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Abstract 

Dondra V. Biller 

TRACE METALS IN THE CENTRAL CALIFORNIA CURRENT 
UPWELLING SYSTEM 

 
The objective of this dissertation was to develop and utilize a multi-element 

analysis method to determine sources and distributions for a suite of trace metals in 

the central California Current upwelling regime (cCCS).  Chapter 1 involved the 

development of this multi-element method and its use in the U.S. GEOTRACES 

inter-calibration efforts.  Chapters 2 and 3 investigated sources of Fe and its 

importance as a bottom up control on phytoplankton growth of the cCCS.  Coastal 

surface Fe concentrations were related to continental shelf width and upwelling 

strength, and benthic boundary layer Fe concentrations were high in regions with a 

wide shelf and/or very low oxygen concentrations.  Several regions with narrow 

continental shelves (Big Sur Coast and Pt. Arena to Cape Mendocino) demonstrated 

evidence for Fe limitation of diatom blooms (Chapter 2).  The dominant Fe source to 

the offshore transition zone (TZ) is from the transport of coastally upwelled waters 

offshore via filaments, though Fe is rapidly drawn down as these waters move 

offshore.  The TZ thus exhibits residual nitrate concentrations (5-15 µg L-1), very low 

Fe (<0.2 nmol kg-1), and relatively low and constant chlorophyll concentrations (1-2 

µg L-1).  Additional Fe delivery via offshore wind curl induced upwelling and/or 

vertical mixing is not sufficient to accompany NO3
- delivered to the surface.  Thus, 

the TZ is a broad region of the cCCS exhibiting evidence for Fe limiting conditions 

(Chapter 3).  Chapter 4 presented seasonal sources and distributions for a suite of 



xiv 

trace metals (Mn, Fe, Co, Ni, Cu, Zn, and Cd) relative to macronutrients in the cCCS.  

Upwelling sources of Ni, Zn, and Cd were from the ocean interior and internal 

biogeochemical cycling.  Conversely, Mn, Fe, Co, and Cu had an external source to 

upwelling waters in the continental shelf sediments.  There is an increased upwelling 

source of Co and Mn later in the summer as shelf sediments become highly reducing. 

Surface Fe, Zn, Cd, and Co showed evidence for preferential drawdown relative to 

NO3
- indicating a changing metal to carbon assimilation ratio in the environment.   
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INTRODUCTION 

 Research over the past few decades has illuminated the importance of trace 

metals in marine biogeochemical cycles.  Trace metals can serve numerous purposes 

in the marine environment from critical micronutrients for primary producers to 

tracers of anthropogenic influence on ecosystems.   Complex interactions between 

biological organisms and physical processes affect trace metal distributions, 

concentrations, and speciation.  Risk of contamination and individual chemical 

properties of each trace metal heavily affect the sampling processes and analysis 

procedures.   

 In addition to macronutrients (carbon, nitrogen, and phosphorus), organisms 

need metals to perform biological functions; however, these metals are needed only at 

trace concentrations – approximately a 1000 times less than P and 10,000 times less 

than C (Morel et al., 2003).  Iron (Fe) is arguably the most important trace metal to 

marine phytoplankton as it is necessary in the electron transfer processes of 

photosynthesis, respiration, and the enzyme nitrate reductase, used for nitrate (NO3
-) 

assimilation.   Of the trace metal micronutrients, Fe is quantitatively required in the 

highest concentrations.  Manganese (Mn) is quantitatively the second most important 

trace metal to marine phytoplankton; it is used in the oxygen-evolving complex of 

photosystem II and in superoxide dismutase (Raven et al., 1990).  Zinc (Zn) is the 

third most important trace metal that is used in the carbon uptake enzyme, carbonic 

anhydrase as well as alkaline phosphatase, an enzyme used in the assimilation of 

organic phosphate.  Copper (Cu) is quantitatively the next most required trace metal, 
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though it can be toxic to phytoplankton at higher concentrations (Anderson and 

Morel, 1978; Brand et al., 1986).  It is used in such enzymes as plastocyanin, an 

important enzyme in photosynthetic proton transfer.  Cobalt (Co) and cadmium (Cd) 

are the fifth and sixth most important trace metals for marine phytoplankton, and both 

of these trace metals have been shown to substitute for Zn in carbonic anhydrase 

when Zn concentrations become low (Lane and Morel, 2000a; Price and Morel, 1990, 

Sunda and Huntsman, 1995a).  It was recently discovered that some diatoms have a 

specific Cd containing carbonic anhydrase that is distinct from the Zn carbonic 

anhydrase (Lane and Morel, 2000b).  In addition to substituting in for Zn, Co is also 

the metal co-factor in vitamin B-12, a vitamin only synthesized by certain bacteria 

and archea, which eukaryotic cells must acquire from the environment (Bertrand et 

al., 2007; Croft et al., 2005).  Some cyanobacteria also have an absolute Co 

requirement for which other trace metals cannot substitute (Saito et al, 2002; Sunda 

and Huntsman, 1995a), and Co often exhibits water column distributions similar to 

macronutrients suggesting its importance as a micronutrient (Saito et al., 2004). 

Though not required in as high quantities as other micronutrients, nickel (Ni) is 

required for the assimilation of urea via the enzyme urease (Price and Morel, 1991).  

Consequentially, concentration and availability of these various trace metals in 

seawater are important controls on marine phytoplankton productivity and 

community composition.   

 Though lead (Pb) is not required biologically, it is an important metal used to 

trace anthropogenic inputs to the ocean.  The main source of Pb to the ocean is via 
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atmospheric aerosols, thus leading to a surface maximum in the oceanic profiles 

(Schaule and Patterson, 1981).  Lead is a scavenged-type trace metal since it has 

strong associations with particles in seawater (Bruland and Lohan, 2003).  As such, 

Pb is removed from the water column as it scavenges onto particles below the 

surface, resulting in a short residence time.  Leaded gasoline used from the 1960’s 

through the 1990’s resulted in a large anthropogenic input of atmospheric Pb to the 

surface ocean.  The North Atlantic received the largest Pb input as a result of the 

prevailing westerly winds that blow over the ocean from the United States.  Removal 

of Pb from gasoline after the Clean Air Act of 1970 caused a steady decrease in 

oceanic Pb concentrations (Boyle, 1994; Wu and Boyle, 1997).   

 In addition to Pb, Mn also exhibits a scavenged type profile with the highest 

concentrations at the surface and lowest at depth (Biller and Bruland 2012; Landing 

and Bruland, 1980; Statham et al., 1998).  The dominant source of Mn to the open 

surface ocean is via external sources (e.g., aerosols, continental shelf sediments), and 

although Mn is assimilated by phytoplankton, it still typically exhibits a surface 

maximum and an intermediate to deep-water minimum (Landing and Bruland, 1980).  

Since scavenged-type trace metals have short residence times, there is a difference 

between Mn concentrations in the old deep North Pacific and younger deep North 

Atlantic.  Manganese in older waters of the deep North Pacific has had a much greater 

time to scavenge onto particles, thus decreasing the dissolved Mn concentration 

relative to the deep North Atlantic.  Thermodynamics indicate the redox state of Mn 

in oceanic waters at natural pH should be as Mn(IV), an insoluble form that exists as 
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MnO2.  Much of the dissolved Mn(II) in surface waters of the open ocean comes from 

the dissolution of dust, with Mn in the +2 redox state.   Over time, this Mn(II) would 

completely oxidize to the thermodynamically more stable Mn(IV); however, Mn(IV) 

can be photoreduced in the presence of organic matter at the surface (Sunda et al., 

1983).  Thus, even though the dissolved form of Mn is not thermodynamically stable 

in oxygenated seawater, dissolved Mn(II) is still found in the surface ocean. 

 Nutrient-type trace metals (Zn, Cd, Ni) are assimilated by phytoplankton at 

the surface and are regenerated at depth through the bacterially mediated oxidation of 

organic matter and dissolution of biogenic particles.  Vertical profiles of nutrient-type 

trace metals are similar to those of other macronutrients as illustrated in Figure 1, 

which shows vertical profiles of silicic acid and dissolved Zn.  Nutrient-type trace 

metals show a surface depletion as they are assimilated and deep water maximum as 

they are regenerated.  There is a large difference in deep-water concentrations of 

nutrient-type trace metals between the deep North Atlantic and North Pacific (Figure 

1).  Since nutrient-type trace metals exhibit a low level of particulate scavenging, 

their concentrations increase as a water mass ages and supports increasing amounts of 

organic matter oxidation and biogenic particle dissolution.  Thus, older waters of the 

deep North Pacific have higher concentrations of Zn, Cd, and Ni than younger waters 

of the deep North Atlantic (Aparicio-Gonzales, 2012; Danielsson, 1985; Martin et al, 

1989, 1993).    

 Hybrid-type trace metals (Fe, Co, Cu) are influenced by a combination of 

biological assimilation, regeneration, and scavenging processes.  They typically have 
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depleted surface concentrations and are regenerated at depth similar to nutrient-type 

trace metals; however, due to their propensity to scavenge onto particles, deep-water 

concentrations of hybrid-type trace metals do not increase to the same degree as 

nutrient-type.  The residence time of hybrid-type trace metals is shorter (deep water 

Fe residence time is ~200 years) than for nutrient-type metals.  Thus, deep-water Fe 

concentrations are roughly the same in the deep North Atlantic and North Pacific 

(Bruland and Lohan, 2003; Martin et al., 1989, 1993), as illustrated in Figure 2.  For 

hybrid-type trace metals, there is a balance between regeneration of sinking particles 

and scavenging onto particles in the deep ocean (Johnson et al., 1997).  Similar to 

scavenged-type, the dominant source of hybrid-type trace metals is external, such as 

from aerosols or shelf sediments.  

Organically chelated Fe, Co, and Cu dominate the dissolved fraction of each 

metal in seawater.  In oxygenated seawater, Fe is thermodynamically stable in the 

highly insoluble form, Fe(III).  Organics, such as siderophores, chelate Fe(III) and 

keep it in the dissolved form.  Over 99.97% of dissolved Fe in seawater is chelated by 

organic ligands, and it is the concentration of these organic ligands that often 

determines the in situ dissolved Fe concentration (Buck et al., 2007; Lohan and 

Bruland, 2008).  Dissolved Fe in excess of the ligand concentration will precipitate.  

There is evidence that Fe(III)-chelates are still bioavailable for phytoplankton through 

the use of cell surface reductase enzymes that reduce the Fe(III) to Fe(II) thus 

releasing it from the organic chelates.  This Fe(II) can either be directly taken up or 

reoxidized to Fe(III) and then assimilated (Maldonado and Price, 1999).  Dissolved 
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Co is also primarily chelated by a single class of strong organic ligands with almost 

equivalent concentrations to total dissolved Co (Saito and Moffett, 2001).  The free 

Cu2+ ion is toxic to some marine phytoplankton (Brand et al., 1986), and it has been 

suggested that phytoplankton can produce organic compounds that chelate Cu2+ to 

render it non-toxic (Moffett and Brand, 1996).  Surface dissolved Cu is 99.7% 

complexed with strong organics (Coale and Bruland, 1988).  The organic 

complexation of Fe, Co, and Cu has widespread implications for the bioavailability 

and geochemical cycling of these trace metals.   

 Phytoplankton growth can often be limited in situations where there are 

differences between macro or micronutrient supply and biological demand.  

Limitation can be discussed in two ways: growth rate limitation and limitation of 

biomass accumulation.  In growth rate limitation, phytoplankton lack enough of a 

particular nutrient to achieve their optimal growth rates.  Biomass limitation, or 

Liebig limitation, refers to the inability of phytoplankton to bloom due to insufficient 

concentrations of one particular nutrient, which is known as the “Liebig limiting 

nutrient” (the scarcest nutrient).  One classic example of phytoplankton limitation is 

for Fe (Sunda and Huntsman, 1995b).  Certain remote regions of the world ocean 

(Southern Ocean, Equatorial Pacific, and Subarctic Pacific) have a low external 

source of Fe since they are far away from terrestrial sources of Fe (e.g., wind derived 

aerosols or shelf sediments) as shown in Figure 3 (from Moore and Braucher, 2008).  

The Pacific and Southern Oceans have a much lower Fe input from both aerosols and 

sediments compared to the Atlantic ocean (Figure 3). Iron has been shown to limit 
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phytoplankton growth, in particular diatom growth, in these low Fe regions of the 

Pacific and Southern Ocean (Boyd et al., 2000; Martin and Fitzwater, 1988; Martin et 

al., 1994) and as such, phytoplankton do not grow enough to draw NO3
- 

concentrations completely down.  These regions thus are known as high nutrient, low 

chlorophyll regions (HNLC).  Figure 4 (a) shows global summer NO3
- concentrations, 

and Figure 4 (b) shows global modeled Fe limitation (Moore et al., 2004).  It is clear 

that the regions with the highest summer NO3
- concentrations are also those where Fe 

limitation of diatom blooms occurs.  It is these conditions: elevated NO3
-, low Fe, and 

low chlorophyll that most often point toward Fe limitation.  While these are the three 

large regions most highly associated with Fe limitation, there are other areas where 

the external Fe supply is not sufficient to accompany the NO3
- supply, thus creating a 

smaller scale HNLC region. One such area, the central California Current upwelling 

regime, is the main focus of this dissertation.   

 Several ongoing challenges when measuring trace metals in seawater are 

minimizing contamination and analysis blanks as well as determining accurate 

concentrations with high precision.  Seawater is a complicated matrix with high 

concentrations of major ions (e.g., Na+, Cl-) that can often interfere with trace metal 

analysis.  Since trace metals are at such low concentrations (≤ 10-9 mol kg-1), it is 

often necessary to extract and concentrate the metals of interest from the seawater 

matrix prior to analysis.   Chelating resins are used for this extraction and 

concentration procedure.  As pH adjusted seawater flows across a column containing 

a chelating resin, trace metals of interest are chelated by functional groups on the 
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resin essentially extracting them from seawater.  Elution with acid removes the metals 

of interest and allows for analysis. 

There are numerous detection methods used to quantify either one or many 

metals of interest simultaneously.  An inductively coupled plasma mass spectrometer 

(ICP-MS) is typically used for quantification of a suite of trace metals at once on a 

single sample (Biller and Bruland, 2012; Milne et al., 2010).  Often the extraction and 

pre-concentration procedure prior to ICP-MS detection occurs offline where the 

individual eluents of each sample are collected and then analyzed; one such method 

was developed and is the result of the first chapter of this dissertation.  Other methods 

for trace metal analysis involve flow-injection type manifolds whereby the extraction 

and pre-concentration procedure occurs online and each eluent is sent directly into a 

reaction stream and then on to a detector.  One method of dissolved Fe analysis 

(Lohan et al., 2006) utilized for the last three chapters of this dissertation uses the 

catalytically enhanced spectrophotometric detection of N,N-dimethyl-p-

phenylenediamine dihydrochloride (DPD) to determine Fe concentrations in 

seawater.  This flow-injection type method is incredibly useful at sea and allows for 

rapid determination of Fe concentrations.  However, quantification of a single trace 

metal has its drawbacks compared to the multi-element abilities of ICP-MS analysis 

techniques.   

 The development of an offline pre-concentration method with ICP-MS 

detection was the initial result of this dissertation and is presented in Chapter 1 (Biller 

and Bruland, 2012; Analysis of Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb in seawater using 
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the Nobias-chelate PA1 resin and magnetic sector inductively coupled plasma mass 

spectrometry (ICP-MS)).  This method involves the pre-concentration of a suite of 

trace metals from a 40mL seawater sample after a UV-oxidation step.  The UV-

oxidation step was deemed necessary to determine accurate concentrations of Co and 

Cu, two metals for which a fraction of the total dissolved metal was so strongly 

chelated by organic ligands that it did not extract onto the resin.  After pH adjustment 

to 6.2±0.3 using a basic ammonium acetate (NH4Ac) solution, samples (40mL) were 

loaded onto a column containing the Nobias-chelate PA1 resin.  After the samples 

were loaded, the columns were rinsed with a weak (0.05M) NH4Ac solution to 

remove the bulk of the major ions in seawater, and the trace metals were eluted off 

the column with 3 to 4mL of 1N quartz distilled HNO3.  Collected eluents were 

analyzed on a magnetic sector ICP-MS.  The manifold used in this method allows for 

the simultaneous extraction and pre-concentration of eight seawater samples. 

This method was an improvement upon an earlier method (Sohrin et al., 2008) 

that used the Nobias-chelate PA1 resin to determine seawater concentrations for a 

suite of trace metals.  Adaptations and improvements made to this method include but 

are not limited to a reduction of sample volume needed, UV-oxidation of each sample 

to properly quantify Co and Cu, manifold modification to allow for eight samples to 

be processed at once, as well as the use of seawater standard additions for calibration 

purposes and for recovery estimates.   

A important outcome from this initial study (Chapter 1) was the reporting of 

the U.S. GEOTRACES Inter-calibration station baseline profiles and reference 
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sample results.  The GEOTRACES program is an international collaborative effort 

focused on better understanding the biogeochemical cycles of trace elements and their 

isotopes in the marine environment.  Development of an inter-calibration effort for 

GEOTRACES was necessary to produce a consistent, global data set generated from 

numerous different laboratories and analytical methods.  The U.S. GEOTRACES 

program conducted two separate inter-calibration cruises (North Atlantic, 2008 and 

North Pacific, 2009) to collect large volume reference samples as well a “baseline” 

vertical profile to distribute to marine chemists for analysis and comparison of results.  

In Chapter 1 (Biller and Bruland, 2012) we described this multi-element method for 

determining a suite of dissolved trace metals and reported our results from the 

baseline profiles as well as reference samples; these results contributed significantly 

to the inter-calibration effort by the U.S. GEOTRACES program.   

The other three chapters of this dissertation focus on trace metals in the 

central California Current upwelling system (cCCS).  Data for these three chapters 

was obtained on two oceanographic cruises off the central California coast during the 

early spring (May 2010) and late summer (August 2011) upwelling season.  The 

multi-element method described above as well as a shipboard flow injection analysis 

method (Lohan et al., 2006) were used for the trace metal analysis.  The CCS is the 

highly productive eastern boundary current of the North Pacific Subtropical Gyre.  In 

the spring, a shift in the atmospheric wind patterns causes primarily equatorward 

winds to blow along the western coast of North America.  Ekman transport of surface 

water offshore leads to the upwelling of subsurface water along the coast at velocities 
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up to 10 to 20 m d-1 (Checkley and Barth, 2009; Strub et al., 1987).  Regeneration of 

sinking biological material below the photic zone creates deep enrichment of both 

macro and micronutrients, and upwelling of this subsurface water leads to enhanced 

biological growth along the coast.  The boundary between the cold, saline, nutrient 

rich coastally upwelled water and warm, less saline, nutrient poor offshore water is 

known as the transition zone (TZ).  In addition to coastal upwelling, slower wind 

stress curl upwelling occurs in the TZ from longitudinal differences in the magnitude 

of the wind stress (Rykazewski and Checkley, 2008).  These different types of 

upwelling as well as mesoscale eddy activity and other physical processes in the 

cCCS create a dynamic system with large variations in macro and micronutrient 

concentrations consequentially affecting chlorophyll distributions. 

 Chapter 2 of this dissertation investigated the spatial and seasonal supply of 

coastal Fe and NO3
- delivered to the surface waters of the cCCS during the spring and 

summer.  This chapter is titled “Coastal iron and nitrate distributions during the 

spring and summer upwelling season in the central California Current upwelling 

regime” and has been submitted to Continental Shelf Research for publication.  Since 

Fe is a scavenged-type trace metal, subsurface oceanic Fe concentrations are low 

relative to other non-scavenged nutrients such as NO3
-.  Without any external source 

of Fe, water upwelled at the coast would have 15-30 µmol L-1 NO3
- and <1 nmol kg-1 

Fe – a concentration too low to sustain large diatom blooms.  Since there is low 

atmospheric Fe input off the California coast (Fung et al., 2000; Mahowald et al., 

2005), the dominant external source of Fe to the cCCS is the continental shelf 
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sediments (Johnson et al., 1999, 2001).  Upwelling through the benthic boundary 

layer (BBL) above the continental shelf sediments leads to enrichment in Fe (Johnson 

et al., 1999), and upwelling over a wider continental shelf will provide a larger source 

of Fe than a narrow shelf (Bruland et al., 2001; Chase et al., 2005).  Alongshore 

differences in continental shelf width, as indicated by the 200 m isobath, become 

immediately clear in Figure 5, which shows the bathymetry off the central California 

coast.  The widest continental shelf region is between the Gulf of the Farallones and 

Monterey Bay, and the narrowest continental shelf regions are along the Big Sur coast 

and between Pt. Arena and Cape Mendocino (Figure 5).  Though the cCCS is a highly 

productive ecosystem, there are still areas that exhibit evidence for Fe-limitation of 

diatom blooms, mostly focused near regions of a narrow continental shelf (Bruland et 

al., 2001; Firme et al., 2003; Hutchins et al., 1998).  Results from Chapter 2 provide 

an increased understanding of the coastal upwelling end member for Fe supply during 

two different times in the upwelling season and greatly expanded on previously 

published data from California Fe studies that had focused on a much smaller spatial 

scale.  

 Samples taken in the BBL along the coast showed that Fe concentrations were 

highest in regions of a wide continental shelf as well as at stations with very low 

bottom water O2 concentrations.  Surprisingly, there was no clear seasonal trend in 

BBL Fe concentrations.  Surface Fe concentrations tended to be highest during 

intense upwelling conditions as well as near regions of a wider continental shelf.  In 

addition, surface Fe concentrations were typically lower in late summer compared to 
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early spring as a result of biological assimilation throughout the upwelling season as 

well as a reduction in upwelling strength later in the summer.  Several areas along the 

central California coast, with moderate to narrow continental shelves, were shown to 

exhibit evidence for Fe limitation of both diatom growth rate and biomass 

accumulation.  With a better understanding of the spatial and temporal Fe supply and 

concentration variability in the coastal cCCS, it was then possible to investigate Fe 

delivery offshore to the TZ. 

 The TZ region is physically complex with mesoscale eddies, upwelling 

filaments, and an alongshore coastal upwelling jet (Kosro et al., 1991; Lynn and 

Simpson, 1987).  Nutrients are supplied to the TZ in several ways.  Coastally 

upwelled water, with elevated levels of nutrients, can be transported hundreds of 

kilometers offshore through plumes and filaments (Barth et al., 2005; Chavez et al., 

1991; Kosro et al., 1991).  In addition, shoaling of isopycnals and the nutricline in 

cyclonic eddies allows elevated concentrations of nutrients to be shallower in the 

water column where they can be either vertically mixed or upwelled to the surface via 

wind curl induced upwelling.  Though there are elevated concentrations of NO3
- 

throughout much of the TZ (5-10 µmol L-1), chlorophyll concentrations there are 

relatively low and constant (~1-2 µg L-1).   Figure 6 shows satellite chlorophyll 

concentrations from August 2010; chlorophyll concentrations in the TZ (shown in 

green in Figure 6) are markedly different than several wide-shelf coastal regions 

(shown in red in Figure 6).  Chapter 3 of this dissertation is titled “The central 

California Current transition zone: a broad region exhibiting evidence for iron 
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limitation” where the goal was to investigate Fe as an important bottom up control on 

phytoplankton growth in the TZ.  This chapter has been submitted for publication to 

Progress in Oceanography and is currently under review.  Additional Fe data from a 

cruise during June 1999 in the cCCS was included in this manuscript. 

 Since atmospheric Fe input offshore is low in the cCCS, the primary source of 

Fe to the TZ is via transport of coastally upwelled waters offshore in filaments.  

However, Fe is rapidly removed from coastally upwelled waters through both 

biological assimilation and particulate scavenging.  This Fe drawdown occurs more 

quickly than biological NO3
- drawdown, leading offshore waters to have elevated 

levels of NO3
- (5-10 µmol L-1) yet very low Fe (<0.2 nmol kg-1).  Additionally, since 

wind curl induced upwelling and vertical mixing occurs seaward of the continental 

shelf, low Fe concentrations are delivered to the surface relative to NO3
- (with a low 

Fe:NO3
- ratio).  In Chapter 3, we suggest that residual NO3

- and low Fe in the TZ 

along with relatively low chlorophyll concentrations provide evidence for Fe limiting 

conditions.  Theoretical calculations of diatom specific growth rate as well as 

dissolved Fe:NO3
- ratios further support the idea that low Fe concentrations inhibit 

optimal growth rate and limit the accumulation of diatom biomass in the TZ.  The TZ 

progresses further into Fe limitation later into the summer as biological assimilation 

lowers surface Fe concentrations and the supply of Fe is reduced as upwelling slows.  

The results of Chapter 3 are some of the first field data to suggest the importance of 

Fe as a bottom up control on phytoplankton growth in the TZ.   
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 In addition to Fe, there is evidence for the assimilation of other trace metals in 

the cCCS.  Chapter 4 of this dissertation is titled, “Sources and distributions of Mn, 

Fe, Co, Ni, Cu, Zn, and Cd relative to macronutrients along the central California 

coast during the spring and summer upwelling season” and will soon be submitted to 

Marine Chemistry for publication.  The purpose of this study was to determine the 

seasonal upwelling source terms for this suite of trace metals as well as investigate 

the biological impacts on trace metal distributions throughout the upwelling season.  

Results from Chapter 4 demonstrate that nutrient-type trace metals (Ni, Zn, Cd) are 

not affected by the continental shelf sediments, but rather are influenced by 

biogeochemical cycling in the ocean interior.  On the other hand, both scavenged 

(Mn) and hybrid-type trace metals (Fe, Co, Cu) are affected by the continental shelf 

sediments and are elevated in the BBL compared to offshore subsurface 

concentrations.  Redox conditions on the continental shelf throughout the season 

affect the degree to which the BBL is enriched with these particular trace metals.  

Surface transect results from this study demonstrated varying degrees of trace metal 

drawdown relative to NO3
-.  For example, Fe and Zn, two of the most limiting 

nutrients in marine ecosystems, demonstrated accelerated drawdown relative to NO3
- 

during both the spring and late summer.  These findings provide validation of various 

laboratory incubation experiments (Sunda and Huntsman, 1992, 1995b) which 

determined that phytoplankton will increase their metal:C uptake ratio under elevated 

in situ metal concentrations.  In addition, results from Chapter 4 provided evidence 

that there was also increased drawdown of Co and Cd, therefore also providing 
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environmental data that coincides with other laboratory experiments demonstrating 

that accelerated Cd and Co drawdown will occur under low (<1.2 nmol kg-1) Zn 

concentrations (Cullen et al., 1999; Cullen and Sherrell, 2005; Lane and Morel, 

2000a; Price and Morel, 1990; Sunda and Huntsman, 1995a, 2000).   

 This dissertation first focused on the development of a multi-element method 

(Chapter 1) for use in both the international GEOTRACES program as well as the 

other chapters presented here. Chapters 2-4 then utilized this multi-element method in 

the coastal and TZ regions of the cCCS to better understand distributions of a suite of 

trace metals and their importance (particularly for Fe) as bottom up controls on 

phytoplankton growth as well as how biological feedbacks impact trace metal 

distributions. 
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Figures 

 

Figure 1: From Bruland and Lohan, 2003. Vertical profile data for (a) silicic acid and 
(b) dissolved Zn from the North Pacific (black circles, data from Martin et al., 1989) 
and North Atlantic (white circles, data from Martin et al., 1993).  Zinc shows a 
typical nutrient-type profile similar to silicic acid with surface depletion and deep 
regeneration.  North Pacific deep waters are older and have had more time to build up 
concentrations of regenerated nutrients, thus creating the difference between the 
profiles of the North Atlantic and North Pacific.  
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Figure 2: From Bruland and Lohan, 2003. Vertical profile data for dissolved Fe from 
the North Pacific (circles, data from Martin et al., 1989) and North Atlantic 
(diamonds, data from Martin et al., 1993).  Since Fe is a hybrid-type trace metal, it is 
assimilated at the surface and is both regenerated and scavenged at depth.  Its short 
residence time does not allow large Fe concentrations to build up in older waters, 
hence the North Atlantic and North Pacific show similar profiles. 
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Figure 3: From Moore and Braucher, 2008. Estimated external Fe input to the world 
ocean from (a) dust and (b) sediments.  Remote regions of the ocean (Southern 
Ocean, Equatorial Pacific, and Subarctic Pacific) are removed from large external Fe 
inputs.  In addition, very wide continental shelf regions (e.g., Bearing Sea, Eastern 
coast of North America), have a more significant sedimentary Fe input than narrower 
continental shelf regions (e.g., west coasts of North and South America). 
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Figure 4: (a) WOCE summer global surface NO3
- concentrations and (b) estimated 

diatom growth limitation (from Moore et al., 2004).  The three major HNLC regions 
(Southern Ocean, Equatorial Pacific, and Subarctic Pacific) show residual surface 
NO3

- concentrations in (a) and diatom growth limitation by Fe (blue regions in (b)).   

  

b) Diatom Growth Limitation 

a) Summer surface NO3
- concentrations 

Figure 4: (a) WOCE summer global surface NO3
- concentrations and (b) estimated 

diatom growth limitation (from Moore et al., 2004).  The three major HNLC regions 
(Southern Ocean, Equatorial Pacific, and Subarctic Pacific) show residual surface 
NO3

- concentrations in (a) and diatom growth limitation by Fe (blue regions in (b)).   



27 

 

Figure 5: Bathymetry off the central California coast.  The depth contours shown are 
as follows: 200m, 400m, 600m, 800m, 1000m, 2000m, 3000m, and 4000m.  The 
continental shelf is indicated by the first depth contour at 200m (shown in red).  The 
area with the widest continental shelf is from the Gulf of the Farallones to Monterey 
Bay, and the areas with the narrowest continental shelves are along the Big Sur Coast 
and between Pt. Arena and Cape Mendocino.  
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Figure 6: Satellite chlorophyll concentrations for August 2010 along the central 
California coast.  The TZ is the region shown in green (1-2 µg L-1 chlorophyll) 
between the more productive coastal region (10-25 µg L-1 chlorophyll) and the 
offshore oligotrophic California Current (<0.1 µg L-1 chlorophyll).  Relatively low 
and constant chlorophyll concentrations are seen in the TZ throughout the spring and 
summer upwelling season. 
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A method was developed using the chelating resin Nobias-chelate PA1 in an off-line pre-concentration man-
ifold with magnetic sector inductively coupled plasma mass spectrometry (ICP-MS) detection for analysis of
Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb. This multi-element method allows for the simultaneous extraction of eight
samples in a closed column manifold. Standard additions to seawater demonstrated quantitative recovery
and eliminated the need to use isotope dilution to account for non-quantitative recoveries of the metals on
the resin. UV-oxidation of seawater samples before extraction was necessary to provide accurate total dis-
solved concentrations of Co and Cu. Samples (40 mL) were loaded onto the chelating resin column at a pH
of 6.2±0.3 after pH adjustment with a basic ammonium acetate (NH4Ac) solution. The columns were rinsed
after sample loading with a weak (0.05 M) NH4Ac solution to remove the bulk of the major ions in seawater.
The trace metals were eluted with 3 to 4 mL of 1 N Q-HNO3 and analyzed on a magnetic sector ICP-MS. This
multi-element method is ideal for high sample throughput and quantification over a broad range of element
concentrations with low blanks and detection limits. We report results here from the SAFe and GEOTRACES
reference samples as well as the U.S. GEOTRACES Atlantic and Pacific Baseline profiles.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Oceanographic research over the past few decades has unveiled
the significance of trace metals in marine biogeochemical cycles. Ex-
tensive research on Fe has shown that it is not only an essential
micro-nutrient in marine phytoplankton, but that extremely low con-
centrations of Fe limit productivity for approximately 27–36% of the
primary producers (both large and small cells) in the world ocean
(Moore et al., 2004). Other studies have demonstrated that Co, Cu,
Zn, and Ni are also essential for the growth or control of marine phy-
toplankton populations (Morel et al., 2003). Manganese has been
used as a tracer of fluvial sources to the ocean (Landing and
Bruland, 1980; Klinkhammer and Bender, 1980; Aguilar-Islas and
Bruland, 2006) and Pb has been widely studied and is an excellent
tracer for anthropogenic sources of dust and particles to the surface
ocean (Boyle et al., 1986; Boyle, 2001). The international GEOTRACES
program was launched as a collaborative effort among marine chem-
ists to better understand the processes controlling the distribution of
trace elements and their isotopes in the marine environment. For
such a program to be successful, there is a need for multi-element
methods that allow for high sample throughput and quantification
over a broad range of element concentrations that reflect the range
observed in the oceans.

Modern, high-resolution, magnetic sector inductively coupled
plasma mass spectrometer (ICP-MS) instruments have become avail-
able to meet this need for a multi-element, highly sensitive method
with a wide dynamic range. Seawater, however, is a complex matrix
with high concentrations of major ions that can interfere with trace
metal analysis. Most analysts consider that it is essential to extract
and separate the trace metals of interest from the original matrix.
Trace metals generally exist at such low concentrations in seawater
that a concentration step prior to detection is also often necessary.
The avoidance of sample contamination and proper determination
of analytical blanks are also critical steps taken in the analysis of
trace metals. Numerous extraction/pre-concentration methods have
been utilized for dissolved trace metals in seawater including organic
solvent extraction (Danielsson et al., 1978; Bruland et al., 1979), co-
precipitation with magnesium hydroxide by increasing pH to precip-
itate magnesium naturally present in the sample (Wu and Boyle,
1997a), and solid phase extraction using various chelating resins
either in columns (Sohrin et al., 2008; Ho et al., 2010; Milne et al.,
2010) or as batch extraction onto resin beads (Lee et al., 2011).

Extraction/pre-concentration (both off-line and on-line) using a
chelating resin coupled with ICP-MS detection has proven to be an
extremely powerful tool for accurate multi-element analysis over a
wide range of seawater concentrations. A silica-immobilized
8-hydroxyquinoline (8-HQ) chelating resin was previously used to
pre-concentrate metals (Mn, Co, Ni, Cu, Zn, Cd, and Pb) (McLaren et
al., 1985); however since this resin is not commercially available
and must be synthesized from scratch (with resultant batch-to-
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batch variability) there are liabilities associated with using it in multi-
element techniques. Toyopearl Chelate-650, a commercially available
resin with iminodiacetic acid (IDA) functional groups, has been
successfully used with ICP-MS detection with both off-line pre-
concentration for quantification of Fe, Mn, Co, Ni, Cu, Zn, Cd, and Pb
(Milne et al., 2010) and on-line concentration analysis for Mn, Fe,
Co, Cu, Zn, and Cd (Hurst and Bruland, 2008). Ho et al. (2010) used
the Dionex MetPac CC-1 resin, another IDA-based chelating resin, in
an automated off-line method with ICP-MS detection for this same
group of trace metals. Nitriloacetate (NTA)-type Superflow chelating
resin beads have been used in a small volume batch extraction tech-
nique with ICP-MS detection for the determination of Fe, Pb, Cd, and
Cu (Lee et al., 2011). Isotope dilution was necessary with this method
to account for non-quantitative recovery, and the method analyzed
one metal on each sample extract with a Quadrupole ICP-MS instru-
ment. Recently, a Nobias-chelate PA1 resin has become commercially
available. This chelating resin has both ethylenediaminetriacetic acid
(EDTriA) and IDA functional groups and is a potentially useful high-
affinity resin for extracting a wide variety of trace metals from seawa-
ter (Sohrin et al., 2008). Other studies have utilized the Nobias-
chelate PA1 resin for determination of rare-earth metals (Persson et
al., 2011) as well as 232Th in seawater (Takata et al., 2011).

