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Abstract 

 

The copper biogeochemical cycle has been investigated in the open ocean with a focus on the 

North Atlantic. Two GEOTRACES sections have been used in order to study the distribution of 

dissolved copper (DCu) and its organic speciation in the North Atlantic. The GEOTRACES GA01 

section was used as a natural laboratory in order to reveal the processes shaping the DCu distribution 

in the open ocean. Indeed, two contrasting regions were crossed: the east part of the section with 

increasing DCu concentrations with depth and the Arctic basins (Labrador and Irminger) in the west 

with homogeneous DCu concentrations with depth. The variability of distribution was driven by the 

organic speciation, elevated ligand concentrations in the east basin were stabilising copper in the 

dissolved form, allowing it to accumulate at depth. Moreover, elevated ligands concentrations were 

associated with an enrichment of copper compared to phosphorus in particles (> 0.45 μm). This 

enrichment was triggered by an increasing contribution of authigenic particulate copper over the 

particulate copper (PCu) cycle. Authigenic PCu was predominant at depth of every basin but the highest 

contributions were observed in the east Atlantic basin. Elevated authigenic PCu at depth demonstrated 

an intense reversible scavenging thus leading to elevated DCu concentrations. This shows for the first 

time the impact of reversible scavenging on natural copper samples. 

The GEOTRACES GA13 section occurred over the Mid-Atlantic Ridge to study the impact of 

hydrothermalism on trace metal biogeochemical cycle. Along the cruise, multiple known hydrothermal 

sites were sampled with a focus on the deep ocean. Within the hydrothermal plumes identified using 

dissolved manganese (DMn), no variation in the DCu distribution and organic speciation was 

observable. The absence of DCu signal within the plumes resulted from a combination of dilution with 

surrounding water masses and removal by coprecipitation with sulphide. The lack of signal of copper 

complexation is more complex due to the combination of dilution, production of ligands and 

degradation of organic matter in the close vicinity of the vents. An inter-comparison between two GA13 

stations and two GEOTRACES section (GA01 and GA03) showed the comparability of DCu and ligand 

profiles. The small variability observed between profiles was explained by local and seasonal processes 

affecting the (sub-)surface layer. 
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Copper profiles from a global dataset have been studied in order to constrain the DCu distribution in all 

the world’s ocean. The dataset combines previously published datasets with the GEOTRACES IDP 

2017 and covers all oceans basins. The distribution of DCu is linear with depth in most of the ocean 

with a Spearman’s rank correlation coefficient higher than 0.8 for 72% of the stations. But the slope of 

profiles varies between basins; the Atlantic Ocean being characterised by low slope while the Pacific 

Ocean shows elevated slopes. The variability of slope is driven by the deep DCu concentrations, 

elevated DCu concentrations in the deep Pacific are leading to an increase of the slope. A diagnostic 

framework was applied to study the components affecting the copper distribution: the regenerated, 

preformed and reversible scavenged pools. The regenerated copper pool has the same behaviour as the  

macronutrients, like phosphate; regenerated copper represents less than 100 % of the total DCu pool. 

Analysis of the scavenged component demonstrates the transition of scavenging from a sink of copper 

in surface waters to a source of copper at depth. The switch between a net sink to a net source of DCu 

occurs at around 2250 m depth in the open ocean. Reversible scavenging is an important source of DCu 

at depth, shaping its unique linear distribution with depth. 
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Glossary 

 

%DCu_Regenerated  Percentage of regenerated dissolved copper 

%PCu_Auth   Percentage of authigenic particulate copper 

%PCu_Bio   Percentage of biogenic particulate copper 

%PCu_Litho    Percentage of lithogenic particulate copper 

%PO4_Regenerated   Percentage of regenerated phosphate 

AOU    Apparent oxygen utilisation 

BNL    Benthic nepheloid layer 

CLE-AdCSV Competitive ligands exchange-Adsorptive cathodic stripping 

voltammetry 

CSV    Cathodic stripping voltammetry 

CuS    Copper-sulphide complex 

DCo    Dissolved cobalt 

DCu    Dissolved copper 

DCu_Background Background dissolved copper concentration in hydrothermal 

environment 

DCu_Benthic_Processes   Dissolved copper component from benthic processes 

DCu_Fluid    Dissolved manganese concentration within the hydrothermal fluid 

DCu_Free   Free dissolved copper 

DCu_Plume Expected dissolved manganese concentration within the 

hydrothermal plume 

DCu_Preformed   Preformed component of dissolved copper 

DCu_Regenerated   Regenerated component of dissolved copper 
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DCu_Scavenged   Scavenged component of dissolved copper 

DFe    Dissolved iron 

DMn    Dissolved manganese 

DMn_Background Background dissolved manganese concentration in hydrothermal 

environment 

DMn_Fluid    Dissolved manganese concentration within the hydrothermal fluid 

DMn_Plume Dissolved manganese concentration within the hydrothermal 

plume 

DOC    Dissolved organic carbon 

DPb    Dissolved lead 

DP-CSV   Differential pulse-Cathodic stripping voltammetry 

DSOW    Denmark Strait Overflow Water 

DZn    Dissolved zinc 

EAB    East Atlantic Basin 

GEOTRACES IDP  Intermediate data product of the GEOTRACES program 

GS    Greenland shelf 

HS    Humic substances 

IcB    Iceland Basin 

ICP-MS    Inductively coupled plasma-Mass spectroscopy 

IPCC    Intergovernmental panel on climate change 

IrB    Irminger Basin 

ISOW    Iceland-Scotland Overflow Water 

L    Ligand 
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L_Excess   Excess of ligand compared to dissolved copper 

LB    Labrador Basin 

LC-ICP-MS Liquid chromatography-Inductively coupled plasma-Mass 

spectroscopy 

log K    Conditional stability constant  

LSW    Labrador Sea Water 

MAR    Mid-Atlantic ridge 

MOW    Mediterranean Overflow Water 

NACW    North Atlantic Central Water 

NEADW   North East Atlantic Deep Water 

PAl    Particulate aluminium 

pCO2    Partial pressure of carbon dioxide 

PCu    Particulate copper 

PCu_Authigenic   Particulate copper from authigenic origin 

PCu_Biogenic   Particulate copper from biogenic origin 

PCu_Lithogenic   Particulate copper from lithogenic origin 

PO4_Regenerated   Regenerated phosphate 

PP    Particulate phosphorus 

PTFE    Polytetrafluoroethylene 

RR    Reykjanes ridge 

SA    Salicylaldoxime acid 

SF-ICP-MS   Sector Field- Inductively coupled plasma-Mass spectroscopy 

TChla    Total Chlorophyl a  



vi 
 

UCC    Upper continental crust 

WEB    West European Basin 
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1. Chapter 1: Introduction 

 

 

1.1. Motivation 

The planet Earth is covered by 70 % of oceans and seas giving it one of its names: The Blue 

Planet. The presence of liquid water makes our planet unique in our solar system (to our current 

knowledge). These vast expanses of water are important in controlling the world’s climate creating 

some of the most powerful natural event on Earth such as El Nino, the monsoon or cyclones and various 

storms. Oceans are also the source of 50 % of the dioxygen (O2) present in the atmosphere allowing life 

to prosper over the globe. Microscopic algae flourishing in the incredibly dynamic and diverse aquatic 

ecosystems are consuming carbon dioxide (CO2) and releasing O2. With increasing concentration of 

CO2 in the atmosphere, over 412 ppm in December 2019 at the Mauna Loa observatory (Hawaii, 

https://www.esrl.noaa.gov/gmd/ccgg/trends/, last access: 10/01/2020), the crucial role of the ocean in 

biologically pumping CO2 is intensifying. The efficiency of CO2 consumption by primary production 

is function of the phytoplankton biomass and health. Primary productivity is regulated by the 

availability of light and nutrients. Nutrients are classified in two categories: macronutrients with 

micromolar concentrations such as phosphate, nitrate and silicate; and micronutrients with nanomolar 

concentrations such as iron, cobalt, zinc and copper. Despite, their really low concentrations, 

micronutrients are playing an essential role for biological physiology. The study of trace elements as 

micronutrients is required to better constrain their impact on biological production in the ocean. In this 

chapter, I will discuss the essential role of copper in aquatic systems as a nutrient and a toxic element. 

Then, the distribution of copper in the open ocean is described with the main external and internal 

processes shaping it. The influence of speciation on copper biogeochemical cycle is discussed in the 

last section. 

 

1.2. Copper biological influence 

1.2.1. An essential nutrient 

Copper (Cu) is an essential micronutrient for marine organisms, being a core in several 

enzymes. Cu is involved in the nitrogen cycle along every four steps of denitrification (Amin et al., 

2013; Moffett et al., 2012; Philippot, 2002) through nitrate reductase, nitrite reductase, nitric oxide 

https://www.esrl.noaa.gov/gmd/ccgg/trends/
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reductase and nitrous oxide reductase (Casciotti and Ward, 2001; Merchant et al., 2006; Philippot, 

2002). Moreover, it is essential for nitrification process as a co-factor for ammonium oxidation 

mediated by archaea (Amin et al., 2013; Francis et al., 2005; Jacquot et al., 2014; Walker et al., 2010). 

