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Abstract 

Trace elements and their isotopes play a vital role in the ocean as participants in, and tracers 

of, processes of interest to climate change and environmental pollution. This thesis focuses 

on the use of isotopic variations in neodymium (Nd) and lead (Pb) to understand the cycling 

of these elements in the Southern Ocean. 

Neodymium isotopes have been used as a palaeo-proxy to understand changes in 

Antarctic Bottom Water (AABW) circulation through time. The biogeochemical processes 

controlling Nd in seawater, however, remain under-constrained due to a paucity of modern 

observations in the Southern Ocean. In chapter 2, Nd isotope and rare earth element (REE) 

data are presented for the Wilkes Land continental margin. In this region, AABW exhibits a 

distinct εNd signature that is intermediate between Atlantic and Pacific sector AABW. The 

REE data confirm that the εNd signature is not caused by distinct local continental inputs but 

by mixing of advected AABW with (modified) Circumpolar Deep Water (CDW). 

Anthropogenic emissions from mining, smelting and fossil fuel combustion are 

important sources of oceanic Pb contamination. Seawater Pb isotope data, however, is 

currently severely limited by analytical challenges such as sample contamination,  

time-consuming extraction procedures and insufficient instrumental detection limits. In 

chapter 3, a novel method is presented for the determination of seawater Pb isotope 

compositions and concentrations. The method encompasses solid-phase extraction of Pb from 

seawater with Nobias chelate PA-1 resin followed by multi-collector inductively coupled 

mass spectrometry (MC-ICP-MS) analyses using a 207Pb-204Pb double-spike to correct for 

instrumental mass discrimination. When compared to an established double-spike procedure 

that employs thermal ionisation mass spectrometry (TIMS), the results are unbiased by 

systematic error and demonstrates improved precision for the 206Pb/207Pb, 208Pb/207Pb ratios 

and the minor 204Pb ratios (by about a factor of 2). 

In chapter 4, the new method is applied to seawater samples from the Australian sector 

of the Southern Ocean to assess the sources and processes governing the distribution of Pb in 

this region. Surface waters exhibit a high fraction of anthropogenic Pb (~30–50%). 

Reversible scavenging and equilibrium exchange are the dominant processes responsible for 

the vertical transport of this anthropogenic Pb to deeper waters. These processes may account 

for ~80% of the observed dissolved Pb isotope in the intermediate depth waters at the Polar 

Front.  
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Overall, the thesis highlights the essential role that isotope analyses play in 

deconvolving the processes responsible for the biogeochemical cycling of Nd and Pb in the 

ocean. 
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The role of trace elements and their isotopes varies significantly in the ocean. While some 

elements act as important nutrients in biological production (e.g., Fe, Zn, Cd), others can be 

used as tracers of ocean circulation (e.g., Nd, Pb) or anthropogenic pollution (e.g., Pb, Hg). 

The focus of this thesis will be on the application of Nd and Pb isotopes to trace water masses 

and pollution in the ocean. 

1.1. Rationale of the GEOTRACES programme 

A significant amount of knowledge about past ocean conditions, and consequently the 

processes governing modern global climate change, has been acquired from trace-element 

isotope archives in marine sediments. These geochemical archives provide information about 

past changes in important marine parameters and conditions (e.g., seawater carbonate 

chemistry, ocean circulation and biological productivity) and are a crucial source of 

information about the role of the ocean system in past climate change (Henderson, et al., 

2007). Accurate reconstructions of marine conditions in the past will provide important 

insights into the future consequences of global climate change. However, without 

understanding the modern-day biogeochemical cycling of key trace elements and their 

isotopes, the ability to apply these as proxies for oceanographic processes is severely limited.   

In the modern ocean, the biogeochemical cycles of many trace elements and their 

isotopes have been significantly perturbed by various anthropogenic activities, including the 

release of large quantities of toxic and radioactive elements to the ocean. Understanding the 

pathways and processes that govern the fate of these contaminants is important in order to 

protect the marine environment. However, this requires specific knowledge about the natural 

biogeochemical cycling of these contaminants so that the impact of anthropogenic activities 

can be fully constrained. 

Despite the importance of understanding the biogeochemical cycles of trace elements 

and their isotopes, the sources and sinks of these elements in the ocean, as well as the 

mechanisms controlling their internal cycling, remain largely unconstrained. Since the  

mid-2000s, however, there has been a concerted effort to address this problem. The 

international research programme GEOTRACES was established “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” 

(GEOTRACES plan, 2006). In order to achieve this aim, the programme has three main 

objectives: 
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(1) To determine the global ocean distribution of selected trace elements and their 

isotopes and to evaluate the sources, sinks and internal cycling of these species to 

characterise more completely the physical, chemical and biological processes regulating their 

distributions; 

(2) To understand the processes involved in marine trace element cycles sufficiently 

well so that the response of these cycles to global change can be predicted, and their impact 

on the carbon cycle and climate is understood; 

(3) To understand the processes, which control the concentrations and isotope 

compositions of geochemical species used for proxies of the past environment, both in the 

water column and in the substrates that reflect the water column. 

Several “key parameters” were defined as part of the GEOTRACES programme 

including Nd isotopes as a tracer of natural sources of trace elements to the ocean and proxy 

for ocean circulation; and Pb isotopes as a tracer of natural and anthropogenic Pb sources to 

the ocean. As such, this thesis contributes to the overarching aim of the international 

GEOTRACES programme and, by extension, the wider understanding of the impact of 

climate change and anthropogenic activities on the environment.  

1.2. Neodymium isotopes in the ocean 

1.2.1. Neodymium isotope systematics 

Neodymium has seven isotopes (142Nd, 143Nd, 144Nd, 145Nd, 146Nd, 148Nd and 150Nd), with a 

radiogenic isotope, 143Nd, produced by α-decay of 147Sm (half-life = 1.06 x 1011 yrs;  

λ = 6.54 x 1012 yr-1; Dickin, 2005). The natural variability of the 143Nd/144Nd ratio in rocks is 

small because of the long half-life of 147Sm and the limited natural variability of the parent to 

daughter (Sm/Nd) ratio. As a consequence, 143Nd/144Nd ratios are commonly expressed in εNd 

notation: 

εNd =  !
"#$%&
"##%&

'()*+,
"#$%&
"##%&

-./01 − 1410# 

 

where CHUR (Chondritic Uniform Reservoir) is the mean 143Nd/144Nd value measured for 

chondritic meteorites which is assumed to be identical to the present-day average for the bulk 

silicate earth (143Nd/144Nd CHUR = 0.512638; Jacobsen and Wasserburg, 1980). 
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The use of the Nd isotope system as a geological tool is founded on the variability of 

the parent (147Sm) and daughter (143Nd) isotope ratio in natural rocks, which is ultimately 

controlled by the age of the rock and the mineralogical processes during rock formation and 

breakdown (i.e., crystallisation or weathering). During igneous processes, the parent element 

Sm is slightly more compatible than the daughter element Nd, meaning it is preferentially 

retained in the mantle during the melting process. Neodymium is more likely to enter the 

melt phase, leading to an enrichment of Nd in crustal rocks (Figure 1.1). The elemental 

fractionation between Sm and Nd is a consequence of the lanthanide contraction: Samarium 

has a smaller ionic radius, making it more compatible in the mineral assemblage of the 

mantle compared to the larger Nd ion. Consequently, old rocks of the continental crust have 

low Sm/Nd ratios and therefore exhibit low 143Nd/144Nd ratios (lower than the bulk silicate 

earth) or an unradiogenic (negative) εNd value (Figure 1.1). Conversely, the modern terrestrial 

mantle and young rocks evolved to have high 143Nd/144Nd ratios and radiogenic (more 

positive) εNd values (Figure 1.1), reflecting the evolution of earth’s mantle over billions of 

years (i.e., high Sm/Nd ratios due to continuous depletion during melt extraction). 

1.2.2. Sources of neodymium to the ocean 

The main sources of the lithogenic element Nd to the ocean were originally thought to be 

fluvial and aeolian inputs (e.g., Goldstein et al., 1984). Over the past 20 years, however, the 

exchange of sediments along continental margins with seawater has been shown to act as a 

major contributor to the global seawater Nd budget (e.g., Lacan and Jeandel, 2005).   

The rare earth element (REE) concentrations of rivers are several orders of magnitude 

higher than seawater concentrations (e.g., Elderfield et al., 1990). The direct supply of 

dissolved REEs from rivers to the ocean must overcome intense colloidal precipitation within 

the fresh/brackish regions of an estuary (e.g., Elderfield et al., 1990; Sholkovitz, 1995). 

Estimates suggest that approximately 70–95% of riverine dissolved light rare earth elements 

(LREEs, including Nd) are removed in estuaries (Sholkovitz, 1995). Despite the high 

removal rate, riverine REE particulates deposited as sediments in the high-salinity region of 

an estuary can become suspended, re-dissolved and eventually released into coastal waters 

(e.g., Sholkovitz, 1995; Rousseau et al., 2015). Moreover, a recent study found that 

suspended particles transported by the Amazon River were continuously weathered during 

estuarine mixing, which ultimately affects the net dissolved Nd flux to the ocean (Rousseau 

et al., 2015).  
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Figure 1.1 (a) The evolution of Nd isotopes over time in the crust and mantle. The bold black line 
shows the evolution of CHUR while the dotted red lines correspond to the depleted crust formed at 
3.5 Ga and the corresponding enriched residual mantle. (b) The evolution of Nd isotopes over time in 
the crust and mantle converted to εNd. The insets display the rare earth element (REE) fractionation of 
the crust and mantle which produces the isotopic evolution over time (White, 2013). 

 

Another important source of Nd to the ocean comes from atmospheric dust (e.g., 

Tachikawa et al., 1999) with global atmospheric fluxes estimated to be ~30–130% of global 

river fluxes (Greaves et al., 1994). However, solubility of Nd from mineral dust is considered 

to be relatively low (i.e., a few percent; see discussion in van de Flierdt et al., 2004). 

Observational and conceptual studies suggest that sediments along continental margins 

could represent the most important source of dissolved Nd to the ocean (e.g., Jeandel et al., 

2007; Lacan and Jeandel, 2005). Models substantiate these observations by quantifying the 

global Nd flux from continental margins as ~1 x 1010 g yr-1, which is approximately two 

orders of magnitude greater than riverine (~3 x 108 g yr-1) and atmospheric  

(~1–3 x 108 g yr-1) sources (Arsouze et al., 2009; Rempfer et al., 2011).  
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Like rivers, hydrothermal fluxes exhibit significantly greater REE concentrations than 

seawater; but unlike rivers, hydrothermal inputs have a negligible effect on the global budget 

of dissolved Nd in the ocean as hydrothermal REEs are efficiently scavenged from seawater 

by localised Fe-Mn oxides near hydrothermal vent sites (e.g., German et al., 1990; Halliday 

et al., 1992). 

1.2.3. Neodymium isotopes as a water mass tracer 

Since the 1970’s, a series of pioneering studies found that the distinct Nd isotope 

compositions of different areas of continental crust are responsible for the distinct εNd values 

that are found for different water masses in their respective ocean basins (e.g., Piepgras, et 

al., 1979; Piepgras and Wasserburg, 1980; Piepgras and Wasserburg, 1982). This is a 

reflection of the quasi-conservative behaviour of Nd isotopes in the ocean, which implies that 

the εNd value of a water mass is controlled predominantly by inputs from the weathering of 

continental rocks proximal to the water mass formation site. This signature is subsequently 

only altered by conservative mixing between water masses. The relatively short residence 

time of Nd in seawater (~300–1000 years; e.g., Jeandel, et al., 1995; Tachikawa, et al., 2003; 

Rempfer et al., 2011) compared to the average ocean mixing time (~1500 years; Broecker 

and Peng, 1982) prevents homogenisation of the distinct water mass εNd values between 

ocean basins and thus produces distinct basin-scale variability in water mass εNd values 

(Lacan, et al., 2012; van de Flierdt et al., 2016). Weathered inputs from older cratonic rocks 

and sediments in the North Atlantic and younger volcanic rocks and sediments in the North 

Pacific produced two εNd ‘endmembers’ in the ocean: the unradiogenic North Atlantic Deep 

Water (εNd = −13.5; Piepgras and Wasserburg, 1987) and the radiogenic North Pacific Deep 

Water (εNd = −4; Piepgras and Jacobsen, 1988). Physical mixing of these deep water masses 

along the thermohaline circulation belt produces intermediate εNd values in Southern Ocean 

deep water masses (εNd = −8; Piepgras and Wasserburg, 1982; Bertram and Elderfield, 1992; 

Jeandel, 1993). These initial findings demonstrated that Nd isotopes may constitute a robust 

proxy for past ocean circulation. 

Since the beginning of the GEOTRACES programme, improved spatial resolution of 

Nd isotope data has underscored three important caveats when considering Nd isotopes as a 

water mass tracer. Firstly, many ocean regions do not exhibit strong correlations between Nd 

isotopes and conservative hydrographic properties because of different circulation regimes. In 

the western Atlantic, Nd isotopes show strong co-variation with salinity in laterally advected 



  

20 
 

deep water masses, particularly the cold and fresh Labrador Seawater (von Blanckenburg, 

1999; Lambelet et al., 2016). In contrast, Stichel et al., (2015) found that the homogeneity of 

Nd isotope compositions along the eastern Atlantic makes it difficult to identify the distinct 

warm and salty Mediterranean Overflow Water. This could be the result of active vertical 

homogenisation and/or less pronounced lateral advection of water masses, both of which 

would compromise the εNd signal of a water mass.  

Secondly, boundary exchange processes can significantly alter the Nd isotope 

composition of seawater by adsorption and/or desorption mechanisms, particle dissolution 

and benthic fluxes from continental margins, seamounts and the seafloor with very different 

εNd values (Figure 1.2; Lacan and Jeandel, 2005; Rickli et al., 2014). While some studies 

concluded that boundary exchange can be locally limited and its effects eventually diluted by 

surrounding waters (Stichel et al., 2012a), a few studies observed the ‘fingerprint’ of this 

non-conservative behaviour of Nd in water masses far from the area of seawater-sediment 

interaction (Lacan and Jeandel, 2001; Rickli et al., 2014). 

 

 
 

Figure 1.2 Extrapolated map from discrete data points showing the variability of the Nd isotope 
composition for all continental margins surrounding the ocean (Jeandel et al., 2007).  
 

Finally, Nd concentrations exhibit nutrient-like behaviour and are de-coupled from Nd 

isotopes, which tend to reflect water mass mixing, a paradigm known as the Nd-paradox 

(Lacan and Jeandel, 2001; Goldstein and Hemming, 2003). Neodymium concentrations are 

depleted at the surface and they increase with depth and in deep waters along the ocean 

conveyor belt (Elderfield and Greaves, 1982; De Baar et al., 1985; Bertram and Elderfield, 

1993). This suggests that processes other than external Nd inputs to the ocean and water mass 
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mixing affect Nd distribution and cycling in the water column. Reversible scavenging, which 

encompasses both adsorption and desorption between dissolved and particulate Nd in the 

water column, has been proposed to account for the Nd-paradox (Tachikawa et al., 1997; 

Siddall et al., 2008; Arsouze et al., 2009; Rempfer et al., 2011).  

Despite the recent progress made by the GEOTRACES programme, there are still large 

gaps in observational data, which makes it difficult to fully constrain the cycling of Nd in the 

ocean and assess whether Nd isotopes are indeed a robust water mass tracer. 

1.3. Lead isotopes in the ocean  

1.3.1. Lead isotope systematics 

Lead has four naturally occurring stable isotopes: 208Pb, 207Pb, 206Pb and 204Pb. The 204Pb 

isotope is the lowest abundance isotope (~1%; Dickin, 2005; Komárek et al., 2008) and is a 

primordial nuclide which can act as a constant reference isotope. In contrast, 206Pb, 207Pb and 
208Pb are radiogenic daughters from the decay chains of 238U, 235U and 232Th, respectively. 

The isotopic composition of Pb in a terrestrial reservoir is a function of three variables: (1) 

the decay rate of the parent isotopes (half-lives = 4.47 Gyr, 0.704 Gyr and 14.01 Gyr for 238U, 
235U and 232Th, respectively; Le Roux and Glendenin, 1963; Jaffey, et al., 1971); (2) the 

initial abundance of U, Th and Pb isotopes in the source reservoir; and (3) the geological age 

of the reservoir. 

During the formation of a terrestrial reservoir, elemental fractionation will generate a 

unique chemical fingerprint characterised by distinct U/Pb and Th/Pb ratios. The differences 

in the initial abundances of the radioactive parents 235U, 238U and 232Th (relative to the 

inherited Pb already present), coupled with the contrasting half-lives of the decay systems, 

produce different relative abundances of the radiogenic daughters 206Pb, 207Pb and 208Pb over 

a period of time. Reservoirs with distinct Pb isotope signatures, furthermore, mix over time to 

generate a diverse array of terrestrial reservoirs that have unique intermediate Pb isotope 

compositions (Settle and Patterson, 1980; Bollhöfer and Rosman, 2000). Therefore, the Pb 

ores that are employed in various anthropogenic activities, and the subsequent anthropogenic 

emissions from these ores, exhibit unique Pb isotope signatures. The relative mass 

differences between Pb isotopes are relatively small due to the high atomic weight of Pb. As 

a consequence, the stable isotope fractionation of Pb isotopes from physical, chemical or 

biological processes is essentially negligible compared to the observed radiogenic isotope 
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effects. Therefore, Pb isotopes have been employed as a tool to identify the different sources 

and pathways of Pb in the environment (e.g., Rosman et al., 1994; Knowlton and Moran, 

2010). 

1.3.2. Spatiotemporal changes in anthropogenic Pb sources to the North Atlantic 

During the 19th and 20th century, anthropogenic emissions from high temperature processes 

such as fossil fuel combustion, non-ferrous metal smelting and waste incineration have 

significantly perturbed the global biogeochemical cycles of many trace elements (Nriagu and 

Pacyna, 1988; Duce et al., 1991). These high temperature processes vaporise and emit 

volatile elements and pollutants such as Pb to the atmosphere where they eventually condense 

onto fine atmospheric particles (e.g., Cziczo et al., 2009) before being transported long 

distances to the marine environment (Duce et al., 1991). The dominance of atmospheric 

inputs of Pb over riverine fluxes (Duce et al., 1991), coupled with the short residence time of 

Pb in the surface ocean (1–2 years; Craig et al., 1973; Bacon et al., 1976) and the magnitude 

of historic anthropogenic Pb emissions, means that the modern ocean is completely 

overwhelmed by anthropogenic Pb sources (Boyle et al., 2014). 

Seawater Pb isotope composition data has provided important information about the 

spatiotemporal changes of Pb sources to the modern ocean. Since the first seawater Pb 

measurements in the 1970s (Schaule and Patterson, 1981), most studies have focused on the 

North Atlantic Ocean, a region surrounded by early-industrialised countries and historically 

the biggest consumers of leaded petrol (Nriagu, 1990). The Bermuda Atlantic Time Series 

(BATS) station, in conjunction with regional coral analyses dating back to 1780, has 

provided an extensive time series of surface Pb concentrations and isotope compositions for 

the western North Atlantic Ocean (Figure 1.3; Kelly et al., 2009). The surface water trends 

have followed the fluctuations in emission intensities and alterations in Pb ores used to 

sustain US and European industrial activities over the course of the last two hundred years 

(Wu and Boyle, 1997a; Véron et al., 1998; Hurst, 2002; Kelly et al., 2009).  

For example, the trend in Pb isotope composition between 1920 and 1980 follows the 

different Pb ores used for the production of the petrol additive tetraethyllead. Before 1973, 

Ethyl Corporation (US), the main producer of tetraethyllead, used both Idaho smelter Pb with 

low 206Pb/207Pb ratios (~1.15) and the Mississippi ores with high 206Pb/207Pb ratios (~1.22), 

resulting in a fluctuating intermediate 206Pb/207Pb signature in the coral records (Figure 1.3).  

 



  

23 
 

 

 
 

Figure 1.3 Pb concentration (top) and 206Pb/207Pb ratio (bottom) of surface water near Bermuda 
between 1880–2000. The data before 1979 corresponds to analyses from three types of corals. The 
data between 1979–2000 corresponds to the annual average of direct seawater measurements (Kelly et 
al., 2009). 
 

After 1973, tetraethyllead production explicitly used Mississippi ores because the Idaho 

smelter ceased production (Boyle et al., 2014). As a consequence, westerlies shifted to much 

higher 206Pb/207Pb isotope ratios and supplied a distinctly higher 206Pb/207Pb signature to 

BATS surface waters (Figure 1.3; Weiss et al., 2003).  

Similarly, the decrease in surface water Pb concentrations and isotope compositions in the 

1980s can be attributed to the dominance of Eurafrican emissions as the phase-out of leaded 

petrol in the US began earlier than in European countries (Véron et al., 1994). The majority 

of European tetraethyllead was produced by Associated Octel (UK), which used Pb ores with 

significantly lower 206Pb/207Pb ratios from Australia, Morocco and Sweden (1.11–1.16; 
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Hopper et al., 1991; Grousset et al., 1994). At the same time, during the phase-out of leaded 

petrol, the US began to source Mexican-Peruvian ores for tetraethyllead production with 

much lower 206Pb/207Pb ratios than Mississippi ores, resulting in prevailing US westerlies 

with much lower 206Pb/207Pb emissions (Weiss et al., 2003). The complete phase-out of 

leaded petrol across North America and Europe in the 1990s resulted in both Pb 

concentrations and 206Pb/207Pb ratios decreasing and the Pb isotope composition reflecting the 

low-level industrial emissions from both continents (Boyle et al., 2012; Noble et al., 2015). 

Across the entire North Atlantic basin, Pb concentration and isotope composition data 

from the eastern, subarctic and tropical regions have provided information about natural 

sources of Pb and the long-distance transport mechanisms of anthropogenic emissions. In the 

early 1980s, the surface water distribution of Pb isotope compositions in the North Atlantic 

displayed strong latitudinal sections, which mirrored the prevailing wind belts in the 

atmosphere (Weiss et al., 2003). As expected, surface seawater Pb isotope compositions were 

dominated by two anthropogenic end members (Eastern US and European sources), with the 

Eastern US source dominating the latitudinal section of the prevailing westerlies. However, 

the presence of a strong Eastern US signature towards Africa within the trade wind zone 

suggested that lateral advection of surface seawater from the western North Atlantic to the 

North African Basin must also act as an important mechanism for the transport of Pb 

emissions (Véron et al., 1994). Moreover, the presence of a different Pb isotope signature in 

the Iberian Basin provided evidence of a regionalised natural North African Pb source to the 

North Atlantic (Weiss et al., 2003). 

Since the phase-out of leaded petrol in the US and Europe, surface waters have become 

increasingly homogenous in Pb concentrations and isotope compositions, with no significant 

bias towards any of the anthropogenic Pb sources (Weiss et al., 2003). Recent high-resolution 

transects across the North Atlantic have even shown that natural sources are now important 

sources of Pb to the North Atlantic (Bridgestock et al., 2016; Zurbrick et al., 2018). For 

example, tropical Atlantic surface waters now exhibit a significant component of North 

African dust (characterised by high 206Pb/207Pb and 208Pb/207Pb ratios) that accounts for  

30–50% of the total surface water Pb budget (Bridgestock et al., 2016). 
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1.3.3. Processes controlling the distribution of Pb in the North Atlantic 

Since the late 1970s, vertical distributions of Pb concentrations and isotope compositions 

have been measured at BATS to provide a time series of the transport of anthropogenic Pb to 

the western North Atlantic deep ocean (Figure 1.4). More recently, high-resolution full depth 

transects across the North Atlantic have been obtained during several GEOTRACES cruises 

to help elucidate the processes controlling the distribution of anthropogenic Pb emissions in 

the water column (Noble et al., 2015; Bridgestock et al., 2016; Zurbrick et al., 2018).   

Surface water Pb is exported predominantly by advection and eddy diffusion along 

isopycnals into the thermocline and deeper waters. Given the residence time of Pb in the deep 

ocean (50–200 years; e.g., Craig et al., 1973; Bacon et al., 1976; Schaule and Patterson, 

1981) and the decadal timescales of thermocline water ventilation (Jenkins, 1980), 

anthropogenic Pb in surface waters will be exported to the deep ocean on decadal timescales. 

This is highlighted by the BATS vertical profile time series in the western North Atlantic 

where thermocline Pb concentrations decrease following a reduction in the surface Pb 

concentrations on a decadal timescale (Figure 1.4; Boyle et al., 2014; Noble et al., 2015).  

 

 
Figure 1.4 Vertical profiles for Pb concentrations (left) and 206Pb/207Pb ratios (right) at BATS 
showing the temporal variability in the water column between 1977 and 2011 (Noble et al., 2015). 



  

26 
 

The dominance and strength of lateral advection in transporting anthropogenic Pb in the 

western Atlantic has been shown by a recent high resolution transect across the North 

Atlantic basin. Peak Pb concentrations reside at the subsurface but become progressively 

broader as the signal deepens towards the west (Noble et al., 2015). This subsurface 

anthropogenic Pb distribution reflects the differences in ventilation timescales across the 

basin where the western North Atlantic deep waters correspond to more recently ventilated 

waters, which were exposed to peak Pb emissions during the US phase-out of leaded petrol in 

the early 1980s.  

Modelling studies support the conclusion that physical ventilation of the surface 

mixed layer dominates the transport of surface anthropogenic Pb to the deeper ocean in the 

western North Atlantic Ocean (Boyle, 1986; Shen and Boyle, 1988). The inability of the 

models to reproduce the Pb profiles below the subsurface, however, implies that the vertical 

transport of anthropogenic Pb via scavenging and equilibrium exchange may exert some 

control on the distribution of Pb in this region. Recent observational discrepancies in Pb 

concentrations and isotope compositions of intermediate water masses provide empirical 

evidence that, although physical processes dominate the transport of anthropogenic Pb to 

intermediate and deep waters of the North Atlantic Ocean, there must be an interplay between 

advection and scavenging which controls the redistribution of Pb emissions in the region 

(Bridgestock et al., 2016; Zurbrick et al., 2018). 

Although the GEOTRACES programme has increased the number of observational 

data over the last decade, data coverage across other ocean basins is still limited especially 

when compared to other trace element isotope systems (e.g., Nd). The lack of observations 

ultimately reflects the extreme analytical challenges presented by: (1) the necessity of 

ultraclean protocols for sampling and lab analysis to avoid sample contamination; (2) time-

consuming Pb extraction, purification and measurement procedures; (3) inaccurate 

procedures for the correction of instrumental mass bias; and (4) insufficient instrumental 

detection limits to measure Pb isotopes in seawater at extremely low concentrations. 

Improvements in analytical protocols as well as high-resolution sampling transects in 

hydrographically and biogeochemically complex regions is critical in order to understand the 

processes that control the biogeochemical cycling of Pb in the ocean and its potential to act as 

a tracer of ocean processes. 
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1.4. Importance of the Southern Ocean 

1.4.1. Ocean circulation and oceanographic fronts 

The continuous zonal flow of atmospheric and oceanic circulation is a unique feature of the 

Southern Ocean (Figure 1.5). The westerlies, a strong belt of atmospheric flow located 

between 45°S and 55°S, drives the eastward flowing Antarctic Circumpolar Current (ACC; 

Figure 1.5; Trenberth et al., 1990; Lumpkin and Speer, 2007). The ACC circulates Antarctica 

with an annual mean transport of approximately 130 Sv and consists of a number of 

interlinked currents with multiple branches which produce highly dynamic flow (e.g., 

Sokolov and Rintoul, 2009). Despite the complexity of current flow, three main fronts can be 

distinguished: the Subantarctic Front (SAF), the Polar Front (PF) and the Southern ACC 

Front (SACCF; Orsi et al., 1995). At lower latitudes, the ACC is restricted by the SAF where 

warm and saline waters are separated from higher latitude cold fresh waters, while farther 

poleward, the SACCF forms the southern boundary of the ACC (e.g. Orsi et al., 1995). In 

between these two boundary fronts, the SAF and PF are characterised by strong physical and 

biogeochemical meridional gradients (Pollard et al 2002).  

 

 
 

Figure 1.5 Map of the Southern Ocean with green arrows showing the direction and strength of the 
surface currents, with the largest arrows indicating the location of ACC flow. The orange bands show 
the mean geographical position of the Polar Front (PF) and Subantarctic Front (SAF) while the black 
lines denote the mean winter and summer ice extent (Marshall and Speer, 2012).  
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The meridional gradients between the SAF and PF are a product of steeply rising isopycnals 

caused by meridional flow in the Southern Ocean (Figure 1.6; Speer et al., 2000; Rintoul and 

Trull, 2001). The southward transported Circumpolar Deep Water (CDW) upwells south of 

the PF and supplies nutrient-rich deep waters to the surface. The path of the CDW return flow 

depends on the density of the deep water. Following upwelling, less dense Upper CDW is 

transported northward in a wind-driven Ekman flow and subducts north of the PF (Figure 

1.6). The denser shoaling Lower CDW water mixes with dense shelf water along the 

Antarctic continental ice shelf to form Antarctic Bottom Water (AABW; Rintoul, 1998; Orsi 

et al., 1999). The steep density gradients between the fronts results in a weakly stratified 

water column that can be destabilised, leading to deep winter mixed layers and large seasonal 

variations of mixed layer depths (e.g., de Boyer Montegut et al., 2004). The deep winter 

mixing, and associated formation of subducted Antarctic Intermediate Water (AAIW) and 

Subantarctic Mode Water (SAMW), is critical in ventilating the intermediate ocean and 

transferring nutrients to lower latitudes (Rintoul and Trull, 2001).  

1.4.2. Southern Ocean biogeochemistry: A High-Nutrient-Low-Chloroyphyll region 

The upwelling of deep waters in the Southern Ocean supplies nutrient-rich waters to the 

surface through isopycnal and diapycnal transport (Figure 1.6; Pollard et al., 2002). Despite 

the high supply of macronutrients to the surface waters of the Southern Ocean, biological 

production and phytoplankton growth across the Southern Ocean remains limited (e.g., 

Sarmiento et al., 2004). The combination of high macronutrient concentrations and low 

chlorophyll levels means that the Southern Ocean forms the largest High-Nutrient-Low-

Chlorophyll (HNLC) region in the world (Martin et al., 1990; Sarmiento and Orr, 1991). 

Primary production in the Southern Ocean is controlled predominantly by the 

availability of light and micronutrients (e.g., Sunda and Huntsman, 1997). The amount of 

light available for primary production depends on latitude, season, sea ice coverage and the 

intensity of vertical mixing. When light is not limiting, biological productivity in the 

Southern Ocean is limited by the supply of iron (Fe), a critical micronutrient in the 

photosynthetic process of phytoplankton (e.g. Martin et al., 1990; De Baar and De Jong, 

2001; Tagliabue et al., 2010). There are very few external sources of Fe to the Southern 

Ocean: inputs from atmospheric sources are highly regionalised, such as the Kerguelen 

plateau (Blain et al., 2007); hydrothermal sources have recently been shown to be important 

in the Southern Ocean, but these sources only trigger local hotspots of enhanced biological  



  

29 
 

 
Figure 1.6 Schematic showing the meridional flow and distribution of nutrients (silicate) controlling 
the biological processes across the Southern Ocean fronts. Upper Circumpolar Deep Water (CDW) 
upwells to the surface of the Southern Ocean to form the HNLC Antarctic region. This water mass is 
transported to the north across the Polar Front (PF) into the Polar Front Zone (PFZ), where Antarctic 
Intermediate Water (AAIW) forms, and then across the Subantarctic Front (SAF) into the 
Subantarctic Zone (SAZ). The shades of purple correspond to areas of high (deep purple) and low 
(light purple) silicate concentrations. Silicate is gradually depleted in surface waters in an 
equatorward direction until silicate limitation is reached at low latitudes (adapted from Sarmiento et 
al., 2004). 
 

activity and their large-scale effect on Southern Ocean biogeochemistry still remains 

unconstrained (e.g., Ardyna et al., 2019); and continental riverine inputs of Fe are negligible 

(De Baar and De Jong, 2001). As is the case for the macronutrients, upwelling is one of the 

main sources of Fe to surface waters (Figure 1.6; Tagliabue et al., 2010); but unlike 

macronutrients, Fe is continuously removed down through the water column via scavenging, 

which converts bioavailable soluble Fe to colloidal or particulate forms through adsorption, 

precipitation and aggregation (e.g., Wu et al., 2001). As a consequence, Fe to macronutrient 

ratios of upwelled deep waters are insufficient to sustain biological production in the 

Southern Ocean resulting in the HNLC Antarctic region (Figure 1.6). 

The Southern Ocean PF signifies the biogeochemical divide between the HNLC 

Antarctic region, where summer inventories of all macronutrients (nitrate, phosphate and 

silicate) are available in surface waters, and the subantarctic sector, where Fe supplied from 

sea ice and upwelled silica-rich deep are sufficient to sustain intense diatom blooms and opal 

production (Figure 1.6; Brzezinski et al., 2002; Sarmiento et al., 2004). Moving northwards, 

while nitrate and phosphate remain in abundance, silicate concentrations become 



  

30 
 

progressively depleted and eventually limit opal production (Figure 1.6). The Southern Ocean 

is therefore characterised by distinct biogeochemical provinces with strong opal gradients 

across the frontal system (Figure 1.6).  

The combination of ACC transport, meridional circulation and biogeochemical regimes 

is critical in the global transfer of physical (heat and salt) and biogeochemical (carbon, 

oxygen etc.) properties to other ocean basins and the atmosphere. The Southern Ocean 

therefore plays an important role in mitigating present and past climate change (e.g., Marshall 

and Speer, 2012). An understanding of the biogeochemical cycling of Nd and constraints on 

the present-day Nd isotope compositions of key bottom and deep-water formation sites are 

essential pre-requisites for the application of Nd isotopes as a palaeo-proxy. Moreover, the 

dynamic interplay between physical and biogeochemical processes in the Southern Ocean 

will inevitably play an important role in the global redistribution of both anthropogenic and 

natural Pb. Despite the importance of the Southern Ocean, the data currently available for 

seawater Nd isotope composition in this region is spatially limited to results obtained for 

seawater samples collected in the vicinity of West Antarctica (Figure 1.7 (a)). There is an 

even greater paucity of Pb isotope data available for seawater samples across the Southern 

Ocean (Figure 1.7 (b)).  

1.5. Research aims, objectives and thesis outline 

The aim of this thesis is to understand the processes that control the biogeochemical cycling 

of Nd and Pb in the Australian Sector of the Southern Ocean proximal to East Antarctica. In 

order to achieve this aim, the following research objectives were designed and addressed: 

Objective 1: Determine the processes that govern the Nd isotope composition of deep 

and bottom waters (AABW) across the East Antarctic continental shelf. 

In chapter 2, Nd isotope composition and dissolved rare earth element (REE) concentration 

results are presented for seawater samples collected along the Wilkes Land continental 

margin. The study was conducted to test the hypothesis that AABW at this location reflects 

the regional weathered inputs of Nd to the Southern Ocean from Antarctica.  
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Objective 2: Develop an analytical procedure to determine the Pb isotope composition 

of seawater that (1) provides unbiased and precise results and (2) has a greater 

analytical throughput than established high-precision methods. 

Chapter 3 describes a new method that was developed to provide high-precision seawater Pb 

isotope analyses while simultaneously improving the analytical throughput. The procedure 

involves solid-phase extraction of Pb from seawater using Nobias chelate PA-1 resin, 

purification by anion-exchange chromatography, and analyses by MC-ICP-MS using a  
207Pb-204Pb double-spike to correct for instrumental mass discrimination.  

Objective 3: Determine the relative importance of the different transport mechanisms 

for the redistribution of anthropogenic Pb into the interior of the Southern Ocean. 

In chapter 4, seawater samples were collected along a meridional transect between Australia 

and Antarctica for analyses of Pb concentrations and isotope compositions. This was 

conducted to test the hypothesis that particle scavenging is as an important mechanism for the 

transport of anthropogenic Pb to the deep ocean in this region. 
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Chapter 2 
 
 
 

Neodymium isotope composition and rare earth 

element distribution of East Antarctic continental 

shelf and deep water 
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Abstract 

Antarctic Bottom Water (AABW) plays a key role in the Earth’s climate system by forming 

the lower limb of the Meridional Overturning Circulation and, thus, influencing large scale 

redistribution of heat, nutrients and carbon. The neodymium (Nd) isotope composition of 

seawater has been used as palaeo-proxy to understand circulation changes in AABW through 

time. The biogeochemical processes controlling Nd in seawater, however, remain under 

constrained, and modern observations of Nd isotopes in AABW are still scarce and 

geographically limited.  

To overcome this limitation, samples were collected for Nd isotope and rare earth 

element (REE) analysis at nine stations along the Wilkes Land continental margin and in the 

Australian-Antarctic Basin (65°S 125°E). The results show that the different water masses 

have the following Nd isotope characteristics: Antarctic Surface Water (AASW),  

εNd = −9.0 ± 1.0 (2sd; n = 22); Modified Circumpolar Deep Water (MCDW),  

εNd = −8.8 ± 0.8 (2sd; n = 22); Antarctic Bottom Water (AABW), εNd = −8.3 ± 0.5  

(2sd; n = 17). MCDW values are within the range of published data for Circumpolar Deep 

Water in the Southern Ocean. This, coupled with no observable fractionation of REEs, 

suggests that boundary exchange processes do not modify the Nd isotope composition of 

MCDW on the continental slope and shelf. AABW observations confirm regional variability 

around Antarctica: AABW along the Wilkes Land continental margin exhibits a distinct 

intermediate εNd signature lying between that of published data for less radiogenic Atlantic 

sector AABW (εNd = −9.1 ± 0.7) and more radiogenic Pacific sector AABW (εNd = −7.4 ± 

0.9). REE data suggests, however, that the regional εNd signature is not caused by distinct 

local continental inputs, but instead reflects mixing of advected AABW with local MCDW 

and CDW.  

An algorithm, using a neural network model based on spatial and hydrographic data, has 

been developed to assess the spatial variability of εNd for AABW across the Southern Ocean. 

The model predicts the Nd isotope composition of AABW with high accuracy  

(n = 67; 2sd = 0.44). When the algorithm is applied to an independent hydrographic dataset 

(WOA13), the results highlight the difference between radiogenic and unradiogenic AABW 

in the east and west, respectively, as well as εNd extrema in areas of AABW formation. Further 

studies from different regions around East Antarctica, however, are required to quantify how 

boundary exchange and local inputs affect deep and bottom water εNd signatures. 
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2.1. Introduction 

Since the late 1970’s, neodymium (Nd) isotopes, or the radiogenic 143Nd/144Nd ratio, 

commonly expressed as εNd, (the parts per 10,000 deviation of any sample from the Chondritic 

Uniform Reservoir, CHUR; Jacobsen and Wasserburg, 1980), have been identified as an 

effective ‘quasi-conservative’ water mass tracer for present and past ocean circulation (e.g., 

Piepgras et al., 1979; Piepgras and Wasserburg, 1980; Goldstein and Hemming, 2003; 

Piotrowski et al., 2008). The term quasi-conservative explains how the initial εNd value for a 

water mass is set by the external inputs of weathered rocks with different petrogenetic origins 

around the formation zone of a water mass (e.g., Piepgras et al., 1979; Elderfield and Greaves, 

1982; Jeandel et al., 2007), but how subsequent changes in open ocean εNd are controlled by 

water mass mixing (e.g., Piepgras et al., 1979; Piepgras and Jacobsen, 1988). This  

quasi-conservative behaviour, coupled with a shorter Nd ocean residence time (300–1000 

years; Tachikawa et al., 2003; Rempfer et al., 2011) relative to global ocean mixing 

timescales (1500 years; Broecker and Peng, 1982), allows Nd isotopes  to act as an inter-basin 

water mass tracer with useful applications in regions of important and complex physical 

dynamics.   

The Southern Ocean plays an important role in present and past climate change through 

global heat redistribution and carbon cycling (e.g., Deacon, 1937; Deacon, 1984; Gruber et 

al., 2004; Russell and Dixon, 2006; Lumpkin and Speer, 2007; Morrison and Hogg, 2012). 

Antarctic Bottom Water (AABW) constitutes an important component of the lower limb of 

the overturning circulation (Speer et al., 2000; Pardo et al., 2012). Several studies have 

attempted to understand past changes in formation and northward AABW transport using Nd 

isotopes on a range of timescales (e.g., Scher and Martin, 2004; Piotrowski et al., 2008; 

Piotrowski et al., 2009; Lippold et al., 2016; Lang et al., 2016). The success of this approach, 

however, depends on two key requirements: firstly, a well-established end-member value for 

AABW as a frame of reference for palaeo-oceanographic studies; and secondly, an 

understanding of the mechanisms controlling modern Nd biogeochemical cycles.  Progress on 

both issues, however, ultimately depends on the number of observations available. Moreover, 

improved spatial resolution of Nd isotope data in the Southern Ocean over the last decade has 

provided direct observations of Nd isotope variability in AABW that could provide clear 

challenges for palaeo-proxy applications. 

Neodymium isotopes in the Southern Ocean not only reflect physical mixing but are 

also a sensitive tracer for the provenance of weathering inputs from the Antarctic continent 
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(Carter et al., 2012; Stichel, 2012b; Rickli et al., 2014). AABW has a number of different 

formation sites, including, but not restricted to, the Weddell Sea, the Ross Sea, Adélie Land 

and Prydz Bay (Orsi et al., 1999). The observed local differences between Ross Sea Bottom 

Water (RSBW, εNd = –7; Basak et al., 2015), a local precursor of AABW in the Ross Sea, and 

AABW in the Atlantic sector of the Southern Ocean (εNd = –8.6 to –9.6; Stichel et al., 2012b) 

could reflect localisation of AABW caused by regional varieties of external inputs across the 

continent at the site of water mass formation.  

A further consideration is the influence of ‘boundary exchange’ on the Nd isotope 

composition of AABW. Boundary exchange refers to all the potential processes leading to 

either the net release or removal of Nd at the land-ocean interface which can either set or alter 

the Nd isotope signature of a water mass (e.g., Lacan and Jeandel, 2005; Jeandel and Oelkers, 

2015; Jeandel, 2016). Rousseau et al. (2015) has shown that the Nd isotope composition of 

waters in the North Atlantic are set by lithogenic inputs around the continental margins of the 

Amazon estuary. Importantly, boundary exchange processes can significantly alter the Nd 

isotope composition of seawater by adsorption and/or desorption mechanisms, particle 

dissolution and benthic fluxes during water mass transit near ocean boundaries (Jeandel and 

Oelkers, 2015; Jeandel, 2016). For example, Rickli et al. (2014) reported direct observations 

of changes in the Nd isotope signature of AABW across the Pacific sector of the Southern 

Ocean that could be related to the range of εNd values in the shelf lithology of Antarctica (Roy 

et al., 2007; van de Flierdt et al., 2007). The coupled effect of regional inputs during water 

mass formation and ‘boundary exchange’ reinforces the possibility of very different and 

localised εNd signatures of AABW around the Antarctic continent.  