Here we present a method bywhich eight tracemetals (Mn, Fe, Co,
Ni, Cu, Zn, Cd, and Pb) can be simultaneously extracted off-line in col-
umns with the chelating resin Nobias-chelate PA1 and quantified
using a magnetic sector ICP-MS. This method has been modified and
improved from the method of Sohrin et al. (2008). We demonstrate
quantitative recovery for these eight metals and thus avoid the need
to use isotope dilution (Mn and Co do not have stable isotopes to use
for isotope dilution). In this paper we report results for the various
SAFe and GEOTRACES reference samples, and we also report data for
both the U.S. GEOTRACES Atlantic and Pacific Baseline Station inter-
calibration profiles. Themethod outlined here is one that our laborato-
ry plans to use on a large scale for quantification of themetals of inter-
est for various GEOTRACES cruises.

2. Experimental

2.1. Reagents

All reagents were made in water purified (>18 MW cm!1) using a
Milli-Q (MQ) system (Millipore). Sub-boiled quartz distilled nitric
acid (Q-HNO3) was produced by a single distillation of trace metal
grade (TMG) concentrated nitric acid (Fisher Scientific) in a quartz
finger, sub-boiling distillation apparatus. Glacial acetic acid (Q-HAc)
was distilled in the same manner from TMG acetic acid (Fisher Scien-
tific). Trace metal grade ammonium hydroxide (NH4OH) was used as
received (Fisher Scientific). A solution of supersaturated ammonium
acetate (NH4Ac) was made by bubbling anhydrous ammonia gas into
Q-HAc. Crystals of ammonium acetate (CH3COONH4) formed as this
solution cooled slowly, and adding MQwater to these crystals created
a saturated (19.2 M) NH4Ac solution. Reagents for this study were
made in acid washed low-density polyethylene (LDPE) bottles. The
acid cleaning procedure for reagent bottles included a 6 M HCl (re-
agent grade) soak for ~1 month and 0.7 M HNO3 (TMG) storage for
anothermonth. Sample bottles (100 mL LDPE, Bel-Art) and eluate bot-
tles (8 mL LDPE, Nalgene) were acid cleaned by heating overnight in
3 M HCl (TMG) and then heating again overnight in 4 M HNO3 (TMG).

For pH adjustment of seawater samples, a 3.7 M NH4Ac solution
was prepared by diluting the 19.2 M NH4Ac with MQ and combining
it with concentrated NH4OH (total NH4OH concentration of 3.4 M).
The pH of this solution was 9.95±0.05. A 0.05 M NH4Ac rinse/condi-
tioning solution for column rinsing and conditioning was made by
dilution of the 19.2 M NH4Ac solution with MQ and pH adjustment
(with NH4OH) to 6.4±0.1. The 1 N Q-HNO3 elution acid (E-HNO3)
was made by diluting concentrated Q-HNO3. This E-HNO3 was spiked

with 10 ppb Rh for use as an internal standard on the ICP-MS. Seawa-
ter samples had been previously acidified for storage to pH 1.8 with
4 mL 6 N Q-HCl per liter of seawater.

2.2. Resin

The pre-concentration procedure used the Nobias-chelate PA1
chelating resin (Hitachi High-Technologies). This resin has both the
EDTriA and IDA functional groups (Fig. 1), making it an excellent che-
lator of the metals of interest in this study (Sohrin et al., 2008). The
Nobias-chelate PA1 resin was packed into eight separate 2 cm ta-
pered mini-columns with an internal volume of 27 μL (GlobalFIA). Po-
rous polypropylene frits (pore size 20 μm) were used in the columns
to immobilize the resin in the columns. Prior to packing the resin into
the mini-columns, it was rinsed two times with 10 mL of methanol
(reagent grade) and four times with MQ. After packing new resin,
each column was subjected to a rigorous acid cleaning process before
use. The steps in the cleaning process were as follows: (1) flushed
with 200 mL of 6 N HCl (TMG), (2) flushed with 200 mL of pH=1.8
seawater, (3) flushed again with 200 mL of 6 N HCl (TMG), (4) stored
overnight in pH=1.8 seawater, (5) flushed with 100 mL of 2 N HNO3

(TMG), (6) let sit in 2 N HNO3 for two hours, (7) flushed with 500 mL
of MQ, and (8) stored in pH=1.8 seawater again overnight. Once
each columnwas put into themanifold, further cleaningwas achieved
by alternating flow several times across the column between the
0.05 M NH4Ac rinse/conditioning solution and the E-HNO3. Once the
new resin was extensively cleaned, the resin columns could be re-
used for hundreds of samples for seawater pre-concentration with
minimal cleaning (with E-HNO3) between samples.

2.3. Pre-concentration manifold

The manifold set-up is shown in Fig. 2. Eight separate columns
allow for the simultaneous processing of eight samples. All manifold
tubing used was 1/16 in. O.D.!0.04 in. I.D. Teflon™ (PFA) (IDEX).
The PFA tubing was acid cleaned with 3 M HNO3 (TMG) prior to con-
struction of the manifold. Each station consisted of three manually
controlled low-pressure 4-port (2 way selection) switching valves
made of PEEK material (IDEX). Flangeless fittings (1/4–28) and Tefzel
ferrules were used for each valve. Two 8-channel peristaltic pumps
(Dynamax, Ranin) were used for either sample loading/column
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rinsing/conditioning or sample line flushing. The peristaltic pump tub-
ing used was two-stop flow-rated PVC with an I.D. of 1.14 mm (red–
red, Fisher Scientific). Designing the system in this manner (with the
pump tubing downstream of the chelating resin columns) lowered
blank contribution from the peristaltic pump tubing since both sample
and rinse/conditioning solution were drawn through the chelating
resin column without first passing through peristaltic pump tubing.
The pump tubing was changed after 4 full days of use to maintain
flow-rate consistency across all columns. Elution of the columns was
done using E-HNO3 pressurized with argon gas. An inline air filter
minimized contamination of the E-HNO3 from the Ar gas. A 9-port
PEEK manifold (IDEX) was used to route the E-HNO3 from the single
pressurized bottle to each of the eight columns. Since the E-HNO3

was controlled with the Ar gas pressure through a closed system in
rigorously cleaned PFA tubing and never came into contact with peri-
staltic pump tubing, the blanks associated with the elution process
were minimal. Another 9-port manifold was used to route the rinse/
conditioning solution from a single bottle to each of the columns.
This manifold configuration could be easily scaled up or down to in-
corporate more or less extraction stations depending on the needs of
the researcher.

2.4. Pre-concentration procedure

Prior to any extraction, each sample was UV-oxidized in order to
destroy the strong organic ligands that chelate certain trace metals
in seawater. This UV-oxidation step was determined as necessary
for Co and Cu — two metals for which a portion of the organically
boundmetal was so strongly chelated that the resin functional groups
could not out-compete the natural ligands. The UV-oxidation was
done using a UVO-cleaner (Model 342, Jelight Company, Inc.) with a
mercury lamp, and the power of the lamp was monitored using a ra-
diometer (JL1400A, Jelight Company, Inc.). The samples were irradiat-
ed for 1.5 h at ~18 mW cm!2 in Savillex Teflon™ jars modified with

quartz lids imbedded in the Teflon caps. Further discussion of the op-
timal length for UV-oxidation is presented in the Results section.

All manifold tubing and columnswere stored in 0.1 N HNO3 (TMG)
overnight. Before performing extractions on the columns each morn-
ing, they were flushed (eluted) with 8 mL of E-HNO3. The eight
40 mL samples were pH adjusted to 6.2±0.3 using 500 μL of the
3.7 M NH4Ac solution (final NH4Ac concentration of 0.05 M in the
sample). Each sample was weighed both before and after extraction
in order to calculate an exact concentration factor. Once buffered,
the samples were put on each station, and the sample lines were
flushed to waste using pump #2 at 10 rpm for 20 s. This time was de-
termined to be the amount needed to just fill the sample line, and yet
not waste any extra sample, which would have altered the mass load-
ed onto the column. The columns were then conditioned with the
0.05 M NH4Ac rinse/conditioning solution by using pump #1 at a
speed of 0.6 mL min!1 (6.0 rpm) for 3 min. This conditioning step re-
moved the acid from the columns, changed the exchange sites on the
resin from the H+ form to the NH4

+ form, and ensured that the resin
was at the proper pH for sample loading. There was no significant
swelling or contracting of the resin as it changed forms. The samples
were then loaded onto the resin with pump #1 at a speed of
0.6 mL min!1 (6.0 rpm). Loading time for the 40 mL samples took
1 h and 10 min. Experiments showed that the sample flow rate during
loading could be varied 2-fold faster or slower than the chosen flow
ratewithout influencing the recoveries. After the sampleswere loaded
onto the resin, the columns were rinsed with the 0.05 M NH4Ac rinse/
conditioning solution at 6.0 rpm for 3 min. This rinse step was neces-
sary to remove the bulk of the major ions from the resin prior to elu-
tion (the NH4

+ replaced any of the weakly held Na+, K+, Mg2+, and
Ca2+). The rinse step also ensured that any remaining seawater was
removed from the columns after sample loading. The samples were
then eluted with 3 to 4 mL of E-HNO3. With the Ar gas pressure set
at 5 psi, elution of the samples took approximately 7 to 8 min. Each
empty 8 mL eluate bottle was dried and weighed prior to sample
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Fig. 2. Off-line extraction manifold schematic. Only two of the eight columns are shown. The solid ports on the valves indicate plugged (unused) ports.
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collection and was then weighed again after elution. This eluate mass
combinedwith the exactmass of the sample loadedwas used in deter-
mining concentration factors for each sample. The concentration fac-
tor of 10 to 13 for each sample eliminated concerns about being near
detection limits on the ICP-MS. After the eluted samples were collect-
ed, an additional 6 mL of E-HNO3 was passed across the columns and
discarded to eliminate any possibility of carry-over between samples.
Experiments showed that all of the metals of interest were eluted off
the column within the first 1 mL of acid, however the samples were
eluted to 3 to 4 mL to ensure there would be enough volume for sub-
sequent ICP-MS analysis (with adequate volume for multiple analysis
of the same eluate if necessary).

2.5. ICP-MS

Samples for this study were analyzed using a Thermo ElementXR
Magnetic Sector ICP-MS at the Institute of Marine Science at UCSC.
Nickel sample and skimmer cones (Spectron) were used on the in-
strument, but the Ni blanks associated with the cones were deter-
mined not to be significant in relation to the Ni signal of the
samples. An ESI-PC3 Peltier cooled spray chamber (4 °C) was used
to reduce plasma loading and minimize oxide production. See the
Results section for more discussion on the interference of oxides.
The sample gas rate was 0.75 mL min!1, and the additional gas rate
was optimized for each run of analyses during tuning of the instru-
ment (usually 0.12–0.14 mL min!1). Sample was pumped into the
instrument at a rate of 120 μL min!1. Low-resolution mode was
used for measurement of 110Cd, 111Cd, 208Pb, 95Mo, and medium-
resolution mode was used for 55Mn, 56Fe, 59Co, 60Ni, 63Cu, and 66Zn.
The internal standard 103Rh (measured in both low and medium-
resolution) was used for the normalization of the individual isotopic
intensities (cps) in order to account for variations in instrument sen-
sitivity over the course of the sample run. All calculations for this
study were done using these internal standard corrected values. An
E-HNO3 acid blank and nitric acid standard were run after every 10
samples on the ICP-MS as a quality control (QC) check of the data
and to monitor the blanks associated with the ICP-MS over the course
of the run.

2.6. Standards

A multi-element stock standard with natural isotopic abundances
of Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb was made in 1 N HNO3 from dilu-
tions of 1000 ppm SPEX individual element standards. This mixed el-
ement standard was then used to make standard additions to surface
seawater collected from far offshore of the California Coast (CASW).
This CASW had relatively low concentrations for all of the metals of
interest in this study making it ideal for use in standard additions.
These seawater standards were treated in the same manner as all
other samples through the UV-oxidation and pre-concentration pro-
cedures. Five standards were used for calibration in this method.
Our overlying assumption was that the resin behaved the same be-
tween the samples and the standards, so the seawater standard cali-
bration lines could be used as an accurate determination of the
sample concentrations. Seawater standards additions are also prefer-
able for ICP-MS analysis since they have the same matrix as the sam-
ples. In addition to the seawater standard additions, five standard
additions to the E-HNO3 (herein referred to as nitric acid standards)
were analyzed on each run. These nitric acid standards demonstrated
what the calibration sensitivity would have been with 100% recovery
on the resin since they were just spiked E-HNO3 across the expected
range of metal concentrations. By comparing the slope of the seawa-
ter standard additions (extracted on the resin) to the slope of the
nitric acid standards, we could quantify the estimated percent recov-
ery of the resin for all metals in this study. Using seawater standards
for calibration with the quantitative extraction of the metals by the

chelating resin column (as determined by comparison to the nitric
acid standards) eliminated the need to perform isotopic dilution on
the samples to account for variations in recovery on the resin. While
isotopic dilution can be useful for other methods where recovery es-
timates are not as robust, we decided against using it since we deter-
mined that the resin was performing quantitatively with >98%
recovery for all metals (see Results section).

3. Results and discussion

3.1. UV-oxidation

Organics in seawater tightly bind metals such as Co and Cu leading
to a relatively “inert” fraction that is essentially blind to the chelating
resin and passes through it without being extracted. The UV-oxidation
of the samples was determined necessary in order to calculate the ac-
curate total dissolved concentrations of Co and Cu (Vega and Van Den
Berg, 1997; Milne et al., 2010). Similar UV treatment has been used
previously when determining total dissolved concentrations of Co
and Cu (Saito and Moffett, 2001; Ndung'u et al., 2003; Milne et al.,
2010). Only these two metals demonstrated a significant increase in
concentration with UV-oxidation. While it has been shown that
othermetals such as Zn and Fe are predominantly organically chelated
in seawater (Bruland et al., 1979; Bruland, 1989; Gledhill and Van Den
Berg, 1994; Rue and Bruland, 1995; Elwood and Van Den Berg, 2000),
they showed no significant response to UV-oxidation indicating that
the resin at the pH we used to load the columns for these samples
stored at pH 1.7 to 1.8 was a stronger competitor for binding the
metal than the natural ligand pool, and/or that these complexes
were kinetically labile enough to allow extraction by the chelating
resin. Fig. 3 shows Co and Cu concentrations as a function of UV-
oxidation time. This experimentwas performedwith offshore California
Current seawater (collected in May, 2010). Although results show that
the organics were destroyed and complete metal recovery occurred
after 1 h of UV-oxidation, we chose to UV all of the samples for 90 min
as a precaution against changing bulb strength and variations in sample
placement under the mercury lamp in the UV apparatus.

3.2. Recovery

Estimates for resin recovery were done by comparing the calibra-
tion slope of the seawater standard additions to the slope of the nitric
acid standards for all metals (as described previously). All metals
demonstrated >98% recovery through the pre-concentration proce-
dure. The nitric acid standards were analyzed on each ICP-MS run to
verify that the resin was still performing optimally (i.e. quantitatively
extracting the metals), and seawater standard additions were done
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with each set of sample extractions. We performed several experi-
ments demonstrating that the pH range and pump speed used were
optimal. Most of the eight trace metals examined were quantitatively
extracted over a wide pH range (4.5 to 8). The recovery of dissolved
Mn, however, was a major factor in our decision to use the pH
range of 6.2±0.3 since Mn is not recovered well at lower pH. We
found that the pH should be kept above 5.8 for quantitative recovery
of Mn. Another study using the same resin and focusing on similar
metals (Sohrin et al., 2008) demonstrated that a pH of 6 was best
for extraction. However, our experiments have shown that this opti-
mal pH range can be widened to 6.2±0.3, which is more convenient
for sample pH adjustment. Varying pump speeds did not alter extrac-
tion efficiency either. The chosen speed of 0.6 mL min!1 allowed for
sufficient contact time of the seawater with the resin, yet was not
so long as to allow possible precipitation of metals in the sample bot-
tle at the neutralized pH.

As described previously, we decided to move away from the use of
isotope dilution since we demonstrated quantitative recovery for all
of the metals of interest. One of our main reasons for this decision is
that there are no naturally occurring isotopes for two of our eight
metals of interest (Mn and Co). It is also more advantageous to have
one method of calibration (e.g. standard additions to seawater)
when processing a high number of samples than to use a combination
of isotope dilution and standard additions for determination of con-
centrations as is done in other methods (Milne et al., 2010). By not in-
corporating isotope dilution into the method, we also eliminated
another step in the sample handling and treatment thus removing a
potential step for sample contamination. However, the method is
amenable to isotope dilution for those researchers so inclined.

3.3. MoO+ interference

One issue with measuring Cd in seawater samples on an ICP-MS is
the mass interference of MoO+ on every Cd isotope except 106Cd.
While the cooled spray chamber greatly reduced the interference of
MoO+ on the isotopes of Cd, it did not eliminate the interference
completely. Therefore, a calibration of the Mo interference on the Cd
signal was made. Offshore California surface seawater was spiked
with both 100 nmol kg!1 and 300 nmol kg!1 Mo and was extracted
through the same pre-concentration procedure as the samples. The in-
crease in the 110Cd or 111Cd signal on the ICP-MS was then calibrated
against the 95Mo intensity. Assuming oxide production from Mo in
the samples was similar over the course of the run, each sample
could be corrected individually for the MoO+ interference using the
calibration slope and the sample 95Mo intensity. The interference
was typically less than 4% of the original sample 110Cd intensity and
less than 6% of the 111Cd intensity. A similar method of interference
correction has been done previously on seawater samples (Wu and
Boyle, 1997a).

3.4. Reference materials

Inter-calibration between laboratories using various methods is
crucial in assessing the accuracy of trace metal data. Two such inter-
calibration efforts in the field of trace metal oceanography have prov-
en to be important and enlightening. The first of these was the Sam-
pling and Analysis of Fe (SAFe) cruise, which took place in the North
Pacific in 2004 (30°N 140°W) (Johnson et al., 2007). Surface seawater
(sampled with a clean pumping system) and 1000 m deep seawater
(sampled via Teflon coated GO-Flo bottles on a Kevlar hydroline)
was collected and filtered with 0.2 μM Osmonics cartridge filters to
make SAFe S (surface) and SAFe D2 (deep) reference samples. These
0.5 L reference samples, originally collected for dissolved Fe inter-
comparison studies, were widely distributed and analyzed for a suite
of trace metals by a variety of methods and investigators to arrive at
consensus values (www.geotraces.org). The results from the

reference samples analyzed from this particular study are reported
in Table 1 alongside current consensus values (as of November
2011) for the SAFe S and D2. The relative standard deviation (%RSD)
based on D2 analysis for all metals was lower than 5% demonstrating
the precise measurements obtained through this method. The U.S.
GEOTRACES program has also involved extensive inter-calibration ef-
forts through the occupation of two Baseline stations (one in the At-
lantic and one in the Pacific). The Atlantic station (summer 2008)
was near the BATS oceanic station (31°45!N, 64°05!W), and the Pacific
station (summer 2009) was at the same location that the SAFe cruise
had sampled previously (30°N 140°W). From the Atlantic station,
two more reference samples, GEOTRACES Surface (GS) and GEO-
TRACES Deep (GD), were taken in addition to a multi-depth profile
of samples. The GEOTRACES GS reference sample was obtained with
the clean surface pump system, while the GEOTRACES GD reference
samples and the Atlantic and Pacific Baseline profiles were obtained
using 12 L Teflon-coated GO-Flo bottles mounted on a special CTD ro-
sette system (www.geotraces.org; Cutter and Bruland, submitted to
L&O methods). Outlined in Table 2 are the values we report for the
GS and GD samples.

3.5. Element profiles

Full oceanic profiles were sampled on both the GEOTRACES Atlan-
tic and Pacific cruises. The Atlantic profile samples were filtered using
a 0.45 μm Osmonics capsule filter. A filter experiment was performed
during the sampling of the Pacific between three different types of
capsule filters (Acropack, Osmonics, Sartobran); however the profiles
shown here for the Pacific Baseline station are the ones filtered with
the 0.2 μm Acropack filter since that was the capsule filter that the
inter-calibration committee decided to recommend for the rest of
the U.S. GEOTRACES cruises. The profiles for the metals of interest
are shown in Figs. 4 (scavenged and hybrid type metals) and 5 (nutri-
ent type metals). The Atlantic samples were run in duplicate, so error
bars on the Atlantic profile show one standard deviation from the
mean of the two samples. Both Mn and Pb are scavenged-type trace
metals (Bruland and Lohan, 2003) with a surface source and thus
show a surface enrichment and deep-water depletion as they are re-
moved by adsorption to particulates. The profiles reported here corre-
spond well with historical data from the Atlantic and Pacific oceans
for Mn (Landing and Bruland, 1980; Bruland and Franks, 1983;
Milne et al., 2010) and Pb (Schaule and Patterson, 1981; Wu and
Boyle, 1997b; Lee et al., 2011). Dissolved Fe and Co exhibit more of
a hybrid-type profile with both regeneration and scavenging process-
es affecting their distribution. Our reported profiles for Fe and Co,
with the addition of the UV-oxidation step for Co, are comparable to
other studies (Wu et al., 2001; Saito and Moffett, 2002; Lee et al.,
2011; Milne et al., 2010). Other metals such as Zn, Cu, Ni, and Cd
are known as nutrient-type (Bruland and Lohan, 2003) and are

Table 1
Reported values (±1 s.d., n=3) for the SAFe reference samples (S and D2) for this
study alongside consensus values as of November 2011 (www.geotraces.org).

S (nmol kg!1) S consensus value
(nmol kg!1)

D2 (nmol kg!1) D2 consensus value
(nmol kg!1)

Mn 0.88±0.01 0.79±0.06 0.440±0.004 0.35±0.06
Fe 0.091±0.001 0.090±0.007 0.98±0.009 0.90±0.02
Ni 2.23±0.019 2.31±0.10 8.51±0.05 8.56±0.22
Cu 0.48±0.02 0.51±0.05 2.21±0.02 2.25±0.11
Zn 0.074±0.012 0.064±0.019 7.34±0.02 7.2±0.5

S (pmol kg!1) S consensus value
(pmol kg!1)

D2 (pmol kg!1) D2 consensus value
(pmol kg!1)

Co 4.3±0.3 5.4±2.2 50.7±1.0 45.4±3.8
Cd 1.1±0.1 1.0±0.2 993.0±0.3 986±27
Pb 50.7±0.3 47.6±2.4 28.1±0.1 27.7±1.8
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characterized by a surface depletion from uptake by biology and a
deep enrichment from the regeneration of biological particles. The
data from this study for these nutrient type elements is in good agree-
ment with previously published data analyzed by completely differ-
ent methods (Bruland, 1980; Bruland and Franks, 1983; Lee et al.,
2011; Milne et al., 2010).

3.6. Blanks and detection limits

The predominant blank in thismethod is from a combination of the
NH4Ac solution used to pH adjust the samples, the rinse/conditioning
solution, the manifold itself, and the ICP-MS instrument. Individual

blanks were determined for each column, though consistency
between these demonstrated that the blank was mostly from the re-
agents used and not from the manifold. In order to determine the
reagent/manifold blanks, 500 μL of the 3.7 M NH4Ac solution and
160 μL of 6 N Q-HCl were added to 5 mL of low metal, column-
cleaned seawater (LMSW). The resulting small volume blank sample
contained the same amount of all reagents (NH4Ac and Q-HCl for
sample acidification) as the seawater samples and was at the proper
pH for loading on the column. Loading and eluting these blank sam-
ples in the same manner as the rest of the samples and application
of a proper concentration factor allowed for the calculation of the
reagent/manifold blank for each column. The small (5 mL) volume of
LMSW was used to avoid overestimation of the blanks by concentrat-
ing toomuch of any residual metal present in the LMSW. Blanks calcu-
lated using seawater were also preferable for ICP-MS analysis because
they had the same matrix as the samples. The background system
blank from the ICP-MS and E-HNO3 was also important to incorporate
in the sample analysis. This ICP-MS/E-HNO3 blank was determined by
running straight E-HNO3 after every 10 samples, and was subtracted
from every sample. The fact that we drew the samples and the 0.05 M
NH4Ac rinse/conditioning solution through the chelating resin columns
without the solution coming in contact with the pump tubing (e.g., the
pump was placed after the chelating resin column) and that we pres-
surized the eluting acid through the column so that it did not come in
contact with the pump tubing were important factors in keeping the
blanks low. Table 3 summarizes the combined reagent/manifold blanks

Table 2
Reported values (±1 s.d., n=3) for the GEOTRACES reference samples, GS and GD.

GS (nmol kg!1) GD (nmol kg!1)

Mn 1.58±0.02 0.247±0.004
Fe 0.59±0.02 0.95±0.09
Ni 2.00±0.01 3.90±0.07
Cu 0.87±0.013 1.55±0.04
Zn 0.032±0.008 1.74±0.02

GS (pmol kg!1) GD (pmol kg!1)

Co 33.9±0.8 65.9±2.7
Cd 2.8±0.3 276.2±0.2
Pb 30.3±0.4 43.9±0.6
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Fig. 4. Atlantic and Pacific Baseline profiles for Mn, Pb, Fe, and Co (Atlantic— gray circles, Pacific— black circles) obtained on the U.S. GEOTRACES inter-calibration cruises. Error bars
on the Atlantic samples show one standard deviation away from the mean of the samples run in duplicate.
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and detection limits (three times the standard deviation of the blanks)
for the metals of interest in this study.

3.7. Comparison with other methods

The recent development of several multi-element methods with
ICP-MS detection warrants an individual comparison of some of
those methods with the one we present here. These methods are
land-based (as opposed to ship-board flow-injection type methods)
and have been developed in preparation for the high volume of sam-
ples associated with the GEOTRACES program. The general trend

away from homemade resins and toward commercially available
resins for these multi-element approaches is an important step to-
ward producing data that can be better inter-compared between dif-
ferent laboratories and methods. The following comparison is
between several recently published multi-element methods that all
utilize commercially available chelating resins. The multi-element
method of Sohrin et al. (2008), with the Nobias-chelate PA1 resin, in-
spired us to investigate and use this particular resin. We have adapted
the method of Sohrin et al. (2008) with a number of modifications
and improvements which include (but are not limited to) using sig-
nificantly less sample volume, UV-oxidizing the samples for Co and
Cu, modifying the manifold to process eight samples at once, develop-
ing a manifold system where the samples and conditioning/rinse
solutions are drawn through the chelating resin column without
passing through peristaltic pump tubing and the eluting acid is pres-
surized through the resin column to keep the blanks at a low level, as
well as using standard additions to seawater for calibration purposes
and to demonstrate quantitative recovery. Although we could use iso-
tope dilution for six of the metals, Mn and Co do not have other stable
isotopes. Thus, we felt it was necessary to have a quantitative method
that did not require isotope dilution to account for non-quantitative
recoveries. The method of Milne et al. (2010) uses off-line pre-
concentration on the Toyopearl Chelate-650 IDA resin combined
with isotope dilution when possible. In their method, Milne et al.
(2010) use sample UV-oxidation for Co and Cu, and their method is
similar in precision and has comparable blanks to our method. A
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Fig. 5. Atlantic and Pacific Baseline profiles for Zn, Cu, Ni, and Cd (Atlantic — gray circles, Pacific— black circles) obtained on the U.S. GEOTRACES inter-calibration cruises. Error bars
on the Atlantic samples show one standard deviation away from the mean of the samples run in duplicate.

Table 3
Average reagent/manifold blanks and detection limits (3 s.d. of the blanks).

Average blank (nmol kg!1) Detection limit (nmol kg!1)

Mn 0.0055 0.002
Fe 0.030 0.014
Ni 0.20 0.085
Cu 0.033 0.052
Zn 0.026 0.030

Average blank (pmol kg!1) Detection limit (pmol kg!1)

Co 0.41 0.13
Cd 0.78 0.86
Pb 0.988 0.56
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significant difference between the performances of the two resins is
with Mn. Their method is not quantitative for Mn, while our method
is quantitative for Mn recovery (>98%), which is important since
there are no naturally occurring isotopes of Mn to use for isotope di-
lution. Along with the column extraction techniques discussed above,
the batch extraction method of Lee et al. (2011) with an NTA-type
resin and isotope dilution ICP-MS, has produced excellent results.
The advantages of our method over that of Lee et al. (2011) are that
we can analyze eight metals at once, and we also demonstrate quan-
titative recovery for the metals and thus avoid the need to perform
isotope dilution. While the method of Lee et al. (2011) is analytically
simple, each metal is measured individually on separate sample ali-
quots using a Quadrupole ICP-MS. Our method has an advantage
over this approach because we can perform multi-element analysis
on a single sample aliquot. Ho et al. (2010) utilized a commercially
available automated off-line chelating resin column method for
extracting a similar suite of metals from seawater with subsequent
ICP-MS analysis. This method was capable of automated sequential
extraction of samples. However, the blanks reported were high and
variable. The system described here, although not automated, can
be used with remarkably low blanks.

Other investigators have developed on-line methods using chelat-
ing resins in a “flow-injection” type mode with ICP-MS detection
(Hurst and Bruland, 2008). These on-line methods involve elution of
the pre-concentrated metals directly into the ICP-MS where the sub-
sequent detection of the metals occurs as a peak in signal above the
baseline. We investigated this type of analysis as a possibility with
PA1 resin columns for our metals of interest but decided against it.
We found that quantifying elution peaks in this on-line analysis for
multi-element determination did not provide as good of precision.
The steady ICP-MS signals from the eluates obtained through the off-
line pre-concentration method we present here had low standard de-
viations andweremuch better to integrate.We could also evaluate the
blanks from every step in the process much more easily with the off-
line approach. Finally, the amount of ICP-MS instrument time ,which
can be costly, was markedly reduced with the off-line approach. The
on-line approach required samples to be run twice— once for the ele-
ments measured in low-resolution mode (Cd, Pb) and a second time
for the elements measured in medium-resolution (Mn, Fe, Co, Ni, Cu,
Zn), whereas the sample eluates from the off-line method could be
measured in both resolution modes within the same single sample
analysis. This ability to switch between low and medium-resolution
modes during analysis of the same sample significantly cut down on
instrument time costs. While it could be argued that one drawback
of the off-linemethod is the amount of work required prior to analysis
on the ICP-MS, the use of eight simultaneous columns allowed for high
enough sample throughput to put this doubt to rest. For example, in a
five-day week (three days of off-line extractions, one day of ICP-MS
analysis, and one day of data manipulations and calculations) our
method allows for the quantification of almost 100 samples (including
standards and blanks). The high number of samples that can be pro-
cessed and analyzed for multiple trace metals in a short time period
with low blanks, excellent precision, and good accuracy makes this
method a good choice for determining the distributions of these
metals in oceanographic sections such as will be done in the GEO-
TRACES program. While the multi-column closed manifold we used
for this method requires manual operation, it is straightforward,
easy to clean, and contributes minimally to the sample blanks.

4. Conclusions

It is advantageous in the field of trace metal marine chemistry to be
able to simultaneously quantify multiple tracemetals using a technique
with high sensitivity, wide dynamic range, high precision, andwith low
blanks and detection limits. It also needs to provide accurate data. The
method outlined here allows for such quantification using the chelating

resin Nobias-chelate PA1 in an off-line pre-concentration column
manifold followed by magnetic sector ICP-MS detection. The use of
reference samples (SAFe, GEOTRACES) by the trace metal community
has proven to be extremely valuable in the validation of methods and
identification of potential problems in analysis. The values we report
for the reference samples coincide with values reported by many
other laboratories and published methods. A major advantage of this
method is the ability to simultaneously extract eight individual samples
at once, which allows for high sample throughput. The addition of a UV-
oxidation step ensures correct determination of dissolved Cu and Co
concentrations. Future improvements to this method will include the
quantification of other, less-studied trace metals. We recommend that
analysts producing ocean data sets from sections or process studies
utilize the available reference samples (SAFe and GEOTRACES) for vali-
dation of methods and quality control of the data. The future develop-
ment and calibration of multi-element methods and their application
in obtaining data sets that can be compared and combined on a global
scale is critical to the success of such large-scale programs as
GEOTRACES.

Acknowledgments

We would like to thank the captain and crew of the R/V Knorr for
their help on both GEOTRACES inter-calibration cruises; Greg Cutter
as the chief scientist on the IC cruises and for the construction of the
GEOTRACES sampling system used for the Baseline profiles; Geoffrey
Smith for his aid in collection of both the SAFe and GEOTRACES sam-
ples as well as his laboratory expertise and advice; Rob Franks for his
assistance in operating and running samples on the ICP-MS; Yoshiki
Sohrin for providing us with the idea to use the PA1 resin and for
obtaining some for uswhen it was only available in Japan; RobMiddag
for the use of his experimental data and for providing manuscript
edits; two anonymous reviewers for their comments and suggestions
on this manuscript. This research was provided by NSF grants OCE-
0648470 and OCE-0961579 to Ken Bruland.

References

Aguilar-Islas, A.M., Bruland, K.W., 2006. Dissolved manganese and silicic acid in the Co-
lumbia River plume: a major source to the California current and coastal waters off
Washington and Oregon. Mar. Chem. 101 (3), 233–247.

Boyle, E.A., 2001. Anthropogenic trace elements in the ocean. In: Steele, J.H., Turekain,
K.K. (Eds.), Encyclopedia of Ocean Sciences. Academic Press, pp. 162–169.

Boyle, E.A., Chapnick, S.D., Shen, G.T., Bacon, M.P., 1986. Temporal variability of lead in
the western North Atlantic. J. Geophys. Res. Oceans 91, 8573–8593.

Bruland, K.W., 1980. Oceanographic distributions of cadmium, zinc, nickel, and copper
in the North Pacific. Earth Planet. Sci. Lett. 47, 176–198.

Bruland, K.W., 1989. Complexation of zinc by natural organic ligands in the central
North Pacific. Limnol. Oceanogr. 34, 269–285.

Bruland, K.W., Franks, R.P., 1983. Mn, Ni, Cu, Zn and Cd in the western North Atlantic.
Trace Metals in Sea Water. Proceedings of the NATO Advanced Research Institute,
pp. 395–414.

Bruland, K.W., Lohan, M.C., 2003. Controls of trace metals in seawater. Treatise on Geo-
chemistry, 6, pp. 23–47.

Bruland, K.W., Franks, R.P., Knauer, G.A., Martin, J.H., 1979. Sampling and analytical
methods for the determination of copper, cadmium, zinc, and nickel at the nano-
gram per liter level in sea-water. Anal. Chim. Acta 105, 233–245.

Danielsson, L.G., Magnusson, B., Westerlund, S., 1978. Improved metal extraction pro-
cedure for determination of trace-metals in seawater by atomic-absorption spec-
trometry with electrothermal atomization. Anal. Chim. Acta 98 (1), 47–57.

Ellwood, M.J., Van Den Berg, C.M.G., 2000. Zinc speciation in the Northeastern Atlantic
Ocean. Mar. Chem. 68 (4), 295–306.

Gledhill, M., Van Den Berg, C.M.G., 1994. Determination of complexation of iron (III)
with natural organic complexing ligands in seawater using cathodic stripping vol-
tammetry. Mar. Chem. 47, 41–54.

Ho, T.Y., Chien, C.T., Wang, B.N., Siriraks, A., 2010. Determination of trace metals in sea-
water by an automated flow injection ion chromatograph pretreatment system
with ICPMS. Talanta 82 (4), 1478–1484.

