7.5 8 6.0 10 7.5 7 22.7 

15 5.7 20 6.5 19 15.6 20 5.4 32 4.6 8 18.8 

30 4.7 40 5.2 40 4.4 40 4.9 55 4.5 17 12.5 

50 4.5 60 4.6 90 5.7 80 5.0 140 6.2 25 6.7 

70 4.4 75 4.8 140 8.5 120 6.0 180 8.7 50 6.3 

90 5.1 90 5.1 190 6.7 180 10.2 260 18.4 70 6.0 

120 4.8 110 5.2 280 21.3 270 22.5 350 24.9 90 4.4 

150 6.2 130 4.8 380 25.2 360 24.1 440 26.9 120 4.2 

175 7.9 170 6.7 450 26.2 400 28.7 600 28.5 150 4.7 

200 15.6 210 12.5 600 27.3 440 27.3 800 27.8 200 3.9 

250 17.5 270 27.0 800 27.5 550 26.5 1000 28.1 240 5.1 

350 22.4 360 25.3 1000 29.0 700 28.1 1200 27.9 275 4.5 

400 25.4 400 26.0   900 26.5     

500 24.8 425 25.8   1300 28.4     

600 24.0 500 27.5   1500 27.8     

750 25.2 600 27.6   1700 27.5     

1000 25.7 800 28.6   1900 27.1     

1250 28.5 1000 28.9   2100 29.0     

1500 24.3 1250 30.1   2300 27.7     

1800 25.5 1500 30.2   2500 26.5     

  1750 28.4   2700 26.7     

  2250 27.5   2950 25.8     

    2400 27.0                 
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5.4.1 Dissolved Ga in the Beaufort Sea: Canadian Basin  

 

Dissolved Ga in the Beaufort Sea at stations L1 – L3 shows smooth, oceanographically 

consistent profiles (Figure 5.3).  Concentrations of dissolved Ga are uniform with depth through 

Pacific waters (0 – ~150m) within each individual profile and across the transect (Figure 5.4).  

Similarly, waters sourced from the Atlantic (> ~350m) exhibit a narrow range of dissolved Ga 

concentrations (Figure 5.4).  Transition from Pacific to Atlantic waters results in a smooth 

increase in dissolved Ga concentrations associated with the thermocline.   

 

 

Figure 5.3  Profiles of dissolved Ga at stations L1 – L3, log depth scale show lower concentrations through 

Pacific waters, transitioning to higher concentrations associated with Atlantic waters.   
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Figure 5.4  Dissolved Ga concentrations at L1 – L3 demonstrate consistent profiles across the five 

basin stations.  Dashed lines indicate ranges of dissolved Ga in the Pacific (Orians and Bruland 

1988b) and dash-dot-dot lines represent concentrations of dissolved Ga reported in the north Atlantic 

(Shiller 1998).  

 

5.4.2 Dissolved Ga in the Beaufort Sea: Shelf 

 

Results of dissolved Ga at the shelf break, at station S4, are distinct from stations L1 – L3.  

While concentrations of dissolved Ga at S4 are similar to those of L1 at depths of 25 – 120m 

(Figure 5.5a), deviations exist at shallow depths and at depths extending through the thermocline.  

Higher concentrations of Ga are observed at shallow depths, associated with comparatively 

warmer waters at S4 (Figure 5.5a).  Similar thermocline structure at depths > 150m at S4 and L1 

suggest the presence of Atlantic waters at both stations (Figure 5.5a).  However dissolved Ga 

concentrations at S4 do not increase through the thermocline as observed in the basin stations L1 

– L3.   
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Figure 5.5  a. Temperature and dissolved Ga profiles at L1 and S4, L1 represents the similar profiles 

of the L stations.  Dissolved Ga and temperature are higher at S4 relative to L1 in the upper 25m.  

Temperatures are similar through the thermocline at S4 and L1, yet increasing Ga concentrations 

are not observed at S4. b. Transmittance at shelf stations S1, S1.1, S1.2, and S2 (Fig. 1) is lower and 

more variable than the nearly vertical profile at L1. 

 

Elevated concentrations of dissolved Ga at shallow depths at S4 may be associated with 

freshwaters sources from rivers (McAlister and Orians 2012; Shiller 1996) or sea ice melt, as 

suggested for aluminum (Measures 1999).  Delineation of water masses along the S1, S2, L1 

transect (Figure 5.1), calculates a Mackenzie River water contribution of 10 – 15% at 0 – 15m at 

S1 and S2, and ~5% at L1 (Alfonso Mucci, pers. comm.).  Sea ice melt is also suggested to 

contribute 10 – 20% of waters at 0 – 15m at S1 and S2.  However, a similar amount of sea ice 

melt is determined at L1 (Alfonso Mucci, pers. comm.).  Sea ice formation along the shelf may 

include greater amounts of entrained sediment.  Therefore, while sea ice melt is similar along the 

shelf and in the basin, shelf derived ice may provide a greater source of Ga.  Elevated dissolved 

Ga at S4 may therefore result from freshwater input, in the form of Mackenzie water and/or sea 

ice melt.   

 

Another contrast at S4 relative to the L stations is the lack of increasing concentrations of 

dissolved Ga through the thermocline at depths > 150m (Figure 5.5a).  Greater particle 

abundances associated with the shelf, resulting in increased scavenging of dissolved Ga, could 
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remove the Ga transported in Atlantic sourced waters at this depth.  Lower concentrations of 

dissolved Ga are also observed approaching the coast off central California (Orians and Bruland 

1988b), and the residence time of dissolved Ga near the coast is an order of magnitude lower 

than the open ocean (Orians and Bruland 1988b).  Although transmittance data are not available 

at station S4, four shelf stations S1 – S2 (see Figure 5.1) suggest a greater presence of particles, 

including suspended sediments, which are expected to increase scavenging of dissolved Ga 

compared to the offshore station L1 (Figure 5b).   

 

Given the extensive shelf area of the Arctic Ocean, observations implying freshwater sources of 

dissolved Ga to the shallow surface and a sink due to scavenging within the Atlantic thermocline 

along the shelf will require additional research.    

 

5.4.3 Dissolved Ga: Conservative Pacific tracer 

 

Dissolved Ga is demonstrated above to be a proxy of Pacific waters.  Temperature and N:P are 

also particularly well suited to trace Pacific Winter Waters (PWW).  Temperature minima 

identify PWW due to sea ice formation in the winter.  Additionally, PWW is influenced by 

denitrification in the sediments of the Bering Sea and Chukchi Shelf during transport from the 

Pacific into the Arctic Ocean.  Denitrification identifies PWW based on lower N:P relative to 

Atlantic waters (Jones et al. 1998) and is demonstrated by the N* minimum (Figure 5.6), where 

N* = NO3 – 16xPO4 + 2.9 (Gruber and Sarmiento 1997).  While temperature and N* reflect 

seasonal dynamics influencing Pacific water sources, concentrations of dissolved Ga remain 

essentially consistent through the Pacific waters (Figure 5.6), providing a complimentary 

conservative tracer of Pacific waters in the Arctic.  
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Figure 5.6  Dissolved Ga, temperature, and N* at L1.  Dissolved Ga is conservative through Pacific 

waters while temperature and N* show minima associated with Pacific Winter Waters. 

 

Climate change, including an earlier loss of sea ice (Tremblay, et al. 2006) and sea level rise 

(Addison, et al. 2012), influence primary production and denitrification in Pacific waters 

entering the Arctic.  Therefore, calculation of the amount of Pacific water based on N:P could be 

obscured due to the influence of climate change on denitrification (Jones, et al. 1998).  Further 

research is therefore warranted investigating dissolved Ga as a complimentary tracer of Pacific 

waters, including sampling dissolved Ga in the Bering and Chukchi Seas, through the Canadian 

archipelago, and in the Eastern Arctic.   

 

5.4.4 Dissolved Ga: Application to nitrogen fixation in the Beaufort Gyre 

 

In addition to differentiation of Pacific and Atlantic sourced waters utilizing NO3 vs. PO4 plots, a 

third region of the water column is identified in the upper 70m, wherein concentrations of NO3 
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approach zero while PO4 remains abundant (Figure 5.7a,b).  Plots of NO3 vs. PO4 (Figure 5.7c) 

reveal that PO4 concentrations within these NO3 deficient waters range from 0.5M – 0.75M, 

in contrast to intercept values of 0.8M predicted by linear regression of Pacific Waters.  Similar 

observations of net community production exceeding NO3 based new production in the Beaufort 

Sea (Tremblay et al. 2008) could result from freshwater inputs of nutrients, allochotonous inputs 

of organic nitrogen (Simpson et al. 2008), or identification of nitrogen fixation within cold 

waters of the Beaufort Sea (Blais, et al. 2012).  Can concentrations of dissolved Ga help 

delineate processes leading to drawdown of PO4 in NO3 deficient waters?   

 

Profiles of dissolved Ga within these nitrate deficient waters (< 70m) do not display systematic 

variation across these stations (Figure 5.4).  Conservative behaviour of dissolved Ga suggests 

that the drawdown of PO4 in nitrate deplete waters is specifically associated with Pacific source 

waters within the Beaufort Gyre as opposed to freshwater sources from outside the Gyre, which 

are likely to contain elevated concentrations of dissolved Ga.  Elevated concentrations of 

dissolved Ga at S4 do not display the same conservative behaviour as dissolved Ga within the 

Beaufort Gyre (Figure 5.5a).  Freshwater sources from river inputs or melting of land fast sea ice 

could provide different N:P inputs at S4.  Therefore, relationships between NO3 and PO4 are 

considered here at the L stations, displaying conservative behaviour of dissolved Ga within 

Pacific waters.  

 

Decoupling of dissolved NO3 and PO4 in NO3 deficient waters (< 70m) represents ~35% of the 

water column identified as Pacific (~200m) based on N:P plots (Figure 5.7).  What is controlling 

N:P dynamics in these nitrate deficient waters?  Calculation of the N* parameter provides 

differentiation of nitrogen cycling processes and identifies areas of the oceans impacted by 

nitrogen fixation or denitrification, indicated by positive or negative N* values, respectively.  