One of the main sources of AABW in the Southern Ocean comes from the Adélie Land 

coast in East Antarctica (e.g., Orsi et al., 1999; Rintoul, 1998). This form of AABW 

constitutes the main bottom water exported across the Wilkes Land continental margin and 

into the eastern Indian Ocean (e.g., Nakano and Suginohara, 2002; Fukamachi et al., 2010). 

Although recent observations have characterised the Nd isotopic fingerprint of this particular 

form of AABW near its formation site (Lambelet et al., 2018), there still remains a severe 

lack of data around East Antarctica (Figure 1.1 (a)). Consequently, the potential influence of 

regional inputs and ‘boundary exchange’ on this local AABW as it is exported across the 

Wilkes Land continental margin has not yet been examined. This study will present 61 new 

measurements of water column Nd isotope composition and dissolved rare earth element 

(REE) concentrations from the Wilkes Land continental margin. The integration of REE 

patterns with Nd isotope composition of seawater will help elucidate how inputs and 
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biogeochemical processes are affecting the εNd signatures of deep and bottom waters masses 

along East Antarctic margins. The aim, therefore, will be to (1) understand how local varieties 

of AABW may reflect different regional inputs of Nd to the Southern Ocean from East 

Antarctica; and (2) examine the extent to which boundary exchange either sets or alters the 

Nd isotope signature of deep and bottom water masses in East Antarctica.  

2.2. Oceanographic setting 

2.2.1. Regional circulation in the Australian-Antarctic Basin 

The Australian-Antarctic basin is bounded to the south by Wilkes Land and Adélie Land 

continental margin, to the west by the Kerguelen Plateau and to the north and east by the 

South-Indian Ridge (Figure 2.1 (a)). The regional circulation patterns show three important 

features: the Antarctic Circumpolar Current (ACC), a cyclonic gyre and the westward 

Antarctic Continental Slope Current (Figure 2.1 (a); McCartney and Donohue, 2007). 

In the southwest Australian-Antarctic Basin, a western boundary current travels 

northward along the eastern margin of the Kerguelen Plateau (black arrows; Figure 2.1 (a)). 

This western boundary current forms from the northward extension of the westward Antarctic 

Continental Slope Current (blue arrows; Figure 2.1 (a)) and is enhanced by eastward residual 

flow through the Princess Elizabeth Trough (purple arrows; Figure 2.1 (a)) and the Fawn 

Trough (green arrows; Figure 2.1 (a)). An eastward flow, a combination of the ACC and 

warmer waters from the Atlantic, enters the Australian-Antarctic Basin north of the 

Kerguelen Plateau (red arrows; Figure 2.1 (a)). The Crozet-Kerguelen Confluence forms east 

of the Kerguelen Plateau where the eastward flowing ACC encounters the western boundary 

current and its residual currents. This confluence moves eastwards after separating from the 

western boundary current and extends with the ACC along the Southeast Indian Ridge and 

continues into the Pacific Ocean. The western boundary current flows along the centre of the 

basin, eventually recirculating south and then west along the continental slope with the 

Antarctic Continental Slope Current (black arrows; Figure 2.1 (a)). The western boundary 

current and the Crozet-Kerguelen Confluence form, respectively, the western and northern 

limb of this strong cyclonic gyre in the Australian-Antarctic Basin. 
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Figure 2.1 Study area of the Wilkes Land continental margin, East Antarctica. Figure 2.1 (a) is a 
schematic of the regional circulation patterns off the coast of eastern East Antarctica (Wilkes Land) 
and around the Australian-Antarctic Basin (adapted from McCartney and Donohue, 2007). The 
following abbreviations are used to label geographical landmarks: Princess Elizabeth Trough (P.E.T.), 
Fawn Trough (F.T.), Kerguelen Plateau (K.P.), and the Southeast Indian Ridge (S.I.R.). Blue and 
solid black arrows represent the westward flow of the Antarctic Slope Current and the cyclonic gyre 
within the Australian-Antarctic Basin, respectively. Part of the cyclonic gyre passes west into the 
Weddell-Enderby Basin and recirculates back into the Australian-Antarctic Basin as currents through 
the Princess Elizabeth Trough (purple arrows) and Fawn Trough (green arrows). The red arrows 
correspond to the Antarctic Circumpolar Current domain. East of Kerguelen Plateau, the three inflows 
from the west (purple, green and red) and the western boundary current of the Australian-Antarctic 
Basin cyclonic gyre form the Crozet-Kerguelen Confluence. The red box indicates the area of  
Figure 2.1 (b), which enlarges the location of nine sampling stations in the area of the Wilkes Land 
continental margin (NBP1503). The circles (stations 2, 40 and 41) represent the deep offshore 
stations, the squares (stations 6, 15, and 24) show the slope stations and triangles (stations 5, 10 and 
18) denote the shelf stations. The symbol colours denote relative latitudinal position of the stations: 
yellow (east), black (west) and red (in between).  
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2.2.2. Study area: Wilkes Land continental margin 

There were two main considerations when selecting the sampling location: (1) the formation 

site of local AABW and (2) the circulation regime of this local AABW precursor. Local 

AABW forms at the Adélie Depression between 140°E–146°E along the continental margin 

(Rintoul, 1998). Bindoff et al., (2000) has also associated extrema in local bottom water 

properties on the continental slope at 139.8°E and 128.4°E with bottom-water-formation 

processes. Considering the Antarctic Continental Slope Current drives bottom waters 

westward along the margin, capturing the local AABW would require sampling west of 

140°E. On the Wilkes Land continental margin between 120°E and 135°E, nine stations were 

identified where seawater samples could be collected to cover the features of the continental 

margin (Figure 2.1 (b)). The stations are categorised depending on their proximity to the 

Antarctic continent: three deep offshore stations (> 3000 m depth; stations 2, 40 and 41); 

three continental slope stations (1000–3000 m depth; stations 6, 15 and 24); and three shelf 

stations (< 1000 m depth; stations 5, 10 and 18). All stations are located along the Antarctic 

continental margin within the Antarctic Zone and do not cross the major fronts of the 

Southern Ocean (e.g., Sokolov and Rintoul, 2002). The shelf system is extremely dynamic 

and affected by seasonal sea ice formation. Here, the hydrographic data (temperature, salinity 

and oxygen) from the expedition NBP1503 on the R/V Nathaniel B. Palmer during the 

Austral Autumn (3/04/2015–30/04/2015) is used to define the seasonal hydrographic 

conditions and water masses at the time of sampling.  

2.2.3. Water mass distribution 

The major water masses dominating the Australian-Antarctic basin are Antarctic Surface 

Waters (AASW), Modified Circumpolar Deep Water (MCDW), and Antarctic Bottom Water 

(AABW; Figure 2.2). These water masses have been identified based on potential 

temperature (θ, °C), practical salinity (S, psu) and neutral density (γn, kg m-3; Jackett and 

McDougall, 1997). 

Antarctic Surface Water is defined as a water mass with a neutral density less than 

28.03 kg m-3, potential temperatures ranging from –1.84 °C to 2.0 °C and salinity values 

greater than 34 (Figure 2.2; Whitworth et al., 1998). The large potential temperature range 

enables a subdivision of AASW into three classes: cold (θ < –1.6 °C), intermediate  

(–1.6 < θ < 0 °C) and warm (θ > 0 °C). The coldest class tends to reside over the shelf and 

continental slope while the two warmer forms of AASW sit more offshore between the 
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MCDW and shallow temperature-minimum layer (Figure 2.2 (a–c); Bindoff et al., 2000). 

AASW in the study region has very high AASW temperatures off the continental slope 

(Figure 2.2 (a)). Station 6, located on the continental shelf, but close to offshore station 41, 

has very cold AASW (θ = –1.75 °C; Figure 2.2 (b)). 

Modified Circumpolar Deep Water is a mixture of offshore Circumpolar Deep Water 

(CDW) and local shelf water as CDW flows poleward onto the continental margin 

(Whitworth et al., 1998). This water mass occupies the density range in between the AASW 

and AABW in the study region, and is significantly colder (θ < 1.8 °C) and less saline  

(S < 34.7) than normal CDW (Wong et al., 1998). Bindoff et al., (2000) showed that CDW 

exhibits a distinct spatial structure, with the warmest and most saline CDW (θ ~ 2°C) residing 

to the west (80°E–100°E), and more modified colder (θ < 1.75 °C) and fresher waters in the 

east (140°E–150°E) close to the formation areas of bottom waters. Figure 2.2 reinforces this 

spatial structure: CDW is not present at intermediate and deep water depths in this region and 

MCDW has a persistent signal off the continental shelf at deep stations (e.g., station 41; 

Figure 2.2 (a)). Station 2 and 41, however, show very high potential temperature values  

(θ = ~1.75 °C) across an appropriate salinity range (S = ~34.7) which may signify the 

presence of a less modified CDW off the continental slope. 

AABW is the dominant bottom water of the region with a neutral density greater than 

28.27 kg m-3, potential temperatures greater than –1.7°C and a salinities between 34.65 and 

34.72 (Whitworth et al., 1998). Figure 2.2 (c) indicates that AABW is not present on the shelf 

during the austral summer and, therefore, MCDW forms the bottom water mass for stations 

closest to the continent. Adélie Land Bottom Water (ALBW) constitutes an important local 

precursor for AABW, but there is no evidence in this region of ALBW with its dense  

(γn > 28.27 kg m-3), warm (θ < –0.5 °C) and less saline (34.66 < S < 34.68) properties.  

2.3. Materials and methods 

2.3.1. Sampling procedure 

A total of 61 seawater samples across nine stations were collected for Nd isotope 

composition and REE analysis during the expedition NBP1503 on the R/V Nathaniel B. 

Palmer between 3rd April and 30th April 2015. All samples were collected using 12 L 

standard Niskin bottles (Ocean Test Equipment Inc.) mounted on a CTD rosette frame. 

Approximately 10 L of seawater was filtered directly from the Niskin bottles into collapsible 

10 L pre-cleaned LDPE containers using 0.2 μm AcroPak500 cartridge filters.  
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The samples were then acidified on board to pH ~2 with 6 M HCl (2 mL L-1; Trace Metal 

Grade, Fisher Scientific). At the MAGIC Laboratories (Imperial College London, UK) in a 

Class 100 (ISO V) laminar flow hood, ~250 mL aliquots of each seawater sample were taken 

in pre-cleaned 500 mL LDPE bottles for REE analyses. 

2.3.2. Neodymium isotope composition and concentration analysis 

The analytical procedure to determine the Nd isotope composition and concentration of 

seawater was carried out in the MAGIC Laboratories at Imperial College London (UK) and 

has been described in detail by Crocket et al. (2014) and Lambelet et al. (2016). 

Briefly, the 10 L seawater samples were weighed and spiked with a calculated amount 

of 150Nd (97.8% purity; provided by D. Vance, ETH Zurich) and, after leaving to equilibrate 

for one week, the pH of the samples was raised to 3.5 using aqueous NH3. The samples were 

then pre-concentrated by pumping the seawater through C18 cartridges loaded with a REE 

complexing agent (Shabani et al., 1992; Jeandel et al., 1998). The REEs for each sample were 

subsequently eluted from the cartridges using 6 M distilled HCl and then refluxed with aqua 

regia (3:1 ratio of concentrated HCl and concentrated HNO3) to remove any remaining 

organics. After the pre-concentration phase, a two-step ion exchange chromatography 

protocol was required to isolate Nd from the other ions. Firstly, the REEs were extracted 

from the post-pumping residual sample matrix using Biorad® AG50W-X8 resin  

(200-400 μm mesh). Then, the Nd was separated from the remaining REEs using Eichrom® 

Ln spec resin (20–50 μm mesh size, 0.32 mL resin bed). After the column chromatography, 

samples were dried, then re-dissolved in HCl and loaded with an activator solution, TaF5, 

onto degassed single W filaments (0.025 mm thick, 0.51 mm wide, 99.95% pure; sourced 

from H. Cross Company). Neodymium isotope compositions and concentrations were then 

measured as Nd oxides (NdO+) on a Thermo Finnigan Triton thermal ionisation mass 

spectrometer. 

A neodymium oxide reagent, JNdi-1, with a high 143Nd/144Nd ratio and low abundance 

of neighbouring REEs (e.g., Ce and Sm; Tanaka et al., 2000) was used as an external 

standard to determine measurement precision on the MAGIC Titron TIMS. The average of 

the 143Nd/144Nd ratio of 5–10 ng JNdi-1 loads, typically five measurements per batch of 16 

samples, was used to correct sample measurements to the JNdi-1 reference value  

(0.512115 ± 0.000007; Tanaka et al., 2000). The accuracy of the procedure was monitored 

using 10 ng loads of column processed USGS rock standard BCR-2 (143Nd/144Nd;  
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εNd = 0.06 ± 0.19, 2sd, n = 5). Over the course of the 11-month measurement period, the 

faraday cups for the MAGIC Titron TIMS had to be cleaned and eventually the graphite 

insets had to be replaced due to natural degradation. Measured 143Nd/144Nd ratios for the 

JNdi-1 standard before and after cleaning the cups, and with the new inlets installed were 

slightly different but did not affect the reproducibility of the JNdi-1 standards or the 

correction factor applied to sample measurements/ BCR-2 standards within the same batch. 

The JNdi-1 143Nd/144Nd ratios measured during sample analysis across an 11-month period 

were between 0.512047 ± 0.000010 and 0.512112 ± 0.000011, with a long-term external 

reproducibility of ± 0.000011 (εNd = ± 0.23; 2sd; n = 35). The external reproducibility of the 

five standards of a batch was propagated with the internal reproducibility of each sample 

measurement to assess the overall error of the seawater sample. The procedural blanks 

(seawater pumping, column chemistry and mass spectrometry) ranged from 131 to 422 pg of 

total Nd, which corresponds to less than 2% of the total Nd content of the most Nd depleted 

sample analysed. Following the method outlined by Struve et al., (2016), mixing calculations 

showed that the blanks did not compromise the Nd isotope composition and therefore no 

blank correction was required. 

2.3.3. Rare earth element concentration analysis 

The concentrations of all REEs were analysed at the Scottish Association for Marine Science 

(SAMS, UK) by ICP-MS (XSeries 2, Thermo Finnigan) following the purification of REE 

from the seawater matrix by an automated pre-concentration system, the SeaFAST Pico 

(Elemental Scientific Inc., Nebraska, USA). The method is an adaptation from the online 

procedure developed by Hathorne et al., (2012) for offline measurement by ICP-MS.  

Firstly, 25 mL aliquots of the seawater samples, along with calibration solutions and 

seawater standards, were doped with indium standard (Aristar®) to act as an internal standard 

and correct for instrumental drift. Then, the SeaFAST Pico used a double 10 mL sample loop 

loading and 0.5 mL elution method to pre-concentrate the seawater sample. Finally, the REE 

concentrations were determined by ICP-MS measurements using external standardisation 

based on a six-point calibration of REE standards (Aristar®). The accuracy of sample 

measurements was determined by repeat analysis of GEOTRACES inter-calibration seawater 

sample (BATS 2000 m; n = 10). All elements are in good agreement with inter-calibration 

results, deviating by < 5% from the consensus values, with La (7.7%) and Tm (5.2%) the 

only exceptions (Table 2.1). The precision was assessed by repeat measurements of a bulk  
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seawater standard throughout the course of the analyses, yielding an external reproducibility 

between 6.7 and 17.6% (2sd, n = 9; Table 2.1). The procedural blanks, ≤ 1% of the most 

depleted sample for all REEs except Ce (3.65%), were monitored throughout a run for each 

batch of samples and corrected on a batch per batch basis. 

2.3.4. Neural network empirical model 

2.3.4.1. Structure and function of neural network  

The distribution of εNd for AABW was modelled using a feedforward backpropagation neural 

network. This type of neural network operates based on a two-phase learning process: (1) the 

forward propagation of input variables followed by the backward propagation of the output 

activations obtained through neural network processes; and (2) the update of input weights 

and bias levels during every iteration to reduce the residual error (e.g., Bishop, 1995; Jo et al., 

2012; Velo et al., 2013).  

The structure of the neural network consists of interconnected neurons divided into 

three distinct layers (Beale et al., 2017). Firstly, the initial ‘input layer’ has as many neurons 

as the selected number of input variables and is responsible for receiving and transmitting 

input arguments. Secondly, the ‘hidden layer’ contains an optimised number of neurons based 

on training, with each individual neuron containing a summation function and a  

tan-sigmoid activation function to produce output activations. Finally, the ‘output layer’ has 

the same number of neurons as the number of target variables and uses a summation function 

with a linear transfer function to process the output activation received from the hidden layer. 

In terms of how the model functions, the input variables from the input layer of the 

neural network are weighted and transferred to a neuron of the hidden layer. Here, the input 

variables and weights are passed through the summation function with an independent bias 

term, and then through the activation function to calculate the output activation, yj, for a 

neuron of the hidden layer:  

 
!"	(%&) = 	tanh-./&"%&

0

&12
+	4"5 

      
(2.1) 

where xi denotes the inputs entering the neuron from the input layer; wij are the weights 

associated with each input for neuron, j; b is the bias term for neuron, j; and n is the total 

number of inputs. The term tanh represents the tan-sigmoid activation function, which maps 



  

46 
 

the output activation, yj, between (1, –1). This hyperbolic tangent function is represented by 

the following equation: 

 tanh(%) = 	 6
7 −	697
67 +	697  

      
(2.2) 

The output activation, yj, from each neuron of the hidden layer is weighted and passed with 

the output layer bias term to the summation and linear function of the output layer neuron(s):  

 
:;!"< = 	.="!"

>

"12
+ ? 

      
(2.3) 

where yj denotes the output activation of a neuron in the hidden layer; Wj are the weights 

associated with each input from a neuron of the hidden layer; B represents the bias term of 

the output layer; and m denotes the total number of neurons in the previous hidden layer. 

After a complete iteration, the network compares the output values to the target variable and 

calculates the residual network error. This error is then back-propagated to allow the network 

to adjust the weights and biases associated with each neuron in the network layers to develop 

a more precise algorithm. This neural network structure is an effective method to solve 

function approximation problems, such as mapping Nd isotope composition based on 

hydrographic data, because of two main attributes: (1) the repeated feedforward and 

backpropagation of the inputs and outputs progressively minimises the model error; and (2) 

the combined non-linear and linear activation functions in the hidden and output layers, 

respectively, allow the development of an algorithm that can account for complex 

correlations between a variety of parameters (Gardner and Dorling, 1995).   

3.4.2.2. Neural network selected input variables  

The model input variables used to predict the Nd isotope composition of AABW were 

latitude, longitude, potential temperature (θ), salinity (S) and oxygen (O2). These variables 

constrain the natural variability of εNd for AABW caused by water mass formation/ventilation 

(θ, S and O2) and physical mixing (θ, S), but also the spatial variability caused by continental 

inputs around the different sites of AABW formation (latitude and longitude). Moreover, 

these variables are available as metadata for all εNd observations across the Southern Ocean  

(Carter et al., 2012; Stichel et al., 2012b; Garcia-Solsona et al., 2014; Rickli et al., 2014; 

Basak et al., 2015; Lambelet et al., 2018; this study) and represent key parameters of large 
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hydrographic datasets, which will be used to map the Nd isotope composition of AABW 

through the trained neural network algorithm.  

3.4.3.3. Neural network configuration and training  

The neural network modelling was conducted in MATLAB® using the ‘feedforwardnet’ 

function from the Neural Network Toolbox (MathWorks®, USA; Beale et al., 2017). The 

training of the neural network was performed by the Bayesian regularization backpropagation 

method (‘trainbr’ function). Baysian regularisation combines the most effective training 

method for non-linear function fitting problems, the Levenberg-Marquardt approximation 

(Hagan and Menhaj, 1994; Velo et al., 2013), with an automated optimal regularisation 

technique to avoid model overfitting (Beale et al., 2017). This is beneficial for studies with 

limited observations as internal regularisation provides an alternative to subset data 

validation, and thus, allows the neural network to use the entire dataset to develop an 

algorithm. The optimal size of the neural network, i.e., the number of neurons in the hidden 

layer, can only be determined by trial and error of different network sizes and the evaluation 

of the output statistical results/errors (Beale et al., 2017). For each neural network structure 

ranging from 5–25 neurons, the training procedure was run 10 times and the neural network 

with the highest correlation coefficient and the least RMSE was determined to be the optimal 

size. For this study, a neural network size of 8 neurons provided the best fitting function, i.e., 

a compromise between model underestimation and model overfitting. 

2.4. Results 

2.4.1. Spatial distribution of neodymium isotope composition  

The results of Nd isotope composition measurements for all seawater samples are shown as 

vertical depth profiles of εNd in Figure 2.3. Overall, there is little variation in Nd isotope 

composition in the study area, with εNd values ranging from –9.9 (station 18; 248 m depth) to 

–7.8 (station 40; 2752 m depth). Figure 2.3 shows that there is some vertical variability in the 

εNd values of seawater at all stations. The two offshore stations, Station 2 and 41 exhibit 

slightly more radiogenic εNd values in the top 500 m (εNd = –8 to –9) and are about 1 epsilon 

unit lower at depths of 500–1000 m. Between 1500 m and the bottom depth, both profiles 

show homogenous values at around εNd = –8.7 ± 0.5 (2sd; n = 13; Figure 2.3 (a)). Slope 

stations 15 and 24 show identical profiles, with a sub-surface minimum of εNd = –9.4 and  
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–9.6, respectively, and homogenous values between 1000–2500 m (εNd = –8.3 ± 0.2; 2sd;  

n = 9). Station 6, the most easterly of the slope stations, shows slightly higher Nd isotope 

composition (εNd = –7.9 to –8.6; Figure 2.3 (b)).  

 

 
 
Figure 2.3 Depth profiles of dissolved Nd isotope compositions in the study area. (a) offshore, (b) 
slope and (c) shelf areas. The colour of the symbols represents the relative longitudinal position of the 
stations, with yellow denoting the most easterly station and black representing the most westerly 
station. The error bars denote propagated internal 2 sigma measurement errors and external 2 sigma 
uncertainties for repeat measurements of the pure Nd JNdi standard. This applies to all figures that 
feature uncertainties on measured Nd isotope compositions. The two data points in panel (a) with 
uncapped error bars represent deep water samples taken at station 40. 

 

A similar east versus west gradient can be observed for the shelf stations, where the 

highest εNd values are found at the easternmost station 5 with values of εNd = –8.6 and –8.4 in 

10 and 500 m water depth (Figure 2.3 (c)). Overall, there seems to be no discernible 

difference between εNd values at offshore stations, slope stations and shelf stations at a 

comparable longitude for a given depth. There is, however, a clear east-west gradient along 

the shelf and slope: more radiogenic values are observed to the east and gradually shift, by 

about one epsilon unit, to less radiogenic values in the west (Figure 2.3 (b–c)).  
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Figure 2.4 Depth profiles of representative dissolved rare earth element concentrations (REEs) in the 
study area for offshore (a–b), slope (c–e) and shelf (f–h) stations from west (right) to east (left). Light 
REEs (LREE)—Nd (black), heavy REEs (HREE)—Yb (blue), and Ce (red). The elements selected 
here were chosen to cover LREE and HREE variation as well as the redox sensitive element Ce. 
Neodymium concentration data was taken from isotope dilution calculations performed on the spiked 
isotopic measurements. 

2.4.2. Spatial distribution of dissolved rare earth element concentrations  

The depth profiles of three dissolved REE concentrations are shown in Figure 2.4 to highlight 

the range of patterns observed for REEs in the study area. Neodymium is used to denote the 

light rare earth elements (LREEs; i.e., La to Dy), Yb to represent heavy rare earth elements 

(HREEs; i.e., Ho to Lu), and Ce concentrations are presented because this element has unique 

redox properties. Neodymium concentrations increase from ~12–16 pmol kg-1 at the surface 

to ~22–26 pmol kg-1 at depth, with a much slower rate of increase beyond the middle of the 

water column (~500–1000 m) at offshore and slope stations (Figure 2.4 (a–e)). Patterns are 

broadly characterised by a convex shape or nutrient-like profile (Figure 2.4 (a–e)) with more 

linear increases observed at the slope stations (Figure 2.4 (f–h)). The overall increase in REE 

concentrations with depth is less pronounced and more linear for Yb (Figure 2.4). Small but 

analytically resolvable increases in Yb from ~4–5 pmol kg-1 at the surface to ~7–8 pmol kg-1 

at depth is present across all stations (Table 2.1; Figure 2.4). 
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Cerium exhibits a very different behaviour compared to the other REEs. The 

concentration profiles for Ce show uniformity throughout the water column at the offshore 

and slope stations, with concentrations ranging between 4 and 6 pmol kg-1. At offshore and 

slope stations 41, 15 and 24, Ce concentrations show a positive excursion to values of  

~10 pmol kg-1 in the sub-surface (~50 to 500 m water depth). At all three shelf stations Ce 

concentrations increase from ~17 pmol kg-1 to ~20–25 pmol kg-1 at 350–500 m water depth.  

Schematic trends for LREEs, HREEs, and Ce concentrations for offshore and slope 

stations are illustrated in Figure 2.4 (i). Key features are a general HREE enrichment over 

LREE, increasing LREE concentrations throughout the water column, but relatively invariant 

HREE and Ce concentrations. 

2.5. Discussion 

In order to assess the processes that govern the distribution of dissolved Nd isotope 

compositions of seawater around the Wilkes Land continental margin, the results have to be 

placed in the context of the spatial structure of water masses (i.e., neutral density levels; 

Figure 2.5). Antarctic Surface Water shows systematic zonal variability in its Nd isotope 

composition that is independent of neutral density and position on the continental margin 

(i.e., shelf, slope or offshore; εNd = –8.0 to –9.9). The observed zonal gradient on the slope 

and shelf of increasingly radiogenic εNd values to the east (Figure 2.3) is a clear feature of 

surface waters (Figure 2.5). Conversely, at MCDW neutral density levels  

(28.27 > γn  > 28.03 kg m-3), there is no pronounced east-west gradient and the data shows a 

strong correlation between Nd isotope composition and neutral density (Figure 2.5; i.e., more 

radiogenic values in denser waters; range: εNd = –7.9 to –9.3 except for one data point from 

shelf profile at εNd = –9.7). At the density level of AABW, both neutral density and εNd remain 

relatively constant (εNd = –7.8 to –8.7; n = 17). There is furthermore no discernible 

relationship between the Nd isotope composition and the location of MCDW and AABW on 

the continental margin. Deep and bottom waters around the Wilkes land continental margin 

can hence be characterised as follows: MCDW = –8.8 ± 0.8 (2sd; n = 22) and  

AABW = –8.3 ± 0.5 (2sd; n = 17), respectively. In the following we will discuss the causes 

of isotopic variability in ASSW, the processes controlling the Nd isotope composition of 

MCDW, and the extent of a localised isotopic signature for AABW in this region. 
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Figure 2.5 Neodymium isotope composition versus neutral density of dissolved seawater from the 
Wilkes Land margin area, Antarctica. The data are separated according to the position on the margin, 
i.e., shelf (triangles), slope (squares), and offshore (circles). Colours correspond to the relative 
latitudinal position of the stations (Figure 2.1 (b)), i.e., east (yellow), west (black), in between (red). 
Black lines and grey shading delimit the water mass boundaries of Modified Circumpolar Deep Water 
(MCDW) according to neutral density limits (see section 2.2.3). 
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2.5.1. Surface current influence on the composition of AASW  

The observed variability in Nd isotope compositions in AASW does not correlate with the 

observed physical properties of AASW (Figure 2.5). The eastern offshore station (station 2) 

and the eastern slope and shelf stations (station 6 and 5, respectively) have the same Nd 

isotope composition but different neutral densities as much warmer (~2°C) AASW resides 

offshore (Figure 2.5). Conversely, the east-west gradient of Nd isotope composition along the 

slope and shelf does not coincide with a change in the physical parameters of AASW  

(Figure 2.2 (b–c)) or neutral density (Figure 2.5). Continental inputs and the prevailing 

surface ocean circulation pattern are the two possible explanations for the east-west 

variability in Nd isotope composition of AASW. 

Firstly, continental inputs to the west or east of the Wilkes Land continental margin 

could alter the Nd isotope composition of AASW. In general, REEs are supplied to the 

surface ocean from continental sources predominantly through riverine and atmospheric 

inputs, but the proximity of the Southern Ocean to an ice-covered continent reduces the 

relative importance of these inputs in this region. Both model studies and empirical evidence 

suggest that sediment supply from the Antarctic continental margin constitutes the main 

source of other continent-derived elements such as iron to the Southern Ocean (Tagliabue et 

al., 2009; De Jong et al., 2012). Inputs from the resuspension of sediments along the 

continental margin, however, are more likely to affect the deeper waters along the Antarctic 

shelf, while more direct inputs from the continent through glacial activity will act as an 

important source of REEs to the surface waters of the Southern Ocean. For example, Kim et 

al., (2015) attributed a near two-fold increase in REEs and enrichment of middle REEs 

(MREE) in the coastal waters of King George Island to glacial meltwater. Similarly,  

free-drifting icebergs have been identified as a significant source of continental iron to the 

surface of the Southern Ocean, with iceberg terrigenous inputs 1–3 orders of magnitude 

greater than estimates of aeolian dust fluxes to the Weddell Sea (Shaw et al., 2011). There 

remains, however, limited evidence of glacial meltwater as a significant continental source of 

REEs to the Southern Ocean, as there is no current empirical evidence of REEs released from 

drifting icebergs in seawater (Hegner et al., 2007; Shaw et al., 2011).  

The potential for continental inputs to the AASW along the Wilkes Land continental 

margin can be assessed by comparing the HREE/LREE ratio ([Tm + Yb + Lu]/[La + Pr + 

Nd]) to the MREE/MREE* ratio, ([Gd + Tb + Dy] / [Tm + Yb + Lu + La + Pr + Nd]/2), for 

all AASW samples normalised to Post-Archean Australian Sedimentary rock (PAAS; Freslon 
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et al., 2014). In this study, AASW shows values on the lower end of the authigenic-pore 

water array with significantly higher HREE/LREE ratios (4.11–5.91) and lower 

MREE/MREE* (0.69–0.82) values than the continental source (PAAS = 1; Du et al., 2016). 

Any continental inputs would reduce and move seawater HREE/LREE ratios towards the 

lower PAAS values. Moreover, any fluxes from reducing sediments on the shelf (Haley et al., 

2004), lithogenic inputs from nearby continental outcrops (Zhang et al., 2008), or continental 

inputs from glacial meltwater (Kim et al., 2015) would produce a MREE enrichment in 

AASW, with MREE/MREE* values greater than PAAS. Consequently, the combined 

HREE/LREE and MREE/ MREE* ratios for AASW indicate that there are no continental 

sources of REEs to the surface waters of the Wilkes Land continental margin. This is further 

substantiated by the lack of surface water enrichment of Nd concentrations compared to 

deeper waters which would indicate continental inputs from Antarctica (Figure 2.4). 

A second mechanism to create a zonal (i.e., east versus west) trend in dissolved Nd 

isotope composition of surface water in the area is the competition between southward flow 

of warm AASW onto the Wilkes Land shelf and westward flow of the Antarctic slope current 

(Figure 2.1). Lambelet et al. (2018) reported less radiogenic Nd isotope compositions  

(εNd = –9.32 ± 0.31 to –10.45 ± 0.31) for cold shelf waters near the Adélie Land coast to the 

east (–1.5 ºC; 66ºS, 140ºE) and more radiogenic Nd isotope compositions  

(εNd = –8.10 ± 0.31) for warmer offshore AASW (~ 4 ºC; 59º S, 160º E). In this study, there 

is a discernible difference between the Nd isotope composition of cold shelf AASW at the 

western slope and shelf stations (i.e., stations 24 and 18, respectively), and the offshore 

warmer AASW (i.e., station 2) to the east (Figures 2.3 and 2.5). The Nd isotope composition 

of AASW at the eastern shelf and slope stations (station 5 and 6, respectively) resembles the 

offshore AASW from station 2 and could therefore highlight a junction of surface circulation 

in the area.  

The Antarctic Continental Slope Current transports cold less radiogenic AASW from 

the Adélie Land coast to the west, while the cyclonic gyre drives warm radiogenic AASW 

southwards. At the eastern shelf and slope stations (station 5 and 6, respectively), the 

temperature of AASW has decreased as it approaches higher latitudes (Figure 2.2), but 

AASW has not successfully mixed with shelf waters from the east, resulting in an unchanged 

Nd isotope signature at station 5 and 6. This poleward moving AASW eventually mixes with 

westward flowing surface AASW on the shelf and thus gives rise to the observed zonal 

gradient. It is suggested, therefore, that the changing Nd isotope composition in AASW 

across the Wilkes Land continental margin is tracing the southward limb of the cyclonic gyre 
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onto the shelf (i.e., more radiogenic values in the east) and the change from warm offshore 

AASW to cold shelf AASW towards the west (i.e., less radiogenic values in the west). 

2.5.2. Controls on the Nd isotope composition of MCDW  

Circumpolar Deep Water (CDW) represents the most voluminous water mass in the world 

and constitutes an important component of the ACC (Worthington, 1981; Pardo et al., 2012). 

Previous studies have reported extreme homogeneity of Nd isotope composition for CDW, 

reflecting both the well-mixed nature of the large Nd inventory of the CDW in the ACC and 

the ability of this voluminous water mass, which is fed by deep waters from all ocean basins, 

to buffer against continental inputs from Antarctica to the Southern Ocean (Carter et al., 

2012; Stichel, 2012b; Rickli et al., 2014). Observations across the Atlantic, Pacific and 

Australian sector of the Southern Ocean show that the Nd isotope composition of UCDW and 

LCDW are, respectively, εNd =  –8.2 ± 0.9 (2sd; n = 44) and εNd = –8.4 ± 1.6 (2sd;  

n = 127, Figure 2.6; Jeandel, 1993; Carter et al., 2012; Stichel et al., 2012b; Molina-Kescher 

et al., 2014; Garcia-Solsona et al., 2014; Rickli et al., 2014; Basak et al., 2015; Lambelet et 

al., 2018). At the Wilkes Land continental margin, MCDW exhibits a significant range in 

values from εNd = –7.9 ± 0.21 to –9.7 ± 0.27 across the shelf, slope and offshore stations but 

are within the range of observed Southern Ocean UCDW and LCDW values (Figure 2.6). As 

MCDW forms from upwelled UCDW and LCDW onto the Antarctic shelves, there are two 

possible controls on the Nd isotope composition of MCDW: (1) admixture of CDW with 

surrounding water masses on the continental margin (i.e., AASW and AABW); and (2) 

boundary exchange with local sediments. 

Several studies have reported modification of CDW in various locations across the 

Southern Ocean through exchange processes with local sediments. In the South Atlantic and 

Pacific, UCDW exhibits more radiogenic values (as radiogenic as εNd = –6.3; Jeandel, 1993; 

Basak et al., 2015) despite mixing with unradiogenic NADW, which suggests the 

modification of CDW as it flows past the radiogenic sediments of the Antarctic Peninsula 

(Roy et al., 2007). Rickli et al., (2014) reported shifts to more radiogenic values in LCDW 

(εNd = –4.9 and –3.1) due to the effects of boundary exchange on the slopes of the Marie Byrd 

Seamounts in the Pacific sector of the Southern Ocean. More pertinently, there have been 

observations of shifts towards more radiogenic values for MCDW as it encroaches the coast 

of the Amundsen Sea Embayment in the Pacific sector of the Southern Ocean (Figure 2.6; 

Carter et al., 2012; Rickli et al., 2014).   
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Figure 2.6 Practical salinity vs neodymium isotope composition for MCDW samples (white circles) 
in the study area. Large black and white squares represent the global endmember values for NPDW  
(S = 34.65, εNd = –4.4; Piepgras and Jacobsen, 1988) and NADW (S = 34.95, εNd = –13.5; Piepgras 
and Wasserburg, 1987), respectively. The grey box corresponds to AAIW (S = 34.14, εNd = –8.0; 
Stichel et al., 2012b). The purple circle represents recently characterised local AABW from the east 
(i.e., ALBW; S = 34.648; εNd = –8.9; Lambelet et al., 2018). The coloured shadings correspond to the 
observed ranges of CDW varieties in the Southern Ocean: UCDW (red; Carter et al., 2012; Stichel et 
al., 2012b; Garcia-Solsona et al., 2014, Basak et al., 2015; Lambelet et al., 2018); LCDW (blue; 
Carter et al., 2012; Stichel et al., 2012b; Garcia-Solsona et al., 2014, Rickli et al., 2014; Basak et al., 
2015; Lambelet et al., 2018); and MCDW (green; Carter et al., 2012; Rickli et al., 2014). Any UCDW 
and LCDW data identified to be affected by boundary exchange processes in original publications 
have been omitted. For MCDW, all available data was used to assess the observable εNd range. The 
grey box marks the εNd range for local sediment on the Wilkes Land continental margin between 
120°E and 130°E (Roy et al., 2007; van de Flierdt et al., 2007). 

 
 

 

 



  

57 
 

Contrary to MCDW in other sectors of the Southern Ocean, East Antarctic MCDW 

does not deviate towards the local unradiogenic sediments, indicating an absence of boundary 

exchange. Moreover, the LCDW-normalised REE patterns for MCDW in the area around the 

Wilkes Land continental margin suggest a dominant effect of mixing on the Nd isotope 

composition of MCDW (Figure 2.7 (a)). Rare earth element concentrations for MCDW are 

within the range of reported results for LCDW (Hathorne et al., 2015), with a distinct absence 

of any MREE enrichment or HREE depletion, indicating an absence of significant continental 

inputs from the shelf or slope (Figure 2.7 (a)). The observed fractionation of Ce represents an 

artefact from the combined analytical uncertainty of Ce from both studies and the extremely 

low Ce concentrations, which makes an insignificant increase in the absolute concentration 

appear to be a significant relative increase.  

A relevant and interesting question, therefore, is why shelf exchange is not affecting 

MCDW on the Wilkes Land continental margin? Release of trace metals from sediments to 

the surrounding water column can be aided by increased bottom turbulence (e.g., high flow  

speed, significant nepheloid layer), but also depends on the composition of the sediment. 

Previous dissolution rate experiments confirm that basaltic material is more susceptible to 

control the Nd isotope composition of surrounding seawater due to the high content of 

reactive minerals (Pearce et al., 2013). Older continental material typically contains more 

resistent minerals and hence less reactive silicate and clay minerals (e.g., Dupré et al., 2003; 

Jeandel and Oelkers, 2015 and references therein). The continental and shelf system across 

East Antarctica contains sediments derived from the weathering of an old Proterozoic craton 

with mineralogical compositions dominated by quartz and feldspars with minor clays (e.g., 

Roy et al., 2007; van de Flierdt et al., 2007; Srivastava et al., 2013). The lack of an elemental 

imprint from unradiogenic sediments along the Wilkes Land continental margin on seawater 

chemistry could, therefore, be attributed to the sediment composition.  

In the absence of boundary exchange, the Nd isotope composition of MCDW reflects 

mixing between upwelled CDW and AASW/AABW on the Wilkes Land continental shelf. 

Figure 2.5 shows that there is a clear correlation between the Nd isotope composition and the 

neutral density values below 27.8 kg m-3; i.e., a clear mixing line between AASW, MCDW 

and AABW. 
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Figure 2.7 Dissolved rare earth element patterns for (a) MCDW and (b) AABW in the study area 
normalised to average REEs in LCDW as proposed by Hathorne et al., (2015). The smaller circles 
show all the available data for each element for a given water mass, while the large circles and the 
connecting line represent the average REE pattern. The grey shading represents the analytical 
uncertainty of the REE LCDW data and therefore, anything within the grey band is considered to be 
identical to LCDW. 

2.5.3. No local AABW formation around the Wilkes Land margin  

Previous studies have shown that bottom waters formed around Antarctica carry a local 

fingerprint of their formation area (Carter et al., 2012; Stichel et al., 2012b; Garcia-Solsona et 

al., 2014; Rickli et al., 2014; Basak et al., 2015; Lambelet et al., 2018). For example, the 

Pacific sector of the Southern Ocean exhibits more radiogenic AABW (εNd = −7.4 ± 0.9; 

Carter et al., 2012; Rickli et al., 2014; Basak et al., 2015) caused by continental inputs of 

young basaltic bedrock around the formation site of Ross Seas Bottom Water (Figure 2.8). 

Conversely, the lower Nd isotope values of AABW in the Atlantic sector of the Southern 

Ocean (εNd = −9.1 ± 0.7; Stichel et al., 2012b; Garcia-Solsona et al., 2014) reflects formation 

of Weddell Sea Bottom Water in areas influenced more by older continental crust around the 

Weddell Sea (Figure 2.8). On the Wilkes Land continental margin, AABW shows a distinct 

intermediate εNd signature between Pacific and Atlantic AABW (Figure 2.8; εNd = −8.3 ± 0.5). 

It overlaps the radiogenic end of the signature for Adélie Land Bottom Water (εNd = –8.6 to  

–9.5; n = 3; Lambelet et al., 2018), which is formed farther east in the Adélie Depression 
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proximal to some of the oldest continental terrains exposed in Antarctica (offshore 

sedimentary fingerprint: εNd = –14.9 to –20.4; Roy et al., 2007; van de Flierdt et al., 2007; 

Pierce et al., 2011). Given the prevalence of relatively old (i.e., Proterozoic) continental crust 

around the Wilkes Land margin (e.g., Pierce et al., 2014), the observed AABW values could 

be in principle due to a local overprint.  

However, two points strongly argue against this line of thinking. Firstly, there is only 

evidence of active bottom water formation around the Wilkes Land continental margin to the 

east of the study area (e.g., Foster, 1995). This means that any unradiogenic imprint in bottom 

waters would have to be a signal derived from exchange with seafloor/margin 

sediments/benthic inputs. This seems unlikely given the fact that MCDW in the area extends 

to less radiogenic values than AABW (Figure 2.8). Furthermore, LCDW-normalised REE 

patterns for AABW, like MCDW REE patterns, lack any deviation from typical LCDW 

pattern (Figure 2.7 (b)). The local εNd signature for AABW must therefore be a product of 

mixing between advected AABW from the east (i.e., unradiogenic ALBW) and local CDW 

(more radiogenic) that upwells onto the Wilkes Land continental shelf.  