Hurst, M.P., Bruland, K.W., 2008. The effects of the San Francisco Bay plume on trace
metal and nutrient distributions in the Gulf of the Farallones. Geochim. Cosmo-
chim. Acta 72 (2), 395–411.

Johnson, K.S., Boyle, E., Bruland, K., Coale, K., Measures, C., Moffett, J., Aguilar-Islas, A.,
Barbeau, K., Bergquist, B., Bowie, A., Buck, K., Cai, Y., Chase, Z., Cullen, J., Doi, T.,
Elrod, V., Fitzwater, S., Gordon, M., King, A., Laan, P., Laglera-Baquer, L., Landing,
W., Lohan, M., Mendez, J., Milne, A., Obata, H., Ossiander, L., Plant, J., Sarthou, G.,

19D.V. Biller, K.W. Bruland / Marine Chemistry 130-131 (2012) 12–20



38 

 

  

Sedwick, P., Smith, G.J., Shost, B., van den Berg, S., Wu, J., 2007. Developing stan-
dards for dissolved iron in seawater. EOS. Transactions. Am. Geophys. Union 88,
131–132.

Klinkhammer, G.P., Bender, M.L., 1980. The distribution of manganese in the Pacific
Ocean. Earth Planet. Sci. Lett. 46 (3), 361–384.

Landing, W.M., Bruland, K.W., 1980. Manganese in the North Pacific. Earth Planet. Sci.
Lett. 49, 45–56.

Lee, J., Boyle, E., Echegoyen-Sanz, Y., Fitzsimmons, J., Zhang, R., Kayser, R., 2011. Analy-
sis of trace metals (Cu, Cd, Pb, and Fe) in seawater using single batch Nitrilotriace-
tate resin extraction and isotope dilution inductively coupled plasma mass
spectrometry. Anal. Chim. Acta 686, 93–101.

Mclaren, J.W., Mykytiuk, A.P., Willie, S.N., Berman, S.S., 1985. Determination of trace
metals in seawater by inductively coupled plasma mass spectrometry with precon-
centration on silica-immobilized 8-hydroxyquinonline. Anal. Chem. 57 (14),
2907–2911.

Milne, A., Landing, W., Bizimis, M., Morton, P., 2010. Determination of Mn, Fe, Co, Ni,
Cu, Zn, Cd and Pb in seawater using high resolution magnetic sector inductively
coupled mass spectrometry (HR-ICP-MS). Anal. Chim. Acta 665, 200–207.

Moore, J.K., Scott, C.D., Lindsay, K., 2004. Upper ocean ecosystem dynamics and iron cy-
cling in a global three-dimensional model. Global Biogeochem. Cycles 18, GB4028.

Morel, F.M.M., Milligan, A.J., Saito, M.A., 2003. Marine bioinorganic chemistry: the role
of trace metals in the oceanic cycles of major nutrients. Treatise on Geochemistry,
6, pp. 113–143.

Ndung'u, K., Franks, R.P., Bruland, K.W., Flegal, A.R., 2003. Organic complexation and
total dissolved trace metal analysis in estuarine waters: comparison of solvent-
extraction graphite furnace atomic absorption spectrometric and chelating resin
flow injection inductively coupled plasma-mass spectrometric analysis. Anal.
Chim. Acta 481, 127–138.

Persson, P.O., Andersson, P.S., Zhang, J., Porcelli, D., 2011. Determination of Nd isotopes
in water: a chemical separation technique for extracting Nd from seawater using a
chelating resin. Anal. Chem. 83, 1336–1341.

Rue, E.L., Bruland, K.W., 1995. Complexation of iron (III) by natural organic ligands in
the central North Pacific as determined by a new competitive ligand equilibration
adsorptive cathodic stripping voltammetric method. Mar. Chem. 50, 117–138.

Saito, M.A., Moffett, J.W., 2001. Complexation of cobalt by natural organic ligands in the
Sargasso Sea as determined by a new high-sensitivity electrochemical cobalt spe-
ciation method suitable for open ocean work. Mar. Chem. 75, 49–68.

Saito, M.A., Moffett, J.W., 2002. Temporal and spatial variability of cobalt in the Atlantic
Ocean. Geochim. Cosmochim. Acta 66 (11), 1943–1953.

Schaule, B.K., Patterson, C.C., 1981. Lead concentrations in the northeast Pacific: evi-
dence for global anthropogenic perturbations. Earth Planet. Sci. Lett. 54, 97–116.

Sohrin, Y., Urushihara, S., Nakatsuka, S., Kono, T., Higo, E., Minami, T., Norisuye, K.,
Umetani, S., 2008. Multielemental determination of GEOTRACES key trace metals
in seawater by ICPMS after preconcentration using an ethylenediaminetriacetic
acid chelating resin. Anal. Chem. 80 (16), 6267–6273.

Takata, H., Zeng, J., Tagami, K., Aono, T., Uchida, S., 2011. Determination of 232Th in sea-
water by ICP-MS after preconcentration and separation using a chelating resin.
Talanta 85, 1772–1777.

Vega, M., Van Den Berg, C.M.G., 1997. Determination of cobalt in seawater by catalytic
adsorptive cathodic stripping voltammetry. Anal. Chem. 69 (5), 874–881.

Wu, J.F., Boyle, E.A., 1997a. Lead in the western North Atlantic Ocean: completed re-
sponse to leaded gasoline phaseout. Geochim. Cosmochim. Acta 61 (15),
3279–3283.

Wu, J.F., Boyle, E.A., 1997b. Low blank preconcentration technique for the determina-
tion of lead, copper, and cadmium in small-volume seawater samples by isotope
dilution ICPMS. Anal. Chem. 69 (13), 2464–2470.

Wu, J., Boyle, E., Sunda, W., Wen, L.S., 2001. Soluble and colloidal iron in the oligotro-
phic North Atlantic and North Pacific. Science 293 (5531), 847.

20 D.V. Biller, K.W. Bruland / Marine Chemistry 130-131 (2012) 12–20



39 

CHAPTER 2: COASTAL IRON AND NITRATE DISTRIBUTIONS DURING 

THE SPRING AND SUMMER UPWELLING SEASON IN THE CENTRAL 

CALIFORNIA CURRENT UPWELLING REGIME 

 
Dondra V. Biller, Tyler H. Coale, Geoffrey J. Smith, and Kenneth W. Bruland 

Submitted to Continental Shelf Research 

 

Abstract 

Distributions of dissolved iron and nitrate in the central California Current 

System upwelling regime (cCCS) from 34-41°N were determined during cruises in 

May 2010 and August 2011.  High spatial and temporal resolution data for dissolved 

Fe and NO3
- in the cCCS from this study greatly expands upon previous studies that 

were narrower in scope (e.g., just the Monterey Bay region).  Shelf sediments in this 

region provide the dominant source of Fe, and there are areas in the cCCS where 

insufficient Fe is upwelled to accompany the elevated levels of other macronutrients 

(nitrate, phosphate, silicate) to fuel extensive diatom blooms.  Surface dissolved Fe 

concentrations were related to continental shelf width and upwelling strength, and 

surface Fe concentrations tended to be lower in the late summer than early spring.  

We present extensive benthic boundary layer (BBL) dissolved Fe data from both 

seasons along the central California coast.  The Fe concentrations over the mid-shelf 

were highest in areas of a wide continental shelf as well as in areas with very low 

dissolved oxygen concentrations but did not show a clear seasonal trend.  Evidence 

for probable Fe limitation in upwelled waters was found by using the surface 
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dissolved Fe:NO3
- ratios and the estimated specific growth rate of coastal diatoms 

based on either the Fe or NO3
- concentrations. Several coastal upwelling regions with 

moderate to narrow continental shelf widths (Pt. Arena to Cape Mendocino and the 

Big Sur Coast) exhibited evidence for Fe limitation in both the spring and summer 

upwelling seasons.   

1. Introduction 

Eastern boundary upwelling systems account for a disproportionally high 

percentage of global primary productivity relative to their spatial area (Carr, 2002) 

and are therefore important settings in which to investigate controls on phytoplankton 

productivity.  Upwelling in the California Current System (CCS), the eastern 

boundary regime of the North Pacific subtropical gyre, exhibits strong seasonality 

between the fall/winter and spring/summer seasons.  The spring transition has been 

well documented (Huyer, 1983; Lynn and Simpson, 1987; Strub et al., 1987) where a 

shift in atmospheric wind patterns leads to primarily equatorward, alongshore winds 

off the coast of North America interspersed with short, wind reversals and relaxation 

periods.  Ekman transport associated with the alongshore winds moves the surface 

waters in the coastal CCS offshore leading to the upwelling of subsurface water along 

the coast.  Cold, salty, nutrient rich water upwells onto the continental shelf at 

velocities between 10 and 20 m d-1 (Checkley and Barth, 2009).  Upwelling favorable 

conditions persist throughout the spring and summer, fueling biological growth along 

the coast. 
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Carr and Kearns (2003), in a detailed comparison of eastern boundary current 

systems, reported that biomass sustained by a given macronutrient concentration in 

Atlantic eastern boundary current systems was twice as large as those systems in the 

Pacific. The authors concluded “It is not clear whether the apparent difference in 

biomass supported by available nutrients is due to differences in the efficiency of the 

phytoplankton community, perhaps related to the availability of iron, or to grazing 

pressure.” The cCCS, an area with low dust inputs and a relatively narrow shelf, was 

one of the locations with lower than expected biomass per nutrient concentration. 

Though the CCS is one of the most productive marine ecosystems, there is 

evidence that certain regions within this coastal upwelling regime experience Fe-

limitation of diatom blooms (Firme et al., 2003; Hutchins et al., 1998; King and 

Barbeau, 2007). Coastal diatoms can multiply rapidly when supplied with adequate 

nutrients, and as large phytoplankton, can become decoupled from their grazers thus 

allowing extensive blooms to occur.  Under these bloom conditions, diatoms can 

quickly deplete the ambient macro and micronutrient supplies.  In contrast, 

picoplankton populations are heavily controlled by their quickly growing grazers, and 

thus are not given a chance to bloom and deplete the nutrient supply.  

There is relatively low atmospheric input of Fe off the coast of California 

(Fung et al., 2000; Mahowald et al., 2005).  Without external inputs of Fe, coastal 

upwelling of subsurface water with approximately 15-30 µmol L-1 NO3
- will 

generally have <1 nmol kg-1 Fe to accompany the flux of NO3
-, a concentration too 

low to allow for the full drawdown of NO3
- by coastal diatoms (Bruland et al., 2001).  
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Winter storms in California deliver a high sediment load to the ocean via rivers, much 

of which is deposited on the continental shelf mud belts at depths of 50 to 100 m 

(Wheatcroft et al., 1997; Xu et al., 2002). During coastal upwelling, if the waters are 

not too strongly stratified, the upwelling source water is from the benthic boundary 

layer (BBL), which will lead to enrichment in certain trace metals, especially Fe and 

Mn (Johnson et al., 1999).  Thus, a key external source of Fe in the California 

upwelling regime is associated with the BBL overlying these mud belt sediments on 

the continental shelf; upwelling of water from the BBL can deliver re-suspended, Fe-

rich particles to the surface (Johnson et al., 1999).  In addition, as a result of organic 

matter oxidation and resultant oxygen depletion in the continental shelf sediments, 

there is a large dissolved Fe(II) flux out of the sediments, which is a significant 

source of Fe from the continental shelf that can be upwelled to the surface ocean 

(Elrod et al., 2004).  Previous studies have shown that a “mosaic” of Fe-limitation 

exists off the coast of California with Fe-replete conditions in areas of a wide 

continental shelf (Año Nuevo) and Fe-limiting conditions in areas of a narrow 

continental shelf (Big Sur, Point Arena) (Bruland et al., 2001; Hutchins et al., 1998; 

Firme et al., 2003).  Chlorophyll concentrations off the coast of California have a 

close correlation to Fe concentrations, indicating the key role that Fe plays in the 

ecosystem (Chase et al., 2007; Elrod et al., 2008). Chase et al. (2007) found 

chlorophyll concentrations along the West Coast of the US to be correlated with both 

winter river flow and the width of the shelf – both factors that would increase the 

external Fe supply to the system. 
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Here we present an overview of the coastal sources and distributions of Fe and 

NO3
- in the cCCS between 34-41°N (Pt. Conception to north of Cape Mendocino) 

during two cruises in May 2010 and August 2011.   We present data from the BBL 

over the mid-shelf and associated surface water transects in both the coastal and 

offshore regions.  Characterization of these coastal sources of Fe is not only important 

in understanding delivery of Fe to the surface in the coastal upwelling regime, but 

also in determining the potential source of Fe to the offshore transition regions of the 

CCS. 

2. Methods 

2.1 Study site and sample collection 

Samples for this study were collected on two cruises aboard the R/V Pt. Sur in 

the cCCS from May 7-25, 2010 and from August 16 - September 1, 2011.  Surface 

hydrographic data (temperature, salinity, and fluorescence) were obtained using the 

ship’s flow-through seawater underway data acquisition system (UDAS). Surface 

water sampling was conducted along several transects between Cape Mendocino and 

Point Conception.  Figure 1 shows the coastal (red) and offshore (black) surface 

transect locations with satellite sea surface temperature (SST, NOAA POES AVHRR 

satellite via the CoastWatch program) for the May 2010 and August 2011 cruises.  

Surface transect samples were collected using a trace-metal clean “GeoFish” 

sampling system (Bruland et al., 2005). Vertical profiles and BBL samples for trace 

metals were obtained using 8L Teflon™ coated GO-Flo™ bottles (General Oceanics) 

deployed on a Kevlar™ hydroline (Bruland et al., 1979).  Locations for the BBL 
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stations along the coast are shown in Figure 2 along with the bathymetry; the 200 m 

isobath indicates the outer extent of the continental shelf.  Other hydrographic and 

nutrient data for vertical profile stations were collected using the R/V Pt. Sur’s rosette 

system with a Seabird conductivity, temperature, depth (CTD) sensor, fluorometer, 

and Niskin™ bottles. Surface transect nutrient samples were collected every 1.5 min 

from the terminus of the GeoFish system tubing and were analyzed for NO3
-+NO2

-, 

PO4
3-, and H4SiO4 with a Lachat QuickChem 800 Flow Injection Analysis System 

using standard spectrophotometric methods (Parsons et al., 1984).  Samples for 

nutrient analysis were collected at the vertical profile and BBL stations from both the 

Niskin™ bottles on the CTD rosette as well as the GO-Flo™ bottles.  On both cruises 

the underway flow through fluorometer and the CTD fluorometer were calibrated to 

chlorophyll a (chl a) measurements made at several stations and transect time points 

using the method of Welschmeyer (1994) (non-acidic).  The chl a concentrations 

presented throughout this study are fluorescence derived measurements via the 

calibration for either the underway fluorometer or CTD fluorometer depending on the 

specific sampling type reference.   

2.2 Trace metal sampling and analysis 

All trace metal samples were stored in either 60 mL or 100 mL low-density 

polyethylene (LDPE) bottles that had been rigorously acid cleaned by soaking in a 6 

N HCl (reagent grade) bath for one month and a heated 7 N HNO3 (trace metal grade, 

TMG) bath overnight.  Sample bottles were rinsed well and stored in a weak TMG 

HCl solution (pH=2) until used for seawater collection.  Sample bottles were rinsed 
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four times with sample prior to filling.  Samples for dissolved trace metals collected 

along the surface transects as well as from the GO-Flo™ bottles for vertical profiles 

and BBL samples were filtered using a 0.2 µm pore size Acropak® 200 capsule filter.  

Two methods were used for trace metal analysis of the collected samples.  

Samples for post cruise multi-element analysis were acidified to pH~ 1.7 with 4 mL 

of ~6 N sub-boiled quartz distilled HCl (Q-HCl) per liter of seawater, and samples for 

ship-board Fe analysis were acidified with 2 mL of 6 N HCl per liter of seawater 

(pH~2) and allowed to sit for at least two hours prior to analysis. Shipboard analyses 

of Fe were performed inside a portable analytical clean lab in a HEPA (class-100) 

workbench using a flow injection method based on Lohan et al. (2006).  This method 

involves a chelating resin pre-concentration step followed by the catalytically 

enhanced spectrophotometric detection of N,N-dimethyl-p-phenylenediamine 

dihydrochloride (DPD).  For shipboard analysis, hydrogen peroxide (H2O2, final 

sample concentration of 10 µmol L-1) was added to each sample to ensure that all Fe 

was in the Fe(III) oxidation state before the samples were loaded at a pH of 2 onto the 

2 cm resin column containing Toyopearl Chelate-650®.  The Lohan et al. (2006) 

method used the NTA-type Superflow®  resin for pre-concentration, but the high 

blank and degradation with time associated with this resin led us to investigate others 

that would chelate Fe at low pH.  The Toyopearl Chelate-650® resin has a high 

(>93%) recovery of the Fe(III) at a pH of 2 and low blanks which warranted its use in 

this flow injection system.  Samples from the May 2010 cruise had been acidified and 

run at pH~1.8 on board, but samples analyzed in the lab were adjusted to pH 2 using 
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a 10% by volume TMG ammonium hydroxide solution prior to analysis.  The 

samples from the August 2011 cruise were acidified to pH 2 and analyzed onboard.  

After loading sample onto the resin column for four minutes (or less for higher 

concentration samples) the Fe(III) was then eluted for 3.5 minutes with 1N Q-HCl 

into a quartz distilled ammonium acetate (Q-NH4Ac) buffered reaction stream (pH 

5.5-5.8) containing H2O2.  The presence of Fe from the sample catalyzed the 

oxidation of DPD to an intermediate that could be detected spectrophotometrically at 

a wavelength of 514 nm (Hirayama and Unohara, 1988; Measures et al., 1995).  For 

quality control of the data, a large volume sample of seawater collected in the 

California Current (dissolved Fe concentration of 0.23 ± 0.01 nmol kg-1) was run 

every five to eight samples in order to monitor and correct for potential sensitivity 

changes of the method.  The relative standard deviation (% RSD) of the method was 

typically less than 5%, the procedural blank measured while at sea was 0.048 ± 0.009 

nmol kg-1 (n=18), and the detection limit for the method (three times the standard 

deviation of the blank) was calculated to be 0.026 nmol kg-1.  The Sampling and 

Analysis of Fe (SAFe) S and D2 reference samples were also included every day as 

another quality control check of the data. Our onboard SAFe results for Fe during the 

May 2010 cruise were S = 0.095 ± 0.006, D2 = 0.93 ± 0.07 (n =11) and for the 

August 2011 cruise were S = 0.094 ± 0.008 nmol kg-1, D2 = 0.94 ± 0.06 nmol kg-1 (n 

= 18).  These values are in good agreement with the current consensus values 

(http://www.geotraces.org/science/intercalibration/322-standards-and-reference-

materials). 
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Multi-element analysis for additional trace metals was performed post cruise 

using the method of Biller and Bruland (2012) where a UV-oxidized sample of 

seawater was adjusted to pH 6.2 using a Q-NH4Ac buffer and passed through a 2 cm 

column containing the chelating resin Nobias-chelate PA1.  Trace metals of interest 

were quantitatively extracted onto the resin, eluted in 1N Q-HNO3, and analyzed on a 

magnetic sector ICP-MS (Thermo ElementXR©).  Using this method, dissolved 

concentrations of Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb were measured for all stations 

and surface transects.  For Fe, the average blank of this multi-element system was 

0.030 nmol kg-1, with a detection limit of 0.014 nmol kg-1 (n=8).  The SAFe reference 

sample Fe concentrations using the multi-element method were S = 0.092 ± 0.005 

nmol kg-1 and D2 = 0.91 ± 0.05 nmol kg-1 (n=12); these values are in excellent 

agreement with current consensus values.  

Samples analyzed for Fe using the flow injection system at sea were collected 

at higher resolution than samples collected for post-cruise multi-element analysis.  

Iron concentrations via both methods are shown in Figure 3 for those data points 

where there was overlapping data (error bars showing the standard deviations).  For 

samples where there was overlapping Fe data from both methods, the two 

concentrations were averaged.  The relative standard deviation of the two methods on 

the same sample was typically less than 5-10%. 

Leachable particulate Fe samples from the BBL were analyzed according to 

the method of Berger et al. (2008). 
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2.3 Satellite Remote Sensing Data 

Satellite data for SST was obtained from the NOAA POES AVHRR satellite 

through the CoastWatch program’s west coast regional node 

(coastwatch.pfeg.noaa.gov).  The spatial resolution of the SST data was 0.0125°. 

Processing and imaging of satellite data was done using Interactive Data Language 

(IDL) version 8.2 (Exelis Visual Information Solutions, Boulder, Colorado). 

3. Results 

3.1 Benthic Boundary Layer 

 In order to gain insight to the external Fe source from the continental shelf 

sediments, samples were taken in the BBL (~5 m off the bottom) in the mid-shelf 

region (depths 60-90 m). Every attempt was made to sample within the nepheloid 

layer when one was present, but sampling was always within 10 m of the bottom.  

Tables 1 and 2 show station locations for both cruises, sampling depths, dissolved Fe, 

NO3
-, and O2 concentrations in the BBL and surface Fe and NO3

- concentrations.  

Figure 4 shows the dissolved Fe concentration in the BBL versus latitude for both 

cruises as well as the continental shelf width at the 200m isobath.  In general, a wider 

continental shelf leads to elevated Fe concentrations in the BBL.  There are several 

exceptions near 39°N (north of Pt. Reyes) from the August 2011 cruise where the 

dissolved Fe was anomalously high for the shelf width, but these stations had the 

lowest dissolved O2 concentrations in the BBL (Table 1) that we suggest could have 

affected the dissolved Fe concentrations.  More on the dissolved Fe and O2 

concentrations in the BBL is in the discussion section. 
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3.2 May 2010, surface transects 

Surface transects 3 to 6 km from the coast during May 2010 demonstrated 

intense coastal upwelling with colder (<10°C), more saline (>33.7), and more nutrient 

rich (>24 µmol L-1 NO3
-) waters at the surface.  These transects provided an excellent 

baseline for the spring coastal upwelling end member for the cCCS.  Figure 5 shows 

the surface coastal transect data for temperature, salinity, NO3
-, dissolved Fe, and chl 

a for the May 2010 cruise. Due to technical difficulties with the underway salinity 

sensor at the beginning of the cruise, some surface transect salinity data is missing for 

the region north of 38°N; however surface data from the CTD stations in this region 

has been included in Figure 5.  High wind conditions that were favorable for coastal 

upwelling, but adverse for the ship during the May 2010 cruise limited the ability of 

the ship to safely operate as far offshore as would have been desired for our study.  

The only offshore surface transects (20-70 km offshore) completed were in the 

northern region of our study area (37.5-40.0°N).  Figure 6 shows the temperature, 

salinity, NO3
-, dissolved Fe, and chl a for the offshore transects from the May 2010 

cruise. 

North of Pt. Arena (39.0-40.5°N), the surface water at the coast (Figure 5) was 

freshly upwelled with cold temperatures (8-11°C), high salinities (33.5-34.0), and 

high NO3
- concentrations (23-33 µmol L-1).  In these high NO3

-, coastally upwelled, 

surface waters there was a wide range of dissolved Fe concentrations (0.5-6 nmol kg-

1) that can be attributed to a variety of factors including variations in the shelf width 

and upwelling strength. Chl a concentrations in this region remained relatively low 
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(<5 µg L-1). Salinity and NO3
- concentrations (Figure 6) indicate that coastally 

upwelled water is transported into the offshore region carrying relative low Fe 

concentrations (<1 nmol kg-1) with it.   

South of Pt. Arena (38-39°N), there was a freshly upwelled plume of water 

near the coast with a temperature of 8-9°C, salinity of 34.0, NO3
- of 28-33 µmol L-1, 

and dissolved Fe between 6-10 nmol kg-1.  The offshore transect in this area (Figure 

6) showed the presence of aged, upwelled water.  The salinity had decreased (33.0) as 

the water mixed with lower salinity water off the coast, the temperature had warmed 

(10-11°C) due to mixing and aging, NO3
- had decreased due to mixing and biological 

assimilation but showed a wide variability in concentrations (3-30 µmol L-1), and Fe 

had decreased to less than 3 nmol kg-1.  There was wide variability and patchiness in 

the chl a concentrations in this offshore transect due to the interaction of recently 

upwelled waters (low chl a) interacting with aged upwelled waters (elevated chl a) 

and offshore waters (very low chl a). 

The surface coastal transect between 37-39°N is markedly different than what 

had been encountered previously to the north.  This region, between Pt. Reyes and 

Monterey Bay, has the widest continental shelf of the entire study area, ranging from 

20-70km offshore.  Elevated surface water dissolved Fe concentrations (2-10 nmol 

kg-1) reflect this increase in shelf width.  Several extensive phytoplankton blooms 

(10-25 µg L-1 chl a) were encountered in the Gulf of the Farallones area and 

extending to Monterey Bay, leading to a drawdown of both NO3
- and Fe.  
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The Big Sur region between 34.5-36.5°N had very freshly upwelled waters (9-

11°C and salinity of 33.5-34.0) near the coast with 20-35 µmol L-1 NO3
- and 0.3-4 

nmol kg-1 dissolved Fe concentrations.  This region also has the narrowest shelf along 

the central California coast (<10 km), which impacts dissolved Fe concentrations.  

Since the cruise was so early in the upwelling season, and the upwelling along the Big 

Sur coast during sampling was intense, the dissolved Fe concentrations encountered 

during May 2010 were elevated (most >1nmol kg-1).  The intense upwelling 

conditions during May 2010 also led to the very low chl a concentrations since the 

windy and rough physical conditions were not conducive to phytoplankton growth. 

3.3 August 2011, surface transects 

Figures 7 (coastal) and 8 (offshore) show the same parameters (temperature, 

salinity, NO3
-, dissolved Fe, and chl a versus latitude from the surface transects 

during the August 2011 cruise. In the northern area of the study region between Pt. 

Reyes and Cape Mendocino (38-40°N), several upwelling plumes were encountered 

at the surface near shore with temperatures <11° C, salinities >33.85, NO3
- >25 µmol 

L-1, and dissolved Fe >4 nmol kg-1.  The highest Fe concentration at the surface in 

this area was in one of the upwelling plumes just south of Pt. Arena – an area where 

the continental shelf is wider than it is to the north between Pt. Arena and Cape 

Mendocino.  Outside of these upwelling plumes, the water had warmed, mixed with 

lower salinity waters, and sustained a moderate level of phytoplankton growth.  In 

aged waters, the Fe concentrations were low (<0.6 nmol kg-1), while the NO3
- 

concentrations remained elevated (15-20 µmol L-1). 
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The northern most portion of the offshore transect (Figure 8) in this area 

(39.5-40°N) was in California Current (CC) waters that had been transported closer to 

shore via an anticyclonic mesoscale eddy.  These CC waters are evident from the low 

surface salinity (32.7), high temperature (16° C), and very low NO3
- concentrations 

(<0.1 µmol L-1).  The Fe concentrations in this region were also extremely low (≤0.1 

nmol kg-1); these waters show typical offshore, oligotrophic conditions (NO3
- 

limited).  Several upwelling plumes were encountered offshore in the region between 

38-39.5°N.  Temperatures dropped to 10.6-11.8°C, salinities increased to 33.4-33.8, 

and NO3
- concentrations increased to 7-30 µmol L-1.  The dissolved Fe however 

mostly remained extremely low (<0.15 nmol kg-1), except for at 38.5°N where it 

increased to 4 nmol kg-1.  This high Fe offshore corresponded to the highest NO3
- (30 

µmol L-1), lowest temperature (10.8°C), and highest salinity (33.7) indicating the 

presence of fresh, coastally upwelled waters advected offshore.  

The near shore region between 36.5-38°N (Pt. Reyes to Monterey Bay and 

including the Gulf of the Farallones) had warmed (12-15°C), mixed to become less 

saline (33.0-33.5), and bloomed (5-20 µg L-1 chl a).  One plume of freshly upwelled 

water was encountered at 37°N as shown by the decrease in temperature as well as an 

increase in NO3
-, Fe, and salinity.  Except for this upwelling plume, the surface Fe 

remained below 1nmol kg-1.  These lower Fe concentrations can be attributed to 

decreased upwelling in the area as well as biological drawdown.   

The Big Sur coastal transects (35.5-36.5°N) had NO3
- concentrations between 

6-20 µmol L-1, with the highest NO3
-corresponding to the lowest temperature (11°C), 
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highest salinity (33.68), and highest Fe (2 nmol kg-1) in a narrow upwelling plume.  

Outside of the upwelling plume, Fe concentrations were less than 0.5 nmol kg-1. 

During August 2011, the Big Sur offshore region had warmed more for a given 

salinity than the waters to the north.  These temperature characteristics are consistent 

with the findings of Garcia-Reyes and Largier (2012) when they demonstrated that 

during the late summer, the southern region of their study (35-37°N) warms more 

than the northern region (37-42°N).  While we saw warmer temperatures offshore of 

the Big Sur coast, elevated salinity (33.4-33.8) and NO3
- (5-15 µmol L-1) indicate the 

presence of aged coastal upwelled water that had advected offshore.  As expected, the 

Fe concentrations offshore in this region were low (0.1-0.2 nmol kg-1), and moderate 

to low chl a concentrations point toward Fe limitation in this region. 

3.4 Temporal variability  

During the May 2010 cruise, the same location was sampled six days apart to 

gain insight to the temporal variability of various hydrographic properties and 

nutrients.  Stations 11 and 23 were at 38.639°N latitude and 123.439°W longitude, 

between Pt. Reyes and Pt. Arena in an area of a moderately wide continental shelf 

(~30 km wide).  Station 11 was sampled on May 13, 2010 during a period of strong 

upwelling favorable winds.  Station 23 was sampled six days later on May 19, 2010 

during a four day long wind reversal.  Figure 9 shows temperature, salinity, NO3
-, chl 

a, and dissolved Fe for both of these stations.  The temperature, salinity, and NO3
- 

profiles at station 11 demonstrate the intense upwelling over the continental shelf 

with cold (8.3°C), saline (34.0), and high NO3
- (~30 µmol L-1) conditions throughout 
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the water column.  The chl a at station 11 was also low (<1 µg L-1) in the freshly 

upwelled waters.  The dissolved Fe concentrations in the BBL (68 m) and at the 

surface were 15.0 and 6.0 nmol kg-1, respectively.   

The conditions at station 23, sampled six days later during very different wind 

conditions, had changed.  The surface waters had warmed and mixed slightly to a 

temperature of 8.7°C, a salinity of 33.94, and a surface NO3
- concentration of 27 

µmol L-1.  There was a moderate amount of phytoplankton growth (chl a 

concentrations of 2-3 µg L-1), which roughly correspond to the 3 µmol L-1 decrease in 

NO3
- concentration.  The depths with the largest chl a concentrations correspond to 

the largest decrease in NO3
- relative to station 11.  The NO3

- profiles also show 

evidence for relaxation conditions during the time that station 23 was sampled as 

evidenced by the deepening of the nutricline compared to station 11.  Iron 

concentrations in the BBL (69 m) and surface waters at station 23 were 16.8 and 1.2 

nmol kg-1, respectively.   

4. Discussion 

4.1 Overview 

In the diatom dominated cCCS, Fe is extremely important as a bottom up 

control on phytoplankton growth.  Surface Fe concentrations are related to both 

continental shelf width and upwelling strength since the key external source of Fe is 

from upwelling within the BBL along the continental shelf.  In May 2010, the surface 

dissolved Fe concentrations tended to be higher than in August 2011 from both higher 

upwelling strength and lower net biological drawdown in the early spring.  A more 
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stratified water column later in the summer (August 2011) reduced upwelling through 

the BBL and consequentially resulted in lower dissolved Fe concentrations at the 

surface than in May 2010.  The dissolved Fe concentrations in the BBL were higher 

in areas of a wider continental shelf as well as where benthic O2 concentrations were 

very low.  The presence of the California Undercurrent (CU) on the shelf in the late 

summer combined with the oxidation of sinking organic matter throughout the spring 

and summer season led to hypoxic conditions in the BBL at several stations near Pt. 

Reyes in August 2011.   

The following discussion determines how upwelling source water on the shelf affects 

Fe concentrations in the BBL.  We also outline controls on the seasonal distributions 

of surface dissolved Fe and NO3
- and investigate the potential for Fe-limitation in the 

cCCS as well as the consequences for Fe transport offshore. 

4.2 BBL Fe and upwelling source waters 

Dissolved Fe concentrations in the BBL have large implications for Fe 

concentrations that can be upwelled to the surface. In a recent modeling study of the 

CCS, Jacox and Edwards (2011) showed that upwelling transport through the BBL 

occurs in weakly stratified areas with a gradual shelf slope.  On the other hand, 

upwelling transport will be mostly from the ocean interior (i.e. not through the BBL) 

in strongly stratified areas with a steep continental slope (Lentz and Chapman 2004; 

Jacox and Edwards, 2011).  If upwelling is strong and stratification weak as indicated 

by several homogenous vertical temperature profiles seen during May 2010, elevated 

concentrations of Fe can be upwelled to the surface from the BBL over areas of a 
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wider continental shelf.  While upwelling was still occurring in August 2011, the 

waters were more stratified and the upwelling source waters were presumably not 

from as deep in the water column.  Therefore, later in the upwelling season, there was 

a reduction in the delivery of Fe from the BBL to the surface. 

 We had hypothesized that August Fe concentrations in the BBL would have 

been lower compared to May.  Previous limited studies (Elrod et al., 2008; Johnson et 

al. 1999, 2001) showed that Fe concentrations tended to decrease throughout the 

summer after the initial spring pulse.  Our results though, exhibit no predictable 

seasonal pattern in the BBL dissolved Fe for a given location.  Several spring stations 

had slightly higher Fe than in the summer and vice versa.  There is the possibility that 

a seasonal shift in either organic or inorganic speciation of Fe in the BBL allowed for 

the Fe concentrations to remain elevated into the late summer.   

The following discussion outlines several possibilities as to why several of the 

late summer BBL Fe concentrations were high (some were even higher than in the 

spring).  The surface concentrations of Fe at the BBL stations, though, were lower in 

August compared to May. This result supports the idea that the August upwelling 

source waters were shallower in the water column than they had been in May and that 

biological utilization and particle scavenging had drawn down surface Fe 

concentrations.   

There appears to be a difference in the source of the upwelling waters along 

the continental shelf between the spring and late summer time periods. Temperature 

and salinity characteristics for the BBL stations from May 2010 demonstrate that 
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offshore, subsurface, CC water on the shelf was being upwelled to the surface.  

Strong upwelling favorable winds led to intense upwelling, and elevated surface Fe 

concentrations indicate that the upwelling was occurring through the BBL.  There 

was not as distinct of a signal from the CU on the mid-shelf during May 2010 as there 

was during August 2011. The CU is a poleward flowing current, which moves over 

the continental slope along the west coast of North America (Hickey, 1979; Lynn and 

Simpson, 1987).  Waters in the CU have their source in the eastern tropical North 

Pacific and are thus warmer, more saline, and have lower dissolved oxygen than other 

waters at similar depths in the CC.  Spiciness (π), a conservative tracer showing 

isopycnal temperature and salinity variations (Flament, 2002), is a useful way to 

distinguish between the CU and the CC because waters of the CU will have higher 

spice.  

During the late summer and early fall, the CU shoals in the water column and 

resides closest to shore of any season throughout the year (Lynn and Simpson, 1987). 