Copper plays an important role during the iron (Fe) uptake by phytoplankton, especially for the high-

affinity Fe uptake system (Annett et al., 2008; Maldonado et al., 2006; Robinson et al., 1999; Stearman 

et al., 1996; Wells et al., 2005) where multi-copper oxidase is used for the iron oxidation and transport 

inside the cell (La Fontaine et al., 2002; Maldonado et al., 2006; Merchant et al., 2006; Peers et al., 

2005; Valentine, 1997). Copper is involved in the photosynthetic process, the Cu-containing 

plastocyanin enzyme being an important component of the photosystem where it can replace the iron-

containing cytochrome C6 (Merchant et al., 2006; Peers and Price, 2006) to transfer electrons between 

cytochrome b6-f and the photosystem I (Barón et al., 1995; Raven et al., 1999). Respiration process also 

requires copper, the three Cu atoms-containing cytochrome oxidase being essential for mitochondrial 

electron transport (Amin et al., 2013; Annett et al., 2008; Merchant et al., 2006; Raven et al., 1999; 

Valentine, 1997). Furthermore, copper is involved in the oxygen radical detoxification throughout the 

activity of the superoxide dismutase (Chadd, 1996; Rae et al., 1999; Raven et al., 1999; Valentine, 

1997). 

The important role of copper in all these enzymatic processes entails an imperative requirement for the 

phytoplankton communities. Typical surface concentrations in the open ocean are adequate to sustain 

biologic production (Annett et al., 2008; Peers et al., 2005; Peers and Price, 2006). Diatoms and 

coccolithophores are limited from free copper (Cu2+) concentration below 10-15 M (Annett et al., 2008; 

Guo et al., 2012b; Peers et al., 2005; Semeniuk et al., 2015). But under lower concentration, 

phytoplankton can be copper-limited (Annett et al., 2008; Guo et al., 2012b; Lelong et al., 2013), 

especially in environment where iron is also limiting (Annett et al., 2008; Guo et al., 2012b; Lelong et 

al., 2013; Wells et al., 2005; Zhu et al., 2010). Involvement of Cu in nitrogen cycle can also initiate a 

possible limitation for ammonia oxidizing archaea (Amin et al., 2013; Jacquot et al., 2014) and 

denitrifying bacteria (Moffett et al., 2012). 

Copper assimilation by phytoplankton is accomplished by two mechanism, a high-affinity uptake 

system and a low affinity uptake system (Guo et al., 2010, 2015; Quigg et al., 2006; Semeniuk et al., 

2009). These two systems, based on a Michaelis-Menten kinetics, reduce copper from Cu2+ to Cu+ at 

the surface of membrane cell by copper reductase (Croot et al., 2003; Guo et al., 2010, 2015; Valentine, 
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1997). For decades, only free copper was believed to be bio-available for aquatic life (Sunda et al., 

1987; Sunda and Huntsman, 1983).  However, some recent studies demonstrated that organically 

complexed copper might be available to phytoplankton communities (Annett et al., 2008; Guo et al., 

2010; Quigg et al., 2006; Semeniuk et al., 2009, 2015). Some complexes can be reduced at the cell 

surface followed by transport of the Cu+ throughout the membrane using ligand-exchange reaction 

(Semeniuk et al., 2015). Inside the cell, Cu transporter and Cu chaperone distribute copper for different 

biological function and maintain homeostasis to avoid limitation or toxicity (Guo et al., 2010, 2015; 

Merchant et al., 2006; Pufahl et al., 1997; Rae et al., 1999; Valentine, 1997). The optimal metal uptake 

rate varies according to species, net Cu:C assimilation ratio being between 0.3 and 4 µmol Cu mol C-1 

(Annett et al., 2008; Guo et al., 2012a; Semeniuk et al., 2009; Tottey et al., 2008). 

Copper requirement varies with other metal concentrations (e.g. Mn, Fe …) in the medium (Brand et 

al., 1986; Mann et al., 2002). For example, under iron-limited conditions, copper demand from 

phytoplankton increases (Annett et al., 2008; Biswas et al., 2013; Guo et al., 2010, 2012b; Maldonado 

et al., 2006; Peers et al., 2005; Peers and Price, 2006). Consequently, oceanic phytoplanktonic strains 

growing in lower [Fe] environment have higher copper requirement than coastal strains (Annett et al., 

2008; Guo et al., 2012a, 2010; Peers et al., 2005). The complex interaction between copper and iron is 

difficult to constrain. An addition experiment in the Bering Sea  demonstrated an increase of biomass 

after copper addition (Peers et al., 2005). Three hypotheses emerged to explain the mechanism involved: 

the copper addition increased the Fe uptake and subsequently biomass production, the Cu directly 

stimulated biomass production or the Cu was reducing the grazing pressure by negatively affecting the 

grazer communities known to be more sensible to copper toxicity than phytoplankton (Coale, 1991; 

Sunda et al., 1987). Variation in requirement leads to a wide range of Cu quota in phytoplankton cells. 

Culture studies observed a Cu/C elemental ratio comprised between 0.3 and 9.5 μmol mol-1 (Ho et al., 

2003; Sunda and Huntsman, 1995b). Variability between species resulting from their requirement is 

highlighted by the low quota observed in diatoms, while dinoflagellates have a higher quota (Ho et al., 

2003). These quotas are measured for culture phytoplankton in an optimised environment; studies in 

the natural environment were complicated for many years due to the elevated copper blank induced by 

the use of gold electron microscopy grids with elevated Cu content (Twining et al., 2015). Recently, 

Twinning and al. have developed a new method to measure cellular quota in natural samples (Twining 

et al., 2015, 2019; Twining and Baines, 2013). In the open ocean, the geometric median Cu/C ratio is 
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10.9 μmol mol-1 with a ± one standard error of 8.2-16.7 μmol mol-1 (B. Twining, personal 

communication). 

 

1.2.2. Toxic properties of copper 

Despite being a nutrient, copper can also be toxic at high concentration for  aquatic life (Biswas 

et al., 2013; Bruland and Lohan, 2003; Sunda et al., 1987). Several studies on copper toxicity for 

different organisms have been carried out: mammals (Linder and Hazegh-Azam, 1996), polychaetes 

(Campbell et al., 2014), copepods (Sunda et al., 1987, 1990) and phytoplankton (Brand et al., 1986; 

Buck and Bruland, 2005; Croot et al., 2000; Mann et al., 2002). These studies agreed on dissolved free 

copper (Cu2+) being the most toxic speciation for living organisms. But lipid-soluble copper complexes 

with elevated toxicity to diatoms have also been identified (Florence and Stauber, 1986; Stauber and 

Florence, 1987). Deleterious effects due to elevated Cu concentrations encompass damage to sperm 

DNA of polychaete (Campbell et al., 2014), early larval-stage death of polychaetes and copepods 

(Campbell et al., 2014; Sunda et al., 1987, 1990). Phytoplankton are affected by copper catalysis of 

hydrogen peroxide formation and other oxygen radicals, which affect DNA (Florence and Stauber, 

1986; Mann et al., 2002; Stauber and Florence, 1987). High intracellular copper concentrations can also 

be detrimental to photosynthesis and cell division rate (Brand et al., 1986; Mann et al., 2002; Stauber 

and Florence, 1987). Free copper concentration harms phytoplankton physiology from 10 picomolar 

(Brand et al., 1986; Buck and Bruland, 2005; Gerringa et al., 1995; Mann et al., 2002; Sunda et al., 

1987), but a wide range of responses is observed according to phytoplankton strains (Brand et al., 1986; 

Buck and Bruland, 2005). According to Brand et al. (1986), diatoms are the most resistant with 50 % 

of the reproduction rate inhibited in presence of 92 pM Cu2+. Similar inhibition is obtained for 

coccolithophores and dinoflagellates from 37 pM and 40 pM, respectively. Cyanobacteria are highly 

sensitive to Cu2+ concentration; approximately 13 pM reduces the reproduction rate by a factor of two. 

Variability in copper sensitivity could be a reflect of the evolutionary age of the phytoplankton species; 

cyanobacteria are an ancient strain which appeared when the ocean was anaerobic (Brand et al., 1986; 

Dupont et al., 2010; Rasmussen et al., 2008; Saito et al., 2003). In the sulfidic ocean (Scott et al., 2008), 

DCu concentrations were low due to the formation of extremely insoluble Cu-S complexes. 

Cyanobacteria grew and developed under scarce Cu concentrations; after the oxygenation of the world 
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ocean, DCu concentration increased to present day concentrations. Insufficient adaptation by 

cyanobacteria to the new environment could explain their weak resistance to copper exposure. 

Within the climate change perspective, the acidification of the world’s ocean will lead to an increase in 

the copper toxicity for marine organisms (Campbell et al., 2014; Lewis et al., 2016). The increasing 

pCO2 in the atmosphere is leading to an increase in the surface pCO2 in the ocean driven by gas-

exchange equilibrium. Higher aqueous pCO2 lowers the pH following the carbon cycle in the ocean 

(Doney et al., 2009; IPCC, 2019). Dissolved copper chemical speciation is a function of many 

parameters including the pH; at low pH, the fraction of toxic Cu2+ increases due to the shift of the 

thermodynamic equilibrium (Gledhill et al., 2015; Millero et al., 2009; Richards et al., 2011).  