Globally averaged biogeochemical cycling of NO3 and PO4 results in N* = NO3 – 16xPO4 + 2.9, 

representing a Redfield ratio of N:P = 16 and an intercept of 2.9 accounting for global average 

denitrification.  Given the unique environment of the Beaufort Sea and nitrogen dynamics 

associated with Pacific Winter Waters, however, an N** function is defined here, specific to the 

Pacific waters sampled in this work which do not exhibit nitrate depletion (NO3 > 0.2 mol kg-1): 
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N** = NO3 – 13.6xPO4 + 11 (Figure 5.7c).  Profiles of this N** parameter reveal positive values 

within nitrate depleted waters, indicative of nitrogen fixation (Figure 5.7d).  Therefore, while 

denitrification typifies Pacific Winter Waters, nitrogen fixation allows utilization of available 

PO4 within NO3 deficient waters.   

 

 

Figure 5.7  Nitrate (a.) and phosphate (b.) profiles, green represents nitrate deficient waters, blue 

PWW, and red Atlantic waters; c) NO3 vs. PO4, PWW are described by a linear fit to data indicated 

by blue symbols (R2 = 0.98), dashed line represents Atlantic sourced waters (Jones, et al. 1998), d) 

positive N** values within nitrate deficient waters suggest N fixation.   

 

Nitrogen fixation rates within NO3 deplete waters are calculated based on the PO4 deficit, and are 

influenced by the residence time of the gyre (gyre) and the N:P ratio.  While PO4 uptake by 

nitrogen fixers occurs at N:P = 45 (Karl et al. 2002), decomposition results in a nitrogen input to 

the system that is utilized by non nitrogen fixing organisms at the Redfield ratio of N:P = 16.  

Therefore utilization of every 1 PO4 by N fixers fuels the use of ~3 (45/16) PO4 by non N fixers, 

and N fixers have utilized 16/45 of the PO4 deficiency.  Some N fixers sink before 

decomposition, thus removing available N, taken to be represented by N:P ratio of 23.3 in 

sinking matter (see Yamamoto-Kawai, et al. 2006).  Calculations of nitrogen fixation in this 

work utilize N:P values of 16 – 23.3, indicated by range bars in Figure 5.8a.  Residence time of 

the Beaufort Gyre ranges from ~ 5-10 years since 1950, alternating between anticyclonic modes 
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of freshwater storage within the gyre followed by cyclonic release of freshwater through the 

Canadian Archipelago and Fram Strait (Proshutinsky, et al. 2002).  Freshwater in the Beaufort 

Gyre was ~50% greater than the climatologically mean in 2008 (McPhee, et al. 2009), as the last 

transition to an anticyclonic mode occurred in 1997 (Proshutinsky, et al. 2002).  Residence time 

of the gyre for calculation of nitrogen fixation rates in this work from samples collected in 2009 

is therefore set at 12 years.   

 

 

Figure 5.8  a) Calculated rates of nitrogen fixation (mmol N m-3 yr-1) at basin stations, b) integrated 

rates of nitrogen fixation (mmol N m-2 yr-1) from 7.5m – 40m, representing sampling depths to ~1% 

light level.   

 

Nitrogen fixation rates are similar among the L stations within the Beaufort Gyre (Figure 5.8a). 

Calculated nitrogen fixation rates are integrated to 40m, approximating the 1% light level (Figure 

5.8b).  Integrated rates of N fixation of 10 – 15 mmol N m-2 yr-1 (or 25 – 35 mol N m-2 day-1) 

compare to ranges of 24 – 66 mol N m-2 day-1 at station ALOHA (Dore, et al. 2002, Montoya, 

et al. 2004).  Nitrogen fixation rates in the upper 40m of the Beaufort Gyre (Figure 5.8a) of 

~0.25 – 0.5 mmol m-3 yr-1 (or 0.7 – 1.4 nmol N kg-1 day-1) compare to incubation experiments in 
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the Arctic of 0.4 – 2.0 nmol N kg-1 day-1 associated with the Mackenzie River estuary (Blais, et 

al. 2012).  However, the rates calculated here are an order of magnitude greater than incubation 

rates of 0.04 – 0.16 nmol N kg-1 day-1 measured at marine stations proximal to the Beaufort Sea 

shelf (Blais, et al. 2012).   

 

Higher rates of nitrogen fixation calculated here within the Beaufort Gyre, although still only 

representing ~2 – 3% of observed Arctic denitrification rates (Devol, et al. 1997), may be the 

result of greater nitrogen deficiency as basin stations sampled in this study are less influenced by 

upwelled nitrogen sources along the shelf.  Additionally, nitrogen fixation rates calculated here 

are sensitive to selected values of N:P and gyre, as discussed above.  Further, storage within the 

Beaufort Gyre over a residence time of 12 years will reflect seasonal and annual transitions in 

nitrogen fixation within Pacific source waters to the Beaufort Gyre.  Finally, nitrogen fixation 

can require Fe and an increased availability of dissolved Fe is reported in the Beaufort Gyre at 

station L1 (Taylor et al. 2013).  A PO4 deficiency could also result from the utilization of an 

allochotonous nitrogen source, such as a dissolved organic nitrogen (DON) source in excess of a 

Redfield ratio of dissolved organic phosphate (DOP).  Elevated DON/DOP ratios have been 

observed in the surface of the Beaufort Sea (Simpson, et al. 2008).  Calculation of nitrogen 

fixation here considers specifically the Beaufort Gyre, based on conservative behaviour of 

dissolved Ga in Pacific waters, as rivers may deliver inputs of different N:P and/or carry a signal 

of upstream nitrogen fixation.  This study therefore represents nitrogen fixation rates in nitrogen 

deplete waters within the Beaufort Gyre over a 12 year period in the presence of an available 

source of Fe.    

 

Identification in this work of a phosphate deficiency resulting from nitrogen fixation has 

important implications for nitrogen cycling in both the Arctic and Atlantic Oceans.  Balance of 

the global nitrogen cycle is dependent on nitrogen fixation replacing nitrogen lost during 

denitrification.  Pacific waters returned through the Arctic to the north Atlantic provide PO4, with 

90% of PO4 at 47°N in the north Atlantic being supplied by Arctic export (Torres-Valdes, et al. 

2013), and this return of PO4 to the Atlantic fuels nitrogen fixation (Yamamoto-Kawai, et al. 

2006).  Phosphate deficiencies of 0.15 – 0.3 mol kg-1 used to calculate nitrogen fixation in this 
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work represent ~15 – 35% of expected excess PO4 available for transport to the north Atlantic.  

Release of freshwater stored in the Beaufort Gyre influencing formation of North Atlantic Deep 

Water (Peterson, et al. 2006) would therefore be coincident with an influx of PO4 deplete water 

to the Atlantic.  Climate change impacts in the Arctic, including early sea ice retreat and changes 

to stratification, will influence nitrogen fixation and therefore potentially impact ecosystems in 

the Arctic and Atlantic Oceans and the global nitrogen cycle.   

 

5.4.5 Dissolved Ga: Comparison with dissolved Al 

 

Finally, first reports here of dissolved Ga in the Arctic will be compared to profiles of dissolved 

Al in the Arctic.  Both Ga and Al are scavenged type trace metals exhibiting hydroxide 

speciation (Turner, et al. 1981).  However profiles of dissolved Ga in the Arctic exhibit different 

characteristics than dissolved aluminum (Al), particularly when plotted as a linear function of 

depth (Figure 5.9a).  Increasing concentrations of dissolved Al in the Arctic with depth may 

result from reversible exchange (Giesbrecht, et al. 2013) or links with the silica cycle (Middag, et 

al. 2009).  Increasing trace metal concentrations with depth, similar to Al in the Arctic, are also 

observed for Th (Bacon and Anderson 1982) and rare earth elements (Nozaki and Alibo 2003).  

Models consistent with these observations couple reversible exchange and decreasing particulate 

abundance with depth (Siddall, et al. 2008).  Profiles of Al in the Arctic may therefore be a 

function of particulate abundance and reversible exchange, or links to the silica cycle; do these 

processes assist in explanation of dissolved Ga in the Arctic?   
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Figure 5.9  Profiles of dissolved Ga (station L1) and Al, a) as a linear function of depth, b) plotted as 

a log depth axis.  Al Central Arctic (Moore. 1989) , Al Beaufort Sea (Giesbrecht, et al. 2013), Al 

Eastern Arctic (Middag et al. 2009). 

 

Whereas linear depth profiles of Ga and Al appear rather different (Figure 5.9a), plotting depth 

on a log axis (Figure 5.9b) demonstrates that both dissolved Ga and Al exhibit little change 

through Pacific waters to 150m.  Differences arise through the thermocline and deeper waters.  

Dissolved Ga concentrations increase rapidly through the thermocline to the Atlantic water 

temperature maxima at ~350m, then exhibit minimal variation through the remainder of the 

profile.  Similar to Ga, dissolved Al also begins to increase at the thermocline, albeit more 

gradually (Figure 5.7b).  In contrast to Ga, concentrations of dissolved Al continue to increase 

throughout the remainder of profile.   

 

Differential scavenging rates may help explain the variation observed in the shape of the 

dissolved Ga and Al profiles.  Ga exhibits a longer residence time given a decreased propensity 

to scavenging relative to Al (Orians and Bruland 1988a), and therefore retains the signature of 

the Pacific and Atlantic inputs to the Arctic.  Alternatively, given a more rapid removal rate, 

dissolved Al concentrations are attenuated via scavenging during transport from the Atlantic and 
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Al is vertically transported on sinking particles.  Given reversible scavenging and decreasing 

particulate abundance with depth, removal rates of dissolved Al are slowed, resulting in 

increasing Al concentrations with depth.  Divergent profiles of dissolved Ga and Al in the Arctic 

may therefore be a function of differential particle reactivity of these two elements (Orians and 

Bruland 1988a). 