Recent circulation studies of the East Antarctic shelf suggests that the primary regional 

source of AABW is the Adélie Depression, where brine rejection following sea ice formation 

produces dense shelf waters that eventually sink to the bottom and are exported through the 

Adélie Land sill (e.g., Foster and Carmack, 1976; Williams et al., 2010). The Antarctic 

Continental Slope Current subsequently transports this dense shelf water to the west along the 

Wilkes Land continental slope while simultaneously entraining a significant amount of 

encroaching warmer and more saline deep waters from the continental rise (i.e., CDW) to 

form AABW (Carmack and Killworth, 1978; Foldvik, 1985). Given that the formation 

process of AABW involves admixture of local shelf waters and upwelled CDW, the 

properties of AABW depend not only on the cold and saline shelf derived components with a 

Nd isotope composition influenced by local continental inputs, but also on the amount and 

characteristics of CDW entrained during the transport and mixing process. The Nd isotope 

data indicates, therefore, that the dominant fraction of AABW (εNd = −8.3 ± 0.5) on the 

Wilkes Land continental margin must be CDW (εNd = –8.2 ± 0.9 to –8.4 ± 1.6; Jeandel, 1993; 

Carter et al., 2012; Stichel et al., 2012b; Molina-Kescher et al., 2014; Garcia-Solsona et al., 

2014; Rickli et al., 2014; Basak et al., 2015; Lambelet et al., 2018). 
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Figure 2.8 Neodymium isotope composition and concentration for AABW across the Southern Ocean 
(this study and literature values). Different colours refer to specific regions: red—Pacific sector of the 
Southern Ocean (Carter et al., 2012; Rickli et al., 2014; Basak et al., 2015); green—Atlantic sector of 
the Southern Ocean (green; Stichel et al., 2012b; Garcia-Solsona et al., 2014); purple—Australian 
sector of the Southern Ocean (Lambelet et al., 2018); blue—Wilkes Land continental margin (this 
study). The yellow circles correspond to Modified Circumpolar Deep Water (MCDW) results from 
the area around the Wilkes Land continental margin (this study). 

2.5.4. A new approach to modelling the Nd isotope composition of AABW 

The Wilkes Land continental margin dataset has expanded the spatial coverage of εNd in the 

Southern Ocean and increased the total number of AABW observations by a third. 

Importantly, the dataset corroborates previous global observations of deep water masses 

exhibiting strong correlations between physical properties and the Nd isotope composition, 

signifying water mass mixing as the dominant process controlling εNd variability in the deep 

ocean (Figure 2.5; e.g., Goldstein and Hemming, 2003; Lacan et al., 2012; van de Flierdt et 

al., 2016; Tachikawa et al., 2017 and references therein). While ample studies have focussed 

on the composition of northern-sourced deep waters (e.g., Lambelet et al., 2016), AABW has 

for a long time been under sampled and understudied. In terms of its export flux to the global 

ocean, it is however as important as NADW, and probably was even more important in the 
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geological past (e.g., Roberts et al., 2010; Piotrowski et al., 2012). Regional variability in the 

Nd isotope composition of AABW is created in the different AABW formation areas, due to 

a largely variable geology around the Antarctic continent. This spatial heterogeneity and  

non-linearity in AABW properties makes it difficult to use traditional empirical models such 

as multi-linear regressions (MLR; Tachikawa et al., 2017) to predict the Nd isotope 

composition of AABW. A neural network, however, can account for this non-linear 

behavoiur by using spatial variables (latitude and longitude) as input parameters and  

non-linear transfer functions (see section 2.3.4) to map the εNd around Antarctica. This 

approach avoids individual ‘regionlised’ MLR models for AABW which would reduce the 

overall statistcal robustness of the model, and, therefore, represents the most effective method 

to assess εNd variabilty of AABW across the Southern Ocean given the limited number of 

observations. 

The neural network model was trained using all available AABW observations  

(γ > 27.27 kg m-3; n = 67) from Southern Ocean studies (Carter et al., 2012; Stichel et al., 

2012b; Garcia-Solsona et al., 2014; Rickli et al., 2014; Basak et al., 2015; Lambelet et al., 

2018; this study) and tested using a randomly selected subset (n = 10) of the available data. 

The model output values compared to the target AABW observations show that the trained 

neural network can predict Nd isotope composition with good accuracy (Figure 2.9 (a);  

RMSE = 0.05). Moreover, the model residuals (output – observations) show that 95% of all 

model predicted values are within εNd = ± 0.44 of the target (or observation) values  

(Figure 2.9 (b)). This represents an improvement compared to the only other attempt to 

predict εNd across separate ocean basins using an empirical model (MLR; 2s sd > ± 2; 

Tachikawa et al., 2017). The model input variables (lat, lon, q, salinity, and O2) successfully 

constrain the observational data but there are noticeable output values which diverge from the 

1:1 line (Figure 2.9 (a)). For example, the overestimated data point above the 1:1 line  

(εNd output = –7.42, εNd observation = –8.57) corresponds to a bottom water sample 

influenced by an unradiogenic source near the Polar Front in the Eastern Pacifc sector of the 

Southern Ocean (Carter et al., 2012). The exact source and process controlling this deviation 

has not been identified, but it is evident that alternative processes (e.g., boundary exchange, 

benthic flux, etc) will affect the neural network’s ability to map εNd variability across the 

Southern Ocean. 
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Figure 2.9 Neural network model trained to predict the Nd isotope composition of AABW using 
available observations across the Southern Ocean (Carter et al., 2012; Stichel et al., 2012b; Rickli et 
al., 2014; Garcia-Solsona et al., 2014; Basak et al., 2015; Lambelet et al., 2018). Scatter plot (a) 
shows the results of the trained neural network by comparing the observations to the neural network 
predicted output values. The broken black line indicates a perfect 1:1 relationship, while the red line 
represents the line of best fit. The histogram (b) shows the residual (Nd isotope composition of 
observations – neural network predicted output) frequencies for all AABW observations. The key 
statistics of the neural network are shown in scatter plot (a). For information about the neural network, 
see method section 2.3.4. 
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The trained network for AABW was applied to an independent hydrographic dataset 

outside the εNd observational domain with the same input variables (WOA13 1°x 1° annual 

dataset; Locarnini, et al., 2013; Zweng, et al., 2013; Garcia, et al., 2014). The model’s 

predicted distribution of Nd isotope composition for AABW across the Southern Ocean 

demonstrates the broad difference between eastern unradiogenic and western radiogenic 

AABW (Figure 2.10 (a)). Moreover, the network characterises the shelf waters associated 

with bottom water formation (i.e., cold, fresh and ventilated) with extreme εNd values based 

on a linear relationship between observed εNd and hydrographic data and spatial information. 

Eastern unradiogenic AABW source waters (Adelie Land and Prydz Bay; εNd = ~ –11) can be 

easiliy depicted from western radiogenic AABW source waters (εNd = ~ –5; Ross Sea and 

Weddell Sea) but in both areas there are no observations. New samples could easily test the 

validity of the model in predicting dissolved Nd isotope composition in the Southern Ocean. 

The absolute difference, however, between available observations and the modelled data 

show that a neural network can accurately determine the εNd varibility of AABW, with more 

than 70% of the data within the analytical uncertainity typically reported for seawater Nd 

isotope measurements (Figure 2.10 (b); van de Flierdt et al., 2012). Deviations > 0.6 epsilon 

are notably observed for the one data point discussed above in the southeastern Pacific 

Ocean, and for areas off the eastern Ross Sea and in our own study area. While the Ross Sea 

is very much underconstrained in its modern composition, the Wilkes Land margin, due to 

the new data presented in this study, is now one of the best characterised areas of Antarctica. 

2.6. Conclusion 

Observations of dissolved Nd isotope compositions in seawater around the Wilkes Land 

continental margin in the Australian-Antarctic Basin of the Southern Ocean show that 

circulation patterns and water mass mixing govern the isotopic fingerprint of waters in the 

region. The data indicate a limited range in Nd isotope compositions, both in a vertical and 

lateral sense, but nevertheless allow important conclusions. 

Firstly, zonal variability of Nd isotope composition in surface waters across the Wilkes 

Land continental margin is a reflection of the surface circulation in the region. The Antarctic 

Continental Slope Current transports cold less radiogenic AASW from the Adélie Land coast 

to the west, while the cyclonic gyre transports warm radiogenic AASW southwards onto the 

shelf. REE concentrations show no evidence of continental REE inputs or glacial meltwater to 

surface waters in the area.  
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Secondly, mixing of upwelled CDW with AASW and AABW exclusively controls the 

Nd isotope composition of MCDW (εNd = –7.9 to –9.7). MCDW values are identical to 

published data for CDW across the Southern Ocean which, coupled with no observable 

fractionation of REEs, suggests that boundary exchange processes do not modify the Nd 

isotope composition on the slope and shelf. The lack of boundary exchange across the Wilkes 

Land continental margin is probably due to the unreactive nature of old continental shelf 

sediments in this region. 

Finally, the regional Nd isotope signature for AABW (εNd = −8.3 ± 0.5; 2sd; n = 17) is 

intermediate between published data for less radiogenic Atlantic sector AABW  

(εNd = −9.1 ± 0.7) and more radiogenic Pacific sector AABW (εNd = −7.4 ± 0.9). In the 

absence of active convection, it reflects a mixture of advected AABW from the Adélie Coast 

with (M)CDW.  

The new data constrain dissolved trace metal behaviour in an important area of the 

Southern Ocean, allowing a first attempt at modelling and predicting Nd isotope compositions 

in the Southern Ocean. We developed an algorithm using a neural network based on spatial 

and hydrographic data, in order to assess the Nd isotope composition of AABW in its various 

formation regions and beyond. The model predicts the Nd isotope composition of AABW 

with high accuracy (n = 67; RMSE = 0.05; 2sd = 0.44). When applied to an independent 

hydrographic dataset, the results highlight the difference between radiogenic and 

unradiogenic AABW in the east and west, respectively, as well as εNd extrema in areas of 

AABW formation. The neural network approach to mapping Nd isotope composition can be a 

useful tool to predict seawater chemistry in areas of sparse observations.  
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Abstract 

Lead (Pb) isotopes have been used as tracers and chronometers across a wide range of 

disciplines for many years. Their application to oceanographic research is currently limited 

by analytical challenges such as sample contamination, time-consuming extraction 

procedures and insufficient instrumental detection limits.  

A new method has been developed to provide high-precision Pb isotope analyses and 

increase the analytical throughput of seawater samples. The procedure involves solid-phase 

extraction of Pb from seawater using Nobias chelate PA-1 resin, purification by  

anion-exchange chromatography, and analyses by MC-ICP-MS using a 207Pb-204Pb  

double-spike to correct for instrumental mass discrimination.  

The procedure was validated and compared to other traditionally used procedures using 

multiple analyses of internal seawater reference materials. The typical precision of the new 

procedure for Pb isotope analyses, depending on the seawater concentration, was between 

~250–1250 ppm for ratios involving the minor 204Pb isotope (208Pb/204Pb, 207Pb/204Pb, 

206Pb/204Pb) and ~100–1200 ppm for 206Pb/207Pb and 208Pb/207Pb ratios.  

When compared to an established double-spike TIMS methodology, the results 

demonstrate improved precision for 206Pb/207Pb and 208Pb/207Pb ratios and a greater 

reproducibility by at least a factor of two for the 204Pb ratios. Despite higher blank 

contributions for solid-phase extraction, Nobias and Mg(OH)2 co-precipitation with  

double-spike correction yield statistically identical results with no discernible difference in 

the levels of precision. While Nobias coupled with Tl-normalisation produces high-precision 

Pb isotope ratios comparable to double-spike correction, the reproducibility of all  

Tl-normalised Pb isotope ratios following Mg(OH)2 co-precipitation are worse. This could be 

a reflection of the different extraction procedures: Mg(OH)2 co-precipitation is less effective 

at extracting Pb from the seawater matrix, which could increase the susceptibility of  

Tl-normalisation to matrix effects during MC-ICP-MS analyses. However, this is difficult to 

conclude given the limited amount of seawater available for replicate analyses of the 

reference materials. Finally, instrument and inter-laboratory comparison using GEOTRACES 

reference samples confirms the trueness of the procedure. 
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3.1. Introduction 

Over the last seventy years, stable naturally-occurring lead isotopes (radiogenic 208Pb, 207Pb, 

206Pb and non-radiogenic 204Pb) have been used as isotopic tracers and chronometers for a 

wide range of disciplines such as geochemistry, forensics and environmental health 

(Patterson, 1956; Manton, 1973; Buttigieg et al., 2003). The application of Pb isotopes to 

oceanographic research, however, remains limited due to the significant challenges 

associated with the analysis of Pb isotopes in seawater. The complex and highly saline 

seawater matrix (~3.5% of total dissolved solids), coupled with the extremely low 

concentrations of Pb in seawater (global mean ~10 pmol kg-1; Sohrin and Bruland, 2011) and 

the high risk of Pb contamination from other environmental sources, make it difficult to 

extract, pre-concentrate and purify uncontaminated quantities of Pb that can surpass 

instrument detection limits. While purification procedures have been well-established for 

many years and produce sufficiently low levels of blank contamination for seawater analysis 

(Strelow and Toerien, 1966; Strelow, 1978; Reuer et al., 2003; Paul, et al., 2015b) extraction 

procedures and instrument limitations have hindered the acquisition of high-precision Pb 

isotope analysis of seawater.  

Since the late 1990’s, magnesium-hydroxide Mg(OH)2 co-precipitation has provided a 

simple, rapid and effective extraction procedure (Wu and Boyle, 1997b). The method takes 

advantage of natural Mg2+ in seawater which, after increasing the pH of seawater, forms a 

precipitate and removes Pb in solution. Major advantages of this method are low levels of 

blank contamination (0.01–0.12 pmol kg-1; Reuer et al., 2003; Wu et al., 2010; Boyle et al., 

2012) compared to traditional organic solvent (28 pmol kg-1; Patterson and Settle, 1976; 

Munksgaard, Batterham and Parry, 1998) and solid-phase (14–48 pmol kg-1; Reimer and 

Miyazaki, 1992; Miyazaki and Reimer, 1993; Halicz, Lam and Mclaren, 1994) extraction 

techniques, as well as high extraction efficiencies (Pb yields 90–100%; Reuer et al., 2003; 

Wu et al., 2010; Boyle et al., 2012).  

Despite the analytical advantages of Mg(OH)2 co-precipitation, most studies have been 

unable to achieve high-precision Pb isotope analyses because of insufficient quantities of Pb 

extracted from small volumes of seawater (~250–500 mL; Reuer et al., 2003; Boyle et al., 

2012; Lee et al., 2015; Noble et al., 2015). Larger volumes of seawater have been processed 

to achieve more precise Pb isotope data (~2 L; Paul et al., 2015b), but increasing the volume 

of seawater with Mg(OH)2 co-precipitation comes with several analytical challenges: (1) the 

procedure becomes more time-consuming as the precipitate takes longer to form in larger 
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volumes of seawater; (2) extraction efficiencies are significantly reduced (Pb yields ~40–

60%) because large volumes of seawater cannot be centrifuged post-precipitation and fine 

suspended Mg(OH)2 particles are often discarded with the supernatant; (3) Mg(OH)2  

co-precipitation efficiently scavenges Si(OH)4 in seawater which either prevents dissolution 

of Mg(OH)2 precipitates in column loading solutions or reprecipitates as a thick Si(OH)4 gel 

during anion-exchange chromatography (Boyle et al., 2012; Lee et al., 2015; Paul et al., 

2015b). For larger volumes of seawater with extremely high concentrations of Si(OH)4, even 

the addition of hydrofluoric acid is not able to prevent Si(OH)4 supersaturation during 

purification, rendering Mg(OH)2 co-precipitation unsuitable for some seawater samples (e.g., 

Southern Ocean; Chapter 4).  

In recent years, the commercial availability of a new generation of chelating resins has 

shifted the focus of research back to solid-phase extraction either by columns (Sohrin et al., 

2008; Biller and Bruland, 2012; Zurbrick et al., 2013; Minami et al., 2015; Vassileva and 

Wysocka, 2016; Chien et al., 2017) or batch-extraction (Lee et al., 2011; Conway et al., 

2013). For Pb isotope analysis, columns with Toyopearl Chelate-650 or Nobias PA-1 resins 

have provided a rapid, efficient (Pb yields ~92%) and relatively low blank (0.1 ± 1.3 and 0.33 

± 0.16 pmol kg-1, respectively) extraction procedure which can process larger volumes of 

seawater (Zurbrick et al., 2013; Chien et al., 2017). Despite solid-phase extraction 

representing a potential solution to the problems encountered by Mg(OH)2 co-precipitation, 

accurate Pb isotope analysis of seawater has still been unattainable due to insufficient 

instrument detection limits and inaccurate procedures to correct for instrumental mass 

discrimination (Zurbrick et al., 2013; Chien et al., 2017). 

Over recent years, Pb isotopes in seawater have been predominantly measured by high 

resolution inductively coupled plasma mass spectrometry (HR ICP-MS) or multi-collector 

ICP-MS (MC-ICP-MS) in conjunction with thallium (Tl) normalisation to correct for mass 

discrimination (Boyle et al., 2012; Zurbrick et al., 2013; Chien et al., 2017; Zurbrick et al., 

2017). ICP-source mass spectrometry has several advantages compared to more traditional 

thermal ionisation mass spectrometry (TIMS): greater speed of analysis, higher analytical 

throughput of samples, and relatively simple sample preparation. However, older generation 

ICP-source mass spectrometers are not able to compete with the levels of accuracy produced 

by TIMS because the transmission efficiency, the ratio of the number of ions detected by the 

instrument collector to the number of ions entering the mass spectrometer, is significantly 

inferior (0.5–3.5% versus 2–10%, respectively; Amelin and Davis, 2006; Makishima and 

Nakamura, 2010; Taylor et al., 2015). This difference in transmission efficiency becomes 
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critical for seawater analysis when limited quantities of Pb (< 10 ng) have been extracted. 

The minor 204Pb isotope only accounts for ~1.4% of total Pb and ratios involving this isotope 

require high-precision analysis.  

Another factor limiting the acquisition of high-precision Pb isotope measurements 

involves the use of Tl-normalisation to correct for instrumental mass discrimination of Pb. 

Experiments have shown that the assumed mass fractionation relationship between Tl and Pb 

can be unreliable as matrix element interferences and/or photo-oxidation can induce 

differential isotope fractionation (Kamenov et al., 2004; Barling and Weis, 2008). 

Conversely, the double-spike correction technique, a normalisation method combining 

unspiked and Pb double-spiked analyses of the same sample to deconvolve the extent of Pb 

fractionation, produces significantly more accurate Pb isotope measurements because the 

correction is less susceptible to these analytical artefacts (Baker et al., 2004; Taylor et al., 

2015). In comparison to Tl-normalisation, however, double-spike correction increases the 

analytical time, and more importantly, the amount of Pb consumed during measurements. 

Consequently, given the limited amount of Pb extracted from seawater and the low 

transmission efficiency of ICP-source mass spectrometry, to date, it has only been possible to 

combine double-spike correction with TIMS for the precise determination of Pb isotopes in 

seawater (Paul et al., 2015b).  

The aim of this study was to develop a method that improves the precision of Pb 

isotope measurements in seawater while simultaneously increasing the analytical throughput 

of seawater samples. The new method combines a rapid batch-extraction technique using a 

Nobias PA-1 chelating resin with 207Pb-204Pb double-spike mass bias correction on a new 

generation MC-ICP-MS. The procedure is validated using multiple analyses of internal and 

international seawater reference materials. The objectives were to: (1) compare solid-phase 

extraction using Nobias PA-1 chelating resin to Mg(OH)2 co-precipitation; (2) assess the 

relative merits of double-spike correction versus Tl-normalisation for seawater analyses; and 

(3) ensure trueness of the results through instrument (TIMS) and interlaboratory calibration. 

3.2. Methods and Materials 

3.2.1. Seawater reference materials 

The performance of the method was assessed by analysing multiple aliquots of filtered and 

acidified (pH ~2) internal seawater reference materials: Solent seawater 5 (SSW-5), Solent 
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seawater 9 (SSW-9) and Southern Ocean surface water (SO-145). The performance of the 

method was also assessed using a GEOTRACES intercalibration sample, GSP, from the 

Pacific Ocean. The internal seawater reference materials and GSP were selected to cover a 

wide range of seawater types with varying chemical compositions from polluted coastal 

water (SSW-5) to pristine open-ocean surface water (SO-145) to validate the method. The 

trueness of the method was assessed by analysing GSP and two older GEOTRACES seawater 

reference materials (Atlantic surface water, GSI, and Atlantic deep water, GDI) all of which 

were specifically collected for interlaboratory calibration of contamination-prone trace metal 

isotopes. The results were compared to an established high-precision double-spike TIMS 

method (Paul et al., 2015b).   

3.2.2. Reagents and materials 

All procedures were carried out on a laboratory bench or in a class 10 laminar flow hood 

inside a class 1000 clean room laboratory. Purified deionised water (MQ water with a 

resistivity > 18.2 MWcm) from a Milli-Q water system (Millipore) was used to clean 

materials and prepare all reagents. High-purity concentrated HBr (~8.5 M) and HF (~28 M) 

were purchased from VWR International as optima (distilled) grade acids, while concentrated 

HNO3 (15.8 M) and HCl (11.7 M) were obtained from Fisher Scientific as analytical reagent 

grade acids. All mineral acids were purified in the clean laboratory by sub-boiling distillation 

using Savillex distillation units. Additional reagents were also purchased from Fisher 

Scientific and included concentrated optima grade H2O2 (~10 M), concentrated optima grade 

acetic acid (~17 M), and analytical reagent grade aqueous NH3 solution (18.1 M). The 

analytical reagent grade aqueous NH3 was purified by cold vapour phase equilibration using 

~700 mL of aqueous NH3 with ~350 mL of MQ water in a 1 L Savillex Teflon elbow and left 

for approximately two weeks to obtain purified aqueous NH3.  

All PTFE Teflon vials and PFA Teflon filtration apparatus were purchased from 

Savillex and cleaned by sequential soaking for one day in 1% Citranox detergent and then 

two days in heated (~120 °C) 6 M HCl, 8 M HNO3 and 0.1 M distilled HNO3 with extensive 

rinsing using MQ water in between each cleaning step. Low density polyethylene (LDPE) 

bottles were purchased from Fisher Scientific and cleaned by soaking for two days in heated 

(~60°C) 1% Citranox detergent, 3 M HCl and ~0.3 M distilled HNO3 with extensive rinsing 

using MQ water between each cleaning step. Whatman® membrane filters (Polycarbonate 

membrane, 47 mm diameter and 0.5 µm pore size) purchased from Fisher Scientific were 
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cleaned in distilled 6 M HCl for 24–48 hours and stored in MQ water until used during the 

extraction procedure.   

3.2.3. Solid-phase extraction using Nobias chelate resin  

Lead was extracted and pre-concentrated from seawater using a batch-extraction technique in 

combination with Nobias PA-1 chelating resin (Hitachi High Technologies, Japan). Previous 

studies have demonstrated the ability of this resin—hydrophilic methacrylate polymer beads 

with ethylenediaminetriacetic (EDTriA) and iminodiacetic (IDA) acid functional groups 

(Sohrin et al., 2008)—to strongly bind to trace metals in seawater whilst maintaining a low 

affinity for major seawater cations (e.g., Na, Ca, Mg; Sohrin et al., 2008; Biller and Bruland, 

2012; Conway et al., 2013) and producing low blank contamination during extraction 

procedures (Sohrin et al., 2008; Biller and Bruland, 2012; Chien et al., 2017). The procedure 

used in this study is based on a previously published method that applies the batch-extraction 

technique in combination with Nobias PA-1 chelating resin to extract Cd, Zn and Fe isotopes 

(Conway et al., 2013). Briefly, 0.2–2 L seawater sample aliquots (to provide 2–10 ng of Pb 

for isotopic measurements depending on seawater concentration) were transferred from the 

large seawater reference material container to LDPE bottles and treated with 1 mL 0.001 M 

H2O2 (per litre of seawater) to allow oxidation of organics over a 24-hour period. Sample pH 

was adjusted to 4.8 ± 0.2 by addition of distilled aqueous NH3 using 2 mL (per L of seawater) 

of 5 M ammonium acetate as a buffer solution. Ammonium acetate was purified beforehand 

by passing it through the Nobias PA-1 resin procedure. 

Previous studies performed trace metal extraction from seawater with Nobias PA-1 

resin using a higher pH value (6.05–6.20; Sohrin et al., 2008; Biller and Bruland, 2012; 

Conway et al., 2013). For Pb extraction, there were three reasons for adopting a lower pH:  

(1) Pb yields plateau at 95–100% above pH 3.5, while the yields of major seawater cations 

continue to increase at a higher pH (Sohrin et al., 2008); (2) the most appropriate pH range 

for ammonium acetate buffer solution is lower than 6 (3.8–5.8; pKa = 4.8); (3) acidified 

seawater samples (pH ~2) require less addition of reagent to reach a pH of 4.8, instead of 

6.05–6.20, thus reducing potential blank contamination.  

After setting the pH, a filtration rig with a vacuum chamber was attached to a vacuum 

pump. A 0.5 µm PC membrane was attached to a filter unit and approximately 2.5 mL  

(∼0.78 g) of Nobias resin was cleaned with 3 M HNO3 and MQ water using the filter rig 

system. The cleaned resin was transferred to the pH-adjusted seawater sample and the 



  

73 

 

mixture was then shaken vigorously for two hours. The filtration apparatus was used again to 

separate the resin from the seawater and elute the Pb from the resin with ~30 mL of 3 M 

HNO3. Finally, the resin was cleaned using 3 M HNO3 and stored in a PTFE vial with ~15 

mL 3 M HNO3. Procedural blanks were estimated by processing 1 L of internal seawater 

reference material (SSW-5) through the full extraction technique five times to remove any Pb 

and produce a ‘blank seawater’ sample. The blank seawater sample was then passed through 

the aforementioned extraction procedure twice with every batch of samples to quantify the 

maximum blank contribution for a 2 L seawater sample. 

3.2.4. Purification by anion-exchange chromatography 

After the extraction procedure, samples were evaporated and treated with concentrated 

distilled HNO3 and concentrated optima grade H2O2 (9:1 ratio) at 140°C for at least 2 hours. 

After evaporation, samples were refluxed at 140°C in 1 mL 2 M HBr and evaporated to 

remove any residual traces of nitrates and convert Pb to bromide form. Samples were then  

re-dissolved in a 5 mL 2 M HBr + 0.01 M HF solution. In this study, the anion-exchange 

purification procedure for Pb follows an established method that applies Eichrom  

AG1-X8 resin (100–200 mesh size) and dilute HBr-HNO3 elution mixtures for the 

purification of seawater samples (Paul et al., 2015b and references therein). The only 

modification to the published procedure involves the use of 100 µL AG1-X8 columns instead 

of 20 µL AG1-X8 columns for the 2nd stage of anion-exchange chromatography. 

3.2.5. MC-ICP-MS analyses of Pb isotope compositions 

The accurate determination of Pb isotopes with precise correction of instrumental mass 

discrimination requires separate mass spectrometric analyses of both unspiked and  

double-spiked aliquots of the same sample. Therefore, after purification, the sample was 

divided into two unequal aliquots. Two-thirds of the solution remained unspiked while a 

calibrated 207Pb-204Pb double-spike solution was added to the remaining third (Paul et al., 

2015b). The amount of 207Pb-204Pb double-spike added to the aliquot was calculated based on 

the sample weight, Pb concentration and an estimated extraction yield (~80%) with the 

intention of creating a mixture which contains a molar ratio of spike (S) Pb to natural (N) Pb 

that approximates the optimum S/N ≈ 1.226 (S ≈ 55.1% molar proportion; 206Pb/204Pb ≈ 0.411 

assuming a seawater 206Pb/204Pb = 18.4; Rudge, et al., 2009). Following the addition of the 

double-spike, both the unspiked and double-spiked aliquots were doped with Tl using 
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Standard Reference Material (SRM) 997 from the National Institute Standards and 

Technology (NIST) to obtain a total Pb/Tl ratio ≈ 1/3 (Baker et al., 2004). The addition of Tl 

allowed external normalisation of both the unspiked and spiked measurements. Samples were 

evaporated, re-dissolved in 1 mL 0.1 M HNO3 and refluxed to ensure sample-spike 

homogenisation. 

All Pb isotope measurements were performed on a Nu Plasma II double-focusing  

MC-ICP-MS with an electrostatic analyser. Both unspiked and double-spiked measurements 

were acquired by static multicollection using a Faraday collector array with 205Tl on the axial 

cup (201Hg, 202Hg, 203Tl, 204PbHg, 205Tl, 206Pb, 207Pb and 208Pb on collectors L4, L3, L2 L1, 

Ax, H1, H2 and H3, respectively). All Faraday collector pre-amplifiers were equipped with 

1011 Ω resistors except L1 and L3 which were both fitted with 1012 Ω resistors to enhance the 

signal/noise ratio for the corresponding isotopes. The higher resistors assisted in monitoring 

the low Hg interference levels in the gas background, correcting the isobaric interference on 

204Pb based on the known abundance of 204Hg/202Hg ratio (204Hg/202Hg = 0.22923; Meija et 

al., 2010) and amplifying the minor 204Pb isotope signal to improve the precision of the ratios 

involving the minor 204Pb isotope (henceforth 20xPb/204Pb ratios, where x = 6, 7 and 8). 

Samples were introduced into the MC-ICP-MS as dilute 0.1 M HNO3 using a Nu instruments 

DSN-100 desolvator and a glass micro-flow nebuliser (uptake rate ~140 µL min-1). The 

instrument parameters (torch position, source lenses, high-voltage lenses and quad lenses) 

were optimised on a daily basis for maximum intensity of the 208Pb signal using a mixed 

NIST SRM 981-997 (Pb-Tl) solution (1 ppb Pb/ 3 ppb Tl).  

Over a 15-month period, the average instrument sensitivity was ~1500 V ppm-1 (total 

Pb beam). In terms of data collection, an initial sample transfer time (50 seconds) was 

followed by automatic peak centring, electronic background monitoring (30 seconds) and 

data analysis as one block of 60 cycles with an integrated measurement time of five seconds. 

After each sample, the introduction system was washed for 120 seconds with 0.1 M HNO3. 

For double-spike runs, a different DSN-100 desolvator and washing station was used to avoid 

memory effect in the introduction system which could impact any subsequent unspiked Pb 

measurements. During sample measurements, a set of mixed NIST SRM 981-997 solutions in 

0.1 M HNO3 ranging in Pb concentration from 1 to 10 ppb with a Pb/Tl ratio ≈ 1/3, were 

measured to monitor the accuracy during every run. For double-spike measurements, mixed 

NIST SRM 981-997 solutions were prepared by spiking 1/3 of the Pb concentration for the 

corresponding unspiked standard with 207Pb-204Pb double-spike to achieve the optimum S/N 

ratio, where N is the Pb of the NIST SRM standard. 
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All data processing was conducted offline using a programme developed on 

MATLAB®. The raw isotope beam intensities for both the unspiked and double-spiked 

measurements were corrected by first removing the electronic background and then any 

isobaric interferences (i.e., 204Hg). Instrumental mass discrimination for unspiked 

measurements was corrected by external normalisation using the measured 205Tl/203Tl ratio, 

the exponential mass fractionation law and an empirically optimised 205Tl/203Tl reference 

ratio to provide the best fit for the 208Pb/206Pb, 207Pb/206Pb and 20xPb/204Pb ratios (Rehkamper 

and Mezger, 2000; Gallon et al., 2008) relative to NIST SRM values (Galer and Abouchami, 

1998). Data from the double-spiked measurements were then combined with the Tl-

normalised Pb isotope ratios of the unspiked run to iteratively solve a series of non-linear 

equations and compute the double-spike corrected Pb isotope ratios (Rudge et al., 2009). The 

MATLAB programme processes the data on a cycle-by-cycle basis to provide accurate 

propagated instrumental uncertainties (Appendix 1). Lead isotope ratios of measured NIST 

SRM 981 during every run were normalised to average literature values reported for  

triple-spike TIMS measurements (Galer and Abouchami, 1998) and the corresponding 

correction factor applied to seawater sample measurements. Blank corrections were not 

applied to the Pb isotope data as there was no improvement to the precision of replicate 

analyses of the seawater reference materials. 

3.2.6. Determination of Pb concentration 

Lead concentrations were determined by isotope dilution (ID) on a Nu Plasma II  

MC-ICP-MS after extraction and chemical separation by Mg(OH)2 co-precipitation and 

anion-exchange chromatography, respectively. The procedure is identical to previous 

methods measuring Pb concentration in seawater (Boyle et al., 2012; Paul et al., 2015b). 

Briefly, 50 mL seawater aliquots were spiked with a 207Pb-204Pb double-spike solution based 

on an estimate of the Pb concentration to achieve an optimal spike-sample ratio ≈ 2.61% 

(equivalent to 206Pb/204Pb ≈ 0.188; Paul et al., 2015b). Samples were left to equilibrate for 

~10 days and then the Pb was extracted by Mg(OH)2 co-precipitation using distilled aqueous 

NH3. The seawater supernatant was removed, the precipitate dissolved in a dilute HNO3-HBr 

mixture and the sample was subsequently purified by single stage anion-exchange chemistry 

using 20 µL AG1-X8 columns. The ID MC-ICP-MS analyses for Pb used the same 

techniques that were applied to the isotopic measurements. 
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3.3. Results and discussion 

3.3.1. Solid-phase extraction vs. Mg(OH)2 co-precipitation 

Multiple aliquots of seawater reference materials were analysed by both solid-phase 

extraction and Mg(OH)2 co-precipitation (following established methods; Paul et al., 2015b) 

in conjunction with double-spike correction to compare the performance of the extraction 

procedures (Table 3.1). The mean procedural blank for Nobias was 84 ± 25 pg (1sd, n = 9; 

excluding one anomalously high blank of 204 pg obtained immediately after cleaning the 

blank seawater sample) which, when normalised to seawater mass (0.29 ± 0.14 pmol kg-1), is 

consistent with other solid-phase extraction procedures using Nobias (0.33 ± 0.16 pmol kg-1; 

Chien et al., 2017) or Toyopearl (0.1 ± 1.3 pmol kg-1; Zurbrick et al., 2013) resins. Blank 

contamination during solid-phase extraction was three times higher than Mg(OH)2  

co-precipitation in this study (27 ± 12 pg; 1sd, n = 6) and a previous study using the same 

extraction procedure (28 ± 21 pg; 1sd, n = 25; Paul et al., 2015b) On the other hand, Nobias 

demonstrates a greater efficiency than Mg(OH)2 co-precipitation with significantly higher Pb 

yields across all seawater reference materials (Table 3.1). Most samples have extraction 

yields (~90–95%) comparable to other studies using similar procedures (Sohrin et al., 2008; 

Biller and Bruland, 2012; Conway et al., 2013), with the exception of the low concentration 

seawater sample (Southern Ocean, SO-145), which exhibits variable extraction efficiencies 

(60–111%) due to the higher relative error of the Pb concentration measurements. Once 

blanks contributions to the quantity of Pb measured for each sample were calculated (based 

on mean procedural blanks, mean measured yields and the same volume of seawater for both 

extraction methods), they were significantly higher for Nobias (0.9–5.7%) than Mg(OH)2  

co-precipitation (0.4–1.9%) across all seawater reference materials. The greater efficiency of 

solid-phase extraction, therefore, does not compensate for the higher blank contamination. 

Despite the different blank contribution levels for the two different extraction methods, 

all seawater reference materials yielded Pb isotope ratios that were in excellent agreement. 

Moreover, given a statistically significant number of replicate analyses for each method  

(e.g., SSW-5, n = 5–7; GSP, n = 7–8), there is no significant difference in the external 

reproducibility (2sd relative ppm) of the different ratios. The higher blank contributions 

exhibited by solid-phase extraction, along with any minor fractionation processes during the 

extraction procedures, have negligible effect on the relative accuracy of the Pb isotope 

measurements. 
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3.3.2. Double-spike correction vs. Tl-normalisation  

The procedures used to account for instrumental mass discrimination were validated using 

multiple measurements of 1 and 10 ppb (~1 and 7 ng of Pb consumed during each 

measurement, respectively) NIST SRM 981 (Table 3.2). For both concentrations,  

double-spike corrected Pb isotope ratios are consistent with recent reference values applying 

double or triple-spike correction to MC-ICP-MS (Thirlwall, 2002; Baker et al., 2004; 

Makishima et al., 2007; Makishima and Nakamura, 2010; Taylor et al., 2015) or TIMS (Galer 

and Abouchami, 1998; Thirlwall, 2002; Amelin and Davis, 2006; Taylor et al., 2015; Klaver 

et al., 2016; Fukami et al., 2017) analyses (Table 3.2; Figure 3.1 (a));. Despite the low level 

of Pb consumed, the double-spike can effectively and accurately correct for the greater mass 

fractionation of the plasma ion source relative to TIMS. Double-spike corrected 1 ppb 

standards were tested to simulate concentration levels appropriate for seawater analyses and 

exhibit an external reproducibility of ~1000–1400 ppm for 20xPb/204Pb ratios and ~220–280 

ppm for 206Pb/207Pb and 208Pb/207Pb ratios (Table 3.2). Previous studies using MC-ICP-MS 

coupled with double-spike correction used NIST SRM 981 at much higher concentrations 

(~50–80 ppb) or exclusively without any real samples and have therefore obtained more 

precise results (Thirlwall, 2002; Baker et al., 2004; Makishima and Nakamura, 2010; Taylor 

et al., 2015). The results presented here are comparable to TIMS measurements using 1011 Ω 

resistors for all isotopes and similar quantities of Pb during measurements (~900–1100 ppm 

for 20xPb/204Pb ratios and ~140–200 ppm for 206Pb/207Pb and 208Pb/207Pb; Bridgestock, 2015; 

Paul et al., 2015b), but are more than a an order of magnitude worse than TIMS results for 

204Pb ratios when using 1013 Ω resistors or total evaporation technique (~60–120 ppm for 

20xPb/204Pb ratios; 206Pb/207Pb and 208Pb/207Pb ratios were not reported; Klaver et al., 2016; 

Fukami et al., 2017).  

The external precision of Tl-normalised Pb isotope ratios are ~2 times better than the 

double-spike correction for all ratios when measuring 10 ppb concentrations, and ~2 times 

better for the 20xPb/204Pb ratios but only marginally better for 206Pb/207Pb and 208Pb/207Pb 

when measuring 1 ppb concentrations (Table 3.2). The high precision of Tl-normalisation is a 

function of two variables: (1) minimal matrix interferences because of the purity of the 

standard solutions; and (2) larger double-spike external errors caused by the propagation of 

measurement errors across the unspiked and double-spiked analyses.  
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In contrast to NIST SRM 981 standards, seawater samples and reference materials are 

subjected to blank contamination, minor isotope fractionation during chemical purification 

and a greater range of instrumental mass discrimination due to sample matrix effects. 

Consequently, the external precision of double-spike corrected Pb isotope ratios for NIST 

SRM 981 standards is better than seawater samples when measuring comparable amounts of 

Pb. As expected, therefore, the external precisions of Tl-normalised 20xPb/204Pb ratios and 
206Pb/207Pb, 208Pb/207Pb ratios for SSW-5 (420–540 and 70–160 ppm), GSP (300–600 and 

290–350 ppm) and SO-145 (610–1330 and 440–1160 ppm) are inferior to the external 

precision of Tl-normalised NIST SRM 981 standards when comparable amounts of Pb are 

measured. 

However, despite the introduction of potential matrix effects and interferences, the 

results for Tl-normalised seawater data compare extremely well to the precision of 

corresponding double-spike data (Figure 3.1). The high performance of Tl-normalisation can 

be explained when examining the difference between the external precisions of both 

correction procedures following Mg(OH)2 co-precipitation. The external precisions of  

Tl-normalised 20xPb/204Pb ratios and 206Pb/207Pb, 208Pb/207Pb ratios are worse for SSW-9 

(410–965 and 190–380 ppm), SSW-5 (560–790 and 170–230 ppm), and GSP (1080–1720 

and 330–440 ppm) than double-spike corrected data (Table 3.1). The superiority of  

double-spike correction following Mg(OH)2 co-precipitation, and the similarity between 

double-spike correction and Tl-normalisation after Nobias, indicates that Mg(OH)2  

co-precipitation is potentially less effective at extracting high-purity Pb from the seawater 

matrix, which increases the susceptibility of Tl-normalisation to matrix effects during  

MC-ICP-MS analyses (Barling and Weis, 2008). However, given the limited amount of 

seawater available for replicate analyses, it is difficult to state with statistical certainty that 

the difference in precision between double-spike and Tl-normalised Pb ratios following 

Mg(OH)2 co-precipitation is a consequence of matrix effects. 

The external relative accuracy of Tl-normalisation is demonstrated by the size and 

coincidence of uncertainty ellipses in 206Pb/204Pb-206Pb/207Pb isotopic space (Figure 3.1). 

Overall, Tl-normalised Pb isotope ratios following both extraction procedures are identical to 

double-spike corrected ratios. There exists, independent of extraction or mass discrimination 

correction procedures, a co-variation between 206Pb/204Pb and 206Pb/207Pb (the long axis of the 

calculated uncertainty ellipse) which does not entirely coincide with the linear mass 

fractionation vector. This behaviour suggests that the double-spike correction and  

Tl-normalisation effectively eliminate any significant variation caused by instrumental mass 



  

81 
 

fractionation, but the deviation (or scatter) must be caused by either mass independent 

fractionation or analytical uncertainty when analysing low level Pb measurements.  

In Figure 3.1, the long-axis of the uncertainty ellipses are not aligned with the mass 

fractionation vector for both NIST SRM 981 and seawater reference materials, regardless of 

the amount of Pb measured (NIST = ~1–7 ng, SSW-5 = ~10 ng, GSP = ~6 ng,  

SO-145 = ~2 ng). The shift of the ellipses away from the mass fractionation line is a 

consequence of residual uncertainties caused by instrument limitations (e.g., signal-to-noise 

ratio, increase in blank contribution, electronic baselines and inadequate Hg correction). The 

alignment of the uncertainty ellipses horizontally across the x-axis signifies that this 

analytical uncertainty is predominantly controlled by instrument limitations associated with 

the measurement of the small 204Pb isotope. 