 

1.2.3. Protective mechanisms from biology 

As previously described, copper speciation is driving its toxicity in the ocean. Free and lipid-

complexed copper are the most toxic form for aquatic organisms, while, organic complexes are less 

detrimental (Florence and Stauber, 1986; Stauber and Florence, 1987; Sunda, 1975). In consequence, 

phytoplankton have developed a protective mechanism against Cu2+ noxiousness; each species 

produces specific intracellular organic ligands and exudes them to the surrounding medium (Croot et 

al., 2000, 2003; Dupont and Ahner, 2005; Gerringa et al., 1995; Mcknight and Morel, 1979; Quigg et 

al., 2006; Wei and Ahner, 2005). According to Croot et al. (2000), conditional stability constants (log 

K) of the copper-ligand complexes are higher when ligands are produced by cyanobacteria than by 

diatoms which is in agreement with the suggestion that species more sensitive to copper stress produce 

ligands with higher copper-affinity (Mcknight and Morel, 1979). The exact composition of produced 

ligands is not fully known, but some ligands include molecules with organo-sulphur group. The 

coccolithophore Emiliania huxleyi produces thiol compounds in response to high copper concentration 

(Leal et al., 1999), including arginine-cysteine and glutamine-cysteine (Dupont et al., 2004; Dupont 

and Ahner, 2005). The copper-thiol complexes are formed intracellularly and then exudate into the 

medium (Dupont et al., 2004). Diatoms produce phytochelatin compounds, these polypeptides with 

thiol structure are enzymatically synthetized after exposure to high Cu concentration (Abner et al., 

1997; Ahner et al., 1995; Ahner and Morel, 1995; Wei and Ahner, 2005). Diatoms also produce domoic 

acid, especially in iron-limited environments (Lelong et al., 2013; Rue and Bruland, 2001). Rue and 

Bruland (2001) describe domoic acid production as a mechanism to decrease copper bioavailability and 
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consequently reduce its toxicity. While, Lelong et al. (2013) hypothesise the production of domoic acid 

as a response of low iron concentration to increase the copper bioavailability. A higher intracellular 

copper content could stimulate the activity of the Cu-containing high affinity iron uptake system and 

reduce the iron-limitation. The imperative requirement and toxicity of copper for marine organism led 

Bruland and Lohan (2004) to describe copper as a “Goldilocks element”, phytoplankton require neither 

too low nor too high copper concentrations. 

 

1.3. Copper cycle in the ocean 

1.3.1. Sources of copper in the ocean 

The copper cycle in the ocean is impacted by several external sources adding Cu at the 

interfaces (e.g. surface waters, margin/benthic sediments). Aerosol deposition is an important input of 

particulate copper in the surface ocean through dry (Guo et al., 2012a; Jordi et al., 2012; Mackey et al., 

2012; Paytan et al., 2009) or wet deposition (Cheize et al., 2012; Helmers and Schrems, 1995; Jickells 

et al., 1984). Atmospheric deposition provides an average of 450 Tg per year of dust in the ocean 

(Jickells et al., 2005); they are highly variable events, deposition rates varying according the region, the 

season, and the occurrence of dust storms (Jickells et al., 2005). Once deposited into the ocean, the fate 

of these particles is complex, a fraction of them will dissolve in the surrounding water. The solubility 

rate is varying depending on many parameters including water acidity, particles load and composition 

(Buck et al., 2010b; Sholkovitz et al., 2010; Spokes and Jickells, 1995). Copper solubility is elevated 

in anthropogenic particles (10-100 %) while mineral origin aerosols have a lower solubility (1-7 %) 

(Sholkovitz et al., 2010). According to dust deposition and average solubility, atmospheric inputs of 

dissolved copper are approximately 9.6 108 mol yr-1 (Takano et al., 2014). 

Inputs of copper from atmospheric deposition can influence the phytoplankton community, 

addition of toxic Cu2+ in surface waters can be toxic for Prochlorococcus and Synechococcus 

cyanobacteria (Guo et al., 2012a; Jordi et al., 2012; Paytan et al., 2009). The toxic effect of copper 

addition could explain the shift in biomass community usually observed after important deposition of 

dust (Guo et al., 2012a; Paytan et al., 2009). 

Rivers are an important source of material within the surface ocean affecting the global 

biogeochemical cycle of copper. According to Takano et al. (2014) and references therein, average DCu 

input from riverine discharge are approximately 7.6.108 mol yr-1, comparable to the atmospheric 
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deposition flux. Chemical and physical Cu speciation in rivers and estuaries have been extensively 

studied over the last decades (Abualhaija et al., 2015; Gledhill et al., 2015; Jacquot et al., 2014; Laglera 

and van den Berg, 2003; Louis et al., 2009b; Nelson and Mantoura, 1984; Rozan et al., 2000; Waeles 

et al., 2004, 2005, 2015; Whitby and van den Berg, 2015; Yang and van den Berg, 2009). Riverine 

runoff is a highly seasonal process (Waeles et al., 2005), mainly driven by water discharge being more 

important in winter. Copper concentrations in rivers and estuaries vary between 2 nM for pristine rivers 

up to 40 nM for contaminated systems (Jacquot et al., 2014; Laglera and van den Berg, 2003; Louis et 

al., 2009b; Waeles et al., 2004, 2005, 2015). Some rivers are highly contaminated by anthropogenic 

activities, leading to an increase in copper concentrations (Beck and Saudo-wilhelmy, 2007; Cotte-

Krief et al., 2000; Louis et al., 2009b; Waeles et al., 2004, 2005, 2015) and complexing matter 

concentrations (Rozan et al., 2000). During its journey along the river, DCu is affected by several 

interactions with particles including adsorption and desorption processes. Moreover, according to 

Waeles et al. (2015), colloids represent a significant fraction of the copper pool in rivers. 

Hydrothermal vents are known to be an important source of trace metals in the deep ocean 

(Hawkes et al., 2014; Tagliabue et al., 2010), including copper (Boyle et al., 1977; Edgcomb et al., 

2004; Jacquot and Moffett, 2015; Kleint et al., 2015; Klevenz et al., 2012; Metz and Trefry, 2000; 

Sander and Koschinsky, 2011; Sarradin et al., 2009; Trefry et al., 1985). Copper concentrations in the 

plume reach extremely high values within the micromolar range (Edgcomb et al., 2004; Sarradin et al., 

2009 and references therein). Inside high-temperature vents (up to 300°C), Cu is mainly present as a 

highly-soluble chloride complexes (Edgcomb et al., 2004; Leal and Van Den Berg, 1998; Metz and 

Trefry, 2000; Seewald and Seyfried, 1990). During mixing with surrounding water and cooling, 

speciation of copper changes, chloride complexes are dissociated while sulphide complexes are formed 

(Edgcomb et al., 2004; Sander and Koschinsky, 2011). High sulphide concentrations (up to micromolar 

values) at the vents vicinity strongly bind copper (Edgcomb et al., 2004; Kleint et al., 2016; Klevenz et 

al., 2012; Metz and Trefry, 2000; Sander and Koschinsky, 2011; Sarradin et al., 2009; Seewald and 

Seyfried, 1990). Sulphide complexes have a high affinity with particles and are quickly scavenged from 

the water column to the sediments (Edgcomb et al., 2004). Hence, sediments containing high sulphide 

concentrations are observed around hydrothermal vents (Kleint et al., 2015). Important sulphide 

complexation reduces the bioavailability and toxicity of copper for the marine life living around the 

vents (Edgcomb et al., 2004; Klevenz et al., 2012). Hydrothermal inputs have been estimated to 
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represent almost 14% of the DCu budget in the deep ocean (Sander and Koschinsky, 2011). It is 

important to note that hydrothermal activity can be a sink for dissolved copper (Roshan and Wu, 2015). 

Elevated concentrations of (oxo-)hydroxide particles formed in the close vicinity of the vents increase 

the scavenging for trace metals including copper (Jacquot and Moffett, 2015; Sander and Koschinsky, 

2011; Trefry et al., 1985). 

Benthic resuspension of sediments are a source of copper for the continental shelves and the 

open ocean (Boyle et al., 1977, 1981; Chapman et al., 2009; Cotte-Krief et al., 2000; Croot, 2003; 

Danielsson et al., 1985; Heggie et al., 1987; Roshan and Wu, 2015). Dissolved copper is released from 

sediments by diagenetic reactions under reducing conditions (Beck and Saudo-wilhelmy, 2007; Boyle 

et al., 1981). In the case of continental shelves or margins, copper can be laterally advected to the open 

ocean by hydrographic currents (Boyle et al., 1981; Heggie et al., 1987; Roshan and Wu, 2015). Benthic 

Nepheloid Layers (BNLs) contribute to resuspended particulate copper, dissolution of these particles 

can increase the concentration of dissolved metals (Boyle et al., 1977; Bruland, 1980; Roshan and Wu, 

2015). BNLs are a layer of few hundred meters above the seafloor where benthic sediments are 

resuspended  by intense hydrographic stresses as boundary currents, deep eddies and benthic storms 

(Gardner et al., 2017, 2018). But, elevated particulate concentrations in the BNL increase the 

scavenging rate of copper; hence, BNL can be a sink of dissolved copper (Roshan and Wu, 2015). 

 

1.3.2. Sinks and internal processes affecting DCu 

Scavenging is the main abiotic process removing DCu form the water column through 

adsorption on the surface of particles (Bruland and Lohan, 2003; Craig, 1974; Ellwood et al., 2008). 

Scavenging is an important process exporting trace elements from the surface layer to the deep ocean 

(Honeyman et al., 1988) and ultimately burying them within sediments. The intensity of scavenging is 

dependent of the particle’s concentration in the water column (Craig, 1974; Honeyman et al., 1988). In 

consequence, maximum scavenging is happening in surface waters where particles load is at its highest 

while scavenging rate decrease with depth (Craig, 1974; Honeyman et al., 1988). It is a main sink of 

dissolved trace metals as iron (Johnson et al., 1997; Tagliabue et al., 2014), manganese (Kuss et al., 

1999), aluminium (Bruland and Lohan, 2003; Menzel Barraqueta et al., 2018), thorium (Bruland and 

Lohan, 2003; Clegg and Whitfield, 1991; Trimble et al., 2004) and its influence is non-negligible on 

copper cycle (Craig, 1974; Ellwood et al., 2008; Little et al., 2013; Richon and Tagliabue, 2019). 



