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Abstract 

 

Cadmium (Cd) in the oceans closely mimics the behavior of the macronutrient phosphate 

(PO4
3-

) and can be used in the enzyme carbonic anhydrase (CA), suggesting a biological 

uptake of Cd.  This relationship between Cd and PO4
3-

 has been used extensively as a 

paleoproxy for historic nutrient cycling. However, the validity of this proxy is questionable 

due to the complexity of the Cd /PO4
3-

 relationship.  To this end, Cd isotopic studies can 

provide critical insight into the mechanism controlling Cd uptake and may, in itself, be a 

useful paleoproxy for historic primary production. 

 

In this study, multiple collector inductively coupled plasma mass spectrometry (MC-

ICPMS), combined with double spiking techniques, was used to determine Cd isotopic 

compositions in surface waters from the subtropical convergence and Southern Ocean 

phytoplankton cultures.  These analytical techniques were improved to increase the 

precision on low (<5 ng) Cd samples resolving small differences in natural Cd isotopic 

variations.  These improvements included an investigation into the effects of organic resin-

derived matrix on analytical accuracy, as percent-level isotopic shifts were observed in Cd 

standards analyzed after seawater samples.  This study shows that resin-derived organics 

from Eichrom TRU resin are responsible for the observed anomalous shifts in Cd isotopic 

standards and that the effects behave in a non-mass dependent way.  Oxidation of the 

samples before analysis eliminates this matrix effect on subsequent standard analyses. 

 

With these improved methods, surface samples collected seasonally from the subtropical 

convergence and subantarctic were analyzed, showing limited Cd isotopic variability 

despite the observed 50-fold decrease in dissolved Cd concentration from winter to 

summer.  This decrease was coincident with the drawdown of zinc (Zn) and 

macronutrients (NO3
-
, PO4

3-
, Si(OH)4), strongly suggesting that Cd concentrations are 

dependent on biological activity.  Cd was preferentially taken up relative to PO4
3-

 resulting 

in significant seasonal shifts in Cd/PO4
3- 

ratios.  These results prove that neither Cd/PO4
3-

 

ratios nor Cd isotopic compositions are, or will be, valid paleoproxies for nutrient cycling 

for subantarctic surface waters.  The lack of Cd isotopic shifts contrasts the limited Cd 

isotopic data from North Pacific seawater where Cd isotopic compositions follow a kinetic 

biological uptake model.  This indicates that multiple factors control the biological uptake 
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of Cd, which are likely to influence the global Cd/PO4
3-

 relationship.  Importantly, in 

regions where Zn and Cd concentrations are both low (<0.2 nmol kg
-1

) year round, 

diffusion limitation of both Cd and Zn may be governing biological uptake. 

 

To provide further supporting evidence for this hypothesis, the Cd isotopic composition 

was also determined, for the first time, in a cultured marine phytoplankton (Proboscia 

inermis).  The effects of Zn and/or Fe limitation on Cd uptake were investigated, and Cd 

isotopic compositions were used to calculate isotopic fractionation factors.  Results 

showed that marine phytoplankton preferentially remove light isotopes from the medium, 

and the most fractionated Cd isotopic compositions were observed in Zn-replete samples 

despite higher cellular Cd concentrations in Zn-limited cultures.  This suggests that 

phytoplankton have at least two different uptake mechanisms with one more highly 

selective for light isotopes than the other and that these mechanisms are dependent on Zn 

concentrations. 
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Chapter 1 : Introduction to Cadmium in the Oceans 

 

1.1 Overview 

The world‟s oceans play a major role in global climate, acting as the largest sink for global 

carbon dioxide (CO2) (Tans et al., 1990).  One of the main mechanisms for the oceanic 

uptake of CO2 is through biological activity, also known as the biological pump (Figure 

1.1) (Knox and McElroy, 1984).  Phytoplankton utilize CO2 and inorganic nutrients for 

photosynthesis, turning them into organic material, some of which sinks into the deep 

oceans.  The availability of nutrients and biologically essential metals controls the 

efficiency of the biological pump and therefore CO2 uptake.  Understanding nutrient 

cycling in the oceans is key to determining the mechanisms that affect the biological pump 

and in turn, changes in climate. 
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Figure 1.1 The marine biological pump transports CO2 from the atmosphere into the deep oceans and is 
directly controlled by the availability of nutrients in the surface oceans.  Phytoplankton convert CO2 into 
organic carbon, some of which sinks to the deep ocean in the form of dead cells or fecal material from 
grazers. Figure from (Chisholm, 2000). 

 

The biogeochemistry of cadmium (Cd) in the oceans has sparked interest over the past 35 

years due to its unique nutrient-like distribution and its almost linear relationship to the 

macronutrient phosphate (PO4
3-

) (Boyle and Edmond, 1979; Boyle et al., 1976; Bruland et 

al., 1978a).  This relationship has been used extensively in the Cd/PO4
3-

 paleoproxy to 

understand historic nutrient cycling in the oceans (Boyle, 1986; 1992; Elderfield and 

Rickaby, 2000).  However, our limited understanding of the biogeochemical cycling of Cd 

in the oceans has left this proxy limited in its use. 

 

The aim of this study is to investigate the isotopic composition of Cd in the Southern 

Ocean to determine biological, chemical and physical controls of marine Cd cycling, to 

help constrain and improve the Cd/PO4
3-

 proxy. 
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1.2 Cadmium in the Oceans 

Interest in the biogeochemical cycling of Cd in the waters surrounding the South Island of 

New Zealand was sparked when oysters from Foveaux Strait were found to have 

anomalously high (ppm level) concentrations of Cd in their tissues (Brooks and Rumsby, 

1965; Nielsen and Nathan, 1975).  Limited industrial activity, resulting in a generally 

pristine environment, in this region, with low (pM) (Frew and Hunter, 1992; 1995; Nielsen 

and Nathan, 1975) oceanic concentrations of Cd left scientists questioning the source of 

this toxic heavy metal.  More detailed studies of the biogeochemical cycling of Cd in 

Foveaux Strait and subantarctic waters suggest that the oysters derive Cd from diet (Frew, 

1991; Frew et al., 1989).  The relationship between these two extreme situations (high Cd 

concentrations in oysters growing in the presence of very low oceanic Cd concentrations) 

remains unclear but it is likely a result of the biogeochemical cycling of Cd in the oceans. 

 

In 1976 it was discovered that Cd concentrations have a very strong linear correlation to 

the macronutrient PO4
3-

 (Boyle et al., 1976).  Both Cd and PO4
3-

 follow a nutrient like 

profile (Figure 1.2), depleted in surface waters where most biological activity is occurring 

with increasing concentration with depth due to remineralization and a mostly constant 

concentration at depth (Boyle et al., 1976; Bruland, 1980).  External inputs of Cd into the 

oceans are mainly from surface runoff and atmospheric dust (Simpson, 1981).  Other 

sources of Cd could include the resuspension of sediments and hydrothermal vents in the 

ocean floor.  Due to the nutrient-like profile and the strong relationship to phosphate, it is 

believed that Cd is controlled by similar biological processes that control all labile 

nutrients in the oceans. 
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Figure 1.2 Depth profiles of PO4
3-

 and dissolved Cd both show nutrient type profiles, deplete in surface 
waters with increased concentrations at depth (Bruland, 1980). 

 

Additional measurements of Cd concentrations have shown that Cd and PO4
3-

 do not have 

a completely linear relationship (Figure 1.3) (Croot et al., 1998; Frew, 1995; Frew and 

Hunter, 1995).  In areas of the oceans where PO4
3-

 concentrations are less than 1.3 mol, 

the Cd concentrations tend to be much lower than what would be expected in a truly linear 

relationship, creating a “kink” in the global Cd/PO4
3-

 ratio (de Baar et al., 1994; Frew and 

Hunter, 1992). 
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Figure 1.3 Cd/PO4
3-

 relationship from the Southern Ocean relative to the global Cd/PO4
3-

 relationship in 
the oceans for waters greater than 200m (solid line with 2 sigma confidence-dashed lines (Boyle, 1988)).  

Subantarctic and subtropical convergence waters (45-50S) are shown by open symbols (Frew and 

Hunter, 1992; 1995), waters south of the Polar Front (60-65S) are shown by closed symbols (Frew, 1995). 

 

de Baar et al. (1994) attribute this kink in the data set to the preferential biological removal 

of Cd relative to PO4
3-

 in surface waters.  This results in higher particulate Cd:PO4
3-

 being 

exported to the deep oceans, thereby increasing Cd:PO4
3-

 in deep waters through 

respiration of these organic particulates that released Cd and PO4
3-

 back into the water 

column, and increases in the Cd:PO4
3-

 as the water mass ages.  However, these conclusions 

omit data that suggest this preferential removal of Cd may vary between surface ocean 

regions (Frew and Hunter, 1992). 

 

Price and Morel (1990)  have suggested that this Cd:PO4
3-

 kink is due to biological activity 

and a difference in available nutrients in different areas of the oceans.  In areas where zinc 

(Zn) concentrations are low limiting its availablity for utilization in carbonic anhydrase 

(CA), a zinc metalloenzyme used for carbon acquisition, phytoplankton may take 

advantage of the similar chemistry of Cd to replace Zn in this important enzyme (Cullen 
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and Sherrell, 2005; Cullen et al., 1999; Lane and Morel, 2000; Lee et al., 1995; Loscher et 

al., 1998; Price and Morel, 1990).  Lane and Morel (2000) have showed that some species 

of phytoplankton may have a CA enzyme that is specific to Cd and is fairly ubiquitous in 

the marine environment (Park et al., 2007).  In either scenario, the concentration of 

bioavailable Zn will influence biological uptake of Cd in the oceans. 

 

Iron (Fe) availability may also influence the biological uptake of Cd (Cullen, 2006; Cullen 

et al., 2003; Frew et al., 2001).  Culture work, both in the laboratory and shipboard, has 

shown that high nutrient, low chlorophyll (HNLC) waters that are depleted in Fe (limiting 

growth) induce a higher uptake of Cd (Cullen, 2006).  Cullen (2003) showed that relieving 

the Fe stress on phytoplankton in Fe depleted waters in the California upwelling region 

decreases the uptake of Cd.  However, during the Southern Ocean iron enrichment 

experiment (SOIREE) Frew (2001) showed that Cd uptake increased when the Fe stress 

was relieved.  The discrepancy between these two studies does not necessarily falsify their 

results.  They have led to the necessity of a more complete and detailed understanding of 

phytoplankton and their requirements for growth in different regions of the world‟s oceans 

along with the mechanisms responsible for the uptake of Cd from the world‟s surface 

oceans. 

 

Along with these biological explanations for the Cd:PO4
3-

 kink, some studies have shown 

that the lowest Cd concentrations in the global oceans are found close to the subtropical 

convergence (STC) in the Southern Ocean (Figure 1.3) (Croot et al., 1998; Frew and 

Hunter, 1995). Some of the highest surface Cd concentrations are found further south in 

the adjoining Antarctic ocean waters (Frew, 1995).  Both the low Cd concentration in the 

STC and the high concentration of Cd in the Antarctic surface waters may be contributing 

to the kink as they are involved in the formation of global intermediate water and global 

deep water, respectively (Croot et al., 1998; Frew, 1995; Frew and Hunter, 1992; 1995; 

Loscher et al., 1998; Marinov et al., 2006). 

1.3 Cd/PO43- paleoproxy 

Despite our limited understanding of Cd biogeochemical cycling in the oceans the 

relationship between Cd and PO4
3-

 has been exploited using the Cd/PO4
3-

 ratio as a 
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paleoproxy for water mass tracing and historic nutrient cycling (Boyle, 1988; 1992; 

Elderfield and Rickaby, 2000). 

 

Boyle (1986; 1992) has used modern Cd/PO4
3-

 data combined with Cd data from fossil 

foraminifera shells (tests) to model nutrient cycling in historic oceans (Boyle, 1986; 1992; 

Elderfield and Rickaby, 2000; Hester and Boyle, 1982; Rosenthal et al., 1997).  Cadmium 

is incorporated into the CaCO3 tests with insignificant chemical fractionation resulting in 

Cd/Ca ratios in the tests that are proportional to Cd/Ca ratios of the seawater in which they 

formed (Boyle, 1981).  Measurements of Cd in benthic foraminifera tests have been used to 

reconstruct glacial distributions of deep water phosphate and as a tracer for deep-ocean 

water masses (Boyle, 1992).  Applying this method to planktonic foraminifera could offer 

insight into the CO2 fluxes and climate cycles during the last ice age and other important 

climate episodes.  However, when applied to high latitude Antarctic waters, results using 

this method were inconclusive (Rickaby and Elderfield, 1999). 

 

For the Cd/PO4
3-

 proxy to work effectively, the Cd/PO4
3-

 relationship has to remain 

constant both temporally and spatially.  Elderfield and Rickaby (2000) illustrate that the 

kink in the global Cd/PO4
3-

 data set can be explained more reliably by a fractionation 

curve, whereby chemical fractionation occurs with the preferential removal of Cd relative 

to PO4
3-

 during particle formation in surface waters.  Using this Cd/PO4
3-

 relationship, 

Elderfield and Rickaby (2000) have extended the Cd/PO4
3-

 paleoproxy to planktonic 

foraminifera to reconstruct surface water PO4
3-

 concentrations from the Southern Ocean 

during the Last Glacial Maximum.  However, this study discounted the variability in 

subantarctic Cd:PO4
3-

 values, assuming that there are no regional trends to account for 

when applying the Cd/PO4
3-

 paleoproxy. 

 

Although applications of the Cd/PO4
3-

 paleoproxy have reconstructed phosphate 

concentrations in the deep oceans quite well, when applied to surface waters, discrepancies 

between paleoproxies start to arise.  When comparing data from the Cd/PO4
3-

 proxy with 

other primary production paleoproxies such as the carbon stable isotope proxy (
13

C), the 

results for the surface oceans do not agree (Boyle, 1992).  It is therefore pertinent to 

determine the controls of Cd cycling in the oceans to better constrain and verify the 

Cd/PO4
3-

 paleoproxy. 
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1.4 Cd Isotopic Composition in the Oceans 

Many studies have shown that large isotopic 0.1%-level (1‰) shifts associated with 

biological, chemical and physical processes occur in the light stable isotope systems (e.g. 

nitrogen and silicon) and can provide a wealth of information about ocean processes 

(Reynolds et al., 2006; Van Hale and Frew, 2010).  Recent advances in analytical 

techniques, in particular of multiple collector inductively coupled plasma mass 

spectrometry (MC-ICPMS), have allowed scientists to start investigating the small, 0.01% 

(1 ) level, natural shifts that occur in the heavier metallic stable isotope systems that were 

previously too difficult to resolve (Halliday et al., 1998). 

 

Cadmium has eight stable isotopes, namely; 
106

Cd, 
108

Cd, 
110

Cd, 
111

Cd, 
112

Cd, 
113

Cd, 
114

Cd, 

and 
116

Cd with relative abundances of; 1.25, 0.89, 12.49, 12.80, 24.13, 12.22, 28.73 and 

7.49% respectively (Figure 1.4).  Due to the large number of isotopes, Cd lends itself to 

isotopic studies for understanding the mechanisms controlling the biogeochemical cycling 

of Cd in the oceans. Evaporation and condensation of Cd are the only abiotic processes 

known to result in large isotopic shifts in composition (Wombacher et al., 2003) and 

fractionation of Cd associated with adsorption is minimal (Horner et al., 2010; Schmitt et 

al., 2009a).  Therefore any significant isotopic shifts in the Cd isotopic composition of the 

oceans are likely to be a result of biological mechanisms. 

 

 

 

Figure 1.4 Plot of the relative abundances of the eight stable Cd isotopes. 
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However, the very low, pmol L
-1

, concentrations of Cd in surface waters creates difficulty 

in characterizing the very small shifts in Cd isotopic composition.  Large sample sizes, 

equivalent to greater than 10 L of surface seawater, are required, making sample 

preparation difficult.  Because of the difficulty associated with these measurements, there 

have only been two studies published (Lacan et al., 2006; Ripperger, 2007) (Figure 1.5) 

and one abstract published (Abouchami et al., 2010a) to date that have investigated the Cd 

isotopic composition in seawater. 

 

Two recent investigations into the Cd isotopic composition in iron-manganese crusts that 

have formed on the seafloor have shown very little variability (Horner et al., 2010; Schmitt 

et al., 2009a).  It was concluded that the formation of these crusts create very little (<0.5 

/amu) isotopic fractionation (Figure 1.5).  The small amount of variability (~1 /amu) 

over the range of crusts sampled is most likely due to variation in the Cd isotopic 

composition of the seawater from which the crusts precipitated (Horner et al., 2010).  This 

indicates that these Fe-Mn crusts accurately record the Cd isotopic composition of the 

ambient seawater out of which they precipitate. 

 

 

Figure 1.5 Cd isotopic variation in marine samples, both Fe-Mn deposits (Horner et al., 2010; Schmitt et 
al., 2009a) and seawater (Lacan et al., 2006; Ripperger et al., 2007) reported in previous studies.  The 
variability in seawater samples is much greater than in Fe-Mn deposits. 
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Lacan (2006) used MC-ICPMS to determine the isotope ratios of Cd in two different depth 

profiles from the northwest Pacific Ocean and the northwest Mediterranean Sea.  Changes 

in the Cd isotopic composition throughout the water column at the Pacific site correlate 

with hydrographic data, indicating that different water masses may have different Cd 

isotopic compositions.  This study also reported a correlation between Cd isotopic 

composition and dissolved Cd concentration suggesting a biologically induced isotopic 

fractionation in the surface waters.  This was further supported by the preferential uptake 

of light Cd isotopes by two freshwater phytoplankton species during laboratory culture 

experiments.  Unfortunately this study did not have sufficient precision to fully resolve the 

shifts in Cd isotopic compositions and suggested that analytical improvements would be 

needed to extend the capabilities of Cd stable isotopes as a tracer of Cd biogeochemical 

cycling in the oceans. 

 

Ripperger and Rehkamper (2007) combined MC-ICPMS with the “double spike” method 

(discussed in detail in Chapter 2) to gain better precision for the measurement of Cd 

isotopes.  Studies of Cd isotopic compositions and concentrations in seawater samples 

from a wide range of global oceanic water bodies showed that most Cd isotopic 

compositions have a strong relationship to dissolved Cd concentrations (Ripperger et al., 

2007).  The most fractionated Cd isotope compositions were found in surface waters with 

the most depleted Cd concentrations, again in agreement with a biological preferential 

uptake of light Cd isotopes, as proposed earlier by Lacan (2006).  Deep-water samples 

collected from all of the major ocean basins display a constant Cd isotopic composition, 

despite an increase in Cd concentration with increasing age.  It was suggested that this lack 

of change in isotopic composition is consistent with the uptake of Cd in surface waters 

from a closed system, balanced by the remineralization at depth (Ripperger et al., 2007). 

 

Abouchami et al. (2010a) found that there are resolvable differences in Cd isotopic 

compositions between water masses north and south of the Polar Front (PF).  Cd isotopic 

compositions measured in depth profiles showed correlations with Cd concentrations, 

reflecting increasing isotopic fractionation with decreasing concentration, following an 

almost perfect Rayleigh fractionation curve, in agreement with previous studies (Ripperger 

et al., 2007).  Covariations between Cd isotopic compositions and physical and chemical 

water mass characteristics were also observed.  These results suggest that Cd isotopes can 
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be used as a tool for water mass tracing and as a proxy for past and present primary 

productivity. 

1.5 Goals/Aims of Research 

With MC-ICPMS for isotopic measurements now being available in New Zealand, 

combined with total Cd concentration analysis that is already conducted at Otago (Croot et 

al., 1998; Frew, 1995; Frew and Hunter, 1992; Hamidian, 2009; Hunter and Ho, 1991), 

and the proximity to the STC, sub-Antarctic, and Antarctic waters, the University of Otago 

is a prime location to continue the investigation into the biogeochemistry of Cd. 

 

To date, the limited Cd isotopic data available throughout the world‟s oceans offers only a 

snapshot view of Cd biogeochemical cycling globally, in some cases using Cd isotopic 

data from single depth profiles to describe global ocean processes (Abouchami et al., 

2010a; Ripperger et al., 2007).  In order to fully appreciate the mechanisms controlling Cd 

uptake in the oceans a much higher resolution of Cd isotopic data, both spatially and 

temporally, is needed. 

 

This study focuses on improving analytical methods used for the measurement of Cd 

isotopes and applying these methods to investigate the isotopic composition and 

concentration of Cd across the STC and open ocean subantarctic waters at a level of 

temporal detail that has never been achieved before.  The relationship between Cd:PO4
3-

 

and Cd isotopic compositions in this unique region of the world has the potential to offer 

critical insight into the biogeochemical cycling of Cd in the oceans.  Additionally, the first 

laboratory culture experiment on a marine phytoplankton species was undertaken to further 

pinpoint the effects of biological Cd uptake on Cd isotopic compositions and oceanic Cd 

cycles. 

1.6 Chapter Outline 

Chapter 2 details the analytical methods tested and used to determine the isotopic 

composition of Cd in various samples, including seawater, oysters, and phytoplankton 

cultures. 

Chapter 3 discusses the cause of and solutions to analytical complications arising from 

current methods used to preconcentrate Cd from seawater. 
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Chapter 4 describes seasonal trends in the Cd concentration and Cd isotopic composition 

across the STC from May 2008 to January 2010.  Details of the relationships between Cd 

concentrations, Cd isotopic compositions and other ocean parameters (macronutrients, 

trace metals and chlorophyll) in this unique region of the world‟s oceans will also be 

presented. 

Chapter 5 examines the isotopic fractionation of Cd by biological uptake in a species of 

marine diatom (Proboscia inermis) that has been cultured in the laboratory under various 

Fe and Zn conditions.  An isotopic fractionation factor, representing the biological uptake 

of Cd, is also modeled for this particular Southern Ocean species under (Fe and/or Zn-

limited) conditions. 

Chapter 6 presents a summary of this research and how it applies to the current spectrum 

of knowledge in the biogeochemical cycling of Cd in the world‟s oceans.  Work that is in 

progress and future research directions that will benefit the field are also discussed in this 

chapter. 
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Chapter 2 : Analytical Methods 

 

2.1 Introduction 

To determine the concentration of trace metals such as Cd in the oceans requires a high 

level of care to avoid contamination during every stage of sample collection, preparation 

and analysis.  The isotopic analysis of Cd in the oceans requires an even higher level of 

care because any amount of contamination not only increases the Cd blank, but also has 

the potential to significantly alter the measured Cd isotopic composition of the sample. 

 

Dissolved cadmium in the surface waters of the open ocean is found at very low 

(picomolar) concentrations leading to significant analytical difficulty.  Specifically, the 

high concentration of matrix elements (Na, Cl, Mg, etc.) relative to Cd in seawater can 

compromise accuracy during mass spectrometric analysis.  Due to these very low 

concentrations, samples are prone to contamination, therefore trace metal clean techniques 

(Bruland et al., 1979) were used in this study during sample collection and preparation.  

All chemical and sample preparation was carried out in a Class 4 laminar flow bench 

within a Class 5 clean lab at the Center for Trace Element Analysis at the University of 

Otago. 

 

New techniques for Cd isotopic measurement, utilizing double-spiking protocols combined 

with multiple-collector inductively coupled plasma mass spectrometry (MC-ICPMS) 

(Ripperger and Rehkamper, 2007) have increased our ability to measure Cd isotopic ratios. 