Thomson and Krassovski (2010) demonstrated that the CU, with its Pacific Equatorial 

Water (PEW) temperature and salinity characteristics, mixes with Pacific Subarctic 

Upper Water (PSUW) as it travels northward.  Based on their T/S mixing lines, we 

would estimate the August 2011 water in the BBL along the central California coast 

to be about a 50% mix of PEQ and PSUW.  The spice of this water would be 

approximately 0.1-0.2.  Figure 10 shows the density (σθ) versus π for BBL stations 

during the August 2011 cruise as well as for an offshore station in the CC for 

comparison.  The data shown is between 20 and 500 m deep to focus on the proper 
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depth range for the CU.  The π of the water in the BBL for the coastal stations is 

different than the water along the same isopycnal for the offshore CC station.  In 

addition, the values of π for the BBL are ~0.1-0.25 as would be predicted for the CU.  

We thus argue that during August 2011 there was evidence for the CU in the BBL 

over the mid to outer shelf.  The presence of the CU on the shelf would significantly 

affect the dissolved O2 concentrations in the bottom waters. 

4.3 Hypoxia and dissolved Fe on the continental shelf  

As described previously, the CU has a lower dissolved O2 signature than the 

CC waters (Castro et al., 2001), which can affect the dissolved Fe remobilized from 

the sediments.  Lohan and Bruland (2008) showed that low dissolved O2 in the BBL 

along the Washington and Oregon coasts allowed for the buildup of high Fe 

concentrations.  They demonstrated that dissolved Fe(II) concentrations markedly 

increased and contributed 43-56% of the total dissolved Fe when O2 concentrations 

were less than 50 µmol kg-1.  The low O2 concentrations contributed to the high Fe(II) 

concentrations in two ways.  Firstly, Fe(II) was kinetically stabilized in the colder, 

lower pH, lower O2 water of the BBL, and secondly, the hypoxic conditions allowed 

elevated concentrations of Fe(II) to exist in the pore waters directly below the 

sediment-water interface which increased the flux of Fe(II) into the BBL.  Homoky et 

al. (2012) also observed that bottom water O2 concentrations controlled the fate of 

dissolved Fe as it entered overlying bottom waters from shelf sediments.  They found 

that lower dissolved O2 in bottom waters kinetically stabilized Fe(II) and also allowed 

for a greater flux of Fe(II) from the sediments.  Lohan and Bruland (2008) presented a 
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conceptual model whereby dissolved Fe in BBL waters with higher dissolved O2 

concentrations was primarily controlled by the concentration of Fe(III)-binding 

organic ligands. These ligands were saturated (or titrated) with the Fe(III) that formed 

as the Fe(II) was oxidized. Any excess Fe(III) was precipitated.  Conversely, low O2 

concentrations (and low pH and temperature), allowed for the additional build up of 

dissolved Fe(II), thus increasing the total dissolved Fe concentrations. 

Low-O2 conditions (<50 µmol kg-1) were encountered in the BBL at several 

stations just south of Pt. Arena during the August 2011 cruise (Table 1).  Stations 2 

and 4, both in the mid shelf region, had the lowest O2 of any BBL for both cruises 

(42.8 and 48.6 µmol kg-1, respectively) and also the highest dissolved Fe 

concentrations (30.8 and 29.2 nmol kg-1, respectively).  Low O2 concentrations above 

the shelf in this region are a result of both the presence of the lower O2 CU on the 

shelf as well as additional respiration over the shelf occurring throughout the summer 

(Berelson et al., 2003). During the May 2010 cruise, with higher concentrations of 

dissolved O2 observed in the BBL, dissolved Fe concentrations showed no correlation 

with O2.  Although we did not determine Fe(II) concentrations on this cruise, based 

on the results of Lohan and Bruland (2008), as well as preliminary Fe-binding organic 

ligand data from these same stations in August 2011 (Bundy et al., in prep), we 

suggest that Fe(II) was a large contributor to the dissolved Fe concentrations at these 

stations during the August 2011 cruise.  

 Figure 11 shows the BBL dissolved Fe versus leachable particulate Fe for 

May 2010 and August 2011 (Till et al., unpublished data).  Also shown in Figure 11 
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is the range of concentrations for the Fe(III)-binding organic ligands in the BBL 

(Bundy et al., in prep).  There was a wide range of leachable particulate Fe 

concentrations (5.3 to 206.4 nmol L-1), which were a result of differing shelf widths 

and degree of sediment re-suspension along the coast.  The dissolved Fe 

concentrations tended to increase as the leachable particulate Fe concentrations 

increased, but the dissolved Fe concentrations were typically not higher than the 

Fe(III)-binding organic ligand concentrations.  This result is consistent with past 

studies (Buck et al., 2007; Lohan and Bruland, 2008) which found that the dissolved 

Fe concentration does not exceed the ligand concentration because any excess Fe 

becomes unstable in the dissolved form and precipitates to become part of the 

leachable particulate fraction.  The exception is when dissolved O2 concentrations are 

low enough to kinetically stabilize a larger portion of Fe(II) as discussed previously.  

There were four stations from the late summer cruise where dissolved Fe 

concentrations in the BBL were higher than the ligand concentrations.  Two of these 

stations (2 and 4, marked with a square in Figure 11) have already been discussed; 

these stations were in an area of a moderate continental shelf width (south of Pt. 

Arena) and had very low O2 concentrations, which would have facilitated higher rates 

of Fe(II) diffusion out of the sediments.  The other two stations (41 and 42, marked 

with a circle in Figure 11) were south of Pt. Reyes outside of the San Francisco Bay, 

in the area with the widest continental shelf of the entire study region.  At these two 

stations, the O2 concentrations were 67.7 and 65.9 µmol L-1, respectively (Table 1).  
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While these dissolved O2 concentrations are not as low as Stations 2 and 4, they are 

still relatively low compared to all of the other BBL stations sampled in this study. 

We suggest that the wide shelf at Stations 41 and 42 combined with the 

relatively low O2 allowed for a large diffusive flux of Fe(II) out of the sediments 

which was stabilized in the low-O2 waters.  Thus, the dissolved Fe concentrations at 

these stations were higher than the Fe(III)-binding organic ligand concentrations.  For 

comparison, stations along the Big Sur Coast, with the narrowest shelf of the study 

region, had both the lowest dissolved Fe and leachable particulate Fe concentrations 

in the BBL.   

4.4 Surface Fe concentrations 

In general, the surface Fe concentrations for August were lower than May, 

which has been documented previously along the central California Coast (Elrod et 

al., 2004; Chase et al., 2005). During the May 2010 cruise, elevated surface Fe 

concentrations provide evidence of the “spring pulse” described by Johnson et al. 

(2001) for Monterey Bay.  Iron from the shelf sediments, deposited mostly as Fe-rich 

coatings on particles during the winter run-off events, is thought to be upwelled at 

elevated concentrations in the early spring upwelling events through the BBL.  Iron 

concentrations decrease into the late summer through a combination of biological 

uptake, particle scavenging, and decreased upwelling strength.  However, in August 

there were still some elevated dissolved Fe concentrations in the coastal region 

mostly associated with freshly upwelled water.  
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During both cruises, on the northern coastal surface transects between Cape 

Mendocino and Pt. Reyes, there is a general increase in the surface dissolved Fe 

concentrations to the south (toward Pt. Reyes).  These increasing dissolved Fe 

concentrations correspond to the increasing width of the continental shelf in this 

region (see Figure 2).  On both cruises, there were several upwelling plumes in this 

region associated with the prominent coastal headlands (e.g., Pt. Arena), which 

resulted in elevated concentrations of Fe and NO3
-.  

Offshore transects show evidence for the seaward transport of coastally 

upwelled water.  On transects from both cruises, we encountered water offshore of 

upwelling centers with elevated NO3
- but low dissolved Fe, indicating that Fe is 

removed more quickly than NO3
- as the freshly upwelled waters are transported 

offshore.   

4.5 Indicators of limitation 

 Evidence for Fe limitation was investigated in this study with respect to both 

biomass limitation and growth rate limitation.  Liebig limitation (biomass) by Fe 

concentration was determined by using the Fe:NO3
- ratio of the surface waters. If we 

assume coastal diatoms can grow at near optimal rates with an Fe:C ratio of 30 µmol 

mol-1 (Bruland et al., 2001; Sunda and Huntsman, 1995), we can use the Redfield 

ratio for C:N of 106:16 (Redfield, 1958) to calculate a corresponding required 

Fe:NO3
- of 0.2 nmol µmol-1.  The Fe:C ratio of 30 µmol mol-1 is in agreement with 

past studies of diatoms which showed that 84% of diatoms have an average Fe:C ratio 

of 35 ± 25 µmol mol-1 (Sarthou et al., 2005 and references therein).  The Fe:NO3
- 
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ratios reported here are used as a theoretical approximation to determine regions 

where the diatom community will not have sufficient Fe to draw the NO3
- completely 

down.  With an Fe:NO3
- ratio of less than 0.2 nmol µmol-1, Fe would be considered 

the Liebig limiting nutrient.  Past studies (Elrod et al., 2008; King and Barbeau, 2011) 

have also used the ratio of Fe:NO3
- in the CCS as an indicator of Fe-limitation, and 

our Fe:NO3
- ratio of 0.2 nmol µmol-1 is in agreement with the ratios that these two 

studies used (0.2 and 0.25 nmol µmol-1, respectively). 

Growth rate limitation of diatoms can be approximated via calculations based 

on well-established growth rate equations (Monod, 1942).  The following equation 

determines the specific growth rate based on nutrient concentration and half 

saturation constants: µ = µmax[S]/([S] + Kµ), where µ is the specific growth rate, µmax is 

the maximum growth rate, [S] is the nutrient concentration, and Kµ is the half-

saturation constant for the nutrient (where µ=0.5µmax).  The values of µ, µmax, and Kµ 

(for both Fe and N) for diatoms have been previously reported (Sarthou et al., 2005 

and the references therein).  For approximate calculations of diatom growth rate in 

this study, we used the average values reported by Sarthou et al. (2005): µmax = 1.5 d-

1, Kµ for Fe = 0.35 nmol L-1, Kµ for N = 1.6 µ mol L-1.  When the µ calculated based 

on the Fe concentration (µFe) is less than the µ calculated based on the NO3
- 

concentration (µNO3-), Fe can be considered to be the growth rate-limiting nutrient.  

For simplification, we calculated the parameter Δµ as the difference between µ based 

on Fe concentrations and µ based on NO3
- concentrations: Δµ = µFe – µNO3-.  A 

positive Δµ indicates growth rate limitation by NO3
- and a negative Δµ indicates 
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growth rate limitation by Fe. The value of the parameter Δµ in conjunction with the 

Fe:NO3
- ratio can give insight into regions of the cCCS that show evidence for Fe 

limitation.   

A region may potentially exhibit evidence for either one or both types of Fe-

limitation (biomass accumulation and growth rate limitation).  For example, if the 

Fe:NO3
- ratio is less than 0.2 nmol µmol-1 and Δµ is negative, then there is evidence 

for Fe-limitation of diatom blooms at the time of sampling.  However, if the Fe:NO3
- 

ratio is less than 0.2 nmol µmol-1 but Δµ is zero or positive, we still argue that Fe is 

the Liebig limiting nutrient.  Diatoms at the time of sampling were not growth rate-

limited because Fe concentrations were high enough on a short time scale.  However, 

based on the Fe:NO3
- ratio, there will not be sufficient Fe to allow for a diatom bloom 

and complete NO3
- drawdown.  On a longer time scale in this situation, in situ 

diatoms will deplete the Fe supply before the NO3
- supply and will consequentially 

experience reduced growth rates.  

 Figure 12 (a) presents the surface Fe:NO3
- ratio for all of the surface transects 

during the May 2010 cruise.  Included in Figure 12 are both the coastal and offshore 

transects (Figure 1(a), both red and black transects).  Figure 12 (b and c) present the 

µFe, µNO3-, and Δµ for the same May 2010 transects.   

North of Pt. Arena, (>39°N), we suggest that there is evidence for Fe 

limitation of phytoplankton growth based on the low Fe:NO3
- values (< 0.2 nmol 

µmol-1). In the offshore region, where we sampled a low-surface NO3
- anti-cyclonic 

eddy, there were several data points with an Fe:NO3
- greater than 0.2 and a positive 
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Δµ indicating that this offshore eddy was not Fe-limited at the surface.  Additional 

evidence for Fe limitation in both the coastal and offshore regions north of Pt. Arena 

comes from the negative Δµ  (µFe < µNO3-).  The µFe (1-1.2 d-1) is not as low as would 

be expected for an extremely Fe-limited regime; however, it appears that 

phytoplankton growth rates north of 39°N would be restricted based on the in situ Fe 

concentrations.   

The offshore transects also have more negative values of Δµ implying a 

higher degree of Fe-limitation seaward of the continental shelf.  In the region between 

36.5-39°N, an area with a broad continental shelf, many of the coastal Fe:NO3
- ratios 

are ≥ 0.2 nmol µmol-1 suggesting that Fe is not the Liebig limiting nutrient.  The 

values of Δµ are variable in this region, with some positive and some negative, but we 

argue that this region is predominantly not Fe-limited.  South of 36.5°N, along the 

Big Sur coast, the Fe:NO3
- ratios are all less than 0.2 nmol µmol-1 and the Δµ values 

are negative providing evidence that the Big Sur coast is most likely Fe limited.   

 Figure 13 (a) presents the Fe:NO3
- ratio on the surface transects during August 

2011, and Figure 13 (b) and (c) show the µFe, µNO3-, and Δµ for those same surface 

transects.  The surface Fe concentrations for August 2011 were mostly lower than for 

May 2010, and, as such, the Fe limitation indicator parameters show greater evidence 

for Fe limiting conditions.  The Fe:NO3
- ratio is below 0.2 nmol µmol-1 for both the 

coastal and offshore regions north of Pt. Arena (>39°N) and also for the Big Sur coast 

(<36.5°N).  The only exception is in the offshore region near 39.5°N which was in an 

anti-cyclonic eddy off Pt. Arena that had extremely low NO3
- and Fe concentrations 
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at the surface.  The µFe (0.1-0.6 d-1) in the offshore region between 38 and 39.25°N 

was much lower than the µNO3- (1.2-1.3 d-1) suggesting that the low Fe concentrations 

in this region (<0.2 nmol kg-1) are highly restricting diatom growth.  The coastal 

region between 36.5 and 38°N, which included the Gulf of the Farallones and 

Monterey Bay, did not show evidence of Fe-limiting conditions based on the Fe: NO3
- 

> 0.2 nmol µmol-1 and the Δµ ≥ 0.  High chl a concentrations in this region are 

consistent with the finding that it is not an Fe limited area.  Overall, August 2011 

showed more indication of Fe-limiting conditions than May 2010 except for the wide-

shelf region between Pt. Reyes and Monterey Bay.  

4.6 Response to wind conditions at the same location 

Sampling of the same location several days apart (Stations 11 and 23, May 

2010) provides an illustration on just how quickly this coastal upwelling system is 

affected by changes in wind conditions as well as the response of the phytoplankton 

to these changes (Figure 9).  Intense upwelling during sampling of station 11 supplied 

nutrient rich water and Fe to the surface, but chl a did not significantly increase until 

after the period of intense upwelling was complete.  A small relaxation period (May 

17) and wind reversal (which began on May 18) provided a better physical 

environment for the phytoplankton to accelerate their growth.  In the BBL, the Fe 

concentrations remained roughly constant between the two stations, but the surface Fe 

concentrations were markedly different.  There was more of a decrease in the surface 

Fe concentration at station 23 than would have been expected just from a combination 

of mixing and the small amount of biological growth indicated by the temperature, 
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salinity, NO3
-, and chl a data.  We suggest that this decrease can be attributed to 

either particle scavenging or accelerated uptake of Fe by diatoms relative to other 

nutrients that occurs when Fe concentrations are elevated (Sunda et al., 1995; 

Marchetti et al. 2006).  At station 11, the surface Fe:NO3
- ratio was 0.2 nmol µmol-1, 

which would indicate that these freshly upwelled waters had the proper amount of Fe 

to accompany the upwelled NO3
-, and Fe would not have been the Liebig limiting 

nutrient.   

However, at station 23, the surface Fe:NO3
- ratio decreased to 0.04 nmol 

µmol-1. The surface waters at Station 23 showed evidence of Fe limitation: a low 

Fe:NO3
- ratio with high levels of residual NO3

- as well as moderate to low chl a 

concentrations.  Since the sampling of station 23 was during a wind 

relaxation/reversal interval with downwelling favorable winds, Fe was not upwelled 

from subsurface waters.   Based on the Fe concentrations and Fe:NO3
- ratio, it appears 

that this location progressed into Fe-limiting conditions once the winds relaxed and 

the Fe was drawn down but not replaced. 

4.7 Elevated NO3
- concentrations 

During both cruises, we encountered elevated NO3
- concentrations (20-32 

µmol L-1) along the coast. On both cruises, regions with intense upwelling exhibited 

NO3
- concentrations of 30 µmol L-1 or higher (Figures 5-8), and all of the BBL NO3

- 

concentrations were > 22 µmol L-1 (Table 1). These NO3
- concentrations are much 

higher than the concentrations normally found south of Pt. Conception, in the 

southern CCS (sCCS), which are usually less than 15 µmol L-1 (King and Barbeau, 



68 

2011; Landry et al., 2009) due to weaker coastal upwelling in the southern regions of 

the CCS.  Other studies on eastern boundary upwelling ecosystems (Chavez and 

Messie, 2009) estimated the NO3
- concentration at 60m in the CCS to be 14.9 µmol L-

1, which is more in line with the sCCS and roughly half of the surface values that we 

encountered in the cCCS. We suggest that the amount of NO3
- that is upwelled in the 

cCCS as well as the potential phytoplankton productivity in this region has been 

underestimated.  Since the upwelled NO3
- concentrations are so elevated in our study 

region, the corresponding Fe concentrations become even more of an important 

control on phytoplankton growth and biomass. 

4.8 Implications for Fe delivery offshore 

The importance of the continental shelf sediments as the key external Fe 

source in the CCS is clearly evident both in this study as well as past ones (Bruland et 

al., 2001; Chase et al., 2005; Johnson et al., 1999).  This variable Fe source along the 

coast has implications for the Fe delivery offshore into the California Current 

Transition Zone (CCTZ).  The CCTZ is the boundary between the coastally upwelled 

water and the offshore water of the CCS, and the CCTZ is dominated by mesoscale 

eddies which foster the interaction of the coastally upwelled water with offshore 

water.  Through the physical processes in the CCTZ, coastally upwelled water can be 

transported several hundred kilometers offshore.  The two main sources of Fe and 

macronutrients to the CCTZ are the transport of this coastally upwelled water 

offshore through filaments and jets or through the weak but widespread “wind stress 

curl” induced upwelling off the coast (Rykaczewski and Checkley, 2008).  Since the 
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continental shelf sediments are the main external source of Fe to the cCCS region, we 

predict that the coastal source of Fe transported offshore will have the most impact in 

the CCTZ.   

Quantification of the seasonality and magnitude of the coastal Fe source in 

this study will provide an important baseline for investigating the Fe and 

macronutrient concentrations offshore in the CCTZ (Biller and Bruland, in prep).  

Upwelled water that originated at the coast, with high NO3
- and moderate Fe 

concentrations, can be transported offshore into the CCTZ where biological growth 

can drive the system into Fe-limitation and typical high nutrient, low chlorophyll 

(HNLC) conditions.  These Fe-limited CCTZ waters would not be able to support 

large blooms of diatoms, and would have relatively low (1-3 µg L-1) concentrations of 

chl a: conditions seen every spring, summer, and fall in the CCTZ.   

 Surface transects from this study clearly show the seasonality and 

heterogeneity of surface Fe concentrations in the cCCS.  Between Pt. Reyes and Cape 

Mendocino (38-40°N), a region with a narrowing continental shelf to the north and 

intense upwelling conditions, surface Fe concentrations are relatively high in freshly 

upwelled waters in the spring and decrease throughout the summer season.  By 

looking at one upwelling plume in particular from the May 2010 cruise, we can 

investigate the coastal Fe and NO3
- delivery to the CCTZ from coastal upwelling.  

This plume, around 38.5-39.2°N, is evident from the SST in Figure 1(a).  At the 

coast, surface Fe concentrations in this plume were 4-10 nmol kg-1.  When we 

sampled the offshore transect six days later, the plume had made it offshore, and 
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although the NO3
- concentrations had somewhat decreased, the Fe concentrations had 

decreased to <1 nmol kg-1.  Figure 14 shows Fe concentrations in the plume as a 

function of the NO3
- concentrations.  The Fe concentrations in the upwelling plume 

decrease more rapidly relative to NO3
- as the upwelling plume aged, supported a mild 

level of biological growth (chl a concentrations of 5-10 µg L-1), and mixed with 

offshore waters.  A recent study in the sCCS (King et al., 2012) showed that as a 

parcel of coastally upwelled water moved offshore, Fe decreased at a faster rate than 

the other macronutrients and drove the parcel into Fe limitation.  Rapidly decreasing 

Fe concentrations are consistent with numerous studies that have shown that some 

diatoms perform luxury uptake and storage of Fe if in situ concentrations are greater 

than the minimal amount needed for growth (Bruland et al., 2001; Marchetti et al., 

2009; Sunda et al., 1995). This rapid decrease of Fe relative to NO3
- will drive the 

waters in this upwelling plume toward Fe limitation more quickly than if Fe was 

being drawn down at a constant rate relative to NO3
-.  Bruland et al. (2001, 2005) 

similarly showed that Fe removal, relative to NO3
-, happens in a non-Redfield manner 

and leaves behind waters with residual NO3
- that are Liebig-limited for Fe in two 

different upwelling systems (California and Peru).   

5. Conclusion 

This study provided high spatial and temporal resolution data for Fe and NO3
- 

concentrations in the cCCS between the spring and late summer upwelling seasons.  

Surface transects from May 2010 and August 2011 demonstrated that surface Fe 

concentrations were related to both continental shelf width and upwelling strength.  
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Surface Fe concentrations decreased into the late summer as upwelling slowed and Fe 

was drawn down through biological assimilation and particle scavenging.  As 

upwelled waters aged and were transported offshore, Fe was more rapidly drawn 

down than NO3
- from the water column creating the potential for Fe-limiting 

conditions offshore.   

Iron concentrations in the BBL were highest in areas with a wider continental 

shelf and at stations with hypoxic BBL waters.  The presence of the CU on the shelf 

in the late summer caused the dissolved O2 concentrations at several stations to be 

low enough to potentially stabilize Fe(II) and make it a more significant contributor 

to the total dissolved Fe.  There was no clear seasonal trend in the BBL Fe 

concentrations between the spring and late summer time periods.   

Investigation of indicators for Fe limitation concluded that several regions of 

the cCCS demonstrated evidence of Fe limiting conditions.  The low Fe:NO3
- (<0.2 

nmol µmol-1) and negative Δµ in the region between Pt. Arena and Cape Mendocino 

in both spring and summer suggest that this region shows evidence of Fe limitation.  

The late summer showed even stronger evidence for Fe limitation in this region than 

the spring.  The Big Sur region also showed evidence for Fe limitation in both 

seasons.  The wide continental shelf region between Pt. Reyes and Monterey Bay 

(including the Gulf of the Farallones) was highly variable and did not show strong 

evidence of Fe limitation (e.g., most of the Fe:NO3
-  ratios were > 0.2 nmol µmol-1 

and the majority of the Δµ values were greater than zero).      
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Several studies have demonstrated that the CCS is warming as part of global 

climate change (Di Lorenzo et al., 2005).  The increased stratification in the CCS and 

deepening of the thermocline will lower the efficiency of coastal upwelling in 

bringing up deeper, more nutrient rich waters.  This reduction in the depth of 

upwelling source waters has great consequences for Fe delivery from the continental 

shelf sediments to the surface ocean.  The bottom up control of Fe on primary 

productivity in the cCCS is critically important to consider when predicting how the 

cCCS will change in response to global climate change.  As seen from the August 

2011 data, a more stratified water column will restrict the amount of Fe that can be 

upwelled, even though BBL dissolved Fe concentrations remain elevated.  While a 

reduction in upwelling strength will also lower the amount of NO3
- that can be 

delivered to the surface, we suggest that the reduction in Fe will most likely have a 

more negative impact on primary production than the reduction in NO3
- 

concentrations.  Not only does the Fe and NO3
- upwelled at the coast provide a 

control on the growth of the coastal phytoplankton, subsequent advection of this 

upwelled water offshore has broad implications for the amount of productivity that 

can occur in the California Current transition zone region offshore. 
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Table 1: May 2010 and August 2011 BBL station locations, sampling date, and BBL 
sampling depth. 

GMT 
Date 

Station 
number 

Latitude 
(°N) 

Longitude 
(°W) 

BBL 
Depth (m) 

12 May 2010 3 37.941 122.9645 55 
12 May 2010 4 37.906 122.8800 53 
12 May 2010 5 37.7810 122.9515 60 
12 May 2010 6 37.8705 123.0930 85 
12 May 2010 7 38.1118 123.1231 70 
12 May 2010 8 38.1107 123.0258 56 
13 May 2010 9 38.2550 123.0805 64 
13 May 2010 10 38.4600 123.2450 62 
13 May 2010 11 38.6385 123.4310 68 
13 May 2010 12 38.7848 123.6212 65 
17 May 2010 17 39.0303 123.7690 69 
17 May 2010 18 39.1718 123.7918 69 
18 May 2010 19 39.3338 123.8410 83 
18 May 2010 20 39.5358 123.8305 69 
19 May 2010 23 38.6390 123.4385 69 
20 May 2010 26 37.4163 122.6152 63 
20 May 2010 27 37.2993 122.5173 63 
20 May 2010 28 37.1573 122.4547 52 
20 May 2010 28 37.1573 122.4547 66 
20 May 2010 29 37.0383 122.3252 67 
20 May 2010 30 36.9297 122.1488 65 
22 May 2010 33 36.4332 121.9523 88 
22 May 2010 34 36.3185 121.9040 73 
23 May 2010 36 35.1978 120.8936 67 
23 May 2010 37 35.4643 121.0531 64 
19 Aug 2011 2 38.7832 123.6176 64 
19 Aug 2011 3 38.8247 123.6499 48 
19 Aug 2011 4 38.8182 123.6602 61 
19 Aug 2011 5 38.7998 123.6887 90 
19 Aug 2011 6 39.1725 123.7926 70 
20 Aug 2011 7 39.3333 123.8426 81 
20 Aug 2011 8 39.5355 123.8295 68 
20 Aug 2011 9 40.7374 124.3291 40 
20 Aug 2011 10 40.7672 124.3858 64 
20 Aug 2011 11 40.7885 124.4170 100 
24 Aug 2011 21 37.1870 122.7397 185 
24 Aug 2011 22 37.2498 122.6077 90 
25 Aug 2011 23 37.2802 122.5273 75 
25 Aug 2011 24 37.3041 122.4772 44 
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25 Aug 2011 25 37.1839 122.4849 70 
28 Aug 2011 31 35.6452 121.3041 58 
28 Aug 2011 33 36.0606 121.6139 49 
29 Aug 2011 34 36.1669 121.7009 52 
29 Aug 2011 35 36.2169 121.8065 79 
29 Aug 2011 36 36.3174 121.9594 74 
30 Aug 2011 37 37.4180 122.6109 64 
31 Aug 2011 38 37.6034 122.8299 67 
31 Aug 2011 39 37.7583 123.0007 62 
1 Sept 2011 41 37.9308 122.9492 54 
1 Sept 2011 42 37.8882 122.8691 50 
1 Sept 2011 43 37.8429 122.7895 39 

 
 
Table 2: May 2010 and August 2011 BBL station numbers, surface concentrations of 
dissolved Fe and NO3

-, BBL concentrations of dissolved Fe, NO3
-, and O2 (ns = not 

sampled).  See Table 1 for station locations and sampling depths. 

Cruise, 
St. # 

 Surface 
[Fe]a 

BBL 
[Fe]a 

Surface 
[NO3

-]b 
BBL 

[NO3
-]b 

BBL 
[O2]c 

May, 3 ns 7.05 24.5 29.1 103.8 
May, 4 ns 11.7 3.3 28.4 129.2 
May, 5 1.36 4.55 20.5 28.9 99.2 
May, 6 1.02 6.57 24.2 24.0 135.7 
May, 7 1.79 15.3 25.9 30.0 99.5 
May, 8 2.16 10.8 24.0 29.3 119.9 
May, 9 2.09 11.9 24.7 30.1 89.4 
May, 10 3.30 15.0 28.9 29.5 101.5 
May, 11 6.04 15.0 30.3 30.8 85.3 
May, 12 3.06 13.6 26.2 31.0 81.2 
May, 17 0.95 11.8 20.0 32.8 68.5 
May, 18 4.27 7.25 24.4 32.7 67.2 
May, 19 2.14 7.13 15.9 32.2 81.7 
May, 20 0.25 5.88 14.8 32.5 74.2 
May, 23 1.23 16.8 28.3 30.2 96.2 
May, 26 1.08 9.36 20.6 28.9 82.2 
May, 27 1.88 11.1 6.6 28.8 95.7 
May, 28 1.41 8.87 2.0 28.1 104.2 
May, 28  12.3  28.5 102.1 
May, 29 4.01 16.4 5.9 28.0 73.2 
May, 30 3.16 15.2 4.9 27.8 84.7 
May, 33 1.87 2.56 25.1 30.4 75.2 
May, 34 1.42 3.06 25.3 30.2 91.3 
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adissolved Fe concentrations in units of nmol kg-1 
bNO3

- concentrations in units of µmol L-1 
cdissolved O2 concentrations in units of µmol kg-1 
  

May, 36 2.71 6.96 18.4 28.9 77.9 
May, 37 6.05 5.79 25.7 29.8 75.2 
Aug, 2 3.57 30.4 23.4 31.1 42.8 
Aug, 3 5.56 19.1 25.5 31.8 54.1 
Aug, 4 4.14 29.2 25.0 31.4 48.6 
Aug, 5 0.62 12.4 19.0 31.2 54.5 
Aug, 6 2.31 9.31 22.5 31.3 58.1 
Aug, 7 5.15 10.6 26.6 31.6 50.0 
Aug, 8 1.76 8.22 0.5 31.4 60.9 
Aug, 9 0.75 18.1 13.5 30.5 80.1 
Aug, 10 0.37 20.0 18.6 30.5 79.7 
Aug, 11 0.26 16.2 16.6 31.8 68.6 
Aug, 21 0.94 2.92 6.5 28.7 64.0 
Aug, 22 0.35 8.30 0.01 27.8 69.1 
Aug, 23 0.52 8.23 0.15 27.5 81.3 
Aug, 24 0.56 7.18 0.08 24.1 115.6 
Aug, 25 0.95 7.25 6.3 25.3 92.4 
Aug, 31 0.51 1.48 10.5 22.1 112.5 
Aug, 33 1.05 2.65 15.6 21.4 135.8 
Aug, 34 0.91 5.63 10.4 24.6 135.3 
Aug, 35 0.94 5.52 14.5 25.9 113.4 
Aug, 36 0.39 5.71 13.7 26.7 104.9 
Aug, 37 0.52 6.63 3.25 31.0 68.1 
Aug, 38 0.92 13.3 10.5 30.9 67.7 
Aug, 39 0.69 5.34 8.8 30.9 88.4 
Aug, 41 0.88 24.3 10.8 28.3 67.7 
Aug, 42 1.09 24.9 10.0 28.1 65.9 
Aug, 43 11.0 18.0 12.3 27.2 76.7 



82 

 
Figure 1: Surface transect locations for (a) May 2010 and (b) August 2011 with 
satellite sea surface temperature (SST) for clear days during the two cruises. Note the 
different SST scales for (a) and (b).  For the reminder of this study, the red transects 
are “coastal” and the black transects are “offshore”. 
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Figure 2: Benthic boundary layer (BBL) station locations for (a) May 2010 and (b) 
August 2011 with bathymetry.  The bathymetry contours shown are: 200m, 400m, 
600m, 800m, 1000m, 2000m, 3000m, and 4000m.  The continental shelf is 
demarcated by the 200m isobath. 
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Figure 3: Comparison of Fe results generated by two independent methods used for 
May 2010 and August 2011 when data sets overlapped (error bars show ± 1σ for the 
respective averages of results generated by each method). 
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Figure 4: Dissolved Fe concentrations and continental shelf width (black line) for 
May 2010 (triangles) and August 2011 (circles).  The continental shelf is defined as 
the distance to the 200m isobath.  Geographic locations are indicated at the bottom. 
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Figure 5: Surface transect data for coastal transects (shown in red in Figure 1a) from 
May 2010: (a) temperature (gray circles) and salinity (black diamonds), (b) dissolved 
Fe (black diamonds) and NO3

- (gray circles) concentrations, and (c) chl a 
concentrations (black diamonds).  Geographic locations are shown at the bottom. 
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Figure 6: Surface transect data for offshore transects (shown in black in Figure 1a) 
from May 2010, symbols are the same as for Figure 5: (a) temperature (gray circles) 
and salinity (black diamonds), (b) dissolved Fe (black diamonds) and NO3

- (gray 
circles) concentrations, and (c) chl a concentrations (black diamonds).  Geographic 
locations are shown at the bottom. 
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Figure 7: Surface transect data for coastal transects (shown in red in Figure 1b) from 
August 2011, symbols are the same as for Figure 5: (a) temperature (gray circles) and 
salinity (black diamonds), (b) dissolved Fe (black diamonds) and NO3

- (gray circles) 
concentrations, and (c) chl a concentrations (black diamonds).  Geographic locations 
are shown at the bottom. 
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Figure 8: Surface transect data for offshore transects (shown in black in Figure 1b) 
from August 2011, symbols are the same as for Figure 5: (a) temperature (gray 
circles) and salinity (black diamonds), (b) dissolved Fe (black diamonds) and NO3

- 
(gray circles) concentrations, and (c) chl a concentrations (black diamonds).  
Geographic locations are shown at the bottom. 
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Figure 9: Profiles of (a) temperature, (b) salinity, (c) chl a, (d) NO3

-, and (e) dissolved 
Fe from two BBL stations at the same geographical location (38.639°N, 123.439°W) 
sampled six days apart.  Station 11 (gray circles) was sampled on May 13, 2010 
during a period of intense upwelling favorable winds, and Station 23 (black circles) 
was sampled on May 19, 2010 during a wind reversal and period of downwelling 
favorable winds. 
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Figure 10: Sigma theta (σΘ) versus spiciness (π) of several August 2011 coastal BBL 
stations (black circles) compared to an offshore California Current (CC) station (gray 
circles).  The different π values at similar σΘ provides evidence for the California 
Undercurrent (CU) in the BBL.  Data shown is only between 20 and 500m deep in 
order to focus on the proper depth range for the CU.  The BBL station numbers 
shown here are 6, 7, 22, 23, 25, 36, 37, 38, and 43. 
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Figure 11: Dissolved Fe versus leachable particulate Fe concentrations for BBL 
stations from May 2010 (black triangles) and August 2011 (white circles, Till et al., 
unpublished data).  Range of concentrations for organic Fe(III)-binding ligands are 
shown at right for May 2010 (solid black line) and August 2011 (dashed line) (Bundy 
et al., in prep).  At four stations from August 2011, the dissolved Fe concentrations 
were higher than the ligand concentrations: Stations 2 and 4 (shown in the black box) 
had very low O2 concentrations which would have stabilized Fe(II), and stations 41 
and 42 (shown in the black circle) had moderately low O2 concentrations in 
combination with a very wide shelf  which would have facilitated a larger Fe(II) flux 
out of the sediments. 
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Figure 12: Fe-limitation indicator parameters on surface transects (both coastal and 
offshore) from May 2010.  In (a), the coastal Fe:NO3

- ratios are shown with red 
circles, the offshore Fe:NO3

- ratios are shown with blue triangles, and the Fe:NO3
- 

threshold of 0.2 nmol µmol-1 for coastal diatoms is shown by the black line (values of 
Fe:NO3

- < 0.2 nmol µmol-1 indicate Liebig limitation of biomass accumulation by 
Fe).  Specific growth rates for Fe and NO3

- are shown in (b) µFe coastal (red circles), 
µNO3- coastal (green squares), µFe offshore (blue diamonds), and µNO3- offshore (white 
triangles).  The values for Δµ coastal (red circles) and Δµ offshore (blue triangles) are 
shown in (c) with Δµ=0 indicated by the solid black line.  Values of Δµ<0 indicate 
growth limitation by Fe. 
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Figure 13: Fe-limitation indicator parameters on surface transects (both coastal and 
offshore) from August 2011: (a) Fe:NO3

- ratios with the Fe:NO3
- threshold of 0.2 

nmol µmol-1 for coastal diatoms shown by the black line (values of Fe:NO3
- < 0.2 

nmol µmol-1 indicate Liebig limitation of biomass accumulation by Fe),  (b) specific 
growth rates for Fe and NO3

-, and (c) values for Δµ with Δµ=0 indicated by the solid 
black line (values of Δµ<0 indicate growth limitation by Fe).  Symbols are the same 
as for Figure 12. 
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Figure 14: Dissolved Fe versus NO3
- for an offshore moving upwelling plume near Pt. 