9 
 

Interestingly, in recent years, this process has been described as an equilibrium between dissolved and 

particulate phase. Hence, scavenging is not only a sink of dissolved elements on particles, it can also 

by a source by desorbing them from the particles within the surrounding medium. Reversible 

scavenging has been initially described for thorium (Bacon and Anderson, 1982; Clegg and Whitfield, 

1991; Trimble et al., 2004), but more recent studies are showing its influence on other elements such 

as iron (Abadie et al., 2017; Dutay et al., 2015; Jeandel and Oelkers, 2015; Labatut et al., 2014) and 

copper (Little et al., 2013; Richon and Tagliabue, 2019). Copper distributions are believed to be mainly 

driven by reversible scavenging as described in recent modelling studies (Little et al., 2013; Richon and 

Tagliabue, 2019). 

 

1.3.3. Distribution of copper in the open ocean 

The distribution of copper in the open ocean is shaped by the sources, sinks and internal 

processes affecting it. The dissolved copper profile is unique; it does not match any of classic profiles, 

i.e. not a nutrient type (e.g. phosphorus, cadmium), nor a hybrid type (e.g. iron), nor a scavenged type 

(e.g. aluminium, manganese). Profiles of DCu are linear with low concentrations in surface waters 

followed by a steady increase with depth and maximum concentrations near the seafloor (Bruland and 

Lohan, 2003; Danielsson, 1980; Heller and Croot, 2014; Roshan and Wu, 2015; Saager et al., 1992, 

1997). At first, the main process driving this peculiar profile was believed to be the benthic resuspension 

of sediments releasing DCu (Boyle et al., 1977, 1981) . It is now known that benthic inputs cannot 

affect copper profiles over the entire water column. Recent studies demonstrated the driving influence 

of reversible scavenging in shaping copper profiles (Little et al., 2013; Richon and Tagliabue, 2019). 

In the open ocean, DCu concentrations in surface waters are around 1 nM in most of the oceanic basins 

(Danielsson, 1980; Heller and Croot, 2014; Roshan and Wu, 2015, 2018; Saager et al., 1992, 1997). 

Some regions are characterised by higher concentrations due to strong surface inputs (i.e. atmospheric 

deposition, riverine input) such as the Mediterranean Sea or the Arabian Sea (Jordi et al., 2012; Saager 

et al., 1992). At depth, strong inter-basins variability is observed; [DCu] are low in the Atlantic Ocean 

(around 2.5 nM; Roshan and Wu, 2015; Schlitzer et al., 2018; Yeats and Campbell, 1983) while elevated 

concentrations are observed in the Pacific Ocean (around 4 nM; GEOTRACES IDP 2017, Mackey et 

al., 2002; Schlitzer et al., 2018)). The variability between basins is not yet explained and a lot of 

questions are still arising on copper biogeochemical cycle in the open ocean. 
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Sources and sinks of copper lead to its long residence time in the ocean; the average residence time 

varies between studies from 830 to 5000 years (Boyle et al., 1977; Bruland, 1980; Craig, 1974; Takano 

et al., 2014). A shorter time is observed in surface waters with 10 years within the mixed layer (Boyle 

et al., 1977; Bruland, 1980; Craig, 1974; Roshan and Wu, 2015; Takano et al., 2014). However, a more 

recent modelling study using the first global copper biogeochemical model described shorter residence 

time of 400-500 years over the entire water column and 3 years within the first 100m (Richon and 

Tagliabue, 2019). 

Despite the growing interest on copper cycle over the last decade, there are many uncertainties in the 

copper biogeochemical cycle. The linear profile of dissolved copper is still not completely understood. 

Reversible scavenging has been identified in modelling studies as the main driver of Cu distributions, 

but it has never been demonstrated using natural samples. The main explanation is coming from the 

current impossibility to identify directly reversible scavenging of copper using current sampling and 

analytical methods. More studies of this process are necessary in order to tackle this grey area of copper 

biogeochemical cycle. The qualitative and quantitative identification of reversible scavenging through 

the water column will help to confirm the finding of modelling studies. 

 

1.4. Ligands cycle in the ocean 

1.4.1. Characterisation and method 

Copper ligands are any molecules having the potential to chemically bind atoms of copper. 

Following this definition, ligands are a bulk of organic and inorganic species with various structures 

and characteristics. Within the marine ecosystem, ligands are a mixture of exported terrestrial ligands, 

marine ligands produced in-situ and degradations by-products (e.g. cell lysis, grazing, 

photodegradation) of these compounds. The exact composition of the bulk is not yet fully constrained; 

a study using liquid chromatography- inductively coupled plasma mass spectrometry (LC-ICP-MS) 

measurement method demonstrated the highly complex ligands matrix (Boiteau et al., 2016). A 

complete description the entire ligand matrix is not currently possible due to its complexity.  

Nevertheless, voltammetric measurements of ligands by class/group have demonstrated the 

predominance of organo-sulphur compounds (Yang and van den Berg, 2009). Humic substances (HS) 

and thiols are two main compound classes observed in estuaries and coastal waters (Abualhaija et al., 

2015; Simpson et al., 2002; Waeles et al., 2013, 2015; Whitby and van den Berg, 2015; Yang and van 
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den Berg, 2009). Humic substances are a complex class of molecule including both humic acids and 

fulvic acids (Waeles et al., 2013). Between 15 and 50 % of the dissolved organic matter in estuaries and 

coastal waters is believed to be HS (Waeles et al., 2013; Whitby and van den Berg, 2015). They are 

considered to be weak copper ligands with a conditional constant of complexation log K around 12 

(Kogut and Voelker, 2001; Whitby et al., 2018; Whitby and van den Berg, 2015). Thiols are also a 

complex class of compounds including molecules such as glutathione, phytochelatin and cysteine 

(Dupont et al., 2006; Leal et al., 1999; Leal and Van Den Berg, 1998; Tang et al., 2000). They strongly 

bind copper in aquatic medium with a log K around 14 (Chapman et al., 2009; Leal et al., 1999; Whitby 

et al., 2018; Whitby and van den Berg, 2015). As for HS, the thiol pool is not fully constrained and their 

roles in the open ocean for copper cycle is still unclear despite few studies (Anderson et al., 1988; 

Chapman et al., 2009; Dupont et al., 2004, 2006; Laglera and van den Berg, 2003, 2006; Luther et al., 

1991; Matrai and Vetter, 1988; Whitby et al., 2018). 

Most of the studies on copper speciation in aquatic systems use voltammetric analyses to identify and 

quantify ligands (van den Berg et al., 1987; Croot, 2003; Donat et al., 1994; Heller and Croot, 2014; 

Jacquot and Moffett, 2015; Kogut and Voelker, 2001; Lucia et al., 1994; Ružić, 1996; Whitby et al., 

2018). The main method of ligands determination is the competitive ligand exchange adsorptive 

cathodic stripping voltammetry (CLE-AdCSV) using a mercury drop electrode. The method uses a 

competitive ligand (salicylaldoxime usually), that forms a copper complex that is measured on the 

mercury electrode. The competitive ligand will be in competition with the natural ligands in order to 

complex the dissolved copper present in the sample. Variation in the measured signal is indicative of 

the equilibrium between the DCu, the natural ligands and the competitive ligand. Knowing the 

concentration of DCu, the competitive ligand concentration and binding strength, the natural ligands 

parameters are calculated by adding successively free copper to the sample. Every addition modifies 

the overall equilibrium between ligands and DCu; the study of the overall variations allows the 

calculation of the initial natural ligand properties (concentration and binding strength). Copper ligands 

are always present at higher concentration than dissolved copper in seawater. Their concentrations can 

reach up to 150 nM in coastal systems (Abualhaija et al., 2015; Buck and Bruland, 2005; Croot, 2003; 

Shank et al., 2004b) while concentrations are constrained to be under 10 nM in the open ocean (Heller 

and Croot, 2014; Jacquot et al., 2013; Jacquot and Moffett, 2015; Moffett and Dupont, 2007; Thompson 

et al., 2014). Their binding strength, log K, ranges from 11.5 to 14.5 in both systems. In the open ocean, 
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HS and thiols are believed to be the main ligands binding copper (Dupont et al., 2006; Heller and Croot, 

2014; Jacquot and Moffett, 2015; Whitby et al., 2018). Some studies using CLE-AdCSV found two 

classes of ligands (with a weak and a strong ligand class, Whitby et al., 2018) while other measured 

only one unique class (Heller and Croot, 2014; Jacquot and Moffett, 2015; Moffett and Dupont, 2007). 

To summarise, most of the ligands characteristic of aquatic systems are obtained from an indirect 

measurement where the actual ligand or copper-ligand complex is never measured. Indirect analysis  

creates some uncertainties on what is actually measured by the method. Indeed, some compounds 

(inorganic complexes and/or colloids) could interfere with the competitive ligand and create artefact 

ligands. In consequence, in some specific situations, the ligands properties might not characterise the 

actual organic ligands but a mixture of organic/inorganic ligands and colloids (Fitzsimmons et al., 

2015b). 