The simultaneous collection of multiple Cd isotopes results in high precision 

measurements with uncertainties at the 0.01%-level, allowing the resolution of very small 

(sub 0.1% level) isotopic fractionations that have been observed in terrestrial samples that 

could not be previously explored.  These small shifts in isotopic compositions are 

generally reported as an atomic ratio relative to the known composition of a Cd isotopic 

standard in epsilon () notation (1  = 1 part per 10,000).  In terms of absolute ratios, this 

corresponds to variations in the fourth or fifth decimal place (Wombacher and Rehkamper, 

2004). 
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As discussed in Chapter 1, this study represents one of only a few studies worldwide 

investigating Cd isotopic compositions of seawater and marine samples.  In this study, 

methods adapted from Ripperger and Rehkamper (2007) were used to investigate the Cd 

isotopic composition in seawater samples from the subtropical convergence and oysters 

and phytoplankton endemic to the Southern Ocean.  A three-stage ionic exchange chemical 

separation protocol was used to preconcentrate and purify seawater samples and a two-

stage ionic exchange procedure was used to purify oyster and phytoplankton samples. MC-

ICPMS was used to measure the Cd isotopic composition and double spiking techniques 

were used to characterize the mass fractionation of the instrument.  The theory and 

techniques used in this study will be discussed in detail in the following sections. 

2.2 Mass Spectrometry Theory 

2.2.1 MC-ICPMS 

Inductively coupled plasma mass spectrometry (ICPMS) was developed in the late 1970‟s 

and allowed for the efficient ionization of virtually all elements (Halliday et al., 1998; 

Rehkamper et al., 2001).  The ICP source was originally paired with a quadrupole mass 

analyzer and was used to obtain elemental concentration data (Rehkamper et al., 2004).  In 

the late 1990‟s, the ICP source was coupled with a magnetic sector mass spectrometer 

equipped with multiple Faraday collectors, leading to the advent of MC-ICPMS (Figure 

2.1).  The high ionization efficiency, excellent sensitivity, and high precision resulting 

from multiple ion beam collection and the flat-topped peaks associated with MC-ICPMS 

have allowed for isotopic measurements of the metallic elements, such as Cd, with levels 

of precision that are high enough to resolved -level, natural isotopic shifts (Rehkamper et 

al., 2001; Rehkamper et al., 2004). 
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Figure 2.1 Schematic outline of the Nu Plasma (Nu Instruments) MC-ICPMS (Halliday et al., 2010). 

 

Samples are introduced into the mass spectrometer in a dilute acid solution and are either 

pumped directly into the plasma as a „wet‟ aerosol, or self-aspirated through a desolvating 

nebulizer (DSN) as a „dry‟ aerosol.  The desolvating process helps with the ionization 

efficiency of the plasma by removing the solvent before the sample is ionized (Rehkamper 

et al., 2004).  During this process, the sample is heated to ~110C, the sample vapor passes 

through a porous PTFE membrane.  The solvent passes through the membrane and is 

carried away by an exterior gas flow.  The analyte is then carried into the plasma by an 

argon gas flow. 

 

The argon plasma is generated by a radio frequency (RF) coil that is wrapped around a 

quartz torch with the RF generator transmitting enough power into the plasma to keep the 

plasma between 5,000 K and 10,000 K.  The high temperatures of the plasma source allow 

for efficient ionization of virtually all elements and reduce the occurrence of polyatomic 

ions.  There are three gas flows that support the plasma: the main Ar supply maintains the 
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plasma, the nebulizer Ar carries the sample into the plasma, and the auxiliary Ar adjusts 

the position of the plasma, lifting it off the end of the torch. 

 

The ions produced in the center of the plasma then pass through the sample cone into the 

expansion chamber where <1% of the ions are extracted through the skimmer cone.  It is at 

this point that the very large mass discrimination is encountered.  The larger, heavier 

isotopes are harder to deflect from the optical axis and are therefore transmitted with 

greater efficiency.  This mass bias can be on the order of a %/atomic mass unit (amu), 

which is as much as 100 times larger than natural fractionations that have been observed.  

This instrumental mass fractionation will be discussed in more detail in the next section. 

 

The ions that pass through the skimmer cone are focused through a series of lenses (Figure 

2.2), utilizing electrostatic beam steering to ensure the beam stays on axis. 

 

 

Figure 2.2 Nu Plasma cones interface and ion optics (Nu-Instruments, 2005). 

 

The ions pass though the source defining slit into the electrostatic analyzer (ESA).  Energy 

focusing is necessary because the energy spread produced by plasma source ionization is 

too large for the magnetic sector mass spectrometer.  The kinetic energy of the ions must 
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be similar to ensure efficient mass separation in the magnet.  This is done using an ESA, 

which applies an electric field that will only allow ions that have a specific energy to pass 

through.  When the ion beam emerges from the ESA it is both energy and directionally 

focused. 

 

The magnet separates the ion beam spatially into separate masses, allowing each mass to 

hit a separate collector.  The simultaneous collection of multiple isotopes increases the 

precision of isotope ratio measurement significantly by eliminating the need to characterize 

instrumental changes that occur over time as happens with a single collector, whereby each 

isotope is measured sequentially. 

 

The ion beams are directed with the same efficiency into multiple Faraday collectors and 

or ion counters.  The Nu Instruments Nu Plasma used in this study is fitted with 12 

Faraday collectors with the option of using three ion counters for small ion beams. 

2.2.2 Instrumental Mass Fractionation Laws 

When compared to other mass spectrometers, MC-ICPMS is considered to have a large 

instrumental fractionation (Rehkamper et al., 2004).  The large isotopic fractionation 

associated with the preferential transmission of heavier isotopes is 10 to 100 times larger 

than isotopic fractionation expected to occur naturally (Rehkamper et al., 2004).  However, 

this mass fractionation is relatively constant and non time dependent, which can be 

advantageous for characterization and correction (Rehkamper et al., 2004). There are three 

different fractionation laws commonly used to describe instrumental mass fractionation or 

mass bias; linear, power, and exponential (Marechal et al., 1999).  If the true isotopic ratio 

of two isotopes with masses m1 and m2 is defined as R and the same ratio measured by the 

instrument is denoted as r, the three laws are as follows: 

 

1. The linear law assumes fractionation is expressed as a function of mass difference, 

with α (common notation for linear fractionation) being the instrumental mass 

fractionation factor. 
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    Equation 2.1 

   Equation 2.2 

 

2. The power law assumes that the logarithmic fractionation is expressed as a function 

of mass difference with β (common notation for power and exponential 

fractionation) being the instrumental mass fractionation factor. 

 

    Equation 2.3 

 

3. The exponential law assumes that the logarithmic fractionation is expressed as a 

function of the mass log-difference with β being the instrumental mass 

fractionation factor. 

 

    Equation 2.4 

 

4. The general power law allows the instrumental mass fractionation to be explained 

by a variety of laws, including both the power and exponential laws described 

above, by changing the exponent (n) used in the following equation (Table 2.1). 

 

   Equation 2.5 
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Table 2.1 Exponents used in general power law. 

n law 

-2 Minus squared 

-1 Inverse 

-1/2 Minus square-root 

0 Exponential 

+1/2 Plus square-root 

+1 Power 

+2 Plus squared 

 

 

In this study, the instrumental mass bias factor was characterized using the exponential law 

as this gives the closest approximation of instrumental mass fractionation for most metals 

measured by MC-ICPMS (Hart and Zindler, 1989). 

2.2.3 Instrumental Mass Fractionation Correction 

To ensure the instrumental mass fractionation will not overwhelm the natural variability or 

cause systematic shifts in sample measurements, the instrumental mass bias must be 

monitored and corrected for as accurately and precisely as possible.  There are four 

methods currently used for this correction. 

 

1. Sample Standard Bracketing (SSB) involves the use of a matrix matched isotopic 

standard that is run before and after the sample.  The instrumental mass bias factor 

is then characterized from the change in the known isotopic composition of the 

standard runs.  This method is generally considered the most easily applied 

correction and can be used for samples that are easily separated from matrix 

elements with 100% recovery. 

2. External Normalization alone, or combined with SSB, takes advantage of the fact 

that instrumental mass fractionation is, to a first order, dependent on mass, and not 

on the chemical nature, and therefore, the mass bias behaviour of one element can 

be used to characterize the mass bias behaviour of another in an overlapping mass 

range (e.g. Ag for Cd, Zn for Cu, Tl for Pb, etc.). Both the sample and standard are 

doped with the correcting element standard of known isotopic composition.  It is 
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assumed that this element will follow the same mass bias laws as the sample, 

allowing the calculated fractionation factor of the doped element to be applied to 

the sample. 

Marechal et al. (1999) devised an empirical external normalization that takes into 

account subtle differences in the mass bias behaviour between the sample element 

and the element used for correction.  If the instrumental mass fractionation were to 

follow perfect exponential fractionation behaviour, the measured ratios of the two 

elements (e.g. Cu and Zn) would have a linear relationship on an lnRCu versus 

lnRZn plot.  Based on measurements of zinc isotopes using copper for mass bias 

characterization, Marechal et al. (1999) found that although the data did plot 

linearly on an ln/ln plot (following exponential fractionation), there was significant 

variation in the measured slope compared to the theoretical slope, resulting from 

differences in the instrumental mass fractionation of the two elements.  However, 

the slope of the linear regression from data for an isotopic standard can be applied 

to samples to calculate the true isotopic ratios. 

With one or two exceptions, correction by external normalization is the best 

method to use for elements that have less than four isotopes.  For elements with 

four or more isotopes double spiking is considered the most robust method to 

characterize the mass bias. 

3. Internal Normalization, using the natural isotopes present in the sample, is a robust 

mass bias correction procedure but is generally used to investigate radiogenic 

isotope fractionation (e.g. U-series isotopes).  This method assumes a constant and 

known ratio between the stable isotopes in the system, eliminating any natural 

mass-dependent shifts in isotopic composition.  The stable isotope ratio is used to 

calculate the mass bias factor and applied to the radiogenic isotopes to correct for 

instrumental mass fractionation. 

4. Double Spiking is a method of internal normalization and is considered to give the 

most accurate mass bias correction for stable isotope systems. This is because the 

double spike allows the mass bias correction to be performed during the same run 

as the sample itself, correcting for instrumental changes during the run, thus 

eliminating any time-dependent changes in instrumental mass fractionation.  The 

spike is added to the sample before chemical processing is started, allowing 

correction for any preparation-derived isotopic fractionation as well, especially if 

sample recovery is less than 100%. The spike consists of two isotopes, either 
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artificial nuclides or two highly enriched natural isotopes, of the same element as 

the one of interest in the sample.  It therefore behaves the same chemically in the 

instrument and follows the same mass bias laws as the sample. 

2.2.4 Double Spike 

In this study, a double spike was used to characterize the instrumental mass bias factor and 

account for any Cd isotopic fractionation derived from sample processing resulting from 

less than 100% chemical yields of Cd.  When using naturally occurring isotopes, a double 

spike can be used for isotope systems that have at least four isotopes.  The double spike is 

enriched in two naturally occurring isotopes, and using iterative equation solving 

techniques described by Siebert et a. (2001) adapted from previous work (Dodson, 1970; 

Hofmann and I, 1971), the true isotope ratio can be derived in 3-dimentional isotope ratio 

space. 

 

A graphical representation, adapted to the Cd isotope system, is the easiest way to 

understand how the double spike works (Figure 2.3).  As described by Galer (1999), the 

true spike (S), the true sample (N), and the true mixture (M) must lie on a mixing line in 3-

dimensional isotope space, with n and m being the measured ratios of the sample and 

mixture respectively, and fn and fm being the vectors that describe instrumental mass 

fractionation, assuming a linear fractionation law applies to the data.  The two planes, Pn 

and Pm, can be defined by the points N-n-S and M-m-S respectively.  The intersection of 

these two planes then represents the mixing line that contains the points N, M and S.  To 

define this line well, the angle of the intersection () should be close to 90.  This angle of 

intersection is dependent on both the isotopic composition of the spike (where S lies on the 

110
Cd/

111
Cd axis, Figure 2.3) and the ratio of spike to sample in the mixture (where M lies 

on the N-M-S mixing line, Figure 2.3).  Although this representation assumes a linear mass 

fractionation law, thereby simplifying the explanation of the double spike, it can be used to 

optimize the Cd isotopic composition and the spike/sample ratio. 
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Figure 2.3 Graph adapted from Galer (1999) illustrating the intersection of the two planes defined by N-n-
S and M-m-S with axes labeled as Cd isotopic ratios of 

110
Cd/

111
Cd, 

112
Cd/

111
Cd, and 

114
Cd/

111
Cd. 

2.2.5 Spectral interferences 

Spectral interferences include isobaric interferences and polyatomic interferences.  Isobaric 

interferences are ions of elements with overlapping masses of the element of interest.  

Polyatomic interferences occur when ions combine with species that are readily available 

in the plasma, such as Ar
+
 and O

+ 
forming interferences at the masses of interest. Isobaric 

and polyatomic interferences for the Cd isotope system are shown in Table 2.2. 

 

These spectral interferences tend to create non-mass-dependent fractionation.  This is 

problematic, as they are unpredictable and cannot be corrected for using the double spike.  

Isobaric interferences can be monitored and corrected for if not too large.  Cadmium 

isotopes monitored in this study include, 
110

Cd, 
111

Cd, 
112

Cd, and 
114

Cd, therefore isobaric 

interferences from 
110

Pd, 
112

Sn and 
114

Sn can be problematic.  Figure 2.4 demonstrates that 

the interference corrections for Sn and Pd become unreliable when the 
118

Sn/
114

Cd and 



 23 

105
Pd/

110
Cd ratios exceed 0.18 and 0.008 respectively.  Therefore, it is essential to reduce 

these interferences through chemical separation procedures prior to analysis. 

 

It is not possible to monitor for molecular interferences during analysis.  Therefore, a 

complete mass scan across the range of potential interferences on select samples both by 

MC-ICPMS and quadrupole ICPMS was done to ensure these elements were not present 

after chemical separation procedures. 
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Table 2.2 Isobaric and molecular interferences in the mass range used for Cd isotopic analysis.  All values are % abundance. 

Mass 105 106 107 108 109 110 111 112 113 114 115 116 117 118 

 

Cd  1.25  0.89  12.5 12.8 24.1 12.2 28.7  7.49   

 

Isobaric Interferences 

 

Pd 22.3 27.3  26.5  11.7         

In         4.3  95.7    

Sn        0.97  0.65 0.36 14.5 7.68 24.2 

 

Molecular Interferences 

 

M
40

Ar
+
 

65
Cu 

(30.8) 

66
Zn 

(27.9) 

67
Zn 

(4.1) 

68
Zn 

(18.8) 
 

70
Zn 
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75
As 

(100) 

76
Se 
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77
Se 
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78
Se 
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Ga 
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70
Ge 
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Ga 
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Ge 
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Ge 
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Ge 
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Ge 
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Kr 
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16

O
+
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Mo 
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Mo 
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95
Mo 

(15.9) 
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Mo 
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Mo 

(9.55) 
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Mo 

(24.1) 
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Mo 

(9.63) 
 

102
Pd 

(1.02) 
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Ru 

(5.52) 
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Ru 

(1.88) 

99
Ru 

(12.7) 

100
Ru 

(12.6) 

101
Ru 

(17.0) 

102
Ru 

(31.6) 
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Figure 2.4 Measurements of NZ JMC Cd isotopic standard doped with various (a) Sn:Cd and (b) Pd:Cd to 
examine the effects of Sn and Pd on isotopic composition. 

 

2.2.6 Non-Spectral interferences 

Non-spectral interferences include matrix effects, which create changes within the plasma 

that affect the transmission efficiency of the ions and the instrument response to the 

analyte.  These matrix effects are a result of matrix elements or compounds that are present 

in the sample.  These elements or compounds can alter the mass bias factor of the 
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instrument and/or change the signal intensity of the analyte.  Matrix effects can create a 

mass-dependent or mass-independent fractionation within the instrument making them 

difficult to correct for.  It is not possible to monitor matrix effects as it is for isobaric 

interferences, and their effects on the measured isotopic compositions are unpredictable.  

Therefore, it is very important to understand what residual matrix might be present in 

samples.  One way to circumvent matrix effects is to matrix-match standards to samples 

ensuring standard runs behave similarly to samples during analysis.  However, reliable 

matrix-matching is very difficult to achieve in practice due to the complexity in the 

elemental composition of natural samples.  Using a double spike can also help to alleviate 

matrix effects, as Cd from the spike should be affected in the same way as the Cd in the 

sample, allowing changes in instrumental mass bias to be accounted for.  The best 

approach to guarantee accuracy in isotopic measurements by MC-ICPMS is the complete 

removal of matrix elements from the sample through effective chemical separation 

methods. 

2.3 Cd Double Spike 

2.3.1 Double Spike Design 

As discussed in section 2.2.4, the double spike must be artificially enriched in two isotopes 

of the target element and instrumental mass bias is characterized using the three-

dimensional isotope space, with a single common nuclide in the denominator of the three 

isotope ratios.  
110

Cd and 
111

Cd with 
110

Cd:
111

Cd ≈ 0.5 were the enriched isotopes selected 

for the double spike and the ratios 
110

Cd/
111

Cd, 
112

Cd/
111

Cd, and
 114

Cd/
111

Cd were used to 

define the three dimensional space used in the mass bias calculations.  These isotopes were 

selected following the methods used by Ripperger and Rehkamper (2007). Of the eight 

stable Cd isotopes (
106

Cd, 
108

Cd, 
110

Cd, 
111

Cd, 
112

Cd, 
113

Cd, 
114

Cd, 
116

Cd), 
106

Cd, 
108

Cd, and 

116
Cd were ruled out as potential isotopes for the spike due to large isobaric interferences 

from Pd and Sn (Table 2.2).  
113

Cd was considered unsuitable because it has a small 

isobaric interference from In, which is more difficult to separate from Cd in the sample 

using ionic exchange chemical separation than Pd and Sn, which produce small isobaric 

interferences on 
110

Cd, 
112

Cd, and 
114

Cd (Wombacher et al., 2003).  Therefore, 
110

Cd, 

112
Cd, 

114
Cd along with the 

111
Cd (the only stable isotope with no isobaric inferences) were 

chosen for the double spike calculations, with 
111

Cd being the common denominator 

(
110

Cd/
111

Cd, 
112

Cd/
111

Cd, 
114

Cd/
111

Cd). 
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Using the double spike theory discussed above, the optimal spike composition and 

spike/sample ratio were determined.  Assuming a sample with the same abundance as the 

JMC Cd Munster isotopic standard, whereby 
110

Cd/
114

Cd = 0.438564, 
111

Cd/
114

Cd = 

0.448867, 
112

Cd/
114

Cd = 0.843269 (Ripperger and Rehkamper, 2007), and using the 

composition of the Cd double spike used by Ripperger and Rehkamper (2007), whereby 

110
Cd/

114
Cd = 40.4982, 

111
Cd/

114
Cd = 82.0864, 

112
Cd/

114
Cd = 2.13564, the intersecting 

angle of the two planes was determined to be 73° when Cdspike/Cdsample = 4.  This angle 

allows for variability in the composition of Cd in the samples without increasing error 

magnification.  Equations used to calculate these optimal ratios can be found in Galer 

(1999). 

 

Although the spike to sample ratios were kept to a limited range, close to 4, by quantifying 

the approximate concentration of Cd in samples by quadrupole ICPMS prior to addition of 

the double spike, the exact Cdspike/Cdsample ratios could vary at the percent-level.  Therefore 

it is necessary for the double spike reduction to be reliable for a range of Cdspike/Cdsample 

ratios.  To test that this is the case, aliquots of the NZ JMC Cd isotopic standard were 

double spiked with various amounts of spike to obtain Cdspike/Cdsample ratios from 1 to 12.  

The results from these analyses (Figure 2.5) show that the double spike data reduction 

gives accurate results for at least the range of Cdspike/Cdsample ratios tested. 
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Figure 2.5 Cadmium isotope data for the NZ JMC Cd isotopic standard for various spike/sample ratios 

from 1 to 12, compared to the average isotopic composition (
114/110

Cd = 16.2  1.0 ) for spike/sample 
ratios of approximately 4 (solid line with external reproducibility, represented by the shaded band, is 

1.0 ). 

 

2.3.2 Double Spike Preparation 

To prepare the double spike, individual 
110

CdO (96.0% purity) and 
111

CdO (96.4% purity) 

isotope spikes were purchased in solid oxide form from Oak Ridge National Laboratory, 

USA.  The two individual spikes were dissolved in concentrated high purity quartz-

distilled (q) HNO3 in separate Teflon bottles and left overnight to dissolve.  Each spike 

was then diluted to 1 L in 2M q-HNO3 and left to equilibrate for three days before 

determining the Cd concentration of each spike by quadrupole ICPMS.  The results from 

this preliminary analysis were used to determine the volume of each spike needed to obtain 

the appropriate Cd concentration and 
110

Cd/
111

Cd in the final double spike. 

2.3.3 Double Spike Characterization 

The exact Cd isotopic composition of the double spike was calibrated against the JMC Cd 

Munster isotopic standard, using the standard composition published in Ripperger and 

Rehkamper (2007).  Originally it was thought that empirical external normalization 

(Marechal et al., 1999) using a silver (Ag) standard could be used to characterize the 

isotopic composition of the Cd double spike, using procedures outlined in section 2.2.3.  
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Pure double spike solutions were doped with an ICPMS Ag standard and analyzed by MC-

ICPMS repeatedly. However, given the excellent stability of new generation MC-ICPMS 

instruments, there was not enough variability in the instrumental mass bias to utilize the 

Marechal et al (1999) procedure to determine the true Cd isotopic composition of the 

spike. 

 

This meant that the true isotopic composition of the Ag standard was needed to 

characterize the instrumental mass bias using traditional external normalization.  To do 

this, multiple analyses of the double spiked JMC Cd Munster standard were conducted.  

These measurements were calculated relative to the published Cd isotopic composition of 

the JMC Cd Munster standard.  The Ag isotopic composition was adjusted to give an 

average double spike composition that would result in a Cd isotopic composition for JMC 

Cd Munster identical, within error, to that reported in Ripperger and Rehkamper (2007).  

The Cd isotopic composition of the double spike is reported in Table 2.3. 

 

The total Cd concentration of the double spike was determined by reverse isotope dilution.  

Known amounts (determined gravimetrically) of NZ JMC Cd and Cd double spike were 

mixed and measured by MC-ICPMS to determine 
114

Cd/
111

Cd.  The mass fractionation 

corrected 
114

Cd/
111

Cd, together with the abundance of 
114

Cd and 
111

Cd in the spike and 

standard, were used to calculate the Cd concentration of the spike.  The concentration of 

Cd in the double spike used in this study was 150.085 ± 0.328 ng g
-1

 and 
110

Cd/
111

Cd = 

0.513. 

 

Table 2.3 Composition of the 
110

Cd-
111

Cd double spike. 

Cd double spike n 
110

Cd/
114

Cd ± 2SD 

(2SE) 

111
Cd/

114
Cd ± 2SD 

(2SE) 

112
Cd/

114
Cd ± 2SD 

(2SE) 

110
Cd-

111
Cd 37 

56.11986 ± 0.0428 

(0.0072) 

109.2601 ± 0.0780 

(0.0132) 

2.65616 ± 0.0015 

(0.0002) 
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2.4 Cadmium Isotopic Standards 

2.4.1 Isotope Notation 

All Cd isotope data are reported in -notation (Equation 2.6) relative to the Cd isotopic 

composition of the NIST SRM 3018 Cd standard.  This standard was selected by the Cd 

research community as the reference standard of choice for all Cd isotopic studies and has 

a Cd isotopic composition that is very similar to Bulk Silicate Earth (Abouchami et al., 

2010b). 