  Another important observation is that the uncertainty ellipses of the double-spike and 

Tl-normalised data overlap less with increasing amounts of Pb analysed (Figure 3.1 (d)-(b)). 

Overall, for low Pb concentration data (~2–10 ng Pb), the mass fractionation relationship 

between Tl and Pb is not compromised following either extraction method: the distribution of 

Tl-normalised data is not characterised by extremely large co-variation and overlaps with the 

ellipses of double-spike data. The oblate nature of the ellipses for both double-spike and  

Tl-normalisation highlights the analytical limitations (as discussed above) rather than the 

inability of Tl to accurately correct for mass discrimination. Although there is no observable 

difference between Tl-normalisation and double-spike correction in this study, for higher 

amounts of Pb consumed (> 10 ng of Pb) Tl-normalisation may produce less accurate data 

than double-spiked correction (Figure 3.1 (b)). Within the range of total Pb measured during 

analyses for seawater measurements, however, provided that the instrument is calibrated with 

a reference material during each analytical session, solid-phase extraction with Nobias 

coupled with Tl-normalisation provides an effective method to obtain high-precision Pb 

isotope measurements of seawater. This approach requires only one mass spectrometric run, 

thus reducing the analytical time further and increasing the amount of Pb available for 

measurements. 
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Figure 3.1 206Pb/204Pb-206Pb/207Pb isotope plots for (a) NIST SRM 981 (b) SSW-5, (c) GSP and (d) 
SO-145. Error ellipses represent the eigenvectors and eigenvalues (multiplied by the chi-squared 
factor to achieve a 95% confidence level) generated from covariation regression analysis of (1) NIST 
SRM 981 double-spike (purple) and Tl-normalisation (orange) for 1 ppb and 10 ppb solutions (dashed 
and solid ellipses, respectively); and (2) Nobias with double-spike (purple), Nobias with  
Tl-normalisation (orange), and Mg(OH)2 co-precipitation with Tl-normalisation (green) for seawater 
reference materials. The black point in panel (a) represents the NIST SRM 981 poly-spike average 
taken from the literature (see text section 3.2.2). Every coloured point in (b)-(d) denotes an individual 
seawater measurement for the respective procedure. The dotted black line represents the linear mass 
fractionation vector calculated using the mean measured (Nobias) double-spike 206Pb/204Pb and 
206Pb/207Pb ratios and a slope equal to !m2/!m1 x R2/R1, where !m1 and !m2 correspond to the 
difference in mass for R1 (206Pb/204Pb) and R2 (206Pb/207Pb), respectively. An error ellipse could not be 
calculated for SO-145 Mg(OH)2 co-precipitation with Tl-normalisation (n = 2; Table 3.1). Here, the 
points are plotted with the internal errors (2 x standard error of the mean for individual results) for 
206Pb/204Pb and 206Pb/207Pb ratios. 

3.3.3. Instrument and interlaboratory calibration  

The external reproducibility for multiple analyses of internal seawater reference materials 

demonstrates furthermore that the new analytical procedure is better than a high-precision 

Mg(OH)2 co-precipitation double-spike TIMS method previously used in the MAGIC 

laboratories at Imperial College London (Paul et al., 2015b). For low concentration seawater 

samples (Pb = ~7 pmol kg-1; n = 7), the typical precision of 20xPb/204Pb ratios and 206Pb/207Pb, 
208Pb/207Pb ratios were 490–1230 and 1210, 310 ppm, respectively (Table 3.1). The results 

represent a significant improvement compared to the established TIMS method for the 
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20xPb/204Pb ratios (1300–2600 ppm) and 206Pb/207Pb, 208Pb/207Pb ratio (1730 ppm, 920 ppm, 

respectively; Paul et al., 2015b; Bridgestock, 2015). Importantly, the analytical throughput of 

the new procedure is significantly higher (~12 samples/month) compared to the previously 

used Mg(OH)2 co-precipitation double-spike TIMS analyses (~6 samples/month). This 

improvement in throughput is achieved without compromising the precision of the results or 

the capability to measure extremely low-level seawater samples. Overall, the method is time-

effective, eliminates previous problems associated with Si(OH)4 and provides the desired 

precision of ~1000 ppm or better for all Pb isotope ratios, even for seawater with Pb 

concentrations as low as ~7 pmol kg-1 (Table 3.1; Boyle et al., 2012).  

The trueness of the new method was furthermore confirmed by analysing Pb 

concentrations and isotope compositions for three GEOTRACES intercalibration samples 

(GSP, GSI and GDI; Table 3.3). The results are compared to results obtained previously by 

high-precision TIMS and agree with consensus values for Pb concentrations and reference 

values from two other laboratories for Pb isotope compositions (Table 3.3; Boyle et al., 2012; 

Zubrick et al., 2013; Paul et al., 2015b). For Pb concentrations, GSI (25.8 pmol kg-1) and GDI 

(42.8 pmol kg-1) yielded lower values compared to TIMS values (27.9 and 45.7 pmol kg-1, 

respectively). The external precision of Pb concentrations for GSI and GDI could not be 

established because there was not enough sample volume for multiple analyses. Assuming a 

typical external precision of ~1–2 pmol kg-1 for seawater Pb concentrations (Table 3.1), all 

results are identical within the quoted uncertainties. For Pb isotope compositions, all 

intercalibration samples were analysed using 0.5–2 L aliquots. Following chemical extraction 

and purification, ~4–10 ng of Pb were available for isotope analysis. When compared to 

high-precision TIMS values, both methods produce identical results within quoted 

uncertainties for all Pb isotope ratios across all intercalibration samples. The excellent 

agreement of the new method and the established TIMS method is further validated by the 

mean absolute difference of the external precision for all Pb isotope ratios of GSP (~190–290 

ppm for 20xPb/204Pb ratios and ~ < 290 ppm for 206Pb/207Pb and 208Pb/207Pb). The difference in 

results is approximately half the external precision for 20xPb/204Pb ratios and similar to the 

external precision of 206Pb/207Pb and 208Pb/207Pb ratios produced by MC-ICP-MS coupled 

with double-spike correction (Table 3.1).  
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3.4. Conclusion 

A new analytical procedure was developed to improve the precision and analytical 

throughput of Pb isotope analysis of seawater. The procedure combines solid-phase 

extraction of Pb using Nobias PA-1 chelating resin with MC-ICP-MS analyses that employ a 
207Pb-204Pb double-spike for correction of mass discrimination. Following multiple analyses 

of internal and intercalibration seawater reference materials, the typical precision (2sd) of the 

procedure is ~250–1250 ppm for 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb ratios and  

~100–1200 ppm for 206Pb/207Pb, 208Pb/207Pb ratios. Nobias extraction and Mg(OH)2  

co-precipitation with double-spike correction produce statistically identical results with no 

discernible difference in the level of precision. High-precision Pb isotope analyses are 

attainable using Nobias coupled with Tl-normalisation. Following Mg(OH)2 co-precipitation, 

Tl-normalisation shows no systematic bias but appears to produce less precise Pb isotope data 

because of matrix effects during the MC-ICP-MS measurements. Finally, calibration against 

results obtained for seawater reference materials with an established TIMS double-spike 

method confirms the trueness of the new procedure. 
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Abstract 

Anthropogenic lead (Pb) emissions from mining, smelting and fossil fuel combustion are 

important sources of atmospheric, and thus, oceanic contamination. The interplay between 

the Antarctic Circumpolar Current and Meridional Overturning Circulation, as well as the 

different biogeochemical provinces of the Southern Ocean, could play an important role in 

the global redistribution of these anthropogenic emissions but the sources, fluxes and 

processes governing the distribution of Pb across this region have not yet been constrained.  

Samples were collected for measurements of dissolved Pb concentration and isotope 

composition at six depth profiles along a meridional transect at 140°E between Australia and 

Antarctica (GEOTRACES section GS01). The results show that the sources of Pb to the 

Southern Ocean are (1) anthropogenic emissions from Australia; (2) Australian dust from 

river plains and deserts; and (3) Antarctic sediments/benthic fluxes influencing deep and 

bottom water masses as recorded in deep-sea ferromanganese crusts. Surface waters with low 
206Pb/207Pb and 208Pb/207Pb ratios corresponds to a high fraction of anthropogenic Pb  

(~30–50%). In contrast, the high 206Pb/207Pb and 208Pb/207Pb of Antarctic Bottom Water 

record the dominance of natural Pb inputs during bottom water formation (~76–84%).  

Despite the strong correlation between Pb isotope signatures and water masses along 

the section, there is an incongruence between the spatial distribution of sub-surface waters 

and their location in Pb isotope space. Subantarctic Mode Water in the Subantarctic Zone 

shows the lowest 206Pb/207Pb and 208Pb/207Pb ratios and the highest Pb concentrations  

(~15 pmol kg-1) across the transect despite forming from Antarctic Surface Water with higher 
206Pb/207Pb and 208Pb/207Pb ratios. These observations indicate that the Pb isotope 

composition of SAMW is tracing the pathway of contaminated Pacific waters laterally 

advected poleward from east Australia into the Southern Ocean through the Tasman leakage. 

Similarly, pre-formed Antarctic Intermediate Water (AAIW) and Upper Circumpolar 

Deep Water (UCDW) exhibit anonymously low 206Pb/207Pb and 208Pb/207Pb ratios and high 

Pb concentrations but the anthropogenic Pb signal in these water masses cannot be reconciled 

by lateral advection or diapycnal water mass mixing. It is proposed that reversible scavenging 

and equilibrium exchange are the dominant processes responsible for the vertical transport of 

anthropogenic Pb to deep waters. The equatorward trend of decreasing 206Pb/207Pb and 
208Pb/207Pb and increasing Pb concentrations in these water masses highlights the spatial 

variability of reversible scavenging caused by different rates of primary production across the 

Southern Ocean biogeochemical provinces. In the northern PF region where diatom primary 
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production and opal levels are higher than HNLC Antarctic region, a particularly strong 

anthropogenic Pb signal in UCDW indicates that reversible scavenging may be responsible 

for ~80% of the observed dissolved Pb budget. Nevertheless, it remains difficult to 

quantitatively resolve the relative contributions of the different processes without well-

constrained Southern Ocean scavenging rate constants, particulate settling velocities as well 

as particle and water mass endmember compositions. 
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4.1. Introduction 

Over the last century, anthropogenic emissions from mining, smelting and fossil fuel 

combustion have greatly perturbed the lead (Pb) inventory of the modern ocean (e.g., Pacyna 

and Pacyna, 2001; Kelly et al., 2009; Boyle et al., 2014). These anthropogenic emissions 

exhibit distinct Pb isotope signatures which reflect the specific Pb ore deposits used to sustain 

the industrial activity of a particular region (e.g., Bollhöfer and Rosman, 2000; Bollhfer and 

Rosman, 2001). As a consequence of this regional variability, Pb isotopes can be used to 

identify sources of contamination and quantify the relative contribution of anthropogenic and 

natural Pb sources to the surface ocean (e.g., Lee et al., 2015; Bridgestock et al., 2016; 

Zurbrick et al., 2017). 

In conjunction with this spatial variability, the magnitude and isotopic composition of 

anthropogenic emissions evolve through time because of changes in anthropogenic activities. 

These temporal variations correspond to a variety of socio-economic developments, from the 

implementation of environmental regulations (e.g., phase-out of leaded petrol) and changes in 

the supply of Pb from an particular ore deposit to a given region, to fluctuations in industrial 

productivity and, therefore, the relative intensity of regional Pb emissions (Shen and Boyle, 

1987; Wu and Boyle, 1997a; Veron et al., 1998; Kelly et al., 2009). While the spatiotemporal 

variability of anthropogenic Pb fluxes to the surface ocean controls the boundary conditions 

of a water mass during formation, the subsequent distribution of Pb isotopes in the ocean 

interior is governed by the internal cycling of Pb.  

Following atmospheric deposition and dissolution in the ocean, Pb inputs are exported 

from the surface to deeper waters predominantly by ocean circulation and water mass mixing 

(Shen and Boyle, 1988; Noble et al., 2015; Bridgestock et al., 2018). The isotopic 

composition of the Pb source is conserved during water mass transit through the ocean as Pb 

is not subjected to any significant physical or chemical isotopic fractionation processes in the 

water column (Sangster, et al., 2000; Komárek, et al., 2008). This conservative behaviour, 

coupled with the transient nature of Pb inputs to the ocean, allows Pb isotopes to trace the 

formation sites, circulation pathways and ventilation timescales of water masses across the 

ocean (e.g., Alleman et al., 1999; Bridgestock et al., 2018). 

Recently, however, several studies have shown that Pb isotopes do not necessarily act 

as conservative tracers of water mass mixing. Within the water column, reversible 

scavenging and equilibrium exchange between dissolved and adsorbed particulate Pb can act 

as an important mechanism for transport of anthropogenic Pb to the deep ocean  
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(Wu et al., 2010; Chen et al., 2016; Zurbrick el al., 2017). Although Pb isotopes have been 

used successfully to trace oceanographic processes ranging from large-scale ocean circulation 

to mesoscale eddy phenomena (Veron et al., 1998; Paul et al., 2015a), the interplay between 

the different processes could affect the ability of Pb isotopes to trace the pathways and 

ventilation times of water masses in hydrographically dynamic and biologically productive 

regions.  

In the Southern Ocean, the Antarctic Circumpolar Current (ACC) and its interplay with 

the Meridional Overturning Circulation (MOC) in the different ocean basins could play an 

important role in the global redistribution of anthropogenic Pb. There are currently, however, 

only two studies which have used Pb isotopes to examine the origins of Pb in the Southern 

Ocean. Although recent observations suggest that natural Pb dominates the coastal water 

column of the Amundsen Sea (60–95%; Ndungu et al., 2016), the presence of anthropogenic 

Pb has been detected in the open ocean surface waters of the Weddell and Scotia Seas  

(0–70%; Flegal et al., 1993). Importantly, the pathways and processes controlling the 

distribution of both anthropogenic and natural Pb in the Southern Ocean could not be 

constrained in these studies because the observations were restricted either to a specific 

region or surface water measurements. 

In theory, the strong circulation patterns of the ACC and MOC would suggest that, like 

in the North Atlantic, thermohaline circulation and water mass advection control Pb 

distribution (e.g., Alleman et al., 1999). Alleman et al. (2001), however, hypothesised that 

observed differences in the isotopic composition of Southern Ocean sourced water masses in 

the South Atlantic (Antarctic Intermediate Water and Antarctic Bottom Water) could be due 

to disparities in either inputs from regional sources near their formation sites, or the 

magnitude of Pb remineralisation in deeper waters. Observations near the formation sites of 

intermediate and deep-water masses in the Southern Ocean would allow this hypothesis to be 

tested. 

This study presents Pb isotope composition and concentration data for water column 

profiles at six locations that form a meridional transect in the Australian sector of the 

Southern Ocean. The aim is to (1) determine the sources of Pb to the Southern Ocean and 

quantify the level of anthropogenic Pb contamination in the region; and (2) elucidate the 

pathways and deconvolve the processes governing the distribution of anthropogenic Pb in the 

interior of the Southern Ocean.  
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4.2. Oceanographic setting 

4.2.1. Regional circulation and frontal structure 

The Australian sector of the Southern Ocean contains two ocean basins separated by the 

South Indian Ridge (Figure 4.1). The Australian Basin is situated immediately south of 

Australia and is bounded to the west by Broken Ridge (100°E; not shown in Figure 4.1) and 

to the east by the Tasman Rise. The second basin, the Australian-Antarctic Basin, lies north 

of Wilkes and Adélie Land continental margins (East Antarctica) and is bounded to the west 

by the Kerguelen Plateau (80°E; not shown in Figure 4.1) and to the east by the south-east 

extension of the South Indian Ridge.  

The circulation pattern in this region is dominated by a strong eastward flow, a 

combination of the Antarctic Circumpolar Current (ACC), warmer waters from the Atlantic 

and the Agulhas Return Current (black dashed arrows; Figure 4.1), which enters the 

Australian-Antarctic Basin from the west and extends along the Southeast Indian Ridge into 

the Pacific Ocean (McCartney and Donohue, 2007). The strong eastward flow forces a 

western boundary current from the Kerguelen Plateau to extend along the centre of the 

Australian-Antarctic Basin (dark blue dashed arrows; Figure 4.1; McCartney and Donohue, 

2007). This mid-basin flow recirculates at the Southeast Indian Ridge and extends westward 

along the continental slope with the Antarctic Continental Slope Current (light blue dashed 

arrows; Figure 4.1; McCartney and Donohue, 2007).  

In the Australian Basin, an open anti-cyclonic gyre forms from the eastward flow of 

South Indian waters which become restricted at the Tasman Rise and recirculate westwards 

along the centre of the basin back to the Indian ocean (green dashed arrows; Figure 4.1). The 

Tasman outflow compensates for the limited penetration of this anti-cyclonic gyre by 

allowing Tasman sea waters, which are partly fed by the East Australian Current, to flow 

around the Tasman Rise, through the centre of the basin and into the Indian Ocean (orange 

dashed arrows; Figure 4.1; Rintoul and Bullister, 1999; Speich et al., 2002; McCartney and 

Donohue, 2007). The surface waters flowing poleward from west of Australia are comprised 

of three currents: the Leeuwin Current representing flow from North West Cape to the Great 

Australian Bight; the South Australian Current, between the eastern Great Australian Bight to 

the north of Tasmania; and the Zeehan Current off western Tasmania (dashed magenta arrow; 

Figure 4.1; Ridgway and Condie, 2004; Bull and Sebille, 2016).  
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Figure 4.1 Study area in the Australian Basin (AB) and Australian-Antarctic Basin (AAB) which are 
separated by the South Indian Ridge (SIR) and located between Australia and East Antarctica. The 
dashed arrows display the regional circulation patterns (the basin-scale total depth-integrated transport 
field), with the solid black lines depicting the positions of the main Southern Ocean fronts (adapted 
from McCartney and Donohue, 2007 and Rintoul, 2001). Light blue and dark blue dashed arrows 
represent the westward (surface) flow of the Antarctic Slope Current and the (deep) cyclonic gyre 
within the Australian–Antarctic Basin, respectively. The black dashed arrows correspond to the 
Antarctic Circumpolar Current (ACC) domain. Green and orange dashed arrows represent the  
anti-cyclonic gyre and Tasman leakage in the Australian Basin, respectively. The magenta dashed 
arrow displays the combined surface water flow of the Leeuwin Current, South Australia Current and 
the Zeehan Current. The Southern Ocean fronts along the meridional transect correspond to the 
Subantarctic Front (SAF), North and South Polar Front (PF-N and PF-S) and the Southern Boundary 
(SB) of the ACC. The dashed red line and coloured circles denote the location of six sampling stations 
for dissolved Pb isotopes and concentrations along the GEOTRACES section GS01.  
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The fronts of the Southern Ocean divide distinct oceanographic regimes caused by the 

transition between cold, dense Antarctic waters in the south and light subtropical water in the 

north (section 1.4.2). The Southern Ocean frontal structure between Australia and Antarctica 

has been evaluated in detail by Sokolov and Rintoul (2002, 2007). In this study, the criteria 

outlined by Sokolov and Rintoul (2002; Table 6) are used to estimate the positions of the 

major fronts using hydrographic data collected during sampling on the GEOTRACES section 

GS01 along the historical SR3 transect between January and February 2018. 

The northern limit of the Subantarctic Front (SAF; Figure 4.1; 50.4°S) demarcates the 

southern limit of the Subantarctic Zone (SAZ) and the northern limit of the ACC. The Polar 

Frontal Zone (PFZ) extends between the SAF and the northern branch of the Polar Front  

(PF-N; Figure 4.1). At 140°E, however, the PF-N recirculates several times resulting in an 

initial eastward crossing at 58.3°S, a westward 56.4°S intersect as it meanders equatorward 

and another eastward crossing farther north at 53.9°S. The southern branch of the Polar Front 

(PF-S; Figure 4.1) at 59.9°S indicates the start of the Antarctic Zone (AZ), within which the 

northern branch of the southern ACC front (SACCF-N) is located at 62.1°S and the southern 

branch of the SACCF (SACCF-S) at 63.9°S. The AZ extends to the Southern Boundary  

(SB; Figure 4.1) at 64.3°S which represents the southern limit of ACC waters and the start of 

the Continental Zone (CZ) at the continental margin.  

4.2.2. GEOTRACES section GS01 

The seawater samples investigated in this study are from the GEOTRACES section GS01, 

which follows the SR3 section, a World Ocean Circulation Experiment (WOCE) 

hydrographic section between Tasmania and Antarctica. During the transect, seawater was 

collected for a range of trace element, nutrient, contaminant and isotope analyses along with 

hydrographic data (temperature, salinity and oxygen). The positions of the stations for Pb 

isotope and concentration measurements were selected to cover the frontal features across the 

140°E transect (red markers and dashed line; Figure 4.1). The stations are categorised 

depending on their location relative to the identified frontal positions: one SAZ station 

(station 15); two PF stations (station 30 and 40); two AZ stations (station 45 and 51); and one 

CZ station (stations 56). As the transect crosses the major fronts of the Southern Ocean, 

seasonal variability will change the position of the fronts (Figure 1.5), but not the position of 

the water masses across the Australian-Antarctic Basin. Therefore, the hydrographic data 
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(temperature, salinity and oxygen) from the GEOTRACES GS01 section at the time of 

sampling is used to define the hydrographic conditions and water masses of the region. 

4.2.3. Water mass distribution 

Several water masses have been identified at the stations along the SR3 hydrographic section: 

Antarctic Surface Water (AASW), Subantarctic Surface Water (SASW), Subantarctic Mode 

Water (SAMW), (preformed) Antarctic Intermediate Water (AAIW), Upper Circumpolar 

Deep Water (UCDW), Lower Circumpolar Deep Water (LCDW) and Antarctic Bottom 

Water (AABW). These water masses exhibit spatial variability along the SR3 section and 

have been identified at individual stations based on potential temperature (θ, °C), practical 

salinity (S, psu) and neutral density (γn, kg m-3; Figure 4.2; Jackett and McDougall, 1997). 

Surface waters are classified as either SASW or AASW. Both water masses have 

neutral density values < 27.13 kg m-3 but exhibit different potential temperature and salinity 

ranges because of their longitudinal positions. SASW is located north of the PF (Orsi et al., 

1995) at station 15 and represents a relatively warm (θ = 6–10 °C) and saline (S > 34.0) 

surface water (Figure 4.2 (a)). Conversely, AASW is much colder and fresher than SASW, 

with potential temperatures reaching –1.9 °C and salinity values between 33.5–34  

(Figure 4.2 (c)). AASW dominates the surface hydrography south of the PF (stations 45, 51 

and 56) and becomes increasingly dense towards Antarctica. The two stations closest to the 

Antarctic continent, station 51 and 56, have surface waters with neutral density values greater 

than 27.13 kg m-3 (Figure 4.2 (c)). This AASW represents the surface water precursor of 

AAIW which flows northwards and subducts at the SAF to form AAIW. AAIW is therefore 

only present at station 15 in the SAZ and can be identified by a salinity minimum at 

intermediate depths within the 27.13–27.55 kg m-3 isopycnal range (Figure 4.2 (a); Rintoul 

and Bullister, 1999; Sokolov and Rintoul, 2002). For the purpose of this study, all samples 

collected within the 27.13–27.55 kg m-3 isopycnal range are referred to as pre-formed AAIW. 

The other subsurface water mass, SAMW, is only present at station 15 as it forms from deep 

winter convection north of the SAF around ~50°S (Rintoul and Bullister, 1999). SAMW has 

a narrow density range (26.9 < γn < 27.0 kg m-3) but can be distinguished from surrounding 

waters by an extreme thermostad (minimum vertical temperature gradient) at subsurface 

levels (Figure 4.2 (a); Rintoul and Bullister, 1999).  
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The deep waters at all stations along the transect constitute Circumpolar Deep Water 

(CDW) and can be sub-divided into UCDW and LCDW depending on their hydrography. 

UCDW is characterised by neutral density values in the range of 27.55 < γn < 28.0 kg m-3 

(Figure 4.2) and an oxygen minimum caused by the flow of old deep waters to the Southern 

Ocean from the  Indian Ocean (Rintoul et al., 2001). LCDW is denser (28.0 < γn < 28.27 kg 

m-3) and has higher salinities due to the influence of saline North Atlantic Deep Water 

(Figure 4.2; Orsi et al., 1995; Rintoul et al., 2001). Both UCDW and LCDW eventually 

outcrop south of the SB and contribute to the formation of northward flowing surface and 

bottom waters, respectively (Rintoul et al., 2001; Lumpkin and Speer, 2007). At the stations 

in the study, however, both UCDW and LCDW remain below the surface even at the CZ 

(station 56; Figure 4.2 (c)).   

The densest water in the abyssal ocean, AABW (γn > 28.27 kg m-3), forms at various 

locations on the continental margins of Antarctica (e.g., Weddell Sea, Ross Sea and Adélie 

Land Coast; Orsi et al., 1999). The exchange of AABW across ocean basins, however, is 

restricted by bottom topography (Whitworth et al., 1998; Orsi et al., 1999). This is observed 

in the Australian Sector of the Southern Ocean where the South Indian Ridge restricts the 

northward flow of AABW into the Australian Basin (station 15 and 30; Figures 4.1 and 4.2). 

The lack of exchange produces local varieties of AABW across the Southern Ocean which 

reflect the properties of the local sources (Orsi et al., 1999). The sources of AABW in the 

Australian sector of the Southern Ocean are (1) Ross Sea Bottom Water (RSBW) advected 

from the east; and (2) Adélie Land Bottom Water (ALBW) formed along the Adélie-Wilkes 

shelf (Rintoul and Bullister, 1999; Williams et al., 2010). The high salinity signature of 

RSBW has previously not been observed to the west of 140°E because of the dominant influx 

of ALBW at the Adélie Land coast between 140°E and 148°E (Rintoul, 1998). In this study, 

there is no hydrographic evidence for RSBW along the SR3 hydrographic section, but the 

presence of ALBW has been detected at station 51 and 56 with its dense (γn > 28.27 kg m-3), 

cold (–0.8 < θ < –0.5 °C) and less saline (34.62 < S < 34.68) properties. ALBW, constitutes 

an important local precursor for AABW in the Australian-Antarctic Basin during the time of 

sample collection in the austral summer. 
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4.3. Materials and methods 

4.3.1. Sampling procedure 

A total of 54 seawater samples were collected across six stations for Pb concentration and 

isotope composition analysis during the expedition SR3-IN2018_V01 (GEOTRACES section 

cruise GS01) on the RV Investigator from Hobart to Antarctica between the 11th January and 

the 21st February 2018 (Figure 4.1). Sample collection was conducted using an autonomous 

trace metal-clean rosette system fitted with 12 trace metal-clean sampling bottles. Following 

seawater collection, samples were filtered using a 0.2 μm capsule filter (Acropak 200) into 

acid cleaned 2 x 1 L low density polyethylene (LPDE, Nalgene) bottles inside a clean 

laboratory container and subsequently acidified to approximately pH 2 using quartz distilled 

6 M HCl.  

4.3.2. Lead concentration and isotope composition analysis 

The analytical procedure to determine the Pb concentration and isotope composition of 

seawater was carried out in the MAGIC Laboratories at Imperial College London (UK) and 

has been described in detail in chapter 3, and where appropriate, by Paul et al. (2015b). 

Briefly, Pb concentrations were determined by isotope dilution, whereby 50 mL 

seawater aliquots were spiked with a 207Pb-204Pb double-spike solution and left to equilibrate 

for ~10 days. The quantity of 207Pb-204Pb double-spike for each sample was calculated based 

on the mass of the sample aliquot and an estimate of the sample Pb concentration. Following 

equilibration, Pb was extracted from seawater by Mg(OH)2 co-precipitation, purified using a 

one-stage anion-exchange chromatography procedure, and then analysed using a Nu Plasma 

II multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS;  

Nu Instruments). Blank corrections were applied to all Pb concentrations using an average 

procedural blank of 20.8 ± 13.4 pg (1sd; n = 11; Chapter 3). For every batch of analysis  

(~9 samples), three samples were randomly selected for triplicate analyses to confirm there 

were no artefacts as a result of spurious blank contamination. Across all samples, only one 

triplicate measurement was discarded (station 45; 495 m) due to Pb concentrations ~15  

pmol kg-1 higher than the other replicate analyses of the same sample. The estimated error for 

Pb concentrations, calculated from the standard deviation of the triplicate mean averaged 

across all triplicate measurements, was ± 1.4 pmol kg-1 (1sd; n = 14) and is consistent with 

replicate analyses of internal and interlaboratory reference materials (Chapter 3). 
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For Pb isotope analysis, Pb was separated from the seawater matrix by solid-phase 

extraction using Nobias PA-1 chelating resin, and then purified by a two-stage  

anion-exchange chromatography procedure using AG1-X8 resin and dilute HBr-HNO3 

mixtures for matrix and Pb elution. Following extraction and purification, a 207Pb-204Pb 

double-spike—based on sample weight, measured Pb concentration and estimated analytical 

yields—was added to a smaller aliquot (~1/3) of the processed sample. Both the unspiked and 

double-spiked aliquots were then doped with thallium (Tl) using Standard Reference Material 

(SRM) 997 from the National Institute Standards and Technology (NIST).  

All Pb isotope measurements were performed on a Nu Plasma II MC-ICP-MS equipped 

with 1012 Ω resistors to amplify the signal of the minor Pb isotope 204Pb as well as 202Hg, in 

order to correct for the isobaric 204Hg interference. A set of mixed NIST SRM 981-997 

solutions with a Pb:Tl ratio of 1:3 and ranging in Pb concentration between 1–10 ppb were 

measured to monitor the accuracy during every run. The following steps were taken to correct 

the raw measured data: (1) removal of the electronic background and the isobaric interference 

of 204Hg on 204Pb; (2) correction of the instrumental mass discrimination for unspiked 

measurements using Tl-normalisation based on the exponential mass fractionation law; and 

(3) application of the double-spike correction to Tl-normalised Pb isotope ratios of the 

unspiked run using data obtained from the double-spike analyses. 

The procedural blanks for the Pb isotope composition procedure ranged from  

47–122 pg Pb, which corresponds to 0.7–5.9% of the total Pb content of samples analysed. 

Blank corrections, however, were not applied to the Pb isotope compositions as this did not 

improve the precision of replicate analyses of seawater reference materials (Chapter 3). The 

external reproducibility of both the Pb concentration and isotope composition measurements 

has been assessed through replicate analyses of seawater reference materials. Moreover, the 

accuracy of the method has been validated by cross-calibration with a previously established 

TIMS technique using GEOTRACES intercalibration samples GDI, GSI and GSP (Chapter 

3; Boyle et al., 2012; Paul et al., 2015b). 

Initial Pb isotope analyses conducted in this study applied Mg(OH)2 co-precipitation 

instead of the Nobias chelating resin in the first step of sample preparation. However, several 

studies reported that Si(OH)4 in seawater is efficiently scavenged by Mg(OH)2 and the  

pre-concentrated Si(OH)4 significantly reduces the solubility of the Mg(OH)2 precipitate 

(Boyle et al., 2012; Lee et al., 2015). These observations were confirmed by the initial work 

conducted here: deep waters of the Southern Ocean have extremely high Si(OH)4 

concentrations (~60–140 μmol kg-1) and this either prevented dissolution of the Mg(OH)2 
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precipitate in the 2M HBr-0.01M HF mixture that was used for loading of samples in the 

subsequent anion-exchange separation of Pb, or led to the precipitation of a thick Si(OH)4 gel 

during anion-exchange chromatography. Consequently, samples from above 1000 m at 

station 15 were analysed following Mg(OH)2 co-precipitation (Paul et al., 2015b), while 

samples from greater depth at this station were lost during the purification procedure. All 

remaining samples from other stations were subsequently processed using solid-phase 

extraction (Nobias PA-1) instead of Mg(OH)2 co-precipitation. A comparison between the 

two methods has shown that they produce statistically identical Pb isotope data (Chapter 3). 

The results obtained for station 15 can therefore be compared without bias to other results 

across the meridional section.  

4.4. Results 

In the Australian sector of the Southern Ocean, seawater measurements exhibit a strong 

correlation in 20xPb/204Pb versus 206Pb/207Pb and 206Pb/207Pb versus 208Pb/207Pb isotope space 

(Figure 4.3). The weaker relationship between 207Pb/204Pb and 206Pb/207Pb corresponds to the 

significantly smaller variability of the 207Pb/204Pb ratio in seawater and therefore the greater 

effect of analytical uncertainties on the distribution in isotopic space (Figure 4.3 (b)). The 

strong correlation between high-precision 206Pb/204Pb and 206Pb/207Pb ratios in seawater has 

previously been observed in different regions of the Atlantic Ocean (Paul et al., 2015a; 

Bridgestock et al., 2016; Bridgestock et al., 2018). Furthermore, Bridgestock et al., (2018) 

evaluated in detail the application of high precision 206Pb, 207Pb and 208Pb /204Pb ratios for 

assessment of Pb sources and cycling in the ocean. Given the strong correlation between the 

dissolved Pb isotope ratios along the Southern Ocean GS01 transect, any potential Pb sources 

to the region can be constrained by combining the 206Pb/207Pb and 208Pb/207Pb. Consequently, 

the results described here are limited to observed 206Pb/207Pb and 208Pb/207Pb ratios but the 
206Pb/207Pb and 206Pb/204Pb ratios with Pb concentrations are displayed as depth profiles in 

Figure 4.4, while the spatial variability of the 206Pb/207Pb, 208Pb/207Pb and Pb concentrations 

are presented as section plots in Figure 4.5. 
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Figure 4.3 Lead isotope plots displaying the relationship between the different Pb ratios for all 
Southern Ocean seawater samples. Error bars correspond to the 2sd of internal (SO-145; n = 7; 2.3 ng 
Pb measured) and international (GSP; n = 8; 5.7 ng Pb measured) seawater reference materials 
(Chapter 3). These error bars represent the largest and smallest possible errors for Southern Ocean 
measurements.    

4.4.1. Spatial distribution of dissolved lead isotopes 

The spatial variability of the 206Pb/207Pb and 208Pb/207Pb ratios is displayed as a section plot 

with neutral density contours superimposed to delineate the main water masses in the region 

(Figure 4.5 (a–b)). Overall, there is a large variation in 206Pb/207Pb and 208Pb/207Pb ratios with 

values ranging between 1.15–1.12 and 2.42–2.48, respectively (Figure 4.4 and 4.5). The 

lowest 206Pb/207Pb and 208Pb/207Pb ratios coincide in the SAZ (station 15) at intermediate 

depths (320 m) associated with SAMW. The highest 206Pb/207Pb and 208Pb/207Pb ratios are 

observed in AABW of station 51 (2950 m) and station 45 (4315 m), respectively. In general, 
206Pb/207Pb and 208Pb/207Pb ratios increase vertically down through the water column and 

meridionally from north to south. There is, however, a pronounced meridional change in 
206Pb/207Pb and 208Pb/207Pb ratios at surface and intermediate waters towards the Antarctic 

continent. Surface water Pb isotope ratios are relatively uniform between station 15 in the 

SAZ and station 51 in the AZ (1.15 < 206Pb/207Pb < 1.16; 208Pb/207Pb ≈ 2.43) but markedly 

different at station 56 in the CZ with much higher 206Pb/207Pb (1.17) and 208Pb/207Pb (2.44) 

ratios. The 206Pb/207Pb and 208Pb/207Pb ratios in subsurface waters and UCDW  
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Figure 4.4 Water column depth versus Pb concentration (left), 206Pb/207Pb (middle) and 206Pb/204Pb 
(right) for all stations across the GS01 transect. Panel (a)–(c) are the depth profiles for stations north 
of the PF; panel (d)–(f) are the depth profiles for stations south of the PF. The uncertainty bar for Pb 
concentrations ((a) and (d)) represents the standard deviation of the triplicate mean averaged across all 
triplicate measurements (1.4 pmol kg-1; see section 4.3.2.). The error bars for 206Pb/207Pb and 
206Pb/204Pb ratios represent the 2sd of replicate analyses of an in-house Southern Ocean seawater 
standard (SO-145; see chapter 3). 
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(~100–1000 m) at stations north of the AZ, are nearly indistinguishable from the surface 

water 206Pb/207Pb and 208Pb/207Pb data. The southernmost stations, station 45 in the AZ and 

station 56 in the CZ, however, show much higher 206Pb/207Pb and 208Pb/207Pb values in 

subsurface waters and UCDW. As a consequence of meridionally changing surface and 

intermediate water Pb isotope signatures, vertical gradients between surface / intermediate 

waters and bottom waters become less pronounced towards Antarctica. 

4.4.2. Spatial distribution of lead concentrations 

The spatial distribution of dissolved Pb concentrations are shown in Figure 4.3 and 4.4 (c). 

Lead concentrations across the region vary between ~3.3 and 15 pmol kg-1. The highest Pb 

concentrations appear in intermediate waters (~300 m) at station 15 and 40, while the lowest 

values appear at depth in LCDW and AABW at station 51. Similar to the meridional Pb 

isotope trend observed at subsurface and UCDW levels (~100 to 1000 m), there appears to be 

distinctively higher Pb concentrations north of the AZ at stations 15 to 45. This ‘tongue’ of 

high Pb concentrations disappears towards Antarctica (stations 51 and 56). This meridional 

decrease in Pb concentrations from ~13 pmol kg-1 in the north to ~5 pmol kg-1 in the south 

between 100–1000 m results in a more homogenous depth profile in the AZ and CZ 

compared to more northern latitudes (Figure 4.3).  In contrast to the Pb isotope distribution, 

however, Pb concentrations are not uniform along the surface north of the CZ. In detail, at 

stations 30, 40 and 45 (northernmost AZ to southernmost PFZ; Figure 4.3 (c–e)) there is an 

initial increase in Pb from ~9–10 pmol kg-1 at the surface to ~13–15 pmol kg-1 in intermediate 

waters, followed by a decrease to ~5 pmol kg-1 in deep and bottom waters. 

4.5. Discussion 

4.5.1. Sources of lead to the Southern Ocean 

Across the GS01 section between Australia and Antarctica, seawater Pb isotope data define a 

mixing array between three Pb sources: (1) a high 206Pb/207Pb-208Pb/207Pb natural source 

recorded by local deep-sea ferromanganese (Fe-Mn) crusts; (2) a mid-to-high 206Pb/207Pb-
208Pb/207Pb Australian natural dust source; and (3) a low 206Pb/207Pb-208Pb/207Pb Australian 

anthropogenic source (Figure 4.6 (a)).  
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Figure 4.5 Meridional transect (south to north from left to right) of (a) dissolved 206Pb/207Pb ratio, (b) 
206Pb/207Pb ratio and (c) dissolved Pb concentrations in the Southern Ocean. Sample locations are 
shown by black dots and neutral density contours demarcate the regional water masses. Stations, 
fronts and zones are shown on the upper x-axis by solid ticks, dashed ticks and black arrows, 
respectively. The distribution of 206Pb/204Pb are identical to the distribution of 206Pb/207Pb and 
208Pb/207Pb ratios. 

There are a number of potential natural sources of Pb to the Southern Ocean, 

particularly from Antarctica: emissions from active volcanoes such as Mount Erebus, 

sediment transported by coastal polynyas and benthic inputs from the continental margin 

(Flegal et al., 1993; Ndungu et al., 2016). The Pb isotope composition of Antarctic 

continental snow reflects a mixture of natural continental sources (e.g., volcanic emissions) 

and anthropogenic emissions from either South America and Australia (Flegal et al., 1993; 

Rosman et al., 1994; Barbante et al., 1998). Figure 4.6 (a) shows that seawater Pb isotope 

data displays distinctly lower 206Pb/207Pb and 208Pb/207Pb ratios than Antarctic snow from 

Law Dome and Dome C. However, the Pb isotope composition of local seafloor Fe-Mn 

crusts, which records the Pb isotope signature of deep and bottom waters in the past, exhibits 

much lower 206Pb/207Pb and 208Pb/207Pb ratios than Antarctic snow and follows the seawater 

array (Figure 4.6 (a)). This indicates that the natural Pb sources controlling deep and bottom 

water Pb isotope composition are either sediments transported from the continent or benthic 

fluxes from the continental margin (Figure 4.6 (a) and (b)).  
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Figure 4.6 Panel (a): A three isotope plot (206Pb/207Pb versus 208Pb/207Pb) showing the distribution of 
all seawater samples in the context of Southern Ocean Pb sources. The graph shows seawater  
(blue circles) in relation to natural Pb sources: grey shaded area denotes snow/ice samples from Dome 
C and Law Dome (Rosman et al., 1994; Vallelonga et al., 2002); brown shaded area represents 
Australian aeolian sources (De Decker et al., 2010; Vallelonga et al., 2010, acid digested samples 
only) and red circles show local deep-sea Fe-Mn deposits from the deep Australian-Antarctic basin 
(Abouchami and Goldstein, 1995). Melbourne aerosols (orange circles; Bollhöfer and Rosman, 2000), 
Tasmanian aerosols (magenta circles; Bollhöfer and Rosman, 2000), sediments from the Derwent 
River, Tasmania (grey circles; Townsend and Seen, 2012) and Australian Pb ore deposits from 
Broken Hill (black circle; Townsend et al., 1998) are the anthropogenic sources of Pb to the Southern 
Ocean. Melbourne and Tasmanian aerosol data with error bars represent the mean and range when 
samples are reported as a range of values from multiple measurements of the same sample. Panel (b): 
The distribution of all seawater samples shown in panel (a) in the context of Southern Ocean water 
masses following the water mass identification criteria outlined in section 4.2.3.   
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Given the importance of bottom water formation near the Adélie-Wilkes shelf (Rintoul and 

Bullister, 1999; Williams et al., 2010) and previously observed sources of natural Pb from 

surface sea sediments in the Amundsen Sea of West Antarctica (Ndungu et al., 2016), it is 

plausible that the control on the Pb isotope composition of deep and bottom waters in this 

region are sediments and/or benthic fluxes. This inference is substantiated by observations 

from deep waters farther west in the Indian sector of the Southern Ocean which also indicate 

that the Pb isotope compositions of Fe-Mn crusts record the natural endmember for deep and 

bottom waters in the Indian sector of the Southern Ocean (Lee et al., 2015). 

The supply of natural Pb to the Southern Ocean through sediment transport and/or 

benthic fluxes can only account for the Pb isotope composition of deep and bottom waters. 