 

1.4.2. Sources, sinks and internal processes in the open ocean 

One of the main internal sources of organic ligands is the in-situ biogenic production by 

phytoplankton. Phytoplanktonic cells produce ligands in order to either increase or decrease copper 

bioavailability according to the Cu2+ concentration in the medium (Croot et al., 2000, 2003; Dupont and 

Ahner, 2005; Gerringa et al., 1995; Lelong et al., 2013; Mcknight and Morel, 1979; Quigg et al., 2006; 

Wei and Ahner, 2005). Biological production of ligands happens mainly in surface waters where most 

of the primary production occurs. The produced compounds are believed to mainly consist of thiols and 

domoic acid (Dupont et al., 2004; Dupont and Ahner, 2005; Leal et al., 1999; Lelong et al., 2013; Rue 

and Bruland, 2001). Production of ligands has also been observed in the deep ocean around 

hydrothermal vents where life must flourish in hard conditions of high pressure, low light and toxic 

trace elements concentrations. Hydrothermal bacteria produces strong organic ligands such as thiols in 

order to complex the elevated concentration of Cu2+ and reduce its toxicity (Kleint et al., 2015; Klevenz 

et al., 2012). Organic ligands can also be by-product of biological activity. Biology through grazing by 

zooplankton and bacterial remineralisation produce ligands within the medium (Buck et al., 2018; 

Kondo et al., 2008; Sato et al., 2007; Witter et al., 2000). Cell lysis leads to the release of complexing 

ligands previously present within phytoplankton cells (Boyd et al., 2010; Kondo et al., 2008; Poorvin 

et al., 2004; Witter et al., 2000). 
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Rivers and estuaries provide important concentrations of dissolved organic matter within the costal 

ocean (Abualhaija et al., 2015; Kogut and Voelker, 2001; Shank et al., 2004b; Whitby and van den 

Berg, 2015). This organic matter contains various molecules including thiols and humic substances 

which are complexing agents for the DCu (Abualhaija et al., 2015; Croot, 2003; Jacquot et al., 2014; 

Laglera and van den Berg, 2003; Louis et al., 2009a; Shank et al., 2004b; Whitby and van den Berg, 

2015). Some of the organic ligands present in the water column of rivers and estuaries originate from 

the sediments. Indeed, sediments release copper ligands to the water column (Chapman et al., 2009; 

Shank et al., 2004a; Skrabal et al., 1997, 2006; Waeles et al., 2015). Benthic inputs of ligands have not 

yet been observed in the open ocean, but organic-rich sediments might be a source of organic ligands 

within the deep ocean. The export of ligands from rivers and estuaries have not yet been documented 

to our knowledge but their potential elevated residence time could lead to their export within the surface 

layer of the open ocean. 

Atmospheric deposition is believed to provide organic ligands to the surface ocean (Baker et al., 2016; 

Fitzsimmons et al., 2015b; Wozniak et al., 2013, 2015). Most studies have focused on iron-binding 

ligands (Cheize et al., 2012; Fitzsimmons et al., 2015b; Kieber et al., 2001, 2005; Paris et al., 2011; 

Paris and Desboeufs, 2013) but a few studies have demonstrated the deposition of copper complexing 

species (Nimmo and Fones, 1994; Spokes et al., 1996). Atmospheric organic ligands have been 

identified as improving the dissolution of iron from dust particles by a factor of 6.5 (Paris and 

Desboeufs, 2013). The identical behaviour is expected for other trace elements including copper. 

Moreover, wet deposition is a source of ligands into the surface ocean. Indeed, rainwater contains many 

organic molecules binding trace elements as iron and copper (Cheize et al., 2012; Kieber et al., 2001, 

2005; Spokes et al., 1996; Willey et al., 2008). The presence of humic substance has been identified in 

rainwater (Paris and Desboeufs, 2013) leading to over 99.99 % of complexed copper (Spokes et al., 

1996). 

The main sink of organic ligands in the ocean is their degradation by biological activity or abiotic 

chemistry (Buck et al., 2018; Völker and Tagliabue, 2015). Little is known on the residence time of 

these organic compounds but Hansell et al. (2012) studied the residence of dissolved organic carbon 

(DOC). They observed a wide range of residence times of DOC from 1.5 years for semi-labile 

compounds to over 16 000 years for refractory DOC. Direct comparison between DOC and complexing 

organic compounds is difficult, but it shows the important range of residence time between organic 
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molecules in the open ocean. Some studies focused on the photodegradation of organic ligands like 

thiols (Buck et al., 2010c; Laglera and van den Berg, 2006; Powell and Wilson-Finelli, 2003; Shank et 

al., 2006; Thompson et al., 2014; Völker and Tagliabue, 2015). According to Laglera and van den Berg 

(2006), after one day of daylight exposure between 2 and 60 % of copper ligands are photodegraded 

while over 30 to 50 % of thiols are degraded. 

 

1.4.3. Unknow on copper organic ligands biogeochemical cycle 

Despite the important effort over the last decades to better understand the copper ligand cycle 

in the open ocean, many uncertainties remain. A recent copper speciation study in the North Atlantic 

(Jacquot and Moffett, 2015), showed a really patchy distribution of ligands over the entire water 

column. The ligand distribution does not reveal any obvious source nor sink. The most plausible 

explanation is an elevated residence time of organic complexing ligands leading to a homogenisation 

of ligands distribution over the water column. But specific studies of their residence time in surface and 

at depth will be necessary in order to understand better copper ligands cycle. 

Moreover, some of the uncertainties of ligand distributions is derived from the method mainly used to 

measure them. The CLE-AdCSV is a powerful method to measure ligand concentration at a nanomolar 

level. But with this method, ligands are not detected directly; in consequence, some factors like 

inorganic colloids can produce artefacts, skewing the results obtained (Fitzsimmons et al., 2015a). As 

an example, Sarradin et al. (2009) discovered that 98 % of the ligands complexing copper within 

hydrothermal plumes were inorganic. Using CLE-AdCSV, some of these inorganic ligands might be 

interpreted as organic compounds. The study of organic speciation of copper needs to be done 

cautiously knowing that some artefacts might exist. Further development of complementary methods 

such as pseudopolarography (Gibbon-Walsh et al., 2012) and LC-ICP-MS (Boiteau et al., 2016) will 

be necessary to understand the fate of copper complexing ligands within the ocean. 

 

1.5. Aim of the thesis and structure 

In this thesis, I investigate the copper biogeochemical cycle with a highlight on its organic 

speciation. The aim is to understand the influence of organic complexation on the distribution of copper 

in the open ocean. A focus has been done on the reversible scavenging process; understanding this key 

process using speciation is essential to better constrain the copper cycle and distribution. The 
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implication of complexation on dissolved-particulate exchange is needed to understand how reversible 

scavenging is driving copper distribution. These processes were studied in open ocean with a focus in 

the North Atlantic. The effect of hydrothermalism on copper speciation was also be studied to 

comprehend this potential strong deep copper source. 

This thesis structure starts with an introductory chapter where the key concept developed in 

the following chapters are introduced. Chapter 2 is a case study of the GEOTRACES GA01 section in 

the North Atlantic. Dissolved copper, its speciation and particulate copper are studied together to 

describe the overall copper cycle in the North Atlantic. The GA01 section spans over contrasted regions 

where copper distributions varied from one oceanic basin to another, giving an excellent opportunity to 

use it as a natural laboratory. Chapter 3 focusses on the GEOTRACES GA13 section along the Mid-

Atlantic Ridge. The aim of this cruise was to study of hydrothermal vents and their influence on the 

trace elements cycle. We investigated on the influence of hydrothermal plumes on the organic ligands 

and dissolved copper distributions. Chapter 4 is concerned with the global distribution of dissolved 

copper using a compilation of data. In this chapter, the copper profiles are analysed in order to 

understand the processes shaping them. By deconstructing copper distributions, the main drivers 

affecting copper are studied along the water column. Finally, Chapter 5 summarises the main findings 

and conclusions obtained through this study. The perspectives opened by these new findings are 

discussed as well as the future work necessary to fully comprehend the copper biogeochemical cycle of 

copper in the open ocean. 
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2. Chapter 2: Effect of dissolved organic speciation and 

reversible scavenging on copper cycle in the North 

Atlantic (GEOTRACES GA01 section) 

 

 

Abstract: 

The copper biogeochemical cycle has been studied in the North Atlantic along the GEOTRACES cruise 

GA01. The section crossed two contrasted regions, DCu concentrations increased with depth in the East 

Atlantic Basin (EAB) while homogeneous DCu concentrations are observed in the Arctic basins: the 

Labrador and Irminger basins. The speciation of copper showed that a median 98.5 % of copper was 

complexed by organic ligands. The ligand concentrations ranged from 1.19 to 8.28 nM with a 

conditional stability constant between 12.1 and 13.9. Along the section, organic ligands were stabilising 

dissolved copper (DCu) allowing it to accumulate at depth in the EAB. Moreover, elevated [DCu] in 

the EAB were associated with an increase of particulate copper (PCu) to particulate phosphorus ratio. 

This increase was due to the elevated authigenic PCu concentration in this basin compared to the other 

basins. Authigenic PCu dominated the PCu cycle at depth, more than 70 % of PCu was authigenic 

below 1000 m. Elevated authigenic particles at depth of the EAB indicated a strong reversible 

scavenging leading to higher DCu concentrations in this basin. This study shows for the first time the 

effect of reversible scavenging on natural samples. 