 

Below 1500m, concentrations of dissolved Al increase more rapidly with depth, while dissolved 

Ga concentrations show a slight decrease (Figure 5.9b).  Waters below ~1500m represent 

Canadian Basin Deep Waters (CBDW) dated at 500 years (Macdonald and Carmack 1991, 

Macdonald and Carmack 1993, Schlosser, et al. 1997) and continued renewal is unlikely 

(Timmermans, et al. 2003, Timmermans and Garrett 2006).  Deep waters in the Eurasian Basin 

in the eastern Arctic have surface renewal times of ~ 200 – 700 years (Bonisch and Schlosser 

1995).  Reversible exchange of vertically transported Al and the decreased scavenging rates due 

to low particulate abundance could thus represent a storage of dissolved Al within Arctic deep 

waters.  In contrast, the slight decrease in dissolved Ga concentrations in CBDW could result 

from a net scavenged removal during the long residence time of CBDW coupled to a decreased 

input by vertical transport compared to Al.  Marked differences in Arctic profiles and 

biogeochemical cycling between Ga and Al, two chemically similar elements, illustrates the 

importance of investigating multiple trace element proxies (Henderson, et al. 2007). 

 

5.5 Conclusion 

 

Dissolved Ga concentrations are reported for the first time in the Arctic Ocean.  Smooth profiles 

are observed, transitioning from concentrations of 4 – 6 pmol kg-1, consistent with Pacific inputs, 

to 25 – 28 pmol kg-1 at depths > ~350m, indicative of Atlantic water.  Profiles of dissolved Ga 

are consistent within the Beaufort Sea basin, representing a conservative tracer of Pacific water 

inputs to the Western Arctic, and complimenting N:P ratios as indicators of Pacific waters.  

Dissolved Ga concentrations at the shelf station are distinct from the basin stations; higher 

concentrations in the upper 25m are interpreted to result from river and/or sea ice melt 
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freshwater inputs.  In addition, at the shelf station, increased scavenging of dissolved Ga through 

the thermocline is suggested to be due to greater particle abundance.  Differential profiles of 

dissolved Ga and Al in the Arctic suggest increased scavenging and vertical transport of Al to 

old waters of the deep basin.   

 

Observed PO4 depletion within NO3 deficient waters implies that nitrogen fixation is occurring 

within Pacific source waters within the Beaufort Gyre, as opposed to freshwater sources.  This 

interpretation is supported by the conservative behaviour of dissolved Ga within the Beaufort 

Gyre.  Based on calculated nitrogen fixation rates, up to 30% of the potential PO4 supply to the 

Atlantic could be removed, impacting nitrogen fixation in the North Atlantic.   

 

This first report of dissolved Ga in the Arctic Ocean encourages future research in the utilization 

of dissolved Ga to describe Arctic Ocean dynamics.  Measurement of dissolved Ga profiles in 

the Bering Sea, Eastern Arctic, and Canadian archipelago will test the use of Ga in tracing of 

Pacific Waters through the Arctic to the North Atlantic. Sampling of shelf environments in the 

Arctic will investigate freshwater sources and scavenged removal processes of dissolved Ga.  

Pairing of dissolved Ga and Al may provide estimates of particle abundance within the deep 

waters of the Arctic Ocean, given the differential scavenging rates of these two similar elements.  

Finally, investigation of nitrogen fixation and resulting impacts of PO4 delivery to the north 

Atlantic will need to be included in predictions of Arctic response to climate change.   
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Chapter 6: Calculation of river-seawater endmembers and differential trace 

metal scavenging in the Columbia River plume 

 

6.1 Synopsis 

 

A simple model is presented for calculating river and seawater mixing zone endmembers.  This 

model allows construction of a conservative mixing line with respect to trace metals scavenged 

from surface waters, in the absence of direct endmember sampling.  Results of the model suggest 

a transition from non-conservative to conservative behaviour of the trace metals gallium (Ga) 

and zirconium (Zr) along a transect extending offshore of the Columbia River, indicating 

environmental controls on differential scavenging.  Mechanistic explanation of observed 

differential scavenging is supported by wind data indicating northward transport of Columbia 

River plume waters, followed by southwest, offshore, transport.  Columbia River plume waters 

transported to the southwest at the time of sample collection were therefore flanked offshore by 

aged plume waters returning from the north.  While upwelling conditions provide nutrients 

during southerly transport of plume waters, northward plume transport is associated with 

downwelling, low nutrient conditions.  Low phytoplankton abundance during periods of 

northward plume transport reduces trace metal scavenging, therefore dilution of river waters with 

ocean surface waters of comparatively low Ga and Zr concentrations results in near-conservative 

mixing of Ga and Zr in offshore, aged, plume waters.  Results of this work suggest dynamic 

modification of trace metal residence time within close geographic proximity established by 

physical and biologic controls, dictated by local winds.  Lower trace metal scavenging rates, 

resulting in a longer residence time, are suggested during northward transport of Columbia River 

plume waters, compared to higher scavenging rates, and thus shorter residence times, during 

southerly transport of plume waters.  Gallium, demonstrating high analytical precision, reduced 

contamination risk, and decreased complications of upwelled sources relative to Zr, is proposed 

to provide identification of aged Columbia River plume waters.  
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6.2 Introduction 

 

Trace metal sources to the ocean from rivers are altered within the mixing zone between the 

freshwater and seawater endmembers as dilution and removal processes are initiated within 

dynamic estuarine environments (Boyle, et al. 1977; Sholkovitz 1978; Godfrey, et al. 2008).  

Modification of trace metal concentrations continues beyond the estuary within plume waters of 

the mixing zone as a function of chemical, physical, and biological processes during mixing with 

the seawater endmember.   

 

Physical processes control mixing within estuaries and as river plumes are transported offshore.  

Local winds result in the dynamic transport of plume waters (Hickey, et al. 2009) and influence 

upwelling, establishing nutrient availability for phytoplankton growth.  Phytoplankton contribute 

to trace metal removal through both cellular uptake and sorption onto cell surfaces.  Scavenging 

of trace metals within the surface and photic zone is therefore enhanced by increased particulate 

surface area provided by phytoplankton.   

 

Upon sinking of particulate matter through the water column, trace metals removed from the 

surface may exhibit characteristics associated with scavenged or nutrient type profiles.  Elements 

demonstrating nutrient type profiles are remineralized during heterotrophic respiration, returning 

to the dissolved phase, and therefore accumulating as a function of increasing water mass age.  

Alternatively, elements maintaining association with the particulate phase are removed by 

settling through the water column, resulting in scavenged type profiles.   

 

Aluminum represents the archetypal scavenged element (Orians and Bruland 1985), 

demonstrating rapid scavenged removal from the water column, including scavenging of Al by 

diatoms (Moran and Moore 1988, Gehlen, et al. 2002; Middag, et al. 2009).  Gallium (Ga) 

exhibits similar behavior, however, scavenging occurs more slowly relative to the rapid loss of 

Al from the water column (Orians and Bruland 1988a).  Gallium therefore represents an 

analogue of Al, providing a greater geographic and temporal range from a common elemental 
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point source.  Zirconium (Zr) concentrations increase with depth and exhibit enrichment along 

thermohaline transport (McKelvey and Orians, 1993; Godfrey, et al. 1996; Firdaus et al. 2011). 

 

Dilution of trace metal concentrations sourced from a river results in conservative mixing with 

respect to salinity.  Conservative mixing is exemplified by linear elemental concentration as a 

function of salinity, given a two endmember steady state system of fresh river water mixing with 

seawater.  Deviation from linearity indicates source or removal processes.  Positive deviations 

from a linear conservative mixing line indicate a source during mixing.  Conversely, negative 

deflections from linearity are indicative of trace metal removals during mixing of river and 

seawater endmembers (Boyle, et al. 1974, Boyle, et al. 1977, Officer 1979, Rattray and Officer 

1979, Liss 1976).  

 

Chemical properties of trace metals determine the extent of source, removal, or conservative 

behavior during transition from river to seawater as a function of differential chemical 

reactivities.  Definition of the mixing zone will therefore be unique to individual trace metals, 

and to the environment sampled.  Behaviour of trace metals within the mixing zone may be 

defined given sampling along a transect extending from a riverine endmember, S = 0, across the 

mixing zone, to a salinity associated with a mixing zone endmember, allowing for connection of 

a conservative mixing line (Holiday and Liss 1976).  However, mixing zones covering a broad 

extent, extending 50 – 100km offshore (Brown and Bruland 2009), may hinder acquisition of 

samples explicitly defining the two endmembers and rather samples acquired may all be from 

within the mixing zone, thus complicating identification of the endmembers.   

 

This work therefore presents a method for the definition of river and seawater endmembers based 

on samples acquired from within the mixing zone.  Further, connection of these endmembers 

produces a conservative mixing line, allowing for evaluation of trace metal removal behaviour 

from a riverine source during mixing of river and seawater endmembers.   

 

Concentration data for Ga and Zr from three transects associated with the Columbia River plume 

will be utilized in this work.  Ocean sampling and analysis is described in Section 6.3, Methods.  
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Trace metal concentrations are reported in the Results Section 6.4.1, followed by hydrography 

(Section 6.4.2).  Model development is a direct result of interpreting trace metal concentrations, 

and is therefore presented in the Results, Section 6.4.3.  Constraints governing application of the 

model are outlined in Section 6.4.4.  Results of the model applied to Ga and Zr concentrations 

associated with the Columbia River plume are described in Section 6.4.6 and 6.4.7 for Ga and 

Zr, respectively.  Description of a mechanism supporting observed trace metal concentrations as 

predicted by the model, based on winds associated with the sampling period is presented the 

Discussion (Section 6.5).  Finally, results and discussion are summarized in the Conclusion 

(Section 6.6).   