Surface waters between Australia and Antarctica are exposed to the atmospheric supply of Pb 

in the form of natural dust from south-east Australian river plains and deserts, or Australian 

anthropogenic emissions (Figure 4.6 (a) and (b)). These natural and anthropogenic sources of 

Pb to the surface waters of the Southern Ocean are important given that Southern Hemisphere 

dust originates primarily from Australia (120–132 Tg a-1), which is more than double the 

amount of dust supplied by the South American continent (50 Tg a−1; Luo et al., 2003; Li et 

al. 2008). On a regional level, the relative contributions of these southern hemispheric 

sources vary significantly across the Southern Ocean, but dust deposition at 140°E between 

Tasmania and Antarctica is dominated by Australian sources (80–90%; Li et al., 2008).  

A single anthropogenic source (Australian ore, Broken Hill) for seawater in this region 

reflects the dominance of Australian emissions due to regional isolation from other potential 

anthropogenic emissions. Surface and intermediate waters and all regional anthropogenic 

sources (Melbourne and Tasmanian aerosols) fall along a mixing line between Broken Hill 

Pb ores and Australian dust (Figure 4.6 (a) and (b)). Tasmanian river sediments have clearly 

been affected by the deposition of anthropogenic emissions but exhibit a higher contribution 

of natural Pb from Australian dust than Melbourne and Tasmanian aerosols. 

4.5.2. Lead isotope and concentration fingerprint of Southern Ocean water masses 

4.5.2.1. Surface and Bottom Waters 

Regional water masses exhibit distinct Pb isotope fingerprints along the mixing trajectory 

between natural and anthropogenic regional Pb sources (Figures 4.6 (b)). Despite the 

relatively low Pb concentrations in surface waters across most of the transect (Figure 4.4 and 

4.3 (c)), SASW and AASW are characterised by distinctly low 206Pb/207Pb and 208Pb/207Pb 
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ratios, indicating significant anthropogenic influence. A mixing calculation that applies the 

Pb isotope composition of the most natural Pb endmember for surface waters (i.e., Australian 

dust from the Strzlecki Desert; 206Pb/207Pb = 1.2126; Vallelonga et al., 2010) and 

Melbourne/Tasmanian aerosols (i.e., anthropogenic Pb endmember; average 206Pb/207Pb = 

1.0844; Bollhöfer and Rosman, 2000) indicates that emissions from Australia constitute at 

least a third of the surface water Pb inventory along the SR3 transect (~30–50%).  

On the other end of the isotopic spectrum of Southern Ocean waters along the SR3 

transect lies the Pb isotope composition of AABW (Figures 4.6 (b)). It shows the closest 

similarity to the natural Pb isotope compositions of Fe-Mn crusts in the region, with elevated 
206Pb/207Pb and 208Pb/207Pb ratios and a significantly smaller contribution of anthropogenic Pb 

than surface waters (~16–24% anthropogenic Pb using 206Pb/207Pb = 1.2172 for the Fe-Mn 

endmember). Despite forming close to Antarctica and far from any potential anthropogenic 

emissions, AABW is still significantly perturbed by anthropogenic Pb. The perturbation of 

AABW could come directly from the wet or dry deposition of Australian Pb emissions, or 

indirectly from the supply of contaminated continental snow/ice at the site of bottom water 

mass formation. Given that there is isotopic evidence of significant quantities of 

anthropogenic Pb in East Antarctic snow and ice (Law Dome/ Dome C data in Figure 4.6), 

direct deposition and continental supply are both plausible explanations for the observed 

perturbation of AABW (e.g., Rosman et al., 1994; Vallelonga et al., 2002). 

4.5.2.2. Intermediate and deep waters (SAMW, AAIW, UCDW, LCDW) 

Another explanation for the admixture of an anthropogenic Pb isotope component in AABW 

along the southern part of the section relates to the formation process of AABW. The primary 

source of AABW in this region is the Adélie Depression, where brine rejection following sea 

ice formation produces dense shelf waters that subduct and are exported through the Adélie 

Land sill (e.g., Foster and Carmack, 1976; Williams et al., 2010). The Antarctic Continental 

Slope Current subsequently transports this dense shelf water along the continental slope 

while simultaneously entraining a significant amount of encroaching warmer and more saline 

LCDW from the continental rise to form AABW (Carmack and Killworth, 1978; Foldvik, 

1985). Given that the formation process of AABW involves admixture of Adélie Land shelf 

water and LCDW, the properties of AABW depend not only on the cold and saline shelf 

derived components with initial boundary conditions influenced by local continental inputs, 

but also on the LCDW entrained during the poleward transport. LCDW in turn is 
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characterised by lower Pb isotope ratios (Figure 4.6 (b)), making it feasible that AABW 

signatures are a mixture of natural Pb (as presented by Fe-Mn crust data) and LCDW 

carrying pre-formed Pb from other parts of the ocean without substantial input of atmospheric 

Pb.  

Although all water masses follow a mixing line between the two identified natural 

sources and the anthropogenic endmember, there is a clear incongruence between the 

distribution of water masses in Pb isotopic space and the spatial distribution of water masses 

in the water column. The two anomalies are: (1) SAMW exhibits a distinctly greater 

anthropogenic Pb isotope imprint than surface waters; and (2) intermediate water masses  

(i.e., preformed AAIW and UCDW) are dominated by anthropogenic Pb, which contrasts 

with more natural LCDW. A combination of lateral and vertical processes certainly controls 

the pathways and distribution of Pb into the interior of the Southern Ocean and will be 

discussed below. 

4.5.3. Origins of polluted SAMW: the Tasman leakage 

The observed subsurface Pb isotope minimum at station 15 in the SAZ corresponds to 

SAMW (γn = 26.96 kg m-3). In the Southern Ocean, SAMW constitutes a homogeneous body 

of water extending vertically from the subsurface to over 500 m on the equatorward side of 

the SAF and horizontally across the Indian and Pacific Ocean (McCartney, 1982). Despite the 

homogeneity of SAMW, Herraiz-Borreguero and Rintoul (2011) have identified several 

circumpolar classes of SAMW. South of Australia, the 26.9 ≤ γn < 27 kg m-3 SAMW forms 

predominately from wind-driven Ekman transport of Antarctic surface waters north of the 

SAF between 130°E and 160°E, and is exported at depth into the subtropical gyre of the 

Australian Basin or central Indian Ocean (Herraiz-Borreguero and Rintoul, 2011b; Rintoul 

and England, 2002).    

In the central Indian Ocean, low SAMW 206Pb/207Pb and 208Pb/207Pb ratios (~1.14 and 

~2.42, respectively) were observed between 2009–2010, and attributed to the contamination 

of formation sites in the south Indian Ocean around 8–12 years earlier by leaded gasoline 

from western Australia (Lee et al., 2015). Along the SR3 transect, however, the lowest Pb 

isotope ratios are observed proximal to the south Australian SAMW formation site north of 

the SAF (Figure 4.1 and 4.5). The Pb isotope composition of SAMW should therefore reflect 

the surface waters around the SAF. The Pb isotope composition of subsurface SAMW at 

station 15 marks the most extreme (i.e., lowest) ratios of the transect and therefore can’t 
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solely reflect subduction of SAMW north of the SAZ. This suggests that advection of 

subsurface waters from an area proximal to the anthropogenic source and subsequent mixing 

with locally formed SAMW is responsible for the extreme Pb isotope signature. This 

interpretation is plausible given that the Australian Basin acts as an important conduit for 

south-east and eastward flowing Indian waters as well as south-west Pacific waters from the 

Tasman Sea (e.g., McCartney and Donohue, 2007; Figure 4.1). Moreover, SAMW at station 

15 is denser than the dominant type of SAMW (γn < 26.94 kg m-3) south of Tasmania, 

corroborating the hypothesis that SAMW has been subjected to mixing with denser, most 

likely subtropical waters (Herraiz-Borreguero and Rintoul, 2011) . 

A significant contribution to the eastward flow of the AAC into the Australian Basin 

comes from warmer waters of the South Atlantic and Agulhas return current near southern 

Africa. The 206Pb/207Pb and 208Pb/207Pb ratios of anthropogenic Pb sources from southern 

Africa are indistinguishable from Australian Pb sources (1.06–1.11 and 2.34–2.37, 

respectively; Bollhöfer and Rosman, 2000) and the anthropogenic signal in SAMW could 

therefore reflect inter-ocean basin transport of Pb from the Atlantic to the Australian Basin. 

Koch-Larrouy et al. (2010), however, have demonstrated using an ocean circulation model 

that the contribution of the Agulhas return current to SAMW at formation sites along the 

Indian Ocean becomes progressively less from west to east and eventually negligible at the 

formation site south west of Tasmania. 

It is possible, therefore, to conclude that the contribution of anthropogenic Pb to 

SAMW in the Australian Basin must come from poleward circulation close to Australia. 

From the west, the Leeuwin Current could provide a transport pathway for contaminated 

(sub)surface coastal waters from western and southern Australia into the Australian Basin 

against the flow of the subtropical gyre (Bull and Sebille, 2016). The extent of this flow, 

however, is geographically limited to the southern tip of Tasmania at ~44°E (Ridgway and 

Condie, 2004) and is only estimated to constitute ~10% of transported SAMW from the 

formation site south west of Tasmania (Koch-Larrouy et al., 2010). A more plausible 

argument is that the Tasman leakage acts as a transport pathway for contaminated Pacific 

waters from the east coast of Australia to as far south as 48.5°S (Rintoul and Bullister, 1999). 

Hydrographic observations showing abrupt changes in the temperature (> 1 °C) of SAMW 

around Tasmania have been ascribed to the advection of warm and saline subtropical waters 

from the Tasman Sea (Herraiz-Borreguero and Rintoul, 2011b). Furthermore, models have 

quantified that one-third of the SAMW transported from the areas of dense SAMW formation 

in the Australian Basin correspond to the Tasman leakage (Koch-Larrouy et al., 2010). 
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Based on just one depth profile (station 15), it is difficult to conclude with any certainty 

that the Tasman leakage is responsible for the SAMW 206Pb/207Pb and 208Pb/207Pb ratio 

minima in the SAZ. However, the ability of Pb isotopes to trace mesoscale circulations 

patterns has previously been demonstrated in the South Atlantic (Paul et al., 2015a), and the 

Tasman leakage could act as an important transport pathway for contaminants and nutrients 

to the Southern Ocean. 

4.5.4. Controls on the Pb isotope composition of intermediate and deep waters 

The only other water masses that show similarly high Pb concentrations like SAMW are 

preformed AAIW and UCDW (Figures 4.5 (a–b) and 4.6 (b)). They also show a large range 

of Pb isotope signatures extending to values as high as 47% anthropogenic fraction. In 

regions of strong hydrodynamic flow, lateral advection is the dominant mechanism 

transporting anthropogenic Pb into the ocean interior (e.g., Noble et al., 2015; Bridgestock et 

al., 2018). The combined effect of zonal circulation and meridional water mass transport 

along and across circumpolar fronts will exert some level of control on the distribution of Pb 

in the Southern Ocean. Meridional circulation transports Indian Deep Water (IDW) poleward 

into the Australian Basin while the ACC simultaneously provides an influx of CDW (UCDW 

and LCDW) from the South Atlantic (e.g., Talley, 2013; Tamsitt et al., 2019). The confluence 

of meridional and zonal derived deep waters from other ocean basins in the ACC domain 

contributes to the poleward flow of UCDW and LCDW which, in turn, forms the 

equatorward flowing AASW (eventually subducting to form AAIW) and AABW, 

respectively (Rintoul, 2001; Lumpkin and Speer, 2007; Talley, 2013). The amount of control 

lateral advection has on the distribution of Pb in the Southern Ocean, however, will vary 

spatially depending on competing vertical processes in the water column.    

4.5.4.1. Role of circulation and water mass mixing in the Southern Ocean 

The most prominent feature in the Australian sector of the Southern Ocean is the low 
206Pb/207Pb and 208Pb/207Pb ratios and concomitant high Pb concentrations in pre-formed 

AAIW and UCDW (Figures 4.5 and 4.6 (b)). Given the transport pathways and water mass 

formation sites in the region, the effect of zonal and meridional water mass transport can be 

assessed using salinity as a conservative parameter and comparing deep waters in the region 

to the Pb isotope composition of deep-water masses upstream in the Indian Ocean  

(Figure 4.7). 
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Pre-formed AAIW at station 51 in the AZ is exposed at the surface to atmospheric 

deposition of Australian emissions and therefore exhibits a much lower 206Pb/207Pb ratio than 

underlying waters at the same station (Figure 4.5). The meridional circulation transports this 

pre-formed AAIW equatorward and subducts past the SAF to form AAIW at station 15 in the 

SAZ. The exposure of pre-formed AAIW to the atmosphere and subsequent lateral advection 

to lower latitudes will contribute to the transport of anthropogenic Pb to the ocean interior. 

There is a clear difference, however, between the higher 206Pb/207Pb ratio of pre-formed 

AAIW at station 51 and the lower 206Pb/207Pb ratio of AAIW at station 15. This discrepancy 

coincides with a south-north meridional increase in Pb concentration along the isopycnal 

range of pre-formed AAIW and implies an addition of anthropogenic Pb along the meridional 

pathway of this water mass (Figure 4.5 (c)). 

Similarly, there is a clear progression to lower 206Pb/207Pb ratios moving in an 

equatorward direction along the isopycnal range of UCDW. Unlike pre-formed AAIW, the 

lower 206Pb/207Pb ratio could be due to the influx of anthropogenic Pb from meridionally 

transported deep waters of the North Indian Ocean (i.e., IDW). The deep waters within the 

same isopycnal range, however, display significantly higher 206Pb/207Pb ratios than UCDW at 

station 30 in the PF (Figure 4.5). Moreover, UCDW transported zonally from the west exhibit 

much higher 206Pb/207Pb ratios than UCDW along the SR3 transect. The lowest 206Pb/207Pb 

ratio for UCDW from the west is 1.165 (Lee et al., 2015; Figure 4.7) while UCDW 

observations north of station 51 are ~1.160 (Figure 4.7). The return flow along the lower 

isopycnal limits of UCDW is also unable to account for the low 206Pb/207Pb ratios of UCDW. 

Any equatorward flow would export the higher 206Pb/207Pb ratios of surface waters proximal 

to Antarctica (e.g., station 56) into the intermediate waters of the PF and SAZ. Lateral 

advection along zonal and meridional circulation pathways does not, therefore, resolve the 

low 206Pb/207Pb ratio and concomitant high Pb concentration observed in both pre-formed 

AAIW and UCDW. 

4.5.4.2. Diapycnal mixing? 

The inability of lateral advection to reconcile the distribution of Pb isotopes in pre-

formed AAIW and UCDW implies that the observed addition of anthropogenic Pb to these 

water masses must be transported from the surface by vertical processes. The upwelling and 

transformation of UCDW to intermediate water densities (i.e., AAIW and SAMW) is 

compensated by diapycnal mixing south of the SAF (Rintoul, 2001; Rintoul and England, 
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2002) but vertical mixing of these water masses does not reconcile the observed distribution 

of Pb concentration and isotope composition in the region. If diapycnal mixing was the 

mechanism controlling the vertical transport of anthropogenic Pb, the underlying waters 

would exhibit a gradual increase in 206Pb/207Pb ratios and significantly lower Pb 

concentrations than the surface waters. In contrast, Pb isotopes at stations 30, 40 and 45 are 

largely homogenous between the subsurface and UCDW (Figures 4.3 and 4.4), while Pb 

concentrations at the same stations are appreciably higher in pre-formed AAIW and UCDW 

than the surface waters (Figure 4.3). The distribution of Pb concentrations and isotope 

compositions in the surrounding waters means that diapycnal mixing is not responsible for 

the discrepancy.  

 

 
Figure 4.7 206Pb/207Pb versus salinity used to demonstrate the non-conservative behaviour of Pb in  
pre-formed AAIW and UCDW. The coloured points denote each labelled water mass which 
corresponds to the same colour code used in Figure 4.6 (b). The black lines connect the surface waters 
to UCDW for stations 30, 40, 45, 51 and 56. The grey squares and grey triangles represent the 
206Pb/207Pb ratio of deep water masses (UCDW and LCDW; 27.55 < γn < 28.27) in the South Indian 
(station 14) and North Indian (station 3) Ocean, respectively (Lee et al., 2015). 
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On the other hand, LCDW exhibits the same 206Pb/207Pb isotope signature as IDW from 

the north and LCDW to the west (Figure 4.7). The inflow of deep waters to the Australian 

sector of the Southern Ocean must therefore control the Pb isotope composition of LCDW, 

with any variation caused by diapycnal mixing between more natural Pb in AABW and 

anthropogenic Pb in UCDW. As discussed previously, diapycnal mixing between UCDW and 

LCDW may act as a mechanism of transporting some anthropogenic Pb to AABW levels (see 

section 4.5.2.2.).  

4.5.4.3. Role of scavenging in the Southern Ocean 

The distribution of Pb concentrations and isotope compositions in pre-formed AAIW and 

UCDW can be reconciled by attributing the vertical transport mechanism to reversible 

scavenging and equilibrium exchange processes. The influence of equilibrium exchange on 

the Pb isotope composition of natural waters has recently been quantified in closed-system 

exchange experiments (Chen et al., 2016). Simulations of spiked estuarine water have shown 

that dissolved Pb with low 206Pb/207Pb ratios would induce equilibrium exchange with 

relatively high 206Pb/207Pb particulates in the water column, i.e., there is an isotopic shift due 

to net release of 206Pb from particulates to surrounding water and net adsorption of 207Pb from 

the water to particulates (Chen et al., 2016). 

Observational evidence of coupled reversible scavenging and equilibrium exchange 

processes have been shown to play an important role in transporting anthropogenic Pb to 

deep water masses of the Pacific Ocean (Wu et al., 2010). In the Southern Ocean, scavenging 

during intense periods of primary production has been proposed as the process responsible 

for the low Pb concentrations of surface waters despite significant contributions of 

anthropogenic Pb from regional industrial sources (Westerlund and Ohman, 1991; Flegal, et 

al., 1993). Lai et al. (2008) showed that the dominant phase in subsurface waters along the 

SR3 meridional transect is particulate Pb and the spatial variability of dissolved Pb is caused 

by strong scavenging. This is in stark contrast to other regions such as the tropical Atlantic 

where particulate Pb represents ~7–12% of the total Pb budget in the water column and the 

dominant process controlling the distribution of anthropogenic Pb is ocean circulation 

(Bridgestock et al., 2018).  

In this study, adsorption of dissolved Pb onto particulates in the water column at the 

surface (i.e., scavenging) would produce the observed low Pb concentration in surface 

waters. The adsorption of 207Pb onto particulates at the surface because of the influx of high 



  

114 
 

anthropogenic 206Pb/207Pb ratios, followed by the sinking and remineralisation of these 

particulates at depth would increase the dissolved Pb concentration, release the adsorbed 
207Pb into deep water masses and produce the observed lower 206Pb/207Pb ratio. The 

biogeochemical provinces of the Southern Ocean, however, exhibit spatial variability in this 

process across the meridional transect.  

The meridional trend towards higher 206Pb/207Pb ratios and lower Pb concentrations in 

UCDW from the SAZ (station 15) to the AZ (station 51) reflects reduced scavenging—and 

subsequently reduced flux of anthropogenic Pb to deeper waters—caused by lower rates of 

primary production across the different biological regimes of the Southern Ocean fronts 

(Bender et al., 2016; Rigual-Hernández, et al., 2015). The region south of the PF represents 

the HNLC Antarctic region where surface water inventories of all macronutrients are 

sufficient to sustain biological production but other factors such as light availability and Fe 

concentrations limit phytoplankton growth (e.g., de Baar et al., 2005). Consequently, the 

distribution of Pb in intermediate waters of the CZ and AZ are controlled more by ocean 

circulation than vertical transport processes (i.e., scavenging and equilibrium exchange; 

Figure 4.5). Between the PF and SAF in the summer, light and Fe, coupled with upwelled 

silicate-rich deep waters, are sufficient to sustain diatom growth and increase, relative to the 

HNLC region, the amount of biogenic (opal) particulates in the water column. Surface 

silicate levels are not regenerated by upwelled deeper waters to the north and become 

progressively depleted at lower latitudes, eventually limiting opal production at the 

subtropical front (Brzezinski et al., 2002; Sarmiento et al., 2004). Previous studies that cross 

the HNLC region and the strong opal gradients in the Southern Ocean have demonstrated that 

the partition coefficient of 231Pa (i.e., the affinity of a dissolved trace element to marine 

particulates) increases in the PFZ because of high rates of opal production (Walter et al., 

1997; Chase et al., 2002). Although the effects of particle composition on the partition 

coefficient of Pb in seawater have not yet been examined, the increase in anthropogenic Pb in 

the UCDW around the PF-S suggests that opal production and cycling is an important control 

on the vertical transport of Pb in the Southern Ocean (Figure 4.4 and 4.5).  

In reality, the Pb concentrations and isotope compositions of pre-formed AAIW and 

UCDW is a function of all of the aforementioned processes. The dominance of reversible 

scavenging simply overrides the contribution already made by circulation and water mass 

mixing. The relative contribution of these processes is difficult to quantitatively deconvolve 

because there are no existing constraints on particulate Pb concentrations and isotope 

compositions, Pb scavenging rates, or particle settling velocities in the Southern Ocean.   
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The effects of reversible scavenging can be approximated by removing the maximum 

possible contribution made by ocean circulation and water mass mixing to the observed Pb 

isotope signatures of water masses (Figure 4.7). For example, the sample collected at 1000 m 

within UCDW at station 30 exhibits a relatively high Pb concentration (11.3 pmol kg-1) and 

low 206Pb/207Pb ratio (1.156) compared to underlying LCDW (5.8 pmol kg-1 and 1.171, 

respectively; Figure 4.7). The lowest 206Pb/207Pb ratio along an equivalent neutral density 

isopycnal from the Indian Ocean will correspond to the maximum possible contribution of 

lateral advection to the observed Pb isotope composition of UCDW at this station. Here, the 

North Indian Ocean IDW values (206Pb/207Pb ratio = 1.164, Pb concentration = 7.7 pmol kg-1 

and salinity = 34.77) at γn  = 27.970 kg m-3 are selected as an upstream endmember of the 

meridional UCDW circulation. The composition of UCDW (206Pb/207Pb ratio = 1.1690, Pb 

concentration = 7.3 pmol kg-1 and salinity = 34.66) at station 51 along a similar isopycnal  

(γn  = 27.995 kg m-3) is used as the downstream endmember along the flow path of this water 

mass. A multi-endmember mixing calculation between the IDW endmember, UCDW 

endmember and underlying LCDW at station 30 was used to find a 206Pb/207Pb ratio of 1.167 

at the corresponding salinity value (34.706) for UCDW at station 30 (red square; Figure 4.8). 

This 206Pb/207Pb ratio corresponds to the maximum contribution made by lateral advection 

along the UCDW pathway taking into account any residual mixing with LCDW. If the 

surface water 206Pb/207Pb ratio at station 30 (206Pb/207Pb = 1.153) is furthermore assumed to 

represent the maximum possible contribution from reversible scavenging, the difference 

between the observed Pb isotope composition of UCDW (206Pb/207Pb = 1.156) and the 

calculated 206Pb/207Pb ratio along the lateral advection mixing line (206Pb/207Pb = 1.167) 

constitutes the change in the 206Pb/207Pb ratio effected by reversible scavenging. Based on the 

above mixing calculation, reversible scavenging is responsible for approximately ~80% of 

the observed Pb inventory in UCDW at station 30 in the PF. 

The mass balance and water mass mixing calculations are not accurate and the 

interpretation relies on a series of assumptions: (1) both the IDW and UCDW endmembers 

are in steady state and controlled explicitly by lateral advection and water mass mixing; (2) 

meridional circulation of UCDW is unidirectional in the southward horizontal plane; and (3) 

the contribution of downward diapycnal mixing on the Pb isotope composition is negligible. 

Despite the limitations of these calculations, it is a useful approach to highlight the potential 

dominance of reversible scavenging relative to the contributions made by lateral advection 

and water mass mixing. 
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Figure 4.8 Schematic illustrating the effects of reversible scavenging and equilibrium exchange on 
the distribution of anthropogenic Pb in UCDW. The coloured points denote each of the different water 
mass corresponding to the same colour code used in Figure 4.6 (b) and 4.7, while the black lines 
connect the surface waters to LCDW at station 30. UCDW at station 51 and IDW from the North 
Indian Ocean (station 3; Lee et al., 2015) form the lateral advection endmembers. Multi-endmember 
mixing between these endmembers and LCDW (black dashed lines) computes the maximum 
contribution made by lateral advection and upward diapycnal mixing (red square).  

4.5.5. Temporal evolution of Pb concentrations along the SR3 transect 

Along the SR3 hydrographic transect, Pb concentration data from January–February 2002 

(surface and intermediate depths; Lai et al., 2008) and March–April 2008 (full depth profiles; 

Schlitzer et al., 2018) can be used in conjunction with Pb concentrations from this study to 

assess the spatiotemporal variability of Pb in the region (Figure 4.9). The spatiotemporal 

trends show two important features: (1) surface and subsurface water Pb concentrations were 

significantly higher in 2002, particularly to the north (SAZ and PF-N) and south (CZ) 

proximal to the surrounding continents; and (2) bottom water Pb concentrations in the AZ 

and CZ close to the Antarctic continental shelf were significantly higher in 2008. 
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Figure 4.9 Changes in Pb concentration through the water column between 2002 and 2018 along the 
SR3 transect. Stations are categorised according to the frontal system described in section 4.2.1 from 
(a) the Subantarctic Zone to (f) the Continental Zone near Antarctica. Black circles correspond to data 
obtained in this study; grey triangles refer to data obtained between March-April 2008 (Schlitzer et 
al., 2018); and the white circles correspond to data between January–February 2002 (Lia et al., 2008). 
Lia et al. (2008) reported Pb concentrations in pmol L-1; a constant density value of ρ =1.025 kg L-1 
was used to convert from and per volume to per mass units (i.e., pmol kg-1).  
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Overall, surface and subsurface waters show a significant reduction in Pb 

concentrations from 2002–2008 and 2008–2018. In 2002, surface and subsurface Pb 

concentrations between Australia and Antarctica were approximately 5 and 10 times higher 

(~7–153 pmol kg-1; Lai et al., 2008) than the range observed in 2008 (~7–30 pmol kg-1; 

Schlitzer et al., 2018) and 2018 (~7–15 pmol kg-1; this study), respectively. The phase-out of 

leaded petrol in Australia almost two decades ago has significantly reduced the 

anthropogenic input of ‘Broken Hill-type’ Pb to the regional atmosphere (O’Brien, 2011). 

Although Pb isotopes were not measured to confirm the source of Pb in 2002 or 2008, the 

dominance of Australian emissions in the Pb mixing model of the region (Figure 4.6 (a)) as 

derived from our 2018 results suggests that the temporal trend from significantly higher to 

low Pb concentrations is a consequence of the use of leaded petrol in Australia up to the early 

2000s. An important geographical trend in seen in the 2002 results that does not exist in 2008 

and 2018 is the significant increase in surface and subsurface Pb concentrations from the AZ 

to the CZ despite being more distal from Australian anthropogenic emissions (Figure 4.9 (e) 

and (f)). This suggests that meltwaters from East Antarctic glaciers/snow, which were 

exposed to atmospheric deposition of anthropogenic particles, must be an important 

mechanism in transporting Antarctic continental Pb to Southern Ocean surface waters 

(Rosman et al., 1994; Vallelonga et al., 2002).  

Another interesting feature across the time period are the higher Pb concentrations (~25 

pmol kg-1) of bottom waters at the continental slope in 2008 (Figure 4.9 (e)–(f)). Unlike 

surface waters, bottom waters will be influenced by both continental meltwater inputs at the 

site of water mass formation and benthic fluxes/sediment suspension during water mass 

transit across the continental margin. Following atmospheric deposition on the Antarctic 

continent, anthropogenic emissions are transported to the Southern Ocean by meltwater but 

any dissolved Pb is likely to be scavenged onto particles at the freshwater-seawater interface 

and subsequently transferred to the seafloor (e.g., Bastami et al., 2015). Previous 

observations of elevated dissolved Pb concentrations at the seawater-sediment interface in 

both coastal waters (e.g., Chien et al., 2017; Rusiecka et al., 2018) and the deep ocean (Lee et 

al., 2015; Noble et al., 2015) have been attributed to the resuspension of continental derived 

sediments and supply of Pb-enriched particles to the overlying water column. In 2009/2010, 

however, bottom waters to the west in the more isolated Indian sector of the Southern Ocean 

exhibited very low Pb concentrations (~7 pmol kg-1; Lee et al., 2015). Given the lower Pb 

concentrations of bottom waters in this region at a similar time period, the elevated 

concentrations at the CZ and AZ-S in 2008 along the SR3 transect might be a consequence of 
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larger fluxes of anthropogenic Pb from Antarctica into polynyas near bottom water formation 

sites and/or coastal benthic supplied “legacy” pollutant Pb from Australian emissions. The 

lower Pb concentrations of bottom waters in 2018 (~5 pmol kg-1) could highlight the return of 

natural Antarctic sediment derived Pb in bottom waters with an isotopic signature close to 

Fe-Mn deposits (Figure 4.6 (a)). 

4.6. Conclusion 

Observations of Pb concentrations and isotope compositions in seawater along a meridional 

transect between Australia and Antarctica have allowed, for the first time, a detailed 

assessment of the processes governing the distribution of Pb across the Southern Ocean.  

When combined with existing Pb isotopic records of Antarctic and Australian inputs, 

the seawater data are consistent with natural Pb from Antarctic sediments/benthic sources, as 

recorded by deep-sea Fe-Mn crusts, Australian aeolian sources and anthropogenic Pb from 

Australian emissions. The distribution of water masses in three isotope space reveals a 

correlation between surface waters with low 206Pb/207Pb and 208Pb/207Pb ratios, corresponding 

to a high fraction of anthropogenic Pb (30–50%), and AABW with high 206Pb/207Pb and 
208Pb/207Pb ratios which indicates a dominance of natural Pb inputs during bottom water 

formation (76–84%). Despite the strong correlation, there is an incongruence between the 

spatial distribution of SAMW, pre-formed AAIW and UCDW in the water column and their 

position in Pb isotopic space. 

 On the one hand, the subsurface 206Pb/207Pb and 208Pb/207Pb minima associated with 

SAMW potentially traces the pathway of contaminated Pacific waters laterally advected from 

the Tasman Sea (East Australia) into the Southern Ocean through the Tasman leakage. On the 

other hand, lateral advection and diapycnal mixing are not able to reconcile the relatively low 
206Pb/207Pb and 208Pb/207Pb ratios and high Pb concentrations of pre-formed AAIW and 

UCDW.  

In order to reconcile this discrepancy, reversible scavenging and equilibrium exchange 

must play an important role in the vertical redistribution of anthropogenic Pb from surface 

waters to UCDW. In the northern PF region where diatom primary production and opal levels 

are higher than the HNLC Antarctic region (CZ and AZ), reversible scavenging could be 

responsible for as much as ~80% of the Pb in UCDW. Although the observations qualify the 

dominance of reversible scavenging in intermediate water masses, it is difficult to fully 

quantify the effects of reversible scavenging, lateral advection and water mass mixing 
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Chapter 5 
 
 
 

Conclusions and future research 
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The thesis underscores the importance of isotope analyses for understanding the main 

processes governing the biogeochemical cycles of trace elements. The development of a new 

analytical method as well as Nd and Pb isotope analyses of important seawater samples have 

successfully addressed the overall aim of this study: to understand the processes that control 

the biogeochemical cycling of Nd and Pb in the Australian Sector of the Southern Ocean. The 

following section details how the specific objectives of this thesis were fulfilled and suggests 

possible future research. 

Objective 1: Determine the processes that govern the Nd isotope composition of deep 

and bottom waters (AABW) across the East Antarctic continental shelf. 

Observations of dissolved Nd isotope compositions for seawater from the Wilkes Land 

continental margin in the Australian-Antarctic Basin of the Southern Ocean show that 

circulation patterns and water mass mixing govern the Nd isotope fingerprint of both deep 

and bottom waters in the region. Firstly, mixing of upwelled CDW with slope and shelf 

AASW and AABW exclusively controls the Nd isotope composition of MCDW  

(εNd = −8.8 ± 0.8). The MCDW values are identical to published data for CDW across the 

Southern Ocean which, coupled with no observable elemental fractionation of the REEs, 

suggests that boundary exchange does not modify the Nd isotope composition on the slope 

and shelf. Secondly, the regional Nd isotope signature for AABW (εNd = −8.3 ± 0.5) is 

intermediate between published data for less radiogenic Atlantic sector AABW 

 (εNd = −9.1 ± 0.7) and more radiogenic Pacific sector AABW (εNd = −7.4 ± 0.9). In the 

absence of active convection, it represents a mixture of advected AABW from the Adélie 

Coast with local CDW. The hypothesis that AABW in this location reflects the regional 

weathering inputs of Nd to the Southern Ocean from Antarctica can therefore be rejected. 

Further studies from different regions around East Antarctica are required to quantify 

how boundary exchange and local inputs affect deep and bottom water εNd signatures. For 

example, the Prydz Bay to the west of the Wilkes Land continental margin represents another 

zone of AABW formation. In this location, the conditions may be more conducive to 

weathering and boundary exchange. This could produce a local highly unradiogenic AABW 

εNd signature, which in turn, could have implications for palaeo-climate studies in the Indian 

Ocean. 
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Objective 2: Develop an analytical procedure to determine the Pb isotope composition 

of seawater that (1) provides unbiased and precise results and (2) has a greater 

analytical throughput than established high-precision methods. 

A novel method to determine the Pb isotope composition of seawater is presented in Chapter 

3. The method encompasses extraction of Pb from seawater by solid-phase extraction using 

Nobias PA-1 resin and a two-stage ion exchange chromatography procedure. The subsequent 

isotope analyses are conducted by MC-ICP-MS in conjunction with a 207Pb-204Pb double 

spike for the correction of instrumental mass discrimination. The precision of the method was 

assessed through replicate analyses of four seawater samples, with typical reproducibilities  

(± 2sd) of about ±250–1250 ppm for ratios involving the minor 204Pb isotope (208Pb/204Pb, 
207Pb/204Pb, 206Pb/204Pb) and about ±150–1200 ppm for 207Pb/206Pb and 208Pb/206Pb. When 

compared to an established double-spike TIMS methodology (Paul et al., 2015b), the results 

demonstrate similar precision for 208Pb/206Pb, improved precision for 207Pb/206Pb and greater 

reproducibility by at least a factor of two for 204Pb ratios. The trueness of the method was 

confirmed through the analyses of three GEOTRACES intercalibration samples for which 

reference values, including results produced with the established in-house TIMS method, are 

available. Importantly, the analytical throughput of the new procedure is significantly higher 

(~12 samples/month) compared to that of the TIMS method, which employs Mg(OH)2  

co-precipitation for the Pb separation (~6 samples/month). This improvement in analytical 

throughput is achieved without compromising the precision of the results or the capability to 

measure seawater samples with Pb concentrations as low as ~5 pmol kg-1. 

Although the new technique represents a significant improvement, there are several 

changes that could be made to further streamline the analytical procedure. Firstly, the Nobias 

resin provides an effective extraction procedure which isolates Pb from a significant 

proportion of the seawater matrix, especially compared to Mg(OH)2 co-precipitation. 

Consequently, a one-step anion-exchange chromatography procedure without HF in the 

loading solution may provide sufficient purification for subsequent Pb isotope analyses 

following solid-phase extraction with Nobias PA-1 resin. Secondly, the application of a 

mixed 202Pb–205Pb instead of a 207Pb–204Pb double-spike would allow internal normalisation 

to correct for instrumental mass discrimination and, importantly for seawater analyses, could 

additionally provide Pb concentration data with a single analysis per sample. Importantly, 

such measurements would simultaneously provide fractionation corrected Pb isotope ratios 

and high quality Pb concentration data using the isotope dilution technique. In theory, this 
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would streamline the method significantly but highly purified 202Pb and 205Pb spikes are 

extremely rare and, in practice, may not be suitable for routine analyses with MC-ICP-MS as 

relatively large quantities of the isotopes would be in need for the measurements, including 

the preparation of spiked solutions of Pb isotope standards to monitor instrument 

performance. 

Objective 3: Determine the relative importance of the different transport mechanisms 

for the redistribution of anthropogenic Pb into the interior of the Southern Ocean. 

Observations of Pb concentrations and isotope compositions for seawater from a meridional 

transect between Australia and Antarctica enabled a detailed assessment of the processes 

governing the distribution of Pb across the Southern Ocean. The results show that both 

conservative and non-conservative transport mechanisms play an important role in 

controlling the pathways of anthropogenic Pb into the interior of the Southern Ocean. On the 

one hand, the subsurface 206Pb/207Pb and 208Pb/207Pb minima associated with SAMW appear 

to trace the pathway of contaminated Pacific waters laterally advected from the Tasman Sea 

(East Australia) into the Southern Ocean through the Tasman leakage. On the other hand, 

lateral advection and diapycnal mixing are not able to reconcile the relatively low 206Pb/207Pb 

and 208Pb/207Pb ratios and high Pb concentrations of pre-formed AAIW and UCDW. 

Reversible scavenging and equilibrium exchange must hence play an important role in the 

vertical redistribution of anthropogenic Pb from surface waters to UCDW. In more 

biologically productive areas such as the northern PF, reversible scavenging may be 

responsible for as much as ~80% of the Pb in UCDW. This conclusion corroborates the 

hypothesis that particle scavenging acts as an important transport mechanism for 

anthropogenic Pb to the deep ocean, although the importance of ocean circulation should not 

be overlooked. 

There are two key questions that could not be answered based on the available 

observational data in this thesis. Firstly, what is the rate of vertical export of anthropogenic 

Pb that is generated by reversible scavenging? Secondly, what is the fate of anthropogenic Pb 

once it has been scavenging and transported into UCDW? The first question can be addressed 

with a suite of measurements in the Southern Ocean: determination of 210Pb water column 

inventories to calculate in situ Pb residence times; Pb isotope analyses of the particulate 

phase in the water column to constrain equilibrium exchange processes; and particle 

composition data to understand the Pb budget of the different types of scavenging material. 
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Finding answers to the second question will require additional Pb isotope measurements for 

seawater profiles from farther eastwards along the ACC pathway. 
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Appendices 
 
 

Appendix 1: MATLAB code for Pb double-spike correction on MC-ICP-MS  

Appendix 1 details the MATLAB code for the Pb double-spike correction protocol and the 

appropriate sub-functions that was used in Chapter 3 and 4. The code follows MATLAB 

syntax with the green lines following the “%” symbol are non-executable code and are notes 

explaining the process of the code.  