 

2.1. Introduction 

Copper (Cu), as many other trace elements (e.g. iron, zinc or cobalt), is an essential 

micronutrient for the phytoplanktonic community. Copper is used as an active core in several enzymes 

required for the phytoplankton physiology (Twining and Baines, 2013). It is the main element in 

plastocyanin, a protein strongly involved in photosynthetic processes (Merchant et al., 2006; Peers and 

Price, 2006; Raven et al., 1999). Copper is the active core in the multi-copper oxidase that is important 

in the high-affinity Fe uptake system (Annett et al., 2008; Stearman et al., 1996; Wells et al., 2005) 

where it is essential for iron oxidation and transport inside the cell (La Fontaine et al., 2002; Maldonado 

et al., 2006; Valentine, 1997). Cu is also key in the production of superoxide dismutase, an antioxidant 
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protein that controls the intracellular superoxide concentrations (Chadd, 1996; Rae, 1999; Valentine, 

1997). It also plays an important role in several denitrification steps (Amin et al., 2013; Moffett et al., 

2012; Philippot, 2002). However, copper can also be toxic to the biological community at high 

concentration (Biswas et al., 2013; Bruland and Lohan, 2003; Sunda et al., 1987) with toxicity 

thresholds varying according to the species and strain. For instance, in algal culture experiments, small 

cyanobacteria were found to be significantly more sensitive to free copper (Cu2+) than large diatoms, 

with a toxic effect from 13 pM of Cu2+ compared to 92 pM Cu2+ (Brand et al., 1986; Buck and Bruland, 

2005). In the natural environment, deleterious copper effects in surface waters have been previously 

observed in the Mediterranean Sea (Jordi et al., 2012; Paytan et al., 2009). 

As an active protective mechanism, some phytoplankton have the ability to produce organic ligands in 

order to reduce the concentration of Cu2+ (Croot et al., 2000; Moffett, 1995; Moffett and Brand, 1996). 

They produce copper-specific intracellular ligands and exude them in the surrounding medium (Dupont 

and Ahner, 2005; Gerringa et al., 1995; Wei and Ahner, 2005). Species highly sensitive to copper stress 

(i.e. cyanobacteria) produce strong ligands while less sensitive species (i.e. diatoms) excrete ligands 

with a lower copper-affinity (Croot et al., 2000; Mcknight and Morel, 1979). Moreover, some culture 

studies have also demonstrated the biogenic production of ligands in order to facilitate copper 

assimilation (Lelong et al., 2013; Semeniuk et al., 2015). The ligands cycle is still largely unknown; 

mainly due to their broad definition: copper-ligands are any molecules able to chemically bind an atom 

of copper. Following this definition, ligands represent a various and complex bulk of molecules which 

have not been yet identified. Nevertheless, some studies (e.g. Laglera and van den Berg, 2003; Leal et 

al., 1999; Tang et al., 2000; Waeles et al., 2015; Whitby and van den Berg, 2014) have demonstrated 

the predominance of two main ligand classes: thiols and humics substances. Organic ligands (L) 

complex more than 99.9 % of the dissolved copper in the open ocean (Jacquot et al., 2013; Jacquot and 

Moffett, 2015; Moffett, 1995; Moffett et al., 1990) and are believed to stabilise copper in the dissolved 

phase. Ligands and specifically copper-ligands cycling in the open ocean is highly uncertain. Little is 

known about the sources, the sinks and especially the internal cycle of these molecules. 

In the open ocean, the main sources of DCu are riverine inputs and aerosol deposition, each of them 

contributing for around 9 * 108 mol year-1 (Takano et al., 2014). Pure hydrothermal fluids are rich in 

copper with concentrations reaching micromolar concentrations (Sander et al., 2006; Sarradin et al., 

2009) but most of it is trapped within the hydrothermal system and not exported to the water column 
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(GEOTRACES IDP2017, Schlitzer et al., 2018). The high affinity of Cu with sulphide to form copper 

sulphide (CuS), a highly insoluble compound, actively removes copper from the hydrothermal fluid as 

it mixes with the surrounding seawater (Alt et al., 1987; Styrt et al., 1981). Unlike for other metals, 

continental margins have never been identified as a source of copper within the ocean (GEOTRACES 

IDP 2017, Schlitzer et al., 2018). These external sources of copper, by their magnitude, input rate and 

the physical/chemical forms under which copper is entering the marine system, are shaping its 

distribution in the open ocean. While concentrations in coastal waters have been regularly reported at 

levels of  tens of nanomolar (van den Berg et al., 1987; Waeles et al., 2004, 2015), in most of the surface 

ocean waters, dissolved copper (DCu) concentrations are around 1 nM. With depth, DCu concentration 

increases linearly reaching a maximum close to the oceanic seafloor. Maximum concentrations at depth 

vary according the oceanic basin; in the Atlantic Ocean, [DCu] increases up to 3.7 nM while within the 

Pacific, it reaches 4.9 nM (GEOTRACES IDP 2017, Schlitzer et al., 2018). As a consequence, the 

typical copper profiles through the water column do not fit with those of nutrient-like, nor scavenged, 

nor hybrid elements (Tagliabue, 2019).  It is still unclear why the copper distribution is so peculiar, but 

some modelling studies have suggested the influence of reversible scavenging (Little et al., 2013; 

Richon and Tagliabue, 2019). Reversible scavenging corresponds to a process where the element is first 

scavenged onto the surface of sinking particles in the particle rich upper ocean and then released from 

the particles in the particle poor ocean interior. The processes triggering the desorption from particles 

is not fully understood but the particle load and the equilibrium between the dissolved and particulate 

pools play a non-negligible role (Little et al., 2013). As a consequence, scavenging is always a reversible 

process; the equilibrium between dissolved and particles is leading under specific conditions to an 

adsorption on particles or to a desorption from particles. 

Interaction between DCu and particulate copper (PCu) are key to better understand the biogeochemical 

cycle of copper in the open ocean. Indeed, particles through their 3 components (lithogenic, biogenic 

and authigenic) play an essential role in the global biogeochemical cycle of trace elements in the ocean 

(Jeandel and Oelkers, 2015). Despite representing less than 10 % of the total copper pool 

(GEOTRACES IDP 2017, Schlitzer et al., 2018), PCu is present in all the main processes affecting DCu 

distribution. External sources of DCu (i.e. atmospheric, riverine and hydrothermal inputs) release 

lithogenic PCu into the ocean. While biogenic PCu produced by biological activity dominates the upper 

ocean particulate copper distribution (Lee et al., 2017). Authigenic particles are particles forming in-



19 
 

situ the water column, by processes such as passive scavenging, flocculation of colloids (Bergquist et 

al., 2007) and formation of (oxo)-hydroxide or sulphide compounds. Formation of CuS has been 

observed in the close vicinity of hydrothermal vents, where sulphur concentration are extremely high 

compared (mM at the fluid vents) to the open ocean where it is scarce (hundreds of nanomolar, Ksionzek 

et al., 2016). 

This chapter describes the copper biogeochemical cycle in the North Atlantic. Dissolved, particulate 

and speciation data are combined to constrain all components of the copper cycle. The role of ligands 

concentrations in shaping copper profiles was studied by using the GEOVIDE section as a natural 

laboratory. Dissolved-particulate copper exchange will be discussed in light of the organic copper 

complexation. A combination of these parameters is used in order to reveal the effect of reversible 

scavenging on copper cycle.  

 

2.2. Material and methods 

2.2.1. Overview of the GEOVIDE section 

The GEOVIDE cruise occurred between May and June 2014 in the North Atlantic aboard the R/V 

Pourquoi pas?. The section started from Lisbon (Portugal), sampling the Iberian shelf before crossing 

the West European Basin (WEB) and the Iceland Basin (IcB) up to the Reyjkanes Ridge (RR), the upper 

section of the mid-Atlantic ridge (Figure 2.1). The cruise then crossed the Irminger Basin (IrB), 

reaching the southern tip of Greenland before sailing south through the Labrador Basin to St John’s 

(Newfoundland). For clarity, the WEB and IcB have been merged into the East Atlantic Basin (EAB) 

for future reference along the manuscript.  
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Figure 2.1: Map of the GEOVIDE section with the three biogeochemical area delimited by red squares. 

Diamonds represent each station with its label, red ones are stations where copper organic speciation 

samples have been collected. Bathymetry is indicated by the colour scale on the right. This map was 

generated by Ocean Data View (Schlitzer, R., Ocean Data View, 2017, http://odv.awi.de/, last access: 

13/01/2020). 

 

2.2.2. Sampling 

Samples were collected during the GEOVIDE cruise using a 22-bottles trace metal clean rosette. 

The 12 litter bottles had been previously cleaned in the LEMAR laboratory (France) following the 

GEOTRACES cookbook instruction (Cutter and Bruland, 2012). After recovery, bottles were protected 

from contamination using plastic bags at both ends. They were then immediately transferred and 

processed inside a clean container (Class 100). Bottles were shaken 3 times before filtration took place 

under pressurised conditions  using 8 psi filtered (0.2 μm) nitrogen gas. The filtration system (e.g. 

tubing, filter holder, filters) were acid-cleaned before use following the GEOTRACES protocols 

(http://www.geotraces.org/images/Cookbook.pdf), rinsed and stored using Milli-Q (18 MΩ cm). Filters 

were 25 mm diameter to optimise the filter blank to sample signal ratio; except in surface waters where 

high biological productivity led us to use 47 mm filters to avoid clogging. The dissolved fraction was 

sampled after filtration on paired filters of 5 μm (Millipore mixed ester cellulose MF) and 0.45 μm (Pall 

http://www.geotraces.org/images/Cookbook.pdf
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Gelman Supor™ polyethersulfone). Dissolved copper was collected in 125 mL bottles acidified at pH 

~ 1.7 with hydrochloric acid (Merck, Ultrapur®) following the sampling. Samples for the copper 

organic speciation were collected in 125 mL bottles and stored at -20 °C until analysis. Once all 

dissolved samples were collected or until clogging, filter holders were disconnected, and the remaining 

water was drained using a syringe. Filters were removed using acid-clean tweezers and stored as a pair 

at -20 °C inside polystyrene Petrislide (Millipore). 