 

In Equation 2.6, Rsam and Rstd are the 
114

Cd/
110

Cd isotope ratios of the sample and standard 

respectively.  All errors reported at the two sigma (σ) level unless otherwise noted. 

 

 

                                              Equation 2.6 

 

 

Previously published studies have used different notations and Cd isotopic standards to 

report their Cd isotopic compositions.  In order to make comparisons between previous 

data and the data presented in this study, the following calculations were used. 

 

Based on intercalibration results, the 
114/110

Cd isotopic composition of the reference 

standard (JMC Cd Munster) used by Ripperger and Rehkamper (2007) is approximately 

1.2  less than that of NIST SRM 3018 Cd.  Therefore, data reported in the Ripperger and 

Rehkamper (2007) study have been shifted accordingly by 1.2  in order to make 

comparisons. 

 

Lacan (2006) utilize the same reference standard and report their results in /amu notation 

calculated from 
110

Cd/
111

Cd.  As described in Ripperger and Rehkamper (2007), these data 

can be converted using Equation 2.7 where m114, m111 and m110 are the atomic weights of 

114
Cd, 

111
Cd and 

110
Cd, respectively, and the exponent β is defined as 

ln(m114/m110)/ln(m111/m110).  This calculation can be approximated by multiplying the 


110/111

Cd/amu by 4, as there is a 4 amu mass difference between 
110

Cd and 
114

Cd 
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(Ripperger et al., 2007).  This value can then be shifted 1.2  to be comparable to results in 

this study. 

 

   Equation 2.7 

 

2.4.2 NZ JMC Cd 

NZ JMC Cd was the primary isotopic standard measured throughout the study.  NZ JMC 

Cd was made from a 1000 mg/g stock solution of the commercial ICP Cd purchased from 

Alfa Aesar (Johnson Mathey Company lot 250421H).  At the beginning of each session, 

NZ JMC Cd was run multiple times to assess instrumental performance before sample 

analysis began.  Sample runs were bracketed with standard measurements to monitor 

instrumental drift throughout the measurement session. Due to small, but statistically 

significant day-to-day variability in the average NZ JMC Cd value, all sample 

measurements were corrected for the average offset of NZ JMC Cd, 
114/110

Cd = -16.2 , 

from NIST SRM 3018.  Within session reproducibilities are, on average,  1.0 (2) 

(Figure 2.6). 

 

 

Figure 2.6 Repeat 
114/110

Cd measurements for the NZ JMC Cd isotopic standard during a single day 

measurement session.  Within-run analytical precision is typically 0.7 , and the external reproducibility, 

represented by the shaded band, is 1.0 . 
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2.4.3 Secondary Isotopic Standards 

Four other Cd isotopic standards, NIST SRM 3109, Munster Cd, BAM-I012 Cd, and JMC 

Cd Munster were also analyzed in this study.  NIST SRM 3109 was purchased from the 

National Institute of Standards and Technology (NIST), prepared by Abouchami and 

coworkers and distributed amongst the Cd community during an inter-calibration exercise.  

The use of a common reference standard enables the easy comparison of isotopic data, and 

the compilation of this data into a global data set. 

 

JMC Cd Munster was prepared from a 1000 mg/g commercial ICP Cd stock solution 

purchased from Alfa Aesar (Johnson Mathey Company lot 502552A) by Wombacher and 

coworkers (2003).  Munster Cd was prepared from a pure Cd metal and a Cd evaporation 

residue that had a heavy isotopic signature by Wombacher (2004).  BAM-I012 Cd was 

prepared from Cd metal by the Joint European Project for Primary Isotopic Measurements.  

These isotopically fractionated standards, which have already been characterized for their 


114/110

Cd composition by other laboratories, were analyzed to assess the accuracy of the 

protocols devised in this study, in addition to the participation of Otago in the NIST SRM 

3109 intercalibration. 

 

Table 2.4 shows the Cd isotopic results for these fractionated standards, which agree 

perfectly, within error, with those obtained from other groups independently.  These results 

demonstrate the veracity of the Cd isotopic data obtained in this study. 

2.4.4 Certified Reference Materials 

NASS-5 (North Atlantic Surface Seawater), a seawater reference material from the 

National Research Council of Canada, was used to validate the sample processing 

procedures and analytical methods used in this study for Cd in a seawater matrix. The 

certified Cd concentration for NASS-5 is 0.199 ± 0.026 nmol kg
-1

.  NASS-5 has also been 

analyzed for its Cd isotopic composition by Ripperger and Rehkamper (2007) who 

reported 
114/110

Cd = 6.4 ± 1.1 . 
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To further validate the methods used in this study, an additional seawater reference sample 

was analyzed within the scope of an international inter-calibration effort that was an 

integral part of the GEOTRACES project.  The GEOTRACES mission is “to identify 

processes and quantify fluxes that control the distributions of key trace elements and 

isotopes in the ocean, and to establish the sensitivity of these distributions to changing 

environmental conditions” (www.geotraces.org, 2009).  A deep water sample (GDI) 

collected from the GEOTRACES Atlantic cruise was processed and analyzed in replicate 

to determine both its Cd concentration and Cd isotopic composition.  Each sub-sample of 

GDI was double spiked, chemically processed and analyzed independently.  Based on the 

results from three different laboratories worldwide, this sample has the isotopic 

composition of 
114/110

Cd = 4.8 ± 2.1 (1.2) ɛ and a Cd concentration of 0.272 ± 0.001 nmol 

kg
-1

.  Table 2.4 shows the Cd concentration and Cd isotopic results for these two seawater 

samples (NASS-5 and Atlantic GEOTRACES).  Again, the NASS-5 and GEOTRACES 

results agree perfectly, within error, with the results reported by other laboratories. 
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Table 2.4 Cd isotopic compositions of primary and secondary Cd isotopic standards and certified 
reference materials analyzed in this study compared with previously reported isotopic compositions of Cd 
standards. 

n is the number of independent measurements, all referenced data was normalized to the composition of NIST SRM 

3108, based on Cd isotopic compositions reported in intercalibration exercise (Abouchami et al., 2010b). 

1 Alfa Aesar Johnson Mathey Company lot 250421H 

2 (Ripperger and Rehkamper, 2007) 

3 (Wombacher and Rehkamper, 2004) 

4 (Schmitt et al., 2009a; b) 

5 (Cloquet et al., 2005) 

6 Results from anonamous laboratories for intercalibration 

 

2.5 Sample Preparation 

All acids and reagents used for sample preparation were of ultra-high purity and all 

sampling and sample processing equipment was trace metal cleaned before use.  Acids 

were purified by sub-boiling distillation in a quartz still (Kuehner et al., 1972).  Water was 

purified using a Millipore Milli-Q Element H2O purification system.  For details of 

cleaning procedures and reagent preparation see Appendix 1. 

2.5.1 Double Spiking 

Seawater samples were weighed to determine the amount of Cd in the sample, based on 

initial concentration analysis by quadrupole ICPMS.  The appropriate volume of double 

spike to obtain a Cdspike/Cdsample of 4 was then weighed into 15 mL Savillex beakers and 

SRM 
114/110

Cd  2 S.D. (2 S.E.) 

This Study 

n 
114/110

Cd  2 S.D. 

Previous Studies 

NIST SRM 3108 0.0  0.9 (0.3) 21  

NZ JMC Cd
1
 -16.2  1.1 (0.1) 71  

JMC Cd Munster -1.2  0.8 (0.2) 16 -1.0 (n=?)
2
 

-1.5  0.1 (n=?)
4
 

Munster Cd +45.1  1.3 (0.4) 12 +45.4  1.2 (n=6)
2
 

+45.3  0.5 (n=3)
3
 

+44.2  0.4 (n=?)
4
 

+43.6  0.4 (n=5)
5
 

BAM-I012 -13.6  1.4 (0.4) 24 -12.4  1.1 (n=32)
2
 

-12.0  1.5 (n=15)
3
 

-13.5  0.3 (n=?)
4
 

Nass-5 Seawater +5.7   1.0 (0.5) 4 +5.9  1.1 (n=3)
2
 

Geotraces Atlantic 

Deepwater (GDI) 
+4.8  1.5 (0.5) 9 +3.7  0.6 (n=4)

6
 

+5.8  0.6 (n=3)
6
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evaporated to dryness.  Approximately 40 mL of 8 M HCl was used to redissolve the spike 

prior to addition to the sample.  Samples were acidified to a final HCl concentration of 0.7 

M HCl with additional 8 M HCl and were left to equilibrate for a minimum of three days 

before starting preconcentration procedures. 

 

Oyster tissue samples were homogenized using a Heidolph DIAX 900 homogenizer.  An 

aliquot of each oyster was digested in concentrated HNO3, redissolved in dilute HNO3 and 

analyzed for its Cd concentration by quadrupole ICPMS.  Based on these concentration 

measurements, small aliquots (~15 mg) were then weighed into 15mL Savillex beakers.  

The Cd double spike was then weighed into the same beaker to obtain a Cdspike/Cdsample of 

4.  The spike and sample were evaporated to dryness together.  Samples were then digested 

in 14 M HNO3 at 120C overnight, evaporated to dryness and redissolved in two cycles of 

8 M HCl to convert Cd to chloride form, evaporated to dryness and redissolved in 0.7 M 

HCl to prepare them for sample purification. 

 

Phytoplankton samples were weighed into 15 mL Savillex beakers and evaporated to 

dryness.  Samples were digested prior to double spike addition so that concentration 

aliquots would could be taken from digested samples, ensuring Cd concentration 

measurements were representative of the sample.  A three-step digestion procedure was 

employed; 2 mL 14 M HNO3 at 140C for a minimum of 24 hours, followed by a mixture 

of 7 M HNO3 and concentrated H2O2 (50% v/v) at 140C for a minimum of 24 hours and 

finally a mixture of concentrated HF and concentrated HNO3 (90% HF v/v) at 120C for 

24 hours.  Samples were dissolved in dilute HNO3 and a small aliquot was analyzed for its 

Cd concentration by quadrupole ICPMS.  The remaining sample was evaporated to dryness 

and Cd double spike was weighed into the beaker.  The spike was evaporated to dryness 

and the sample/spike mixture was redissolved in three cycles of 8 M HCl, evaporated to 

dryness, and redissolved in 0.7 M HCl to prepare them for sample purification. 

2.5.2 Preconcentration 

As mentioned in Chapter 1, the major difficulty in measuring Cd isotopes in seawater is 

the very low Cd concentration (pM levels) relative to the very high concentration (‰ 

level) of matrix ions (e.g. Na, Cl, and Mg), thus requiring a means to preconcentrate and 

isolate Cd from large (as much as 10 L) volumes of seawater.  This technically difficult 
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task has meant very few measurements of Cd isotopes in seawater have been made, the 

first reported only recently in 2006 (Lacan et al., 2006).  In this study three methods were 

tested as a way to preconcentrate Cd from seawater while eliminating matrix; 

coprecipitation, batch chelex resin, and an ionic exchange column separation procedure 

adapted from Ripperger and Rehkamper (Ripperger and Rehkamper, 2007). 

2.5.2.1 Coprecipitation 

Coprecipitation is commonly used to separate trace metals from a seawater matrix (Bermin 

et al., 2006; Wu and Boyle, 1997).  This technique relies on a carrier metal to incorporate 

trace metals in the sample into its precipitate upon adjustment of pH.  The majority of the 

matrix salts remain in solution and can be decanted or separated by centrifugation from the 

precipitate, making the sample purification much easier. 

 

Coprecipitation of Cd from seawater was tested with three different carrying precipitates; 

magnesium hydroxide (Mg(OH)2), aluminum hydroxide (Al(OH)3) and iron hydroxide 

(Fe(OH)3).  A bulk seawater sample with a low (pM level) natural Cd concentration was 

sub-sampled for these coprecipitation tests.  The details of the three methods tested are 

shown in Table 2.5.  Four sub-samples were used for each of the three carrying precipitate 

tests.  Sub-sample (1) consisted of 200 mL of seawater spiked with an ICPMS Cd standard 

to obtain a total Cd concentration of 100 ppb, that was acidified with 100 µL concentrated 

HNO3 and left to equilibrate overnight.  Sub-sample (2) consisted of 200 mL of seawater 

left unspiked until after coprecipitation when it was then spiked with the same ICPMS Cd 

standard to obtain a total Cd concentration of 100 ppb.  This allowed yield calculations to 

be done based on the difference in final Cd concentrations between sub-sample (1) (spiked 

before) and sub-sample (2) (spiked after).  Sub-sample (3) consisted of 200 mL of 

seawater, unspiked to determine the Cd concentration in the original seawater.  The last 

sample, sub-sample (4), consisted of 200 mL of Milli-Q H2O to quantify the blank 

associated with each method. 
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Table 2.5 Coprecipitation procedures for three different carrier metals. 

Mg(OH)2 Al(OH)3 Fe(OH)3 

1.5 mL conc. NH4OH 1.2 mL1 M Na2(CO3) 100 µL 50,000ppm FeCl3 

 Equilibrate overnight Equilibrate overnight 

 600 µL 1M Al(NO3)3 300 µL conc. NH4OH 

White precipitate formed White precipitate formed 
Orange precipitate 

formed 

 

All 12 sub-samples were centrifuged and washed four times with Milli-Q H2O to remove 

residual seawater matrix.  The precipitates were dissolved in 1% v/v HNO3.  An aliquot 

from each of the 12 sub-samples were diluted 10 times for Cd concentration analysis by 

quadrupole ICP-MS. 

 

The Cd yields for Fe(OH)3, Al(OH)3, and Mg(OH)2 coprecipitation were calculated to be 

80%, 14% and 67%, respectively. After a second test using the same procedures the Cd 

recovery was not considered high enough to warrant use of this method for 

preconcentration.  Other studies using coprecipitation use a double coprecipitation method 

(personal communication with Abouchami), where the same sample is coprecipitated twice 

to increase the recovery of Cd from the sample, however, this increases the overall time 

needed to preconcentrate the Cd. 

2.5.2.2 Batch Chelex 

Chelex 100 analytical grade resin is a chelating resin that has a selectivity for divalent ions 

and an affinity for transition metals (Bio-Rad, 2000).  The same low Cd, bulk seawater 

sample was sub-sampled for testing preconcentration by batch chelex.  The sub-sample 

was spiked with an ICPMS Cd standard to obtain a final Cd concentration of 100 ppb.  

Chelex resin was added to the sample and left to equilibrate for 24 hours.  Throughout this 

24 hour period, the sample was mixed regularly to ensure the entire sample was in contact 

with the resin.  The Chelex was left to settle and the remaining seawater was decanted.  

The chelex was rinsed 3 times with Milli-Q H2O to remove residual seawater matrix. 

Cadmium, along with other divalent trace metals, was removed from the resin with 

concentrated HNO3 acid.  An aliquot from the sample was diluted 10 times for Cd 

concentration analysis by quadrupole ICP-MS.  The Cd recovery was ~80%. 
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Despite a reasonable yield of 80% for both the batch chelex and Fe(OH)3 coprecipitation 

methods, it was decided that adapting the ion exchange column protocols from Ripperger 

and Rehkamper (2007) would be a superior approach for preconcentration, as Cd 

recoveries are at the >90% level. 

2.5.2.3 Ion Exchange Column Chemistry 

Ion exchange resins are commonly used to purify and separate metals from matrix and 

interference elements found in samples.  This process takes advantage of the difference in 

affinity the resin has for one ion over another.  The ionic form of the resin can be changed 

with the introduction of different acids in different strengths to control which ions will 

exchange and elute from the column. 

2.5.3 Sample Preparation 

A three-stage ion exchange column chemical separation procedure (Table 2.6) adapted 

from Ripperger and Rehkamper (2007), was used to preconcentrate and separate Cd from 

the seawater matrix and from other elements that generate isobaric interferences (Sn, Pd, 

In) across the Cd mass range.  The first and second separation stages used the same Bio-

rad AG 1-X8 resin and chemical elution scheme, but were scaled according to sample load 

volumes.  The first stage was designed to remove the bulk of the matrix from up to 2 L of 

seawater, and uses a large column (Bio-rad poly-prep column) with a 2 mL resin bed and 

10 mL reagent reservoir. In order to increase the efficiency of loading up to 2 L of 

seawater onto the first column, a large reservoir adaptation was designed for sample 

loading (Figure 2.7).  Matrix and interfering elements were eluted initially and Cd was 

eluted in the final 10 mL of 2 N HNO3.  The samples were evaporated to dryness, 

redissolved in 500 L of 8 M HCl to ensure all metals were in the chloride form, 

evaporated to dryness, then redissolved in 1.4 mL of 0.7 M HCl.  Samples were refluxed 

on a hotplate at 120C for at least 24 hours to ensure the entire sample was dissolved and 

then loaded onto the second stage column. 
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Figure 2.7 Schematic of column set-up used for first stage preconcentration.  1 L HDPE bottles were 
adapted to attach to Bio-rad poly-prep columns, allowing large volumes of sample to be loaded.  Waste 
tubing drained to a 10 L carboy at floor level, creating a siphon, allowed 1 L of sample to pass through the 
column in 6 – 8 hours. 

 

The second stage columns were a factor of 20 smaller than the first stage columns (100 L 

resin bed and 2 mL reagent reservoir) and made from heat-shrink Teflon tubing.  The 

second stage of ionic exchange was used to remove residual matrix from the sample.  For 

samples that had high concentrations of Cd and low matrix (oysters and phytoplankton), 

preconcentration was not necessary and the purification of samples started at stage two. 

 

Samples were oxidized using approximately 600 µL of a concentrated H2O2 and 7 M 

HNO3 mixture (50% v/v) and heated at 120°C for at least 24 hours to ensure complete 

oxidation of organic material left in the sample from the Bio-rad AG 1-X8 resin.  It was 
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determined that resin derived organics left in the sample influence the retention of Cd on 

the resin used for the third stage of purification, decreasing the overall Cd yield of the 

sample. 

 

The third stage of the ionic exchange procedure was used to remove residual Sn from the 

sample.  This step utilized the same small Teflon columns as the second stage procedure 

and TRU resin (Eichrom Technologies, USA).  This resin has a high distribution 

coefficient for Sn relative to Cd when eluting with HCl, which allows Cd to pass though 

the column while Sn is retained on the resin (Eichrom Technologies, USA, pers. comm.). 
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Table 2.6 Ion exchange chemical separation procedure for preconcentration and purification of Cd from 
seawater (stages 1-3), oysters and phytoplankton (stages 2-3). 

First stage column  

Bio-rad AG 1-X8 ionic-exchange resin, 200-400 mesh 

1.8 mL resin in Bio-rad poly-prep column 

  

11 mL 2 M HNO3 Resin cleaning 

1 mL Milli-Q  

15 mL 8 M HCl Conversion to Cl
-
 form, rinse 

11 mL 0.7 M HCl Resin conditioning, rinse 

Load Sample (500–2000 mL) 0.7 M HCl Elute matrix 

22 mL 0.7 M HCl Elute matrix 

11 mL 1 M HCl Elute matrix 

11 mL 2 M HCl Elute matrix 

11 mL 8 M HCl Elute Ag 

11 mL 0.5 M HNO3 + 0.1 M HBr Elute Zn and Sn 

2 mL 2 M HNO3  

10 mL 2 M HNO3 Collect Cd 

  

Second stage column  

Bio-rad AG 1-X8 ionic-exchange resin, 200-400 mesh 

100 L resin in Teflon columns 

  

750 L 2 M HNO3 Resin cleaning 

50 L Milli-Q  

1000 L 8 M HCl Conversion to Cl
-
 form, rinse 

800 L 0.7 M HCl Resin conditioning, rinse 

Load Sample 1400 L 0.7 M HCl Elute matrix 

1000 L 0.7 M HCl Elute matrix 

650 L 1 M HCl Elute matrix 

650 L 2 M HCl Elute matrix 

650 L 8 M HCl Elute Ag 

650 L 0.5 M HNO3 + 0.1 M HBr Elute Zn and Sn 

130 L 2 M HNO3  

1000 L 2 M HNO3 Collect Cd 

  

Third stage column  

Eichrom TRU resin 

100 L resin in Teflon columns 

  

10 mL 6 M HCl Resin cleaning and conditioning 

Load Sample (200L 8 M HCl) Retain Sn, Collect Cd 

200 L 8 M HCl Collect Cd 

1.5 mL  HCl Collect Cd 
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Following the complete three-stage ionic exchange procedure, samples contained only 

trace amounts of matrix elements.  Mass scans by quadrupole ICPMS and MC-ICPMS of a 

processed seawater sample showed an excellent separation of major seawater ions from the 

sample, typically corresponding to >99.9% of the original amount present in the sample.  

The excellent separation of Cd from matrix and isobaric interferences is shown by the 

elution curve for the first stage of the ionic exchange procedure (Figure 2.8). 

 

Cd yields were variable using this method but were typically >90% and often >99%.  Total 

sampling and procedural blanks were 55 ± 27 pg, with the typical chemical processing 

blank only 3.9 ± 6.8 pg, with the remainder being a result of sampling protocols.  Because 

the total blank contributions were less than 0.5% of the total natural Cd present in the 

sample, they were not considered to influence Cd isotopic compositions, and thus no blank 

corrections were applied to the data.  They were, however, taken into account for the 

determination of all Cd concentration data. 

 

 

Figure 2.8 Elution sequence of a seawater sample doped with Cd, Zn, Ag, and Sn ICPMS standards off the 
AG 1-8X Bio-rad resin. 

 

Prior to Cd isotopic analysis by MC-ICPMS, samples were oxidized again using a 50% 

(v/v) mixture of 7 M HNO3 and concentrated H2O2 to remove residual organic matrix 

derived from the TRU column resin.  Chapter 3 provides a detailed explanation of why this 

step was necessary for Cd isotopic analysis. 
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2.6 Cd Isotopic Analysis by MC-ICPMS 

All Cd isotopic measurements were performed on a Nu Instruments NuPlasma MC-ICPMS 

(Wrexham, UK) in a Class 6 clean laboratory at the Centre for Trace Element Analysis at 

the University of Otago. A Nu Instruments DSN-100 (Wrexham, UK) fitted with a PFA 

50mL/min nebulizer was used for sample introduction.  Between samples, the DSN was 

rinsed for five to ten minutes, first with a 1 M q-HNO3 solution followed by a 0.1 M q-

HNO3 solution. 

 

Samples with at least 7 ng of natural Cd were analyzed in „analysis mode‟ using methods 

adapted from Ripperger and Rehkamper (2007).  Samples were analyzed using two runs 

consisting of a main run, measuring from mass 110 to 118, and an interference run 

measuring from mass 105 to 113. The interference run allowed mass 105 to be monitored 

for Pd interferences on 
110

Cd, while in the main run, mass 118 was monitored for Sn 

interferences on 
112

Cd and 
114

Cd. 

 

During the main run, 
110

Cd, 
111

Cd, 
112

Cd, 
114

Cd, and 
118

Sn ion beams were measured 

simultaneously by Faraday collectors.  During this run, 80 five-second integrations were 

measured in four blocks of 20.  During the interference run, ion beams of 
105

Pd and 
110

Cd 

were measured.  The interference run was much shorter, consisting of one block of 10 five-

second integrations. 

 

In both runs, the ion beam was deflected off-axis and the electronic baseline was 

monitored before each block for 40 seconds and 20 seconds during the main run and 

interference run, respectively.  These baseline measurements were subtracted from the on-

peak signal intensities.  Peaks were centred at the beginning of each run. 