---------------- 
constants.m 
---------------- 
function [const] = constants() 
  
% Define constants for ID and IC double spike calculation:  
% 1. Isotope masses (mass values taken from: physics.nist.gov); 
% 2. Reference isotopic ratios (Gallon et al., 2008; Meija et al., 2010) 
% 3. Double Pb spike (207-204) spike (a) ratios; (b) atomic weights; and (c) concentrations 
% 4. Natural Pb (arbitrary for ID) (a) ratios and (b) atomic weights 
% 5. NIST 981 Pb isotope reference values (Galer et al., 1998) 
  
% 1. Atomic masses 
const.masses.M201 = 200.97030284; const.masses.M202 = 201.97064340; % Hg 
const.masses.M203 = 202.97234460; const.masses.M205 = 204.97442780; % Tl 
const.masses.M204 = 203.9730440; const.masses.M206 = 205.9744657; % Pb 
const.masses.M207 = 206.9758973; const.masses.M208 = 207.9766525; 
const.masses.Pb = 207.2169080; 
  
% 2. Reference ratios 
const.ref_ratios.Hg_41 = 0.51769; const.ref_ratios.Hg_42 = 0.22923; % Hg 
const.ref_ratios.Tl_53 = 2.38880; % Tl 
const.ref_ratios.Pb_86 = 2.16771; % Pb 
  
% 3. (a) Double spike isotope ratios (Paul et al., 2015; excel macro) 
const.spike_ratios.T1 = 0.00239806067622312; % 206Pb/204Pb  
const.spike_ratios.T2 = 1.03180795106693; % 207Pb/204Pb 
const.spike_ratios.T3 = 0.00820091662229567; % 208Pb/204Pb 
const.spike_ratios.P1 = log(const.masses.M206 / const.masses.M204); % 206Pb/204Pb  
const.spike_ratios.P2 = log(const.masses.M207 / const.masses.M204); % 207Pb/204Pb 
const.spike_ratios.P3 = log(const.masses.M208 / const.masses.M204); % 208Pb/204Pb 
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const.spike_ratios.Pb207_Pb206 = const.spike_ratios.T2 / const.spike_ratios.T1; 
const.spike_ratios.Pb208_Pb206 = const.spike_ratios.T3 / const.spike_ratios.T1; 
const.spike_ratios.Pb204_Pb207 = 1 / const.spike_ratios.T2; 
const.spike_ratios.Pb206_Pb207 = 1 / const.spike_ratios.Pb207_Pb206; 
const.spike_ratios.Pb208_Pb207 = const.spike_ratios.Pb208_Pb206 * const.spike_ratios.Pb206_Pb207; 
const.spike_ratios.tPb_Pb207 = const.spike_ratios.Pb204_Pb207 +... 
    const.spike_ratios.Pb206_Pb207 + const.spike_ratios.Pb208_Pb207 + 1; 
 
% 3. (b) Double spike atomic weights 
const.spike_wt.fPb207 = 1 / const.spike_ratios.tPb_Pb207; 
const.spike_wt.fPb204 = const.spike_wt.fPb207 * const.spike_ratios.Pb204_Pb207; 
const.spike_wt.fPb206 = const.spike_wt.fPb207 * const.spike_ratios.Pb206_Pb207; 
const.spike_wt.fPb208 = const.spike_wt.fPb207 * const.spike_ratios.Pb208_Pb207; 
const.spike_wt.Pb = (const.spike_wt.fPb204 * const.masses.M204) + ... 
    (const.spike_wt.fPb206 * const.masses.M206) + (const.spike_wt.fPb207 * const.masses.M207) +... 
    (const.spike_wt.fPb208 * const.masses.M208); 
  
% 3. (c) Double spike isotope concs (nmol/g) 
const.spike_conc.Pb = 10.4131818612738; % [Pb] ~ 10 ppb 
const.spike_conc.tPb = const.spike_conc.Pb / const.spike_wt.Pb;  
const.spike_conc.Pb204 = const.spike_conc.tPb * const.spike_wt.fPb204; 
const.spike_conc.Pb206 = const.spike_conc.tPb * const.spike_wt.fPb206; 
const.spike_conc.Pb207 = const.spike_conc.tPb * const.spike_wt.fPb207; 
const.spike_conc.Pb208 = const.spike_conc.tPb * const.spike_wt.fPb208; 
  
% 4. (a) Natural ratios (ID calculation; Paul et al., 2015) 
const.nat_ratios.Pb206_Pb204 = 18.5219588141006; 
const.nat_ratios.Pb207_Pb204 = 15.6725849700924; 
const.nat_ratios.Pb208_Pb204 = 38.7250230036549; 
const.nat_ratios.Pb204_Pb207 = 1 / const.nat_ratios.Pb207_Pb204;    
const.nat_ratios.Pb206_Pb207 = const.nat_ratios.Pb206_Pb204 / const.nat_ratios.Pb207_Pb204; 
const.nat_ratios.Pb208_Pb207 = const.nat_ratios.Pb208_Pb204 / const.nat_ratios.Pb207_Pb204; 
  
% 4. (b) Natural atomic weights 
const.nat_wt.tPb_Pb207 = const.nat_ratios.Pb204_Pb207 + const.nat_ratios.Pb206_Pb207 +... 
    const.nat_ratios.Pb208_Pb207 + 1; 
const.nat_wt.fPb207 = 1 / const.nat_wt.tPb_Pb207; 
const.nat_wt.fPb204 = const.nat_wt.fPb207 * const.nat_ratios.Pb204_Pb207; 
const.nat_wt.fPb206 = const.nat_wt.fPb207 * const.nat_ratios.Pb206_Pb207; 
const.nat_wt.fPb208 = const.nat_wt.fPb207 * const.nat_ratios.Pb208_Pb207; 
const.nat_wt.Pb = (const.nat_wt.fPb204 * const.masses.M204) + ... 
(const.nat_wt.fPb206 * const.masses.M206) + (const.nat_wt.fPb207 * const.masses.M207) +... 
(const.nat_wt.fPb208 * const.masses.M208); 
  
% 5. Reference Pb isotopic values (Galer et al., 1998)  
const.galer.Pb207_Pb206 = 0.91475; 
const.galer.Pb208_Pb206 = 2.16770; 
const.galer.Pb206_Pb204 = 16.9405; 
const.galer.Pb207_Pb204 = 15.4963; 
const.galer.Pb208_Pb204 = 36.7219; 
  
end 
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---------------- 
nonlinear.m 
---------------- 
function [f] = nonlinear(lamda,alpha,beta,T1,n1..., 

P1,m1,T2,n2,P2,m2,T3,n3,P3,m3) 
  
% System of 3 non-linear equations to solve for lamda, alpha and  
% beta variables for 206, 207 and 208 Pb ratios 
  
f1 = lamda * T1 + (1 - lamda) * n1 * exp(- alpha * P1)- m1 * exp(- beta * P1); 
  
f2 = lamda * T2 + (1 - lamda) * n2 * exp(- alpha * P2)- m2 * exp(- beta * P2); 
  
f3 = lamda * T3 + (1 - lamda) * n3 * exp(- alpha * P3)- m3 * exp(- beta * P3); 
  
f = [f1;f2;f3]; 
  
end 
 
 
-------------- 
jacobian.m 
-------------- 
function [J] = jacobian(alpha,beta,T1,n1,P1,m1,T2,n2,P2,m2,T3,n3,P3,m3) 
  
% Evaluates the Jacobian of a 3x3 system of non-linear equations to solve 
% alpha, beta and lamda for 204Pb ratios 
  
J(1,1) = T1 - n1 * exp(- alpha * P1) * (1 + alpha * P1);  
J(1,2) = - n1 * P1 * exp(- alpha * P1); 
J(1,3) = m1 * P1 * exp(- beta * P1); 
  
J(2,1) = T2 - n2 * exp(- alpha * P2) * (1 + alpha * P2);  
J(2,2) = - n2 * P2 * exp(- alpha * P2); 
J(2,3) = m2 * P2 * exp(- beta * P2); 
  
J(3,1) = T3 - n3 * exp(- alpha * P3) * (1 + alpha * P3);  
J(3,2) = - n3 * P3 * exp(- alpha * P3); 
J(3,3) = m3 * P3 * exp(- beta * P3); 
  
end 
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---------------- 
newtonm.m 
---------------- 
function [xn,yn] = newtonm(x0,J0,y0,T1,n1,P1,m1,T2,n2,P2,m2,T3,n3,P3,m3) 
  
% Newton-Raphson method applied to a system of non-linear equations f(x) = 0, 
% given the jacobian function J, with J = del(f1,f2,...,fn)/del(x1,x2,...,xn), 
% x = [x1;x2;...;xn], f = [f1;f2;...;fn] and x0 is an initial solution 
  
n = 1000; % set number of iterations n to 1000 
  
while (n > 0) 
     
    xn = x0 - inv(J0) * y0; 
         
    yn(1,1) = xn(1) * T1 + (1 - xn(1)) * n1 * exp(- xn(2) * P1)- m1 * exp(- xn(3) * P1); 
  
    yn(2,1) = xn(1) * T2 + (1 - xn(1)) * n2 * exp(- xn(2) * P2)- m2 * exp(- xn(3) * P2); 
  
    yn(3,1) = xn(1) * T3 + (1 - xn(1)) * n3 * exp(- xn(2) * P3)- m3 * exp(- xn(3) * P3); 
  
     x0 = xn; 
     y0 = yn; 
     n = n - 1; 
      
end 
  
end 
 
-------------- 
Pb_DS.m 
-------------- 
%% Pb isotope double-spike data reduction for MC-ICP-MS (new generation Nu) 
  
% This script: 
  
% A. reduces the unspike and mix raw .txt files produced by the new generation Nu 
% B. performs Tl normalisation and double-spike inversion calculation for Pb isotope composition 
% C. corrects data according to published standard values (Galer et al., 1998) 
% D. calculates true concentration values using double-spike isotope compositions  
% E. calculates total and measured Pb (and analytical yields) 
% F. exports results file (.xlsx) 
  
% For the following inputs: 
  
% 1. mix folder containing mix data files (.txt) 
% 2. unspike folder containing mix data files (.txt) 
% 3. desired results output file name 
% 4. standard name 
% 5. sample mass, spike mass and [Pb] ID file (.xlsx) 
% 6. blank names (IC and ID) or blank average value (ID) for [Pb] blank correction 
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% Instructions and notes: 
  
% (1) Five mathematical functions are required to run this script: 
% constants.m, Tl_opt.m, nonlinear.m, jacobian.m and newtonm.m - make these accessible 
% to MATLAB by adding their folder to the current folder directory 
% (2) Set the MATLAB directory (pwd) to the location of the unspike and mix 
% folders which contain the raw .csv files - i.e., on the current folder  
% window --> right click on the directory (e.g., desktop) > add to path >  
% selected folder and subfolders 
% (3) Define the unspike and mix folder names to allow MATLAB to identify 
% the raw .csv data files - (e.g., mix_folder = ('my folder');) 
% (4) Define the file output name - (e.g., results_output = ('my sample');) 
% which will be saved in the same directory as the input folders 
% (5) Define standards names during run (e.g., standard_name = ('my standard');) 
% (6) Define the masses input spreadsheet name (e.g., masses = readtable('my_masses.xlsx');)  
% (7) Press the play/run button above under the editor tab 
  
% N.B., the data reduction loops through all the raw data runs (blocks) in  
% the folders - there must be an equal number of unspike and mix raw files 
% N.B., the data reduction sheet ONLY works when the cup configuration is 
% set with 205Tl as the axial mass (204Pb on L1 with the 10^12 bin) 
  
% Written by Alex Griffiths, Mark Rehkamper, Tina van de Flierdt and Barry Coles  
% Imperial College London, ESE MAGIC Group 
% (10/10/2017) 
  
% ************************************************************************************* 
  
% 1-3. INPUT folder names (mix and unspike) and output file name  
mix_folder = ('xxx'); % input mix folder name 
unspike_folder = ('xxx'); % input unspike folder name 
results_output = ('xxx); % input results file name 
  
% 4. INPUT sample masses, spike masses and Pb ID ratios 
masses = readtable('xxx.xlsx'); % input masses file name 
  
% 5. INPUT standard names for identification 
standard_name = {'Pb 1 ppb Tl 3 ppb - US' 'Pb 2 ppb Tl 6 ppb - US' 'Pb 3 ppb Tl 9 ppb - US'... 
    'Pb 5 ppb Tl 15 ppb - US' 'Pb 10 ppb Tl 30 ppb - US'}; % standard names 
  
% 6. INPUT blank names or blank average value for batch or 'moving average' blank correction 
blank_name_IC = {'xxx'}; 
blank_IC_pg = xx.x; 
  
blank_name_ID = {'xxx'}; 
blank_ID_pg = xx.x;  
  
% ************************************************************************************* 
  
% define constants: load constant variables  
[const] = constants(); 
  
% Find best 205Tl203Tl ratio to use for Tl normalisation 
  
% direct MATLAB to mix/ spike folders and allow MATLAB to read raw data files 
mix_Dir = fullfile(pwd,mix_folder,'*.txt');  
mix_files = dir(mix_Dir); 
unspike_Dir = fullfile(pwd,unspike_folder,'*.txt'); 
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unspike_files = dir(unspike_Dir); 
  
% use loop to find NIST standards in unspike folders 
for k = 1:length(unspike_files) 
     
    % open raw mass spec txt data files for mix and unspike 
    raw_unspikeFile = fopen(unspike_files(k).name); 
    sample_IDFile = fopen(unspike_files(k).name); 
     
    % extract data for mix and unspike 
    raw_unspike = textscan(raw_unspikeFile,repmat('%s',1,39),'HeaderLines',13,... 
    'delimiter',','); 
    samplename_ID = textscan(sample_IDFile,repmat('%s',1,39),'HeaderLines',11,... 
    'delimiter',','); 
  
    % close raw .csv data files for mix and unspike 
    fclose(raw_unspikeFile); 
    fclose(sample_IDFile); 
     
    % Extract sample name 
    sample_name = erase(cellstr(samplename_ID{1,1}{2,1}),... 
        "Sample Name is   "); 
     
    % Use sample name to extract NIST standards only 
    if  contains(sample_name,standard_name) 
         
    % unique standard identifier during run 
    nist_ID = strcat('NIST',num2str(k)); 
     
    % standard structure for names, beams and ratios 
    standards.sample_name.(nist_ID) = erase(cellstr(samplename_ID{1,1}{2,1}),... 
        "Sample Name is   "); 
     
    % calculate baseline corrected data for unspiked - group in raw_beam struct 
    standards.raw_beam.Pb208.(nist_ID) = mean(str2double(raw_unspike{:,25}) - 
str2double(raw_unspike{:,8})); 
    standards.raw_beam.Pb207.(nist_ID) = mean(str2double(raw_unspike{:,26}) - 
str2double(raw_unspike{:,9})); 
    standards.raw_beam.Pb206.(nist_ID) = mean(str2double(raw_unspike{:,27}) - 
str2double(raw_unspike{:,10})); 
    standards.raw_beam.PbHg204.(nist_ID) = mean(str2double(raw_unspike{:,29}) - 
str2double(raw_unspike{:,12})); 
    standards.raw_beam.Tl205.(nist_ID) = mean(str2double(raw_unspike{:,28}) - 
str2double(raw_unspike{:,11})); 
    standards.raw_beam.Tl203.(nist_ID) = mean(str2double(raw_unspike{:,30}) - 
str2double(raw_unspike{:,13})); 
    standards.raw_beam.Hg202.(nist_ID) = mean(str2double(raw_unspike{:,31}) - 
str2double(raw_unspike{:,14})); 
    standards.raw_beam.Hg201.(nist_ID) = mean(str2double(raw_unspike{:,32}) - 
str2double(raw_unspike{:,15})); 
    standards.raw_beam.total_Tl_beam.(nist_ID) = standards.raw_beam.Tl205.(nist_ID) + 
standards.raw_beam.Tl203.(nist_ID); 
     
    % calculate corrected ratios for 204 unspiked -> 204Pb for 204Hg with 202Hg 
    standards.corr_beam.Hg204_2.(nist_ID) = standards.raw_beam.Hg202.(nist_ID) * const.ref_ratios.Hg_42;  
    corr_beam.Pb204_2.(nist_ID) = standards.raw_beam.PbHg204.(nist_ID) - 
standards.corr_beam.Hg204_2.(nist_ID); 
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    % calculate 204Hg/204PbHg from 202Hg 
    standards.raw_ratios.Hg204_PbHg204.(nist_ID) = standards.corr_beam.Hg204_2.(nist_ID) ./... 
        standards.raw_beam.PbHg204.(nist_ID); 
  
    % calculate Pb raw ratios 
    standards.raw_ratios.Pb207_Pb206.(nist_ID) = standards.raw_beam.Pb207.(nist_ID) ./ 
standards.raw_beam.Pb206.(nist_ID); 
    standards.raw_ratios.Pb208_Pb206.(nist_ID) = standards.raw_beam.Pb208.(nist_ID) ./ 
standards.raw_beam.Pb206.(nist_ID); 
    standards.raw_ratios.Pb208_Pb207.(nist_ID) = standards.raw_beam.Pb208.(nist_ID) ./ 
standards.raw_beam.Pb207.(nist_ID); 
    standards.raw_ratios.Pb206_Pb204_2.(nist_ID) = standards.raw_beam.Pb206.(nist_ID) ./ 
corr_beam.Pb204_2.(nist_ID); 
    standards.raw_ratios.Pb207_Pb204_2.(nist_ID) = standards.raw_beam.Pb207.(nist_ID) ./ 
corr_beam.Pb204_2.(nist_ID); 
    standards.raw_ratios.Pb208_Pb204_2.(nist_ID) = standards.raw_beam.Pb208.(nist_ID) ./ 
corr_beam.Pb204_2.(nist_ID); 
    standards.raw_ratios.Pb206_PbHg204.(nist_ID) = standards.raw_beam.Pb206.(nist_ID) ./ 
standards.raw_beam.PbHg204.(nist_ID); 
    standards.raw_ratios.Pb207_PbHg204.(nist_ID) = standards.raw_beam.Pb207.(nist_ID) ./ 
standards.raw_beam.PbHg204.(nist_ID); 
    standards.raw_ratios.Pb208_PbHg204.(nist_ID) = standards.raw_beam.Pb208.(nist_ID) ./ 
standards.raw_beam.PbHg204.(nist_ID); 
    standards.raw_ratios.Hg202_Pb206.(nist_ID) = standards.raw_beam.Hg202.(nist_ID) ./ 
standards.raw_beam.Pb206.(nist_ID); 
    standards.raw_ratios.Tl205_Tl203.(nist_ID) = standards.raw_beam.Tl205.(nist_ID) ./ 
standards.raw_beam.Tl203.(nist_ID); 
     
    % starting value for 205Tl/203Tl (Gallon et al., (2008)) 
    standards.Tl205_203_0 = 2.38888; 
  
    % optimisation solver to find best 205Tl/203Tl ratios  
    [standards.Tl205_203_opt.(nist_ID),~] = fsolve(@(z) Tl_opt(standards.raw_ratios.Pb207_Pb206.(nist_ID),... 
        standards.raw_ratios.Pb208_Pb206.(nist_ID), standards.raw_ratios.Pb206_Pb204_2.(nist_ID),... 
        standards.raw_ratios.Pb207_Pb204_2.(nist_ID), standards.raw_ratios.Pb208_Pb204_2.(nist_ID),... 
        standards.raw_ratios.Tl205_Tl203.(nist_ID), z), standards.Tl205_203_0);     
  
    end 
     
end 
  
% create standards summary table with calculated 205/203 Tl ratio 
  
% extract standards into specific arrays 
standards.ID = struct2array(standards.sample_name)'; 
standards.Tl_opt = struct2array(standards.Tl205_203_opt)'; 
standards.Tl_beam = struct2array(standards.raw_beam.total_Tl_beam)'; 
  
% find unique standard names 
NIST_names = unique(standards.ID); 
  
Tl_summary = table(); 
  
for i = 1:length(NIST_names) 
     
index = contains(standards.ID, NIST_names(i)); 
Tl_summary(i,1) = cell2table(NIST_names(i,1)); 
Tl_summary(i,2) = array2table(mean(standards.Tl_opt(index,1)));  
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Tl_summary(i,3) = array2table(mean(standards.Tl_beam(index,1))); 
  
Tl_summary.Properties.VariableNames = {'NIST','Tl205_203','Tl_beam_V'}; 
  
end 
  
clc  
clear k NIST_names nist_ID 
  
% A. Extract data and process for Tl normalisation 
  
% pre-allocate sample name for structure 
Date = cell(length(mix_files),1); 
Sample_Name = cell(length(mix_files),1); 
 
% use loop to open raw data files sequentially in mix and unspike folders 
for k = 1:length(mix_files) 
     
    % open raw mass spec txt data files for mix and unspike 
    raw_mixFile = fopen(mix_files(k).name); 
    raw_unspikeFile = fopen(unspike_files(k).name); 
    sample_IDFile = fopen(unspike_files(k).name); 
     
    % extract data for mix and unspike 
    raw_mix = textscan(raw_mixFile,repmat('%s',1,39),'HeaderLines',13,... 
    'delimiter',','); 
    raw_unspike = textscan(raw_unspikeFile,repmat('%s',1,39),'HeaderLines',13,... 
    'delimiter',','); 
    samplename_ID = textscan(sample_IDFile,repmat('%s',1,39),'HeaderLines',11,... 
    'delimiter',','); 
  
    % close raw .csv data files for mix and unspike 
    fclose(raw_mixFile); 
    fclose(raw_unspikeFile); 
    fclose(sample_IDFile); 
     
    % calculate baseline corrected data for mix - group in raw_beam structure 
    raw_beam.mix.Pb208 = str2double(raw_mix{:,25}) - str2double(raw_mix{:,8}); 
    raw_beam.mix.Pb207 = str2double(raw_mix{:,26}) - str2double(raw_mix{:,9}); 
    raw_beam.mix.Pb206 = str2double(raw_mix{:,27}) - str2double(raw_mix{:,10}); 
    raw_beam.mix.PbHg204 = str2double(raw_mix{:,29}) - str2double(raw_mix{:,12}); 
    raw_beam.mix.Tl205 = str2double(raw_mix{:,28}) - str2double(raw_mix{:,11}); 
    raw_beam.mix.Tl203 = str2double(raw_mix{:,30}) - str2double(raw_mix{:,13}); 
    raw_beam.mix.Hg202 = str2double(raw_mix{:,31}) - str2double(raw_mix{:,14}); 
    raw_beam.mix.Hg201 = str2double(raw_mix{:,32}) - str2double(raw_mix{:,15}); 
  
    % calculate baseline corrected data for unspiked - group in raw_beam struct 
    raw_beam.unspike.Pb208 = str2double(raw_unspike{:,25}) - str2double(raw_unspike{:,8}); 
    raw_beam.unspike.Pb207 = str2double(raw_unspike{:,26}) - str2double(raw_unspike{:,9}); 
    raw_beam.unspike.Pb206 = str2double(raw_unspike{:,27}) - str2double(raw_unspike{:,10}); 
    raw_beam.unspike.PbHg204 = str2double(raw_unspike{:,29}) - str2double(raw_unspike{:,12}); 
    raw_beam.unspike.Tl205 = str2double(raw_unspike{:,28}) - str2double(raw_unspike{:,11}); 
    raw_beam.unspike.Tl203 = str2double(raw_unspike{:,30}) - str2double(raw_unspike{:,13}); 
    raw_beam.unspike.Hg202 = str2double(raw_unspike{:,31}) - str2double(raw_unspike{:,14}); 
    raw_beam.unspike.Hg201 = str2double(raw_unspike{:,32}) - str2double(raw_unspike{:,15}); 
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    % A. calculate ratios for mix 
  
    % 1. calculate corrected ratios for 204 mix -> 204Pb for 204Hg with 202Hg 
    corr_beam.mix.Hg204_2 = raw_beam.mix.Hg202 * const.ref_ratios.Hg_42;  
    corr_beam.mix.Pb204_2 = raw_beam.mix.PbHg204 - corr_beam.mix.Hg204_2; 
  
    % 2. calculate 204Hg/204PbHg from 202Hg 
    raw_ratios.mix.Hg204_PbHg204 = corr_beam.mix.Hg204_2 ./ raw_beam.mix.PbHg204; 
  
    % 3. calculate Pb raw ratios 
    raw_ratios.mix.Pb207_Pb206 = raw_beam.mix.Pb207 ./ raw_beam.mix.Pb206; 
    raw_ratios.mix.Pb208_Pb206 = raw_beam.mix.Pb208 ./ raw_beam.mix.Pb206; 
    raw_ratios.mix.Pb208_Pb207 = raw_beam.mix.Pb208 ./ raw_beam.mix.Pb207; 
    raw_ratios.mix.Pb206_PbHg204 = raw_beam.mix.Pb206 ./ raw_beam.mix.PbHg204; 
    raw_ratios.mix.Pb207_PbHg204 = raw_beam.mix.Pb207 ./ raw_beam.mix.PbHg204; 
    raw_ratios.mix.Pb208_PbHg204 = raw_beam.mix.Pb208 ./ raw_beam.mix.PbHg204; 
    raw_ratios.mix.Tl205_Tl203 = raw_beam.mix.Tl205 ./ raw_beam.mix.Tl203; 
 
    % 4. calculate beta_mix_Tl_53 and beta_mix_Pb_86 - put into const. struct 
    const.beta_mix.Tl_53 = log(const.ref_ratios.Tl_53 ./... 
        raw_ratios.mix.Tl205_Tl203) ./ log(const.masses.M205 / const.masses.M203); 
    const.beta_mix.Pb_86 = log(const.ref_ratios.Pb_86 ./... 
        raw_ratios.mix.Pb208_Pb206) ./ log(const.masses.M208 / const.masses.M206); 
  
    % 5. calculate mass bias corrected ratios 
  
    % 207Pb/206Pb ratio corrected using Pb 8/6 exp 
    corr_ratios.mix.Pb207_Pb206_86exp = raw_ratios.mix.Pb207_Pb206 .*... 
        (const.masses.M207 / const.masses.M206) .^ const.beta_mix.Pb_86; 
  
    % 204Pb ratios corrected using Tl 5/3 exp 
    corr_ratios.mix.Pb207_Pb206_53exp = raw_ratios.mix.Pb207_Pb206 .*... 
        (const.masses.M207 / const.masses.M206) .^ const.beta_mix.Tl_53; 
    corr_ratios.mix.Pb208_Pb206_53exp = raw_ratios.mix.Pb208_Pb206 .*... 
        (const.masses.M208 / const.masses.M206) .^ const.beta_mix.Tl_53; 
    corr_ratios.mix.Pb208_Pb207_53exp = raw_ratios.mix.Pb208_Pb207 .*... 
        (const.masses.M208 / const.masses.M207) .^ const.beta_mix.Tl_53; 
    corr_ratios.mix.Pb206_PbHg204_53exp = raw_ratios.mix.Pb206_PbHg204 .*... 
        (const.masses.M206 / const.masses.M204) .^ const.beta_mix.Tl_53; 
    corr_ratios.mix.Pb207_PbHg204_53exp = raw_ratios.mix.Pb207_PbHg204 .*... 
        (const.masses.M207 / const.masses.M204) .^ const.beta_mix.Tl_53; 
    corr_ratios.mix.Pb208_PbHg204_53exp = raw_ratios.mix.Pb208_PbHg204 .*... 
        (const.masses.M208 / const.masses.M204) .^ const.beta_mix.Tl_53; 
  
    % 6 (a) correct Pb ratios using 201Hg 
  
    % calculate 201Hg/206Pb raw 
    raw_ratios.mix.Hg201_Pb206 = raw_beam.mix.Hg201 ./ raw_beam.mix.Pb206; 
  
    % calculate 201Hg/206Pb 5/3 exp  
    corr_ratios.mix.Hg201_Pb206_53exp = raw_ratios.mix.Hg201_Pb206 .*... 
        (const.masses.M201 / const.masses.M204) .^ const.beta_mix.Tl_53; 
  
 
    % calculate 204Hg/206Pb 5/3 exp 
    corr_ratios.mix.Hg204_Pb206_53exp_1 = corr_ratios.mix.Hg201_Pb206_53exp... 
        .* const.ref_ratios.Hg_41; 
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    % calculate 204Pb/206Pb 5/3 exp 201Hg corrected 
    corr_ratios.mix.Pb204_Pb206_53exp_1 = (1 ./ corr_ratios.mix.Pb206_PbHg204_53exp)... 
        - corr_ratios.mix.Hg204_Pb206_53exp_1; 
  
    % calculate 206 207 208Pb/ 204Pb ratios using 201Hg correction  
    corr_ratios.mix.Pb206_Pb204_53exp_1 = (1 ./corr_ratios.mix.Pb204_Pb206_53exp_1); 
    corr_ratios.mix.Pb207_Pb204_53exp_1 =... 
        corr_ratios.mix.Pb207_Pb206_53exp ./ corr_ratios.mix.Pb204_Pb206_53exp_1;  
    corr_ratios.mix.Pb208_Pb204_53exp_1 =... 
        corr_ratios.mix.Pb208_Pb206_53exp ./ corr_ratios.mix.Pb204_Pb206_53exp_1;  
 
    % 6 (b) correct Pb ratios using 202Hg 
  
    % calculate 201Hg/206Pb raw 
    raw_ratios.mix.Hg202_Pb206 = raw_beam.mix.Hg202 ./ raw_beam.mix.Pb206; 
  
    % calculate 202Hg/206Pb 5/3 exp  
    corr_ratios.mix.Hg202_Pb206_53exp = raw_ratios.mix.Hg202_Pb206 .*... 
        (const.masses.M202 / const.masses.M204) .^ const.beta_mix.Tl_53; 
    % calculate 204Hg/206Pb 5/3 exp 
    corr_ratios.mix.Hg204_Pb206_53exp_2 = corr_ratios.mix.Hg202_Pb206_53exp... 
        .* const.ref_ratios.Hg_42; 
  
    % calculate 204Pb/206Pb 5/3 exp 202Hg corrected 
    corr_ratios.mix.Pb204_Pb206_53exp_2 = (1 ./ corr_ratios.mix.Pb206_PbHg204_53exp)... 
        - corr_ratios.mix.Hg204_Pb206_53exp_2; 
  
    % calculate 206 207 208Pb/ 204Pb ratios using 202Hg correction  
    corr_ratios.mix.Pb206_Pb204_53exp_2 = (1 ./corr_ratios.mix.Pb204_Pb206_53exp_2); 
    corr_ratios.mix.Pb207_Pb204_53exp_2 =... 
        corr_ratios.mix.Pb207_Pb206_53exp ./ corr_ratios.mix.Pb204_Pb206_53exp_2;  
    corr_ratios.mix.Pb208_Pb204_53exp_2 =... 
        corr_ratios.mix.Pb208_Pb206_53exp ./ corr_ratios.mix.Pb204_Pb206_53exp_2; 
  
    % B. calculate ratios for unspike 
  
    % 1. calculate corrected ratios for 204 unspiked -> 204Pb for 204Hg with 202Hg 
    corr_beam.unspike.Hg204_2 = raw_beam.unspike.Hg202 * const.ref_ratios.Hg_42;  
    corr_beam.unspike.Pb204_2 = raw_beam.unspike.PbHg204 - corr_beam.unspike.Hg204_2; 
  
    % 2. calculate 204Hg/204PbHg from 202Hg 
    raw_ratios.unspike.Hg204_PbHg204 = corr_beam.unspike.Hg204_2 ./... 
        raw_beam.unspike.PbHg204; 
  
    % 3. calculate Pb raw ratios 
    raw_ratios.unspike.Pb207_Pb206 = raw_beam.unspike.Pb207 ./ raw_beam.unspike.Pb206; 
    raw_ratios.unspike.Pb208_Pb206 = raw_beam.unspike.Pb208 ./ raw_beam.unspike.Pb206; 
    raw_ratios.unspike.Pb208_Pb207 = raw_beam.unspike.Pb208 ./ raw_beam.unspike.Pb207; 
    raw_ratios.unspike.Pb206_PbHg204 = raw_beam.unspike.Pb206 ./ raw_beam.unspike.PbHg204; 
    raw_ratios.unspike.Pb207_PbHg204 = raw_beam.unspike.Pb207 ./ raw_beam.unspike.PbHg204; 
    raw_ratios.unspike.Pb208_PbHg204 = raw_beam.unspike.Pb208 ./ raw_beam.unspike.PbHg204; 
    raw_ratios.unspike.Tl205_Tl203 = raw_beam.unspike.Tl205 ./ raw_beam.unspike.Tl203; 
 
    % match Tl ion beam to sample to extract the appropriate 205Tl/203Tl      
    [~,I] = min(abs(mean(raw_beam.unspike.total_Tl_beam) - Tl_summary.Tl_beam_V)); 
    const.ref_ratios.Tl_53 = Tl_summary.Tl205_203(I); 
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% 4. calculate beta_unspike_Tl_53 and beta_unspike_Pb_86  - put into const structure 
    const.beta_unspike.Tl_53 = log(const.ref_ratios.Tl_53 ./ raw_ratios.unspike.Tl205_Tl203)... 
        ./ log(const.masses.M205 / const.masses.M203); 
    const.beta_unspike.Pb_86 = log(const.ref_ratios.Pb_86 ./ raw_ratios.unspike.Pb208_Pb206)... 
        ./ log(const.masses.M208 / const.masses.M206); 
  
    % 5. calculate mass bias corrected ratios 207Pb/206Pb 8/6 exp 
    corr_ratios.unspike.Pb207_Pb206_86exp = raw_ratios.unspike.Pb207_Pb206 .*... 
        (const.masses.M207 / const.masses.M206) .^ const.beta_unspike.Pb_86; 
  
    % correct Pb ratios corrected using Tl 5/3exp 
    corr_ratios.unspike.Pb207_Pb206_53exp = raw_ratios.unspike.Pb207_Pb206 .*... 
        (const.masses.M207 / const.masses.M206) .^ const.beta_unspike.Tl_53; 
    corr_ratios.unspike.Pb208_Pb206_53exp = raw_ratios.unspike.Pb208_Pb206 .*... 
        (const.masses.M208 / const.masses.M206) .^ const.beta_unspike.Tl_53; 
    corr_ratios.unspike.Pb208_Pb207_53exp = raw_ratios.unspike.Pb208_Pb207 .*... 
        (const.masses.M208 / const.masses.M207) .^ const.beta_unspike.Tl_53; 
    corr_ratios.unspike.Pb206_PbHg204_53exp = raw_ratios.unspike.Pb206_PbHg204 .*... 
        (const.masses.M206 / const.masses.M204) .^ const.beta_unspike.Tl_53; 
    corr_ratios.unspike.Pb207_PbHg204_53exp = raw_ratios.unspike.Pb207_PbHg204 .*... 
        (const.masses.M207 / const.masses.M204) .^ const.beta_unspike.Tl_53; 
    corr_ratios.unspike.Pb208_PbHg204_53exp = raw_ratios.unspike.Pb208_PbHg204 .*... 
        (const.masses.M208 / const.masses.M204) .^ const.beta_unspike.Tl_53; 
  
    % 6 (a) correct Pb ratios using 201Hg 
     
    % calculate 201Hg/206Pb raw 
    raw_ratios.unspike.Hg201_Pb206 = raw_beam.unspike.Hg201 ./ raw_beam.unspike.Pb206; 
  
    % calculate 201Hg/206Pb 5/3 exp  
    corr_ratios.unspike.Hg201_Pb206_53exp = raw_ratios.unspike.Hg201_Pb206 .*... 
        (const.masses.M201 / const.masses.M204) .^ const.beta_unspike.Tl_53; 
  
    % calculate 204Hg/206Pb 5/3 exp 
    corr_ratios.unspike.Hg204_Pb206_53exp_1 = corr_ratios.unspike.Hg201_Pb206_53exp... 
        .* const.ref_ratios.Hg_41; 
  
    % calculate 204Pb/206Pb 5/3 exp 201Hg corrected 
    corr_ratios.unspike.Pb204_Pb206_53exp_1 = (1 ./ corr_ratios.unspike.Pb206_PbHg204_53exp)... 
        - corr_ratios.unspike.Hg204_Pb206_53exp_1; 
  
    % calculate 206 207 208Pb/ 204Pb ratios using 201Hg correction  
    corr_ratios.unspike.Pb206_Pb204_53exp_1 = (1 ./corr_ratios.unspike.Pb204_Pb206_53exp_1); 
    corr_ratios.unspike.Pb207_Pb204_53exp_1 =... 
        corr_ratios.unspike.Pb207_Pb206_53exp ./ corr_ratios.unspike.Pb204_Pb206_53exp_1;  
    corr_ratios.unspike.Pb208_Pb204_53exp_1 =... 
        corr_ratios.unspike.Pb208_Pb206_53exp ./ corr_ratios.unspike.Pb204_Pb206_53exp_1;  
  
    % 6 (b) correct Pb ratios using 202Hg 
     
    % calculate 201Hg/206Pb raw 
    raw_ratios.unspike.Hg202_Pb206 = raw_beam.unspike.Hg202 ./ raw_beam.unspike.Pb206; 
  
    % calculate 202Hg/206Pb 5/3 exp  
    corr_ratios.unspike.Hg202_Pb206_53exp = raw_ratios.unspike.Hg202_Pb206 .*... 
        (const.masses.M202 / const.masses.M204) .^ const.beta_unspike.Tl_53; 
 
  



  

161 
 

    % calculate 204Hg/206Pb 5/3 exp 
    corr_ratios.unspike.Hg204_Pb206_53exp_2 = corr_ratios.unspike.Hg202_Pb206_53exp... 
        .* const.ref_ratios.Hg_42; 
  
    % calculate 204Pb/206Pb 5/3 exp 202Hg corrected 
    corr_ratios.unspike.Pb204_Pb206_53exp_2 =... 
        (1 ./ corr_ratios.unspike.Pb206_PbHg204_53exp) - corr_ratios.unspike.Hg204_Pb206_53exp_2; 
  
    % calculate 206 7 8Pb/ 204Pb ratios using 202Hg correction  
    corr_ratios.unspike.Pb206_Pb204_53exp_2 = (1 ./corr_ratios.unspike.Pb204_Pb206_53exp_2); 
    corr_ratios.unspike.Pb207_Pb204_53exp_2 =... 
        corr_ratios.unspike.Pb207_Pb206_53exp ./ corr_ratios.unspike.Pb204_Pb206_53exp_2;  
    corr_ratios.unspike.Pb208_Pb204_53exp_2 =... 
        corr_ratios.unspike.Pb208_Pb206_53exp ./ corr_ratios.unspike.Pb204_Pb206_53exp_2; 
  
    % calculate 205Tl/203Tl 8/6 exp 
    corr_ratios.unspike.Tl205_Tl203_86exp = raw_ratios.unspike.Tl205_Tl203... 
        .* (const.masses.M205 / const.masses.M203) .^ const.beta_unspike.Pb_86; 
     
    % B. Correct data using double-spike inversion calculation 
    % get mix ratios (mi) using 202Hg and Tl_53 corrected 204 ratios      
    double_spike.m1 = corr_ratios.mix.Pb206_Pb204_53exp_2; 
    double_spike.m2 = corr_ratios.mix.Pb207_Pb204_53exp_2; 
    double_spike.m3 = corr_ratios.mix.Pb208_Pb204_53exp_2; 
 
    % get unspike ratios (ni) using 202Hg and Tl_53 corrected 204 ratios 
    double_spike.n1 = corr_ratios.unspike.Pb206_Pb204_53exp_2; 
    double_spike.n2 = corr_ratios.unspike.Pb207_Pb204_53exp_2; 
    double_spike.n3 = corr_ratios.unspike.Pb208_Pb204_53exp_2; 
  
    % before starting the loop, define Vn, Vm and Vt for mass bias error propagation 
    % calculate covariance for 204Pb ratios for unspike and place into Vn matrix with variance  
    x = cov(corr_ratios.unspike.Pb206_Pb204_53exp_2, corr_ratios.unspike.Pb207_Pb204_53exp_2,1);  
    y = cov(corr_ratios.unspike.Pb206_Pb204_53exp_2, corr_ratios.unspike.Pb208_Pb204_53exp_2,1);  
    z = cov(corr_ratios.unspike.Pb207_Pb204_53exp_2, corr_ratios.unspike.Pb208_Pb204_53exp_2,1); 
  
    double_spike.error.Vn = [var(corr_ratios.unspike.Pb206_Pb204_53exp_2)... 
        x(1,2) y(1,2); x(1,2) var(corr_ratios.unspike.Pb207_Pb204_53exp_2) z(1,2);... 
        y(1,2) z(1,2) var(corr_ratios.unspike.Pb208_Pb204_53exp_2)]; 
  
    % repeat process for mix 204Pb ratios and and place into Vm matrix with variance   
    x = cov(corr_ratios.mix.Pb206_Pb204_53exp_2, corr_ratios.mix.Pb207_Pb204_53exp_2,1);  
    y = cov(corr_ratios.mix.Pb206_Pb204_53exp_2, corr_ratios.mix.Pb208_Pb204_53exp_2,1);  
    z = cov(corr_ratios.mix.Pb207_Pb204_53exp_2, corr_ratios.mix.Pb208_Pb204_53exp_2,1); 
  
    double_spike.error.Vm = [var(corr_ratios.mix.Pb206_Pb204_53exp_2)... 
        x(1,2) y(1,2); x(1,2) var(corr_ratios.mix.Pb207_Pb204_53exp_2) z(1,2);... 
        y(1,2) z(1,2) var(corr_ratios.mix.Pb208_Pb204_53exp_2)]; 
  
    % create Vt 
    double_spike.error.Vt = [0 0 0; 0 0 0; 0 0 0]; 
  
    % clear x, y, z variables to tidy workspace 
    clear x y z 
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    % solve the non-liner equation iteratively to find the alpha and beta values  
    for i = 1:length(double_spike.m1) 
        for j = length(double_spike.n1) 
         
        % create starting point for non-linear iteration in the linear form:  
        % F(x,n,m,T) = 0 = b + Ax -> x = b * A^-1; 
  
        % calculate A matrix 
        double_spike.A = [const.spike_ratios.T1 - double_spike.n1(j,1)...  
            -(double_spike.n1(j,1) .* const.spike_ratios.P1)...  
            (double_spike.m1(i,1) .* const.spike_ratios.P1);...  
            const.spike_ratios.T2 - double_spike.n2(j,1)...  
            -(double_spike.n2(j,1) .* const.spike_ratios.P2)...  
            double_spike.m2(i,1) .* const.spike_ratios.P2;...  
            const.spike_ratios.T3 - double_spike.n3(j,1)...  
            -(double_spike.n3(j,1) .* const.spike_ratios.P3)...  
            double_spike.m3(i,1) .* const.spike_ratios.P3]; 
  
        % invert A to calculate x 
        double_spike.A_prime = double_spike.A^(-1); 
  
        % get b matrix 
        double_spike.b = [double_spike.m1(i,1) - double_spike.n1(j,1);... 
            double_spike.m2(i,1) - double_spike.n2(j,1); 
            double_spike.m3(i,1) - double_spike.n3(j,1)]; 
 
        % calculate x and extract/calculate linear solution for lamda, alpha and beta  
        double_spike.x0 = double_spike.A_prime * double_spike.b; 
        double_spike.lamda0 = double_spike.x0(1,1); 
        double_spike.alpha0 = double_spike.x0(2,1)/(1-double_spike.lamda0); 
        double_spike.beta0 = double_spike.x0(3,1); 
        double_spike.x0 = [double_spike.lamda0; double_spike.alpha0; double_spike.beta0];  
  
        % calculate solution to non-linear double-spike equation using initial 
        % estimates from linear solution -> use nonlinear function 
        [double_spike.y0] = nonlinear(double_spike.x0(1),double_spike.x0(2),... 
            double_spike.x0(3),const.spike_ratios.T1,double_spike.n1(j,1),... 
            const.spike_ratios.P1,double_spike.m1(i,1),const.spike_ratios.T2,... 
            double_spike.n2(j,1),const.spike_ratios.P2,double_spike.m2(i,1),... 
            const.spike_ratios.T3,double_spike.n3(j,1),const.spike_ratios.P3,... 
            double_spike.m3(i,1)); 
  
        % calculate jacobian to force non-linear double-spike equation -> use 
        % jacobian function 
        [double_spike.J0] = jacobian(double_spike.x0(2),double_spike.x0(3),... 
            const.spike_ratios.T1,double_spike.n1(j,1),const.spike_ratios.P1,... 
            double_spike.m1(i,1),const.spike_ratios.T2,double_spike.n2(j,1),... 
            const.spike_ratios.P2,double_spike.m2(i,1),const.spike_ratios.T3,... 
            double_spike.n3(j,1),const.spike_ratios.P3,double_spike.m3(i,1)); 
  
        % calculate iteratively the non-linear solution of the double-spike 
        % equation -> use newtonm function 
        [double_spike.xn,double_spike.yn] = newtonm(... 
            double_spike.x0,double_spike.J0,double_spike.y0,... 
            const.spike_ratios.T1,double_spike.n1(j,1),... 
            const.spike_ratios.P1,double_spike.m1(i,1),const.spike_ratios.T2,... 
            double_spike.n2(j,1),const.spike_ratios.P2,double_spike.m2(i,1),... 
            const.spike_ratios.T3,double_spike.n3(j,1),const.spike_ratios.P3,... 
            double_spike.m3(i,1)); 
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        % index lamda, alpha and beta values for yn --> 0 
        double_spike.lamda(i,1) = double_spike.xn(1); 
        double_spike.alpha(i,1) = double_spike.xn(2); 
        double_spike.beta(i,1) = double_spike.xn(3); 
  
        % calculate 204Pb ratios using exponential law  
        double_spike.Pb206_Pb204(i,1) = corr_ratios.unspike.Pb206_Pb204_53exp_2(i,1) ... 
            .* exp(- double_spike.alpha(i,1) * const.spike_ratios.P1); 
        double_spike.Pb207_Pb204(i,1) = corr_ratios.unspike.Pb207_Pb204_53exp_2(i,1) ... 
            .* exp(- double_spike.alpha(i,1) * const.spike_ratios.P2); 
        double_spike.Pb208_Pb204(i,1) = corr_ratios.unspike.Pb208_Pb204_53exp_2(i,1) ... 
            .* exp(- double_spike.alpha(i,1) * const.spike_ratios.P3); 
  