 

6.3 Methods 

 

Oceanic sampling for trace metals was conducted aboard the R/V Point Sur in June and July 

1997.  Samples for trace metal analysis were acquired via a Teflon pump from a ‘fish’ towed at a 

depth of 1 – 2m, samples were collected with established trace metal clean sampling techniques 

and acidified with 2mL HCl.  

 

Analysis of Ga and Zr were conducted by ICP-MS following concentration on Chelex-100 resin.  

Samples were adjusted to pH = 2 and 1000mL were loaded onto 1.5mL Chelex-100 at a flow rate 

of 0.2mL/min, a method optimized for Zr by McKelvey and Orians (1998).  Gallium 

concentrations analyzed by this method utilizing Chelex-100, at pH = 2, and calculated based on 

an internal standard (Rh), are supported based on agreement with results from the method of 

Orians and Boyle 1993 utilizing 8-hydroxyquinoline resin at pH = 4 calculated via standard 

addition.  Precision for Ga and Zr are 5% and 13% and limits of detection are 0.24 and 6 

pmol/kg, for Ga and Zr respectively (Lanthier, 1999).   

 

Hydrographic properties, temperature and salinity, acquired continuously along each transect 

were provided by Ken Bruland’s group at University of California Santa Cruz.  Wind data, 
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presented in the Discussion, was accessed from the National Oceanic and Atmospheric 

Administration (NOAA) National Data Buoy Center. 

 

6.4 Results 

6.4.1 Trace metal concentrations 

 

Measured trace metal concentrations of Ga and Zr (Lanthier, 1999) are presented in Table 1. 

 

Table 6.1 Temperatures and salinity and Ga and Zr concentrations. 

Transect Station S 
T Ga Zr 

oC pmol kg-1 pmol kg-1 

T9 

1 25.413 16.78 28 48 

2 24.669 16.55 36 63 

3 23.791 16.45 42 81 

4 22.624 16.5 49 86 

5 28.564 17.9 16 29 

6 28.31 19.36 72 65 

7 29.277 18.88 43 54 

T8 

1 31.605 13.92 10.7 53 

2 31.277 15.17 11.8 39 

3 30.112 15.77 14.7 42 

4 30.142 15.76 12.7 35 

5 30.121 16.17 11.6 28 

6 28.372 18.3 20 42 

7 27.364 18.71 23 34 

8 29.38 18.73 16 29 

9 31.647 17.85 7.5 16 

T7 

1 27.888 16.57 19 45 

2 26.953 17.66 24 46 

3 26.469 17.89 27 47 

4 25.903 18.04 26 39 

5 25.751 18.07 31 48 

6 26.058 18.38 29 57 

7 26.482 18.1 26 45 

8 25.507 18.35 33 46 

9 25.989 18.28 30 52 

10 26.293 18.29 27 49 

11 26.98 18.14 25 45 
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6.4.2 Hydrography 

 

Brief interpretation of hydrographic data along the cruise transects is instructive in interpreting 

model results and application of the endmember calculation method presented in Section 3.3.  

Transect 9 (T9) extended from the mouth of the Columbia River, while transects 8 (T8) and 7 

(T7) are south along the Oregon coast (Figure 6.1a).  Stations at which trace metal samples were 

acquired are numbered based on increasing distance from the coast.  

 

 

Figure 6.1  Hydrography. a. Map indicating stations along transects T7, T8, and T9; location of NOAA buoy 

DESW1 is indicated. b. T-S diagram indicating hydrographic conditions along the sampling transects, trace 

metal sampling stations indicated by t:s, where t and s indicate transect and station number, respectively. c. 

Salinity along transects as a function of distance (km) from the coast, trace metal sampling stations along 

transects are indicated. d. Temperature along transects T7, T8, and T9. 
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Temperature and salinity data collected continuously along transects indicate distinct 

characteristics among the three transects in T-S space (Figure 6.1b).  Trace metal stations are 

indicated along each transect and may be referenced to Figure 6.1a.  Transect T9 demonstrates 

the influence of the Columbia River plume, as stations 1 – 4 occupy the lowest salinity values 

among the three transects (Figure 6.1b).  Salinities decrease from stations 1 to 4, and the lowest 

salinities of the core waters of the plume occur ~30km offshore (Figure 6.1c).  Following a rapid 

increase in salinity to station 5, a local salinity minimum is observed at Station 6 (Figure 6.1c), 

Station 7 is associated with increasing salinity, leading to a return to high salinity values at the 

termination of the transect (Figure 6.1b, c).  Stations 6 and 7 exhibit the highest temperatures 

along the three transects (Figure 6.1b, d), temperatures increase steadily to a maximum at station 

6, followed by a slight decrease to Station 7 (Figure 6.1b, d).   

 

Coastal surface waters at T8 Stations 1-2 are > 5oC cooler than any other waters sampled (Figure 

6.1d) and are associated with the highest salinity values (Figure 6.1b, c).  High salinity, low 

temperature waters (Figure 6.1b) are indicative of upwelling along the coast as a result of Ekman 

transport arising from northerly winds.  Stations 1 and 2 exhibit low temperatures associated 

with upwelling, temperatures increase steadily to Stations 7 and 8, before decreasing to Station 9 

(Fig 1d).  Salinity values indicate a local minimum associated with Station 7 followed by rapidly 

increasing salinity from Station 8 to Station 9 (Figure 6.1c).  Salinity values at Station 9 are the 

highest measured offshore and Station 9 may indicate a transitional boundary of the plume-

influenced waters. 

 

Temperatures and salinities along T7 demonstrate the narrowest range among the three transects 

(Figure 6.1b).  Station 1 has the highest salinity and lowest temperatures along the transect, 

suggesting residual upwelling.  However, although T-S trends are directed towards the upwelling 

signatures associated with Stations 1 and 2 at T8, temperatures are higher and salinities lower at 

T7 Station 1 than even Stations 3 – 5 along T8.  Salinity values across the entirety of T7 do not 

exceed 28 (Figure 6.1c).   

 



 

 

138 

6.4.3 Model development 

 

Conservative mixing lines may be drawn connecting elemental concentrations of samples 

collected at minimum and maximum salinity values, provided sufficient sampling coverage 

across the mixing zone.  However, minimum salinity values in the Columbia River plume dataset 

are only 22, potentially yielding an artificially low intercept value.  Therefore, a method is 

developed here allowing for calculation of mixing zone endmembers and construction of a 

conservative mixing line in the absence of low salinity sampling.   

 

Scavenged removal of trace metals from the river-seawater mixing zone may be identified by 

parabolic characteristics of trace metal concentrations as a function of salinity (Boyle, et al. 

1974; Boyle, et al. 1977).  Initiation of the model presented here therefore fits trace metal 

concentrations (M) as a function of salinity (S) to second-degree polynomials, given MR > MSW, 

(R: river, SW: seawater):  

 

cbSaSSfM  2)(         (1) 

 

Trace metal removal as a function of salinity from a river endmember source occurs provided 

(Figure 6.2): 

 

02  baS
dS

dM
         (2) 

 

As fresh river waters of MR > MSW are mixed with seawater, dilution and scavenging results in 

an approach to steady state.  Similarly, open ocean steady state is assumed for the scavenged 

element Al (Measures and Vink 2000), supporting the assumption of steady state for elements 

with residence times longer than the comparatively short residence time of Al (Orians and 

Bruland 1988b).  Salinity of the seawater endmember (SSW) of the river-seawater mixing zone is 
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therefore calculated as the salinity at which open ocean steady state is approached, a salinity 

approaching the limit of the river influence.   

 

0lim 
dS

dM
 (Fig 2): 

0lim 


dS

dM
sw SS          (3) 

a

b
S sw

2
           (4) 

 

Salinity of the riverine endmember equals zero, therefore determining the corresponding trace 

metal concentration (MS=0) at the ordinate intercept:   

0RS           (5) 

cMs 0
          (6) 

 

Definition of the mixing zone is therefore anchored between two endmembers, initiated at river 

salinities of zero and proceeding across salinity values over which trace metal concentrations 

decrease with increasing salinity, 0
dS

dM
, and terminating at 0lim 

dS

dM
.   

Prediction of conservative mixing is achieved by linear extrapolation connecting the two mixing 

zone endmembers (Figure 5.2).  Conservative mixing is therefore calculated to occur along the 

line connecting the river (R) endmember: 

),0(),( 0 cMS sR            (7) 

and the seawater (SW) endmember: 
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Figure 6.2 Demonstration of the model determining the conservative mixing line based on sampling within 

the mixing zone.  Regression of elemental concentrations as a function of salinity produces a function for 

calculation of the river and seawater endmembers, resulting in bounding of the mixing zone and construction 

of the conservative mixing line, see text for details. 

 

Dependent on the trace metal investigated and the environment sampled, SSW (eq. 3) may 

represent an inflection point, or initiate a stepwise function.  Piecewise functionality of the 

method allows separation of the mixing zone (S < SSW), termination of the mixing zone (SSW), 

and post-termination of the mixing zone (S > SSW).  Trace metal concentrations at S > SSW may 

remain unchanged, demonstrating steady state, or increase, indicating additional sources to the 

system such as upwelling.  Examples are presented in Figure 2, wherein triangles indicate the 

mixing zone, circles demonstrate a steady state condition, and upwelling sources of trace metals 

are indicated by squares.  Upwelling conditions result in increasing trace metal concentrations at 

S > SSW.  For instance, Zr concentrations increase with depth and during transport along 

thermohaline circulation (McKelvey and Orians 1993, Godfrey et al. 1996), alternatively, 

profiles of Ga (Orians and Bruland 1988b) demonstrate smaller concentration gradients with 

depth relative to Zr (McKelvey and Orians 1993).  Upwelling along the coast injects an 
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additional endmember to the two endmember system, as upwelling provides a potential source of 

trace metals, for example Cd and Zn (Shiller 1996).  Upwelling may be considered to represent a 

potential source for Zr, yet Ga is expected to exhibit an absent or minimal source from 

upwelling.    

 

Application of this method is necessarily applied within areas of river-seawater mixing zones.  