 

2.2.3. Analytical measurements 

2.2.3.a. Dissolved copper analysis 

DCu measurements were performed using a sector field inductively coupled plasma mass 

spectrometer (SF-ICP-MS Element XR instrument, Thermo Fisher, Bremen, Germany), at Pôle 

Spectrométrie Océan (IFREMER, France), alongside with DFe, DMn, DZn, DCo and DPb. The 

spectrometer was coupled to an ESI seaFAST-pico™ introduction system and ran with a method 

analytically similar to that of Lagerström et al. (2013). A six-point calibration curve was prepared by 

standard additions of the mixed element standard to our acidified in-house standard and ran at the 

beginning, the middle and the end of each analytical session. Each analytical session consisted of about 

sixty samples. Final concentrations of samples and procedural blanks were calculated from indium-

normalized data. Accuracy was determined from the analysis of four triplicate consensus materials 

(SAFe S, SAFe D2, GSC and GSP) during each analytical run to ascertain accuracy and precision. 

 

2.2.3.b. Organic speciation of dissolved copper  

Speciation of dissolved copper was determined using competitive ligand-exchange adsorptive 

cathodic stripping voltammetry (CLE-AdCSV) within a clean laminar flow hood (class 100). The 

voltammetric system consisted in a μAutolab type III connected to a 663-VA stand (Metrohm) mounted 

with a hanging mercury drop electrode and a glassy carbon counter electrode. An Ag/AgCl reference 

electrode was used with a salt bridge filled with 3M potassium chloride (KCl) solution. Voltammetric 

analyses were done using a home-designed polytetrafluoroethylene (PTFE) voltammetric cell and its 

specific PTFE steering rod. This cell has been developed to minimise the sample volume required in 

the cell from 10 mL to a minimum of 3 mL. A volume of 5 mL has been used to analyse all samples. 
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Salicylaldoxime acid (SA, Acros organics) was used as a competing ligand to measure the 

natural copper complexing ligands. Solutions at 10-2 M SA were prepared by dissolving 13.7 mg of SA 

powder in 10 mL milli-Q (18.2 mΩ cm-1) acidified with 10 μL hydrochloric acid (HCl, TraceSELECT® 

ultra, Fluka). To fix the pH, borate buffers were elaborated with 1 M boric acid (salts, analytical grade, 

Fisher Scientific) and 0.35 M ammonia (TraceMetal grade, Fisher) in a 250 mL bottle. After UV-

irradiation to remove any organic contaminants, the solution was cleaned using 100 μM manganese 

oxide (MnO2; Van Den Berg, 1982). After vigorous shaking, the solution was left to settle overnight 

and then filtered through 0.2 μM filters (Cellulose Nitrate Membrane 47 mm diameter, Whatman®). 

KCl solutions were made from KCl salts dissolved in Milli-Q water and cleaned by co-precipitation 

with MnO2 identically to the borate buffer. Copper standard solutions of 100 μM were prepared from a 

standard 1000 mg L-1 solution (SpectrosoL®, BDH) in 20 mL milli-Q water acidified at pH 2 with HCl 

(TraceSELECT® Ultra, Fluka). From the 100 μM solutions, 1 μM Cu2+ standards were prepared by 

dilution in 20 mL milli-Q at pH 2. 

Samples were defrosted at ambient temperature for at least 6 hours before preparation. They 

were shaken carefully to ensure complete redissolution of all precipitated salts. Then, 75 mL of sample 

was poured in a 125 mL clean bottle with 2 μM SA and 0.01 M borate buffer. From this bottle, 13 

aliquots were collected within individual PTFE cells and spiked with increasing Cu2+ concentrations. 

The first two aliquots were not spiked with copper while the last one was spiked with up to 15 nM 

copper. The range of copper addition was decided according to the dissolved copper concentration of 

the sample. High DCu concentrations were associated with a higher range of addition. The leftover 

sample in the 125 mL bottle was poured inside the analytical voltammetric cell to condition it. Aliquots 

were left for overnight equilibration until analysis. Voltammetric measurements were done by 

transferring the aliquot inside the analytical voltammetric cell from the aliquot with no added copper to 

the aliquot with the highest Cu2+ spike. The measurement cell was not rinsed in between aliquots to 

keep the conditioning intact.  

Analyses were conducted using the GPES software (version 4.9, Eco Chemie) to control the 

voltammetric system. Samples were initially purged for 240 s with N2 to remove the interference from 

the oxygen wave. After discarding 5 mercury drops, a deposition was held at -0.15 V for 300 s. 

Following 5 seconds of equilibration, a differential pulse stripping scan was accomplished from 0 to -

0.5 V using the following optimised parameters: a modulation amplitude of 0.05 V, a modulation time 
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of 0.015 s and an interval time of 0.1 s. The intensity of the Cu-SA peak was measured using the peak 

derivative calculated using the GPES analysis tool with a curve cursor to delimit the peak extent 

accurately. A minimum of two scans were always done; in case of discrepancies in peak intensities, a 

third scan was produced, and the two closest scans were used for analysis.  

Treatment of each titration was accomplished using the ProMCC software (Omanović et al., 

2015). This software allows the user to compare 3 fitting methods: the Langmuir, the Ruzic/Van den 

Berg and the Scatchard methods. All samples have been analysed using the Ruzic/Van den Berg 

method, but a comparison with the other methods was performed. If all methods were giving similar 

results, the sample was considered as of good quality. If results from these 3 methods were different, 

the sample was considered as of poor quality and discarded from any future interpretation. ProMCC 

allows the user to choose the number of ligands class to model on the titration. In our case, a one-ligand 

model was best suited to fit our titration data, similarly to that recently found for copper speciation in 

the Atlantic (Jacquot and Moffett, 2015). After data treatment, the concentration of ligands (L) and its 

conditional binding strength (logK) are obtained as well as the calculated free-copper concentration 

(Cu2+). The excess of ligands (L_Excess) compared to dissolved copper was calculated by subtracting 

[DCu] from the ligands’ concentration. This proxy indicates the number of additional moles of copper 

that the ligands could complex. Samples have been measured randomly per station in order to avoid 

any interpretation bias. All statistical analyses are performed using the software Minitab® 18. 

 

2.2.3.c. Particulate copper and particulate trace element analysis 

Particulate copper measurements, as well as particulate aluminium and phosphorus, were 

realised following the procedure described in Gourain et al. (2019). Briefly, PCu analyses were 

conducted at the LEMAR laboratory (France, Plouzané) inside a clean room (class 100). Filters were 

cut in half using a ceramic blade; one half was used for total particulate analysis and the other half for 

acid-leachable particulate analysis. The half filter for total particulate was then removed from its storage 

unit (PretiSlide) using acid-clean tweezers and placed inside a PFA vial (Savillex™). A 2 mL mixture 

of 2.9 mol L-1 hydrofluoric acid (HF, suprapur grade, Merck) and 8 mol L-1 nitric acid (HNO3, Ultrapur 

grade, Merck) was added. After sealing the vials, they were heated on a hot plate at 130 °C for 4 hours 

to complete the total digestion of the particulate materials. After cooling, filters were removed, and the 

digest solution was evaporated at 110 °C. The residue was re-dissolved in 3 mL of 0.8 mol L-1 HNO3 
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(Ultrapure grade, Merck) and stored at 4 °C in a 15 mL polypropylene centrifuge tube (Corning®) until 

analysis. 

Analyses were accomplished on a sector field inductively coupled plasma mass spectrometer 

(SF-ICP-MS Element 2, Thermo-Fisher Scientific). Samples were diluted 7 times with a 0.8 mol L-1 

HNO3 (Ultrapur grade, Merck) spiked with 1 μg L-1 of indium (115In) solution to track the instrumental 

drift. All the data were normalised using the 115In signal and concentrations were calculated from 

multiple external calibration curves. The data presented in this chapter noted as PCu are the sum of both 

small (0.45 to 5 μm) and large (> 5 μm) fractions. 

 

2.2.3.d. Biogenic, lithogenic and authigenic particulate copper determination 

To investigate the particle composition, elemental ratios are a useful tool (Gourain et al., 2019; 

Lam and Bishop, 2008). The lithogenic fraction of PCu has been calculated using the copper to 

aluminium (PAl) Upper Continental Crust ratio of 0.132 mmol.mol-1 (Taylor and McLennan, 1995). 

%𝑃𝐶𝑢𝐿𝑖𝑡ℎ𝑜 =  100 ∗  (
PAl

PCu
)

sample
∗ (

PCu

PAl
)

UCC.ratio
    (2.1) 

The biogenic fraction of PCu was calculated using the copper to phosphorus (PP) content in 

phytoplankton cells (Twining and Baines, 2013). However, trace element ratios within phytoplankton 

cells  are variable according to the species from 0.06 mmol Cu mol-1 P (diatom) to 1.36 mmol mol-1 

(dinoflagellates); and subsequently the community composition (Ho et al., 2003; Twining and Baines, 

2013). Moreover, the plasticity of phytoplankton requirement involves a variable ratio according to 

nutrients availability and health of the community (Guo et al., 2012a). In consequence, a maximum 

PCu/PP ratio in the North Atlantic of 2 mmol.mol-1 (Twining and Baines, 2013)  was used in order to 

provide an upper limit to the biogenic fraction. 