        % calculate other Pb ratios using 204Pb double-spike ratios 
        double_spike.Pb207_Pb206(i,1) = double_spike.Pb207_Pb204(i,1) ./ ... 
            double_spike.Pb206_Pb204(i,1); 
        double_spike.Pb208_Pb206(i,1) = double_spike.Pb208_Pb204(i,1) ./ ... 
            double_spike.Pb206_Pb204(i,1); 
        double_spike.Pb208_Pb207(i,1) = double_spike.Pb208_Pb204(i,1) ./ ... 
            double_spike.Pb207_Pb204(i,1); 
 
        % calculate errors in x (lamda, alpha and beta) by propgating n,m and T 
        % calculate dF/dx using the determined lamda, alpha, beta values and invert matrix  
        [double_spike.error.JdF_dx_prime] = jacobian(double_spike.alpha(i,1),double_spike.beta(i,1),... 
            const.spike_ratios.T1,double_spike.n1(j,1),const.spike_ratios.P1,... 
            double_spike.m1(i,1),const.spike_ratios.T2,double_spike.n2(j,1),... 
            const.spike_ratios.P2,double_spike.m2(i,1),const.spike_ratios.T3,... 
            double_spike.n3(j,1),const.spike_ratios.P3,double_spike.m3(i,1))^(-1); 
  
        % calculate dF/dn, dF/dm and dF/dT 
        double_spike.error.dF_dn = [1 - double_spike.lamda(i,1) * exp(- double_spike.alpha(i,1)... 
            * const.spike_ratios.P1), 0, 0; 0, 1 - double_spike.lamda(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P2), 0; 0, 0, 1 - ... 
            double_spike.lamda(i,1) * exp(- double_spike.alpha(i,1) * const.spike_ratios.P3)]; 
  
        double_spike.error.dF_dm = [- exp(- double_spike.beta(i,1)... 
            * const.spike_ratios.P1), 0, 0; 0, - exp(- double_spike.beta(i,1)... 
            * const.spike_ratios.P2) 0; 0, 0, - exp(- double_spike.beta(i,1)*... 
            const.spike_ratios.P3)]; 
  
        double_spike.error.dF_dT = [double_spike.lamda(i,1), 0, 0; 0, double_spike.lamda(i,1),... 
            0; 0, 0, double_spike.lamda(i,1)]; 
  
        % calculate dx/dn, dx/dm, dx/dT  
        double_spike.error.dx_dn = (double_spike.error.JdF_dx_prime * double_spike.error.dF_dn); 
        double_spike.error.dx_dm = (double_spike.error.JdF_dx_prime * double_spike.error.dF_dm); 
        double_spike.error.dx_dT = (double_spike.error.JdF_dx_prime * double_spike.error.dF_dT); 
  
        % calculate n, m and t and sum the corresponding matrices to give Vx 
        n = (double_spike.error.dx_dn * double_spike.error.Vn * double_spike.error.dx_dn'); 
        m = (double_spike.error.dx_dm * double_spike.error.Vm * double_spike.error.dx_dm'); 
        t = (double_spike.error.dx_dT * double_spike.error.Vt * double_spike.error.dx_dT'); 
  
        double_spike.error.Vx = n + m + t; 
        clear n m t 
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        % calulate dy/dx and calculate Vy using dy/dx' 
        double_spike.error.dy_dx = [1, 0, 0; double_spike.alpha(i,1) /... 
            (1 - double_spike.lamda(i,1)), 1 / (1 - double_spike.lamda(i,1)), 0;... 
            0, 0, 1]; 
  
        double_spike.error.Vy = (double_spike.error.Vx * double_spike.error.dy_dx * ... 
            double_spike.error.dy_dx'); 
  
        % place respective errors in lamda, alpha and beta structures 
        double_spike.error.lamda(i,1) = sqrt(double_spike.error.Vy(1,1)); 
        double_spike.error.alpha(i,1) = sqrt(double_spike.error.Vy(2,2)); 
        double_spike.error.beta(i,1) = sqrt(double_spike.error.Vy(3,3)); 
 
        % calculate errors in N (VN) 
        % define dy/dn, dy/dm and dy/dT 
        double_spike.error.dy_dn = (double_spike.error.dx_dn * double_spike.error.dy_dx); 
        double_spike.error.dy_dm = (double_spike.error.dx_dm * double_spike.error.dy_dx); 
        double_spike.error.dy_dT = (double_spike.error.dx_dT * double_spike.error.dy_dx); 
 
        % calculate dN/dn, dN/dm and dN/dT 
        % dN/dn 3 x 3 matrix 
        double_spike.error.dN_dn(1,1) = exp(- double_spike.alpha(i,1) * const.spike_ratios.P1)... 
            - const.spike_ratios.P1 * double_spike.Pb206_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P1) * double_spike.error.dy_dn(2,1); 
        double_spike.error.dN_dn(1,2) = - const.spike_ratios.P1 * double_spike.Pb206_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P1) * double_spike.error.dy_dn(2,2); 
        double_spike.error.dN_dn(1,3) = - const.spike_ratios.P1 * double_spike.Pb206_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P1) * double_spike.error.dy_dn(2,3); 
        double_spike.error.dN_dn(2,1) = - const.spike_ratios.P2 * double_spike.Pb207_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P2) * double_spike.error.dy_dn(2,1);  
        double_spike.error.dN_dn(2,2) = exp(- double_spike.alpha(i,1) * const.spike_ratios.P2)... 
            - const.spike_ratios.P2 * double_spike.Pb207_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P2) * double_spike.error.dy_dn(2,2); 
        double_spike.error.dN_dn(2,3) = - const.spike_ratios.P2 * double_spike.Pb207_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P2) * double_spike.error.dy_dn(2,3); 
        double_spike.error.dN_dn(3,1) = - const.spike_ratios.P3 * double_spike.Pb208_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P3) * double_spike.error.dy_dn(2,1); 
        double_spike.error.dN_dn(3,2) = - const.spike_ratios.P3 * double_spike.Pb208_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P3) * double_spike.error.dy_dn(2,2);  
        double_spike.error.dN_dn(3,3) = exp(- double_spike.alpha(i,1) * const.spike_ratios.P3)... 
            - const.spike_ratios.P3 * double_spike.Pb208_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P3) * double_spike.error.dy_dn(2,3); 
  
        % dN/dm 3 x 3 matrix     
        double_spike.error.dN_dm(1,1) = - const.spike_ratios.P1 * double_spike.Pb206_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P1) * double_spike.error.dy_dm(2,1); 
        double_spike.error.dN_dm(1,2) = - const.spike_ratios.P1 * double_spike.Pb206_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P1) * double_spike.error.dy_dm(2,2); 
        double_spike.error.dN_dm(1,3) = - const.spike_ratios.P1 * double_spike.Pb206_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P1) * double_spike.error.dy_dm(2,3);     
        double_spike.error.dN_dm(2,1) = - const.spike_ratios.P2 * double_spike.Pb207_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P2) * double_spike.error.dy_dm(2,1);      
        double_spike.error.dN_dm(2,2) = - const.spike_ratios.P2 * double_spike.Pb207_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P2) * double_spike.error.dy_dm(2,2);         
        double_spike.error.dN_dm(2,3) = - const.spike_ratios.P2 * double_spike.Pb207_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P2) * double_spike.error.dy_dm(2,3);     
        double_spike.error.dN_dm(3,1) = - const.spike_ratios.P3 * double_spike.Pb208_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P3) * double_spike.error.dy_dm(2,1);      
        double_spike.error.dN_dm(3,2) = - const.spike_ratios.P3 * double_spike.Pb208_Pb204(i,1) * exp(- ... 



  

165 
 

            double_spike.alpha(i,1) * const.spike_ratios.P3) * double_spike.error.dy_dm(2,2);         
        double_spike.error.dN_dm(3,3) = - const.spike_ratios.P3 * double_spike.Pb208_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P3) * double_spike.error.dy_dm(2,3); 
  
        % dN/dT 3 x 3 matrix 
        double_spike.error.dN_dT(1,1) = - const.spike_ratios.P1 * double_spike.Pb206_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P1) * double_spike.error.dy_dT(2,1); 
        double_spike.error.dN_dT(1,2) = - const.spike_ratios.P1 * double_spike.Pb206_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P1) * double_spike.error.dy_dT(2,2); 
        double_spike.error.dN_dT(1,3) = - const.spike_ratios.P1 * double_spike.Pb206_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P1) * double_spike.error.dy_dT(2,3); 
        double_spike.error.dN_dT(2,1) = - const.spike_ratios.P2 * double_spike.Pb207_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P2) * double_spike.error.dy_dT(2,1); 
        double_spike.error.dN_dT(2,2) = - const.spike_ratios.P2 * double_spike.Pb207_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P2) * double_spike.error.dy_dT(2,2); 
        double_spike.error.dN_dT(2,3) = - const.spike_ratios.P2 * double_spike.Pb207_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P2) * double_spike.error.dy_dT(2,3); 
        double_spike.error.dN_dT(3,1) = - const.spike_ratios.P3 * double_spike.Pb208_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P3) * double_spike.error.dy_dT(2,1); 
        double_spike.error.dN_dT(3,2) = - const.spike_ratios.P3 * double_spike.Pb208_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P3) * double_spike.error.dy_dT(2,2); 
        double_spike.error.dN_dT(3,3) = - const.spike_ratios.P3 * double_spike.Pb208_Pb204(i,1) * exp(- ... 
            double_spike.alpha(i,1) * const.spike_ratios.P3) * double_spike.error.dy_dT(2,3); 
  
        % calculate n, m and t and sum the corresponding matrices to give Vx 
        n = (double_spike.error.dN_dn * double_spike.error.Vn * double_spike.error.dN_dn'); 
        m = (double_spike.error.dN_dm * double_spike.error.Vm * double_spike.error.dN_dm'); 
        t = (double_spike.error.dN_dT * double_spike.error.Vt * double_spike.error.dN_dT'); 
  
        double_spike.error.VN = n + m + t; 
        clear n m t 
     
        end 
    end % completes loop for double-spike inversion calculation 
  
    % put final average Pb corrected ratios with std error into 'final' structure 
  
    % create structure with sample names 
    string = cellfun(@(x) x(1:29),cellstr(samplename_ID{1,1}{1,1}),'un',0); 
    Date(k,1) = cellstr(datestr(erase(cellstr(samplename_ID{1,1}{1,1}),... 
        string))); 
     
    Sample_Name(k,1) = erase(cellstr(samplename_ID{1,1}{2,1}),... 
        "Sample Name is   "); 
  
    % beta values for 5/3 and 8/6 
    ratios.beta_Tl_53(k,1) = mean(const.beta_unspike.Tl_53... 
        (abs(const.beta_unspike.Tl_53 - mean(const.beta_unspike.Tl_53))... 
    < 2 * std(const.beta_unspike.Tl_53))); 
    ratios.beta_Tl_53(k,2) = 2 * std(const.beta_unspike.Tl_53... 
        (abs(const.beta_unspike.Tl_53 - mean(const.beta_unspike.Tl_53))... 
    < 2 * std(const.beta_unspike.Tl_53))) / sqrt(sum((abs(const.beta_unspike.Tl_53 - 
mean(const.beta_unspike.Tl_53))... 
    < 2 * std(const.beta_unspike.Tl_53)))); 
  
    ratios.beta_Pb_86(k,1) = mean(const.beta_unspike.Pb_86... 
        (abs(const.beta_unspike.Pb_86 - mean(const.beta_unspike.Pb_86))... 
    < 2 * std(const.beta_unspike.Pb_86))); 
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    ratios.beta_Pb_86(k,2) = 2 * std(const.beta_unspike.Pb_86... 
        (abs(const.beta_unspike.Pb_86 - mean(const.beta_unspike.Pb_86))... 
    < 2 * std(const.beta_unspike.Pb_86))) / sqrt(sum((abs(const.beta_unspike.Pb_86 - 
mean(const.beta_unspike.Pb_86))... 
    < 2 * std(const.beta_unspike.Pb_86)))); 
  
    % Pb corrected ratio (207Pb/206Pb) 
    ratios.Pb207_Pb206_86exp(k,1) = mean(corr_ratios.unspike.Pb207_Pb206_86exp... 
                (abs(corr_ratios.unspike.Pb207_Pb206_86exp - mean(corr_ratios.unspike.Pb207_Pb206_86exp))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb206_86exp))); 
    ratios.Pb207_Pb206_86exp(k,2) = 2 * std(corr_ratios.unspike.Pb207_Pb206_86exp... 
        (abs(corr_ratios.unspike.Pb207_Pb206_86exp - mean(corr_ratios.unspike.Pb207_Pb206_86exp))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb206_86exp))) / 
sqrt(sum((abs(corr_ratios.unspike.Pb207_Pb206_86exp... 
    - mean(corr_ratios.unspike.Pb207_Pb206_86exp))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb206_86exp)))); 
     
    % Tl and DS corrected ratio (207Pb/206Pb) 
    ratios.Pb207_Pb206_53exp(k,1) = mean(corr_ratios.unspike.Pb207_Pb206_53exp... 
        (abs(corr_ratios.unspike.Pb207_Pb206_53exp - mean(corr_ratios.unspike.Pb207_Pb206_53exp))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb206_53exp))); 
    ratios.Pb207_Pb206_53exp(k,2) = 2 * std(corr_ratios.unspike.Pb207_Pb206_53exp... 
        (abs(corr_ratios.unspike.Pb207_Pb206_53exp - mean(corr_ratios.unspike.Pb207_Pb206_53exp))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb206_53exp))) / 
sqrt(sum((abs(corr_ratios.unspike.Pb207_Pb206_53exp... 
    - mean(corr_ratios.unspike.Pb207_Pb206_53exp))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb206_53exp)))); 
  
    ratios.Pb207_Pb206_DS(k,1) = mean(double_spike.Pb207_Pb206... 
        (abs(double_spike.Pb207_Pb206 - mean(double_spike.Pb207_Pb206))... 
    < 2 * std(double_spike.Pb207_Pb206))); 
    ratios.Pb207_Pb206_DS(k,2) = 2 * std(double_spike.Pb207_Pb206... 
        (abs(double_spike.Pb207_Pb206 - mean(double_spike.Pb207_Pb206))... 
    < 2 * std(double_spike.Pb207_Pb206))) / sqrt(sum((abs(double_spike.Pb207_Pb206... 
    - mean(double_spike.Pb207_Pb206))... 
    < 2 * std(double_spike.Pb207_Pb206)))); 
     
    % Tl and ds corrected ratio (208Pb/206Pb) 
    ratios.Pb208_Pb206_53exp(k,1) = mean(corr_ratios.unspike.Pb208_Pb206_53exp... 
        (abs(corr_ratios.unspike.Pb208_Pb206_53exp - mean(corr_ratios.unspike.Pb208_Pb206_53exp))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb206_53exp))); 
    ratios.Pb208_Pb206_53exp(k,2) = 2 * std(corr_ratios.unspike.Pb208_Pb206_53exp... 
        (abs(corr_ratios.unspike.Pb208_Pb206_53exp - mean(corr_ratios.unspike.Pb208_Pb206_53exp))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb206_53exp))) / 
sqrt(sum((abs(corr_ratios.unspike.Pb208_Pb206_53exp... 
    - mean(corr_ratios.unspike.Pb208_Pb206_53exp))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb206_53exp)))); 
  
    ratios.Pb208_Pb206_DS(k,1) = mean(double_spike.Pb208_Pb206... 
        (abs(double_spike.Pb208_Pb206 - mean(double_spike.Pb208_Pb206))... 
    < 2 * std(double_spike.Pb208_Pb206))); 
    ratios.Pb208_Pb206_DS(k,2) = 2 * std(double_spike.Pb208_Pb206... 
        (abs(double_spike.Pb208_Pb206 - mean(double_spike.Pb208_Pb206))... 
    < 2 * std(double_spike.Pb208_Pb206))) / sqrt(sum((abs(double_spike.Pb208_Pb206... 
    - mean(double_spike.Pb208_Pb206))... 
    < 2 * std(double_spike.Pb208_Pb206)))); 
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    % Tl and ds corrected ratio (208Pb/207Pb) 
    ratios.Pb208_Pb207_53exp(k,1) = mean(corr_ratios.unspike.Pb208_Pb207_53exp... 
        (abs(corr_ratios.unspike.Pb208_Pb207_53exp - mean(corr_ratios.unspike.Pb208_Pb207_53exp))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb207_53exp))); 
    ratios.Pb208_Pb207_53exp(k,2) = 2 * std(corr_ratios.unspike.Pb208_Pb207_53exp... 
        (abs(corr_ratios.unspike.Pb208_Pb207_53exp - mean(corr_ratios.unspike.Pb208_Pb207_53exp))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb207_53exp))) / 
sqrt(sum((abs(corr_ratios.unspike.Pb208_Pb207_53exp... 
    - mean(corr_ratios.unspike.Pb208_Pb207_53exp))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb207_53exp)))); 
  
    ratios.Pb208_Pb207_DS(k,1) = mean(double_spike.Pb208_Pb207... 
        (abs(double_spike.Pb208_Pb207 - mean(double_spike.Pb208_Pb207))... 
    < 2 * std(double_spike.Pb208_Pb207))); 
    ratios.Pb208_Pb207_DS(k,2) = 2 * std(double_spike.Pb208_Pb207... 
        (abs(double_spike.Pb208_Pb207 - mean(double_spike.Pb208_Pb207))... 
    < 2 * std(double_spike.Pb208_Pb207))) / sqrt(sum((abs(double_spike.Pb208_Pb207... 
    - mean(double_spike.Pb208_Pb207))... 
    < 2 * std(double_spike.Pb208_Pb207)))); 
 
    % Tl and ds corrected 204Pb ratios 
    ratios.Pb206_Pb204_53exp_1(k,1) = mean(corr_ratios.unspike.Pb206_Pb204_53exp_1... 
        (abs(corr_ratios.unspike.Pb206_Pb204_53exp_1 - mean(corr_ratios.unspike.Pb206_Pb204_53exp_1))... 
    < 2 * std(corr_ratios.unspike.Pb206_Pb204_53exp_1))); 
    ratios.Pb206_Pb204_53exp_1(k,2) = 2 * std(corr_ratios.unspike.Pb206_Pb204_53exp_1... 
        (abs(corr_ratios.unspike.Pb206_Pb204_53exp_1 - mean(corr_ratios.unspike.Pb206_Pb204_53exp_1))... 
    < 2 * std(corr_ratios.unspike.Pb206_Pb204_53exp_1))) / 
sqrt(sum((abs(corr_ratios.unspike.Pb206_Pb204_53exp_1... 
    - mean(corr_ratios.unspike.Pb206_Pb204_53exp_1))... 
    < 2 * std(corr_ratios.unspike.Pb206_Pb204_53exp_1)))); 
     
    ratios.Pb206_Pb204_53exp_2(k,1) = mean(corr_ratios.unspike.Pb206_Pb204_53exp_2... 
         (abs(corr_ratios.unspike.Pb206_Pb204_53exp_2 - mean(corr_ratios.unspike.Pb206_Pb204_53exp_2))... 
    < 2 * std(corr_ratios.unspike.Pb206_Pb204_53exp_2))); 
    ratios.Pb206_Pb204_53exp_2(k,2) = 2 * std(corr_ratios.unspike.Pb206_Pb204_53exp_2... 
        (abs(corr_ratios.unspike.Pb206_Pb204_53exp_2 - mean(corr_ratios.unspike.Pb206_Pb204_53exp_2))... 
    < 2 * std(corr_ratios.unspike.Pb206_Pb204_53exp_2))) / 
sqrt(sum((abs(corr_ratios.unspike.Pb206_Pb204_53exp_2... 
    - mean(corr_ratios.unspike.Pb206_Pb204_53exp_2))... 
    < 2 * std(corr_ratios.unspike.Pb206_Pb204_53exp_2)))); 
     
    ratios.Pb206_Pb204_DS(k,1) = mean(double_spike.Pb206_Pb204... 
        (abs(double_spike.Pb206_Pb204 - mean(double_spike.Pb206_Pb204))... 
    < 2 * std(double_spike.Pb206_Pb204))); 
    ratios.Pb206_Pb204_DS(k,2) = 2 * std(double_spike.Pb206_Pb204... 
        (abs(double_spike.Pb206_Pb204 - mean(double_spike.Pb206_Pb204))... 
    < 2 * std(double_spike.Pb206_Pb204))) / sqrt(sum((abs(double_spike.Pb206_Pb204... 
    - mean(double_spike.Pb206_Pb204))... 
    < 2 * std(double_spike.Pb206_Pb204)))); 
     
    ratios.Pb207_Pb204_53exp_1(k,1) = mean(corr_ratios.unspike.Pb207_Pb204_53exp_1... 
        (abs(corr_ratios.unspike.Pb207_Pb204_53exp_1 - mean(corr_ratios.unspike.Pb207_Pb204_53exp_1))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb204_53exp_1))); 
    ratios.Pb207_Pb204_53exp_1(k,2) = 2 * std(corr_ratios.unspike.Pb207_Pb204_53exp_1... 
        (abs(corr_ratios.unspike.Pb207_Pb204_53exp_1 - mean(corr_ratios.unspike.Pb207_Pb204_53exp_1))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb204_53exp_1))) / 
sqrt(sum((abs(corr_ratios.unspike.Pb207_Pb204_53exp_1... 
    - mean(corr_ratios.unspike.Pb207_Pb204_53exp_1))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb204_53exp_1)))); 
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    ratios.Pb207_Pb204_53exp_2(k,1) = mean(corr_ratios.unspike.Pb207_Pb204_53exp_2... 
        (abs(corr_ratios.unspike.Pb207_Pb204_53exp_1 - mean(corr_ratios.unspike.Pb207_Pb204_53exp_1))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb204_53exp_1))); 
    ratios.Pb207_Pb204_53exp_2(k,2) = 2 * std(corr_ratios.unspike.Pb207_Pb204_53exp_2... 
        (abs(corr_ratios.unspike.Pb207_Pb204_53exp_2 - mean(corr_ratios.unspike.Pb207_Pb204_53exp_2))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb204_53exp_2))) / 
sqrt(sum((abs(corr_ratios.unspike.Pb207_Pb204_53exp_2... 
    - mean(corr_ratios.unspike.Pb207_Pb204_53exp_2))... 
    < 2 * std(corr_ratios.unspike.Pb207_Pb204_53exp_2)))); 
         
    ratios.Pb207_Pb204_DS(k,1) = mean(double_spike.Pb207_Pb204... 
        (abs(double_spike.Pb207_Pb204 - mean(double_spike.Pb207_Pb204))... 
    < 2 * std(double_spike.Pb207_Pb204))); 
    ratios.Pb207_Pb204_DS(k,2) = 2 * std(double_spike.Pb207_Pb204... 
        (abs(double_spike.Pb207_Pb204 - mean(double_spike.Pb207_Pb204))... 
    < 2 * std(double_spike.Pb207_Pb204))) / sqrt(sum((abs(double_spike.Pb207_Pb204... 
    - mean(double_spike.Pb207_Pb204))... 
    < 2 * std(double_spike.Pb207_Pb204)))); 
     
    ratios.Pb208_Pb204_53exp_1(k,1) = mean(corr_ratios.unspike.Pb208_Pb204_53exp_1... 
        (abs(corr_ratios.unspike.Pb208_Pb204_53exp_1 - mean(corr_ratios.unspike.Pb208_Pb204_53exp_1))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb204_53exp_1))); 
    ratios.Pb208_Pb204_53exp_1(k,2) = 2 * std(corr_ratios.unspike.Pb208_Pb204_53exp_1... 
        (abs(corr_ratios.unspike.Pb208_Pb204_53exp_1 - mean(corr_ratios.unspike.Pb208_Pb204_53exp_1))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb204_53exp_1))) / 
sqrt(sum((abs(corr_ratios.unspike.Pb208_Pb204_53exp_1... 
    - mean(corr_ratios.unspike.Pb208_Pb204_53exp_1))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb204_53exp_1)))); 
     
    ratios.Pb208_Pb204_53exp_2(k,1) = mean(corr_ratios.unspike.Pb208_Pb204_53exp_2... 
        (abs(corr_ratios.unspike.Pb208_Pb204_53exp_2 - mean(corr_ratios.unspike.Pb208_Pb204_53exp_2))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb204_53exp_2))); 
    ratios.Pb208_Pb204_53exp_2(k,2) = 2 * std(corr_ratios.unspike.Pb208_Pb204_53exp_2... 
        (abs(corr_ratios.unspike.Pb208_Pb204_53exp_2 - mean(corr_ratios.unspike.Pb208_Pb204_53exp_2))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb204_53exp_2))) / 
sqrt(sum((abs(corr_ratios.unspike.Pb208_Pb204_53exp_2... 
    - mean(corr_ratios.unspike.Pb208_Pb204_53exp_2))... 
    < 2 * std(corr_ratios.unspike.Pb208_Pb204_53exp_2)))); 
     
    ratios.Pb208_Pb204_DS(k,1) = mean(double_spike.Pb208_Pb204... 
        (abs(double_spike.Pb208_Pb204 - mean(double_spike.Pb208_Pb204))... 
    < 2 * std(double_spike.Pb208_Pb204))); 
    ratios.Pb208_Pb204_DS(k,2) = 2 * std(double_spike.Pb208_Pb204... 
        (abs(double_spike.Pb208_Pb204 - mean(double_spike.Pb208_Pb204))... 
    < 2 * std(double_spike.Pb208_Pb204))) / sqrt(sum((abs(double_spike.Pb208_Pb204... 
    - mean(double_spike.Pb208_Pb204))... 
    < 2 * std(double_spike.Pb208_Pb204)))); 
     
    % Tl 205/203 corrected using 208/206Pb exp 
    ratios.Tl205_Tl203_86exp(k,1) = mean(corr_ratios.unspike.Tl205_Tl203_86exp... 
        (abs(corr_ratios.unspike.Tl205_Tl203_86exp - mean(corr_ratios.unspike.Tl205_Tl203_86exp))... 
    < 2 * std(corr_ratios.unspike.Tl205_Tl203_86exp))); 
    ratios.Tl205_Tl203_86exp(k,2) = 2 * std(corr_ratios.unspike.Tl205_Tl203_86exp... 
        (abs(corr_ratios.unspike.Tl205_Tl203_86exp - mean(corr_ratios.unspike.Tl205_Tl203_86exp))... 
    < 2 * std(corr_ratios.unspike.Tl205_Tl203_86exp))) / 
sqrt(sum((abs(corr_ratios.unspike.Tl205_Tl203_86exp... 
    - mean(corr_ratios.unspike.Tl205_Tl203_86exp))... 
    < 2 * std(corr_ratios.unspike.Tl205_Tl203_86exp)))); 
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    % Pb and Tl total beams 
    total_Pb_beam = raw_beam.unspike.Pb208 + raw_beam.unspike.Pb207... 
        + raw_beam.unspike.Pb206 + corr_beam.unspike.Pb204_2; 
    ratios.total_Pb_beam(k,1) = mean(total_Pb_beam... 
        (abs(total_Pb_beam - mean(total_Pb_beam)) < 2 * std(total_Pb_beam))); 
    ratios.total_Pb_beam(k,2) = 2 * std(total_Pb_beam... 
        (abs(total_Pb_beam - mean(total_Pb_beam))... 
    < 2 * std(total_Pb_beam))) / sqrt(sum((abs(total_Pb_beam... 
    - mean(total_Pb_beam)) < 2 * std(total_Pb_beam)))); 
  
    total_Tl_beam = raw_beam.unspike.Tl205 + raw_beam.unspike.Tl203; 
    ratios.total_Tl_beam(k,1) = mean(total_Tl_beam... 
        (abs(total_Tl_beam - mean(total_Tl_beam)) < 2 * std(total_Tl_beam))); 
    ratios.total_Tl_beam(k,2) = 2 * std(total_Tl_beam... 
        (abs(total_Tl_beam - mean(total_Tl_beam))... 
    < 2 * std(total_Tl_beam))) / sqrt(sum((abs(total_Tl_beam... 
    - mean(total_Tl_beam)) < 2 * std(total_Tl_beam)))); 
  
    % create structure for Pb DS IC fraction (mix) for Pb yield calculation 
    mix_concs.Sample_Name = Sample_Name; 
  
    % calculate specific ratios for yield calculations 
    mix_concs.ratios.Pb208_Pb206_53exp(k,1) = mean(corr_ratios.mix.Pb208_Pb206_53exp... 
        (abs(corr_ratios.mix.Pb208_Pb206_53exp - mean(corr_ratios.mix.Pb208_Pb206_53exp))... 
    < 2 * std(corr_ratios.mix.Pb208_Pb206_53exp))); 
    mix_concs.ratios.Pb208_Pb206_53exp(k,2) = 2 * std(corr_ratios.mix.Pb208_Pb206_53exp... 
        (abs(corr_ratios.mix.Pb208_Pb206_53exp - mean(corr_ratios.mix.Pb208_Pb206_53exp))... 
    < 2 * std(corr_ratios.mix.Pb208_Pb206_53exp))) / sqrt(sum((abs(corr_ratios.mix.Pb208_Pb206_53exp... 
    - mean(corr_ratios.mix.Pb208_Pb206_53exp))... 
    < 2 * std(corr_ratios.mix.Pb208_Pb206_53exp)))); 
  
    mix_concs.ratios.Pb207_Pb206_53exp(k,1) = mean(corr_ratios.mix.Pb207_Pb206_53exp... 
        (abs(corr_ratios.mix.Pb207_Pb206_53exp - mean(corr_ratios.mix.Pb207_Pb206_53exp))... 
    < 2 * std(corr_ratios.mix.Pb207_Pb206_53exp))); 
    mix_concs.ratios.Pb207_Pb206_53exp(k,2) = 2 * std(corr_ratios.mix.Pb207_Pb206_53exp... 
        (abs(corr_ratios.mix.Pb207_Pb206_53exp - mean(corr_ratios.mix.Pb207_Pb206_53exp))... 
    < 2 * std(corr_ratios.mix.Pb207_Pb206_53exp))) / sqrt(sum((abs(corr_ratios.mix.Pb207_Pb206_53exp... 
    - mean(corr_ratios.mix.Pb207_Pb206_53exp))... 
    < 2 * std(corr_ratios.mix.Pb207_Pb206_53exp)))); 
  
end % finishes the loop for importing and processing raw data 
  
% clear indices used in loops and variables created when importing mass spec data files  
clear ans k i j mix_Dir mix_files unspike_Dir unspike_files raw_mixFile raw_unspikeFile... 
    raw_mix raw_unspike mix_folder unspike_folder sample_IDFile samplename_ID string vars... 
    total_Pb_beam total_Tl_beam 
  
% C. Correct Pb isotope compositions to reference values 
         
% extract standards into structure 
index = contains(Sample_Name,standard_name); 
  
standards.name = Sample_Name(contains(Sample_Name,standard_name)); 
standards.Pb207_Pb206_53exp = ratios.Pb207_Pb206_53exp(index,1); 
standards.Pb207_Pb206_DS = ratios.Pb207_Pb206_DS(index,1); 
standards.Pb208_Pb206_53exp = ratios.Pb208_Pb206_53exp(index,1); 
standards.Pb208_Pb206_DS = ratios.Pb208_Pb206_DS(index,1); 
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standards.Pb208_Pb207_53exp = ratios.Pb208_Pb207_53exp(index,1); 
standards.Pb208_Pb207_DS = ratios.Pb208_Pb207_DS(index,1); 
standards.Pb206_Pb204_53exp_1 = ratios.Pb206_Pb204_53exp_1(index,1); 
standards.Pb206_Pb204_53exp_2 = ratios.Pb206_Pb204_53exp_2(index,1); 
standards.Pb206_Pb204_DS = ratios.Pb206_Pb204_DS(index,1); 
standards.Pb207_Pb204_53exp_1 = ratios.Pb207_Pb204_53exp_1(index,1); 
standards.Pb207_Pb204_53exp_2 = ratios.Pb207_Pb204_53exp_2(index,1); 
standards.Pb207_Pb204_DS = ratios.Pb207_Pb204_DS(index,1); 
standards.Pb208_Pb204_53exp_1 = ratios.Pb208_Pb204_53exp_1(index,1); 
standards.Pb208_Pb204_53exp_2 = ratios.Pb208_Pb204_53exp_2(index,1); 
standards.Pb208_Pb204_DS = ratios.Pb208_Pb204_DS(index,1); 
standards.total_Pb_beam = ratios.total_Pb_beam(index,1); 
 
% calculate the average for each standard and the correction factor  
  
for i = 1:length(standard_name) 
     
    index = contains(standards.name,standard_name(1,i)); 
     
    standards.k.name(i,1) = standard_name(1,i); 
    standards.k.Pb207_Pb206_53exp(i,1) = const.galer.Pb207_Pb206 / 
mean(standards.Pb207_Pb206_53exp(index,1)); 
    standards.k.Pb207_Pb206_DS(i,1) = const.galer.Pb207_Pb206 / mean(standards.Pb207_Pb206_DS(index,1)); 
    standards.k.Pb208_Pb206_53exp(i,1) = const.galer.Pb208_Pb206 / 
mean(standards.Pb208_Pb206_53exp(index,1)); 
    standards.k.Pb208_Pb206_DS(i,1) = const.galer.Pb208_Pb206 / mean(standards.Pb208_Pb206_DS(index,1)); 
    standards.k.Pb206_Pb204_53exp_1(i,1) = const.galer.Pb206_Pb204 / 
mean(standards.Pb206_Pb204_53exp_1(index,1)); 
    standards.k.Pb206_Pb204_53exp_2(i,1) = const.galer.Pb206_Pb204 / 
mean(standards.Pb206_Pb204_53exp_2(index,1)); 
    standards.k.Pb206_Pb204_DS(i,1) = const.galer.Pb206_Pb204 / mean(standards.Pb206_Pb204_DS(index,1)); 
    standards.k.Pb207_Pb204_53exp_1(i,1) = const.galer.Pb207_Pb204 / 
mean(standards.Pb207_Pb204_53exp_1(index,1)); 
    standards.k.Pb207_Pb204_53exp_2(i,1) = const.galer.Pb207_Pb204 / 
mean(standards.Pb207_Pb204_53exp_2(index,1)); 
    standards.k.Pb207_Pb204_DS(i,1) = const.galer.Pb207_Pb204 / mean(standards.Pb207_Pb204_DS(index,1)); 
    standards.k.Pb208_Pb204_53exp_1(i,1) = const.galer.Pb208_Pb204 / 
mean(standards.Pb208_Pb204_53exp_1(index,1)); 
    standards.k.Pb208_Pb204_53exp_2(i,1) = const.galer.Pb208_Pb204 / 
mean(standards.Pb208_Pb204_53exp_2(index,1)); 
    standards.k.Pb208_Pb204_DS(i,1) = const.galer.Pb208_Pb204 / mean(standards.Pb208_Pb204_DS(index,1)); 
    standards.k.total_Pb_beam(i,1) = mean(standards.total_Pb_beam(index,1)); 
     
end 
     
% Apply correction factor, k, to final ratios of samples using a standard of a similar Pb ion beam  
  
% create final ratio structure to apply correction 
final_ratios = ratios; 
  
for m = 1:length(ratios.Pb207_Pb206_86exp) 
     
    % Condition to omit standards correcting themselves to Galer values 
    if ~contains(Sample_Name(m,1),standard_name) 
     
    % Find the closest standard Pb ion beam to correct individual samples      
    [ion_beam_diff,standard_index] = min(abs(standards.k.total_Pb_beam - final_ratios.total_Pb_beam(m,1)));     
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    % Apply correction factor, k, to each ratio 
    final_ratios.Pb207_Pb206_53exp(m,1) = ratios.Pb207_Pb206_53exp(m,1) * 
standards.k.Pb207_Pb206_53exp(standard_index,1); 
    final_ratios.Pb207_Pb206_DS(m,1) = ratios.Pb207_Pb206_DS(m,1) * 
standards.k.Pb207_Pb206_DS(standard_index,1); 
    final_ratios.Pb208_Pb206_53exp(m,1) = ratios.Pb208_Pb206_53exp(m,1) * 
standards.k.Pb208_Pb206_53exp(standard_index,1); 
    final_ratios.Pb208_Pb206_DS(m,1) = ratios.Pb208_Pb206_DS(m,1) * 
standards.k.Pb208_Pb206_DS(standard_index,1); 
    final_ratios.Pb206_Pb204_53exp_1(m,1) = ratios.Pb206_Pb204_53exp_1(m,1) * 
standards.k.Pb206_Pb204_53exp_1(standard_index,1); 
    final_ratios.Pb206_Pb204_53exp_2(m,1) = ratios.Pb206_Pb204_53exp_2(m,1) * 
standards.k.Pb206_Pb204_53exp_2(standard_index,1); 
    final_ratios.Pb206_Pb204_DS(m,1) = ratios.Pb206_Pb204_DS(m,1) * 
standards.k.Pb206_Pb204_DS(standard_index,1); 
    final_ratios.Pb207_Pb204_53exp_1(m,1) = ratios.Pb207_Pb204_53exp_1(m,1) * 
standards.k.Pb207_Pb204_53exp_1(standard_index,1); 
    final_ratios.Pb207_Pb204_53exp_2(m,1) = ratios.Pb207_Pb204_53exp_2(m,1) * 
standards.k.Pb207_Pb204_53exp_2(standard_index,1); 
    final_ratios.Pb207_Pb204_DS(m,1) = ratios.Pb207_Pb204_DS(m,1) * 
standards.k.Pb207_Pb204_DS(standard_index,1); 
    final_ratios.Pb208_Pb204_53exp_1(m,1) = ratios.Pb208_Pb204_53exp_1(m,1) * 
standards.k.Pb208_Pb204_53exp_1(standard_index,1); 
    final_ratios.Pb208_Pb204_53exp_2(m,1) = ratios.Pb208_Pb204_53exp_2(m,1) * 
standards.k.Pb208_Pb204_53exp_2(standard_index,1); 
    final_ratios.Pb208_Pb204_DS(m,1) = ratios.Pb208_Pb204_DS(m,1) * 
standards.k.Pb208_Pb204_DS(standard_index,1); 
     
    ratios.ion_beam_smpl_std_diff(m,1) = ion_beam_diff; 
     
    end 
     
end 
         
clear i m ion_beam_diff index standard_index standard_name 
  
% D. Calculate Pb concentration using Pb IC ratios  
  
% create structure for concentration calculation 
final_concs.Sample_Name = Sample_Name; 
  
% extract sample and spike masses from 'masses.csv' 
for j = 1:length(final_concs.Sample_Name) 
             
    % index samples 
    name = final_concs.Sample_Name(j,1); 
     
    % extract masses (g) and calculate spike used (nmol)  
    final_concs.sample_mass_ID(j,1) = table2array(masses(ismember(masses.SampleNameIC,name),2)); 
    final_concs.spike_mass_ID(j,1) = table2array(masses(ismember(masses.SampleNameIC,name),3)); 
    final_concs.sample_mass_IC(j,1) = table2array(masses(ismember(masses.SampleNameIC,name),5)); 
    final_concs.spike_mass_IC(j,1) = table2array(masses(ismember(masses.SampleNameIC,name),6)); 
    final_concs.Pb207_208_ID(j,1) = table2array(masses(ismember(masses.SampleNameIC,name),7)); 
    final_concs.Pb206_208_ID(j,1) = table2array(masses(ismember(masses.SampleNameIC,name),8)); 
     
end 
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% calculate the natural atomic weights for samples 
final_concs.nat_wt.tPb_Pb207 = 1 ./ final_ratios.Pb207_Pb204_DS(:,1) + 1 ./ 
final_ratios.Pb207_Pb206_DS(:,1) +... 
    final_ratios.Pb208_Pb207_DS(:,1) + 1; 
final_concs.nat_wt.fPb207 = 1 ./ final_concs.nat_wt.tPb_Pb207; 
final_concs.nat_wt.fPb204 = final_concs.nat_wt.fPb207 * 1 ./ final_ratios.Pb207_Pb204_DS(:,1); 
final_concs.nat_wt.fPb206 = final_concs.nat_wt.fPb207 * 1 ./ final_ratios.Pb207_Pb206_DS(:,1); 
final_concs.nat_wt.fPb208 = final_concs.nat_wt.fPb207 .* final_ratios.Pb208_Pb207_DS(:,1); 
final_concs.nat_wt.Pb = (final_concs.nat_wt.fPb204 * const.masses.M204) + ... 
(final_concs.nat_wt.fPb206 * const.masses.M206) + (final_concs.nat_wt.fPb207 * const.masses.M207) +... 
(final_concs.nat_wt.fPb208 * const.masses.M208); 
  
 
 
% calculate amount of spike used for each isotope (pmol) (const.spike_conc = nmol/g) 
final_concs.spike_used.Pb204 = final_concs.spike_mass_ID * (const.spike_conc.Pb204 * 1000); 
final_concs.spike_used.Pb206 = final_concs.spike_mass_ID * (const.spike_conc.Pb206 * 1000); 
final_concs.spike_used.Pb207 = final_concs.spike_mass_ID * (const.spike_conc.Pb207 * 1000); 
final_concs.spike_used.Pb208 = final_concs.spike_mass_ID * (const.spike_conc.Pb208 * 1000); 
  
% calculate residual fractionation correction (uses linear law) using 
% sample 207/206 and 208/207 ratios for IC 
final_concs.k1 = ((1 ./ final_ratios.Pb207_Pb206_DS(:,1) ./ 1 ./ final_ratios.Pb208_Pb207_DS(:,1) ... 
    .* 1 / const.spike_ratios.Pb208_Pb207 - 1 ./ final_ratios.Pb208_Pb207_DS(:,1) ... 
    .* const.spike_ratios.Pb206_Pb207 ./ const.spike_ratios.Pb208_Pb207) ./ ...  
    (1 / const.spike_ratios.Pb208_Pb207 - 1 ./ final_ratios.Pb208_Pb207_DS(:,1))); 
  
final_concs.k2 = ((1 ./ final_ratios.Pb207_Pb206_DS(:,1) ./ final_ratios.Pb208_Pb207_DS(:,1) - ... 
    const.spike_ratios.Pb206_Pb207 / const.spike_ratios.Pb208_Pb207) ./ ... 
    (1 / const.spike_ratios.Pb208_Pb207 - 1 ./ final_ratios.Pb208_Pb207_DS(:,1))); 
  
% calculate Pb during ID run 
final_concs.id.f = (final_concs.k1 - final_concs.Pb207_208_ID .* final_concs.k2 - 
final_concs.Pb206_208_ID)... 
    ./ ((const.masses.M206 - const.masses.M208) .* final_concs.Pb206_208_ID - ... 
    (const.masses.M208 - const.masses.M207) .* final_concs.Pb207_208_ID .* final_concs.k2); 
  