Arena (38.5-39.2°N) sampled during the May 2010 cruise.  The offshore samples 
(gray circles) were taken one week after the coastal samples (black triangles).  Iron is 
drawn down at a more rapid rate than NO3

- through a combination of biological 
assimilation and scavenging.
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CHAPTER 3: THE CENTRAL CALIFORNIA CURRENT TRANSITION 

ZONE: A BROAD REGION EXHIBITING EVIDENCE FOR IRON 

LIMITATION 

 
Dondra V. Biller and Kenneth W. Bruland 

Submitted to Progress in Oceanography 

Abstract 

 The transition zone (TZ) of the central California Current upwelling system 

(cCCS) is the boundary between the cold, saline, coastally upwelled water and the 

warm, less saline, oligotrophic waters of the offshore California Current (CC).  The 

TZ is a broad region that regularly exhibits chlorophyll concentrations of 1-2 µg L-1 

throughout the spring, summer, and fall seasons.  Surface transect and vertical profile 

data from three cruises (June 1999, May 2010, and August 2011) between 34-42°N 

show residual NO3
- concentrations (5-15 µM) and low Fe concentrations (most < 0.2 

nmol kg-1) in the TZ. Thus, we suggest that much of the TZ of the cCCS is an Fe-

limited, high nutrient, lower than expected chlorophyll (HNLC) region. The main 

source of Fe to the cCCS is from upwelling through the benthic boundary layer 

(BBL) over the continental shelf sediments.  Iron and NO3
- in coastally upwelled 

water are transported via offshore moving filaments into the TZ.  However, since 

some coastal upwelling regions with narrow continental shelves do not have much Fe 

to begin with, and since Fe is drawn down more rapidly relative to NO3
- due to 

biological assimilation and scavenging, these filaments transport low concentrations 
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of Fe relative to NO3
- into the TZ. Weak wind curl-induced upwelling and vertical 

mixing in the TZ also deliver Fe and NO3
- to the surface but at lower concentrations 

(and lower Fe:NO3
-) than from the strong coastal upwelling.  Mesoscale cyclonic 

eddies in the TZ are important to consider with respect to offshore surface nutrient 

delivery because there is a marked shoaling of isopycnals and the nutricline within 

these eddies allowing higher nutrient concentrations to be closer to the surface.  Since 

wind curl-induced upwelling and/or vertical mixing occurs seaward of the continental 

shelf, there is not enough Fe delivered to the surface to accompany the NO3
-.  By 

using Fe:NO3
- ratios and calculated specific growth rates for diatoms, we demonstrate 

that the TZ of the cCCS shows evidence for Fe limitation of diatom blooms.  The TZ 

also appears to progress further into Fe limitation as the upwelling season progresses 

from spring into late summer.  This study provides some of the first field data to 

suggest that Fe is a critical bottom up control on the ecosystem in the TZ of the 

cCCS.  

1. Introduction 

The California Current System (CCS), an eddy-rich eastern boundary current, 

is a highly productive marine ecosystem.  In the spring, a large-scale atmospheric 

shift in wind patterns leads to predominantly equatorward, along-shore winds with 

short, interspersed reversals. Ekman transport along the coast associated with 

alongshore winds moves surface waters in the CCS offshore leading to upwelling of 

subsurface water near the coast at rates upwards of 10-20 m day-1 (Checkley and 

Barth, 2009; Strub et al., 1987).  This cold, high salinity, nutrient rich water generally 
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leads to enhanced phytoplankton growth, though there are some coastal upwelling 

regions in the central CCS (cCCS) demonstrating evidence for Fe limitation of 

phytoplankton growth (Hutchins et al., 1998; Bruland et al., 2001; Firme et al., 2003; 

Biller et al., submitted). 

  The boundary between coastally upwelled water and warm, low-salinity, 

nutrient-depleted offshore water in the CCS is known as the Transition Zone (TZ). 

The TZ lies ~60-90 km offshore and its width can be a few hundred kilometers and 

varies seasonally with its widest time in summer and fall (Lynn and Simpson, 1987). 

The TZ is dominated by mesoscale eddies and meanders of the coastal upwelling jet 

which foster the interaction of coastally upwelled water with offshore water.   Figures 

1 a, b, and c present August 2010 (a typical eddy-rich summer month) images of 

satellite derived a) sea surface temperature (SST) and geostrophic currents, b) mean 

sea level anomaly (MSLA), and c) surface chlorophyll (chl a).  Figure 1a shows cold, 

coastally upwelled water (blue) along the central California coast between Cape 

Mendocino (40.5°N) and Point Reyes (38°N) with filaments of this water extending 

offshore into the TZ in association with eddies.  Often mesoscale eddies in the TZ 

occur in counter-rotating dipole pairs (Mied et al., 1991) with an anti-cyclonic eddy 

to the north of a cyclonic eddy leading to hammerhead shaped SST patterns.  A dipole 

eddy pair is shown in Figure 1b; an anti-cyclonic eddy, centered around 39°N, is 

shown in red (sea surface high), and a cyclonic eddy, centered around 37.5°N, is 

shown in purple (sea surface low).  Between these two eddies a filament of coastally 

upwelled water is observed moving offshore into the TZ (Figure 1a).  The sets of 
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dipole eddy pairs regularly occur in the TZ, and it is in the filaments between these 

eddies that a large portion of the offshore transport of coastally upwelled water 

occurs.  In addition, the filaments are preferentially found in regions of coastal 

topographic features (Oke et al., 2002; Barth et al., 2005) such as Pt. Arena (39°N).   

Figure 1a also shows an alongshore current forming the outer edge of the TZ 

(125-128°W) with the warm California Current (CC) on the offshore side and the 

cooler, eddy rich region on the inshore side within the TZ.  Figure 1c presents surface 

chl a concentrations in the cCCS. Highly elevated chl a concentrations (~25 µg L-1) 

occur along the coast (red) in nutrient rich regions over a broad continental shelf such 

as the Gulf of the Farallones and Monterey bay, and extremely low chlorophyll 

concentrations (0.01 to 0.1 µg L-1) occur in the offshore, nutrient-depleted CC (blue).  

Intermediate chl a concentrations of roughly 1 to 2 µg L-1 (green) occur in the TZ. 

In addition to coastal upwelling, there is also wind stress curl-driven 

upwelling where horizontal differences in wind stress cause differences in Ekman 

transport.  Wind stress amplitude is generally greater offshore than near the coast, 

causing an area of surface divergence as offshore water undergoes more horizontal 

displacement than coastal water.  Upwelling on the order of 0.1-0.2 m d-1 occurs 

through this curl-driven upwelling – an order of magnitude less than the coastal 

upwelling.  Since the geographic area over which this curl- driven upwelling occurs is 

suggested to be much larger (18-22x larger) than the region of coastal upwelling, it is 

estimated that a greater volume of water is upwelled via wind stress curl than by 

coastal upwelling (Rykazewski and Checkley, 2008). Differences between these two 
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types of upwelling have large consequences for nutrient input to the photic zone and 

for phytoplankton growth.  Coastal upwelling can deliver high concentrations of 

macronutrients and Fe to the surface and allow larger phytoplankton to grow such as 

in the Gulf of the Farallones and Monterey Bay.  Much weaker curl-driven upwelling 

offshore delivers lower concentrations of nutrients and Fe leading to the growth of 

smaller phytoplankton (Rykazewski and Checkley, 2008). 

Another source of nutrients to the surface waters of the TZ can be from the 

upwelling and shoaling of isopycnals within strong cyclonic eddies. Shoaling of the 

nutricline together with wind-induced vertical mixing and/or wind curl-driven 

upwelling can enhance nutrient input within cyclonic eddies relative to what would 

occur in an area without eddies or within an anti-cyclonic eddy.  

 The main source of Fe in the cCCS is from continental shelf sediments 

(Johnson et al., 1999, 2001; Biller et al., submitted).  Iron rich particles are delivered 

to the ocean via runoff during winter storms and deposited on continental shelf mud 

belts at depths between 50 and 100m (Wheatcroft et al., 1997; Xu et al., 2002).  

Upwelling through the benthic boundary layer (BBL) directly above shelf sediments 

delivers Fe to the euphotic zone where it can be assimilated by phytoplankton to fuel 

extensive diatom blooms. A significant source of Fe to the BBL that can be upwelled 

is the dissolved Fe(II) flux out of the sediments, which is a result of the high rate of 

organic matter oxidation resulting in reducing conditions just below the sediment-

water interface (Elrod et al., 2004). Dissolved Fe(II) concentrations of ~200 µM have 

been observed in pore waters of these organic-rich, reducing, mudbelt, shelf 
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sediments (Severmann et al., 2010; Homoky et al., 2012).  Iron-binding organic 

ligands play an important role within the BBL in allowing elevated concentrations of 

dissolved Fe to occur (Bundy et al., in prep).  Strong Fe(III)-binding organic ligands 

can both solubilize leachable particulate Fe and serve to keep the Fe(III) from 

exceeding its solubility and precipitating as dissolved Fe(II) is oxidized (Buck et al., 

2007; Lohan and Bruland 2008).  There is low atmospheric Fe input in the cCCS due 

to the alongshore winds during the upwelling season (Fung et al., 2000; Mahowald et 

al., 2005), and, as a result, aerosol derived Fe accounts for less than 2% of new 

production in the cCCS (Mackey et al., 2010).  Thus, continental shelf derived 

external sources of Fe are very important in the cCCS ecosystem.  

The width of the continental shelf along the central California coast impacts 

the amount of Fe that can be delivered to the surface.  Regions with a wider shelf, 

such as the Gulf of the Farallones (60-70 km), have higher delivery of Fe to the 

surface than regions with a narrow shelf (Bruland et al., 2001; Chase et al. 2005a).  

The delivery of this coastally upwelled Fe to the TZ has wide spread implications for 

the amount of phytoplankton growth that can occur.  A seasonal reduction in coastal 

surface Fe concentrations occurs throughout the spring and summer upwelling season 

through a combination of reduced upwelling strength later in the season and 

biological assimilation during the spring and summer (Elrod et al., 2004; Chase et al., 

2005b; Biller et al., submitted). Upwelling of nutrients offshore as a result of curl-

driven upwelling or association with cyclonic eddies supplies macronutrients, but 

very low Fe. These waters will tend towards Fe limitation.  Several studies south of 
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Pt. Conception in the southern CCS (south of 34°N) have demonstrated evidence for 

Fe-limiting conditions, especially in the TZ of the cCCS (King and Barbeau, 2007; 

King and Barbeau, 2011).  Chavez et al. (1991) observed a decline in the diatom 

blooms within the TZ of the cCCS over the course of their summer study, even 

though macronutrient concentrations remained elevated.  This “demise of the 

diatoms” was hypothesized to occur due to the progression of the TZ waters into Fe 

limitation (Chavez et al., 1991); however, no field Fe data was available at the time to 

support this hypothesis. Carr and Kearns (2003) in a comparison of eastern boundary 

current systems reported that the cCCS had a low chlorophyll biomass relative to its 

macronutrient concentrations and suggested that it was perhaps related to the low 

availability of iron in this region. 

Here we demonstrate that the TZ of the cCCS between 34-40°N often exhibits 

elevated NO3
- along with very low dissolved Fe, providing evidence for Fe-limitation.  

The low Fe concentrations result in surface chl a concentrations of only 1 to 2 µg L-1.  

We argue that Fe plays a critical role as a bottom up control on the ecosystem in the 

TZ of the cCCS and can be an important factor that, until now, has not been fully 

constrained in explaining the phytoplankton growth and biomass in this region.   

2. Methods 

2.1 Sample collection and study site  

Samples for this study were collected on three cruises aboard the R/V Pt. Sur 

in the cCCS between 34-42°N (June 21-July 10, 1999, May 7 – 25, 2010, and August 

16 – September 1, 2011). Surface hydrographic data (temperature, salinity, and 
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fluorescence) were obtained using the ship’s flow-through seawater underway data 

acquisition system (UDAS).  Surface transect samples were obtained using a trace-

metal clean “GeoFish” sampling system (Bruland et al., 2005). Nutrient samples on 

the surface transects were collected every 1.5 minutes from the end of the GeoFish 

system tubing and were analyzed for NO3
-+NO2

-, PO4
3-, and H4SiO4 using a Lachat 

QuickChem 800 Flow Injection Analysis System and standard UV-Vis 

spectrophotometric methods (Parsons et al., 1984).  Vertical profile hydrographic data 

was obtained using the ship’s Seabird conductivity, temperature, depth (CTD) sensor, 

fluorometer, and Niskin bottles.  Trace metal samples were collected at the vertical 

profile stations using 8L Teflon coated GO-Flo bottles (General Oceanics) deployed 

on a Kevlar hydroline (Bruland et al., 1979).  On the cruises, both the underway flow-

through fluorometer and CTD fluorometer were calibrated to several in situ 

chlorophyll a (chl a) measurements using the non-acidic method of Welschmeyer 

(1994).  The chl a concentrations presented herein are the fluorescence derived 

measurements based on the calibration for the appropriate sensor (either CTD or 

underway system).  

2.2 Trace metal sample collection and analysis 

 Sample bottles used for trace metal sampling were either 60 mL or 100 mL 

low density polyethylene (LDPE) that had been cleaned by soaking for one month in 

6 N reagent grade hydrochloric acid (HCl) followed by an overnight heated bath of 7 

N trace metal grade nitric acid (HNO3).  All sample bottles were then rinsed well with 

water purified (>18MΩ cm-1) using a Milli-Q (MQ) system (Millipore) and stored in 
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a pH = 2 HCl (TMG) solution prior to being rinsed and filled with sample.  Sample 

bottles for trace metals were rinsed four times with sample prior to filling.  Trace 

metal surface transect samples and vertical profile samples from June 1999 were 

filtered with 0.4 µm pore size polycarbonate track-etched (PCTE) Nuclepore® 

membrane filters or 0.45 µm pore size Osmonics® Teflon filters in a polypropylene 

capsule.  Samples from May 2010 and August 2011 were filtered using a 0.2 µm pore 

size capsule filter (Acropack® 200). In the US GEOTRACES Intercalibration 

program, the filtrates of these various filtration systems were all shown to provide 

similar dissolved Fe values.  All shipboard analysis of Fe (see different methods 

below) was performed inside of a portable analytical clean lab in a HEPA (class-100) 

workbench.  

 Dissolved Fe was measured on the June 1999 samples via two different 

methods.  Adsorptive cathodic stripping voltammetry (ACSV) was used at sea on 

ultra violet (UV)-irradiated samples to measure dissolved Fe (Rue and Bruland, 

1997).  Dissolved Fe was also measured post-cruise by PDC/DDC (dithiocarbamate) 

organic solvent extractions on samples that had been acidified with 4 mL of 6N 

quartz distilled sub-boiled HCl (Q-HCl) per liter of seawater (pH of 1.7-1.8) followed 

by graphite furnace atomic absorption spectrometry (GFAAS) (Bruland et al., 1979).  

The data from these two methods corresponds well (Bruland et al., 2001). 

For the May 2010 and August 2011 cruises, dissolved Fe was also measured 

by two different methods.  Onboard the ship, dissolved Fe analysis was performed 

using a flow injection method based on the method of Lohan et al. (2006) which 
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involves a pre-concentration step using a chelating resin followed by the catalytic 

enhanced spectrophotometric detection of N,N-dimethyl-p-phenylenediamine 

dihydrochloride (DPD).  The chelating resin Toyopearl Chelate-650M® was used 

instead of the NTA-Superflow® resin (Lohan et al., 2006) due to its low blank and 

resistance to degradation over time along with its high (>93%) recovery of dissolved 

Fe(III) at a pH of 2.  Samples from the May 2010 cruise had been acidified with 4mL 

of 6N Q-HCL per liter (pH~1.8) and were allowed to sit for at least 30 minutes before 

being run on board. Samples collected and run onboard during the August 2011 cruise 

were acidified with 2 mL of 6N Q-HCl per liter (pH 2) and allowed to sit for at least 

two hours before analysis (Lohan et al., 2006). The relative standard deviation 

(%RSD) of this method was typically less than 5%, the procedural blank measured 

while at sea was 0.048 ± 0.009 nmol kg-1 (n=18), and the detection limit for the 

method (three times the standard deviation of the blank) was calculated to be 0.026 

nmol kg-1.  Reference samples from the Sampling and Analysis of Fe (SAFe) program 

(S and D2) were run to provide a quality control check on the data. Our onboard 

SAFe results for Fe during the May 2010 cruise were S = 0.095 ± 0.006, D2 = 0.93 ± 

0.07 (n = 11) and for the August 2011 cruise were S = 0.094 ± 0.008 nmol kg-1, D2 = 

0.94 ± 0.06 nmol kg-1 (n = 18).  These values are in the range of the current consensus 

values as of November 2011 of S = 0.090 ± 0.007 nmol kg-1 and D2 = 0.90 ± 0.02 

nmol kg-1 (http://www.geotraces.org/science/intercalibration/322-standards-and-

reference-materials).   
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Post-cruise, additional analysis on samples was performed for a suite of trace 

metals using the method of Biller and Bruland (2012).  Samples analyzed via this 

method had been acidified onboard the ship with 4 mL of 6 N Q-HCl per liter of 

seawater (pH~1.8).  This method involved the extraction of the trace metals of 

interest (Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb) from a UV-oxidized and buffered 

sample (pH 6.2) onto the chelating resin Nobias-chelate PA1 followed by elution of 

the trace metals with 1N Q-HNO3 and analysis on a magnetic sector inductively 

coupled plasma mass spectrometer (ICP-MS, Thermo ElementXR, Institute of Marine 

Science at UCSC).  The Fe blank of this multi-element system was 0.030 nmol kg-1, 

and the detection limit was 0.014 nmol kg-1.  The SAFe reference samples were also 

determined as a quality control check on the data (S = 0.092 ± 0.005 nmol kg-1 and 

D2 = 0.91 ± 0.05 nmol kg-1 (n=12)). These values agree well with current consensus 

values. Samples collected for onboard flow injection Fe analysis were collected at a 

higher resolution than those collected for post-cruise multi-element analysis.  Where 

there was overlapping data from the two methods, % RSD was typically less than 5-

10% and thus the two concentrations were averaged.   

2.3 Satellite Remote Sensing Data 

 Satellite data for ocean color (1 km resolution) was obtained from the MODIS 

satellite from the Ocean Color Group run by NASA (http://oceancolor.gsfc.nasa.gov).  

Mean sea level anomaly (MSLA) altimeter and geostrophic flow products (1/3° 

resolution) were produced by Ssalto/Duacs and distributed by AVISO, with support 

from Cnes (http://www.aviso.oceanobs.com/duacs/).  Due to the coastal proximity of 
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a portion of the study region it is important to acknowledge that MSLA satellite data 

is not typically as reliable within 50 km of the coast as it is further offshore.  Sea 

surface temperature (SST) data (0.0125° resolution) for 2010 and 2011 was from the 

NOAA POES AVHRR satellite obtained through the CoastWatch program’s west 

coast regional node (coastwatch.pfeg.noaa.gov).  For the 1999 SST, AVHRR Oceans 

Pathfinder data were obtained from the Physical Oceanography Distributed Active 

Archive Center (PO.DAAC) at the NASA Jet Propulsion Laboratory, Pasadena, CA 

(http://podaac.jpl.nasa.gov).  Interactive Data Language (IDL) version 8.2 (Exelis 

Visual Information Solutions, Boulder, Colorado) was used for processing and 

imaging of all satellite data.   

3. Results 

3.1 Fe and NO3
- in the Transition Zone 

There is more rapid loss of Fe relative to NO3
- through both assimilation and 

scavenging as coastally upwelled water is transported offshore (Bruland et al., 2001, 

2005; Biller et al., submitted).  Figure 2 (a-c) shows the locations of the TZ transects 

sampled for this study: June 1999 Transects 1-4 are shown in Figure 2 (a), May 2010 

Transects 5 and 6 are shown in Figure 2 (b), and August 2011 Transects 7 and 8 are 

shown in Figure 2 (c).  Figure 3 shows the surface temperature, salinity, NO3
- and 

dissolved Fe concentrations versus longitude for Transects 1 and 2.  Transect 1 from 

June 1999 went from near Pt. Arena (38.2°N, 123.4°W) out into the TZ (38.6°N, 

124.7°W).  Near the coast, at the easternmost portion of Transect 1 (123.4-123.6°W), 

freshly upwelled water is indicated by temperatures between 9-10°C and salinities 



108 

between 33.7-34.0.  Nitrate concentrations in this coastally upwelled water were 

between 15-32 µmol L-1, and dissolved Fe concentrations were 0.4-2.0 nmol kg-1.  

Offshore (>123.6°W) along this transect, the temperature increased to 12.0-12.8°C 

and salinity decreased to 33.5-33.6 as the upwelled water was transported and mixed 

with offshore waters away from the coast.  The NO3
- in this offshore region remained 

elevated at concentrations between 10-13.2 µmol L-1 as Fe concentrations decreased 

rapidly to <0.1 nmol kg-1.   

Transect 2 from June 1999 was offshore in the TZ of the cCCS between the 

Gulf of the Farallones and Pt. Arena (37.3°N, 123.3 - 38.6°N, 124.8°W).  There is 

high variability and evidence for the mixing of coastally upwelled waters (high 

salinity, low temperature) with offshore waters (low salinity, high temperature) along 

Transect 2.  The eastern part of Transect 2 between 123.25-123.5°W (also the most 

southern part of the transect) sampled aged upwelled waters with salinities of 33.4-

33.5 and temperatures between 12.2-12.7 °C.  The NO3
- concentrations in this region 

were elevated at 8.9-11.4 µmol L-1, and the dissolved Fe concentrations were all 

extremely low (<0.1 nmol kg-1).  The middle portion of this Transect 2 (123.5-

124.5°W) sampled colder, more freshly upwelled waters that had been advected into 

the offshore region (also visible in the SST image in Figure 1a).  The temperature 

dropped to 10.3-12°C, salinity increased to 33.7-33.8, NO3
- increased to 11.0-22.6 

µmol L-1, but the dissolved Fe concentrations remained very low at <0.1 nmol kg-1.  

The westernmost segment of Transect 2 (124.5-124.8°W) had a decrease in both 

salinity and NO3
- to 32.8-33.5 and 15.5-3.3 µmol L-1, respectively, indicating 
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additional mixing with offshore waters further to the west.  Again, the Fe remained 

very low in this region (<0.1 nmol kg-1).  Variability in temperature, salinity, and 

NO3
- along Transect 2 indicates substantial patchiness in this area likely reflecting 

submesoscale features that naturally occur at edges or variability in wind stress 

forcing.  

Figure 4 shows surface temperature, salinity, NO3
- and dissolved Fe 

concentrations versus longitude for Transects 3 and 4 from June 1999. Transect 3 

went south along the Big Sur coast from 36.2°N, 121.7°W to 35.9°N, 121.8°W and 

then headed northwest into the TZ ending at 36.1°N, 122.6°W.  In the segment along 

the Big Sur coast (121.6-121.8°W), there was upwelled water with temperatures 

between 10.6-12.3°C and salinities between 33.8-33.9.  The NO3
- along the coast was 

22.2-22.4 µmol L-1, also indicating freshly upwelled waters.  The Fe concentrations 

here were elevated at 2.5-3.7 nmol kg-1 since this segment of Transect 3 was close to 

shore and was during a time of upwelling favorable conditions.  As Transect 3 turned 

offshore into the TZ, the temperature warmed to 12.3-12.9°C, salinity decreased to 

33.8-33.5, and NO3
- decreased to 7.9-14.4 µmol L-1.  The dissolved Fe 

concentrations, however, decreased rapidly in the TZ to 0.08-0.2 nmol kg-1.  

Transect 4 from June 1999 started in the Southern California Bight just 

southeast of Pt. Conception (34.2°N, 120.2°W) and ended northwest in the TZ at 

34.4°N, 121.3°W).  Temperatures in the Southern California Bight were warm (16.0-

17.0°C) and salinities were between 33.5-33.6.  In this area (120.2-120.6°W), NO3
- 

concentrations had been drawn down to 0-1.8 µmol L-1, and Fe concentrations 
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remained elevated at 0.3-1.0 nmol kg-1.  This region of the Southern California Bight, 

with its wide continental shelf and proximity to the Channel Islands, showed evidence 

of NO3
- limitation, not Fe-limitation.  Northwest of Pt. Conception in the TZ on 

Transect 4 (120.8-121.3°W), water was colder (12.9-14.6°C) and with higher salinity 

(33.6-33.7) indicating the offshore presence of coastally upwelled water.  Nitrate 

concentrations in the offshore region increased to 4.2-10.5 µmol L-1, and Fe 

concentrations decreased rapidly to 0.05-0.3 nmol kg-1. 

Figure 5 shows temperature, salinity, NO3
-, and dissolved Fe versus longitude 

along Transects 5 and 6 from May 2010.  Transect 5 originated near shore by Pt. 

Reyes (38.3°N, 128.1°W) traveling northwest into the TZ to 38.7°N, 124.2°W.  Cold 

(8.6-9.0°C), high salinity (33.9-34.0), high NO3
- (26.8-30.1 µmol L-1), and elevated 

Fe (2.3-3.0 nmol kg-1) waters at the southeastern most portion of this transect (123.1-

123.4°W) are indicative of recent coastally upwelled waters.  As Transect 5 

progressed into the TZ (123.4-124.0°W), temperature increased from 9.0 to 10.2°C, 

salinity decreased from 33.9-33.3, NO3
- decreased from 28.6 to 11.9 µmol L-1, and 

dissolved Fe decreased from 2.5 to 0.5 nmol kg-1. 

Transect 6 from May 2010 started west of Pt. Conception at 34.4°N, 121.0°W 

and progressed northwest into the TZ to 34.6°N, 121.6°W.  At the southeastern part 

of Transect 6 (121.0-121.3°W), there was cool (10.7-11.5°C) and relatively saline 

(33.5-33.8) water with NO3
- concentrations between 11.3-20.8 µmol L-1 and Fe 

concentrations ~0.6 nmol kg-1.  Further offshore within the TZ, temperatures 

increased from 10.7 to 13.1°C, salinities decreased from 33.7 to 33.1, NO3
- decreased 
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from 20.8 to 2.0 µmol L-1, and Fe concentrations decreased from 0.6 to 0.20 nmol kg-

1. 

Figure 6 shows temperature, salinity, NO3
-, and dissolved Fe versus longitude 

for Transects 7 and 8 from August 2011.  Transect 7 started near the coast close to Pt. 

Arena (38.4°N, 123.4°W) and went southwest into the TZ ending at 37.6°N, 

124.9°W.  Cool (10.8-11.0°C), saline (33.8), high NO3
- (13.7-29.2 µmol L-1), and 

high dissolved Fe (1.1-4.1 nmol kg-1) water was found in a freshly upwelled plume of 

the water near the coast (123.4-123.7°W).  The offshore region of this transect 

(123.7-124.9°W) was in an upwelling filament (evident in the SST from Figure 3a) 

that was being transported away from the coast and into the TZ.  The temperatures 

along this transect in this filament increased from 12.3 to 15.4°C, and the salinity 

decreased but varied from 33.4 to 33.8.  The NO3
- concentrations in the TZ remained 

elevated between 3.3 and 12.1 µmol L-1 indicating that NO3
- was being transported 

offshore in this upwelling filament.  Conversely, dissolved Fe concentrations 

decreased markedly away from the coast (off the continental shelf) to 0.07-0.2 nmol 

kg-1.   

Transect 8 from August 2011 started near Monterey Bay (36.8°N, 121.8°W) 

and headed east into the TZ ending at 36.7°N, 123.8°W.  Samples for NO3
- were 

taken every hour along this transect instead of every 1.5 minutes on the other 

transects.  Near the coast, the temperature and salinity were indicative of coastally 

upwelled water that had aged and warmed (14.0-14.5°C and 33.4-33.7, respectively).  

Further west along this transect, the temperature increased to 15.0-15.4 and salinity 
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decreased to 33.2-33.4.  Nitrate concentrations along Transect 8 remained remarkably 

constant ranging from 3.0-6.0 µmol L-1, and Fe concentrations decreased from 0.3 

nmol kg-1 near the coast to 0.08-0.12 nmol kg-1 offshore. 

3.2 Mesoscale eddies in the transition zone 

 Several mesoscale eddies were sampled in May 2010 and August 2011 to 

investigate the impact that eddy dynamics and mesoscale activity would have on Fe 

and NO3
- distributions in the TZ.  Figure 7 shows MSLA for the week of May 12-19, 

2010 with the station locations indicated.  High wind conditions prevented the ship 

from sampling as far offshore into the TZ as would have been desired.  Stations 14 

and 15 in May 2010 were within or at the edge of an anti-cyclonic (downwelling) 

eddy, and stations 16, 25, and 31 were adjacent to two cyclonic (upwelling) eddies 

closer to shore.  Figure 8 shows the cross sections of temperature, salinity, sigma 

theta, chl a, and NO3
- for this set of eddies.  The northern anti-cyclone (Station 14) 

had deeper isopycnals and nutricline as well as very little chl a in the photic zone. 

The 26.0 and 26.5 isopycnals (density range of water upwelled at the coast) were 136 

and 223 m deep, respectively, in this anti-cyclone.  In the southern cyclonic eddy 

(Station 16), isopycnals and the nutricline shoaled by more than 100m with the 26.0 

and 26.5 isopycnals at 34 and 105 m, respectively.  A large increase in chl a was 

observed with more NO3
- than at the surface in the anti-cyclone.  Figure 9 shows the 

May 2010 vertical profiles for NO3
-, dissolved Fe, and the Fe:NO3

- ratio at stations 14, 

15, 16, and 31 (no trace metals were sampled at station 25).  The NO3
- and dissolved 

Fe profiles show a difference between the cyclonic eddies (stations 16 and 31) and the 
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anti-cyclonic eddies (stations 14 and 15).  The cyclonic eddies showed a shoaling of 

the nitricline and ferrocline by approximately 50-75m.  Station 16 had the highest 

surface NO3
- (13.7 µmol L-1) and dissolved Fe surface (0.6 nmol kg-1), station 14 had 

the lowest surface NO3
- (0.01 µmol L-1), and station 15 had the lowest surface 

dissolved Fe (0.36 nmol kg-1).  The Fe:NO3
- ratio at these stations is extremely low 

(0.02 to 0.05 nmol µmol-1). 

 Sampling of the mesoscale eddies was able to take place further offshore in 

the August 2011 cruise – two sets of dipole eddy pairs were sampled in the TZ.  

Figure 10 shows the MSLA for August 17 - 24 as well as the station locations.  In the 

northern part of the August 2011 section, stations 14 and 15 were in an anti-cyclonic 

eddy (the northern eddy of the dipole pair).  Stations 16 and 17 sampled the region 

between the dipole eddies, and stations 18 and 19 were in a cyclonic eddy.  In the 

southern part of the section, stations 26 and 27 were in an anticyclonic eddy (the 

northern eddy in this dipole pair), station 28 occured between the anti-cyclone and 

cyclone, and stations 29 and 30 were in a cyclonic eddy.  Figure 11 shows cross 

sections of temperature, salinity, sigma theta, chl a, and NO3
- for these four eddies 

(two dipole pairs).  Both anti-cyclonic eddies had deeper isopycnals and nutriclines 

by 75 to 100 m compared to the cyclonic eddies.  The cyclonic eddies were long lived 

enough to have warmed significantly at the surface (>16°C), so temperature can be 

misleading when investigating these eddies because both the cyclonic and anti-

cyclonic eddies had similar surface temperatures (see SST in Figure 2c from August 

2011).  It was in the upper 200 m that these eddies differed the most in salinity, sigma 
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theta, NO3
-, and chl a.  Figure 12 presents temperature-salinity (TS) diagrams of the 

four eddy cores from August 2011; there is a marked difference in salinity in the 

surface waters (shallower than 200 m) of the two eddy types. It appears that cyclonic 

eddies with their elevated salinity have a coastal origin, while the anti-cyclonic eddies 

originate in the offshore California Current (CC).  Figure 13 presents NO3
- versus 

temperature for the four eddy cores from August 2011.  The cyclonic eddies have a 

higher NO3
- concentration for a given temperature in the upper 200m of the water 

column than the anti-cyclonic eddies.   

There was a subsurface chl a maximum in the region of large advection 

between both sets of anti-cyclonic and cyclonic eddies (Figure 11).  Figure 14 shows 

the vertical profiles for NO3
-, dissolved Fe and the Fe:NO3

- ratio for the cores of the 

four eddies sampled in August 2011 (vertical profiles for dissolved Fe were only 

sampled at stations 14, 19, 26, and 30).  A shoaling of the nitricline and ferrocline of 

75 to 100m is visable in the cyclonic eddies (stations 19 and 30) while they are deeper 

in the anticyclonic eddies (stations 14 and 26).  Station 19 had the highest surface 

NO3
- concentration (6.6 µmol L-1), and stations 14 and 26 had surface NO3

- 

concentrations that were below the level of detection (<0.01 µmol L-1).  Station 30 

had the highest dissolved Fe at the surface (0.12 nmol kg-1), while all of the other 

eddy core stations had surface dissolved Fe <0.09 nmol kg-1.  The Fe:NO3
- ratio in 

these four eddies was extremely low (<0.04 nmol µmol-1) throughout the sampled 

portion of the water column (upper 500m).   
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4. Discussion 

4.1 Overview 

 The TZ of the cCCS is a region that consistently exhibits elevated levels of 

NO3
- (5-10 µmol L-1) yet low chl a concentrations of 1 to 2 µg L-1.  Since the TZ 

region is well offshore of the continental shelf in the cCCS, there is very low Fe 

input.  The main sources of Fe to the surface waters in the TZ are either through 

advection of coastally upwelled water offshore through upwelling filaments, curl 

induced upwelling, and/or vertical mixing offshore. In the following sections we 

discuss the Fe distributions and sources in the TZ and the strong evidence that this 

region shows for Fe-limiting conditions of phytoplankton growth and biomass 

accumulation.  