Mixing of fresh and saline waters results in shallow surface layers, 2-20m for the Columbia 

River plume (Bruland, et al. 2008); therefore, surface samples are required for investigation of 

mixing zone processes.  Requirement of surface sampling represents potential opportunities, as 

high resolution surface transects may be available during oceanographic research cruises via 

underway sampling systems.   

 

6.4.4 Model application 

 

Application of any model must be made appropriately and assumptions considered.  

Assumptions included here include a steady state two endmember system with higher elemental 

concentrations in the river than the ocean endmember.  Observed non-linearity may also be a 

function of variability in river end member concentrations (Loder and Reichard 1981); flushing 

time of the Columbia River estuary is rapid (Jay and Smith 1990), dampening effects of river 

periodicity.  Evaluation of data for applicability with the model presented is performed based on 

a set of boundary conditions.  Data not applicable to the second degree polynomial fit will fail 

the following criteria.  Three criteria must be met, associated with the fundamental requirement 

that all calculated endmembers must be positive:  

 

Criteria 1: 0SWS  

a

b
S sw

2
  (eq 4), therefore 

0
2


a

b
          (9) 
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Criteria 2: 0SWM  

0)
2

()
2

( 2  c
a

b
b

a

b
a         (10) 

Criteria 3: 00 SM  

0c            (11) 

 

Constraints may therefore be placed upon coefficients a, b, and c of the second degree 

polynomial fit, cbSaSSfM  2)(  

For Criteria 1 above (eq 9): either b < 0 and a > 0, or b > 0 and a < 0 

However, considering Criteria 2 above (eq 10): 

 

acb 4           (12) 

acb 4           (13) 

 

To prevent imaginary numbers, either a > 0 and c > 0, or a < 0 and c < 0 

Then, considering Criteria 3 above (eq 11): 

given c > 0, then a > 0 based on Criteria 2 (eqs 12 and 13),  

therefore b < 0 by Criteria 1 (eq 9). 

 

Finally, a minimum bound must be must be placed on coefficient a such that the polynomial fit is 

sufficiently non-linear to describe a scavenging model, as a linear fit indicates conservative 

mixing: 

cbSSM
a




)(lim
0

         (14) 

Based on Criteria 2) above (eq 10): 

c

b
a

4

2

           (15) 

 

Consideration of the full suite of above constraints ensures that relevant regressions are obtained.  

For example, while values of coefficient a < 0 and b > 0 will produce a curve wherein criteria 1 
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and 2 above are met, coefficient a values < 0 require coefficient b values to be imaginary 

numbers (eqs 12, 13).  However, criteria 3 rectifies this situation, as given c > 0, coefficient a 

values < 0 will fail 
c

b
a

4

2

  (eq 15).   

 

Establishment of coefficient constraints allows applicability of the model to be evaluated for a 

given data set.  Demonstration of this evaluation technique is presented through use of bootstrap 

sampling.  Additionally, bootstrap sampling is performed to provide confidence intervals on data 

regressions.   

 

Sample sets consisting of 1000 bootstrap replicates containing an equal number of data points as 

utilized for regression were sampled with replacement (Ga: 27 data points, Zr: 24 data points), 

and evaluated for coefficient failures.  Least squares second degree polynomial fits are calculated 

for each replicate and resulting coefficients are evaluated based on the three acceptance criteria 

above (Eq 9 – 11).  Each sample set therefore determines the number of coefficient failures 

observed for a given set of 1000 bootstrap replicates.  For example, one sample set of 1000 

bootstrap replicates resulted in 25 Ga regression coefficient failures.  Each sample set of 1000 

bootstrap replicates is unique and thus likely to result in a unique number of coefficient failures, 

therefore, 100 sample sets were evaluated to provide bootstrap statistics on a sample size of 

n=100.   

 

Bootstrap results for Ga regressions indicate an average (n=100) of 26 ± 0.5 coefficient failures 

(Table 6.2); therefore 2.6% of every 1000 bootstrap replicates failed coefficient criteria.  Among 

the 2.6% of Ga regression failures, 99.3% were due to coefficient a failures.  Coefficient a values 

that are not sufficiently large result in functions tending toward linearity (equations 14, 15).  

Coefficient failures illustrate the utility of establishing coefficient constraints, providing a 

mechanism to evaluate data set applicability to the model.   
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Regressions of bootstrapped Zr data resulted in an average (n=100) of 47 ± 0.4 coefficient 

failures per 1000 bootstrap replicates, or 4.7%.  Coefficient a failures comprised 30% of the total 

failures, 40% of the failures were due to coefficient b, and coefficient c resulted in 30% of the 

4.7% of failures (Table 6.2).   

 

Table 6.2 Coefficients failing criteria per 1000 bootstrap replicates 

Element 
Average (n=100) failures per 1000 bootstrap replicates 

Coefficient a Coefficient b Coefficient c 

Ga 26 ± 0.5 0.2 ± 0.1 0.01 ± 0.1 

Zr 14 ± 0.3 19 ± 0.4 14 ± 0.4 

 

6.4.5 Model results 

 

Application of the model will be demonstrated utilizing Ga and Zr concentrations measured 

along transects influenced by the Columbia River plume.  Regression of Ga and Zr 

concentrations as a function of salinity is performed with the exclusion of Stations 6 and 7 along 

transect 9 (T9) as they exhibit elevated concentrations as a function of S, suggesting alternative 

control mechanisms compared to other samples within the mixing zone.  Results of this model 

initiate description of a mechanism rectifying observed concentrations at stations 6 and 7, 

presented in the Discussion (Section 6.5).   

 

6.4.6 Model results: Ga 

 

Concentrations of Ga as a function of salinity are well fit to a second degree polynomial (Figure 

6.3a, Table 6.3).  Minimal scatter is indicate around zero on the residual plot (Figure 6.3b) and 

the elevated concentrations at Stations 6 and 7 along T9 are highlighted; as described above in 

Section 3.5, these stations are not included in regression analysis.  Calculation of the seawater 

endmember results in SSW (lim dGa/dS  0) at S = 34.3 (Table 6.3).  Calculated Ga 

concentrations of 7.5pmol kg-1 at S = 34.3 (Table 6.3) compare well to Ga concentrations of 6.0 

pmol kg-1 (S = 33.0), and 8.5 pmol kg-1 (S = 34.2) observed at 39.6°N 140.8°W and 33.0°N 
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139.0°W, respectively, in the Eastern North Pacific (Orians and Bruland 1988b).  As the 

calculated SSW value is greater than observed salinity values along the sampled transects, Ga 

concentrations are expected to decrease as salinity increases due to dilution with the seawater 

endmember and continued removal processes.  Incremental changes in Ga concentrations, 

however, are minimal as dGa/dS  0. 

 

Connection of the river and seawater mixing zone endmembers (Table 6.3) for Ga results in the 

calculated conservative mixing line for Ga (Figure 6.3c) during the conditions observed during 

sampling.  Confidence intervals are presented at 68% and 95%, based on 100 bootstrap samples.  

Concentrations of Ga measured at Stations 6 and 7 along T9 plot proximal to the conservative 

mixing line calculated based on the model and not drawn with regard to Station 6 and 7 (Figure 

6.3c, d).  Therefore, near conservative mixing of Ga is suggested at Stations 6 and 7 along T9, in 

contrast to non-conservative removals at Stations 1 – 5 along T9.  Samples within close 

geographic proximity along T9 therefore illustrate differential control mechanisms on removal 

rates and elemental residence times.  Mechanisms for this observed fractionation are presented in 

the Discussion. 
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Figure 6.3 a. Regression of Ga concentrations as a function of salinity, stations 6 and 7 (T9) are indicated as 

filled symbols.  b. Residual values calculated from regression in panel a.  c. Conservative mixing line 

constructed based on endmembers calculated from the model, long and short dashed lines indicate 68% and 

95% confidence intervals, respectively, based on bootstrap analysis.  d. full range of mixing zone. 

 

Table 6.3 Regression values and calculated endmember results.  Concentrations of Ga (pmol kg-1) and Zr 

(pmol kg-1) represented by two significant figures. 

Element M = f(S) r2 

Endmembers 

(S, M) 

Seawater River 

Ga 0.30S2 - 20.6S + 361.1 0.98 34.3, 7.5 0, 360 

Zr 1.1S2 - 64.7S + 993.8 0.83 29.4, 42 0, 990 
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Measured concentrations of Ga at a given salinity are composed of Ga sourced from the river 

endmember, diluted with increasing salinity by lower Ga concentrations from the seawater 

endmember.  Additionally, scavenged removal processes reduce the concentration of Ga derived 

from the river to a greater extent than conservative mixing (dilution) alone.  During endmember 

mixing, and considering the inclusion of scavenged removal, Ga sourced from the river remains 

> 80% of the total dissolved Ga concentration at S < 25, while at S > 32 Ga sourced from the 

seawater endmember comprises > 80% of total dissolved Ga (Figure 6.4a).  Equal Ga 

concentrations contributed by the river and seawater endmembers occurs at a salinity of 30 

(Figure 6.4b), indicating that total dissolved Ga concentrations are dominated by river inputs 

over much of the salinity range.  Comparison of conservative mixing and scavenged removal of 

Ga sourced from the river indicates that while 50% dilution of Ga sourced from the river occurs 

at S = 17 based on conservative mixing, inclusion of scavenged removal results in Ga from the 

river comprising 50% of the measured Ga at S = 10.3 (Figure 6.4c).  Finally, the percent Ga 

removed via scavenging, in contrast to dilution by conservative mixing, reaches a maximum at 

S=17, and approaches zero towards the endmembers (Figure 6.4d).  Definition of an endmember 

requires that the same endpoint is reached, regardless of the mechanism, however the panels in 

Figure 6.4 illustrate that evolution of trace metal concentrations within the plume vary given 

scavenged removal acting in concert with conservative mixing.   
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Figure 6.4 a. Relative percent contributions of river and seawater endmembers to dissolved Ga 

concentrations as a function of salinity, given scavenged removal. b. concentrations of Ga from river and 

seawater endmembers and total dissolved Ga, note log scale. c. comparison of river-sourced Ga as a function 

of salinity during conservative mixing and scavenged removal, dotted lines indicate salinity at which 50% of 

Ga contributed by the river remains. d. percent Ga removed by scavenged removal relative to dilution by 

conservative mixing. 