 

Analysis of one sample required about 12 minutes, consuming approximately 12 ng of 

natural Cd during analysis.  Samples with lower total Cd were concentrated to achieve 

similar signal intensities and shorter analysis times were used.  Cd concentrations of 100 

ng/ml yielded ion beams between 4 - 7 x 10
-11

A, giving a transmission efficiency of 

0.13%.  The external precision achieved with these methods was comparable to those 

reported previously (Ripperger et al., 2007).  Multiple analyses of NZ JMC Cd routinely 
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resulted in an external reproducibility for 
114/110

Cd of ± 0.8 to ±1.6  when 8 - 12 ng of 

natural Cd was consumed per analysis. 

 

Samples with total amounts of natural Cd less than 7 ng and as low as 1 ng were measured 

in „time-resolved mode‟ using the time-resolve software supplied by Nu Instruments.  With 

this method, unlike conventional analysis, baselines can be measured before the sample is 

introduced into the instrument, allowing smaller sample volumes to be used.  This is the 

first study to take advantage of using the time-resolve method for measuring Cd isotopic 

compositions.  This tool has the potential to improve the precision on isotopic 

measurements of low Cd samples relative to those previously achieved (Lacan et al., 2006; 

Ripperger et al., 2007).  This has implications for the entire process, from sampling to 

analysis, employed for studying the Cd isotopic compositions in the oceans by reducing 

the need for large volume (upwards of 10 L) samples that are required currently from some 

regions. 

 

Samples were measured in a single run using the same isotopes as in the main run 

described above.  Measurements were conducted continuously with 0.2 second integrations 

until the sample was completely consumed.  To ensure Pd corrections could be done if 

necessary, dilute aliquots of each sample were analyzed using the ion counters to measure 

105
Pd while 

110
Cd was measured using a Faraday collector.  The collector set up for this 

method is shown in Table 2.7. 

 

Multiple analyses of NZ JMC Cd with less than 0.5 ng natural Cd per analysis resulted in 

an external precision of ± 3.6  for 
114/110

Cd.  This precision is as much as two times better 

than the precision reported for samples containing similar amounts of Cd by Ripperger and 

Rehkamper (2007) using conventional analysis protocols. 

 

 

Table 2.7 Collector configuration during the main run and interference run for Cd isotopic analysis. 

Collector L5 IC2 L4 L3 L2 L1 Ax H1 H2 H3 H4 H5 H6 

Main Run 110  111 112 113  114  115  116 117 118 

Int. Run 105  106 107 108  109  110  111 112 113 

TR Int. Run  105   110 111        
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2.7 Data Reduction 

In this study, data obtained from MC-ICPMS analysis were reduced offline in an Excel-

based spreadsheet to correct for instrumental mass fractionation and isobaric interferences 

to obtain the 
114/110

Cd isotopic composition and Cd concentration of each sample. 

2.7.1 Double Spike Reduction 

Importantly, all data were processed at the cycle level (every 5 seconds in „analysis mode‟ 

and every 0.2 seconds in „time-resolved mode‟) which is a more rigorous method than the 

usual practice of processing the data from the average ratios, measured for the entire 5-10 

minutes of data acquisition, as correction measurements are made simultaneously with the 

isotope ratios of interest.  The spike reduction procedure used to deconvolve the mass 

fractionation corrected isotopic compositions of natural Cd in samples was based upon the 

iterative methods described by Seibert et al. (2001).  This method uses a series of equations 

that describe the instrumental mass fractionation, assuming an exponential mass 

fractionation law, and utilizes the three-dimensional space described by the 
110

Cd/
111

Cd, 

112
Cd/

111
Cd, 

114
Cd/

111
Cd isotope ratios.  As mentioned by Ripperger and Rehkamper 

(2007), the method used by Seibert et al. (2001) was adapted to improve interference 

corrections.  The iterative data reduction was performed using the raw measured Cd 

isotope ratios to define a preliminary instrumental mass fractionation factor that can be 

applied to the isobaric ratios needed to correct for these interferences.  These corrections 

were applied to the relevant isotope ratios and the data reduction was performed again on 

the interference-corrected Cd isotope ratios, yielding a more accurate instrumental mass 

bias factor and natural fractionation factor of the sample. 

 

An Excel Visual Basic macro was written to simplify the iterations used in this offline 

reduction, allowing the entire process to be done in a single spreadsheet, even at the cycle 

level.  The equations used in these calculations can be found in Seibert et al. (2001). The 

results obtained using this data reduction were confirmed using the data reduction 

spreadsheet from Ripperger and Rehkamper (2007). 
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2.7.2 Cd Concentration 

Isotope dilution was used to calculate the concentration of Cd in the samples.  The mass 

fractionation corrected 
114

Cd/
111

Cd ratio obtained during the main run, combined with the 

mass of both the sample and double spike added, and the abundance of 
114

Cd and 
111

Cd in 

each were used to determine the total concentration of Cd in samples.  In contrast to many 

other quantitative methods used to determine elemental concentrations, a low yield is not 

problematic, as the calculations are based on the proportion of spike to sample, which 

remains constant as long as the sample and spike are given enough time to equilibrate 

before chemical processing. 

 

The accuracy of these measurements is shown with the data for the NASS-5 CRM 

seawater reference material (Table 2.4); the Cd concentration measured in this study for 

NASS-5 is 0.198 ± 0.006 nmol kg
-1

 and is identical, within error, to the certified reference 

value of 0.199 ± 0.026 nmol kg
-1

 and values reported by Ripperger and Rehkamper (2007) 

using similar methods (0.19784 ± 0.00003 nmol kg
-1

). 

2.8 Method Testing 

These methods were used to examine the Cd isotopic composition of oysters collected 

from Foveaux Strait.  These analyses were used as a means to test analytical methods and 

to gain an indication of the Cd isotopic fractionation that might be observed in this region 

of the Southern Ocean.  The high concentration of Cd in their tissue, discussed in Chapter 

1, and the low Cd environment they grow in that suggests these concentrations are not of 

anthropogenic origin.  The Cd isotopic composition might give an indication of biological 

fractionation in the oysters and their food source (plankton). 

 

Cd isotopic results from both a homogenous mixture of 10 oysters and 8 individual oyster 

samples are shown relative to isotopic composition of Cd for fractionated surface waters in 

the subtropical convergence (Chapter 4) and the average deep-water Cd isotopic 

composition reported in Ripperger and Rehkamper (2007) (Figure 2.9). 
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Figure 2.9 Average Cd isotopic composition of the homogenous oyster mixture (n = 9) (solid symbols) and 
Cd isotopic compositions of the 8 individual oyster samples (empty symbols) are shown compared to the 
average deep water Cd isotopic composition (dashed line) (Ripperger and Rehkamper 2007) and the 
average surface water composition from the subtropical convergence (dotted line). 

 

The Cd isotopic compositions of the oyster samples are lighter than both the surface waters 

and average deep water, indicating that a biological fractionation is likely to produce a 

shift in Cd isotopic compositions.  The light Cd isotopic signature suggests that these 

oysters are feeding off an isotopically light source of Cd or preferentially removing the 

light isotopes of Cd from the water column themselves. 

2.9 Conclusions 

The analytical methods described in this chapter clearly demonstrate how the difficulties in 

measuring Cd isotopic compositions in seawater have been overcome in this study. 

 

 Preconcentration recovery of Cd is typically > 90% and often > 99%. 

 Sampling and chemical processing Cd blanks are only 55 pg and 4 pg, respectively. 

 Using MC-ICPMS and techniques in double spiking, analytical precision for Cd 

isotopic measurements is better than ± 1  for 
114/110

Cd for samples containing as 

little as 1.5 ng of natural Cd, and better than ± 4  for 
114/110

Cd for samples with 

only 0.5 ng of natural Cd. 
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 Analytical methods were tested on high Cd oyster samples and showed strong 

evidence for biological fractionation of Cd that could be measured using these 

methods. 

 

The following chapters utilize these methods to investigate the Cd isotopic composition in 

various marine samples including seawater and phytoplankton to determine controls on the 

biogeochemical cycles of Cd in the oceans. 
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Chapter 3 : Effects of resin derived matrix on Cd isotopic 
composition during analysis by MC-ICPMS 

 

3.1 Introduction 

The recent advent of MC-ICPMS has enabled high-precision isotopic analysis of many 

metallic elements.  For the heavy (masses >40) stable isotope systems, including Cd, the 

natural isotopic shifts are extremely small (one permil-level).  For example, recent studies 

investigating the Cd isotopic composition in the oceans, typically reported in -notation as 


114/110

Cd, have shown very little variation in iron manganese crusts (6 ) (Horner et al., 

2010; Schmitt et al., 2009a) and in the majority of seawater samples (17 ) (Ripperger et 

al., 2007).  With most of the isotopic shifts associated with natural Cd samples being at the 

sub-permil level, extraordinary care must be taken in the chemical preparation and analysis 

of the samples in order to achieve the accuracy and precision needed to resolve the very 

small, naturally occurring shifts in isotopic composition. 

 

To ensure accurate and precise isotopic analysis by MC-ICPMS, both isobaric and 

polyatomic spectral interferences, and non-spectral interferences, most notably „matrix 

effects‟ arising from the efficient ionization of virtually all elements in the plasma source, 

need to be reduced to manageable levels through chemical purification.  Residual 

interference then needs to be monitored during sample analysis or its effects on isotopic 

composition should be well characterized. 

 

Spectral and non-spectral interferences overlapping the Cd mass range, such as 
110

Pd or 

70
Zn

40
Ar on, are discussed in detail in Chapter 2. 

 

It is also essential to reliably correct for instrumental mass fractionation.  In MC-ICPMS 

this is characterized by the preferential transmission of heavier isotopes over lighter ones 

and can create percent level shifts in the measured isotopic composition away from the true 

isotopic composition of the sample. This correction is non-trivial and can be compromised 

by the presence of spectral and non-spectral interferences.  However, this mass 
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fractionation is relatively constant and non-time dependent, which can be advantageous for 

characterization and correction. 

 

Two common approaches used to correct for instrumental mass fractionation when 

measuring Cd isotopes by MC-ICPMS are sample standard bracketing (SSB) and external 

normalization. 

 

SSB involves analyzing a standard of known isotopic composition directly before and after 

the sample of unknown composition.  The measured isotopic composition of the sample is 

then corrected for instrumental mass fractionation by linear interpolation of the 

instrumental mass bias factors calculated from the bracketing standards.  This method 

requires the mass bias factor of the instrument to stay constant or change linearly during 

the course of all three measurements.  It will not give rise to accurate corrections if (1) 

instrumental mass fractionation changes in a non-linear fashion, (2) there are matrix 

elements in the sample that alter the instrumental mass bias during sample analysis without 

changing the mass bias of the bracketing standards, (3) there are differences in the 

concentration of the elements in the sample (including the acid medium) and the 

bracketing standard, (4) there are differences in the oxidation state of the analyte in the 

sample and standard, and (5) organic material is present in the samples that is not present 

in the bracketing standards.  In the case of Cd, Shiel et al. (2009) achieved average 

analytical precisions between 1.1 to 3.6  for 
114/110

Cd when SSB was employed. 

 

External normalization uses a different element in the same mass range as the analyte for 

instrumental mass fractionation correction.  In the case of Cd, both the sample and 

standard are doped with the correcting element standard, typically Ag (Shiel et al., 2009; 

Wombacher et al., 2003), and because instrumental mass fractionation is, to a first order, a 

function of mass, it is assumed that this Ag standard will fractionate within the instrument 

in exactly the same manner as the sample Cd.  Slight variations in the instrumental mass 

fractionation between the analyte and the doping element can be overcome using the 

empirical external normalization approach discussed in Chapter 2 section 2.2.3.  

Wombacher et al. (2003) were only able to achieve an analytical precision of  4.4  for 


114/110

Cd for analyses consuming 20 ng of Cd using empirical external normalization. 
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However, recent studies have shown that despite correcting for instrumental mass 

fractionation there is increasing evidence that organic residues, introduced to the sample 

from the ion exchange resins used in chemical preparation, yield matrix effects leading to 

inaccurate isotopic results when SSB and external normalization techniques are used. 

 

For example, Pietruszka and Resnik (2008) found that the ionic exchange resin used to 

purify and separate molybdenum (Mo) from matrix elements and molecules caused 

uncorrectable matrix effects during analysis.  SSB techniques were used to determine the 

instrumental mass bias factor and standards doped with this resin-derived matrix material 

produced consistently lighter isotope ratios relative to the true Mo isotopic composition.  

Pietruszka and Resnik (2008) attempted three methods to remove the organic residues; (1) 

a small „clean-up‟ ionic exchange column procedure, (2) an elution scheme using different 

acids to elute Mo from the ionic exchange column, and (3) oxidizing the sample with 

HNO3, aqua regia (a mixture of HNO3 and HCl) and H2O2.  However, none of these 

methods eliminated the matrix effects completely. 

 

Shiel et al. (2009) used both SSB and external normalization-SSB to correct for 

instrumental mass fractionation during Cd and Zn isotopic analyses and ionic exchange 

resin to purify samples.  In this study, changes in the instrumental mass bias factor and 

signal intensities were also found to be caused by resin-derived organic and inorganic 

residues in the sample post-processing.  These matrix effects significantly altered the 

measured isotopic compositions, creating both heavier and lighter signatures (on the order 

of 10  for 
114/110

Cd) depending on the method used for instrumental mass bias correction.  

Treatment of the samples with HNO3 and an HClO4/HNO3 mixture to oxidize and break 

down residual organic material, both reduced, but did not eliminate, these matrix effects.  

It was suggested that using samples with large concentrations of Cd or Zn would be the 

best way to obtain accurate isotope data when employing SSB or external normalization to 

correct for instrumental mass fractionation, and the analysis of samples containing low 

(ng) levels of Cd remained problematic. 

 

Both of the above studies have used instrumental mass fractionation correction methods 

that rely on there being limited, if any, residual matrix in the samples.  When using SSB, it 

is necessary to matrix-match the bracketing standards with the samples, which can be very 
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difficult when trying to match natural matrices.  External normalization relies on the 

instrumental mass bias factor of both the analyte and the doping element to behave 

similarly.  If matrix effects impact on the analysis of one of these elements and not the 

other, or on both elements but in a different manner for each element, then reliable 

characterization of the instrumental mass bias factor will not be possible.  The expectation 

is that such artefacts would be overcome by using a double spike to correct for 

instrumental mass fractionation (Pietruszka and Reznik, 2008). 

 

Double spiking is a method of internal normalization that is widely considered to be the 

most robust way to calculate the mass bias factor of the instrument.  This is largely because 

the double spike is enriched in two isotopes of the same element as the one of interest in 

the sample.  Therefore, it is chemically matched to the analyte and behaves in an identical 

manner during analysis.  Further, instrumental mass fractionation can be monitored at the 

cycle level, simultaneously with the isotope ratios of interest as it does not need to be 

interpolated on the basis of bracketing standard measurements.  This internal correction 

also accounts for changes within the instrument during the run, including, changes in the 

plasma source and in signal intensity, which could contribute to a change in the mass bias 

factor that might not be detected using other correction methods.  Lastly, the double spike 

is added to the sample before sample processing is started, allowing correction for any 

preparation-derived isotopic fractionation as well.  Cd isotopic measurements utilizing 

double spiking techniques typically report analytical precisions at the ±1  for 
114/110

Cd 

while consuming as little as 7 ng of Cd per analysis. 

 

In this study, Cd isotopic data are presented for a suite of standards and samples using MC-

ICPMS and techniques in double spiking to characterize instrumental mass fractionation.  

However, despite the use of a double spike, anomalous isotopic shifts as large as 40  (4 

per mil) with respect to 
114/110

Cd, are observed, and can be attributed to trace quantities of 

resin-derived organics present in sample fractions.  Surprisingly, these isotopic shifts are 

only seen in Cd isotopic standards and only after samples containing very low levels of Cd 

are analysed.  This result is alarming and understanding the mechanism creating these 

anomalous isotopic shifts and methods to mitigate the effects are crucial not only to the 

future studies of Cd isotopes in low concentration samples, but potentially to studies of all 

isotope systems when samples contain very low concentrations. 
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3.2 Methods 

A selection of seawater samples collected off the south-east coast of New Zealand in the 

subtropical convergence, and oyster samples collected from Foveaux Strait, in the south of 

New Zealand (Figure 3.1) were selected to demonstrate and characterize the matrix effects 

associated with the afore mentioned anomalous Cd isotopic shifts.  Seawater samples 

contained extremely low (pM) levels of Cd relative to the major element matrix and are 

referred to as “low Cd/high matrix” samples.  Oyster samples contained moderately high 

(ppm) levels of Cd relative to the major element matrix and are referred to as “high Cd/low 

matrix” samples. 

 

 

Figure 3.1 Map of sampling transects for seawater and oyster samples. 

3.2.1 Low Cd, High Matrix Samples 

Seawater samples were collected using trace metal clean techniques from aboard the 

University of Otago research vessel R/V Polaris II.  The seawater samples used in this 

study have Cd concentrations ranging from 0.01 to 0.04 ppb and therefore 500 to 1000 mL 

of sample were needed to yield a minimum of 10 ng of Cd for analysis.  As discussed in 
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the two previous chapters, the major difficultly in measuring Cd isotopes in seawater is the 

very low Cd concentrations (pM levels) relative to the very high concentration (‰ level) 

of matrix ions (e.g. Na, Cl, and Mg).  The low concentration of Cd in these samples 

requires extensive preconcentration.  During this process, not only does the sample Cd 

concentrate, but residual sample-derived matrix („sample matrix‟) and residual resin-

derived matrix („resin matrix‟) stripped from the ion exchange chemical purification 

procedure will be concentrated as well. 

3.2.2 High Cd, Low Matrix Samples 

Oyster samples from Foveaux Strait have unusually high concentrations of Cd (2-10 ppm, 

wet weight) in their tissue, despite very low Cd (0.001 ppb) concentrations in surface 

waters in this region.  Due to the high Cd concentrations very small samples (<20 mg) are 

required for analysis, resulting in only small amounts of sample matrix to be separated 

from the Cd present in the sample.  Sample preconcentration is not necessary, with most 

samples needing dilution before analysis, not only diluting the Cd but also any resin matrix 

eluting from the ion exchange resins. 

3.2.3 Analytical Protocols 

The three-stage and two-stage ion exchange chemical separation protocols discussed in 

Chapter 2 section 2.5.3 (Ripperger and Rehkamper, 2007) were used to preconcentrate and 

purify seawater and oyster samples, respectively. 

 

Following chemical preparation, all Cd isotopic measurements were performed on a Nu 

Instruments NuPlasma MC-ICP-MS coupled to a Nu Instruments DSN-100 desolvating 

nebulizer at the Centre for Trace Element Analysis at the University of Otago outlined in 

Chapter 2 section 2.6.  Typical analyses consumed approximately 7 ng of natural Cd. 

 

Raw data were processed offline to correct for both interferences and instrumental mass 

fractionation at the cycle level, based on the iterative methods described by Siebert et al. 

(2001).  All Cd isotope data are reported in epsilon () notation as 
114/110

Cd relative to the 

NIST SRM 3108 Cd standard.  All samples were bracketed with measurements of NZ JMC 

Cd standard to regularly assess the performance of the analyses.  Uncertainties reported are 

at the two- level unless otherwise noted. 
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3.3 Results and Discussion 

The significant difference in the behavior of the NZ JMC Cd isotopic standard analyses 

during low Cd/high matrix and high Cd/low matrix sample sessions is easily seen in Figure 

3.2 and Figure 3.3. Figure 3.2 shows the reproducibility of the NZ JMC Cd standard during 

a session when low Cd/high matrix seawater samples were analysed.  The 
114/110

Cd of the 

bracketing standards have shifted dramatically and towards increasingly anomalous values 

after each successive sample analysis, causing a severe degradation in the reproducibility 

of these measurements, and giving rise to a daily mean 
114/110

Cd of -17.6  4.6 . 

 

In contrast, Figure 3.3 shows the behaviour of the bracketing standards during a session 

when high Cd low matrix oyster samples were analysed.  The individual oyster samples 

show natural variability in their Cd isotopic composition, but despite this variability the 

standard reproducibility is very reasonable, yielding a daily mean 
114/110

Cd of -16.1  0.9 

for NZ JMC Cd (Figure 3.4). 
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Figure 3.2 Repeat 
114/110

Cd measurements of the NZ JMC Cd isotopic standard during the measurement 

of low Cd, high matrix samples.  The 
114/110

Cd values of the seawater samples are shown in the upper 
panel for reference. 
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Figure 3.3 Repeat 
114/110

Cd measurements of the NZ JMC Cd isotopic standard during the measurement 

of high Cd, low matrix oyster samples.  The 
114/110

Cd values of the oyster samples are shown in the upper 
panel for reference. 
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Figure 3.4 Repeat 
114/110

Cd measurements of the NZ JMC Cd isotopic standard during a single 

measurement session, yielding a mean value of -16.2  0.8 2 SD). 

 

With the main difference between these two sessions being the Cd/matrix ratios in the 

samples, these results strongly suggest that matrix effects are responsible for shifts in the 

Cd isotopic composition of the standard.  However, to rule out other common problems 

encountered during analysis by MC-ICPMS, and to identify the source of these matrix 

effects, the following experiments were carried out. 

3.3.1 Matrix effects on Samples 

To determine if these anomalous shifts were affecting the Cd isotopic composition of the 

samples, a bulk seawater sample was processed through multiple ionic exchange columns 

and recombined to form a homogeneous sample with sufficient Cd for replicate analyses.  

The bracketing standards measured during the same session as this bulk sample showed 

anomalous shifts in its Cd isotopic composition, while the sample composition remained 

constant (Figure 3.5), indicating that the observed matrix effect was only present in pure 

Cd standards that had not been chemically processed. 
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Figure 3.5 Repeat 
114/110

Cd measurements of the NZ JMC Cd isotopic standard during the replicate 

analysis of a bulk seawater sample.  The 
114/110

Cd values of the bulk seawater sample are shown in the 
upper panel for reference. 
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after sample analysis was tested as a means to strip residual matrix from the DSN.  

Although this rinsing protocol occasionally helped to return the Cd isotopic composition of 

the NZ JMC Cd standard back to „normal‟ values, it did not alleviate the problem after 

multiple days of sample analysis. 

 

To verify that the Cd isotopic composition measured was independent of the Cd memory 

in the DSN, NZ JMC Cd was used to saturate the DSN membrane with a new isotopic 

composition after sample analysis.  This saturation did not result in systematic changes in 

the measured composition.  The NZ JMC Cd composition would eventually shift back to 

its original value, however, this was independent of how much standard Cd was introduced 

into the DSN, and was more closely related to the time spent rinsing the DSN with a 

matrix-free solution. 

3.3.3 Spectral Interferences 

A mass scan of the sample was conducted on both the MC-ICPMS and the quadrupole 

ICP-MS to identify any potential inorganic interferences (Chapter 2 2.2.5) remaining in the 

sample that may be responsible for the isotopic shifts in the standard seen in Figure 3.4(b).  

After preconcentration and purification, mass scans of a seawater sample revealed an 

excellent separation of Cd from all other elements, although residual Ca, Al, Mg and Zn 

could be detected at ultra-low levels in the sample, with Ca having the largest abundance.  

Table 3.1 shows the ratio of these residual elements relative to Cd in the purified seawater 

sample. 

 

Table 3.1 Ratios of residual elements relative to Cd in purified seawater samples. 