4.2 Fe limitation indicators 

 Lack of Fe can limit both diatom growth rate as well as biomass 

accumulation. Growth rate limitation can be approximated via calculations based on 

well-established equations (Monod, 1942).  Equation (1) determines the specific 

growth rate based on nutrient concentration and half saturation constants.   

Equation (1): µ = µmax[S]/([S] + Kµ)        

where µ is the specific growth rate, µmax is the maximum growth rate (µmax), [S] is the 

nutrient concentration, and Kµ is the half-saturation constant for the nutrient (where 

µ=0.5µmax).  The values of µ, µmax, and Kµ (for both Fe and N) for diatoms have been 

previously reported (Sarthou et al., 2005 and the references therein).  For the 

approximate calculations of diatom growth rate in this study the following average 
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values reported by Sarthou et al. (2005) were used: µmax = 1.5 d-1, Kµ for Fe = 0.35 

nmol L-1, Kµ for N = 1.6 µ mol L-1.  When the growth rate calculated based on the Fe 

concentrations (µFe) is less than the growth rate calculated based on the NO3
- 

concentrations (µNO3-), Fe can be considered to be the growth rate-limiting nutrient.  

Equation 2 calculates the parameter Δµ as the difference between µFe and µNO3-: 

Equation 2: Δµ = µFe - µNO3-  

A negative Δµ suggests that Fe concentrations would limit diatom growth, and a 

positive Δµ suggests that NO3
-, not Fe, limits diatom growth. 

Biomass limitation by Fe (Liebig limitation) can be approximated using the 

ratio of Fe to NO3
- in seawater.  If we were to assume that coastal diatoms can grow 

at near optimal rates with a Fe:C ratio of 30 µmol mol-1 (Sunda and Huntsman, 1995; 

Bruland et al., 2001), then using the Redfield Ratio for C:N (Redfield, 1958), we can 

calculate a corresponding required Fe:NO3
- ratio of 0.2 nmol µmol-1.  If the Fe:NO3

- 

is less than 0.2 nmol µmol-1, then coastal diatoms do not have enough Fe to draw the 

NO3
- completely down, and Fe would be considered the Liebig limiting nutrient.  For 

oceanic diatoms with a lower Fe requirement, a more appropriate Fe:C ratio is 10 

µmol mol-1 (Sunda and Huntsman, 1995), which corresponds to an Fe:NO3
- ratio of 

0.07 nmol µmol-1.   

The use of Fe:NO3
- ratios as evidence for Fe-limiting conditions has been 

implemented in previous studies in the CCS.  Elrod et al. (2008), in their long term 

study of Fe concentrations in the Monterey Bay area, used an Fe:C ratio of 50 µmol 

mol-1 and an Fe:NO3
- ratio of 0.25 nmol µmol-1 to determine regions showing 
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evidence for Fe limitation.  Using the Fe:NO3
- ratio, they determined in the broad 

continental shelf region of Monterey Bay that Fe-limiting conditions are normally not 

encountered (except for one summer at their most offshore station).  Since our study 

has a wider spatial scale than just the Fe-rich Monterey Bay region, it is more 

appropriate to use an Fe:C ratio of 30 µmol mol-1 rather than the 50 µmol mol-1 used 

by Elrod et al. (2008). In a study of the southern CCS (sCCS), King and Barbeau 

(2011) used the NO3
-:Fe ratio as an indicator of Fe-limitation.  They argued that if the 

NO3
-:Fe ratio was greater than 5 µmol nmol-1, then the water showed evidence for Fe-

limitation.  Since this ratio is the inverse of the one used in this study, their NO3
-:Fe 

threshold of 5 µmol nmol-1 is equal to our Fe:NO3
- of 0.2 nmol µmol-1.   Using the 

NO3
-:Fe, they found that stations in the TZ of the sCCS exhibited evidence for Fe 

limitation. 

By utilizing both the Fe:NO3
- as well as the growth rate estimation 

calculations (Δµ) described above, we can gain insight into where the TZ of the cCCS 

exhibits evidence for Fe limitation.  In the following discussion, we investigate Fe 

and NO3
- concentrations in the TZ in relation to these Fe-limitation indictors, 

chlorophyll concentrations, and the physical environment to suggest that the TZ 

exhibits strong evidence for Fe-limiting conditions.  

4.3 Fe transport offshore 

One mechanism by which Fe is brought into the surface waters of the TZ is by 

the advection of coastally upwelled surface water offshore, with high NO3
- and 

elevated Fe, through plumes and filaments.  There is a rapid loss of Fe off of the 
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continental shelf as a result of both biological assimilation and scavenging in the 

water column.  This preferential drawdown of Fe relative to NO3
- leads these 

filaments of coastally upwelled water in the TZ to exhibit classic signs of Fe 

limitation: residual NO3
-, very low Fe, and relatively low chl a.  In the sCCS, King et 

al., (2012) also showed that Fe was drawn down more quickly relative to NO3
- as a 

parcel of upwelled water aged and moved offshore. The transect data in Figures 3-6 

exhibit both this rapid draw down of Fe away from the coast as well as the persistence 

of elevated NO3
- concentrations in the TZ.  The timescales of the data presented here 

(May 2010, June 1999, and August 2011) demonstrate that this phenomenon of Fe-

limiting conditions persists throughout the spring and summer upwelling season and 

is a consistent feature since the data spans twelve years in length.  Satellite ocean 

color data during the spring, summer, and fall also shows a broad region in the TZ 

where there are chl a concentrations of 1 to 2 µg L-1. These chl a concentrations are 

high relative to the oligotrophic offshore CC, but low in comparison to the bloom 

conditions that occur near shore over a broad shelf. It is common to see elevated 

concentrations of NO3
- with very low concentrations of dissolved Fe (< 0.1 nmol kg-1) 

in the TZ with chlorophyll concentrations close to 1 ug L-1, which we argue is a result 

of Fe-limiting conditions.  

 The transport of coastally upwelled water offshore in cross-shore filaments 

near prominent headlands such as Pt. Arena has been documented previously (Kosro 

et al., 1991).  The consistency of the transport of low Fe offshore in these upwelling 

filaments can be seen by comparing Transect 7 from August 2011 with Transect 1 
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from June 1999 (Figures 3 a,b and 6 a,b).  Both transects started near shore close to 

Pt. Arena and went out into the TZ following an offshore-moving upwelling filament.  

On the continental shelf near shore (123.4-123.7°W), both transects showed elevated 

Fe concentrations (0.5-4.0 nmol kg-1), high NO3
-  (10-30 µmol L-1) as well as lower 

temperatures (9-11°C) and higher salinities (33.8-34.0) indicative of upwelled waters.  

Once off the continental shelf (123.7-125.0°W) in the upwelling filament, the Fe 

concentrations dropped dramatically in both transects to less than 0.2 nmol kg-1 while 

the NO3
- concentrations remained elevated at ~10 µmol L-1 for June 1999 and between 

5-10 µmol L-1 for August 2011.  The consistency of these two transects in roughly the 

same location but twelve years apart suggests that low Fe waters with residual NO3
- 

are regularly transported offshore via these upwelling filaments during the summer 

season. 

Figure 15 shows (a) µFe and µNO3-, (b) Δµ, and (c) the Fe:NO3
- ratio for 

Transect 7 of August 2011. The values for µNO3- in Figure 15 (a) range from 1.0 to 1.4 

d-1 and show that NO3
- concentrations along this transect would allow the diatom 

population to grow at near their theoretical optimal rate of 1.5 d-1.  The µFe in Figure 

15 (a) of the near-shore region eastward of -123.6°W (1.2-1.4 d-1) also shows that 

coastal Fe concentrations would allow near optimal diatom growth rates.  However, 

values of µFe in the TZ (westward of the continental shelf) drop to between 0.3-0.5 d-1 

once Fe concentrations decrease to < 0.2 nmol kg-1.  Iron concentrations are not 

completely shutting down diatom growth, but instead are severely limiting it.   
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Iron limitation of diatom growth rate in the TZ is shown in Figure 15 (b) by 

the negative values of Δµ.  The Fe:NO3
- along this transect shown in Figure 15 (c) 

provides further evidence for Liebig limitation by low Fe concentrations.  All of the 

Fe:NO3
- ratio values are below the 0.2 nmol µmol-1 threshold for coastal diatoms 

(indicated by the solid black line), and most of the offshore Fe:NO3
- ratios are less 

than the 0.07 nmol µmol-1 threshold for oceanic diatoms (indicated by the dashed 

black line).  We suggest that Fe limits both diatom growth rate and biomass 

accumulation along this transect in the TZ in August 2011.  Though Fe:NO3
- ratios 

and specific growth rates are not shown here for the remaining transects in this study, 

based on similar Fe and NO3
- concentrations, we suggest that there is also evidence 

for Fe limitation along those transects in the TZ. 

4.4 Mesoscale features and Fe 

 Another mechanism by which Fe can be delivered to the surface in the TZ is 

through the mesoscale activity and wind curl induced upwelling offshore.  Mesoscale 

eddies horizontally mix coastally upwelled water with offshore, oligotrophic water.  

Kurian et al. (2011) determined eddies in the CCS travel westward at speeds up to 2 

km d-1.  The rotation speed for eddies originating at the coast was much higher than 

the propagation speed thus providing an efficient means of transport for nutrients 

offshore (Kurian et al., 2011). In addition, it is evident from Figures 8 and 11 that 

these mesoscale eddies have vertical structure which could be conducive to surface 

nutrient delivery out in the TZ (separate from the coastally upwelled water 

transported offshore).  The shoaling of isopycnals and the nutricline in cyclonic 
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eddies allows for higher concentrations of NO3
- to be close to the surface.  Elevated 

NO3
- concentrations can be more easily brought to the surface via wind curl induced 

upwelling or vertical mixing during a strong wind event.  The deeper nutricline in the 

anti-cyclonic eddies hinders the ability of either curl induced upwelling or wind 

mixing to bring up elevated concentrations of nutrients.  We argue that it is in the 

cyclonic eddies of the cCCS that wind curl induced upwelling and vertical mixing 

from wind events becomes particularly important to consider as a nutrient source in 

the TZ.   

  In the cyclonic eddies sampled in this study for both May 2010 and August 

2011, the 10 µmol L-1 iso-nitrate line was between 13 m deep and the surface.  In a 

wind mixing event or during curl induced upwelling, it would be fairly easy for 10-20 

µmol L-1 NO3
- to be brought up to the surface.  Conversely, the 10 µmol L-1 iso-nitrate 

line in the anti-cyclonic eddies was between 80-100m deep, which greatly lowers the 

amount of NO3
- that can be brought to the surface in these downwelling eddies.  

Figure 13 presented the NO3
- versus temperature plots for the cores of the August 

2011 eddies.  It is clear that within cyclonic eddies the slightly cooler water brought 

to the surface in the TZ will have a markedly higher amount of NO3
-.  There is a 

definite shoaling of the ferrocline in the cyclonic eddies as well during both May 

2010 and August 2011 (Figures 9 and 14).   

However, Fe:NO3
- ratios in the cyclonic eddies suggests that there is not 

enough Fe to accompany the NO3
- to allow optimum growth rates if there were to be 

wind curl-induced upwelling or vertical mixing.  In the cyclonic and anti-cyclonic 
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eddies from both May 2010 and August 2011, the Fe:NO3
- ratio is less than 0.04 nmol 

µmol-1.  The in situ Fe: NO3
- concentrations are roughly half of what would be needed 

for oceanic diatoms to grow enough to draw the NO3
- completely down (Fe:C ratio of 

10 µmol mol-1 and a Fe:NO3
- ratio of 0.07 nmol µmol-1).  Coastal diatoms that had 

been transported out into the TZ would definitely not have enough Fe to sustain a 

bloom since they require even more Fe than oceanic diatoms (Fe:C ratio of ~30 µmol 

mol-1 and a Fe:NO3
- ratio of 0.2 nmol µmol-1).  Therefore, we suggest that even if 

there were to be an Fe source through wind curl induced upwelling or vertical mixing 

in the TZ, the waters there still show strong evidence for Fe-limitation.     

  From the low August 2011 Fe:NO3
- ratios in the upper 200m of the water 

column, it is evident that surface waters are even more Fe deplete than during May 

2010.  Offshore TZ waters appear to progress even further into Fe limitation from the 

spring into the summer upwelling season.  These findings are consistent with Chavez 

et al.’s (1991) observation of the “demise of the diatoms” during the summer season 

in the TZ.  From the residual NO3
- in the TZ and low and relatively constant chl a 

seen throughout the spring and summer  (~1-2 µg L-1), we argue that phytoplankton 

growth rates and potential to bloom is limited by a lack of Fe.  

4.5 Eddy edge effects 

 There was a strong advective filament of coastally upwelled water between 

the northern set of dipole eddies which was sampled with two stations (16 and 17) in 

August 2011.  Figure 16 shows the satellite geostrophic flow superimposed on top of 

a two day SST average from August 18 and 19, 2011.   
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The offshore moving filament is apparent on the northern edge of the cyclonic 

eddy just to the north of 38°N in Figure 11.  It is characterized by lower surface 

salinity (33.09) and temperature (15°C) than the core of the cyclonic eddy since the 

cyclonic eddy was long lived enough to have warmed at the surface.  There is also a 

subsurface chl a maximum (~40 m) in the filament (5µg L-1 chl a).  Past studies in the 

TZ (Washburn et al., 1991) have shown that a subsurface chl a maximum in the 

annual upwelling filament that develops off Pt. Arena results from the offshore 

transport and subduction of coastal phytoplankton as the denser coastal water makes 

its way offshore.  Our findings in this study are consistent with these past 

observations (Strub et al., 1991; Washburn et al., 1991), though we cannot completely 

rule out subsurface growth.   

The subsurface chl a maximum also corresponds to the depth (35-40 m) at 

which the NO3
- concentrations increase to ~10-15 µmol L-1.  There is a shoaling of 

the nitricline in this filament compared to the anti-cyclonic eddy; however, surface 

NO3
- concentrations are actually higher in the core of the cyclonic eddy than on the 

edge of the eddy in the filament.  The Fe concentration at the surface in the filament 

is slightly higher (0.08 nmol kg-1) than in the core of the anti-cyclone to the north 

(0.04 nmol kg-1) and the cyclone to the south (0.06 nmol kg-1), indicating that there is 

a very small amount of Fe still present in this coastally upwelled water filament that 

had its source over the continental shelf. 
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4.6 Continental Margin effect on deep eddy Fe   

 Martin et al. (1989) in their investigation of Fe concentrations in the eastern 

North Pacific noted that deep water (>200m) dissolved Fe increased along a transect 

as they approached the continental margin.  They attributed this deep Fe increase to 

the continental shelf sediments and an increase of Fe-rich particles toward the shelf.  

Several of the offshore stations in this study show a similar increase in deep dissolved 

Fe concentrations toward the continental margin as waters pick up external Fe from 

shelf and slope sediments.  From May 2010, the dissolved Fe concentrations at 750 m 

increased as the stations got closer to shore.  Station 15, the furthest offshore, had a 

750 m dissolved Fe concentration of 1.05 nmol kg-1.  Station 16, the next closest to 

shore, had a 750 m dissolved Fe concentration of 1.13 nmol kg-1, and finally Station 

31, the closest to shore had a 750m dissolved Fe concentration of 1.27 nmol kg-1.  

These dissolved Fe concentrations are consistent with the 1-1.2 nmol kg-1 determined 

by Martin et al. (1989) in the deep eastern North Pacific as they approached the 

continental margin.   

5. Conclusion 

 Surface transect and satellite data in the TZ of the cCCS consistently show a 

pattern of elevated NO3
- concentrations, low dissolved Fe concentrations, and 

relatively low chl a concentrations throughout the spring and summer.  Iron, NO3
-, 

and other macronutrients are delivered to the TZ via several mechanisms: advection 

of coastally upwelled water offshore through plumes and filaments and wind curl 

induced upwelling or vertical mixing offshore in the TZ.  Cross-shore Fe transport 
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into the TZ through upwelling filaments is arguably the main external source of Fe in 

the cCCS; however, offshore Fe concentrations in these filaments are low (<0.2 nmol 

kg-1) relative to NO3
- (5-15µmol L-1).   

Coastal derived Fe is rapidly drawn down through biological assimilation and 

particle scavenging. Low offshore Fe transport persists throughout the spring and 

summer as evidenced by surface transect data from 1999, 2010, and 2011.  Offshore 

movement of coastally upwelled water often occurs near prominent coastal headlands 

such as Pt. Arena or Cape Mendocino, which are also areas of a relatively narrow 

continental shelf and thus lower surface Fe concentrations.  

 Mesoscale eddies in the TZ result in vertical water column structure that can 

either hinder or facilitate upwelling of nutrients to the surface.  The shoaling of 

isopycnals and nutricline in cyclonic eddies allows elevated concentrations of NO3
- 

and Fe to be closer to the surface where they can either be upwelled via curl induced 

upwelling or mixed upward during a wind mixing event.  It is in these cyclonic eddies 

that wind curl induced upwelling becomes important to consider with respect to 

potential nutrient delivery to the surface.  On the other hand, the deepening of the 

isopycnals and nutricline in anti-cyclonic eddies does not allow elevated 

concentrations of Fe or NO3
- to be upwelled or mixed to the surface.  Since these 

eddies occur seaward of the continental shelf, there is not a sufficient external Fe 

source to accompany the NO3
- that is upwelled or vertically mixed to the surface. 

Iron limitation indicator parameters calculated for this study suggest that 

surface waters of the TZ show evidence for Fe limitation of both diatom biomass 
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accumulation and growth rate.  Low Fe:NO3
- ratios in the TZ indicate that in situ 

diatoms do not have enough Fe to completely draw down the NO3
- thus making Fe 

the limiting nutrient.  The calculated specific growth rates of diatoms in the TZ also 

suggest that low Fe concentrations restrict diatoms from achieving optimal growth 

rates.  It is important to note, though, that Fe concentrations in the TZ are not 

completely halting diatom growth.  The relatively low chl a concentrations seen 

throughout the spring and summer (1-2 µg L-1) suggest that Fe concentrations are 

instead restricting diatom growth and prohibiting large diatom blooms.  

Studies in the past have suggested the possibility that Fe may be one control 

on the phytoplankton community in the TZ, but actual Fe data was not available to 

support their theories.  Data from this study provides the first strong evidence that Fe 

is a critical bottom up control on the phytoplankton community in the TZ of the 

cCCS.  Our conclusions indicate that Fe should be included in future ecosystem 

models for the cCCS. Understanding the role that Fe plays for the primary producers 

in the TZ is a key step toward determining how the cCCS, a globally and 

economically important ecosystem, will be affected in the future.  
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Figure 1: August 2010 monthly images of: (a) satellite sea surface temperature (SST) 
and geostrophic currents, (b) mean sea level anomaly (MSLA), and (c) surface 
chlorophyll for the cCCS. 
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Figure 2: Monthly SST and transect locations for (a) June 1999, (b) May 2010, and 
(c) August 2011.  Note the different SST scales. 
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Figure 3: Surface transect temperature, salinity, NO3
-, and Fe for Transects 1 (a,b) 

and 2 (c,d) from June 1999 .  In (a) and (c), the black diamonds are temperature and 
the gray circles are salinity.  In (b) and (d), the black circles are NO3

- and the gray 
diamonds are Fe. 

  

33.0 

33.5 

34.0 

34.5 

9.0 

11.0 

13.0 

15.0 
Temp Salinity 

0.0 

1.0 

2.0 

3.0 

4.0 

0.0 

10.0 

20.0 

30.0 

40.0 

32.5 

33.0 

33.5 

34.0 

9.0 

11.0 

13.0 

15.0 

0.0 

1.0 

2.0 

3.0 

4.0 

0.0 

10.0 

20.0 

30.0 

40.0 
Nitrate Fe 

F
e 

(n
m

o
l 

k
g

-1
) 

NO3
-
 

c 

d 

b 

a 

F
e 

(n
m

o
l 

k
g

-1
) 

S
a
li

n
it

y
 

T
em

p
er

a
tu

re
 (

C
) 

N
O

3
-  
(µ

m
o
l 

L
-1

) 

123.7°W 124.3°W 124.9°W 

123.0°W  124.0°W  125.0°W  

Transect 1 

Transect 2 

T
em

p
er

a
tu

re
 (

C
) 

S
a
li

n
it

y
 

N
O

3
-  
(µ

m
o
l 

L
-1

) 



136 

 

Figure 4: Surface transect temperature, salinity, NO3
-, and Fe for Transects 3 (a,b) 

and 4 (c,d) from June 1999 .  The symbols are the same as for Figure 3 (in (a) and (c) 
the black diamonds are temperature and the gray circles are salinity, and in (b) and 
(d), the black circles are NO3

- and the gray diamonds are Fe). 
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Figure 5: Surface transect temperature, salinity, NO3
-, and Fe for Transects 5 (a,b) 

and 6 (c,d) from May 2010.  The symbols are the same as for Figure 3 (in (a) and (c) 
the black diamonds are temperature and the gray circles are salinity, and in (b) and 
(d), the black circles are NO3

- and the gray diamonds are Fe). 
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Figure 6: Surface transect temperature, salinity, NO3
-, and Fe for Transects 7 (a,b) 

and 8 (c,d) from August 2011.  The symbols are the same as for Figure 3 (in (a) and 
(c) the black diamonds are temperature and the gray circles are salinity, and in (b) and 
(d), the black circles are NO3

- and the gray diamonds are Fe). 
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Figure 7: TZ station locations from the May 2010 cruise with satellite MSLA from 
May 12-19, 2010 to coincide with the time of station sampling. 
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Figure 8: Cross sections of (a) temperature, (b) salinity, (c) σΘ, (d) chl a, and (e) NO3
- 

versus latitude from TZ stations in May 2010.  Station locations and numbers are 
indicated at the top of the figure.  A dipole pair of eddies was sampled with the anti-
cyclonic eddy to the north and the cyclonic eddy to the south. 
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Figure 9: Vertical profiles of (a) NO3
-, (b) dissolved Fe, and (c) Fe:NO3

- for the TZ 
stations during May 2010.  Station 14 (black diamonds) and station 15 (white 
triangles) were in an anti-cyclonic eddy.  Station 16 (gray circles) and station 31 (gray 
squares) were in cyclonic eddies. 
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Figure 10: TZ station locations from August 2011 cruise with satellite MSLA from 
August 17-24, 2011 to coincide with the time of station sampling. 

  

42°N 

-16 0 8 16 -8 
Mean Sea Level Anomaly (cm) 

40°N 

38°N 

36°N 

120°W 122°W 124°W 126°W 128°W 

14 
15 
16 

18 
17 

19 

26 
27 
28 
29 
30 



143 

 

Figure 11: Cross sections of (a) temperature, (b) salinity, (c) σΘ, (d) chl a, and (e) 
NO3

- versus latitude from TZ stations in August 2011.  Station locations and numbers 
are shown at the top of the figure.  Two dipole pairs of eddies were sampled on this 
cruise; the anti-cyclonic eddies were to the north of the cyclonic eddies in each dipole 
pair. 
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Figure 12: Temperature vs salinity plots for the cores of the four eddies sampled 
during the August 2011 cruise.  Station 14 (solid black line) and station 26 (dotted 
black line) were in the cores of the anti-cyclonic eddies.  Station 19 (solid gray line) 
and station 30 (dotted gray line) were in the cores of the cyclonic eddies.  The two 
eddy types differ the most in their TS properties within the upper 200m of the water 
column. 
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Figure 13: NO3
- vs temperature plots for the cores of the four eddies sampled during 

August 2011.  Station 14 (black diamonds) and station 26 (white triangles) were in 
the cores of the anti-cyclonic eddies.  Station 19 (gray circles) and station 30 (gray 
squares) were in the cores of the cyclonic eddies.  In the upper 200m, the cyclonic 
eddies have a higher NO3

- for a given temperature than the anti-cyclonic eddies. 
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Figure 14: Vertical profiles of (a) NO3
-, (b) dissolved Fe, and (c) Fe:NO3

- for the TZ 
stations during August 2011.  Station 14 (black diamonds) and station 26 (white 
triangles) were in an anti-cyclonic eddy.  Station 19 (gray circles) and station 30 (gray 
squares) were in cyclonic eddies. 
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Figure 15: Iron limitation indicator parameters for Transect 7 from August 2011: (a) 
specific growth rate (µ) calculated based on either the NO3

- concentration (gray 
circles) or the Fe concentration (black and white diamonds), (b) Δµ is the difference 
between µNO3- and µFe where negative values (below the solid black line) would 
indicate Fe limitation, and (c) the Fe:NO3

- ratio of the surface seawater.  In (c), the 
solid black line at 0.2 nmol µmol-1 indicates the Fe-limitation threshold for coastal 
diatoms, and the dashed black line at 0.07 nmol µmol-1 indicates the Fe-limitation 
threshold for oceanic diatoms. 
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Figure 16: Satellite SST and geostrophic flow from August 18-19, 2011 showing the 
mesoscale activity and cross shore-transport of coastally upwelled water offshore into 
the TZ via filaments. 
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Abstract 

 Coastal upwelling in the central California Current System (cCCS) delivers 

macro and micronutrients to the surface ocean that can fuel biological productivity.  

Variations in upwelling strength and continental shelf width affect trace metal sources 

seasonally.  The purpose of this study was to investigate various sources and 

distributions for a suite of trace metals (Mn, Fe, Co, Ni, Cu, Zn, and Cd) in the cCCS 

as well as determine the biological and physical impacts on trace metal concentrations 

during the spring and summer upwelling season.  Continental shelf sediments did not 

substantially affect upwelled concentrations of Ni, Zn, and Cd – three typical 

nutrient-type trace metals.  However, shelf sediments provided a significant external 

source for Mn, Fe, Co, and Cu – scavenged and hybrid-type trace metals.  There was 

no clear seasonal trend in benthic boundary layer (BBL) Fe concentrations; however, 

higher concentrations of Mn and Co together with lower O2 concentrations were 

found in the BBL in the late summer compared to early spring.  Surface transect 

samples along the Big Sur Coast (May, 2010) and North Coast (August, 2011) 

demonstrated both mixing and biological assimilation of NO3
- and trace metals.  Iron 
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and Zn showed accelerated drawdown relative to NO3
- during both seasons indicating 

an increased metal to carbon drawdown ratio at higher metal concentrations.  

Manganese and Co did not show tight correlations with NO3
- in the early spring, but 

both showed evidence for accelerated drawdown in the late summer.  Cadmium and 

Ni were strongly correlated with NO3
- indicating that both are affected by a 

combination of mixing and assimilation; however, Cd showed slightly increased 

drawdown in aged upwelled waters during the late summer when Zn and Fe 

concentrations were low. This study provides field trace metal and macronutrient data 

supporting past laboratory studies suggesting that complex biological feedback 

mechanisms are a key control on trace metal distributions and marine biogeochemical 

cycles.   

1. Introduction 

 The California Current System (CCS) is the highly productive eastern 

boundary region of the North Pacific Subtropical Gyre.  In the early spring, a shift in 

the wind patterns leads to predominantly equatorward winds along the western coast 

of North America.  The Ekman transport associated with these winds causes 

upwelling of cold, saline, and nutrient rich subsurface water along the coast at 

velocities between 10-20 m d-1 (Checkley and Barth, 2009 and references therein). 

This nutrient rich water supports high primary productivity along the coast 

throughout the spring and summer seasons.  The central CCS (cCCS), between 34-

41°N (Pt. Conception to Cape Mendocino) is a region that seasonally experiences 

strong coastal upwelling and alongshore variability of phytoplankton growth.  Coastal 
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upwelling delivers high concentrations of macronutrients (nitrate, phosphate, silicic 

acid) as well as elevated concentrations of micronutrients (Mn, Fe, Co, Ni, Cu, Zn, 

and Cd) to the surface where they are assimilated by phytoplankton during growth.  

Differences in trace metal delivery associated with upwelling variability and 

continental shelf width can affect phytoplankton growth and community composition 

(Chase et al., 2005; Hutchins et al., 1998).  Water that was upwelled at the coast 

(cold, saline, high nutrients) is often transported away from the coast where it mixes 

with offshore waters (warm, less saline, low nutrients) (Kosro et al., 1991; Strub et 

al., 1991).  Thus, the distributions of macro and micronutrients in the cCCS are 

affected by both mixing and by drawdown (through biological assimilation and 

particulate scavenging).  Piecing apart the processes of mixing and drawdown 

provides insight into the nutrient dynamics of this ecosystem. 

 There are two dominant sources of trace metals to the subsurface water 

upwelled at the coast in the cCCS: (1) metals provided from oceanic waters as part of 

their internal biogeochemical cycles occurring throughout the ocean, and (2) external 

enrichment due to metals added from the shelf sediments to the benthic boundary 

layer (BBL) and upwelling of this water to the surface over the shelf.  Scavenged-

type trace metals such as Mn are elevated near external sources, while nutrient-type 

trace metals such as Ni, Zn, and Cd tend to be dominated by their internal cycles with 

enriched deeper waters due to the regeneration or remineralization of these metals at 

depth.  Hybrid-type trace metals (Fe, Co, Cu) have characteristics of both scavenged 

and nutrient-type trace metals since they are assimilated at the surface by 
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phytoplankton but are both regenerated and scavenged at depth (Bruland and Lohan, 

2003, and references therein) and will therefore also be elevated near external 

sources.  Since the distributions of nutrient-type trace metals, with their longer 

residence times, are dominated by their internal cycle, we predict the continental shelf 

will not affect their concentrations, and the upwelled water will have similar trace 

metal concentrations to offshore, subsurface waters.  Conversely, both scavenged and 

hybrid type trace metals, with their shorter residence times are predicted to have a 

significant external source from the shelf sediments.   

 Past studies have demonstrated the importance that an external sediment 

source of Fe plays in the ecosystem of the cCCS (Biller et al., submitted; Bruland et 

al., 2001; Chase et al., 2005; Hutchins et al., 1998).  Iron is a key trace metal used in 

both NO3
- assimilation as well as photosynthesis (Morel et al., 2003 and the 

references therein).  Since coastal diatoms, with their large Fe requirement, dominate 

the cCCS, Fe is arguably the most important trace metal controlling diatom growth.  

If in situ diatoms are supplied with adequate macro and micronutrients, they can grow 

rapidly and become decoupled from their grazers, causing a large bloom to occur.  

Alongshore winds in the spring and summer upwelling season deliver low aerosol 

trace metals to the surface ocean (Mackey et al., 2010), and as such, the main external 

source of Fe to the cCCS is from the continental shelf sediments.  During the winter 

season, a large particle load is delivered to the mud belts in mid shelf region (50-

100m) (Wheatcroft et al., 1997; Xu et al., 2002).  Upwelling through the benthic 

boundary layer (BBL) over the continental shelf along these mud belt sediments will 
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cause particle re-suspension and enrichment in Fe.  Additionally, organic matter 

oxidation and resultant oxygen depletion in shelf sediments will cause reducing 

conditions.  These reducing conditions will lead to a flux of trace metals that have 

reduced soluble forms out of the sediments (e.g., Fe(II), Mn(II), and Co(II)) which 

can then be upwelled to the surface (Berelson et al., 2003; Elrod et al., 2004; Saito et 

al, 2004).  Differences in continental shelf width influence the concentrations of these 

shelf source trace metals (Fe, Mn, Co) that can be upwelled – a wider shelf provides a 

larger trace metal source, and vice versa.   

 Another trace metal that can limit phytoplankton growth is Zn (Morel et al., 

1994).  Zinc is the metal co-factor in the carbon fixing enzyme carbonic anhydrase, 

though both Cd and Co have been shown to substitute in for Zn at low Zn 

concentrations (Lane and Morel, 2000; Price and Morel, 1990; Sunda and Huntsman, 

1995a).  Since neither Cd nor Zn is predicted to be affected by the continental shelf 

sediments, the upwelled concentrations of Zn and Cd will reflect subsurface oceanic 

concentrations. 

 The two most limiting trace metals, Fe and Zn, often are assimilated by 

phytoplankton in a non-Redfieldian manner as a function of metal availability 

(Bruland et al., 2001; Sunda and Huntsman, 1992, 1995b; Price, 2005).  Carbon and 

nitrogen assimilation typically occur proportional to each other as described by the 

Redfield ratio (C:N of 106:16) (Redfield, 1958), but the non-linear assimilation of Fe 

and Zn leads to a changing Fe:C or Zn:C ratio as the in situ metal concentration 

changes.  There is a faster assimilation of Fe and Zn at high in situ concentrations, 
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and a lower metal assimilation rate at low in situ concentrations.  Diatoms can 

perform luxury uptake of Fe under elevated Fe concentrations, and Fe that is not 

needed for immediate growth can be stored as ferritin and used by future generations 

(Marchetti et al., 2009).  In addition to rapid removal of Fe from biological 

assimilation, there is also potential for Fe loss from particle scavenging.  All of these 

processes affecting preferential drawdown of Fe relative to NO3
- will lead to waters 

that have residual NO3
- and very low concentrations of Fe – conditions indicative of 

Fe limitation.   

 Here we present trace metal (Mn, Fe, Co, Ni, Cu, Zn, and Cd) and 

macronutrient (NO3
- and H4SiO4) data from two cruises in the cCCS during the spring 

(May 2010) and summer (August 2011) upwelling season.  Data from the BBL over 

the mid-shelf region provides insight into various trace metal sources to the upwelled 

waters in the cCCS.  We also present surface transect data from the Big Sur Coast and 

the Northern California Coast to demonstrate the relationships between this suite of 

trace metals and macronutrients as upwelled water ages.  We demonstrate evidence 

for the accelerated drawdown of several key trace metals (Fe, Zn, Mn, Co, Cd) as 

upwelled waters age.  Vertical profile data from offshore stations provides further 

understanding into the water column distributions and biogeochemical cycling of this 

suite of trace metals.  The field data presented here provides an important 

environmental validation of past laboratory studies which had investigated rates of 

trace metal drawdown under different micronutrient conditions. 
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2. Methods 

2.1 Study site and sample collection 

 This study was conducted in the cCCS between 34-41°N (Pt. Conception to 

Cape Mendocino); samples were collected on two cruises aboard the R/V Pt. Sur 

from May 7-25, 2010 and from August 16 – Sept 1, 2011.  A combination of surface 

transect sampling, BBL sampling, and vertical profile sampling was conducted.  

Surface hydrographic data (temperature, salinity, fluorescence) was obtained using 

the flow through underway data acquisition system (UDAS) on the ship.  Surface 

transect samples for trace metals and macronutrients were collected using a trace 

metal clean GeoFish sampling system (Bruland et al., 2005).  Macronutrient samples 

were collected every 1.5 minues from the end of the GeoFish system and analyzed for 

NO3
-+NO2

-, PO4
3-, and H4SiO4 with a Lachat QuickChem 800 Flow Injection 

Analysis System using standard spectrophotometric methods (Parsons et al., 1984).  

Vertical profile and benthic boundary layer (BBL) samples for trace metals and 

macronutrients were collected using 8L Teflon™ coated GO-Flo™ bottles (General 

Oceanics) deployed on a Kevlar™ hydroline (Bruland et al., 1979).  Vertical 

hydrographic data and additional samples for macronutrients were collected using the 

R/V Pt. Sur’s rosette system with a Seabird conductivity, temperature, depth (CTD) 

sensor, fluorometer, and Niskin™ bottles. 