 

Gallium concentrations fit here to a second degree polynomial results in an r2 value of 0.98, 

however an exponential fit results in a similar r2 value of 0.96.  Consideration of the calculated 

intercept value lends support to application of the second degree polynomial fit of the presented 
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model.  Applying the polynomial fit, Ga concentrations for the Columbia River source at S = 0 

are calculated at the intercept value of 361.1pmol kg-1, or 360pmol kg-1 given the model 

extrapolation.  Alternatively, exponential fit of Ga concentrations (Ga = 3524 e-0.19S) produces an 

intercept value at S = 0 of > 3500pmol kg-1.  River concentrations of Ga range from low levels in 

California streams (<80pmol kg-1) (Shiller and Frilot 1996) to >1500pmol kg-1 in the Mengong 

River (Viers et al. 1997), less than half that predicted based on the exponential fit.  Additionally, 

as the derivative of an exponential function approaches zero only asymptotically, selection of a 

threshold value considered to be zero is required.  Selection of such a value injects a measure of 

subjectivity avoided by the method presented here utilizing a second degree polynomial.   

 

6.4.7 Model results: Zr 

 

Hydrographic conditions described in Section 3.2 indicate upwelling at stations 1 and 2 along 

T8.  Zirconium concentrations at Station 1 and 2 along T8 are therefore not included in 

regressive analysis of the mixing zone, as upwelling provides an additional source for Zr at these 

stations, outside the river source considered in this model.  Concentrations of Zr at Station 9 

along T8 (Zr = 16pmol kg-1) are the lowest observed, and correspond with the highest salinity 

values.  Additionally, Zr concentrations at this station, 16pmol kg-1, are similar to Pacific Ocean 

surface values of 15.7 – 25.1pmol kg-1 (McKelvey 1994).  Therefore Zr concentrations at Station 

9 (T8) are interpreted to lie outside the mixing zone and are not utilized in regressive analysis, 

yet this point is included in figures for reference.  Concentrations of Zr demonstrate strong 

gradients approaching the Western and Eastern margins of the Pacific Ocean, a phenomenon not 

observed for Ga (Merrin and Orians 2001), therefore supporting inclusion of Station T8:9 for 

model application to Ga concentrations.   

 

Zirconium concentrations as a function of salinity exhibit greater scatter relative to Ga (Figure 

6.5a, b, Table 6.3), however, general trends and results are preserved.  Anchoring of the seawater 

endmember is achieved at SSW = 29.4, at a Zr concentration of 34.2pmol kg-1.  Unique SSW 

values are expected for individual elements, given biogeochemical cycling specific to each 
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element.  Three T8 stations at salinities of ~30.1 extend beyond the calculated mixing zone.  

Stations 3-5 likely have been influenced by upwelling during formation and T, S conditions 

(Figure 6.2b) have thus evolved following incorporated into the plume.  Inclusion and exclusion 

of Stations T8:3-5 results in equivalent r2 values of 0.83, and functions of 1.1S2 – 64.7S + 994 

and 0.99S2 – 59.6S + 929 for inclusion and exclusion of Stations T8:3-5, respectively.  

Calculated conservative mixing lines are consistent and support the equivalent interpretation 

presented in the Discussion section.  

 

Figure 6.5 . a. Regression of Zr concentrations as a function of salinity.  Stations 1 and 2 (T8) (black squares) 

indicate upwelled sources and Station 9 (T8) (grey square) demonstrates concentrations suggestive of the 

open ocean, outside the defined mixing zone. b. Residual values calculated from regressive fit. c. Conservative 

mixing line constructed from model, long and short dashed lines indicate 68% and 95% confidence intervals 

based on bootstrap analysis. Stations 6 and 7 (T9) are consistent with the conservative mixing line.  d. full 

range of mixing zone. 
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Consistent with observations for Ga, conservative mixing accounts for elevated Zr 

concentrations at Stations 6 and 7 along T9 (Figure 6.5c).  Calculated Zr concentrations of 

42.4pmol kg-1 at SSW are within the range of surface Zr concentrations extending along Line P in 

the North East Pacific, decreasing from 192pmol kg-1 nearshore (48°N, 126°W) to 64.7pmol kg-1 

at 49°N, 134°W, to 24.7pmol kg-1 at 50°N, 145°W (McKelvey 1994).  Similar to Ga, 

concentrations of dissolved Zr are dominated by river inputs at low salinities (Figure 6.6a, b).  

Given conservative mixing, 50% of the Zr sourced from the river is diluted at a salinity of 15 

(Figure 6.6c), while with inclusion of scavenged removal, 50% of the Zr contributed by the river 

remains at a salinity of only 9.  Removal of Zr contributed by scavenging, in addition to dilution 

by conservative mixing, reaches a maximum at S=15 and decreases to zero at the calculated 

endmember, as required by definition.   
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Figure 6.6 a. Relative contributions of river and seawater endmembers to dissolved Zr concentrations as a 

function of salinity based on scavenged removal; b. concentrations of Zr from river and seawater 

endmembers and total dissolved Zr, note log scale; c. comparison of river-sourced Zr as a function of salinity 

during conservative mixing and scavenged removal, dotted lines indicate salinity at which 50% of Zr 

contributed by the river remains; d. percent Zr removed by scavenged removal relative to dilution by 

conservative mixing. 

 

6.5 Discussion 

 

Elevated concentrations of Ga and Zr observed at Stations T9:6-7 are consistent with near 

conservative mixing.  Alternatively, given persistent concerns of contamination during trace 

metal sampling and analysis, these elevated data points could be suspected to be a result of 
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contamination.  However, sample analysis was repeated and consistent values obtained, therefore 

lending support to the analytical results.  While contamination during sampling remains a 

possibility, TS data (Figure 6.2b) suggests that waters at Stations T9:6-7 are distinct.  Further, Ga 

exhibits a lesser contamination risk than ubiquitous elements such as Al and Fe, for example.  

Therefore, given elevated concentrations at T9:6-7 suggestive of conservative mixing in contrast 

to scavenged removal observed at other Stations; do mechanisms exist to reconcile these 

divergent removal processes occurring within close geographic proximity?   

 

Fresh waters of the Columbia River plume exhibit dynamic fluxes north and south of the 

Columbia River mouth, as a function of the prevailing wind stress (Berdeal, et al. 2002; Hickey, 

et al. 2005).  Southerly winds, blowing from the south toward the north, transport plume waters 

to the north, producing downwelling conditions and transporting offshore ocean surface waters 

along the coast as a result of onshore Ekman transport.  Conversely, northerly winds, blowing 

toward the south from the north, transport plume waters to the south, with the Ekman component 

resulting in upwelling along the coast and transport of Columbia River freshwaters offshore 

towards the southwest.   

 

Controls on transport of Columbia River plume waters imparted by the winds produce the 

observed river-ocean mixing zone and therefore require consideration of local winds associated 

with the sampling period.  Frequent shifting of the prevailing winds within the study area is 

indicated in Figure 6.7, demonstrating multiple reversals of prevailing wind patterns during the 

month preceding sampling along transects T7, T8, and T9.   

 



 

 

154 

 

Figure 6.7 Stick vectors indicating wind direction and magnitude (NOAA National Data Buoy Center, 

Destruction Island buoy, location indicated in Figure 6.2).  Downwelling winds point up, blowing from the 

south toward the north.  Upwelling winds point down, blowing from north towards the south.  Sampling 

along transects 7, 8, and 9 are indicated by T7, T8, and T9. 

 

Detailed winds and resulting proposed plume transport are summarized in Figure 8.  Coupled 

transport of plume waters to the north (June 25 – 28) followed by wind reversal on June 29 

(Figure 6.8d), results in a return of northerly advected waters to the south.  Columbia River 

plume waters returning from north of the river mouth back to the south have been termed Aged 

Plume waters (Hickey, et al. 2005; Hickey, et al. 2009).  Northward onshore transport of plume 

waters (Figure 6.8a), followed by southerly offshore flow (Figure 6.8b) therefore results in new 

Columbia River plume waters near the coast, with aged waters along the periphery of offshore 

new plume waters (Figure 6.8b).  Linear conservative mixing of temperature and salinity is 

indicated along T9 offshore toward station 5 (Figure 6.8c), however, stations 6 and 7 are warmer 

at similar salinities, indicative of warm surface waters transported north under downwelling 

conditions.  Station 6 (T9) demonstrates the highest temperatures along the transect, coincident 

with Ga concentrations of closest proximity to conservative mixing (Figure 6.3c).   
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Figure 6.8 Summary figure indicated processes associated with sampling of new and aged plume waters along 

T9.  a. Dotted arrows indicate northward wind direction and plume transport during the interval June 26-28, 

encompassed in panel d by the dotted lines, solid arrow indicates Ekman transport.  b. Dashed arrows 

correspond to plume transport during June 29 – July 5, indicated in panel d. by the dashed box.  c. 

temperature – salinity along transect 9, stations numbered as in Figure 6.2.  d. detail of winds presented in 

Figure 9, T7, T8, and T9 indicate respective transect sampling dates. 

 

What leads to conservative behaviour of Ga and Zr within aged plume waters, while scavenged 

removal is observed within new plume waters?  Upwelling and downwelling associated with 

advective plume transport influence nitrate and iron availability, as remineralized upwelling 

sources augment contributions from the Columbia River (Bruland, et al. 2008).  Nutrient controls 

on phytoplankton abundance and the resulting scavenging of Ga and Zr as a result of 

phytoplankton surface area is therefore proposed to provide for the observed contrasting 

concentrations of Ga and Zr indicative of scavenged removal in the new plume and conservative 

mixing within aged plume waters.   
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Plumes formed under upwelling and downwelling conditions are therefore unique as nitrate and 

iron are sourced from upwelling (Bruland, et al. 2008), while silicic acid is sourced from the 

Columbia River.  Low nitrate, low Fe surface waters pushed onshore by Ekman transport during 

downwelling plumes are therefore expected to result in lower primary productivity and reduced 

scavenging rates relative to upwelling plumes. 