Matrix element x/Cd 

Na 0.07 

Mg 0.13 

Al 0.34 

Ca 1.43 

Zn 0.13 

Se 0.02 

 

Despite the excellent separation of Cd from the seawater matrix elements, and an 

extraction of 99.9% of the original Ca from the Cd fraction, there is inevitably residual Ca 

that remains, leading to a Ca/Cd ratio of ~1.4.  Despite there being no spectral 
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interferences across the Cd mass range, there was concern about how matrix effects from 

Ca might affect the sample and subsequent standard analysis.  To test this, NZ JMC Cd 

standard was doped with Ca to obtain a 2:1 Ca to Cd ratio.  This standard was analyzed 

following the same protocol as used for samples.  At the start of the session, un-doped 

standards were measured repeatedly to determine the mean 
114/110

Cd value for NZ JMC 

Cd for that day of analysis.  The Ca-doped standard was then analyzed and bracketed with 

un-doped standard measurements to determine if the presence of minor Ca in the samples 

could cause large Cd isotopic shifts in the bracketing standards. 

 

No resolvable Cd isotopic shifts were observed and a very good reproducibility was 

obtained for all standard measurements, both doped and un-doped, giving rise to a mean 


114/110

Cd = -16.2  1.0 (Figure 3.6). 

 

 

Figure 3.6 Repeat 
114/110

Cd measurements of the NZ JMC Cd isotopic standard.  Aliquots doped with Ca 
and undoped are shown. 
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TRU resin were investigated and more rigorous oxidizing methods were employed in an 

attempt to break down residual organic compounds. 

 

To examine the effects of resin-derived organics on Cd isotopic composition, resin matrix 

was collected following the same third column procedure as used for samples, substituting 

200 mL 8 M HCl for each sample.  The elutant was collected, evaporated to dryness, 

redissolved in 100 mL 14 M HNO3, evaporated again, and then redissolved in 0.1 M HNO3 

in preparation for MC-ICPMS analysis. 

 

Resin matrix fractions from individual columns were added to individual sample-sized 

aliquots of NZ JMC Cd standard (containing ~11 ng of natural Cd) just prior to analysis.  

Measurements of these resin matrix-doped NZ JMC Cd standards show shifts in the Cd 

isotopic composition as large as 46  for 
114/110

Cd (Figure 3.7).  Repeat measurements of 

undoped aliquots of NZ JMC Cd standard show a poor reproducibility (
114/110

Cd = -17.0  

5.4 ) when they are used to bracketing the resin matrix-doped NZ JMC Cd measurements 

(Figure 3.7). The isotopic shifts in the bracketing standard follow the same pattern as the 

bracketing standards run with the low Cd/high matrix samples. 
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Figure 3.7 Repeat 
114/110

Cd measurements of the NZ JMC Cd isotopic standard.  Aliquots doped with 
organic residue from column resin (red circles) and undoped bracketing aliquots are shown. 
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3.3.5 Oxidizing Treatments 

To test the efficiency of oxidation procedures in breaking down resin-derived organic 

material, fractions of resin matrix were treated with a mixture of HClO4 and HNO3, or 

alternatively, a mixture of H2O2 and 7 M HNO3.  The latter approach is less aggressive 

than the former, requiring longer digestion times, but has much lower blank levels for Cd 

and interfering elements such as Sn. 

 

In aliquots of resin matrix treated with the HClO4/HNO3 mixture, oxidation occurred 

within a few minutes, made evident by the clear sticky drop turning into a dry red spot.  

Aliquots of resin matrix treated with the H2O2/HNO3 mixture were refluxed on a hotplate 

at 120C for 36 hours.  Once oxidation had occurred, the resin matrix was evaporated to 

dryness and dissolved in 0.1 M HNO3 in preparation for MC-ICPMS analysis.  These resin 

matrix fractions were again added to NZ JMC Cd standard just prior to analysis. A 

dramatic improvement in the external reproducibility of the NZ JMC Cd standard 

measurements was observed, yielding a daily mean 
114/110

Cd value of -16.2  1.0  and 

neither the doped nor the undoped bracketing standards showed resolvable isotopic shifts 

(Figure 3.8). 

 

 

 

Figure 3.8 Repeat 
114/110

Cd measurements of the NZ JMC Cd isotopic standard.  Aliquots doped with 
organic column residue that has been treated with HClO4/HNO3 and H2O2/HNO3 and undoped bracketing 
aliquots are shown. 
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To ensure that the above described oxidation treatment would alleviate the anomalous 


114/110

Cd excursions in the bracketing standard measurements during seawater analysis, 

one batch of seawater samples with low Cd concentrations of 0.01 to 0.04 ppb were treated 

with the HClO4/HNO3 mixture before analysis.  There is a very distinct five-fold 

improvement in external reproducibility from ±5  to a very acceptable value of ±1  when 

standards analyzed together with treated samples are compared with those analyzed with 

un-treated samples (Figure 3.9). 

 

 

 

Figure 3.9 Repeat 
114/110

Cd measurements of the NZ JMC Cd isotopic standard during the measurement 

of low Cd, high matrix seawater samples that have been treated with HClO4/HNO3.  The 
114/110

Cd values 
of the seawater samples are shown in the upper panel for reference. 
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3.3.6 Mechanisms 

These experiments indicate that there are two possible mechanisms that can create the 

anomalous shifts in the Cd isotopic compositions of the bracketing NZ JMC Cd standards; 

(1) matrix effects that occur in the MC-ICPMS or (2) spectral interferences during 

analysis. 

 

Matrix effects occurring in the MC-ICPMS are unlikely to be the cause of these shifts as 

the same resin matrix used to dope standards is present in the samples.  If matrix effects 

are causing these isotopic shifts, they would have to act in a non-mass dependent manner, 

as the double spike did not correct for them.  This defies known expectations of Cd stable 

isotope fractionation, a mid-mass element that is unlikely to be strongly affected by mass-

independent nuclear field shift effects, and the mass fractionation laws outlined in Chapter 

2 section 2.2.2. 

 

Spectral interferences are much more likely to cause non-mass dependent effects during 

analysis and are therefore a much more likely candidate for the observed anomalous shifts 

in the NZ JMC Cd standard measurements.  As discussed in section 3.3.4, the aliquot of 

the Cd standard that was passed through the TRU column, and therefore contained resin 

matrix, resulted in a normal Cd isotopic composition.  However, an equivalent volume of 

resin matrix from „blank‟ columns, added to Cd standard just prior to analysis, resulted in 

very large shifts in Cd isotopic composition.  This suggests that equilibration between the 

sample Cd and the organic compounds present in the TRU resin is important to obtain the 

true Cd isotopic composition during measurement.  If there is an organic residue that binds 

to Cd, with a slow reaction rate, the standard that has passed through the column would be 

in equilibrium with the resin-derived organics, whereas the standard that was mixed with 

these organics only minutes before analysis would not.  This may provide the latter 

„unequilibrated‟ organic residue with the opportunity to bind to other elements, potentially 

creating an isobaric interference. 

 

To establish if this mechanism is possible, the structure of the organic residues comprising 

the resin matrix must be defined.  Eichrom‟s TRU resin structure is octylphenyl-N,N-di-

isobutyl carbamoylphoshine oxide (CMPO) dissolved in tri-n-butyl phosphate (TBP) 

(Figure 3.10).  Potential interferences that could arise from fragments of this resin must 
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include phosphorous (P), as this is the only element that has a high enough mass to create 

interferences, in the form of small polyatomic compounds (e.g. 
31

P
40

Ar
40

Ar) across the Cd 

mass range.  Other molecules would have to be quite large to interfere at mass 110 or 

above, making it very unlikely that they would remain stable in the high 5,000 K, to 

10,000 K temperatures of the plasma. 

 

 

Figure 3.10 Structure of Eichrom TRU resin, CMPO dissolved in TBP (LLC, 2010). 

 

Analysis by NMR or MS would give insight into the structure of the residual organic 

compounds eluted from the column as resin matrix.  This would help define the 

mechanism responsible for these complex interactions that occur during sample 

introduction and analysis by MC-ICPMS. 

 

Despite uncertainties about the mechanism responsible for these anomalous Cd isotopic 

shifts, there are multiple possibilities for avoiding these problems in the future.  As 

suggested by Sheil et al. (2009), larger sample sizes will allow the final Cd fractions to be 
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sample as well, which as the oyster samples show, results in the good reproducibility of 

both samples and standards. 
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This study has highlighted the effectiveness of oxidizing samples prior to analysis to break 

down residual organic compounds inherited from ion exchange procedures. This evidently 

removes a problematic interference, allowing the very good external reproducibility of 

both the samples and standards to be re-established.  As the next generation of MC-ICPMS 

instruments have increased sensitivity, and progressively smaller sample sizes will be 

needed for analysis, oxidation of samples will prove to be even more necessary.  The 

effects of resin-derived organics have been reported for Cd, Zn and Mo, and as sensitivity 

increases, it is expected that these analytical difficulties will arise across more isotopic 

systems. 

3.4 Conclusions 

This study demonstrates that resin derived organics, as reported by (Pietruszka and Reznik, 

2008; Shiel et al., 2009) can affect accuracy and reproducibility during analysis by MC-

ICPMS. Surprisingly, this study demonstrates that these effects are persistent, even with 

the implementation of double-spiking methods, which are designed to correct for all mass-

dependent isotopic shifts that arise during chemical processing and analysis. These large 

isotopic shifts in the Cd composition of NZ JMC Cd were due to the presence of organics 

inherited from the TRU ion exchange resin in the DSN sample introduction system.  It is 

highly likely that these effects are not limited to Cd isotopic analysis, and will be found to 

affect other isotope systems, even when employing double spiking methods, especially if 

those elements are found in extremely low concentrations in samples.  This is supported by 

the results of Pietruszka and Reznik (2008) and Shiel et al. (2009) where similar 

anomalous isotopic shifts were observed for Mo, Zn and Cd. 

 

In summary: 

 Organic compounds added to the samples during purification by Eichrom TRU 

resin appear to accumulate in the DSN sample introduction system, creating 

anomalous shifts in the Cd isotopic composition of isotopically pure standard 

solutions (that have not been subjected to ionic exchange purification methods), 

without created noticeable isotopic shifts in chemically processed samples 

analyzed in tandem. 

 Double spiking methods do not correct for these fractionation artefacts, indicating 

the presence of resin-derived spectral interference/s across the Cd mass range. 
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 Both HClO4/HNO3 and H2O2/HNO3 oxidation treatments of resin matrix fractions 

and samples passed through ion exchange procedures alleviated these resin matrix 

effects during analysis.  These oxidation treatments should be used for all samples, 

not only to ensure accuracy and precision in the bracketing standards, but also to 

ensure that smaller, less noticeable isotopic shifts within the sample are not 

created. 
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Chapter 4 : Implications of seasonal biological uptake of 
cadmium on cadmium isotopic compositions and the 
cadmium/phosphate paleoproxy in subantarctic 
surfaces waters 

 

4.1 Introduction 

Global CO2 concentrations are intimately related to primary production and nutrient 

utilization in the oceans.  Primary production in the surface ocean utilizes nutrients 

including CO2, transporting both into the deep oceans.  High production rates lead to low 

nutrient stocks and low CO2 concentrations.  Therefore, reconstructing historic nutrient 

stocks can provide a means to estimate past primary production and CO2 concentrations.   

One tool that is currently used for such nutrient estimations is the Cd/PO4
3-

 paleoproxy 

(Boyle, 1992; Elderfield and Rickaby, 2000).  As discussed in Chapter 1, Cd in the oceans 

closely mimics the behavior of the macronutrient PO4
3-

 resulting in an almost linear 

relationship (Boyle et al., 1976; Bruland, 1980) and has also been shown to have biological 

importance in the enzyme carbonic anhydrase (CA) (Lane and Morel, 2000) suggesting a 

biological uptake of Cd. 

 

The relationship between Cd and PO4
3-

 in deep waters has been used extensively as a 

paleoproxy for understanding historic nutrient cycling and biological controls on oceanic 

CO2 concentrations in the deep oceans on glacial/interglacial time scales (Boyle, 1992; 

Elderfield and Rickaby, 2000).  Despite uncertainties about the Cd/PO4
3-

 relationship in 

surface waters, it has also been used to estimate primary productivity in surface waters 

using planktonic foraminifera Ca/Cd ratios (Elderfield and Rickaby, 2000).  However, the 

validity of the proxy is questionable due to the complexity of the Cd /PO4
3-

 relationship, 

with a kink at [PO4
3-

] ≈ 1.3 µmol/kg (Cullen, 2006) and significant variability in global 

surface water Cd/PO4
3-

 ratios (de Baar et al., 1994), as well as deviation of these ratios 

from the global deep water ratios, particularly in the subantarctic (Frew and Hunter, 1992; 

1995).  Elderfield and Rickaby (2000) have attempted to reconcile the Cd tracer in polar 

surface waters by suggesting a chemical fractionation during biological uptake, whereby 
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Cd is preferentially removed relative to PO4
3-

 during particle formation.  However, the 

surface water nutrient reconstruction from the Last Glacial Maximum (ca. 21,000 years 

ago) reported using this paleoproxy is not in agreement with other paleoproxies (e.g. 
15

N) 

that are used for similar reconstructions (Sigman et al., 1999), implying that identifying the 

uptake mechanism(s) of Cd relative to PO4
3-

 remains underconstrained. 

 

For the Cd/PO4
3-

 paleoproxy to provide an accurate estimation of historic nutrients, 

primary production, and CO2 concentrations in the oceans, the Cd/PO4
3-

 relationship needs 

to have remained constant throughout time and space.  Although there is mounting 

evidence to suggest that Cd is a biologically important micronutrient (Lane and Morel, 

2000; Lane et al., 2005; Morel, 2008; Ripperger et al., 2007), there is still limited 

understanding of the mechanisms controlling Cd uptake and cycling in the oceans and the 

variation in global surface water Cd/PO4
3-

 ratios. 

 

Recent studies into the Cd isotopic compositions in the oceans and phytoplankton cultures 

have shown that phytoplankton preferentially take up the lighter isotopes of Cd and this 

fractionation can be characterized from the residual isotopic composition in seawater 

(Abouchami et al., 2010a; Lacan et al., 2006; Ripperger et al., 2007). This limited data set 

shows that biological uptake of Cd is a kinetic effect that follows a Rayleigh fractionation, 

with surface waters, where there is high biological activity, having lower Cd 

concentrations and also heavier isotopic compositions.  These studies illustrate that stable 

isotopes of Cd provide critical insight into the mechanism controlling Cd uptake (Lacan et 

al., 2006; Ripperger et al., 2007) and may, in itself, be a useful proxy for biological 

activity and as a water mass tracer.  A major limitation of these studies is that the global 

data set is very limited, making robust comparisons between different ocean basins and 

processes very difficult.  Although Cd isotopic compositions can provide insight into the 

origin of this metal and the processes that have acted upon it, these studies have still only 

captured a snapshot of the wide ranging processes occurring in the water masses 

throughout the year, largely due to the logistical difficulty in collecting open ocean 

samples frequently. 

 

New Zealand is ideally located in the Southern Ocean, which has been suggested to have a 

major influence on global climate (Sigman and Boyle, 2000).  The subtropical convergence 
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(STC), a major circum-global front and the northern boundary of the Southern Ocean off 

the southeast coast of New Zealand, has some of the lowest Cd/PO4
3-

 globally (Frew and 

Hunter, 1992; 1995).  The Cd isotopic composition in this region has the potential to offer 

insight into the mechanism(s) controlling the preferential biological uptake of Cd relative 

to PO4
3-

 in this region, and the effects this biological uptake has on the oceanic Cd cycle.  

This study reports on the mechanisms controlling this preferential uptake of Cd. 

 

Sampling of subantarctic waters off the coast of Dunedin, New Zealand was carried out 

seasonally from May 2008 through March 2010 for the purpose of analyzing for Cd stable 

isotopes, dissolved Cd and Zn concentrations, macronutrient (PO4
3-

, NO3
-
, and Si(OH)4) 

concentrations, as well as general oceanographic parameters (e.g. temperature, salinity, 

alkalinity, and pCO2).  The level of temporal detail achieved for this combined dataset of 

trace metals, nutrients, and Cd isotopes is unprecedented. 

 

Data from this chapter are part of a parallel study of the biological uptake of cadmium in 

subantarctic being conducted by Toyin Adu.  All zinc and nutrient data presented here are 

supplied by Toyin Adu from this study and are currently being prepared for manuscript 

submission, by Melanie Gault-Ringold, Toyin Adu, Claudine Stirling, Russell Frew and 

Keith Hunter. 

4.2 Sample Site Selection 

Oceanic circulation around the south of New Zealand is strongly constrained by 

bathymetry (Heath, 1981) with the most stable section of the STC located off the east coast 

of Otago.  The transect sampled in this study is located off the southeast coast of New 

Zealand and crosses the continental shelf and the STC (Figure 4.1).  The STC (~40 S) is 

the front that divides warm and low nutrient, high iron subtropical water (STW) from cold 

and high nutrient, low iron subantarctic water (SAW) (Figure 4.1).  The waters overlying 

the continental shelf (~40 km from shore to shelf break) in this region are comprised of 

neritic water, STW and SAW, known as the Southland Current (SC). The physical aspects 

(e.g. temperature, salinity, position, and flow rates) of this current have been described in 

detail in many studies (Hopkins et al., 2010). The main contribution of fresh water and 

continental run-off to this region is the Clutha River located ~100 km south of the transect, 

with a mean annual flow of 533 m
3
s

-1
 (Murray, 1975).  The SC is predominantly a 
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subantarctic current with approximately 90% of the water of subantarctic origin (Sutton, 

2003). 

 

 

 

Figure 4.1 Map of study transect off the southeast coast of New Zealand in relation to major Southern 
Ocean fronts.  Based on temperature and salinity stations 1-4 are considered part of the Southland 
Current and stations 5-8 are considered subantarctic water. 
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The ability to cross the STC into SAW by traveling just 60 km from the coast, and the 

natural laboratory created by the seasonal variation in water mass mixing, makes the South 

Island of New Zealand one of the best places in the world to investigate frontal and open 

ocean processes.  This transect has been the focus of numerous studies over the past 12 

years, creating a vast database of biological, chemical, physical and geological parameters 

that assist in the interpretation of the new results acquired in this study (Currie and Hunter, 

1999; Hamidian, 2009; Hopkins et al., 2010; Sutton, 2003; Van Hale and Frew, 2010). 

 

The eight stations (S1-S8) sampled were equally spaced along the 65 km transect, with S1 

located in the SC and influenced by neritic water for the majority of the year. Stations S2, 

S3, and S4 were located in the SC.  Stations S6, S7, and S8 were located in SAW with S5 

on the boundary of the SC and SAW, its location changing seasonally. 

4.3 Methods 

4.3.1 Sampling 

Seawater samples were collected approximately every two months (weather dependent) 

from May 2008 through January 2010 to investigate seasonal changes across the STC.  

Surface samples were collected from onboard the University of Otago research vessel R/V 

Polaris II.  Trace metal clean Teflon tubing was fed though an epoxy coated steel „fish‟ 

and lowered to approximately 3 m below the surface.  This tubing was connected to a 

Teflon pump (Almatec SL20) situated on a plastic lined bench on deck.  From the pump, a 

Y-connection allowed for the simultaneous collection of both filtered and unfiltered 

samples. Once all tubing connections were made and before sampling commenced, the 

sampling system was rinsed with 0.1% v/v q-HCl for at least 20 minutes.  The tubing was 

rinsed with seawater for at least 3 minutes (~20 tubing volumes) before samples were 

collected at each station. 

 

Filtered samples were collected using a 0.45 m capsule filter (AquaPrep™ 600 capsule).  

Sample bottles were rinsed three times with seawater before filling to the shoulder.  

Samples were transported back to the laboratory where they were acidified to pH 1 with 8 

M q-HCl and stored at room temperature (~15 degrees C) until processed. 
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Samples collected for Zn concentration measurements and nutrient samples were collected 

through the same system.  Zn samples were transferred to the laboratory where they were 

acidified to pH 1 with concentrated HNO3.  Nutrient samples were refrigerated until 

returned to the laboratory where they were frozen until needed for analysis. 

4.3.2 Sample preparation and purification 

Details of the analytical methods used for Cd isotopic composition and concentration in 

this study can be found in Chapter 2. 

 

Approximately 1 to 10 L of seawater was preconcentrated to ensure at least 10 ng of 

natural Cd was available for analysis.  Samples were spiked with the appropriate amount of 

110
Cd-

111
Cd double spike so that the final Cdspike/Cdsample was approximately four.  The 

samples were acidified to give an HCl concentration of 0.7 M and left to equilibrate for a 

minimum of 3 days. 

 

Cd was separated and purified from the seawater using the three-stage ionic exchange 

separation procedure described in Chapter 2, section 2.5.3.  For samples that were larger 

than 2 L, the sample was split between multiple columns and was recombined after the 

first stage of preconcentration. 

 

Most samples were oxidized before analysis, using a mixture of concentrated H2O2 and 7 

N HNO3 as discussed in Chapter 3.  Samples from the November 2008 transect were not 

oxidized, as they were analyzed during the session when anomalous shifts in the Cd 

isotopic composition of the standard were first observed (Chapter 3 section 3.3.1).  Several 

samples from the May 2008 transect were not oxidized prior to analysis, however replicate 

samples from the same transect that were oxidized were used to verify that the Cd isotopic 

composition of all May and November 2008 samples were not affected by the presence of 

residual organic matrix from the TRU resin (Chapter 3 section 3.3.1). 

4.3.3 Cd Isotopic Analysis by MC-ICPMS 

Following chemical preparation, all Cd isotopic measurements were conducted on a Nu 

Instruments NuPlasma MC-ICPMS connected to a Nu Instruments DSN-100. 

 



 76 

Cd isotopic analysis protocols are outlined in Chapter 2 section 2.6.  Each analysis 

consumed 5-12 ng of natural Cd.  Raw data were processed offline to correct for both 

interferences and instrumental mass fractionation at the cycle level, using iterative methods 

described by Siebert et al. (2001).  All Cd isotope data are reported in epsilon () notation, 

as 
114/110

Cd, relative to the NIST SRM 3108 Cd standard. 

 

In most cases, there was only sufficient sample for a single analysis.  To ensure 

measurements were accurate, as well as precise, the NZ JMC Cd standard was analyzed 

multiple times at the start of each session to access instrumental performance and stability.  

Samples were also bracketed with standard analyses to monitor any instrumental drift 

throughout the session.  As discussed in Chapter 2 section 2.6, all sample measurements 

were corrected for the average daily offset of NZ JMC Cd from NIST SRM 3108. 

 

Uncertainties are reported at the 2-level, unless otherwise noted.  Uncertainties have been 

determined by comparing the external reproducibility for multiple analyses compared with 

the internal error associated with a single measurement for the NZ JMC Cd standard on the 

day the sample was analyzed.  For Cd, external reproducibility is at best comparable in 

magnitude to the internal error, but can be up to a factor of four larger for samples with 

only 1 to 3 ng of natural Cd.  Therefore, the internal error of individual sample 

measurements has been scaled according to the factor to give an accurate representation of 

the true analytical uncertainty in the measurement. 

4.3.4 Trace metal and nutrient concentrations 

Cd concentration measurements were made during Cd isotopic analysis and determined by 

isotope dilution using 
114

Cd/
111

Cd, as described in Chapter 2 section 2.7.2. 

 

Zinc concentrations were determined using solvent extraction for preconcentration and 

purification of Zn from seawater, followed by Zn concentration analysis by quadrupole 

ICP-MS (Adu pers comm. 2010).  The extraction utilized methods described by Frew et al. 