% calculate 207/208 and 206/208 ratio true-mix values 
final_concs.id.Pb207_Pb208 = final_concs.Pb207_208_ID .* (1 - (const.masses.M208 - const.masses.M207) 
*... 
    final_concs.id.f); 
final_concs.id.Pb206_Pb208 = final_concs.Pb206_208_ID .* (1 - (const.masses.M208 - const.masses.M206) 
*... 
    final_concs.id.f); 
  
% calculate ID unmix for 207Pb (pmol)  
final_concs.Pb_207 = (final_concs.spike_used.Pb206 - (final_concs.id.Pb207_Pb208).^-1 .* ...  
    final_concs.spike_used.Pb207) ./ ((final_concs.id.Pb207_Pb208).^-1 - (final_ratios.Pb208_Pb207_DS(:,1))); 
  
% calculate total Pb (pmol) using 207Pb (pmol) and sample 207Pb fraction 
final_concs.total_Pb = final_concs.Pb_207 ./ final_concs.nat_wt.fPb207; 
  
% calculate concentration (pmol/g) using sample mass (g) 
final_concs.Pb_pmol_g = final_concs.total_Pb ./ final_concs.sample_mass_ID; 
  
% calculate Pb concentation (ppt) using sample natural Pb abundance  
final_concs.Pb_ppt = final_concs.Pb_pmol_g .* final_concs.nat_wt.Pb; 
final_concs.Pb_pmol_kg = final_concs.Pb_pmol_g * 1000; 
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% index blanks and calculate average total Pb blank (pmol) 
  
    if isempty(blank_ID_pg) 
  
        blank_ID_pmol = mean(masses.Pb_ppt_ID(contains(masses.SampleNameID,blank_name_ID)))... 
            / const.nat_wt.Pb; 
         
    elseif isnan(blank_ID_pg) 
  
        blank_ID_pmol = mean(masses.Pb_ppt_ID(contains(masses.SampleNameID,blank_name_ID)))... 
            / const.nat_wt.Pb; 
             
    else 
  
        blank_ID_pmol = blank_ID_pg / const.nat_wt.Pb; 
  
    end 
  
% blank correction - correct the Pb concentrations using the blank value 
for m = 1:length(final_concs.Pb_pmol_kg) 
     
       if contains(final_concs.Sample_Name(m,1),blank_name_IC) 
        
       % calculate total Pb (pmol) using 207Pb (pmol) and sample 207Pb fraction  
       final_concs.total_Pb_blank_corr(m,1) = final_concs.total_Pb(m,1); 
       % calculate concentration (pmol/g) using sample mass (g) 
       final_concs.Pb_pmol_g_blank_corr(m,1) = final_concs.total_Pb_blank_corr(m,1) / 
final_concs.sample_mass_ID(m,1); 
        
       % calculate Pb concentation (ppt and pmol/kg) using sample natural Pb abundance  
       final_concs.Pb_ppt_blank_corr(m,1) = final_concs.Pb_pmol_g_blank_corr(m,1) * 
final_concs.nat_wt.Pb(m,1); 
       final_concs.Pb_pmol_kg_blank_corr(m,1) = final_concs.Pb_pmol_g_blank_corr(m,1) * 1000; 
        
       else 
        
       % calculate total Pb (pmol) using 207Pb (pmol) and sample 207Pb fraction 
       final_concs.total_Pb_blank_corr(m,1) = final_concs.total_Pb(m,1) - blank_ID_pmol; 
       % calculate concentration (pmol/g) using sample mass (g) 
       final_concs.Pb_pmol_g_blank_corr(m,1) = final_concs.total_Pb_blank_corr(m,1) / 
final_concs.sample_mass_ID(m,1);  
        
       % calculate Pb concentation (ppt and pmol/kg) using estimated natural Pb abundance  
       final_concs.Pb_ppt_blank_corr(m,1) = final_concs.Pb_pmol_g_blank_corr(m,1) * 
final_concs.nat_wt.Pb(m,1); 
       final_concs.Pb_pmol_kg_blank_corr(m,1) = final_concs.Pb_pmol_g_blank_corr(m,1) * 1000; 
        
       end     
end 
  
% clear indices and variables used in loop for concentration calculation 
clear j m name blank_name_ID blank_ID_pg  
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% E. Calculate measured [Pb] and yields using Pb mix ratios 
  
% calculate amount of DS used for each isotope (pmol) (const.spike_conc = nmol/g) 
mix_concs.spike_used.Pb204 = final_concs.spike_mass_IC .* (const.spike_conc.Pb204 * 1000); 
mix_concs.spike_used.Pb206 = final_concs.spike_mass_IC .* (const.spike_conc.Pb206 * 1000); 
mix_concs.spike_used.Pb207 = final_concs.spike_mass_IC .* (const.spike_conc.Pb207 * 1000); 
mix_concs.spike_used.Pb208 = final_concs.spike_mass_IC .* (const.spike_conc.Pb208 * 1000); 
  
% calculate Pb during ID run using sample residual fractionation k1 and k2 
mix_concs.id.f = (final_concs.k1 - (mix_concs.ratios.Pb207_Pb206_53exp(:,1) ./ ... 
    mix_concs.ratios.Pb208_Pb206_53exp(:,1)) .* final_concs.k2 - 1 ./ 
mix_concs.ratios.Pb208_Pb206_53exp(:,1))... 
    ./ ((const.masses.M206 - const.masses.M208) .* 1 ./ mix_concs.ratios.Pb208_Pb206_53exp(:,1) - ... 
    (const.masses.M208 - const.masses.M207) .* (mix_concs.ratios.Pb207_Pb206_53exp(:,1) ./ ... 
    mix_concs.ratios.Pb208_Pb206_53exp(:,1)) .* final_concs.k2); 
  
 
% calculate 207/208 and 206/208 ratio true-mix values 
mix_concs.id.Pb207_Pb208 = mix_concs.ratios.Pb207_Pb206_53exp(:,1) ./ ... 
    mix_concs.ratios.Pb208_Pb206_53exp(:,1) .* (1 - (const.masses.M208 - const.masses.M207) .*... 
    mix_concs.id.f(:,1)); 
mix_concs.id.Pb206_Pb208 = 1 ./ mix_concs.ratios.Pb208_Pb206_53exp(:,1) .* (1 - (const.masses.M208 - 
const.masses.M206) .*... 
    mix_concs.id.f(:,1)); 
  
% calculate ID unmix for 207Pb (pmol)  
mix_concs.Pb_207 = (mix_concs.spike_used.Pb206 - (mix_concs.id.Pb207_Pb208(:,1)).^-1 .* ...  
    mix_concs.spike_used.Pb207) ./ ((mix_concs.id.Pb207_Pb208(:,1)).^-1 - 
(final_ratios.Pb208_Pb207_DS(:,1))); 
  
% calculate total Pb (pmol) using 207Pb (pmol) and sample 207Pb fraction 
mix_concs.total_Pb = mix_concs.Pb_207 ./ final_concs.nat_wt.fPb207; 
  
% calculate concentration (pmol/g) using sample mass (g) 
mix_concs.Pb_pmol_g = mix_concs.total_Pb ./ (final_concs.sample_mass_IC ./ 3);  
% calculate Pb concentation (ppt) using sample natural Pb abundance  
mix_concs.Pb_ppt = mix_concs.Pb_pmol_g .* final_concs.nat_wt.Pb; 
  
% calculate total amount of Pb (ng) in sample and total Pb (ng) analysed 
mix_concs.meas_Pb_ng = (mix_concs.Pb_ppt .* final_concs.sample_mass_IC) ./ 1000; 
mix_concs.total_Pb_ng = (final_concs.Pb_ppt .* final_concs.sample_mass_IC) ./ 1000; 
 
% index blanks and calculate average total Pb blank (pmol) 
   if isempty(blank_IC_pg) 
  
        blank_IC_pmol = ((mean(mix_concs.meas_Pb_ng(contains(mix_concs.Sample_Name,blank_name_IC)))... 
            * 1000) / const.nat_wt.Pb) / 3; 
         
    elseif isnan(blank_IC_pg) 
  
        blank_IC_pmol = ((mean(mix_concs.meas_Pb_ng(contains(mix_concs.Sample_Name,blank_name_IC)))... 
            * 1000) / const.nat_wt.Pb) / 3; 
             
    else 
  
        blank_IC_pmol = blank_IC_pg / const.nat_wt.Pb; 
 end 
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% blank correction - correct the Pb measured mixed concentrations using the blank value 
for m = 1:length(mix_concs.meas_Pb_ng) 
     
       if contains(mix_concs.Sample_Name(m,1),blank_name_IC) 
        
       % calculate total Pb (pmol) using 207Pb (pmol) and sample 207Pb fraction  
       mix_concs.total_Pb_blank_corr(m,1) = mix_concs.total_Pb(m,1); 
       % calculate concentration (pmol/g) using sample mass (g) 
       mix_concs.Pb_pmol_g_blank_corr(m,1) = mix_concs.total_Pb_blank_corr(m,1) / 
(final_concs.sample_mass_IC(m,1) / 3); 
        
 
 
 
       % Calculate Pb concentation (ppt and pmol/kg) using estimated natural Pb abundance  
       mix_concs.Pb_ppt_blank_corr(m,1) = mix_concs.Pb_pmol_g_blank_corr(m,1) * 
final_concs.nat_wt.Pb(m,1); 
       mix_concs.Pb_pmol_kg_blank_corr(m,1) = mix_concs.Pb_pmol_g_blank_corr(m,1) * 1000; 
        
       else 
        
       % calculate total Pb (pmol) using 207Pb (pmol) and sample 207Pb fraction 
       mix_concs.total_Pb_blank_corr(m,1) = mix_concs.total_Pb(m,1) - blank_IC_pmol; 
       % calculate concentration (pmol/g) using sample mass (g) 
       mix_concs.Pb_pmol_g_blank_corr(m,1) = mix_concs.total_Pb_blank_corr(m,1) / 
(final_concs.sample_mass_IC(m,1) / 3);  
        
       % Calculate Pb concentation (ppt and pmol/kg) using estimated natural Pb abundance  
       mix_concs.Pb_ppt_blank_corr(m,1) = mix_concs.Pb_pmol_g_blank_corr(m,1) * 
final_concs.nat_wt.Pb(m,1); 
       mix_concs.Pb_pmol_kg_blank_corr(m,1) = mix_concs.Pb_pmol_g_blank_corr(m,1) * 1000; 
        
       end     
end 
  
% calculate yield using double-spike Pb_ppt and final Pb blank corrected ppt 
mix_concs.yield = (mix_concs.Pb_ppt_blank_corr ./ final_concs.Pb_ppt_blank_corr) .* 100; 
  
% clear indices and variables used in loop for concentration calculation 
clear m blank_name_IC blank_IC_pg 
  
% F. Export results as csv file 
  
% Add concentration and yield to final_ratios structure ready for export 
final_ratios.Pb_ppt = final_concs.Pb_ppt_blank_corr; 
final_ratios.Pb_pmol_kg = final_concs.Pb_pmol_kg_blank_corr; 
final_ratios.blank_contribution_ID = (blank_ID_pmol ./ final_concs.total_Pb) .* 100; 
final_ratios.total_Pb_ng = (final_concs.sample_mass_IC .* final_concs.Pb_ppt_blank_corr)... 
    ./ 1000; 
final_ratios.meas_Pb_ng = (mix_concs.Pb_ppt_blank_corr .* final_concs.sample_mass_IC) ./ 1000; 
final_ratios.blank_contribution_IC = (blank_IC_pmol ./ (mix_concs.total_Pb .* 3)) .* 100; 
final_ratios.sample_mass_g = final_concs.sample_mass_IC;  
final_ratios.yield = mix_concs.yield; 
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% Declare header lable for sample name 
header1 = {'Date' 'Sample Name'}; 
  
% Loop through to concatenate header with sample names 
  
name = cell(length(Sample_Name) + 1,2); 
  
for j = 1:length(Sample_Name) 
     
    name{1,1} = header1{1,1}; 
    name{j+1,1} = Date{j,1}; 
     
    name{1,2} = header1{1,2}; 
    name{j+1,2} = Sample_Name{j,1}; 
         
end 
  
% Convert to table 
sample = cell2table(name); 
  
% Declare list of variable names 
header2 = {'beta Tl 5/3' '2SE' 'beta Pb 8/6' '2SE'...  
    '207Pb/206Pb 86 exp' '2SE' '207Pb/206Pb 53 exp' '2SE' '207Pb/206Pb DS' '2SE' ... 
    '208Pb/206Pb 53 exp' '2SE' '208Pb/206Pb DS' '2SE' '208Pb/207Pb 53 exp' '2SE' ... 
    '208Pb/207Pb DS' '2SE' '206Pb/204Pb 53 exp 1' '2SE' '206Pb/204Pb 53 exp 2' '2SE' ... 
    '206Pb/204Pb DS' '2SE' '207Pb/204Pb 53 exp 1' '2SE' '207Pb/204Pb 53 exp 2' '2SE' ... 
    '207Pb/204Pb DS' '2SE' '208Pb/204Pb 53 exp 1' '2SE' '208Pb/204Pb 53 exp 2' '2SE' ... 
    '208Pb/204Pb DS' '2SE' '205Tl/203Tl 86 exp' '2SE' 'Total Pb ion beam' '2SE' ... 
    'Total Tl ion beam' '2SE' '[Pb] (ppt)' '[Pb] (pmol/kg)' 'Blank contribution ID (%)'...  
    'Total Pb (ng)' 'Measured Pb (ng)' 'Blank contribution IC (%)' 'Sample mass (g)' 'Yield (%)'}; 
  
% Convert final_ratios structure to cell array 
data = struct2array(final_ratios); 
data = num2cell(data); 
 
% Loop through to concatenate header of variables with data 
  
all_data = cell(size(data,1) + 1,size(header2,2)); 
  
for k = 1:size(header2,2) 
    for i = 1:size(data,1) 
           
    all_data{1,k} = header2{1,k}; 
    all_data{i+1,k} = data{i,k}; 
     
    end 
end 
  
% Convert to table 
final_data = cell2table(all_data); 
  
% Concatenate two tables for sample name and variables with headers in 1st row 
output = [sample final_data]; 
  
% Export the concatenated table  
writetable(output, results_output, 'WriteVariableNames', 0); 
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% Add sample names to final ratios structure for reference 
final_ratios.Sample_Name = Sample_Name; 
  
% Clear unwanted variables 
clear i j k l header1 header2 name sample data all_data final_data ... 
     Date Sample_Name results_output list sample_mass_IC... 
     spike_mass_IC sample_conc_ID 
  
% end of Pb isotope double-spike data reduction 
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Appendices 
 
 

Appendix 2: Result tables for NBP15 cruise neodymium isotope and rare earth 

element data, and GS01 section Pb isotope and concentration data.  

Appendix 2 presents the data tables for Nd isotope, rare earth element concentration and Pb 

isotope data presented in chapters 2 and 4 with corresponding hydrographic data.  
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Table A.1. Seawater neodymium isotope measurements from NBP15 cruise across the Wilkes Land continental margin. The sample name 

is composed of the cruise code, CTD station and niskin bottle number (cruise_station-niskin). The asterisk next to the sample name 

corresponds to a duplicate analysis of the previous sample. The εNd 2sd error was calculated by propagating the internal 2se error for each 

sample with the external 2sd error for JNdi-1 standard measurements during the same batch of measurements. For information on Nd 

concentration errors and hydrographic data, see section 2.3.3 and 2.2.3, respectively. 

Sample  Depth (m) Nd  
(pmol kg-1) 

143Nd/144Nd εNd 2sd Pot. temp 
(°C) 

Salinity Neutral Density 
(kg m-3) 

Water 
mass        

   

Station 2 (-62.014°N, 131.966°E) 
        

NBP1503_002-23 4 12.16 0.512227 -8.02 0.36 2.219 33.770 27.113 AASW 

NBP1503_002-21 81 12.26 0.512210 -8.34 0.36 -0.156 33.953 27.474 AASW 

NBP1503_002-19 219 13.55 0.512203 -8.48 0.36 2.152 34.467 27.767 AASW 

NBP1503_002-17 369 14.28 0.512210 -8.34 0.25 2.213 34.584 27.853 AASW 

NBP1503_002-15 739 16.13 0.512152 -9.48 0.34 2.041 34.710 27.978 AASW 

NBP1503_002-13 1237 18.75 0.512157 -9.37 0.32 1.635 34.743 28.054 MCDW 

NBP1503_002-11 1774 21.67 0.512178 -8.98 0.34 1.144 34.731 28.121 MCDW 

NBP1503_002-09 2367 24.01 0.512192 -8.70 0.25 0.660 34.707 28.185 MCDW 

NBP1503_002-07 2950 25.40 0.512199 -8.57 0.36 0.234 34.688 28.245 MCDW 

NBP1503_002-05 3679 26.13 0.512195 -8.65 0.31 -0.085 34.674 28.291 AABW 

NBP1503_002-03 4299 26.71 0.512203 -8.48 0.21 -0.350 34.659 28.325 AABW 

NBP1503_002-01 4397 27.04 0.512194 -8.66 0.30 -0.412 34.653 28.331 AABW           

Station 5 (-64.993°N, 130.406°E) 
        

NBP1503_005-08 10 14.71 0.512197 -8.60 0.26 -1.316 33.975 27.551 AASW 

NBP1503_005-06 101 17.65 0.512170 -9.14 0.27 -1.782 34.340 27.899 AASW 

NBP1503_005-04 341 19.75 0.512169 -9.15 0.25 -1.423 34.485 28.059 MCDW 

NBP1503_005-02 502 21.34 0.512210 -8.34 0.27 -0.944 34.538 28.158 MCDW  
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Station 6 (-64.845°N, 130.400°E) 
        

NBP1503_006-16 10 14.85 0.512215 -8.25 0.25 -0.977 34.066 27.624 AASW 

NBP1503_006-14 80 16.89 0.512207 -8.40 0.20 -1.785 34.319 27.880 AASW 

NBP1503_006-12 298 18.84 0.512193 -8.67 0.19 -0.853 34.503 28.030 MCDW 

NBP1503_006-10 792 22.85 0.512212 -8.31 0.21 0.048 34.660 28.229 MCDW 

NBP1503_006-08 1238 23.79 0.512232 -7.93 0.21 -0.050 34.669 28.270 MCDW 

NBP1503_006-06 1482 23.89 0.512226 -8.04 0.21 -0.142 34.666 28.286 AABW 

NBP1503_006-04 1776 23.57 0.512219 -8.17 0.22 -0.271 34.659 28.304 AABW 

NBP1503_006-04* 1776 23.44 0.512228 -7.99 0.22 -0.271 34.659 28.304 AABW 

NBP1503_006-02 1889 23.64 0.512220 -8.15 0.20 -0.304 34.657 28.309 AABW           

Station 10 (-65.509°N, 122.404°E) 
        

NBP1503_010-17 10 16.04 0.512178 -8.98 0.26 -1.779 33.851 27.446 AASW 

NBP1503_010-14 75 16.56 0.512168 -9.17 0.26 -1.194 34.010 27.579 AASW 

NBP1503_010-06 338 19.53 0.512156 -9.39 0.25 -1.467 34.431 27.989 AASW 

NBP1503_010-02 419 18.28 0.512174 -9.05 0.24 0.776 34.644 28.047 MCDW           

Station 15 (-65.001°N, 122.007°E) 
        

NBP1503_015-24 10 16.26 0.512182 -8.90 0.20 -1.551 34.000 27.582 AASW 

NBP1503_015-21 120 18.92 0.512154 -9.43 0.21 -1.785 34.318 27.881 AASW 

NBP1503_015-18 398 18.58 0.512174 -9.05 0.20 1.274 34.705 28.060 MCDW 

NBP1503_015-15 1141 23.81 0.512199 -8.57 0.22 0.519 34.697 28.195 MCDW 

NBP1503_015-12 1579 24.59 0.512203 -8.48 0.20 0.170 34.684 28.248 MCDW 

NBP1503_015-08 1970 24.42 0.512207 -8.41 0.22 -0.076 34.671 28.280 AABW 

NBP1503_015-05 2401 24.38 0.512212 -8.31 0.20 -0.249 34.662 28.305 AABW 

NBP1503_015-05* 2401 24.32 0.512219 -8.17 0.23 -0.249 34.662 28.305 AABW 

NBP1503_015-02 2500 24.41 0.512215 -8.25 0.22 -0.269 34.661 28.308 AABW 
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Station 18 (-65.659°N, 119.781°E) 
        

NBP1503_018-14 10 16.13 0.512157 -9.38 0.25 -1.778 33.867 27.461 AASW 

NBP1503_018-11 80 16.62 0.512160 -9.32 0.25 -1.665 33.911 27.503 AASW 

NBP1503_018-08 247 19.75 0.512129 -9.93 0.26 -1.828 34.266 27.842 AASW 

NBP1503_018-02 483 23.35 0.512144 -9.65 0.27 0.549 34.664 28.111 MCDW           

Station 24 (-65.149°N, 118.283°E) 
        

NBP1503_024-23 9 16.08 0.512173 -9.08 0.23 -1.748 33.946 27.536 AASW 

NBP1503_024-21 119 19.48 0.512144 -9.64 0.23 -1.840 34.249 27.823 AASW 

NBP1503_024-18 346 18.09 0.512168 -9.16 0.32 0.828 34.619 28.016 AASW 

NBP1503_024-14 496 20.41 0.512176 -9.00 0.25 0.952 34.700 28.102 MCDW 

NBP1503_024-11 987 23.95 0.512190 -8.74 0.24 0.290 34.684 28.220 MCDW 

NBP1503_024-11* 987 23.92 0.512206 -8.42 0.23 0.290 34.684 28.220 MCDW 

NBP1503_024-08 1481 24.66 0.512208 -8.39 0.22 0.069 34.675 28.254 MCDW 

NBP1503_024-06 1972 24.61 0.512213 -8.29 0.21 -0.064 34.670 28.277 AABW 

NBP1503_024-02 2083 24.59 0.512210 -8.34 0.21 -0.114 34.668 28.285 AABW           

Station 40 (-64.450°N, 128.366°E) 
        

NBP1503_040-06 2571 24.74 0.512237 -7.82 0.29 -0.366 34.650 28.315 AABW 

NBP1503_040-02 2669 23.61 0.512213 -8.29 0.26 -0.367 34.650 28.315 AABW           

Station 41 (-63.634°N, 128.365°E) 
        

NBP1503_041-24 10 15.20 0.512188 -8.77 0.31 -0.596 34.114 27.651 AASW 

NBP1503_041-22 198 16.60 0.512176 -9.02 0.29 1.610 34.670 27.991 AASW 

NBP1503_041-20 396 18.15 0.512184 -8.85 0.30 1.689 34.731 28.039 MCDW 

NBP1503_041-18 693 19.90 0.512157 -9.37 0.31 1.450 34.742 28.079 MCDW 

NBP1503_041-16 987 21.69 0.512172 -9.08 0.29 1.127 34.730 28.121 MCDW 
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NBP1503_041-14 1480 23.62 0.512182 -8.89 0.30 0.631 34.703 28.182 MCDW 

NBP1503_041-12 1972 24.83 0.512190 -8.75 0.29 0.213 34.684 28.241 MCDW 

NBP1503_041-10 2462 25.46 0.512193 -8.67 0.29 -0.036 34.676 28.281 AABW 

NBP1503_041-06 2950 25.73 0.512206 -8.42 0.30 -0.264 34.665 28.313 AABW 

NBP1503_041-04 3434 26.26 0.512204 -8.47 0.29 -0.431 34.653 28.331 AABW 

NBP1503_041-02 3533 26.44 0.512200 -8.54 0.29 -0.447 34.651 28.333 AABW 

 

Table A.2. Seawater rare earth element concentration measurements from NBP15 cruise across the Wilkes Land continental margin. The 

sample name is composed of the cruise code, CTD station and niskin bottle number (cruise_station-niskin). For information on the 

analytical methods and estimated concentration errors for each element, see section 2.3.3 and Table 2.1. 

Sample Depth 
(m) 

 
La  

 
Ce  

 
Pr  

 
Nd 

 
Sm  

 
Eu  

 
Gd 

 
Tb  

 
Dy 

 
Ho 

 
Er 

 
Tm 

 
Yb 

 
Lu 

  
(pmol kg-1) 

                

Station 2 (-62.014°N, 131.966°E) 
             

NBP1503_002-23 4 18.95 3.04 2.56 11.61 2.30 0.59 3.51 0.57 4.13 1.32 4.95 0.67 4.95 0.85 

NBP1503_002-21 81 19.52 4.89 2.97 13.11 2.34 0.76 4.26 0.62 4.88 1.36 4.68 0.75 4.86 0.88 

NBP1503_002-19 219 21.56 2.91 3.11 12.95 2.48 0.76 4.23 0.64 5.28 1.41 5.65 0.79 5.51 1.06 

NBP1503_002-17 369 22.28 3.30 3.05 13.75 2.55 0.70 3.64 0.67 5.54 1.46 5.81 0.84 6.01 1.02 

NBP1503_002-15 739 24.48 3.78 3.47 16.58 3.05 0.78 4.76 0.76 5.91 1.61 6.00 0.87 6.53 1.05 

NBP1503_002-13 1237 29.30 4.23 4.26 17.61 3.47 1.00 5.17 0.82 6.01 1.77 6.01 0.88 6.97 1.17 

NBP1503_002-11 1774 32.10 3.84 4.94 21.87 4.01 1.15 6.01 0.92 6.41 1.88 6.63 1.00 7.46 1.32 

NBP1503_002-09 2367 36.51 4.24 5.37 23.73 4.46 1.31 5.86 1.18 7.41 2.00 6.91 1.11 8.59 1.29 

NBP1503_002-07 2950 36.21 4.50 5.64 24.61 4.45 1.26 6.28 1.00 7.22 2.03 7.18 0.96 7.70 1.29 

NBP1503_002-05 3679 37.68 4.97 5.86 25.06 5.10 1.18 6.87 1.01 7.68 2.10 7.16 0.96 7.64 1.25 

NBP1503_002-03 4299 36.83 5.76 6.04 26.96 4.74 1.21 6.80 1.02 7.46 2.07 6.94 1.05 7.48 1.37 

NBP1503_002-01 4397 37.50 5.84 6.23 26.73 5.05 1.31 6.75 1.14 8.12 2.15 7.28 1.15 7.66 1.31 
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Station 5 (-64.993°N, 130.406°E) 
             

NBP1503_005-08 10 23.28 4.97 3.37 15.72 2.94 0.79 4.36 0.75 5.65 1.67 5.77 0.88 4.94 0.97 

NBP1503_005-06 101 28.19 7.96 4.02 17.84 3.12 0.87 4.65 0.80 6.39 1.86 6.54 0.87 5.64 1.06 

NBP1503_005-04 341 31.21 9.38 4.65 20.64 3.98 0.86 5.05 0.89 6.32 1.85 6.11 1.05 5.83 1.30 

NBP1503_005-02 502 32.56 11.35 4.93 22.29 3.88 1.08 5.53 0.99 7.20 1.92 6.34 0.90 6.08 1.25 
                

Station 6 (-64.845°N, 130.400°E) 
             

NBP1503_006-16 10 21.72 4.22 3.30 14.73 2.54 0.72 4.07 0.70 4.92 1.41 5.43 0.80 5.81 0.94 

NBP1503_006-14 80 25.48 6.24 3.98 16.29 3.09 0.76 4.55 0.67 5.46 1.51 5.33 0.80 5.46 0.91 

NBP1503_006-12 298 28.26 6.67 4.23 18.30 3.85 0.81 5.35 0.85 5.78 1.69 6.03 0.83 6.64 1.03 

NBP1503_006-10 792 33.49 5.54 5.21 21.13 4.34 0.93 5.53 0.99 7.11 1.91 6.23 0.91 7.05 1.22 

NBP1503_006-08 1238 34.48 5.04 5.39 23.65 4.35 1.26 6.68 0.94 7.29 2.00 6.65 1.06 7.77 1.25 

NBP1503_006-06 1482 34.26 5.91 5.65 23.71 4.48 1.01 6.30 0.91 7.37 1.92 6.86 0.89 6.80 1.14 

NBP1503_006-04 1776 35.69 6.42 5.47 24.27 4.22 1.15 6.21 0.93 8.02 2.22 7.34 1.02 7.24 1.41 

NBP1503_006-02 1889 36.66 6.59 5.58 25.11 4.25 1.14 6.63 1.04 7.93 2.24 7.19 1.05 6.84 1.31 
                

Station 10 (-65.509°N, 122.404°E) 
            

NBP1503_010-17 10.30 25.30 6.45 3.86 17.05 3.01 0.68 4.50 0.75 5.69 1.66 5.84 0.86 5.74 0.99 

NBP1503_010-14 75.63 25.74 7.36 4.20 17.21 2.80 0.73 4.49 0.66 6.14 1.70 6.02 0.84 4.96 1.04 

NBP1503_010-06 338.09 31.59 10.91 5.07 21.81 3.34 1.01 5.23 0.99 6.63 1.89 6.52 0.93 6.16 1.08 

NBP1503_010-02 419.72 29.01 6.20 4.41 19.35 3.09 0.93 5.63 0.86 6.64 1.90 6.44 0.96 6.20 1.16 
                

Station 15 (-65.001°N, 122.007°E) 
             

NBP1503_015-24 10 24.17 5.53 3.85 15.93 2.82 0.77 4.76 0.64 5.00 1.42 5.33 0.79 5.63 0.90 

NBP1503_015-21 120 29.36 10.01 4.75 20.11 3.78 0.81 4.59 0.82 6.59 1.83 5.93 0.94 5.27 1.10 

NBP1503_015-18 398 29.82 5.77 4.50 19.46 3.39 0.87 5.29 0.90 6.93 1.89 6.65 0.93 6.16 1.29 

NBP1503_015-15 1141 37.09 6.25 5.59 24.61 4.48 1.20 6.55 1.02 7.90 2.20 7.89 1.08 6.74 1.37 

NBP1503_015-12 1579 37.57 7.93 6.20 28.39 4.90 1.05 6.33 1.12 7.58 2.28 7.20 1.15 7.05 1.40 
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NBP1503_015-08 1970 36.86 5.82 5.92 25.43 4.71 1.24 5.80 0.99 7.83 2.07 7.49 1.04 6.98 1.43 

NBP1503_015-05 2401 36.93 6.90 6.03 25.34 4.74 1.13 6.95 1.06 8.16 2.23 6.93 1.02 7.31 1.43 

NBP1503_015-02 2500 35.42 6.01 5.33 22.63 4.83 1.12 6.31 0.99 7.03 1.96 6.43 1.04 6.76 1.22 
                

Station 18 (-65.659°N, 119.781°E) 
             

NBP1503_018-14 10 24.96 6.11 3.79 16.75 3.44 0.79 4.19 0.71 5.51 1.59 5.53 0.78 5.19 1.06 

NBP1503_018-11 80 25.63 6.22 3.74 17.14 2.91 0.83 3.70 0.76 5.66 1.66 5.98 0.89 5.17 1.06 

NBP1503_018-08 247 32.42 11.19 5.04 20.19 3.60 0.89 5.13 0.82 6.80 1.91 6.41 0.86 5.83 1.26 

NBP1503_018-02 483 35.19 8.42 5.82 24.32 3.77 1.13 5.85 0.99 7.13 1.99 6.90 0.94 6.69 1.32 
                

Station 24 (-65.149°N, 118.283°E) 
             

NBP1503_024-23 9 23.57 5.53 3.77 16.40 3.42 0.80 4.42 0.68 5.46 1.44 5.34 0.82 5.39 0.97 

NBP1503_024-21 119 29.85 9.55 4.48 19.08 3.79 0.80 4.96 0.77 5.80 1.65 5.45 0.86 5.70 1.13 

NBP1503_024-18 346 26.58 5.31 3.91 17.71 3.69 0.85 4.84 0.77 5.43 1.69 5.84 0.85 5.83 1.06 

NBP1503_024-14 496 30.27 5.12 4.59 20.68 3.63 1.02 5.29 0.94 6.43 1.77 6.16 1.00 6.82 1.20 

NBP1503_024-11 987 33.64 4.89 5.26 23.23 5.00 1.09 6.17 1.05 7.33 1.93 6.63 0.96 7.14 1.18 

NBP1503_024-08 1481 35.39 5.11 5.47 23.11 4.38 1.16 6.57 1.04 6.97 2.01 6.80 1.02 7.90 1.30 

NBP1503_024-06 1972 35.50 5.24 5.58 22.38 4.56 1.10 6.47 0.90 7.39 2.03 7.26 0.96 7.26 1.28 

NBP1503_024-02 2083 36.76 5.26 5.47 24.61 4.28 1.13 6.11 1.00 7.58 1.95 6.94 1.03 7.49 1.28 
                

Station 40 (-64.450°N, 128.366°E) 
            

NBP1503_040-06 2571 36.63 10.08 5.82 25.49 3.95 1.23 6.51 1.10 7.71 2.13 7.29 1.00 6.54 1.34 

NBP1503_040-02 2669 37.22 7.88 5.97 26.64 4.37 1.29 6.54 1.08 8.30 2.36 7.75 1.13 6.66 1.37 
                

Station 41 (-63.634°N, 128.365°E) 
             

NBP1503_041-24 10 23.75 4.55 3.50 14.97 3.09 0.80 4.21 0.63 5.25 1.49 5.13 0.75 5.57 0.91 

NBP1503_041-22 198 26.81 4.70 4.04 17.11 3.30 0.87 4.60 0.82 6.39 1.80 6.09 0.90 5.87 1.07 

NBP1503_041-20 396 31.86 10.64 4.75 19.99 3.74 0.98 5.25 0.91 6.29 1.79 5.96 0.84 6.78 1.17 
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NBP1503_041-18 693 29.38 3.93 4.38 17.56 3.94 0.93 4.60 0.83 6.38 1.75 6.21 0.90 6.43 1.13 

NBP1503_041-16 987 31.59 4.12 4.67 20.07 4.19 0.95 5.63 0.87 6.67 1.76 6.57 0.90 6.70 1.24 

NBP1503_041-14 1480 36.35 5.51 5.55 24.77 5.12 1.21 5.73 1.07 8.13 2.30 7.27 1.18 7.41 1.49 

NBP1503_041-12 1972 37.29 5.32 5.93 25.69 4.72 1.17 6.54 1.11 8.40 2.19 7.22 1.04 6.98 1.44 

NBP1503_041-10 2462 37.82 5.55 6.15 27.52 4.62 1.29 6.63 1.04 8.69 2.23 7.99 1.08 7.54 1.45 

NBP1503_041-06 2950 37.43 5.74 6.19 24.46 4.95 1.10 6.86 0.98 7.69 1.93 7.04 1.10 7.77 1.31 

NBP1503_041-04 3434 38.74 6.50 6.28 27.15 5.46 1.12 6.50 1.19 8.00 2.36 7.70 1.03 7.53 1.34 

NBP1503_041-02 3533 38.76 6.26 6.27 27.11 4.59 1.25 6.94 1.14 8.61 2.31 7.39 1.09 7.08 1.35 

 

 

Table A.3. Seawater Pb isotope and concentration measurements from the GS01 section between Australia and East Antarctica. Based on 

repeat analyses of low concentration Southern Ocean surface water (~7 pmol kg-1), the external errors (2sd) for 208Pb/207Pb, 206Pb/207Pb, and 
206Pb/204Pb ratios are approximately 0.0008, 0.0014 and 0.023, respectively (see section 3.3.1 and Table 3.1). The estimated error for Pb 

concentrations, calculated from the standard deviation of the triplicate mean averaged across all triplicate measurements, is 1.4 pmol kg-1 

(1sd; n = 14). For information on the analytical methods and errors for Pb, see section 3.2 and 3.3. 

Sample Depth (m) 208Pb/207Pb  206Pb/207Pb 206Pb/204Pb  [Pb] (pmol/kg) Pot. Temp 
(°C) 

Salinity Neutral density 
(kg m-3) 

                  

Station 15 (-49.278°N, 144.123°E) 
      

GS01-09-12 11 2.4252 1.1493 17.926 12.0 9.67 34.31 26.52 

GS01-09-10 55 2.4271 1.1505 17.959 11.1 9.60 34.29 26.53 

GS01-09-09 90 2.4296 1.1531 18.003 12.9 9.45 34.39 26.63 

GS01-09-06 319 2.4230 1.1469 17.887 14.7 7.37 34.36 26.97 

GS01-09-05 494 2.4266 1.1513 17.969 11.8 6.01 34.26 27.10 

GS01-10-12 941 2.4269 1.1522 17.962 12.9 3.47 34.32 27.49 

GS01-10-10 1972 
   

11.0 2.19 34.71 27.95 

GS01-10-07 2952 
   

5.7 1.22 34.73 28.11 

GS01-10-03 3928 
   

6.5 0.81 34.71 28.16 
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Station 30 (-54.070°N, 141.599°E) 
      

GS01-17-12 11 2.4284 1.1531 17.981 9.1 4.48 33.81 26.89 

GS01-17-10 50 2.4331 1.1564 18.063 7.3 4.10 33.81 26.94 

GS01-17-09 75 2.4325 1.1582 18.059 8.4 2.05 33.87 27.23 

GS01-17-06 298 2.4302 1.1556 18.024 11.9 2.33 34.35 27.64 

GS01-18-12 990 2.4310 1.1556 18.015 11.3 2.11 34.71 27.96 

GS01-18-09 1873 2.4472 1.1708 18.285 5.8 1.34 34.74 28.09 

GS01-18-05 2217 2.4449 1.1711 18.258 5.8 1.00 34.72 28.14 

GS01-18-01 2521 2.4452 1.1693 18.216 5.0 0.71 34.71 28.18 

  
        

Station 40 (-58.851°N, 139.838°E) 
      

GS01-23-12 9 2.4260 1.1507 17.936 9.1 3.63 33.79 26.98 

GS01-23-10 61 2.4290 1.1539 17.993 8.6 2.24 33.87 27.21 

GS01-23-09 101 2.4323 1.1572 18.055 10.3 1.06 33.92 27.36 

GS01-23-06 298 2.4300 1.1549 18.008 15.0 2.34 34.38 27.67 

GS01-23-05 545 2.4331 1.1579 18.058 12.7 2.37 34.57 27.82 

GS01-24-12 988 2.4389 1.1632 18.155 10.6 2.12 34.71 27.97 

GS01-24-10 1970 2.4493 1.1725 18.314 6.1 1.23 34.74 28.11 

GS01-24-06 2952 2.4578 1.1778 18.406 7.2 0.42 34.70 28.22 

GS01-24-01 3810 2.4704 1.1864 18.536 6.5 0.01 34.68 28.28 

  
        

Station 45 (-60.852°N, 139.856°E) 
      

GS01-26-12 16 2.4253 1.1490 17.901 9.0 1.71 33.63 27.03 

GS01-26-10 54 2.4349 1.1588 18.056 10.7 0.43 33.72 27.22 

GS01-26-09 109 2.4366 1.1609 18.098 9.7 -0.84 33.99 27.54 

GS01-26-06 277 2.4351 1.1593 18.083 12.1 2.26 34.51 27.80 

GS01-27-12 495 2.4370 1.1605 18.119 9.3 2.20 34.64 27.90 

GS01-27-11 989 2.4429 1.1667 18.206 9.9 1.87 34.74 28.02 

GS01-27-08 2071 2.4518 1.1740 18.343 4.9 0.91 34.72 28.15 

GS01-27-06 2462 2.4573 1.1774 18.399 10.1 0.60 34.70 28.19 
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GS01-27-01 4314 2.4813 1.1947 18.702 8.2 -0.35 34.66 28.32 

   
        

Station 51 (-63.853°N, 139.882°E) 
      

GS01-30-12 10 2.4328 1.1559 18.033 6.4 0.44 33.81 27.29 

GS01-30-10 50 2.4439 1.1673 18.212 4.7 0.30 33.81 27.31 

GS01-30-09 100 2.4468 1.1692 18.259 6.5 -1.07 34.21 27.77 

GS01-30-06 297 2.4454 1.1690 18.245 7.3 1.46 34.66 28.00 

GS01-30-05 495 2.4485 1.1716 18.298 10.2 1.16 34.73 28.11 

GS01-31-12 990 2.4448 1.1680 18.231 6.1 1.16 34.73 28.10 

GS01-31-09 1971 2.4615 1.1820 18.477 3.3 0.33 34.69 28.22 

GS01-31-05 2950 2.4807 1.1959 18.725 3.6 -0.14 34.67 28.29 

GS01-31-01 3642 2.4718 1.1914 18.655 4.1 -0.57 34.65 28.35 

  
        

Station 56 (-65.398°N, 139.854°E) 
      

GS01-33-12 11 2.4449 1.1673 18.227 5.9 -0.32 33.85 27.38 

GS01-33-10 50 2.4524 1.1747 18.355 4.9 -0.43 33.86 27.40 

GS01-33-06 317 
   

7.3 -0.17 34.58 28.06 

GS01-33-05 485 
   

5.4 0.51 34.67 28.13 

GS01-34-12 989 2.4570 1.1793 18.425 6.6 0.26 34.68 28.22 

GS01-34-09 1529 2.4660 1.1888 18.567 5.1 -0.14 34.67 28.28 

GS01-34-05 1971 2.4633 1.1856 18.537 4.7 -0.42 34.65 28.32 

GS01-34-01 2334 2.4707 1.1905 18.642 6.1 -0.46 34.65 28.33 
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Appendices 
 
 

Appendix 3: Publication ‘Neodymium in the ocean: a global database, a regional 

comparison and implications for palaeoceanographic research’ 

Appendix 3 presents a paper published in 2016 based on the compilation of global 

neodymium isotope and hydrographic data.  

 
 
 
 
 
 
 
 
  



  

189 
 

 



  

190 
 

 



  

191 
 

 



  

192 
 

 



  

193 
 

 



  

194 
 

 



  

195 
 

 



  

196 
 

 



  

197 
 

 



  

198 
 

 



  

199 
 

 



  

200 
 

 



  

201 
 

 



  

202 
 

 



  

203 
 

 



  

204 
 

 



  

205 
 

 



  

206 
 

 



  

207 
 

 



  

208 
 

 



  

209 
 

 



  

210 
 

 



  

211 
 

 



  

212 
 

 



  

213 
 

 



  

214 
 

 



  

215 
 

 



  

216 
 

 



  

217 
 

 



  

218 
 

 