 

In addition to a reduction in scavenging rates, downwelling conditions entrain offshore surface 

waters low in both nutrients and dissolved Ga and Zr concentrations into the northward travelling 

plume.  Mixing with low concentration Ga and Zr surface waters under low primary production 

conditions results in linear conservative mixing of Ga and Zr added by the river.  Addition of 

scavenged removal mechanisms under upwelling conditions leads to the curvature related to non-

conservative removal processes.   

 

Conservative mixing of new plume waters is suggested by linear Si(OH)4 plots, as observed 

along T9at stations 1-4 (Figure 6.9a).  Low Si(OH)4 concentrations observed at stations 5, 6, and 

7 are representative of surface ocean concentrations, indicating that the Si(OH)4 sourced from the 

river has been diluted sufficiently to be consistent with surface seawater in this region.  

Similarly, low NO3
- concentrations are observed within waters transported north (Figure 6.9b), 

as low NO3
- surface waters are pushed onshore.  In contrast, sources of nitrate and iron during 

upwelling of waters sampled at Stations 1-5 promote phytoplankton growth and observed 

scavenging of Ga and Zr. 
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Figure 6.9 a. Si(OH)4 and b. NO3
- concentrations along Transect 9 as a function of salinity.  Station numbers 

where trace metal samples were collected are indicated along the top of the plot. 

 

Upwelling conditions and resulting increases in scavenging have been shown to decrease the 

residence time of Al (Orians and Bruland 1988b).  Gallium exhibits scavenging similar to its 

analogue Al, as both occupy the same column of the periodic table, thus sharing the same 

valence electron configuration.  Gallium, however, exhibits a lesser proportion of neutral 

speciation, Ga(OH)3
0, compared to Al (Orians and Bruland 1988a), and is therefore less rapidly 

removed from the water column via scavenging and thus acts as a longer-lived tracer.  Zirconium 

demonstrates hydroxylated speciation (Turner, et al. 1981), similar to Al and Ga, therefore 

expected to exhibit similar scavenged surface removal.   

 

Nutrient controls on trace metal scavenging has been demonstrated for Al, as residence times 

(Al) in low productivity gyres of 3 – 4 years decrease to 100 days with greater productivity in 

the California current and in the presence of increased upwelling,Al values of only 35 days are 

observed (Orians and Bruland 1988b).  Similarly, therefore, lower scavenging rates are expected 

under low nutrient downwelling conditions associated with northward Columbia River plume 

transport, versus accelerated scavenging during upwelling conditions.  Downwelling conditions 

associated with the Columbia River plume have been shown to result in Al concentrations lying 

along a conservative mixing line at S = 13 – 25, while during upwelling conditions Al values fall 
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below the conservative mixing line, indicative of scavenged removal (Brown and Bruland 2009).  

Therefore scavenged removal is suggested under nitrate-replete upwelling conditions with 

decreased removal under downwelling conditions.   

 

In summary, Transect T9 along the mouth of the Columbia River is considered to sample new 

plume waters along Stations 1 – 5, and aged plume waters at stations 6 and 7 (Figure 6.8b).  

Evaluation of winds prior to sampling (Figure 6.8d) supports intersection of T9 with aged plume 

waters offshore of new plume waters.  Transport of Columbia River waters toward the north 

under downwelling conditions with onshore Ekman transport results in warm, nutrient-poor, low 

particulate waters capping the surface.  High temperatures within northward transported 

Columbia River plume waters (Brown and Bruland 2009) are consistent with elevated 

temperatures at Station 6 and 7 along T9 (Figure 6.8c).  Nutrient-poor aged plume waters, 

initiated under downwelling conditions, are therefore anticipated to exhibit diminished particle 

scavenging, resulting in dilution of river inputs of Ga and Zr and demonstrating near 

conservative mixing on a timescale of days to weeks.  Conversely, new plume waters south of 

the Columbia River, influenced by enhancing productivity fuelled by upwelling of nitrate and Fe, 

exhibit scavenged removal.   

  

6.6 Conclusion 

 

A method is presented for the calculation of river and seawater endmembers, allowing for the 

determination of a conservative mixing line, in the absence of distinctly sampled endmembers.  

Samples collected at S > 20 in this work demonstrate application of the method.  Results from 

the model suggest that elevated concentrations of Ga and Zr measured in samples 70 – 80km 

offshore result from near conservative mixing of the Columbia River plume, whereas scavenged 

removal is indicated along the remainder of the transect.   

 

Evidence from wind data supports the presence of aged plume waters, formed under 

downwelling conditions, offshore of new plume waters influenced by upwelling.  Low nutrient 
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and phytoplankton abundance associated with downwelling northward plume transport results in 

reduced scavenging rates of Ga and Zr, whereas higher scavenging rates as a result of increased 

productivity resulting from nitrate and iron availability occurs during upwelling conditions.   

 

Gallium and Zr demonstrate residence times appropriate to investigate scavenged removal from 

the plume.  Relative to Zr, Ga provides superior analytical precision and a reduced influence of 

the upwelling source observed for Zr.  Gallium is therefore proposed to provide identification of 

aged Columbia River plume waters.  Results of the presented method suggest the opportunity to 

calculate and apply a conservative mixing line to riverine-sourced trace metal concentrations 

wherein salinity values approaching zero are not available.   
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Chapter 7: Thesis conclusion 

 

Results and conclusions presented in this thesis are synthesized here, including building a 

schematic view of trace metal inputs to Line P.  Brief summaries contained here are paired with 

summary figures.  Opportunities for future research resulting from this thesis are discussed and a 

final conclusion summarizes the novel tracer applications developed and presented in this thesis.  

 

7.1 Trace metal sources: Line P synthesis 

 

This thesis identifies 5 trace metal inputs along Line P, each described below and added 

sequentially to the Line P transect, building a summary figure of Line P.  Trace metal inputs 

along Line P identified in this thesis are shown to exhibit geographic and temporal variability 

based on interpretations of profiles of dissolved Ga, correlation with the variable spice, 

introduction of the Ga/Pb ratio, and interpretation of Pb isotopic ratios.  

 

7.1.1 Input 1: Fluvial  

 

Elevated Ga/Pb ratios are identified in this thesis to represent a marker of fluvial freshwater 

inputs (Chapter 3).  Ratios of Ga/Pb within the summer mixed layer at P4 and P12 in August 

2010 are higher than Ga/Pb ratios observed within the mixed layer at P16 – P26, and coincide 

with lower salinity values.  Ratios of Ga/Pb are interpreted to be higher within freshwater inputs 

due to a combination of higher Ga concentrations associated with riverine inputs and a decrease 

in Pb concentrations due to scavenging of Pb with metal oxides during mixing of fresh and saline 

waters.  

 

At P4 Ga/Pb ratios below the summer mixed layer converge to values measured at P16 – P26.  

At P12 ratios of Ga/Pb remain high below the mixed layer at depths of 40m, 75m, and 100m, 

before converging at 150m with values observed at P16 – P26.  Elevated Ga/Pb ratios at depths 

of 40m, 75m and 100m at P12 relative to P16 – P26 are associated with the presence of an eddy 
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during sampling in August 2010.  Eddies are associated with elevated concentrations of 

dissolved Ga and decreased concentrations of dissolved Pb from fluvial inputs.  Eddy transport 

of coastal fluvial waters is therefore identified by the Ga/Pb ratio.   

 

Fluvial inputs identified by Ga/Pb at P4 and P12 are illustrated in Figure 7.1, indicating that 

while fluvial inputs are confined to the summer mixed layer at P4, the presence of fluvial 

freshwaters transported offshore by the downwelling eddy are observed to depths of 100m at 

P12.  Additional inputs will be added in subsequent sections.   

 

 

Figure 7.1: Line P schematic indicating regions of fluvial inputs based on Ga/Pb identified in this 

thesis.  Note log base10 depth scale to emphasize mixed layer dynamics across the transect.  Fluvial 

inputs present at P4 and P12 within the summer mixed layer (30m) extend to 100m at P12 resulting 

from eddy transport.   

 

7.1.2 Input 2: North American source 

 

Within the summer mixed layer at P4 and P12, 206Pb/207Pb and 208Pb/206Pb ratios are consistent 

with inputs from North American sources (Chapter 4).  Isotopic ratios observed in the summer 

mixed layer at P16 and P20 suggest similar sources as to these at P4 and P12.  However, signals 
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at P16 and P20 are not as prominent as P4 and P12, suggesting a reduced influence from North 

America with increasing distance west along Line P, approaching the edge of the Alaska Gyre.   

 

Isotopic ratios of dissolved Pb measured in this thesis work in concert with the Ga/Pb ratio to 

identify trace metal inputs along Line P.  Based on Ga/Pb, North American sources to the 

summer mixed layer at stations P4 and P12 are interpreted to be fluvial.  Given confinement of 

North American source Pb isotope ratios at P16 and P20 to the summer mixed layer, a fluvial 

input, consistent with observations at P4 and P12, is interpreted to be advected and mixed within 

the summer mixed layer along Line P.  Fluvial North American sources are added in Figure 7.2 

to the previously described fluvial inputs (Figure 7.1), extending within the summer mixed layer 

to the transition zone stations P16 and P20.  Cross-hatching indicates the presence of both fluvial 

inputs specifically identified by Ga/Pb and Pb isotope ratios of North American sources to the 

mixed layer at P4 and P12.   