(2001), whereby seawater samples were buffered with ammonium acetate and APDC solution, 

followed by a double extraction with 10 mL of chloroform.  The sample was evaporated to 

dryness, and digested by with concentrated q-HNO3 and diluted with Milli-Q for analysis. 
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Nutrient concentrations were determined by autoanalyser, using a modified method of Downes 

(1978) for dissolved reactive phosphorus, the α-molybdosilicic acid method of Smith and 

Milne (1981), and the nitrate plus nitrite method of Nydahl (1976). 

 

4.4 Results 

A summary of the dissolved Cd isotopic composition, Cd concentration, Zn concentration, 

and macronutrients (PO4
3-

, NO3
-
, Si(OH)4) for all samples is presented in Table 4.1. 
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Table 4.1 Cd isotopic composition, Cd and Zn concentration, and macronutrient data for all samples from this study. 

Station 
 Lat (S) Long (E)  Date  

114
Cd/

110
Cd 2 S.E. Cd 

(nM) 

2 S.D  Zn 

(nM) 

PO4
3-

 

(M) 

NO3
- 

(M) 

Si(OH)4 

(M) 

1  45°47'02" 170°54'47"  5/2008  5.0 1.5 0.07302 0.00014      

     11/2008  7.9 1.4 0.04352 0.00001      

     3/2009  11.1 2.3 0.03161 0.00006  0.52 0.23 0.71 1.32 

       **6.8 2.7 0.01641 0.00003      

     7/2009  8.3 1.8 0.08919 0.00018  0.19 0.65 6.43 3.06 

     9/2009           

     12/2009  6.7 2.4 0.02274 0.00004  0.07 0.16 1.21 0.25 

     1/2010  8.0 1.1 0.03646 0.00007  0.07 0.29 0.64 1.57 

                

2  45°47'11" 170°56'45"  5/2008  9.9 1.2 0.06632 0.00009      

     11/2008  8.8 1.7 0.03175 0.00001      

     3/2009  3.4 2.5 0.01701 0.00003  0.07 0.29 1.29 0.96 

       **6.8 2.7 0.01641 0.00003      

     7/2009  10.9 1.7 0.08961 0.00018  0.07 0.84 11.07 2.28 

     9/2009  8.2 1.4 0.05954 0.00012  0.10 0.52 4.36 1.82 

     12/2009  6.7 2.4 0.06632 0.00004  0.08 0.32 1.86 0.25 

     1/2010       0.04 0.16 0.14 1.17 

                

3  45°47'49" 171°04'00"  5/2008  8.7 1.0 0.06973 0.00010      

     11/2008  9.7 1.8 0.04190 0.00001      

     3/2009  **4.9 3.5 0.00721 0.00002  0.03 0.55 6.57 0.43 

     7/2009  7.5 1.4 0.10840 0.00021  0.08 0.94 12.28 2.39 

     9/2009  7.1 1.4 0.10146 0.00020  0.08 0.48 4.50 1.74 

     12/2009  6.2 1.9 0.06052 0.00012  0.09 0.36 1.07 0.25 

     1/2010  4.3 2.3 0.01531 0.00003  0.03 0.13 0.07 1.25 
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Station 
 Lat (S) Long (E)  Date  

114
Cd/

110
Cd 2 S.E. Cd 

(nM) 

2 S.D  Zn 

(nM) 

PO4
3-

 

(M) 

NO3
- 

(M) 

Si(OH)4 

(M) 

                

4  45°48'13" 171°09'28"  5/2008  11.1 0.8 0.11258 0.00002      

     11/2008  14.2 4.0 0.01887 0.00004      

     3/2009  **4.9 3.5 0.00721 0.00002  0.00 0.65 7.35 0.28 

     7/2009  11.3 1.5 0.10656 0.00021  0.07 0.84 10.57 2.28 

     9/2009  6.2 1.2 0.13098 0.00026  0.14 0.81 10.71 2.74 

     12/2009  8.2 1.8 0.05880 0.00012  0.09 0.58 5.07 0.36 

     1/2010  9.0 1.8 0.01902 0.00004  0.02 0.45 3.93 0.57 

                

5  45°48'41" 171°14'43"  5/2008  9.4 2.0 0.10720 0.00021      

     11/2008  8.0 2.3 0.02276 0.00004      

     3/2009       0.07 0.65 7.57 0.25 

     7/2009  11.8 1.9 0.12531 0.00025  0.03 0.84 11.78 2.31 

     9/2009  7.3 1.2 0.12007 0.00024   0.97 12.28 2.63 

     12/2009  6.5 2.2 0.06105 0.00012  0.07 0.81 9.42 0.53 

     1/2010  -3.4 3.8 0.00481 0.00001  0.01 0.68 4.85 0.14 

                

6  45°49'05" 171°20'39"  5/2008  8.5 1.1 0.07860 0.00011      

     11/2008  14.9 2.7 0.02139 0.00004      

     3/2009        0.68 10.21 0.50 

     7/2009        1.00 14.14 2.14 

     9/2009  5.8 1.2 0.13607 0.00027  0.11 0.90 11.71 2.74 

     12/2009  8.7 1.7 0.02644 0.00005  0.08 0.87 11.42 0.39 

     1/2010  5.1 3.1 0.00323 0.00001  0.00 0.68 9.50 0.28 

                

7  45°49'32" 171°26'34"  5/2008  11.0 0.7 0.05558 0.00001      

     11/2008  11.0 1.8 0.03646 0.00007      

     3/2009  11.0 2.5 0.02889 0.00006  0.01 0.87 12.85 1.00 

       **8.0 2.0 0.02315 0.00005      
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Station 
 Lat (S) Long (E)  Date  

114
Cd/

110
Cd 2 S.E. Cd 

(nM) 

2 S.D  Zn 

(nM) 

PO4
3-

 

(M) 

NO3
- 

(M) 

Si(OH)4 

(M) 

     7/2009  8.3 1.1 0.12660 0.00025  0.08 1.10 13.85 1.78 

     9/2009  7.3 1.1 0.14857 0.00029  0.10 1.03 12.78 2.67 

     12/2009  6.8 1.3 0.03725 0.00007  0.08 0.77 10.99 0.18 

     1/2010       0.07 0.68 8.28 0.36 

                

8  45°49'48" 171°32'24"  5/2008  7.4 1.4 0.09097 0.00018      

     11/2008  9.9 1.9 0.03351 0.00007      

     3/2009  9.7 2.9 0.02315 0.00001  0.03 0.81 10.14 0.89 

       **8.0 2.0 0.02606 0.00005      

     7/2009  2.8 1.9 0.13423 0.00028  0.07 1.03 11.57 1.64 

     9/2009  8.7 1.3 0.12799 0.00025   1.07 13.99 2.35 

     12/2009  6.9 1.8 0.03002 0.00006  0.09 0.71 11.14 0.11 

     1/2010  5.6 3.3 0.00315 0.00001  0.04 0.77 10.28 0.53 
** samples from two stations were combined
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4.4.1 Dissolved Cd Concentrations 

Dissolved Cd concentrations across the Otago transect presented in Figure 4.2 show a 

strong seasonal trend.  This trend is consistent with trends in Cd concentrations observed 

previously along this transect (Hamidian, 2009).  Concentrations ranged from 149 pmol 

kg
-1

 in the winter (July 2009) to 4 pmol kg
-1

 in the austral summer (January 2010).  These 

concentration data have been replicated in a concurrent study using different analytical 

techniques (solvent extraction, ICP-MS) and typically agree to within 15 % for most 

samples (Adu pers comm. 2010).  This 50-fold decrease in Cd concentration in the summer 

suggests a significant biological uptake of Cd, consistent with previous trends reported for 

subantarctic waters (Ellwood, 2004). 

 

 

Figure 4.2 Cd concentration data, measured by isotope dilution, from the Southland Current stations (1-4) 
and subantarctic stations (5-8), bars show the mean concentration with the range of [Cd] from the four 
stations shown by error bars.  Analytical errors in concentration measurements were typically less than 
0.0001 nmol kg

-1
. 

4.4.2 Dissolved Zn and nutrient concentrations 

Dissolved Zn and nutrient concentrations all exhibit a similar seasonal trend as Cd (Figure 

4.3).  Zn concentrations ranged from 0.11 nmol kg
-1

 in the winter to 0.03 nmol kg
-1

 in the 

summer, only about a 4-fold decrease.  Nutrient concentrations were characteristic of the 

high nutrient, low chlorophyll (HNLC) subantarctic surface waters, which is the main 

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

0.160

Apr-04 Oct-04 Feb-05 Jun-05 Aug-05 Nov-05 Dec-05

[C
d

] 
(n

m
o

l 
k

g
-1

) 

Southland Current

Subantarctic



 82 

source to the STC (Van Hale and Frew, 2010).  Although all nutrients showed seasonal 

trends, Si(OH)4 concentrations decreased dramatically in December 2009, suggesting that 

increased growth of siliceous diatoms may drive the substantial decrease in Cd 

concentrations during summer draw down. 

 

 

 

Figure 4.3 Seasonal trends in (A) dissolved Zn in both the Southland Current (mean of stations 1-4) and 
subantarctic (mean of stations 5-8) and (B) macronutrients in subantarctic (mean of stations 5-8) 
(analyzed by quadrupole ICP-MS by Toyin Adu).  All error bars are the range of concentrations observed 
in the samples. 
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4.4.3 Cd Isotopic Composition 

Despite the significant decrease seen in Cd concentrations, no distinguishable Cd isotopic 

fractionation was observed (Figure 4.4).  The Cd isotopic composition in the surface 

waters is isotopically heavy relative to the global deep water average (
114/110

Cd = 4.5  

(Ripperger et al., 2007)) throughout the year.  However, variability between samples was 

observed (-4.0 – 14.0 ), with the majority of data centered about an 
114/110

Cd of 8  6 , 

showing no discernable seasonal or spatial trend. 

 

 

Figure 4.4 Cd isotopic composition from the study transect over the sampling period. 

4.5 Discussion 

4.5.1 Biological uptake of Cd 

The significant seasonal drawdown of dissolved Cd and the coincident decrease in 

nutrients and other biologically important metals like Zn, strongly suggests that biological 

production controls Cd cycling in waters around the STC.  To further support this 

hypothesis, the drawdown of Cd in December is closely coupled to the drawdown of Si, 

and there is also an unexpected decoupling of Zn from Si.  This suggests that the diatoms 

found in this low Zn region may have evolved to use Cd for certain biological processes, 

such as in the metalloenzyme carbonic anhydrase (CA).  Various phytoplankton culture 

studies have found that Cd can substitute for Zn in CA and that a Cd-specific CA exists in 
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some species (Lane and Morel, 2000; Lane et al., 2005), however this is the first 

convincing example of this process occurring in natural populations. 

4.5.2 Cd/PO43- relationship 

Although Cd and PO4
3-

 both exhibit seasonal depletion in the summer, the coupling of Cd 

to PO4
3-

 is not consistent.  The 50-fold decrease in [Cd] is much greater than the less than 

2-fold decrease in [PO4
3-

], reflecting the preferential uptake of Cd relative to PO4
3-

 during 

summer drawdown, thus creating seasonal variations in Cd/PO4
3-

 ratios.  This seasonal 

dependence of Cd/PO4
3-

 ratios (Figure 4.5) on Cd uptake demonstrates that the Cd/PO4
3-

 

paleoproxy is unreliable for the subantarctic surface ocean.  It also highlights the need for 

understanding the seasonal influences on biological activity, including the concentrations 

of other biologically important trace metals in the surface waters, to fully understand the 

relationship between Cd and PO4
3-

. 

 

 

Figure 4.5 Seasonal variations in Cd/PO4
3-

 ratios. 

4.5.3 Closed System Rayleigh Fractionation 

The relatively invariant Cd isotopic compositions in the study area may help to constrain 

the mechanisms responsible for the uptake of Cd.  Based on currently available Cd isotopic 

data, the seasonal biological uptake of Cd, resulting in a factor of 50 decrease in dissolved 

Cd concentration from winter to summer, should be associated with significant Cd isotopic 

fractionation (Ripperger et al., 2007).  To further suggest that Cd isotopic fractionation 
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should be observed, a recent study of nitrogen (N) stable isotopes across the same transect 

shows similarities between N and Cd in the STC, as both are supplied to the STC by SAW 

and are subject to biological utilization (Van Hale and Frew, 2010).  The uptake of N 

exhibits strong Rayleigh-type kinetic fractionation with respect to its isotopic composition, 

as would be expected for Cd. 

 

Despite the significant decrease seen in Cd concentrations, no seasonal Cd isotopic 

fractionation was observed (Figure 4.4).  The Cd composition in surface waters was 

isotopically heavy relative to the global deep water average (
114/110

Cd = 4.5  (Ripperger 

et al., 2007)) throughout the year, however, variability between samples (-4.0 to +14.9 ) 

showed no dependence on Cd concentration.  The lack of change in Cd isotopic 

compositions suggests that kinetic isotope effects are not responsible for Cd isotopic 

fractionation in this region of the world‟s oceans.  When Cd the isotopic data are plotted 

against Cd concentration, no trend is apparent (Figure 4.6). 

 

 

Figure 4.6 Plot of all Cd isotopic compositions versus Cd concentration from all sampling trips, May 2008 
through January 2010.  Open symbols are Southland Current samples (S1-S4) and solid symbols are 
subantarctic samples (S5-S8).  Dashed lines show modeled Rayleigh fractionation with different 
fractionation factors. 

If a closed system Rayleigh fractionation model (Mariotti et al., 1981) (Equation 4.1) is 

assumed, where sw,0 and sw is the initail and final Cd isotopic composition respectively,  

is the fractionation factor, F is the final concentration divided by the initial concentration, 
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as is suggested by Ripperger et al. (2007), the majority of the data fall between 

fractionation factors of 1.0000 and 1.0004, however, there is nothing to suggest that any 

one fractionation factor is at play in this system.  If a single fractionation factor (=1.0004) 

is adopted and there is a finite pool of Cd, then the low Cd concentration samples (0.003 

nmol kg
-1

) from this study would be expected to have an  
114/110

Cd of 26.5 .  This clearly 

is not the mechanism responsible for the Cd isotopic compositions of surface seawater in 

this subantarctic region. 

   Equation 4.1 

 

Aside from closed-system Rayleigh fractionation, several alternative mechanisms can be 

explored to explain the observations in the study area.  These are discussed in turn in the 

following sections. 

4.5.4 Steady state open-system 

In contrast to Rayleigh fractionation in a closed-system, whereby Cd is not replenished, it 

is possible that Cd uptake occurs in a steady state open-system, whereby biological 

fractionation is constant and the input of Cd must be balanced by the removal of Cd 

through biological uptake and lateral outflow (Hayes, 2004).  Although the data presented 

can be fit to a line using this model, if it is assumed that lateral outflow is equal to the 

concentration measured at the study site divided by the initial concentration supplied by 

upwelling at the polar front, it offers no mechanistic explanation for the observed isotopic 

data nor an explanation for the closed-system Rayleigh fractionation pattern observed by 

Abouchami et al. (2010a) in surface waters south of the study site. 

 

Ripperger et al. (2007) assume that in this model lateral outflow is negligible due to the 

very low Cd concentrations found in surface waters.  If this assumption is adopted, it 

would be expected that surface concentrations would remain more constant year round. 
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4.5.5 Water Mass Mixing 

Water mass mixing can also be considered as a mechanism to explain the limited 

variability in Cd isotopic composition.  For a two-component mixing model, two 

reasonable end members must be selected.  In regions with strong seasonal upwelling deep 

water could represent one end member ([Cd] = 1 nmol kg
-1

, 
114/110

Cd = 4.0 ) and with the 

very limited Cd isotopic data available, the most extreme measurement of fractionated 

surface seawater could be used as the second end member  ([Cd] = 0.0031 nmol kg
-1

, 


114/110

Cd = 39 ) (Ripperger et al., 2007).  Other fractionated surface seawater samples, 

with more moderate isotopic compositions were modelled as well.  Equation 4.2 (Mariotti 

et al., 1988), where M and cM are the Cd isotopic composition and concentration of the 

mixture, A and B and cA and cB are the Cd isotopic composition and concentration of end 

member A and end member B, respectively, was used to determine the mixing ratios (f) 

needed for this mechanism to describe the observations. 

    Equation 4.2 

 

For the average 
114/110

Cd to equal 8 ± 6   over the range of Cd concentrations (0.003 to 

0.15 nmol kg
-1

), as is observed in this study, the proportion of mixing would have to range 

from f = 1.008 to f = 0.707, where f is the proportion of isotopically heavy surface water.  

Although the predicted Cd isotopic compositions are approximately in accord with the 

observations (allowing for some uncertainty in the composition of the fractionated 

seawater end member), the predicted concentrations that result from this mixing, range 

from -0.007 to 0.294 nmol kg
-1

, and are inconsistent with those observed in this study.  

Models that used moderately fractionated seawaters end members did not fit the 

concentration data either.  Therefore, it is unlikely that mixing can explain these 

observations. 

4.5.6 External Inputs of Cd 

It is important to identify potential external sources of Cd to the subantarctic system in this 

region.  As mentioned in section 4.2 the Clutha River is the main input of terrestrial 

material to the SC.  Previous studies have shown that dissolved Cd concentrations in the 
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Clutha River are less than 20 pmol kg
-1

 at the mouth of the river (Kim et al., 1996).  As 

there was no spatial trend in Cd concentrations along the transect, the Clutha River must 

not have a significant Cd contribution to the transect.  It is also important to reiterate that 

Cd concentrations show no trends spatially along the transect.  This indicates that there is 

minimal if any terrestrial input of Cd, as the Cd isotopic composition is unlikely to have 

the same isotopic signature to that in the SC, suggesting that the Cd to this region is 

supplied by subantarctic surface waters, which is also observed with nitrate along this 

transect (Van Hale and Frew, 2010). 

Ripperger et al. (2007) point out that atmospheric inputs of Cd are an important source of 

Cd to the open oceans.  This may be the case for the northern hemisphere, where there are 

large sources of dust and anthropogenic Cd is more common (Duce et al., 1991; Patterson 

and Duce, 1991).  However, Maher et al. (2010) has shown that atmospheric dust 

deposition to the study area in the Southern Ocean is limited.  Dust events that have been 

sampled showed very low concentrations of Cd relative to the northern hemisphere (Duce 

et al., 1991) that are unlikely to influence the Cd concentrations or Cd isotopic 

compositions of the surface waters along the sampling transect. 

4.5.7 Scavenging 

It has been suggested that low concentrations of Cd in surface waters are the result of 

scavenging by biological material, rather than biological uptake (Dixon et al., 2006).  

Recent Cd isotopic studies on Fe-Mn oceanic crusts have shown that the Cd isotopic 

fractionation associated with Cd adsorption is limited, varying by only 6  for 
114/110

Cd 

(Horner et al., 2010; Schmitt et al., 2009a).  It may be argued that the lack of variation in 

Cd isotopic composition at the study site is a result of passive scavenging or adsorption 

onto biological material.  Although some minor adsorption may occur, the very low 

concentrations of Cd and Zn, and the seasonal coupling of Cd to Zn and Si(OH)4, strongly 

implies that the majority of Cd drawdown from these surface waters is the result of 

biological requirements (section 4.5.1). 
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4.5.8 Supply Limitation 

The low concentrations of both Zn and Cd observed year round suggest that the biological 

kinetic uptake of Cd involving Rayleigh distillation fractionation cannot apply at the study 

site year round.  It is generally considered that when dissolved concentrations of a metal 

are less than 0.2 nmol kg
-1

, phytoplankton growth can be limited (Boyd and Abraham, 

2001; Coale et al., 1996).  Morel (2008) has suggested that when concentrations of non-

chelated (free) Cd fall below 1 pmol kg
-1

 that phytoplankton become diffusion or „supply‟ 

limited (Figure 4.7). 

 

Figure 4.7  Schematic of the diffusion of Cd through the boundary layer next to the cell surface.  The rate 
of diffusion through the boundary layer is driven by the concentration gradient between the surrounding 
seawater and the cell surface.  When Cd concentrations in the surrounding seawater are high, the rate of 
diffusion is greater than when Cd concentrations are low.  If the Cd concentration at the cell surface is 
greater than the cellular Cd requirement (red line), Cd uptake will be kinetically driven resulting in 
isotopic fractionation.  If the concentration of Cd at the cell surface is lower than the cellular requirement 
(blue line), there will be no fractionation because all Cd will be taken up into the cell. 

 

If the same complexation of Cd by organic ligands, that was reported for subantarctic 

surface waters (Ellwood, 2004), is assumed, approximately 95% of dissolved Cd is 
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organically bound, leaving only ~0.15 pmol kg
-1 

of free Cd available for biological activity 

in the summer months.  With free, dissolved Cd concentrations at the study site falling 

below 1 pmol kg
-1

, it is very likely that supply limitation is the process governing Cd 

uptake in STC waters (Figure 4.8). This process is unlikely to produce shifts in Cd isotopic 

composition, as there is so little Cd available that phytoplankton utilize every atom in their 

proximity, regardless of mass. 

 

 

 

Figure 4.8 Schematic of the dependence of kinetic Cd isotopic effects on Cd concentration in surface 
water moving north from the Polar Front to the subtropical convergence.  When Cd concentrations are 
greater than that required by the cell

 
there is sufficient Cd for kinetic biological uptake to apply and 

fractionate the Cd isotopic signature in the seawater.  Total Cd concentrations decrease as subantarctic 
waters move north, and at the point where there is no longer a greater concentration of dissolved Cd 
than that required by the cell, phytoplankton become supply limited, taking up all Cd atoms available, 
stopping the fractionation process.  The shaded area shows the region at which Cd is supply limited and 
biological kinetic effects are no longer responsible for Cd isotopic fractionation. 

 

With Cd isotopic compositions providing insight into the history of a water mass, the 

isotopically heavy composition that is observed year round at the study site suggests that a 

kinetic biological uptake must occur in the source waters to this region (Figure 4.8).  This 

hypothesis is supported by a recent Cd isotope study for waters collected both north and 
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south of the Polar Front, where fractionation of Cd isotopic compositions were shown to 

follow a Rayleigh distillation curve perfectly (Abouchami et al., 2010a). 

Subantarctic surface waters (SASW) start moving north from the Polar Front, where 

upwelling from the deep oceans sets an initial Cd concentration and Cd isotopic 

composition (~1  nmol kg
-1

, ~4  ) (Frew, 1995; Ripperger et al., 2007).  This Cd is subject 

to biological utilization, which results in a kinetic uptake of Cd that can be modelled by 

Rayleigh distillation while Cd concentrations are high.  When the SASW reaches the STC, 

Cd (and Zn) concentrations are so low, that kinetic uptake is no longer the limiting process.  

Here, the uptake of Cd is determined by the rate of diffusion of Cd to the cell. 

If this hypothesis is true, then Cd isotopic compositions will only be related to biological 

utilization when there is sufficient Cd.  This calls into question the use of Cd isotopes as a 

paleonutrient or water mass proxy.  If greater nutrient utilization in SASW is expected 

during glacial conditions (Elderfield and Rickaby, 2000), the Cd system would quickly 

reach a supply limited state, decoupling isotopic composition from concentration and 

biological utilization.  The extent of biological fractionation between the Polar Front and 

the subtropical convergence needs to be explored for this hypothesis to be confirmed. 

4.6 Conclusions 

This study has demonstrated a definite seasonal cycle of Cd concentrations in surface 

waters at the STC, with dissolved Cd levels decreasing by a factor of fifty between winter 

and summer.  This decrease in Cd concentrations is coincident with increased biological 

production and a strong coupling of Cd to Si, strongly suggesting that diatoms play an 

important role in the biochemical cycling of Cd in this region. 