2.2 Sampling and analysis of trace metals 

 Surface transect trace metal samples were collected hourly.  Samples were 

stored in 100mL low-density polyethylene (LDPE) bottles that had been rigorously 
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acid cleaned by soaking in a 6 N HCl (reagent grade) bath for one month and a heated 

7 N HNO3 (trace metal grade, TMG) bath overnight.  Trace metal sample bottles were 

stored in a weak TMG HCl solution (pH=2) until used for seawater collection.  

Sample bottles were rinsed four times with sample prior to filling.  All trace metal 

samples (surface transect and vertical profile) were filtered using a 0.2 µm pore size 

Acropak® 200 capsule filter. 

 Analysis of trace metals was performed two ways: ship-board dissolved Fe 

was done aboard both cruises, and multi-element analysis was done post-cruise in the 

laboratory. Samples for post cruise multi-element analysis were acidified to pH~ 1.7 

with 4 mL of ~6 N sub-boiled quartz distilled HCl (Q-HCl) per liter of seawater, and 

samples for ship-board Fe analysis were acidified with 2 mL of 6 N HCl per liter of 

seawater (pH~2) and allowed to sit for at least two hours prior to analysis. Shipboard 

analyses of Fe were performed inside a portable analytical clean lab in a class-100 

HEPA workbench using a flow injection method based on Lohan et al. (2006).  In this 

method, a chelating resin is used to pre-concentrate Fe in the sample before it is 

eluted leading to the catalytically enhanced spectrophotometric detection of N,N-

dimethyl-p-phenylenediamine dihydrochloride (DPD) at 514nm.  All samples were 

amended with hydrogen peroxide (H2O2) to a final sample concentration of 10 µmol 

L-1 in order to ensure that all sample Fe was in the Fe(III) form.  Samples were loaded 

at a pH of 2 onto a column (2 cm, GlobalFIA) containing the chelating resin 

Toyopearl Chelate-650®.  The original method of Lohan et al. (2006) used the NTA-

type Superflow® resin; however the tendency of that resin to degrade with time and 
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its contribution to elevated Fe blanks led us to use the Toyopearl Chelate-650® resin 

which has low blanks and a high (>93%) recovery of Fe at a pH of 2.  A large volume 

of seawater collected in the California Current (dissolved Fe concentration of 0.23 ± 

0.01 nmol kg-1) was run every five to eight samples as a quality control check of the 

data and to monitor and correct for any sensitivity changes throughout the day. The 

relative standard deviation (%RSD) of the method was typically less than 5%, the 

procedural blank measured while at sea was 0.05 ± 0.01 nmol kg-1 (n=18), and the 

detection limit for the method (three times the standard deviation of the blank) was 

calculated to be 0.03 nmol kg-1.  The Sampling and Analysis of Fe (SAFe) S and D2 

reference samples were also included every day as another quality control check of 

the data. Our onboard SAFe results for Fe during the May 2010 cruise were S = 0.095 

± 0.006, D2 = 0.93 ± 0.07 (n = 11) and for the August 2011 cruise were S = 0.094 ± 

0.008 nmol kg-1, D2 = 0.94 ± 0.06 nmol kg-1 (n = 18).  These values are in good 

agreement with the current consensus values 

(http://www.geotraces.org/science/intercalibration/322-standards-and-reference-

materials). 

 A suite of trace metals (Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb) was analyzed 

post-cruise according to the method of Biller and Bruland (2012).  This method 

involves the offline pre-concentration of the trace metals of interest using the 

chelating resin Nobias-chelate PA1.  Prior to the pre-concentration step, each sample 

was UV-oxidized for 90 minutes – a necessary step to ensure proper determination of 

Co and Cu concentrations (Biller and Bruland, 2012; Milne et al., 2010).  The trace 
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metals of interest were quantitatively extracted onto the resin columns, eluted with 3-

4 mL of 1N Q-HNO3, and analyzed on a magnetic sector inductively coupled plasma 

mass spectrometer (ICP-MS) at the Institute of Marine Sciences (UC Santa Cruz).  

The SAFe reference samples were run as a quality control check of the data.  Table 1 

summarizes the following values for each metal using this multi-element method: 

SAFe S, SAFe D2, average blank, and detection limit (three times the standard 

deviation of the blank).  The SAFe S and D2 reference values for the suite of trace 

metals are in excellent agreement with the current consensus values.  For Fe analysis, 

both methods agreed well, and where there was overlapping Fe data via both 

methods, the concentrations were averaged. 

2.3 Satellite Remote Sensing Data 

Satellite data for sea surface temperature (SST) was obtained from the NOAA 

POES AVHRR satellite through the CoastWatch program’s west coast regional node 

(coastwatch.pfeg.noaa.gov).  The spatial resolution of the SST data was 0.0125°. 

Processing and imaging of satellite data was done using Interactive Data Language 

(IDL) version 8.2 (Exelis Visual Information Solutions, Boulder, Colorado). 

3. Results 

3.1 Trace metal sources  

 In order to understand the distributions of the trace metals of interest for this 

study, it is essential to quantify the trace metal sources and seasonality of the sources.  

In the cCCS there are two main sources for trace metals to the upwelling source 

waters: the continental shelf sediments and the internal biogeochemical cycles of the 
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ocean interior.  The continental shelf sediments provide an external source for those 

trace metals that tend to scavenge onto particles (Fe, Mn, Co, and Cu), and upwelling 

through the BBL delivers elevated concentrations of these trace metals to the surface.  

Other nutrient-type trace metals have their upwelled source in the ocean interior (Cd, 

Zn, and Ni).  By comparing trace metal data in the BBL versus offshore vertical 

profile data, the difference between these two trace metal sources becomes clear.  

Figure 1 shows the locations of the BBL stations for May 2010 and August 2011 as 

well as the bathymetry off the central California coast to illustrate the differences in 

continental shelf width (as indicated by the 200m isobath). Figure 2 (a-c) shows the 

concentrations of the nutrient type trace metals (Ni, Zn, and Cd) in the BBL and 

vertical profiles versus NO3
-.  For a given NO3

- concentration in either BBL or in 

vertical profile samples, the corresponding trace metal concentrations are similar 

indicating that samples in the BBL showed no effect from continental shelf 

sediments.   

 Figure 3 (a-d) shows the shelf-source trace metals (Fe, Mn, Co, Cu) versus 

NO3
- in BBL samples and in vertical profiles offshore.  It is apparent that all three of 

these metals have an external source from the continental shelf sediments since the 

BBL concentrations are mostly higher for a given NO3
- concentration than the 

offshore profiles.  Dissolved Fe concentrations in the BBL ranged from 1.5 to 30.3 

nmol kg-1, and there does not seem to be a seasonal trend in the BBL Fe 

concentrations since some August 2011 Fe concentrations were higher than May 

2010 and vice versa (Figure 3 (a)) (Biller et al., submitted).  Dissolved Mn 
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concentrations in the BBL ranged from 0.98 to 26 nmol kg-1, and BBL dissolved Co 

concentrations ranged from 92 to 397 pmol kg-1 (Figure 3 (b and c)).  For Mn and Co, 

many of the August 2011 BBL concentrations were higher than May 2010 suggesting 

that the continental shelf source for these two metals changes seasonally increasing 

from the spring into the late summer.  Copper concentrations in the BBL ranged from 

0.98 to 1.72 nmol kg-1 and were only slightly higher than in the offshore profiles 

(Figure 3 (d).  Though there was some variability, May 2010 BBL Cu concentrations 

were typically higher than in August 2011.   The discussion section outlines several 

possibilities for the differences in BBL concentration of Fe, Mn, Co, and Cu between 

May 2010 and August 2011. 

3.2 Surface transects 

3.2.1 Big Sur Coast, May 2010 

 The Big Sur Coast (35-36.5°N) was sampled on the May 2010 cruise during a 

time of intense upwelling favorable conditions.  Figure 4 shows the transect locations 

included in this study; the surface transects were parallel along the coast in freshly 

upwelled water and also went out into the transition zone.   

Figure 5 (a) is a plot of temperature versus salinity along these surface 

transects.  The roughly linear temperature/salinity plot indicates that there is mixing 

between the cold and saline upwelled waters with the warm and fresh offshore waters.  

Figure 5 (b) shows NO3
- concentrations versus salinity; there is evidence for mixing 

between two end members (high NO3
- upwelled waters and low NO3

- offshore 

waters) as well as some drawdown shown by data points below a theoretical linear 
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mixing line.  Surface NO3
- concentrations varied from 1.4 and 27.6 µmol L-1 between 

the offshore waters and the recently upwelled coastal wasters.  The plot of H4SiO4 

versus NO3
- in Figure 5 (c) demonstrates the mixing described earlier as well as some 

preferential drawdown of Si relative to NO3
-.  Figure 5 (d-e) and Figure 6 (a-e) show 

dissolved concentrations of the trace metals of interest versus NO3
- for these surface 

transects.  Manganese (Figure 5(d)), demonstrated no real trend with NO3
- as it varied 

between 1.2 and 2.6 nmol kg-1 in coastal and offshore waters.  Figure 5(e) 

demonstrates the non-linearity of Fe drawdown relative to NO3
-.  Elevated Fe (3.8 

nmol kg-1), high NO3
- (26.7 µmol kg-1) waters were upwelled through the BBL to the 

surface during the intense upwelling favorable conditions, but as the waters aged, Fe 

was drawn down at a faster rate relative to NO3
-.   

Cobalt (Figure 6(a)) showed a slight correlation with NO3
-; high NO3

- 

concentrations corresponded to higher Co concentrations (114 -153 pmol kg-1) and 

vice versa.  There is a slight non-linearity in the Co versus NO3
- data from the Big Sur 

coast.  Figure 6(c) demonstrates that higher NO3
- waters also had higher Cu 

concentrations (~1.5 nmol kg-1), but Cu concentrations seem to plateau around 0.9-

1.1 nmol kg-1 once NO3
- concentrations decrease below 21.5 µmol L-1.  Since the 

classic nutrient-type trace metals (Ni, Zn, and Cd) are regenerated at depth, their 

concentrations are elevated in freshly upwelled waters.  Nickel concentrations ranged 

between 3.6 and 5.2 nmol kg-1 and correlated well with NO3
- (Figure 6(b)) indicating 

that both mixing and linear draw down with NO3
- control Ni concentrations.  The Zn 

versus NO3
- plot in Figure 6(d) shows a similar pattern to the Fe versus NO3

- plot in 
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Figure 5(e).  Freshly upwelled waters have high NO3
- concentrations and elevated Zn 

concentrations (1.5 nmol kg-1), but Zn is preferentially drawn down relative to NO3
- 

as the waters age.  Figure 6(e) shows that Cd concentrations are closely related to 

NO3
- concentrations – both are affected by a combination of mixing and biological 

assimilation.  Cadmium concentrations ranged from 50 to 716 pmol kg-1 between the 

offshore waters and coastally upwelled waters. 

3.2.2 Northern California Coast, August 2011  

 On the August 2011 cruise, the northern California coast (between 38.4-

39.3°N) was sampled during a time of upwelling favorable winds.  The surface 

transects from this location are shown in Figure 7; we were able to sample an 

upwelling plume both near shore and offshore to investigate the effect that aging of 

upwelled waters had on the macronutrients and trace metals of interest.   

Figure 8(a) is a temperature versus salinity plot for these transects (the 

difference between onshore and offshore samples is distinguished by differing 

symbols in Figure 8).  While there is some variability in the T/S characteristics of this 

upwelling plume, there is evidence for the mixing of cool and saline coastal waters 

with warm and less saline offshore waters.  Some variability in the data comes from 

upwelled waters that warmed before they really had a chance to mix with offshore 

waters (shown by the onshore data points that are at a higher temperature for a given 

salinity than data points that lie on the mixing line).  Figure 8(b) shows NO3
- versus 

salinity for these transects.  There is a combination of both mixing of high NO3
- and 

low NO3
- waters as well as biological drawdown primarily along the coast.  Nitrate 
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concentrations ranged from 2.4 to 30.9 µmol L-1 in offshore and freshly upwelled 

waters, respectively.  Nitrate drawdown influences its distribution more in the late 

summer of this region than along the Big Sur coast in early spring (Figure 5(b)) as 

demonstrated by the many data points that fall below the theoretical linear mixing 

line in Figure 8(b).  Preferential H4SiO4 drawdown relative to NO3
- is shown by the 

non-linear curve in Figure 8(c).  Concentrations of Mn versus NO3
- (Figure 8(d)) 

were very different than those encountered along the Big Sur Coast in early spring.  

Manganese was higher at the surface along the North Coast in late summer (11.2-11.4 

nmol kg-1), and there was a preferential loss of Mn relative to NO3
- as upwelled 

waters aged and moved offshore.  The highest offshore Mn concentrations in Figure 

8(d) are similar to the highest coastal concentrations (at similar NO3
- concentrations), 

indicating Mn and NO3
- were being transported away from shore in the upwelling 

plume.  The Fe versus NO3
- plot in Figure 8(e) clearly demonstrates that Fe is rapidly 

removed from upwelled waters as they age through a combination of particle 

scavenging and biological assimilation.  The highest Fe concentrations (3.8-7.5 nmol 

kg-1) correspond to the highest NO3
- concentrations (27.9-30.1 µmol L-1) in the most 

recently upwelled waters.  In offshore waters, Fe quickly dropped to <0.5 nmol kg-1 

even though NO3
- remained elevated at 7.4-15.0 µmol L-1. 

Figure 9(a-e) shows the other trace metals of interest (Co, Cu, Ni, Zn, and Cd) 

versus NO3
- for the North Coast transects. The highest Co concentrations were greater 

in the late summer (220 pmol kg-1) than they had been in the early spring (Figure 

9(a)). Freshly upwelled waters had the highest Co.  Relative to NO3
-, Co showed a 
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slight preferential drawdown in the late summer, which could have been from particle 

scavenging or accelerated biological assimilation.  Surface Ni concentrations along 

the north coast in the late summer ranged from 3.7 to 4.8 nmol kg-1, and Ni appears to 

be taken up in proportion to NO3
- as shown by the roughly linear correlation in Figure 

9(b).  Copper concentrations (Figure 9(c)) ranged from 1.6 nmol kg-1 in freshly 

upwelled waters to 0.9-1.2 nmol kg-1 in offshore waters.  Although Cu concentrations 

decrease as NO3
- concentrations decrease, the correlation is not as robust as for other 

metals (Ni, Cd) suggesting that there are different processes controlling the NO3
- and 

Cu concentrations.  The highest Zn concentration (1.4 nmol kg-1) shown in Figure 

9(d) corresponds to the highest NO3
- concentration (27.9 µmol L-1), but similar to the 

early spring along the Big Sur Coast, there is more rapid removal of Zn relative to 

NO3
- (shown by the non linearity in Figure 9(d)).  Freshly upwelled waters in both 

seasons had roughly the same concentrations of Zn: 1.5 nmol kg-1 in the spring along 

the Big Sur coast and 1.4 nmol kg-1 in the late summer along the north coast. Figure 

9(e) shows the strong correlation between Cd concentrations and NO3
- concentrations 

suggesting that mixing and drawdown in the same proportions influence them both.  

However, offshore data for Cd shows slight non-linearity and a small degree of 

accelerated drawdown compared to the onshore data. The highest Cd concentration, 

which corresponded to the highest NO3
- concentration, was 870 pmol kg-1 (Figure 

9(e)).  This concentration is higher than the concentration found in the freshly 

upwelled waters along the Big Sur coast in early spring (716 pmol kg-1) even though 
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NO3
- concentrations were roughly the same (27.6 and 27.9 µmol L-1 for the spring and 

summer, respectively). 

  3.3 Vertical profiles 

 On both cruises, vertical profiles were sampled down to 1000 m in various 

offshore regions of the cCCS.  Figure 10(a) shows the station locations for May 2010 

and Figure 10(b) shows the station locations for August 2011 with satellite SST for 

the clear days during sampling.  Several mesoscale eddies were sampled on both 

cruises, and while the purpose of this study is not focused on the differences between 

mesoscale features, recognizing them helps to make sense of some of the variations in 

the vertical profiles.  In May 2010, stations 14 and 15 were in an anti-cycloinic eddy 

(downwelling eddy) and stations 16 and 31 were in cyclionic eddies (upwelling 

eddies).  In August 2011, stations 14 and 26 were in anti-cyclonic eddies, stations 18, 

19, and 30 were in cyclonic eddies, and station 20 was in an offshore moving 

upwelling filament.   

Figure 11 shows May 2010 and August 2011 data from the vertical profiles 

for (a) temperature versus salinity, (b) NO3
- versus salinity, (c) Mn versus NO3

-, and 

(d) Fe versus NO3
-.  Figure 12 shows vertical profile data for (a) Co versus NO3

-, (b) 

Cu versus H4SiO4, (c) Ni versus H4SiO4, (d) Zn versus H4SiO4, and (e) Cd versus 

NO3
-.  Also included in Figures 11 and 12 is nutrient and trace metal data from 0-

1250 m of the North Pacific U.S. GEOTRACES Baseline inter-calibration station 

(Biller and Bruland, 2012) sampled in 2009 (30°N 140°W) to provide a comparison 

between open-ocean and cCCS trace metal concentrations.  Differences in cCCS eddy 
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types and season are reflected in the temperature-salinity plot in Figure 11(a); August 

2011 stations had warmed at the surface compared to May 2010.  Cyclonic eddies are 

distinguished by higher salinities in the upper portion of the water column compared 

to anti-cyclonic eddies.  Since the North Pacific open ocean station was in the 

subtropical gyre, it was warmer and more saline at the surface compared to the cCCS 

stations.  The NO3
- versus salinity plots in Figure 11(b) were similar in deeper waters 

for the two eddy types and the open ocean station and diverged the most in the upper 

200 m of the water column.  Additional NO3
- drawdown relative to mixing in the 

mesoscale features led to non-linear plots of NO3
- versus salinity, and higher salinities 

at the open ocean station caused a divergence in the NO3
- versus salinity plot relative 

to the cCCS.  Figure 11(c) shows H4SiO4 versus NO3
- for the vertical profiles.  At all 

stations, NO3
- and H4SiO4 concentrations were tightly correlated, and H4SiO4 

concentrations increased faster deeper in the water column since H4SiO4 is 

regenerated deeper in the water column.  Manganese showed surface variability, but 

cCCS concentrations were elevated (1.6 - 2.8 nmol kg-1) relative to NO3
- (Figure 

11(d)).  At depth, Mn was scavenged onto particles to concentrations between 0.5 and 

1 nmol kg-1.  Manganese in the cCCS was higher than the open ocean station as 

shown in Figure 11(d).  Surface Fe concentrations were low (0.08 – 0.5 nmol kg-1) in 

both seasons, though concentrations were primarily lower in August 2011 than May 

2010 (Figure 11(e)).  Iron is regenerated at depth but plateaued to concentrations 

between 1.0 and 1.4 nmol kg-1 as scavenging processes did not allow higher 
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concentrations to build up in deeper waters.  Deep Fe concentrations in the cCCS 

were elevated compared to the open ocean station.   

In Figure 12 (a), Co concentrations were lower at the surface (34 - 83 pmol 

kg-1), increased below the surface photic zone (92 – 139 pmol kg-1), and then 

decreased at greater depths (54 – 74 pmol kg-1).  In the upper portion of the water 

column (< 30µmol L-1 NO3
-) Co concentrations were higher in the cCCS than at the 

open ocean station. Nickel correlated best with H4SiO4 (R2 = 0.97) (Figure 12(b)); Ni 

concentrations at the surface were 3.8 - 4.0 nmol kg-1 and at depth were between 6.8 

nmol kg-1 (August 2011) and 8.4 nmol kg-1 (May 2010).  Nickel concentrations for a 

given H4SiO4 concentration were very similar between the cCCS stations and the 

open ocean station.   Figure 12(c) shows Cu concentrations versus H4SiO4 

concentrations.  There was some variability in the Cu versus H4SiO4 data, but there 

was a general trend from low Cu and low Si concentrations at the surface to higher 

Cu and high Si concentrations at depth.  Surface Cu concentrations were between 0.7 

and 1.1 nmol kg-1 and deep Cu concentrations were between 1.3 and 1.5 nmol kg-1.  

Subsurface Cu concentrations were lower for a given H4SiO4 concentration in the 

cCCS compared to the open ocean.  Zinc concentrations (Figure 12(d)) were very low 

at the surface (0.04 to 0.26 nmol kg-1) and show a non-linear increase with increasing 

H4SiO4 to deep-water concentrations of 6.5-6.7 nmol kg-1.  Zinc concentrations stayed 

below 0.5 nmol kg-1 in the upper portion of the water column and did not begin to 

increase significantly until H4SiO4 concentrations reach about 20 µmol L-1.  Below 

the surface, but still in the upper portion of the water column (< 80 µmol L-1 H4SiO4), 
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dissolved Zn concentrations were slightly lower in the cCCS when compared to the 

open ocean station, but deeper Zn concentrations were roughly similar at all stations.   

Figure 12(d) shows the strong correlation (R2 = 0.98) between Cd and NO3
- 

concentrations at all stations in both the cCCS and open ocean.  In the cCCS, surface 

Cd concentrations ranged from 18 to 275 pmol kg-1 depending on the type of 

mesoscale feature sampled (highest Cd concentrations were at station 31 from May 

2010, in a cyclonic eddy).  Subsurface Cd concentrations increased linearly with 

respect to NO3
- to deep (1000 m) concentrations of 922 to 1044 pmol kg-1.   

4. Discussion 

4.1 Overview 

 Many factors control upwelled concentrations of trace metals along the coast 

in the cCCS including continental shelf width, benthic O2 concentrations, and 

upwelling strength.  Nutrient rich water upwelled at the coast can move away from 

the coast and mix with nutrient poor water offshore as well as experience biological 

growth and nutrient drawdown.  If mixing and dilution are dominant over 

assimilation, then plots of nutrients versus salinity will be roughly linear as they 

demonstrate the mixing between two end members (high salinity, high nutrient with 

low salinity, low nutrient).  If there is biological assimilation in addition to mixing, 

then plots of nutrients versus salinity will be non-linear with data points falling below 

a theoretical linear mixing line between two end members.  It is therefore possible to 

infer nutrient drawdown based on NO3
-versus salinity plots.  In addition, differences 

in micronutrient drawdown can be inferred based on plots of trace metals versus NO3
-
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.  The following discussion outlines differences in seasonal trace metal sources to the 

cCCS as well as interprets the various trace metal-NO3
- plots presented previously in 

terms of mixing and nutrient drawdown.  Internal biogeochemical cycling is the 

dominant control over upwelled sources of Cd, Zn, and Ni whereas interaction of 

upwelled waters with continental shelf sediments is the dominant control over the 

external source for Fe, Mn, Co, and Cu.  Comparison of the North Pacific open ocean 

vertical profile station with the cCCS vertical profile stations demonstrates higher 

subsurface concentrations for Mn, Fe, and Co in the cCCS thus demonstrating the 

effect that the continental shelf has on not just coastal but offshore distributions of 

these trace metals.  

4.2 Fe and Zn 

 Typically the two most limiting trace metals in the marine environment are Fe 

and Zn.  Past studies have demonstrated that several regions of the cCCS show 

evidence for Fe limitation (Biller et al., submitted; Bruland et al., 2001; Firme et al., 

2003; Hutchins et al., 1998), but not much work has been done on dissolved Zn 

concentrations in this region.  As demonstrated in Figure 3(a), BBL Fe concentrations 

are elevated relative to subsurface offshore concentrations.  Upwelling delivers 

elevated Fe concentrations to the surface over the continental shelf.  On the other 

hand, Zn does not have a continental shelf source but rather is elevated in subsurface 

upwelling source waters from oxidation of organic matter below the photic zone.  

Upwelling delivers elevated Zn concentrations to the surface, but there is no external 

source of Zn in the cCCS like there is for Fe.  Both of these metals are drawn down in 
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surface waters more rapidly than NO3
-.  Along the Big Sur Coast in May 2010, there 

was evidence for upwelled water mixing with offshore water as well as some 

drawdown of NO3
-.  Non-linearity in the Fe and Zn versus NO3

- plots (Figures 5, 6, 8, 

and 9) indicate accelerated drawdown of Fe and Zn relative to NO3
-.  We suggest that 

when Fe and Zn concentrations are high in freshly upwelled waters, diatoms ramp up 

their Fe:C and Zn:C uptake ratios and assimilate Fe and Zn at accelerated rates.  As in 

situ Fe and Zn concentrations decrease, diatoms decrease their rate of assimilation.  

This changing metal:C ratio for Fe and Zn as a function of metal concentration or 

availability has been well documented in laboratory experiments (Sunda and 

Huntsman, 1992, 1995b; Price, 2005), and field data presented here provides 

evidence that similar processes occur in the environment.  

  The dissolved forms of Fe and Zn are primarily chelated by organic ligands.  

In the open ocean, up to 99.97% of surface Fe is chelated by organic ligands (Rue and 

Bruland, 1995), and >98% of surface Zn is bound in strong organic complexes 

(Bruland, 1989).  Dissolved Fe concentrations in upwelled waters off the California 

coast are “capped” by the concentration of the strong L1 organic ligand class (Buck et 

al, 2007; Bundy et al., in prep), and dissolved Fe in excess of the L1 ligand 

concentration precipitates to become part of the leachable particulate Fe fraction.  

Upwelling through the BBL delivers both this organically chelated dissolved Fe to the 

surface as well as leachable particulate Fe.  Due to the coastal proximity of the 

stations in this study and the terrestrial origin of a portion of the continental shelf 

sediments (Griggs and Hein, 1980; Wheatcroft et al., 1997), humic substances were 
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also found to be a contributor to the organic Fe-binding ligand pool in the BBL 

(Bundy et al., in prep).  Based on our results demonstrating accelerated drawdown of 

dissolved Fe relative to NO3
- at the surface, as well as our understanding of the 

organic speciation of upwelled dissolved Fe, our data provides evidence that 

phytoplankton are utilizing organically chelated Fe.  This result is in accordance with 

other studies also suggesting that organically chelated Fe is directly or indirectly 

accessible for growth (Rue and Bruland, 1997).  Organically chelated Fe is available 

through the use of cell surface reductase enzymes that reduce the Fe(III) to Fe(II) thus 

releasing it from the organic chelates (Shaked et al., 2005).  This Fe(II) can either be 

directly taken up or reoxidized to Fe(III) and then assimilated (Maldonado and Price, 

1999).  There is also evidence that Fe bound to humic substances is bioavailable 

(Chen et al., 2008; Matsunaga et al., 1998) suggesting that upwelled Fe-humics in the 

cCCS can be accessed by in situ phytoplankton thus contributing to the accelerated Fe 

drawdown.  

Not as much data is available on dissolved Zn speciation in coastal upwelling 

regimes.  Based on the open ocean results of Bruland (1989), deep water dissolved Zn 

is primarily in the inorganic Zn’ form since dissolved Zn exceeds the organic ligand 

concentration.  Upwelled waters therefore likely have a larger concentration of Zn’ 

than surface waters.  Thus, during intense upwelling conditions, Zn’ is likely to 

contribute more to the dissolved Zn pool.  Since Zn’ is the most bioavailable form of 

Zn (Sunda and Huntsman, 1992, 1995a, 2000) we suggest that freshly upwelled 

waters have a higher proportion of readily available dissolved Zn thus facilitating 
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accelerated Zn uptake.  Our results demonstrate this accelerated Zn relative to NO3
- 

for both sets of surface transects.  There is also the possibility that phytoplankton are 

taking up organically complexed Zn since Zn-organic complexes tend to be weaker 

(than Fe-organic complexes) and since a portion of the dissolved Zn pool at the 

surface was likely organically complexed.   

 Vertical profiles of Fe concentrations (Figure 11(e)) indicate assimilation at 

the surface and both regeneration and scavenging at depth.  The lowest surface Fe 

concentrations in the cCCS were in anti-cyclonic eddies from August 2011.  Studies 

have suggested that offshore stations in the transition zone show evidence for Fe 

limitation (Biller and Bruland, submitted).  Once seaward of the continental shelf, 

there is no external source of Fe, and the internal biogeochemical cycling of Fe does 

not allow the build up of Fe concentrations at depth.  As such, any offshore Fe 

delivered to the surface via vertical mixing and/or wind curl induced upwelling is not 

enough to accompany NO3
- that is upwelled as well.  Comparison of vertical profile 

data here with the North Pacific open ocean station revels an increase in subsurface 

water column Fe upon approaching the continental margin (the “continental shelf 

effect”).  A similar increase in Fe was seen by Martin et al. (1989), which they 

attributed to more Fe-rich particles closer to the continental shelf.  The continental 

shelf not only affects coastally upwelled Fe, it also influences offshore subsurface Fe 

concentrations in the cCCS transition zone.   

 Zinc showed a strong correlation with H4SiO4 in cCCS vertical profile 

samples except for at H4SiO4 concentrations < 20 µmol L-1.  We suggest that this 
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extreme surface depletion of Zn is a result of accelerated drawdown of dissolved Zn 

near the coast (shown in Figures 6 and 9) as well as a potential increase in the Zn:C 

assimilation ratio under Fe limitation (Sunda and Huntsman, 2000).  Though there is 

a slight decrease in subsurface Zn concentrations in the cCCS relative to the open 

ocean, there is no effect of the continental shelf (as there was for Fe) indicating that 

Zn in the cCCS is dominated by the biogeochemical cycling of the ocean interior. 

4.3 Mn, Co, and Cu 

 Manganese, Co, and Cu have an external source in the continental shelf 

sediments as shown in Figure 3(b-d) by elevated concentrations in samples from the 

BBL relative to vertical profile samples.  Manganese concentrations in the BBL were 

primarily higher in August 2011, indicating an increased source of Mn later in the 

summer.  Additionally, many BBL Co concentrations were higher in August 2011 

than May 2010. This increase in BBL Mn and Co is most likely a result of higher 

organic matter oxidation rates and lower dissolved O2 concentrations in the BBL 

which allow for a high dissolved Mn(II) and Co(II) flux out of the sediments 

(Berelson et al., 2003).  Cobalt has been shown to be associated with Mn-oxides 

(Murray, 1975; Zang et al., 2002) through the co-precipitation by Mn-oxidizing 

bacteria (Moffett and Ho, 1996; Tebo et al., 1984) resulting in the release of dissolved 

Co(II) as Mn-oxides are reductively dissolved in suboxic conditions.   Figure 13 

shows dissolved O2 concentrations versus NO3
- for BBL samples and vertical 

profiles.  The zoomed in portion in Figure 13(b) shows that many August 2011 BBL 

NO3
- concentrations are clearly lower for a given O2 concentration than May 2010 
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and offshore vertical profile samples.  Lower NO3
- in the BBL could be a result of 

denitrification in the suboxic surface sediments, thus resulting in a potential NO3
- sink 

from the water column.  Suboxic conditions in the sediments and BBL result from 

oxidation of organic matter over the shelf throughout the spring and summer 

(Berelson et al., 2003) as well as the presence of the low-O2 California Undercurrent 

(CU) over the shelf during August 2011 (Biller et al., submitted; Castro et al., 2001).  

Low O2 concentrations in the BBL stabilize the reduced forms of Mn and Co (Mn(II) 

and Co(II)) and lead to a larger flux of dissolved Mn and Co out of the continental 

shelf sediments.  

 Surface Mn concentrations in May 2010 from the Big Sur coast (Figure 5), 

showed almost no correlation to NO3
-. There were low Mn concentrations in these 

freshly upwelled waters presumably because of both the narrow continental shelf in 

this region and because Mn-oxides upwelled from the sediments had not yet photo-

reduced into the dissolved form (Chase et al., 2005; Sunda et al., 1983).  This low Mn 

source is reflected in BBL Mn concentrations from the Big Sur coast in May 2010, 

which ranged from 0.98 to 1.93 nmol kg-1.  In early spring along this narrow-shelf 

region, there is not a large Mn source to upwelled waters.  Conversely, Mn 

concentrations along the North Coast in August 2011 were elevated (11.3 nmol kg-1) 

and showed a rapid drawdown relative to NO3
- (Figure 8).  Higher Mn concentrations 

along these transects are a result of a wider continental shelf in this region as well as 

higher BBL Mn concentrations in the late summer (Figure 3) that were upwelled 
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toward the surface.  A combination of particulate scavenging and biological 

assimilation of Mn results in the non-linearity of Mn versus NO3
-. 

Vertical profile data for Mn (Figure 11) demonstrate its typical scavenging 

behavior at depth.  Manganese concentrations approached 0.8-1.0 nmol kg-1 once 

NO3
- concentrations increased to ~30 µmol L-1.  These Mn concentrations are 

comparable to those determined in past studies in the CCS (Landing and Bruland, 

1980); however, there is an increase in vertical profile Mn concentrations closer to the 

continental margin (cCCS) compared to the open ocean station and other past North 

Pacific stations (Landing and Bruland, 1980).  This increase reflects the effect of the 

continental shelf on Mn concentrations closer to shore and further supports the 

concept that Mn distributions are heavily influenced by external sources.   

 Surface Co concentrations also reflected spatial and temporal variability.  

There was only a slight correlation between Co and NO3
- along the Big Sur Coast in 

May 2010. Though there was some variability, higher Co concentrations generally 

corresponded to higher NO3
- concentrations (Figure 5).  There was a slight non-

linearity in the Co vs. NO3
- plot in Figure 5(a), which could be a result of Co 

scavenging in the water column or accelerated Co assimilation while Co 

concentrations were elevated.  Surface Co concentrations in August 2011 along the 

North Coast showed accelerated drawdown relative to NO3
-.  Surface Co 

concentrations were also higher in August 2011 (up to 220 pmol kg-1) compared to 

May 2010 (153 pmol kg-1).  As described previously for Mn, a wider continental shelf 

in the North Coast region as well as an increased benthic source in the late summer 
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led to higher Co concentrations.  Past laboratory studies have shown that Co can 

substitute in for Zn once Zn concentrations become low (Price and Morel, 1990; 

Sunda and Huntsman, 1995a).  Surface dissolved Co shows evidence for accelerated 

drawdown along the North Coast in August 2011 (Figure 9).  It has been previously 

demonstrated that there is accelerated drawdown of Co once dissolved Zn 

concentrations drop below 1.2 nmol L-1 (Sunda and Huntsman, 1995a, 2000).  All but 

one of the dissolved Zn concentrations along the North Coast were below 1.2 nmol 

kg-1 (Figure 9(d)).  Our field data therefore indicates that the in situ phytoplankton are 

potentially accelerating their uptake of Co under low Zn conditions.  Since Co also 

has other biological functions, such as in vitamin B-12 (Croft et al., 2005), our 

evidence for accelerated Co drawdown may not be entirely a result of substitution in 

for Zn in carbonic anhydrase. 

 Vertical water column data for Co (Figure 12) show evidence for biological 

assimilation at the surface, regeneration below the surface, and scavenging at depth.  

The regeneration of Co in the cCCS appears to occur within similar iso-nitrate lines 

regardless of depth.  Mesoscale activity at the time of sampling led to the shoaling or 

deepening of isopycnals and the nutricline by 75-100 m depending on whether 

sampling was taking place in a cyclonic or anti-cyclonic eddy.  Similar patterns in the 

Co versus NO3
- plots for all cCCS stations (which included both cyclonic and anti-

cyclonic eddies) indicate that regeneration of Co is partially depth-independent, and 

rather occurs at similar isopycnals.  Similar to Mn, there are higher Co concentrations 

at the cCCS vertical profile stations compared to the open ocean station, reflecting the 
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influence of the continental shelf on Co concentrations in the offshore regions of the 

cCCS. 