 

 

Figure 7.2: Isotopic ratios of Pb identify sources from North America at P4 – P20 within the summer mixed 

layer (30m).  Fluvial inputs are identified within the summer mixed layer at P4 and P12 by Ga/Pb, with 

advection within the summer mixed layer to stations P16 and P20 resulting in a transition zone across the 

transect (see Figure 4.11 and Figure 4.12). 
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7.1.3 Input 3: Asian source 

 

Isotopic ratios of Pb at P26 trend the opposite direction as observations at P4 – P20 and are 

consistent with sources from Asia (Chapter 4).  In addition to geographic source differentiation 

at P26, temporal variability is observed.  While Asian Pb isotope signatures extend to depths of 

the previous winter mixed layer, North American ratios are confined to the summer mixed layer.  

Inputs of atmospheric deposition from Asia to P26 are added to Figure 7.3, contrasting with 

inputs from Vancouver Island at station P20 and the remainder of the transect.  Summer and 

winter mixed layer depths are labeled, emphasizing the seasonally temporal differentiation of 

trace metal sources along Line P.   

 

 

Figure 7.3: Eolian inputs from Asia are identified at P26 based on Pb isotopes and associated with winter 

mixed layer depths to 75m, contrasting with inputs from North American at P4 – P20 confined to the summer 

mixed layer.   
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7.1.4 Input 4: Advective– California Undercurrent  

 

Positive correlation is demonstrated in this thesis between the oceanographic variable spice and 

concentrations of dissolved Ga at 150m – 200m at stations P12 – P26 (Chapter 3).  Advective 

transport from the south associated with the CUC therefore represents an additional trace metal 

input to Line P.  Temporal variation is observed with respect to spice along Line P, coincident 

with El Niño conditions and positive salinity anomalies in 2010 and 2011.  Negative salinity 

anomalies observed in 2009 and 2012 are coincident with lower spice waters, indicating 

interannual variability in the spice variable.  Increased advection of high spice water during El 

Niño could therefore increase trace metal availability, influencing primary production and 

observed shifts in distribution and abundance of commercial fish populations.  

 

7.1.5 Input 5: Advective– North Pacific Intermediate Water  

 

Relative to stations P16 and P20, dissolved Ga concentrations at P26 are lower within the local 

maxima at 150 – 200m, coinciding with lower spice values associated with NPIW.  A spice front 

is therefore identified across the north Pacific bisecting the Line P transect between stations P20 

and P26.  Additionally, while variation in spice associated with El Niño is observed at stations 

P16 and P20, little variation in spice values are observed at P26.  Therefore representing a 

greater influence of NPIW advected from the east to P26.  

 

Advective inputs from the CUC and NPIW are added to Figure 7.4.  This thesis therefore 

identifies multiple fronts of trace metal inputs along Line P between stations P26 and P20 

including Asian and North American geographic sources, summer and winter temporal 

differentiation, and fluvial and eolian input mechanisms.   
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Figure 7.4: Spicy water at 150 – 200m at P20 and P16 correlate with local maxima of dissolved Ga 

concentrations, lower concentrations of dissolved Ga at P26 associated with lower spice NPIW.  Construction 

of this figure summarizes the trace metal inputs identified from results of this thesis and tracer applications 

of dissolved Ga and Pb isotopes developed in this thesis. 

 

7.1.6 Trace metal sources: Future research 

 

This work extends the delineation of ocean regimes along Line P, identifying trace metal inputs 

that vary in space and time across the transect and promoting future research of biogeochemical 

cycling in the northeast Pacific Ocean.  For instance, fluvial inputs indentified in this work 

encourage research given inter-seasonal and inter-annual variation in fluvial trace metal inputs to 

the ocean.  Additionally, climate change impacts on precipitation, timing of snow melt, and 

terrestrial weathering represent areas for future research to determine the impacts to fluvial 

inputs.  Eolian inputs to the Alaska Gyre and P26 could be impacted by climate change and shifts 

in timing, areal extent, or volume of atmospheric deposition as a function of changing wind or 

precipitation patterns.  Advective inputs of trace metals from the south could be impacted by 
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changes in timing or intensity of ENSO events.  Additionally, increased frequency or intensity of 

winter storms resulting in deep winter mixing could increase availability of advected trace metal 

inputs to the surface.  Each of these topics represents opportunity for future research, including 

collaboration with physical oceanographers and atmospheric scientists.  Including employing 

atmospheric remote sensing of shifting wind patterns and eolian deposition, and autonomous 

sampling devices such as ARGO floats to monitor and study spice distributions and advective 

inputs.  Delineation of these 5 input mechanisms to Line P therefore advances the field of 

oceanography, informing potential controls on HNLC conditions observed in the northeast 

Pacific Ocean, with implications to other HNLC areas of the World’s oceans in the present, past 

and future. 

 

7.2 Pacific and Atlantic sources: Western Arctic 

 

This work reports the first profiles of dissolved Ga in the Arctic Ocean (Chapter 5) and 

establishes dissolved Ga as a tracer of Pacific and Atlantic water masses in the Beaufort Sea of 

the Western Arctic Ocean (Figure 7.5).  Pacific sources represented by low concentration of 

dissolved Ga, 4 – 6 pmol kg-1, transition smoothly through the thermocline to warmer Atlantic 

waters of 25 – 30 pmol kg-1 dissolved Ga.  Dissolved Ga represents a conservative tracer of 

Pacific waters, providing a compliment tracer to N:P and temperature.   
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Figure 7.5: Dissolved Ga provides a tracer of Pacific source waters (blue) to the Arctic, with concentrations 

increasing through the thermocline (green), and higher concentrations observed in Atlantic source waters to 

the Arctic.   

 

7.2.1 Pacific and Atlantic sources: Future research 

 

Future measurement of dissolved Ga concentrations in the Bering Sea and Chukchi shelf will 

constrain seasonal modification of dissolved Ga, providing additional evaluation of dissolved Ga 

as a conservative tracer of Pacific waters and the global balance of freshwater in the ocean.  

Additionally, elevated concentrations of dissolved Ga could be applied as a tracer of Atlantic 

waters infiltrating the western Arctic. 

 

7.3 Nitrogen fixation: Western Arctic 

 

Application of the conservative behaviour of dissolved Ga in Pacific waters supports the 

identification and calculation of in-situ nitrogen fixation within nitrate deplete waters of the 

Beaufort Sea basin (Chapter 5).  Denitrification results in excess PO4 transported from the 

Pacific, through the Arctic, and fuelling nitrogen fixation in the Atlantic.  Therefore, in-situ 
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nitrogen fixation in the Arctic will decrease the amount of available PO4 to be delivered to the 

Atlantic (Figure 7.6).   

 

 

Figure 7.6: Intensity of red colour indicates decreasing concentrations of excess phosphate as a result 

of in-situ nitrogen fixation during transport of nitrate deficient waters across the Arctic and 

returning to the north Atlantic, providing a schematic summary representation of implications of 

nitrogen fixation identified in this thesis.   

 

7.3.1 Nitrogen fixation: Future research 

 

This thesis provides a baseline estimate of nitrogen fixation at locations within the Beaufort Sea.  

Given rapid climate change in the Arctic and modification of sea ice conditions and 

stratification, increases in nitrogen fixation in the Beaufort Sea could lead to decreasing nitrogen 

fixation in the Atlantic.  While a shift in nitrogen fixation from the Atlantic to the Arctic may 

allow global nitrogen budgets to remain in balance, local ecosystems in both the Atlantic and 

Arctic would be impacted.  Continued research of nitrogen fixation within nitrate deficient 

waters during transport across the Arctic Ocean is required to evaluate impacts of excess 

phosphate delivery to the Atlantic.   
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7.4 River plume sources and sinks: Columbia River 

 

Rivers provide both a source of trace metals to the ocean, as well as a sink, as plume waters mix 

with the ocean and promote scavenging.  This work develops a model to describe dissolved Ga 

dynamics associated with the Columbia River plume (Chapter 6).  Northward plume transport 

along the coast under downwelling conditions results in dilution of dissolved Ga concentrations 

consistent with conservative mixing between freshwater and ocean water (Figure 7.7).  

Contrastingly, plume transport offshore to the southwest occurs during upwelling conditions 

resulting in scavenged removal of dissolved Ga, in addition to dilution (Figure 7.7).  Therefore 

the spatial distribution of dissolved Ga within the Columbia River plume is shown to result from 

temporal variability in local winds.   

 

 

Figure 7.7: Graphical representation of results from development of endmember mixing model and 

interpretation of upwelling and downwelling favouring winds associated with the Columbia River 

plume, and resulting concentrations of trace metals, based on dissolved Ga, exhibiting conservative 

mixing and scavenged behaviour.   

 

7.4.1 River plume sources and sinks: Future research 

 

Rivers represent a source of many trace metals to the ocean.  Higher concentrations of trace 

metals sourced from rivers during downwelling conditions potentially influence local shelf and 
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offshore ecosystems. Autonomous in-situ instruments and real-time data can be used to inform 

sampling opportunities to evaluate trace metal sources from rivers to coastal ecosystems during 

differential plume conditions.   

 

7.5 Thesis conclusions 

 

This thesis describes biogeochemical cycling and input mechanisms for trace metals in the 

northeast Pacific along Line P, in the northwest coast of North America influenced by the 

Columbia River plume, and in the Beaufort Sea of the Western Arctic Ocean.  Conclusions of 

this thesis are based on measurement and interpretation of concentrations of dissolved gallium 

(Ga), ratios of dissolved Ga and Pb (Ga/Pb), and isotopic ratios of dissolved Pb.   

This thesis introduces 5 new tracer applications contributing to oceanographic research.  

Dissolved Ga traces: 1) advective sources of trace metals in the northeast Pacific, 2) Pacific and 

Atlantic source waters in the western Arctic, and 3) plume transport of the Columbia River.  

Ga/Pb traces: 4) fluvial freshwater sources; and Pb isotope ratios trace: 5) geographically and 

temporally distinct trace metal sources to the northeast Pacific.  Results, applications, and 

conclusions of this thesis encourage increasingly routine measurement of dissolved Ga and Pb 

isotopes in oceanography. 
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