The low Cd and Zn concentrations that are observed year round suggest that the biological 

requirements for Cd are responsible for the seasonal variations observed in Cd/PO4
3-

 ratios 

and anomalously low Cd/PO4
3-

 ratios that have been measured in this region. 

This study confirms that the Cd/PO4
3-

 paleoproxy will not provide accurate reconstructions 

of past surface water nutrient utilization in the subantarctic region.  It is likely that other 

regions of the world‟s oceans will show similar seasonal shifts in Cd/PO4
3-

 ratios, leaving 

the Cd/PO4
3-

 paleoproxy even more limited in its application. 
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The seasonal cycle in Cd concentration is not accompanied by changes in Cd isotopic 

composition, as is predicted by Rayleigh distillation fractionation models due to supply 

limitation.  It is therefore possible to rule out Cd isotopic compositions as a useful 

paleoproxy for determining historic nutrient cycling and primary production in SASW. 

 

To determine if stable isotopes of Cd can be utilized as tracer for biological activity in 

other surface waters around the world, the effects of seasonal changes on zinc and 

cadmium concentrations must be well characterized.  Further studies are needed to 

constrain the mechanisms controlling biological Cd uptake and their effects on Cd isotopic 

composition to fully appreciate the role of Cd in the oceans. 
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Chapter 5 : Fractionation of Cadmium Isotopes by a 
Southern Ocean Phytoplankton 

5.1 Introduction 

The nutrient-like profile that describes dissolved Cd in the oceans is more than likely due 

to biological uptake in surface waters and remineralization at depth (Boyle et al., 1976; 

Bruland et al., 1978b).  Many studies have explored the potential biological requirements 

of Cd and have found that Cd can replace Zn as the metal catalyst in the enzyme, carbonic 

anhydrase (CA) (Cullen et al., 1999; Lee et al., 1995; Loscher et al., 1998; Price and 

Morel, 1990).  In some species, Cd can be used directly in a Cd specific CA (Lane et al., 

2005).  These laboratory and shipboard culture experiments have found that the rate of Cd 

uptake by phytoplankton is dependent on the concentrations of other biolimiting and 

biologically important trace metals, specifically Zn, Fe and Mn, and on the partial pressure 

of CO2 (Cullen et al., 2003; Lane et al., 2008; Xu et al., 2007), but there is still a limited 

understanding of the mechanisms controlling biological uptake of Cd in the oceans. 

 

Recent work by Lane et al. (2008) found that Fe-limited cultures of the diatom 

Thalassiosira oceanica showed competition between Fe(II) and Cd(II) uptake.  However, 

there was no interaction between Fe(III) and Cd(II), suggesting that Cd(II) and Fe(II) share 

a common divalent metal transporter that is upregulated in Fe-limited conditions.  Other 

studies have suggested that Emiliania huxleyi, a coccolithophore, has a single transport 

system for the uptake of Cd and Zn under Zn-limited conditions (Sunda and Huntsman, 

1998).  The results of these studies highlight the importance of understanding the 

mechanisms of Cd uptake under various Fe and Zn-limiting conditions. 

 

Stable isotopes of Cd can provide insight into these mechanisms controlling Cd uptake.  

For example, biological uptake would be expected to favor utilization of the lighter isotope 

(kinetic effect), while a more passive process such as adsorption to particle surfaces would 

favor removal of heavier isotopes from solution (thermodynamic effect), or alternatively, 

would show no isotopic fractionation at all.  Recent studies have found that phytoplankton 

preferentially take up the light isotopes of Cd (Lacan et al., 2006), leaving behind a 

residual heavy Cd isotopic signature in the growth medium.  This is consistent with results 

of surface seawater analyses that show an isotopically heavy Cd signatures relative to deep 
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waters (Ripperger et al., 2007).  These analyses have shown that biological uptake of Cd in 

the surface waters follows a Rayleigh distillation fractionation (Ripperger et al., 2007).  

However, the available data are sparse, and it remains unclear if Rayleigh fractionation is a 

general occurrence.  Specifically, as discussed in Chapter 4, areas such as the subantarctic, 

where both Zn and Cd concentrations are low enough to limit biological productivity, little 

Cd isotopic fractionation is observed.  This highlights the importance of understanding the 

effects of Zn and total metal concentrations on the biological uptake of Cd. 

 

This study presents the first Cd isotopic measurements on a marine diatom species, 

Proboscia inermis (P. inermis).  This species is endemic to the Southern Ocean, a region 

that is thought to have a significant influence on glacial-inter-glacial fluctuations in global 

climate (Elderfield and Rickaby, 2000; Maher et al., 2010).  It is therefore necessary to 

develop an understanding of the influences on Cd uptake by Southern Ocean 

phytoplankton.  The effects of both Fe and Zn limitation and colimitation on Cd uptake 

and isotopic composition were investigated in an attempt to characterize the effects these 

elements have on biological Cd uptake. 

5.2 Methods 

5.2.1 Culturing 

P. inermis, a marine diatom found in the polar Southern Ocean was isolated in December 

2001 from south of the Polar Frontal Zone (57° 51.1´S and 139° 50.7´E).  Cultures were 

acclimated to specific treatments, +Fe+Zn, +Fe-Zn, -Fe+Zn, and –Fe-Zn (details outlined 

in Table 5.1) and the Cd isotopic standard, for at least two transfers (14-16 cell divisions) 

before being inoculated into fresh, microwave sterilized, medium. Cultures used in this 

study were isolated, acclimated and inoculated by Robert Strzepek. 

 

Cultures were grown in a synthetic seawater medium, Aquil, prepared following the 

methods outlined by Price (1988) and enriched with 10 mol L
-1

 phosphate, 100 mol L
-1

 

silicate and 300 mol L
-1

 nitrate.  Selenite and molybdate were added at 10
-8

 and 10
-7

 mol 

L
-1

, respectively.  Trace metal and vitamin solutions (Maldonado and Price, 1996) were 

filter-sterilized before addition.  The well characterized Cd isotopic standard, NZ JMC Cd, 

was added to ensure the initial Cd isotopic composition of the medium was known. 
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Trace metals in Fe-replete cultures were buffered with 10 mol L
-1

 ethylene-diamine-tetra-

acetic acid (EDTA).  To ensure Fe stress in Fe-limited cultures, Fe was complexed with the 

siderophore desferrioxamine B mesylate (DFB, Sigma-Aldrich).  The low Fe media also 

contained 10 mol L
-1

 EDTA to bind other trace metals. The free-ion metal concentrations 

in the four treatments, calculated using the chemical equilibrium program Visual MINTEQ 

(http://www.lwr.kth.se/English/OurSoftware/vminteq/), are listed in Table 5.1.  There is 

very limited understanding of the effects that EDTA and other strong metal binding ligands 

have on the isotopic composition of biologically available metals.  It is possible that EDTA 

may preferentially bind heavy isotopes leaving the biologically available composition 

light.  Although this was not determined during this study, it is important to acknowledge 

the possibility that this could influence the final isotopic composition of the cultures. 

 

John et al. (2007) also observed that extracellular Fe precipitates influenced the isotopic 

composition of particulate Zn in culture experiments.  The presence of these precipitates 

resulted in isotopically heavy compositions relative to those cultures that were washed to 

remove extracellular metals.  Although this washing step was not utilized in this study, the 

results of such a wash would most likely show a more significant isotopic fractionation if 

the same holds true for Cd. 
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Table 5.1 Total metal and free metal concentrations (based on 10 M EDTA) in each of the four treatments (pM = -log [M’]).  All Fe concentrations assume 3 nmol L-1 
contamination, Zn concentrations assume a 1 nmol L

-1
 contamination, no Cd contamination was assumed, and Cd concentrations in the initial medium were measured 

by MC-ICPMS using isotope dilution. 

Treatment 
[Fe]T 

(nmol L
-1

) 
Fe’ 

(mol L
-1

) 
pFe  

[Zn]T 

(nmol L
-1

) 
Zn’ 

(mol L
-1

) 
pZn  

[Cd]T 

(nmol L
-1

) 
Cd’ 

(mol L
-1

) 
pCd  

[Co]T 

(nmol L
-1

) 
Co’ 

(mol L
-1

) 
pCo 

+Fe+Zn 
57.5 

4.97-20 20.42 
 8.91 

1.71-11 11.27 
 

3.71 4.86-12 11.81 
 5.0 

6.84-12 11.66 

+Fe-Zn 
57.5 

4.96-20 20.42 
 1.0 

1.92-12 12.22 
 

3.71 4.86-12 11.81 
 5.0 

6.84-12 11.66 

-Fe+Zn 
3.0 

3.07-24 23.51 
 8.91 

1.70-11 11.27 
 

3.71 4.83-12 11.81 
 5.0 

6.80-12 11.67 

-Fe-Zn 
3.0 

3.07-24 23.51 
 1.0 

1.91-12 12.22 
 

3.71 4.83-12 11.81 
 5.0 

6.80-12 11.67 
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Each treatment was grown in triplicate.  Replicate A of the –Fe+Zn treatment was 

accidentally inoculated with a –Fe-Zn acclimatized culture and the data from this sample 

has been omitted from growth rate and chlorophyll a (Chl-a) treatment averages. 

 

Phytoplankton were grown in 500 mL, acid cleaned, polycarbonate bottles.  All culture 

transfers and handling were done in a laminar flow bench to ensure trace metal and 

bacterial contamination was avoided.  Cultures were incubated at 3  1 C under 24 hour 

light (50-70 µmol photons m
-2

s
-1

).  In vivo Chl-a fluorescence measurements were taken 

daily for Fe-replete samples and every other day for Fe deplete samples to monitor growth 

rates.  Growth rates of acclimated cells were determined from in vivo Chl-a fluorescence 

using a Turner Designs model 10-AU fluorometer (Sunnyvale, CA).  Specific growth rates 

(d
-1

) were calculated from least-squares regressions on plots of natural log of in vivo 

fluorescence versus time during the exponential growth phase.  Cultures were harvested at 

the latest point of their exponential growth phase.  A 20 mL aliquot was filtered onto 25 

mm glass fiber filters for in vitro Chl-a measurements and a 5 mL aliquot was preserved 

with 0.4% glutaraldehyde for cell counts and sizing. 

 

To harvest the phytoplankton cells, culture aliquots were centrifuged in 50 mL centrifuge 

tubes at 3000 G for 8 minutes.  Approximately 45 mL of medium was pipetted off the top, 

additional culture was added and recentrifuged.  This process was repeated until the 

remaining culture was concentrated.  The maximum time spent in the centrifuge for any 

cell was 32 minutes and cultures were stored in a cool, dark bin until added to centrifuge 

tubes.  The phytoplankton pellet was pipetted into 1.5 mL microfuge tubes for further 

centrifuging at 3000 g for two minutes.  The supernatant was discarded and the pellet was 

washed 3 times with a Cd free medium solution to remove residual dissolved Cd. 

5.2.2 Cd Isotopic Analysis 

As described in Chapter 2, the cell pellet was transferred into a 15 mL Savillex beaker and 

a 10 L aliquot was removed for Chl-a analysis to determine the proportion of culture 

actually sampled.  The cells were digested in 2 mL of concentrated HNO3 for 24 hours, 

followed by digestion in 2 mL of a H2O2/7 M HNO3 mixture for 24 hours, and finally 

digested in 2 mL of a concentrated HF/ HNO3 mixture for 24 hours.  HF was used for 
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digestion to break down the silicate test of the diatoms and ensure that any Cd isotopic 

fractionation from Cd incorporated into the test would be accounted for. A weighed aliquot 

was removed for concentration measurements by quadrupole ICP-MS to determine the 

appropriate amount of spike to add to each sample to ensure a Cdspike/Cdsample ratio of ~4.  

It was determined from Cd concentration analyses that the Fe deplete cultures did not 

contain sufficient Cd for individual isotopic measurements and replicates were combined (-

Fe+Zn ABC and -Fe-ZnBC). 

 

Cd double spike was added to the samples, which were then dried down and processed 

through three redissolution cycles in 8 M HCl, evaporated to dryness and left to reflux 

overnight in 0.7 M HCl to ensure the spike and sample were equilibrated before 

purification.  Samples were purified using the second and third stages of the ionic 

exchange methods detailed in Chapter 2 section 2.5.3. 

 

Cd isotopic compositions were determined by MC-ICPMS using the protocols described in 

Chapter 2 section 2.6. 

5.2.3 Chlorophyll and Cell Volumes 

Chl-a concentration were determined by in vitro fluorometry (Parsons et al., 1984) on a 

Turner Designs model 10-AU fluorometer calibrated with spectrophotometrically 

measured spinach Chl-a standards (Sigma, St. Louis, MO).  Both filtered and concentrated 

chlorophyll aliquots were frozen (~-4C) until ready for extraction and analysis.  Samples 

were extracted using 90 % acetone and stored in the dark for < 24 hours at -4°C prior to 

analysis. 

 

Cell size (fL cell
-1

; fL = femtolitre = 10
-15

 L) and cell density were determined using a 

Leitz Laborlux microscope.  Phyco Tech chamber slides were used to determine cell 

density and cell sizes were measured using a calibrated ocular micrometer.  Cell volumes 

and surface areas were calculated assuming the P. inermis geometrically approximated a 

cylinder.  The cell size varied quite dramatically both within a culture and between culture 

treatments.  Due to the variable size of the cells, a weighted average cell volume was used 

for comparisons between culture treatments. 



 99 

5.3 Results and Discussion 

5.3.1 Growth Rates 

Growth rate and biomass data are reported in Table 5.2.  As expected, the +Fe+Zn 

treatment grew at close to 100% of its maximum growth rate (Strzepek, unpublished data) 

and achieved the highest cell yields.  All other treatments had suppressed growth rates, 

indicating that both Fe and Zn have the ability to limit growth of this species. 

Table 5.2 Mean specific growth rates, relative growth rates, cells per mL, cell volume and Chl-a:cell 
volume for each treatment used in this study.  Reported errors represent 2 SD. 

Treatment Growth rate Cells 

(mL
-1

) 

Cell volume 

(fL) 

Chl-a 

(mol cell 

volume
-1

 (L
-1

)) 
d

-1
 (/max) 

+Fe+Zn 0.43 ± 0.03 0.96 ± 0.06 4131 13209 0.76 ± 0.30 

      

+Fe-Zn 0.27 ± 0.06 0.60 ± 0.13 3461 9418 0.73 ± 0.45 

      

-Fe+Zn* 0.34 ± 0.11 0.76 ± 0.25 1204 61790 0.22 ± 0.02 

      

-Fe-Zn 0.20 ± 0.06 0.43 ± 0.13 1435 25498 0.26 ± 0.11 
* Average does not include -Fe+Zn replicate A 

 

Surprisingly, the -Fe+Zn treatment had the largest cell volume, which was due to the high 

proportion of cells with a much larger diameter compared to the majority of cells in the Fe-

replete cultures.  The irregularity of cell size in the –Fe+Zn culture and the shift towards 

larger cell sizes is opposite to what is commonly observed in Fe-limited cultures (Sunda 

and Huntsman, 1995a).  This may indicate that Southern Ocean diatoms have evolved a 

different mechanism for coping with Fe limitation.  This result highlights the limited 

understanding of the effects of metal limitations on natural phytoplankton assemblages in 

the oceans. 

Although it has been previously reported that the addition of Cd in Zn-limited cultures can 

restore the growth rate to that of Zn-replete cultures (Lane et al., 2009; Lane and Morel, 

2000; Lee and Morel, 1995; Sunda and Huntsman, 1995a; Xu et al., 2007), this was not 

observed with P. inermis in this study.  The two Zn-limited cultures had the lowest growth 

rates despite the addition of Cd to all cultures. It should also be noted that Co 

concentrations in the medium were at comparable levels to Cd and had the potential to 
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restore growth rates of Zn-limited cultures based on studies of other species (Sunda and 

Huntsman, 1995b; Yee and Morel, 1996). 

Cell volume-normalized Chl-a concentrations were significantly higher in Fe-replete 

compared to Fe-limited cultures, both with and without Zn.  Reductions in cellular Chl-a in 

Fe-limited cells is a well documented phenomena and is likely due to the high Fe 

requirement for photosynthetic electron transport (Strzepek and Harrison, 2004) which, in 

turn, modulates the synthesis of Chl-a.  Fe-limited cultures showed similarly low values for 

Chl-a, and Zn limitation affected growth rate but had virtually no effect on Chl-a 

concentrations, indicating that different metals can limit phytoplankton growth via 

different mechanisms.  Moreover, the data suggest that Zn limitation causes a deficiency 

that neither Cd nor Co could alleviate. 

5.3.2 Cellular Cd Concentration 

Cellular Cd concentration and Cd isotopic composition data are presented in Table 5.3.  

Contrary to previous reports (Cullen, 2006; Sunda and Huntsman, 2000) and in support of 

others (Frew et al., 2001), Fe-limitation did not result in increased cellular Cd 

concentrations, shown by the low Cd concentrations in Fe-limited cultures relative to Fe-

replete.  Indeed, steady-state Cd uptake rates normalized to cellular C were lower in –Fe 

cultures compared to +Fe cultures.  Cellular C concentration measured in this species 

under comparable experimental conditions (Strzepek et al., in press) were used for these 

calculations. 

The biodilution mechanism used to describe high intracellular Cd in previous studies 

(Cullen et al., 2003), whereby cellular Cd concentrations are inversely related to growth 

rate due to the rate of Cd uptake remaining constant, essentially giving each cell more time 

to accumulate Cd.  If biodilution were the mechanism resulting in changes in cellular Cd 

concentrations, Cd/cell volume would be similar in all three treatments with suppressed 

growth rates, which is clearly not the case.  Lane et al. (2009) also argue that biodilution 

cannot be the only mechanism responsible for increased Cd/cell volume. 
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Table 5.3 Cd:cell volume, Cd isotopic compositions and calculated fractionation factors () for biological uptake of Cd in this study, averages shown in bold with 2 SE 
errors).  Cd:C values are based on C/cell volume for P. inermis growth under the same conditions as reported in Strzepek et al. (In Press). 

Treatment Cd:cell volume 

(mol L
-1

) 

Steady-state Cd 

uptake (mol L
-1

 d
-1

) 

Cd:C**** 

(mol mol
-1

) 


114/110

Cd  2 SE α 

+Fe+Zn A* 11.69 5.25  -23.1  1.3 1.0007 

+Fe+Zn B 7.46 3.17  -26.1  1.2 1.0011 

+Fe+Zn C 6.97 2.95  -23.4  1.3 1.0009 

+Fe+Zn 8.71  2.60 3.79  1.27 7.93 -24.1  2.1 1.0009  0.0004 

      

+Fe-Zn A 22.21 6.04  -20.9  1.4 1.0006 

+Fe-Zn B 18.61 4.47  -20.1  1.6 1.0005 

+Fe-Zn C 10.61 3.15  -20.3  1.4 1.0005 

+Fe-Zn 17.14  5.94 4.55  1.45  -20.4  0.9 1.0005  0.0001 

      

-Fe+Zn** 3.70 1.14 7.41 -22.2  1.0*** 1.0007 

      

-Fe-Zn A 6.40 1.26  -21.6  1.7 1.0006 

-Fe-Zn B/C 7.14 1.38  -20.1  1.1 1.0004 

-Fe-Zn 6.77  0.52 1.32 0.08  -20.9  2.2 1.0005  0.0002 
 

* 114/110Cd based on two measurements 

** -Fe+Zn A, B, and C combined for isotopic analysis 

*** Error is 2 SE 

**** values from Strzepek et al. (In Press). 
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The lowest growth rates were observed in Zn-limited cultures which exhibit much higher 

Cd/cell volume than Fe-limited cultures.  These results suggest that either (1) Cd is 

accumulating in the cell along the lines of biodilution, (2) that Cd is being taken up simply 

due to the lack of Zn, or (3) that Cd is fulfilling a biological niche in place of Zn, but is not 

the limiting growth factor.  As it has already been determined that biodilution is not the 

only mechanism responsible for increased Cd/cell volume, other mechanisms must be 

explored. 

The only known biological role for Cd is in the CA enzyme.  However, most studies have 

found that Zn-limited cultures supplied with Cd grow at a rate close to 100% of their 

maximum.  This was not the case in this study, but cellular Cd still increased.  This 

suggests that Cd does not fulfill a biological requirement and uptake is increased by 

coincidence.  However, based on total Chl-a in cultures, Zn-limited cultures result in a 

final biomass that is only slightly lower than non Zn-limited cultures suggesting that 

growth rate may not be the only indicator of culture health.  If P. inermis, like other 

species studied (Lane and Morel, 2000; Lane et al., 2005), replace Zn with Cd in CA, the 

results from this study suggest that CA is not the only biological Zn requirement that will 

suppress growth rates.  There are many physiological processes that require Zn, and as CA 

is the only known process where Cd can substitute for Zn, it is more than likely that 

growth rates may be suppressed by other limitations. 

The lack of consistency between studies and different phytoplankton species emphasises 

the importance of understanding the mechanisms responsible for biological uptake of Cd.  

Stable isotopes of Cd can provide insight into these biological mechanisms.  All treatments 

revealed that Cd isotopic fractionation is associated with the biological uptake of Cd. 

5.3.3 Cd Isotopic Composition 

Cd isotopic compositions of intracellular Cd were isotopically lighter (
114/110

Cd = -26.1 to 

-21.1 )  relative to the original isotopic composition of the medium (
114/110

Cd = 16.2 ) 

(Figure 5.1).  These results are consistent with the Cd isotopic compositions measured in 

cultured fresh water phytoplankton (Lacan et al., 2006), which were shown to 

preferentially remove light isotopes from the medium. 
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Figure 5.1 Cd isotopic compositions of cultures in this study, with the initial Cd isotopic composition of 
the medium shown by the blue line. 

 

The results from this study are preliminary and provide an initial explanation for changes 

in biological fractionation.  Despite the limited data set, all cultures resulted in isotopically 

light cellular Cd.  If we look at the Fe replete cultures, those grown under Zn-limited 

conditions showed less isotopic fractionation than cultures grown in Zn-replete conditions 

(two-tailed t-test, p=0.05).  Fractionation factors (α ) were calculated for all cultures using 

Equation 5.1 (Mariotti et al. 1981), whereby, bio is the accumulated cellular Cd isotopic 

composition, 0 is the initial Cd isotopic composition in the medium, and F = c/c0, the 

residual Cd concentration (c), calculated by subtracting the total cellular Cd from the initial 

Cd concentration, over the initial Cd concentration (c0) in the medium. 

 

   Equation 5.1 

 

The fractionation factors calculated, Zn-limited cultures (α=1.0004 to α=1.0006) and  Zn-

replete cultures (α=1.0007 to α=1.0011), suggest that Zn-limited cultures did not 

fractionate Cd to the same extent as Z-replete cultures.  The shift to decreased Cd isotopic 
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fractionation is likely to be a result of physiological differences between Zn-limitation 

controlled Cd uptake and Cd uptake associated with cultures that are nutritionally satisfied. 

Lane et al. (2008) suggest that a non discriminatory divalent metal transporter takes up Cd.  

Based on the Cd isotopic results that show Cd uptake associated with Zn limitation 

exhibits less isotopic fractionation than Cd uptake in Zn-replete cultures, it is proposed 

that, both a non discriminatory and a Zn specific transported are involved in the uptake of 

Cd (Figure 5.2). 
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A  

B  

Figure 5.2 Schematic diagram summarizing the two metal uptake scenarios, whereby Zn limitation 
influences the cellular Cd isotopic composition. Light circles represent the light isotopes and dark circles 
represent the heavy isotopes. (A) illustrates the Zn-replete scenario, whereby Cd is taken into the cell 
through the non-specific divalent metal transporter, resulting in a light cellular Cd isotopic composition 
relative to the medium.  (B) illustrates a Zn-limited scenario, whereby Cd is taken into the cell through 
both the non-specific divalent metal transporter and the Zn transporter, due to the lack of Zn in the 
medium, resulting in a light cellular Cd isotopic composition relative to the medium, but heavier 
composition relative to cells in a Zn-replete medium. 
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These mechanisms can be explained by the following hypothesis.  When cells are not Zn-

limited, they take up Cd through the non discriminatory divalent metal transporter.  