 Copper concentrations in the BBL reflect a pattern different than Fe, Mn, or 

Co.  Copper has a continental shelf source when the shelf sediments are “mildly 

reducing” (Heggie, 1982).  In highly reducing shelf sediments, under very low 

dissolved O2 concentrations, Cu precipitates as an inorganic sulfide.  Shelf sediments 

provided a larger source of Cu to the BBL during May 2010 when benthic waters 

were not as low in dissolved O2 as they had been in August 2011 (Figure 13).  We 

therefore suggest that the source of Cu to the BBL is controlled seasonally and will be 

higher during the early spring before benthic O2 concentrations decrease.  Surface Cu 

concentrations reflect a slight correlation with NO3
- concentrations (Figures 6 and 9) 

indicating that Cu is upwelled to the surface and influenced by a combination of 

mixing and biological assimilation.   

 Concentrations of Cu in vertical profile samples correlated best (R2 = 0.74) 

with H4SiO4 concentrations suggesting a deeper regeneration.  Copper concentrations 

were lower at the surface and increased with depth.  Copper also experiences 

intermediate water scavenging (Bruland, 1980); however, our data does not go deep 

enough to clearly show this scavenging.  Interestingly, subsurface Cu concentrations 

in the cCCS were lower than at the open ocean station even though Cu has a minor 

continental shelf source.  We suggest that in the lower O2 environment of the cCCS, 

there is a removal of dissolved Cu relative to the open ocean.  The small continental 
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shelf source of Cu to the BBL therefore does not have as spatially wide of an 

influence on offshore Cu concentrations as it does for Mn, Fe, and Co. 

4.4 Ni  

 Nickel showed quite a predictable pattern between the two seasons.  

Continental shelf sediments did not affect upwelled Ni concentrations as illustrated in 

Figure 2.  Roughly linear Ni versus NO3
- plots from May 2010 and August 2011 

indicate that both mixing and assimilation affect Ni concentrations in the same 

manner as NO3
-.  Slightly higher Ni concentrations were measured along the Big Sur 

Coast (5.2 nmol kg-1) than along the Northern Coast (4.8 nmol kg-1), which we 

suggest reflects a slight reduction in upwelling strength later in the summer.  Vertical 

profile Ni data (Figure 12) correlated best (R2 = 0.97) with H4SiO4 concentrations 

indicating a deeper regeneration depth similar to H4SiO4, which coincides well with 

the findings of past studies (Bruland, 1980).  Vertical Ni data from the cCCS also 

correlated well with the open ocean station again confirming that Ni distributions are 

dominated by the internal biogeochemical cycles of oceanic waters and are not 

influenced by the continental shelf in the cCCS.  A recent study in the southern CCS 

(Dupont et al., 2010) demonstrated that Ni additions to bottle incubation experiments 

(both NO3
- replete and deplete) did not have any affect on phytoplankton growth.  

Elevated NO3
- and Ni concentrations in freshly upwelled water in the cCCS are 

unlikely to result in Ni-limitation.  
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4.5 Cd  

Cadmium concentrations in the BBL from both seasons are similar those 

found at the same NO3
- concentrations in vertical profiles offshore (Figure 2).  The 

source of Cd to surface waters in the cCCS is thus primarily controlled by internal 

oceanographic processes (regeneration, circulation) rather than by interaction with 

shelf sediments in the cCCS.  Cadmium is highly correlated with NO3
- in surface 

transect samples from both May 2010 and August 2011 (Figures 6 and 9); however 

Cd in freshly upwelled waters from August 2011 is slightly higher (870 pmol kg-1) for 

the same NO3
- concentration (27.6 µmol L-1) than in May 2010 (716 pmol kg-1).  

There are several potential reasons as to why these Cd concentrations differ.  First, 

there could be a slight reduction of NO3
- in freshly upwelled waters in the late 

summer due to the presence of the CU on the shelf.  The CU transports waters that are 

slightly depleted in NO3
- from the Eastern Tropical North Pacific northward to the 

CCS (Castro et al., 2001).  This NO3
- depletion is a result of denitrification in the low 

O2 waters of the Eastern Tropical North Pacific.  Thus, there is a slight disconnect 

between Cd and NO3
- concentrations in freshly upwelled waters of the spring and late 

summer.  In addition, there is also potentially accelerated drawdown of Cd relative to 

NO3
- along the Big Sur Coast, which would have resulted in a lower Cd concentration 

for the same NO3
- concentration.   

Laboratory studies have demonstrated that accelerated Cd drawdown can 

occur under low Zn conditions (Cullen et al., 1999; Sunda and Huntsman, 2000) since 

Cd (and Co) can substitute in for Zn in carbonic anhydrase. Higher Cd:P ratios in 
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phytoplankton under low Zn concentrations and lower pCO2 have also been seen 

previously along the California Coast (Cullen and Sherrell, 2005).  Many of the Zn 

concentrations along the Big Sur Coast were relatively low (0.2-1.5 nmol kg-1, Figure 

6), which would have potentially facilitated a higher rate of Cd uptake.  Since Cd and 

Co can both substitute in for Zn under low Zn conditions, and since Cd is at higher 

concentrations in waters of the cCCS, we would predict that Cd would have been 

preferable to phytoplankton over Co.  In offshore samples along the North Coast in 

late summer (Figure 9), there was a slight non-linearity of Cd with respect to NO3
-.  

We suggest that in the offshore, aged upwelled waters along this transect, that there is 

evidence for slightly faster assimilation of Cd relative to NO3
-.  In addition, 

laboratory studies by Lane et al. (2008, 2009) documented accelerated Cd drawdown 

under Fe-limiting conditions.  The North Coast region in late summer has shown 

evidence for Fe-limitation of diatom blooms (Biller et al., submitted).  Thus, we 

cannot rule out the possibility that a slight acceleration in Cd drawdown could be a 

result of Fe-limited diatoms increasing their divalent metal transporter uptake systems 

resulting in higher rates of both Fe(II) and Cd(II) uptake.  

 Vertical profile data again confirm the tight correlation (R2 = 0.98) between 

Cd and NO3
- (Figure 12) in both the cCCS and at the open ocean station further 

supporting the idea that Cd distributions are tightly coupled to internal oceanic cycles.  

Our data here coincides well with past studies in the North Pacific and California 

Current (Bruland, 1980) and confirms that Cd is regenerated shallow in the water 

column similar to NO3
-. 
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5. Conclusion 

 The cCCS is a dynamic system with large spatial and temporal changes 

occurring to the physical and chemical environment on a seasonal scale.  

Biogeochemical cycles of trace metals in the cCCS reflect these changes.  In 

upwelled waters, nutrient-type trace metals (Ni, Zn, and Cd) originate from the 

biogeochemical cycles of the ocean interior and, as such, are not greatly affected by 

the continental shelf.  Conversely, scavenged and hybrid-type trace metals (Mn, Fe, 

Co, and Cu) have an external source as water is upwelled through the BBL over the 

continental shelf sediments.  This shelf source is greater in the late summer for Mn 

and Co as highly reducing conditions in the BBL allow for a greater flux of Mn(II) 

and Co(II) out of the sediments.  Early spring had a slightly higher sediment Cu 

source before dissolved O2 concentrations were too low.  Surface transects also 

demonstrated accelerated drawdown of Fe and Zn during both seasons and at both 

locations along the coast.  Nickel and Cd showed tight correlations with NO3
- in 

surface waters indicating that they were all affected by mixing and biological 

assimilation in roughly the same proportions, with the exception of slightly 

accelerated Cd drawdown along the North Coast in August.  In the late summer, Mn 

and Co showed evidence for increased drawdown relative to NO3
-.   

By comparing vertical profile data from stations in the cCCS with a North 

Pacific open ocean station (Biller and Bruland, 2012), we were able to further 

illuminate factors controlling trace metal distributions.  It was apparent that the 

continental shelf had a wide range of influence on Fe, Mn, and Co since 
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concentrations at offshore stations in the cCCS were higher relative to the open 

ocean.  Copper showed evidence for water column loss relative to the open ocean 

upon approaching the lower O2 continental margin even though we demonstrated a 

minor continental shelf source for Cu.  Similar water column concentrations of Ni, 

Zn, and Cd between the cCCS and open ocean confirm that internal biogeochemical 

cycles govern their distributions.  

 This study provided important field data to support numerous laboratory 

experiments on variations in trace metal assimilation.  We demonstrated that field 

data can show Fe and Zn drawdown at a higher metal:C ratio under higher in situ 

trace metal concentrations, coinciding with the laboratory experiments of Sunda and 

Huntsman (1992) and Sunda and Huntsman (1995b).  We also suggested that our 

field data demonstrates the possibility of increased Co and Cd drawdown under low 

Zn concentrations, agreeing with numerous laboratory experimental studies including 

Cullen et al. (1999), Cullen and Sherrell (2005), Lane and Morel (2000), Price and 

Morel (1990), and Sunda and Huntsman (1995a, 2000).  As the knowledge of 

biological feedbacks on trace metals evolves, it will be important in the future to 

continue to investigate whether environmental field data supports laboratory studies 

and to determine the effects these feedbacks have on the biogeochemical cycling of 

trace metals. 

Acknowledgements 

We would like to thank the captain and crew of the R/V Pt. Sur for their 

assistance at sea during this study, Geoffrey Smith for his sampling and logistical 



183 

support, Tyler Coale for macronutrient analysis at sea, Rob Franks for assistance 

running the ICP-MS, and Greg Cutter for nutrient data from the North Pacific 

GEOTRACES Baseline station.  This work was supported by NSF grant OCE-

0849943.  



184 

References 
 
Berelson, W., J. McManus, K. Coale, K. Johnson, D. Burdige, T. Kilgore, D. 

Colodner, F. Chavez, R. Kudela, J. Boucher, 2003. A time series of benthic 
flux measurements from Monterey Bay, CA. Cont. Shelf Res. 23, 457-481. 

 
Biller, D.V., K.W. Bruland, 2012. Analysis of Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb in 

seawater using the Nobias-chelate PA1 resin and magnetic sector inductively 
coupled plasma mass spectrometry (ICP-MS). Mar Chem. 130-131, 12-20. 

 
Bruland, K.W. and Lohan, M. C,. 2003. Controls of trace metals in seawater. Treatise 

on Geochemistry 6, 23-47. 
 
Bruland, K.W., R. P. Franks, G. A. Knauer, and J. H. Martin. 1979. Sampling and 

analytical methods for the determination of copper, cadmium, zinc, and nickel 
at the nanogram per liter level in sea-water. Anal. Chim. Acta. 105, 233-245. 

 
Bruland, K.W., 1980. Oceanographic distributions of cadmium, zinc, nickel, and 

copper in the North Pacific. Earth Planet. Sci. Lett. 47, 176-198. 
 
Bruland, K.W., 1989. Complexation of zinc by natural organic ligands in the central 

North Pacific. Limnol. Oceanogr. 34, 269-285. 
 
Bruland, K. W., E. L. Rue, and G. J. Smith, 2001. Iron and macronutrients in 

California coastal upwelling regimes, Implications for diatom blooms. 
Limnol. Oceanogr. 46, 1661-1674. 

 
Bruland, K. W., E. L. Rue, G. J. Smith, and G. R. Ditullio, 2005. Iron, macronutrients 

and diatom blooms in the Peru upwelling regime: brown and blue waters of 
Peru. Mar. Chem. 93, 81-103. 

 
Castro, C.G. F.P. Chavez, C.A. Collins, 2001. Role of the California Undercurrent in 

the export of denitrified waters from the eastern tropical North Pacific. Global 
Biogeochem. Cycles. 15, 819-830.  

 
Chase, Z. K,. Johnson, V. Elrod, J. Plant, S. Fitzwater, L. Pickell, C. Sakamoto, 2005. 

Manganese and iron distributions off central California influenced by 
upwelling and shelf width. Mar. Chem. 95, 235-254. 

 
Chen, M. and W.X. Wang, 2008. Accelerated uptake by phytoplankton of iron bound 

to humic acids. Aquat. Biol. 3, 155-166.  
 
Checkley, D. M., and J. A. Barth, 2009. Patterns and processes in the California 

Current System. Prog. Oceanogr. 83, 49-64. 



185 

 
Croft, M.T., A.D. Lawrence, E. Raux-Deery, M.J. Warren, A.G. Smith, 2005. Algae 

acquire vitamin B12 through a symbiotic relationship with bacteria. Nature. 
438, 90-93. 

 
Cullen, J.T. and R.M. Sherrell, 2005. Effects of dissolved carbon dioxide, zinc, and 

manganese on the cadmium to phosphorus ratio in natural phytoplankton 
assemblages. Limnol. Oceanogr. 50, 1193-1204.  

 
Cullen, J.T., F.M.M. Morel, and R.M. Sherrell, 1999. Modulation of cadmium uptake 

in phytoplankton by seawater CO2 concentration. Nature. 402, 165-167.  
 
Dupont, C.L., K.N. Buck, B. Palenik, K. Barbeau, 2010. Nickel utilization in 

phytoplankton assemblages from contrasting oceanic regimes. Deep Sea Res. 
Part I. 57, 553-566. 

 
Elrod, V. A., W. M. Berelson, K. H. Coale, and K. S. Johnson. 2004. The flux of iron 

from continental shelf sediments: A missing source for global budgets. 
Geophs. Res. Lett. 31, L12307. 

 
Firme, G. F., E. L. Rue, D. A. Weeks, K. W. Bruland, and D. A. Hutchins. 2003. 

Spatial and temporal variability in phytoplankton iron limitation along the 
California coast and consequences for Si, N, and C biogeochemistry. Global 
Biogeochem. Cycles 17, 1016. 

 
Griggs, G.B and J.R. Hein, 1980. Sources, dispersal, and clay mineral composition of 

fine-grained sediment off central and northern California. J. Geol. 88, 541-
566. 

 
Heggie, D.T., 1982. Copper in surface waters of the Bering Sea. Geochim. 

Cosmochim. Acta. 46, 1301-1306. 
 
Hutchins, D. A., G. R. Ditullio, Y. Zhang, K. W. Bruland, 1998. An iron limitation 

mosaic in the California upwelling regime. Limnol. and Oceanogr. 43, 1037-
1054. 

 
Kosro, P.M. A. Huyer, S.R. Ramp, R.L Smith, F.P Chavez, T.J. Cowles, M.R. 

Abbott, P.T. Strub, R.T. Barber, P. Jessen, L.F. Small, 1991.  The structure of 
the transition zone between coastal waters and the open ocean off Northern 
California, Winter and Spring 1987. J. Geophys. Res. 96, 14,707-14,730. 

 
Landing, W. M., and K.W. Bruland, 1980. Manganese in the North Pacific. Earth 

Planetary Science Letters. 49, 45-56. 
 



186 

Lane, T.W. and F.M.M. Morel, 2000. Regulation of carbonic anhydrase expression 
by zinc, cobalt, and carbon dioxide in the marine diatom Thalassiosira 
weissflogii. Plant physiology. 123, 345-352.  

 
Lane, E. S., K. Jang, J. T. Cullen, M. T. Maldonado. 2008. The interaction between 

inorganic iron and cadmium uptake in the marine diatom Thalassiosira 
oceanica. Limnol. Oceanogr. 53, 1784-1789. 

 
Lane, E. S., D. M. Semeniuk, R. F. Strzepek, J. T. Cullen, M. T. Maldonado. 2009. 

Effects of iron limitation on intracellular cadmium of cultured phytoplankton: 
Implications for surface dissolved cadmium to phosphate ratios. Mar. Chem. 
115, 155-162. 

 
Lohan, M. C., A. M. Aguilar-Islas, and K. W. Bruland. 2006. Direct determination of 

iron in acidified (pH 1.7) seawater samples by flow injection analysis with 
catalytic spectrophotometric detection: Application and intercomparison. 
Limnol. Oceanogr.: Methods. 4, 164-171. 

 
Mackey, K.R.M., G.L. van Dijken, S. Mazloom, A.M. Erhardt, J. Ryan, K.R. Arrigo, 

A. Paytan, 2010. Influence of atmospheric nutrients on primary productivity 
in a coastal upwelling region. Global Biogeochem. Cycles. 24, GB4027. 

 
Maldonado, M.T. and N.M. Price, 1999. Utilization of iron bound to strong organic 

ligandsby plankton communities in the subarctic Pacific Ocean. Deep Sea 
Res. Part II. 46, 2447-2473.  

 
Marchetti, A. M.S. Parker, L.P. Moccia, E.O. Lin, A.L. Arrieta, F. Ribalet, M.E.P. 

Murphy, M.T. Maldonado, E.V. Armburst. 2009. Ferritin is used for iron 
storage in bloom-forming marine pennate diatoms. Nature. 457, 467-470. 

 
Martin, J.H., R.M. Gordon, S. Fitzwater, W.M. Broenkow, 1989. Vertex: 

phytoplankton/iron studies in the Gulf of Alaska. Deep-Sea Res. Part A, 36: 
649-680. 

 
Matsunaga, K., J. Nishioka, K. Kuma, K. Toya, Y. Suzuki, 1998. Riverine input of 

bioavailable iron supporting phytoplankton growth in Kesennuma Bay 
(Japan). Water Res. 32, 3436-3442.  

 
Milne, A., Landing, W., Bizimis, M., and Morton, P., 2010. Determination of Mn, Fe, 

Co, Ni, Cu, Zn, Cd and Pb in seawater using high resolution magnetic sector 
inductively coupled mass spectrometry (HR-ICP-MS). Analytica Chimica 
Acta 665, 200-207. 

 



187 

Moffett, J.W. and J. Ho, 1996. Oxidation of cobalt and manganese in seawater via a 
common microbially catalyzed pathway. Geochim. Cosmochim. Acta. 60, 
3415-3424.  

 
Morel, F.M.M., J.R. Reinfelder, S.B. Roberts, C.P. Chamberlain, J.G. Lee, D. Yee, 

1994. Zinc and carbon co-limitation of marine phytoplankton. Nature. 369, 
740-742.  

 
Morel, F. M. M., Milligan, A. J., Saito, M.A., 2003. Marine bioinorganic chemistry: 

the role of trace metals in the oceanic cycles of major nutrients. Treatise on 
Geochemistry 6, 113-143. 

 
Murray, J.W., 1975. The interaction of metal ions at the manganese dioxide-solution 

interface. Geochim. Cosmochim. Acta. 39, 505-519. 
 
Parsons, T. R., M. Y., and L. C. M. 1984. A manual of chemical and biological 

methods for seawater analysis. Pergamon Press Ltd. Great Britian. 
 
Price, N. M., and F. M. M. Morel. 1990. Cadmium and cobalt substitution for zinc in 

a marine diatom. Nature. 344, 658-660. 
 
Price, N.M., 2005. The elemental stoichiometry and composition of an iron-limited 

diatom. Limnol. Oceanogr. 50, 1159-1171.  
 
Redfield, A.C. 1958. The biological control of chemical factors in the environment. 

Am Sci. 46, 205-221.  
 
Rue, E. L., and K.W., 1995. Complexation of iron (III) by natural organic ligands in 

the central North Pacific as determined by a new competitive ligand 
equilibration adsorptive cathodic stripping voltammetric method. Marine 
Chemistry 50, 117-138. 

 
Rue, E.L. and K.W. Bruland, 1997. The role of organic complexation on ambient iron 

chemistry in the equatorial Pacific Ocean and the response of a mesoscale iron 
addition experiment. Limnol. Oceanogr. 42, 901-910. 

 
Saito, M.A., J.W. Moffett, G.R. DiTullio, 2004. Cobalt and nickel in the Peru 

upwelling region: a major flux of labile cobalt utilized as a micronutrient. 
Global Biogeochem. Cycles. 18, GB4030.  

 
Shaked, Y., A.B. Kustka, F.M.M. Morel, 2005. A general kinetic model for iron 

acquisition by eukaryotic phytoplankton. Limnol. Oceanogr. 50, 872-882.  
 



188 

Strub, P.T., P.M. Korso, A. Huyer, 1991. The Nature of the cold filaments in the 
California Current System. J. Geophys. Res. 96: 14,743-14,768. 

 
Sunda, W.G. and S.A. Huntsman, 1992. Feedback interactions between zinc and 

phytoplankton in seawater. Limnol. Oceanogr. 37, 25-40. 
 
Sunda, W. G., and S. A. Huntsman, 1995a. Cobalt and zinc interreplacement in 

marine phytoplankton: Biological and geochemical implications. Limnol. 
Oceanog. 4, 1404-1417. 

 
Sunda, W.G. and S.A. Huntsman, 1995b. Iron uptake and growth limitation in 

oceanic and coastal phytoplankton. Mar. Chem. 50, 189-206.  
 
Sunda, W.G. and S.A. Huntsman, 2000. Effect of Zn, Mn, and Fe on Cd 

accumulation in phytoplankton: implications for oceanic Cd cycling. Limnol. 
Oceanogr. 45, 1501-1516. 

 
Sunda, W.M., S.A. Huntsman, G.R. Harvey, 1983. Photoreduction of manganese 

oxides in seawater and its geochemical and biological implications. Nature. 
301, 234-236.  

 
Tebo, B.M., K.H. Nealson, S. Emerson, L. Jacobs, 1984. Microbial mediation of 

Mn(II) and Co(II) precipitation at the O2/H2S interfaces in two anoxic fjords. 
Limnol. Oceanogr. 29, 1247-1258.  

 
Wheatcroft, R.A., C.K. Sommerfield, D.E. Drake, J.C. Borgeld, C.A. Nittrouer, 1997. 

Rapid and widespread dispersal of flood sediment on the northern California 
margin. Geology. 25, 163-166. 

 
Xu, J.P., M. Noble, S.L. Eittreim, 2002. Suspended sediment transport on the 

continental shelf near Pt. Ano Nuevo, California. Mar Geol. 181, 171-193. 
 
Zang, H., W. Davison, R.J.G. Mortimer, M.D. Krom, P.J. Hayes, I.M. Davies, 2002. 

Localised remobilization of metals in a marine sediment. Sci. Total Environ. 
296, 175-187. 

  



189 

Table 1: Values for SAFe S, SAFe D2, average blanks, and detection limits for Mn, 
Fe, Co, Ni, Cu, Zn, and Cd using the multi-element method of Biller and Bruland 
(2012). 

Metal SAFe S 
(n=15) 

SAFe D2 
(n=15) 

Blanks 
(n=32) 

Detection 
limit 

Mn (nmol kg-1) 0.88 ± 0.06 0.40 ± 0.02 0.028 0.061 
Fe (nmol kg-1) 0.092 ± .005 0.91 ± 0.05 0.030  0.014 
Co (pmol kg-1) 4.32 ± 0.51 44.3 ± 2.2 0.63 0.64 
Ni (nmol kg-1) 2.35 ± 0.10 8.67 ± 0.33 0.12 0.18 
Cu (nmol kg-1) 0.46 ± 0.07 2.13 ± 0.13 0.016 0.039 
Zn (nmol kg-1) 0.081 ± 0.003 7.40 ± 0.27 0.017 0.038 
Cd (pmol kg-1) 1.13 ± 0.20 1002 ± 11.2 0.46 0.70 
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Figure 1: BBL station locations for (a) May 2010 and (b) August 2011 with 
bathymetry.  Bathymetry contours shown are: 200m, 400m, 600m, 800m, 1000m, and 
2000m.  Continental shelf is indicated by the 200m isobath. 
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Figure 2: Nutrient-type trace metal concentrations ((a) Ni, (b) Zn, and (c) Cd) versus 
NO3

- concentrations for BBL samples from May (gray squares), August (gray 
circles), vertical profiles from May (black triangles), and August (black diamonds).  
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Figure 3: Scavenged and hybrid type trace metal concentrations ((a) Fe, (b) Mn, (c) 
Co, and (d) Cu)) versus NO3

- concentrations for BBL samples from May (gray 
squares), August (gray circles), vertical profiles from May (black triangles), and 
August (black diamonds).  
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Figure 4: Surface transect locations along the Big Sur Coast in May 2010 with 
satellite SST.  
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Figure 5: Big Sur Coast surface transect data from May 2010. (a) temperature versus 
salinity, (b) NO3

- vs salinity, (c) H4SiO4 vs NO3
-, (d) dissolved Mn vs NO3

-, and (e) 
dissolved Fe vs NO3

-. 
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Figure 6: Big Sur Coast surface transect data for dissolved trace metals versus NO3
- 

from May 2010. (a) Co vs NO3, (b) Ni vs NO3
-, (c) Cu vs NO3

-, (d) Zn vs NO3
-, and 

(e) Cd vs NO3
-.  
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Figure 7: Surface transect locations along the North Coast in August 2011 with 
satellite SST. 
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Figure 8: North Coast surface transect data from August 2011. Onshore samples 
indicated by gray circles, and offshore samples indicated by black diamonds. (a) 
temperature versus salinity, (b) NO3

- vs salinity, (c) H4SiO4 vs NO3
-, (d) dissolved 

Mn vs NO3
-, and (e) dissolved Fe vs NO3

-. 
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Figure 9: North Coast surface transect data for dissolved trace metals from August 
2011. (a) Co vs NO3, (b) Ni vs NO3

-, (c) Cu vs NO3
-, (d) Zn vs NO3

-, and (e) Cd vs 
NO3

-. Symbols are the same as for Figure 7 (onshore: gray circles, offshore: black 
diamonds). 
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Figure 10: Vertical profile station locations for (a) May 2010 and (b) August 2011 
with satellite SST. Note the two different temperature scales. 
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Figure 11: Vertical profile data from cCCS stations in May 2010 (gray triangles) and 
August 2011 (black circles) as well as the open ocean U.S. GEOTRACES North 
Pacific inter-calibration Baseline station (black squares) for comparison (Biller and 
Bruland, 2012). (a) temperature versus salinity, (b) NO3

- vs salinity, (c) H4SiO4 vs 
NO3

-, (d) dissolved Mn vs NO3
-, and (e) dissolved Fe vs NO3
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Figure 12: Vertical profile data from stations in May 2010 (gray triangles) and 
August 2011 (black circles) as well as the open ocean U.S. GEOTRACES North 
Pacific inter-calibration Baseline station (black squares) for comparison (Biller and 
Bruland, 2012). (a) Co vs NO3, (b) Ni vs H4SiO4, (c) Cu vs H4SiO4, (d) Zn vs H4SiO4, 
and (e) Cd vs NO3
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Figure 13: Dissolved O2 versus NO3
- concentrations for BBL stations and cCCS 

vertical profile stations.  Symbols are the same as for Figures 1 and 2 (BBL May: 
gray squares, BBL August: gray circles, profiles May: black triangles, profiles 
August: black diamonds).  Figure 12(b) is a larger version of the region in the black 
box from (a) to show the lower BBL NO3

- for a given O2 concentration from August 
2011. 
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CONCLUSION 

 The initial result of this dissertation was the development of an accurate, high 

throughput, multi-element analysis method.  This method, as well as a shipboard flow 

injection analysis method for measuring dissolved Fe, was then used to investigate 

trace metal sources and distributions in the cCCS.  The cCCS is a dynamic system 

where a combination of upwelling and proximity to the continental shelf affect 

surface concentrations of both macro and micronutrients.  Spatial and temporal 

changes in nutrient concentrations affect primary productivity and chlorophyll 

concentrations in the cCCS. 

 In Chapter 1, a new multi-element method was presented (Biller and Bruland, 

2012).  This method was adapted and improved from the method of Sohrin et al. 

(2008).  It involves the offline pre-concentration of a suite of trace metals (Mn, Fe, 

Co, Ni, Cu, Zn, Pb, and Cd) from a UV-oxidized seawater sample followed by ICP-

MS detection.  With the utilization of an eight-column manifold, this method has high 

sample throughput.  Low blanks and high precision and accuracy make this method 

valuable for the international GEOTRACES program.  We presented the U.S. 

GEOTRACES inter-calibration Baseline station vertical profiles for the trace metals 

of interest as well as our values for the GEOTRACES reference samples.  The values 

we reported for the reference samples agreed well with the current consensus values.   

The data presented in Chapter 1 was an important part of the U.S. GEOTRACES 

inter-calibration effort.   
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 Chapter 2 examined the spatial and temporal distributions of dissolved Fe and 

NO3
- in the coastal regions of the cCCS (34-42°N).  Differences in upwelled Fe and 

NO3
- supply and biological demand can create situations where diatom growth is 

limited and blooms do not occur.  Continental shelf sediments are the dominant 

external Fe source to the region (Johnson et al., 1999, 2001), and as such, differences 

in continental shelf width affect the amount of Fe that can be upwelled to the surface 

(Bruland et al., 2001; Chase et al., 2005).  Chapter 2 presented BBL dissolved Fe 

concentrations at various stations along the coast and associated surface transects.  

Dissolved Fe concentrations in the BBL were generally higher at stations with a wide 

continental shelf as well as at stations with very low BBL dissolved O2 

concentrations.  Organic matter oxidation on the shelf throughout the spring and 

summer upwelling season as well as the presence of the CU on the shelf late in the 

summer led several stations to have very low benthic O2 concentrations (< 50 µmol 

kg-1) and anomalously high BBL Fe concentrations for the shelf width (30 nmol kg-1).  

Using results of past studies in hypoxic waters along the Washington and Oregon 

coasts (Lohan and Bruland, 2008), we suggested that due to low O2 concentrations, 

Fe(II) likely comprised a higher percentage of the total dissolved Fe.  Additionally, 

BBL Fe concentrations did not show a clear seasonal trend between the early spring 

and late summer.  Surface Fe concentrations were elevated in freshly upwelled waters 

as well as in regions of a wide continental shelf.  In general, surface Fe concentrations 

were also lower later in the summer through a combination of reduced upwelling 

strength and biological assimilation throughout the season.  Using Fe:NO3
- ratios and 
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theoretical calculated specific growth rates, we demonstrated that several regions 

showed evidence for Fe limiting conditions.  The narrow continental shelf areas of the 

Big Sur Coast and North Coast between Pt. Arena and Cape Mendocino had low Fe 

concentrations relative to NO3
- and thus demonstrated evidence for Fe-limitation of 

diatom blooms.  Chapter 2 of this dissertation greatly expanded upon the limited 

amount of published dissolved Fe data for the coastal regions of the cCCS and 

provided a key constraint on the coastal upwelling end member for Fe supply to the 

region. 

 With a better understanding into coastal upwelling Fe sources, it was possible 

to then investigate Fe sources and distributions in the offshore TZ of the cCCS.  

Chapter 3 presented dissolved Fe and NO3
- data in the TZ and demonstrated that there 

was evidence for Fe limitation of diatom blooms in the TZ.  Macro and 

micronutrients are delivered to the TZ in several ways: (1) transport of coastally 

upwelled water offshore in filaments, (2) wind curl induced upwelling offshore, and 

(3) vertical mixing during a wind event.  Since the continental shelf sediments 

provide the key external Fe source in the cCCS, the dominant TZ Fe source is in the 

transport of coastally upwelled waters offshore.  However, from both rapid biological 

assimilation and particulate scavenging, aged upwelled waters have faster Fe 

drawdown relative to NO3
-.  Surface transects perpendicular to shore demonstrated 

this rapid Fe loss; waters in the TZ showed residual NO3
- (5-10µ mol L-1) yet very 

low Fe concentrations (<0.2 nmol kg-1). Chapter 3 also examined the affect that 

mesoscale activity had on nutrient concentrations in the TZ and determined that it is 
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in cyclonic eddies, with the shoaling of isopycnals and the nutricline, that wind curl 

induced upwelling or vertical mixing becomes the most important to consider with 

respect to surface nutrient delivery.  Since eddies occur seaward of the continental 

shelf, there is little external Fe input, and water delivered to the surface will not have 

enough Fe to accompany the NO3
-.  Though there was a definite shoaling of the 

ferrocline in the cyclonic eddies, there was still not enough Fe to accompany the NO3
-

, as determined by the Fe:NO3
- ratio.  Calculation of Fe:NO3

- ratios as well as diatom 

specific growth rates along surface transects provided evidence that Fe concentrations 

in the TZ were limiting diatom growth and prohibiting large diatom blooms from 

occurring.  Though past studies have only theorized about the importance that Fe 

plays in the TZ ecosystem, there was limited field Fe data to support their theories.  

Data from Chapter 3 provided some of the first strong evidence that Fe is a critical 

bottom up control on the phytoplankton community in the TZ of the cCCS.  With our 

conclusions, we suggested that Fe should be included in future ecosystem models of 

the cCCS.   

 Chapter 4 of this dissertation was an investigation into several other important 

trace metals in the cCCS.  Data from the BBL over the mid-shelf region provided a 

better understanding into individual trace metal sources to upwelled waters.  Nutrient-

type trace metals (Cd, Zn, and Ni) were not affected by continental shelf sediments, 

but rather had their upwelled source in the ocean interior.  Conversely, scavenged 

(Mn) and hybrid-type trace metals (Fe, Co, and Cu) had an external source in the 

continental shelf sediments.  These metals showed enrichment in the BBL over 
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subsurface, offshore samples.  Surface transects for this suite of trace metals also 

demonstrated both spatial and temporal differences in distributions and drawdown.  

For example, Cd concentrations corresponded very well with NO3
- concentrations 

indicating that both are controlled by mixing and biological assimilation to roughly 

the same degree.  On the other hand, Fe and Zn both showed more rapid drawdown 

relative to NO3
- indicating that in the environment, these metals are assimilated at a 

higher metal:C ratio at higher metal concentrations.  Vertical profile samples for the 

trace metals of interest provided a better understanding of the internal biogeochemical 

cycles of these metals in the offshore environment.  One particular example was for 

Co where its hybrid type behavior was shown by assimilation at the surface, yet both 

regeneration and scavenging at depth.  Comparison of cCCS stations with the U.S. 

GEOTRACES Inter-calibration Baseline station in the open North Pacific 

demonstrated the continental shelf effect on offshore distributions of Mn, Fe, and Co 

as well as further confirmed the internal oceanic biogeochemical control on Cd, Zn, 

and Ni distributions.  Results from Chapter 4 provided a better understanding into the 

seasonal sources of trace metals to upwelling waters in the cCCS as well as processes 

controlling the spatial and temporal distributions of these trace metals along the coast 

during the upwelling season.      

 Eastern boundary current regimes such as the cCCS are important globally 

since they account for disproportionally high levels of primary productivity relative to 

their area (Carr, 2002).  Elevated phytoplankton standing stock has been correlated to 

fish yields in this region (Ware and Thompson, 2005), thus making the cCCS 
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economically important as well.  Therefore, it is vital to have an understanding of 

various bottom up controls on phytoplankton growth in the cCCS in an attempt to 

predict how the ecosystem will be affected in the future.  In this dissertation, I 

initially described a new multi-element method and then used the method to provide 

an in depth investigation into the importance of Fe in both the coastal and TZ regions 

of the cCCS.  Additionally, I examined the sources and distributions of a suite of 

trace metals (Mn, Fe, Co, Ni, Cu, Zn, and Cd).  As micronutrients, many of these 

trace metals have the potential to affect phytoplankton productivity and community 

composition.  It will be important in the future to incorporate these micronutrients in 

ecosystem models.  Using the field chemical data presented here, future studies 

should begin to focus more on the biological components and implications of varying 

micronutrient concentrations on community structure and progression from the 

coastal to TZ regions of the cCCS.  
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