Although this transporter is not specific to a particular metal, it may be highly selective to 

mass/charge ratio creating a kinetic isotope fractionation.  When cells are Zn-limited, Cd 

may be taken up through both the non-discriminatory and the Zn transporters.  Because the 

Zn transporter is more discriminatory to element, it may be less specific to mass/charge 

ratio. The lack of Zn in the medium, or seawater, creates a higher demand for Cd and the 

non specificity to isotopes of the transporter may lead to a greater cellular Cd 

concentration.  Both increased demand and less specific transport may dilute the Cd 

isotopic shifts created by the non discriminatory divalent metal transporter. 

5.4 Conclusions and Future Work 

This study, once again, emphasizes the importance in characterizing the mechanisms 

controlling Cd uptake by phytoplankton before the Cd/PO4
3-

 paleoproxy can be used 

reliably for historic surface water nutrient estimates. 

 Based on previous work (Lane et al. 2009), it was expected that Zn-limited cultures 

would grow at close to their maximum growth rate when given Cd as a substitute, 

however, the suppressed growth rates in all limited treatments suggest that neither 

Cd nor Co can completely fill the biological requirements of Zn in Zn-limited 

Proboscia inermis cultures. 

 Growth rates, along with other indicators of cell health, must be monitored to 

determine what, if any, benefit Cd supplies to Zn-limited cells. 

 Despite the comparable concentrations of Co and Cd in the initial growth medium, 

Cd concentrations in the cells were significantly higher in Zn-limited cultures, 

suggesting that P. inermis will take up Cd regardless of Co and its potential to 

replace Zn. 

 Biodilution cannot explain the increased uptake of Cd alone, as all four treatments 

grew under the same Cd conditions at different rates and final cellular Cd was 

distinctly different between treatments. 
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 Fe limitation was shown to decrease cellular Cd, which is supported by 

observations reported in Frew et al. (2001), but is contrary to Cullen et al. (2003) 

and Sunda (1995a). 

 Marine phytoplankton create an isotopic fractionation during the biological uptake 

of Cd, showing a light isotopic signature relative to growth medium, consistent 

with Cd isotopic fractionation observed in fresh water species (Lacan et al., 2006). 

 Most novel is that significant differences in Cd isotopic fractionation can be 

measured between different treatments. The difference in isotopic fractionation 

between the Zn-limited and Zn-replete cultures suggest that there are at least two 

mechanisms responsible for the biological uptake of Cd.  This may be related to the 

specificity of divalent metal binding and uptake sites.  In regions where Zn is 

limited, the Zn specific uptake site may take up Cd isotopes less specifically, 

resulting in less Cd isotopic fractionation. This suggests that stable Cd isotopes can 

be an important tool in differentiating between different uptake mechanisms. 

Based on the limited physiological data available for Southern Ocean phytoplankton 

species and the very limited number of Cd isotopic observations for phytoplankton overall 

(only one prior to this study), future studies may be focused on the Cd isotopic effects of 

Cd uptake by a model, well studied,  phytoplankton species, such as Thalassiosira 

pseudonana.  Such studies would provide useful as a comparison to new and more locally 

relevant species from the STC where little physiological information is available. 

As phytoplankton in this study were shown to take up as much as 15 % of the total Cd in 

the medium, measurements of the Cd isotopic composition in the remaining medium 

would provide useful confirmation of the mass balance, strengthening the Cd isotopic data. 

Most importantly, this is the first study that has investigated the effects of biological Cd 

uptake on the cellular Cd isotopic composition in marine phytoplankton.  These results 

demonstrate that Cd stable isotopes may prove useful as a tool for understanding the 

mechanisms involved in Cd uptake, helping to constrain the biological role of Cd in the 

oceans. 
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Chapter 6 : Conclusions and Future Work 

 

6.1 Summary and Conclusions 

Understanding the controls on biological uptake of Cd in the oceans is essential for 

appreciating the limitations of its use as a paleoproxy for historic nutrient cycling.  It is 

also important to understand the role Cd has on biological productivity, and its potential 

contribution to limiting phytoplankton growth in some regions of the world‟s oceans.  

Stable isotopes of Cd have been shown to be an important tool to aid in understanding the 

biogeochemical cycling of Cd in the oceans (Lacan et al., 2006; Ripperger et al., 2007) 

and the limited seawater Cd isotopic data available, indicates that Cd uptake in the oceans 

can be modeled by a Rayleigh distillation fractionation curve from a finite pool of Cd in a 

closed system.  This would suggest that the fractionation associated with the biological 

uptake of Cd allows the isotopic composition of Cd to be used as a paleoproxy. 

 

However, these small snapshots of Cd isotopic data cannot be applied to the entire ocean, a 

much broader global Cd isotopic data set combined with biologically essential 

macronutrients (NO3
-
, PO4

3-
, Si(OH)) and micronutrients (Fe, Zn, Mn) and a detailed 

understanding of seasonal cycles are essential to obtain a comprehensive view of the 

biogeochemical cycling of Cd.  This study has addressed some of these goals in 

characterizing the biogeochemical cycling of Cd in the oceans using Cd isotopic data to 

explore the unique oceanographic region around New Zealand. 

 

One primary focus of this study was to improve the analytical methods used for the 

measurement of Cd isotopes and to apply these methods to investigate the isotopic 

composition and concentration of Cd across the STC and open-ocean subantarctic waters 

at a level of temporal detail that is unprecedented.  The relationship between Cd and PO4
3-

, 

and Cd isotopic compositions in this unique region of the world, have the potential to offer 

critical insight into the biogeochemical cycling of Cd in the oceans.  Additionally, the first 

laboratory culture experiment on a marine phytoplankton species was undertaken to further 

pinpoint the effects of biological Cd uptake on Cd isotopic compositions and oceanic Cd 

cycles. 
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Chapter 1 examined the extent of knowledge about the biogeochemical cycling of Cd in 

the oceans and how that understanding has been elegantly exploited as a paleoproxy for 

historic nutrient cycling.  While this proxy appears to work well as a tracer for deep water 

cycling, application to surface water nutrient utilization remains problematic.  An 

increased mechanistic understanding of Cd cycling is necessary for this proxy to provide a 

dependable method for reconstructing past surface water nutrient stocks.  Advances in 

technology now offer the opportunity for Cd isotope measurements to be applied to 

seawater samples, offering the potential to alleviate some of the mechanistic unknowns in 

Cd cycling. 

 

Chapter 2 described the analytical techniques adapted and developed to study the Cd 

isotopic composition in a variety of marine samples.  These techniques are not trivial and 

this proved to be a very challenging section of the thesis.  Reliable data were only obtained 

with extreme care and great attention to detail.  Ion exchange chemical procedures were 

used to preconcentrate and purify Cd from seawater, oyster tissue and phytoplankton 

cultures.  MC-ICPMS was used for Cd isotopic analysis, and by utilizing time-resolved 

software, increased precision was achieved for samples with very low Cd (4 pmol kg
-1

) 

concentrations, potentially benefitting the future of sampling for Cd isotopic studies by 

decreasing sample requirements.  The techniques refined in this work now require as little 

as 5 ng of Cd per analysis, which equates to only 10 L of the lowest concentration seawater 

samples analyzed in the present study, and some of the lowest Cd concentrations 

encountered in the global ocean (0.004 nmol kg
-1

).  These improvements fulfill one of the 

main objectives for the thesis. 

 

Chapter 3 detailed the analytical problems encountered when measuring Cd isotopic 

compositions in low Cd/high matrix samples at the limit of the current analytical 

techniques.  These problems were characterized and methods for avoiding them in the 

future for both Cd and other isotopic systems were developed to ensure reliable and robust 

data. 

 

Chapter 4 examined the Cd isotopic composition and dissolved Cd concentration across 

the STC and in SASW.  Supporting Zn and nutrient data strongly suggests that seasonal 

uptake of dissolved Cd is due to biological uptake, resulting in seasonal variations in 
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Cd/PO4
3-

 ratios.  This biological uptake, however, did not result in coincidental shifts in Cd 

isotopic composition, as was expected, based on previous Cd isotopic studies that suggest 

the biological uptake of Cd results in Cd isotopic compositions that can be modeled by 

kinetic Rayleigh distillation fractionation (Ripperger and Rehkamper 2007; Lacan et al. 

2006; Abouchami et al. 2010).  The lack of change observed seasonally with respect to Cd 

isotopic compositions at the study site suggests that the low Cd and low Zn concentrations 

in this region force biological Cd uptake into a diffusion limited process. 

 

These results suggest that the Cd isotopic compositions of seawater are controlled by more 

than one mechanism and the use of Cd isotopes as a paleonutrient proxy or water mass 

tracer requires a greater understanding of each water mass.  In the case of SASW, this 

study has shown that neither the Cd/PO4
3-

 paleoproxy nor Cd isotope proxy can be used to 

accurately reconstruct historic nutrient concentrations or primary productivity. 

 

Chapter 5 provides direct evidence of the uptake of Cd from seawater by the marine 

diatom P. inermis. This study shows that P. inermis preferentially takes up the light 

isotopes of Cd, consistent with fractionation observed in freshwater phytoplankton cultures 

(Lacan et al., 2006). Cd uptake occurred across all treatments, regardless of Zn or Fe 

concentrations in the medium, with cellular Cd concentrations being the highest in Zn-

limited cultures.  Results from this chapter show that the previously proposed mechanism 

of biodilution cannot account for total Cd uptake by this species.  Fe limitation was shown 

to decrease cellular Cd in this species, and despite high cellular Cd concentrations in Zn-

limited cultures, the growth rate was not restored to its maximum, which is inconsistent 

with many previous phytoplankton culture studies, particularly Lane et al. (2009) who 

observed maximum growth rates in P. inermis under Zn-limiting conditions when supplied 

with Cd.  Significant differences in Cd isotopic fractionation between Fe and Zn treatments 

suggest that there are at least two mechanisms responsible for the biological uptake of Cd.  

This may be related to the specificity of divalent metal binding and uptake sites.  In regions 

where Zn is limited, the Zn-specific uptake site may take up Cd isotopes less specifically, 

resulting in less Cd isotopic fractionation. This suggests that stable Cd isotopes can be an 

important tool in differentiating between Cd uptake mechanisms. 

 

This study set out to determine if stable Cd isotopes can be used to investigate the 

mechanisms responsible for Cd cycling in the oceans.  The improvements in analytical 
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techniques were utilized to examine the Cd isotopic composition across the subtropical 

convergence surface waters and marine phytoplankton cultures.  The results show that 

stable isotopes of Cd are indeed a useful tool for examining the mechanisms responsible 

for Cd cycling in the oceans.  The extent of Cd isotopic fractionation in both the 

subtropical convergence seawater samples and P. inermis suggest that there are multiple 

mechanisms involved in Cd uptake in the oceans.  This is likely a result of multiple metal 

uptake transporters in phytoplankton, and these mechanisms are highly dependent on Zn 

concentrations. 

 

Results demonstrate just how complex the biogeochemical cycling of Cd is in subantarctic 

waters, southeast of New Zealand.  Strong seasonal uptake of Cd helps to explain the low 

Cd/PO4
3-

 ratios observed in STC waters in previous studies (Frew and Hunter, 1992; 

1995).  Improved chemical processing and analytical techniques for the measurements of 

Cd isotopic compositions were utilized for the analysis of seawater samples from the STC 

and SASW, oysters and phytoplankton.  Results from this study emphasize the importance 

of understanding how other trace metals influence the biological uptake of Cd.  The Cd 

isotopic compositions measured have illustrated that Cd stable isotopes have the ability to 

offer insight into the biological and physical mechanisms controlling Cd cycling in the 

oceans.  However, this study has only scratched the surface of these possibilities, and in 

order to fully grasp the importance Cd has in the oceans, more work needs to be done. 

6.2 Future Work 

The technology enabling reliable high-precision measurements of the small natural shifts 

in Cd isotopic composition in samples offers the potential to revolutionize the field of 

marine biogeochemistry by providing a means of understanding the mechanisms of uptake 

and transport of Cd throughout the oceans.  With the evolution of this technology, a lot of 

effort is also being put into developing the techniques to investigate other important 

bioactive metal isotopic systems (e.g. Fe and Zn).  The potential for these isotopic studies 

to help characterize biological systems is made evident by the advances made in 

characterizing nitrogen cycling in biological systems through the use of nitrogen isotopic 

composition. 
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In order for Cd isotopes to be used to their potential, a much more comprehensive data set 

is required.  However, the extreme measures required to obtain precise and accurate data 

mean that it will be a long time before such measurements are routine.  Therefore, careful 

thought must be given to which samples will provide the most information.  The difficulty 

in collecting open ocean samples (ship time, cost, and manpower), especially those that are 

greater than 10 L makes data collection a slow process.   Nevertheless, determining the 

extent of Cd isotopic fractionation associated with global surface waters is essential for 

progress to be made in the field. 

 

Detailed investigations of seasonal and spatial variation in surface water Cd/PO4
3-

 ratios 

and Cd isotopic composition is required to determine if either have the potential to be 

utilized as a proxy for nutrient utilization and primary production in other regions of the 

world‟s surface oceans.  It is important to constrain the effects of Zn limitation on Cd 

isotopic composition by comparative studies investigating regions of the oceans where Zn 

is and is not limiting.  Comparison of Cd isotopic composition to iron and total free metal 

concentrations, and the bioavilability of organically bound metals, will also be interesting 

in determining the effect of all biolimiting metals on Cd uptake and isotopic fractionation. 

 

SASW has been identified as an integral part of driving glacial/interglacial climate 

transitions.  It is a region with strong Cd and Zn concentration gradients, and therefore, 

high priority should be given to sampling and characterizing the Cd isotopic composition 

in waters between the Polar and Subtropical Fronts.  The frontal zones, in particular, 

should be emphasized, as strong biological drivers of nutrient utilization and gradients 

have been shown in the „light‟ isotope systems (e.g. 
15

N).  This work would help to 

confirm the model proposed in Chapter 4 on the transition from Rayleigh kinetic to 

diffusion limited biological uptake of Cd. 

 

The results from Chapter 5 indicate the importance of phytoplankton assemblages and their 

effect on Cd uptake.  Culture experiments using P. inermis have shown that Cd uptake is 

related to both Zn and Fe conditions, however this relationship between metals is not 

necessarily consistent with previous Cd uptake experiments using other phytoplankton 

species. For P. inermis, it is speculated that there are (at least) two uptake pathways for Cd, 

with one having less specificity to mass than the other, resulting in different cellular Cd 
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isotopic compositions, depending on other metal concentrations.  Further culture 

experiments should aim to (1) investigate whether this uptake phenomena is general 

among a range of diatom species and (2) further characterize the pathways for Cd uptake.  

Culture experiments provide a means of simplifying a system to isolate and manipulate 

single variables.  It should be possible to identify physiological mechanisms by 

manipulating the organism to upregulate or downregulate one of these processes.  The 

effects of these uptake systems on Cd isotopic compositions would provide valuable 

insight into these biological processes. 

6.3 Ongoing Work 

Expanding the Cd isotopic data set of the world‟s oceans, and comparisons of that data 

with other trace metal and nutrient parameters, is essential to gain an understanding of 

what is controlling the marine biogeochemistry of Cd.  To start adding to this global 

picture, preliminary data from subtropical waters sampled during the FeCycle II cruise in 

September 2008 (Table 6.1). 

 

Table 6.1 Summary of Cd isotope data from the FeCycle II Cruise, September 2008. 

Cruise 
Lat Long Depth 

(m) 


114
Cd/

110
Cd 2 S.E. Cd (nM) 2 S.D 

FeCycle II 39°8.24‟ 178°41.70‟ 300 5.5 1.5 0.0575 0.0001 

29/9/08   350 6.2 0.9 0.0841 0.0002 

   400 7.0 1.0 0.1063 0.0002 

   500 6.8 1.0 0.1966 0.0004 

        

FeCycle II 39°26.64‟ 179°22.58‟ 400 6.9 0.9 0.1383 0.0003 

4/10/08   500 7.6 0.7 0.2077 0.0004 

   750 6.6 0.7 0.331594 0.000003 

   1000 6.8 1.2 0.44501 0.00003 

   1250 4.2 0.9 0.6127 0.0017 

   1500 3.8 0.8 0.7198 0.0031 

 

The purpose of the FeCycle II cruise was to follow a naturally occurring phytoplankton 

bloom, measuring trace metals (especially Fe), nutrients and a suite of other parameters 

throughout the cycle of the bloom.  This sample set is a perfect in situ experiment to 

determine how Cd isotopic compositions change throughout a seasonal phytoplankton 

bloom. These types of studies are ideal for investigating how trace metals, nutrients, and 

shifts in phytoplankton assemblages affect Cd uptake and Cd isotopic compositions. 
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Appendix 1: Reagents and Cleaning Procedures 

 

Reagents and chemicals 

Chemical/Reagent Grade Source 

q-HCl Quartz-distilled* Prepared in Laboratory 

q-HNO3 Quartz-distilled* Prepared in Laboratory 

HF Teflon-distilled** Prepared in Laboratory 

HBr Suprapur
®

 Merck 

HClO4 Suprapur
®

 Merck 

H2O2 Ultrapur Merck 

H2O 18 M Milli-Q Element 
* distillation by sub boiling in a quartz still 

** double distillation, first by sub boiling in a quartz still, followed by sub boiling in a Teflon still 

 

Cleaning protocols for sampling and processing equipment 

All sampling gear and equipment used for sample processing were cleaned rigorously to 

ensure contamination was minimum. 

 

Nalgene Teflon reagent bottles 

1. Reflux in 5% v/v Citranox (low phosphate detergent) overnight at 110C 

2. Rinsed five times with Milli-Q 

3. Reflux in 6N AR-HCl for at least 2 weeks at 110C 

4. Rinsed five times with Milli-Q 

5. Reflux in 7N AR-HNO3 for at least 2 weeks at 110C 

6. Rinsed five times with Milli-Q 

7. Reflux in 4N q-HCl overnight at 120C 

8. Rinsed five times with Milli-Q 

9. Reflux in 7N q-HNO3 overnight at 120C 

10. Rinsed five times with Milli-Q 

11. Dried in the laminar flow bench 

Nalgene 1L HDPE and LDPE sampling bottles 

1. Soaked in 5% v/v Citranox bath for at least one week 

2. Rinsed five times with distilled water 

3. Filled with 6N AR-HCl and soaked in a 10% v/v AR-HCl bath for at least four 

weeks 

4. Rinsed five times with Milli-Q 
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5. Filled to the neck with Milli-Q and to the top with 8N q-HCL for at least four 

weeks 

6. Double bagged and stored with dilute q-acid until needed for sampling 

Polyethylene sampling tubing (12mm internal diameter) 

1. Rinsed with Milli-Q water to remove any dust 

2. Outside of tubing was wiped with Milli-Q soaked kimwipe and double bagged 

3. Filled with 6N AR-HCl and soaked for at least four weeks 

4. Flushed with Milli-Q to remove any remaining acid 

5. Filled with 0.1% v/v q-HCl and stored for at least four weeks 

6. Stored in 0.1% v/v q-HCl until needed for sampling 

AquaPrep 600
TM

 0.45m filter cartridges 

1. Five cartridges were connected together with lengths of Masterflex tubing 

2. Cartridges and tubing were rinsed with Milli-Q 

3. Filled with 10% v/v AR-HCl, connected to form a loop and soaked for at least four 

weeks 

4. Flushed with Milli-Q to remove remaining acid 

5. Filled with 0.1% v/v q-HCl and individually sealed, one cartridge with one piece of 

tubing, and soaked for at least four weeks 

6. Stored in 0.1% v/v q-HCl until needed for sampling 

Swagelok and other tubing connection pieces 

1. Rinsed with Milli-Q 

2. Soaked in 10% v/v AR-HCl for at least 2 weeks 

3. Rinsed five times with Milli-Q 

4. Soaked in 0.1% v/v q-HCl for at least 2 weeks 

5. Rinsed five times with Milli-Q 

6. Dried in a laminar flow bench and double bagged 

7mL and 15mL Savillex Teflon beakers used for sample processing 

1. Reflux in 6N AR-HCl overnight 

2. Rinsed five times in Milli-Q 

3. Cleaned with ethanol soaked Kimwipes 

4. Rinsed with Milli-Q 

5. Reflux in 5% v/v Citranox (low phosphate detergent) overnight at 110C 

6. Rinsed five times with Milli-Q 
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7. Reflux in 6N AR-HCl for at least 2 weeks at 110C 

8. Rinsed five times with Milli-Q 

9. Reflux in 7N AR-HNO3 for at least 2 weeks at 110C 

10. Rinsed five times with Milli-Q 

11. Reflux in 4N q-HCl overnight at 120C 

12. Rinsed five times with Milli-Q 

13. Reflux in 7N q-HNO3 overnight at 120C 

14. Rinsed five times with Milli-Q 

15. Dried in the laminar flow bench 

Polypropolene Bio-Rad poly-prep columns (2 mL resin bed, 10 mL reservoir) 

1. Soaked in 5% v/v Citranox for at least one week 

2. Rinsed five times with Milli-Q 

3. Soaked in 6N AR-HCl bath for at least four weeks 

4. Rinsed five times with Milli-Q 

5. Soaked in 4N q-HCl bath at least overnight or until needed 

6. These columns were treated as disposable and only used for one sample before 

being discarded 

HDPE first stage sample loading reservoirs 

1. Rinsed in Milli-Q just after use 

2. Soaked in 6N AR-HCl for at least two weeks 

3. Rinsed five times with Milli-Q 

4. Soaked in 6N q-HCl bath at least overnight or until needed 

Teflon connectors for reservoirs 

1. Rinsed in Milli-Q after use 

2. Soaked in 6N AR-HCl on 110C hotplate for at least three days 

3. Rinsed in Milli-Q 

4. Soaked in 6N q-HCl on 110C hotplate for at least three days or until needed 

Small Teflon columns (100 L resin bed, 2mL reservoir) 

1. Rinsed in Milli-Q after use 

2. Soaked in 6N AR-HCl on 110C hotplate for at least three days 

3. Rinsed in Milli-Q three times 

4. Soaked in 6N q-HCl on 110C hotplate for at least three days or until needed 

Bio-rad AG 1-X8 resin (cleaned in a 1 L Teflon bottle) 
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1. Rinsed with Milli-Q three times 

2. Soaked in 8 M q-HCl for at least 3 days (twice with Milli-Q rinse in between) 

3. Rinsed with Milli-Q five times 

4. Soaked in 2 M q-HNO3 for at least 3 days (twice with Milli-Q rinse in between) 

5. Rinsed with Milli-Q 5 times 

6. Stored in 0.1% v/v q-HNO3 until needed 

Eichrom TRU resin (cleaned in 50 mL centrifuge tubes) 

1. Rinsed with Milli-Q three times 

2. Soaked in 6 M q-HCl for at least 3 days (twice with Milli-Q rinse in between) 

3. Rinsed with Milli-Q five times 

4. Soaked in 8 M q-HCl for at least 3 days (twice with Milli-Q rinse in between) 

5. Rinsed with Milli-Q 5 times 

6. Stored in Milli-Q until needed 

 

 

 