%𝑃𝐶𝑢𝐵𝑖𝑜 =  100 ∗ (
PP

PCu
)

sample
∗ (

PCu

PP
)

cell.quota
    (2.2) 

The authigenic fraction was estimated by subtracting the lithogenic and biogenic fraction from the total 

fraction, 100 %. 

%𝑃𝐶𝑢𝐴𝑢𝑡ℎ =  100 − %𝑃𝐶𝑢𝐿𝑖𝑡ℎ𝑜 − %𝑃𝐶𝑢𝐵𝑖𝑜 (2.3) 

Due to the uncertainty in some ratios (i.e. UCC and cell quotas), some samples were associated with 

%PCu_Litho and %PCu_Bio proxies higher than 100 %. To resolve this issue, %PCu_Litho was calculated 

first and values higher than 100 % were set at 100 %. The remaining percentage could only be biogenic 
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and/or authigenic. Secondly, %PCu_Bio was calculated with a maximum value set by %PCu_Litho 

(%PCu_Bio ≤ 100 - %PCu_Litho). Finally, the %PCu_Auth was calculated using Equation 2.3. 

 

2.3. Results 

2.3.1. Hydrography and biological production along GEOVIDE 

The GEOVIDE section encountered several water masses of various physical characteristics 

(Figure 2.2). Starting off the Iberian coast, the warm and salty (θ° = 11.7°C, S = 36.50) Mediterranean 

Overflow Water (MOW) was flowing northward along the Iberian margin between 600 and 1700 meters 

depth. In surface of the EAB, the warmest water mass of the section was observed, the North Atlantic 

Central Water (NACW, θ° > 12.3°C, S > 35.60). At depth of the EAB, the North East Deep Atlantic 

Water (NEADW, θ° = 2.0°C, S = 34.89) was spreading southward into the east Atlantic. Between 1000 

and 2500 meters, an old Labrador Sea Water (LSW) was flowing in the east part of the EAB. The flanks 

of the Reykjanes Ridge were surrounded by the Iceland-Scotland Overflow Water (ISOW, θ° = 2.6°C, 

S = 34.98), which mixes with artic water masses to form the NEADW. 
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Figure 2.2: Section of salinity along the GEOVIDE section. Biogeochemical provinces are indicated in 

blue above station labels in order to visualise the position of the map. Important bathymetric feature 

are signalised in white. Main water masses are indicated in grey. The contour line are indicated by 

black line. This figure was generated using Ocean Data View (Schlitzer, R., Ocean Data View, 

http://odv.awi.de/, 2017. 
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In the Irminger and Labrador basins, the cold and fresh Denmark Strait Overflow Water (DSOW, θ° = 

1.3°C, S = 34.91) was spreading along the seafloor. In the LB, a deep convection (> 2000 m) was 

leading to the formation of the LSW (θ° = 3.0°C, S = 34.9) and its transport through the North Atlantic 

was observable in the IrB between 500 and 1200 meters. 

 

 

Figure 2.3: Total chlorophyll.a concentration (mg m-3) within the first 250 m along GEOVIDE. This 

figure was generated using Ocean Data View (Schlitzer, R., Ocean Data View, http://odv.awi.de/, 2017. 

 

The North Atlantic is one of the most productive regions of the world’s ocean, playing a key role 

in biological carbon export at depth (Martin et al., 1993; Sanders et al., 2014). Along the section, total 

chlorophyll.a (TChl.a) concentrations were between 0.004 and 1.217 mg m-3 (Figure 2.3) in the range 

of previous North Atlantic observations (Andersen et al., 1996; Campbell and Aarup, 1992; MODIS 

dataset). Elevated [TChl.a] were found within the first 50 meters of each station, with a strong spatial 

variability. TChl.a was relatively low in the WEB while being elevated within the IrB and LB (Figure 

2.3). 

 

2.3.2. Distribution of DCu along GEOVIDE 

In surface waters, dissolved copper concentrations were low at almost every station with a median 

value in the first 50 meters of 1.14 nM (Figure 2.4). The only exception was at station 78, above the 

Newfoundland shelf where DCu values of up to 2.64 nM were found in surface waters where a low 

salinity layer was identified. Copper distributions were variable between the basins encountered along 

the section. Within the East Atlantic basin, DCu concentrations were increasing linearly with depth 
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along the entire water column. Below 2500 m, [DCu] were always higher than 1.50 nM with a maximum 

of 4.98 nM at 4500 m of station 21 (Figure 2.4). On the contrary, within the Irminger and Labrador 

basin, DCu concentrations were homogeneous with depth leading to a low median value of 1.25 nM. 

Above the Greenland shelf, at station 53 and 61, high concentrations of dissolved copper were observed 

ranging from 1.77 to 3.56 nM. The eastern Greenland shelf had lower DCu concentration than the 

western shelf, with a median of 2.06 nM compared to 3.40 nM, respectively. 

 

Figure 2.4: Dissolved copper (nM) concentration along the section with a focus on the 250 first meters. 

 

2.3.3. Organic complexation of copper in North Atlantic 

Concentrations of Cu Ligands in copper-equivalent units in the North Atlantic ranged from 1.19 to 

8.28 nM with a median of 3.14 nM. The global distribution of copper ligands was scattered, not 

following any smooth profiles nor any obvious trends (Figure 2.5a). The East Atlantic Basin presented 

a median [L] value of 3.46 nM. At depth, for stations 13 and 21, an increase of concentrations was 

observed with values reaching 7.47 nM (5000 m at St 13). Station 13 was also characterised by a strong 

ligand signal from 200 to 1000 meters depth reaching a maximum of 8.28 nM at 500 m. Within the 

Labrador and Irminger basins, ligand concentrations were lower than in the East Atlantic basin with a 
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median value of 2.85 nM. Along the east Greenland margin, at station 60, an increase of copper ligands 

concentration was measured between 350 and 650 m with values reaching more than 4.3 nM.  

Along the section, the binding capacities of the copper ligands, log K, ranged from 12.1 and 13.9 

(Figure 2.5b). Log K values were relatively homogeneous along the section but 3 areas presented 

particularly low values (log K < 13.0): above the Reykjanes Ridge (St 38) up to 400 meters depth, in 

(sub-)surface (up to 600 m) of station 13 and at depth (below 4000 m) of station 13.  

 

Figure 2.5: Distribution of a) copper-equivalent ligands concentrations and b) binding strenght in the 

first 250 m and the entire column. 
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The concentration of excess ligands L_Excess (Figure 2.6a) displays a similar distribution as the 

copper-equivalent ligand concentration (Figure 2.5a). High concentrations were observed in the East 

Atlantic basin where a median of 2.09 nM was measured. The highest concentration observed, 7.38 

nM, was at 500 meters depth of station 13. Above the Reykjanes ridge, the excess ligand concentrations 

were high (median: 2.63 nM) through the water column, except at the deepest sample close to the 

seafloor, where it only reached 1.20 nM. Within the Irminger basin, L_Excess concentrations ranged from 

0.10 to 3.61 nM; the median L_Excess was 1.83 nM with the maximum observed at 550 m of station 60. 

Lower concentrations were measured in the Labrador basin with a median of 1.34 nM. 

Along GEOVIDE, surface free copper concentration, DCu_Free were below the picomolar 

concentration with a maximum of 100 fM at 15 m of station 69 (Figure 2.6b). Within the East Atlantic 

basin, DCu_Free ranged from 17 to 1706 fM with the lowest values being measured within the water 

column while higher concentrations were measured at interfaces (margin-ocean, air-ocean and 

sediment-ocean). Along the Iberian margin, several samples, collected below 600 m at station 1, had 

elevated [DCu_Free] up to 1.7 pM. These elevated concentrations were scattered through the water 

column with low concentrations observed in between the elevated ones. At stations 13 and 21, high free 

dissolved copper concentrations (>56 fM) were measured in (sub-)surface up to 150 meters depth. At 

these same stations, elevated concentrations were observed at depth with a maximum close to the 

seafloor of 204 fM at station 13 and 123 fM at station 21. The Irminger basin was characterised by a 

low median DCu_Free concentrations of 34 fM. In the Labrador basin, free copper values were elevated 

but scattered, median of 58 fM with a standard deviation of 59 fM (n= 54). Along the west Greenland 

margin, high [DCu_Free] are measured between 200 and 500 m of station 64. On the other side of the 

basin, along the Newfoundland margin, concentrations were elevated, > 60 fM, from 400 meters depth 

to the seafloor at 2560 m. 
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Figure 2.6: Distribution of a) excess ligands concentrations and b) free dissolved copper in the first 

250 m and the entire column. 

 

2.3.4. Particulate copper along GEOVIDE 

Particulate copper (> 0.45 μm) was present at picomolar concentration along the section, with 

concentrations ranging from below detection limit to 876 pM (Figure 2.7). In the East Atlantic basin, 

surface concentrations were low from station 2 to 19 with a median [PCu] of 25 pM within the first 100 

m. From station 21, PCu reached higher values with a median of 40 pM and a maximum of 880 pM at 

station 34. Within the mesopelagic layer, PCu distribution was scattered with high values (up to 190 

pM) surrounded by low background concentrations (~ 1 pM). Close to the seafloor, increasing [PCu] 
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was observed at every station of the basin (Figure 2.7). The Irminger and Labrador basins had similar 

PCu distribution along the GEOVIDE cruise. In the first 100 m, elevated PCu are observed with a 

median of 50 pM. In the water column of open ocean stations, concentrations dropped to values less 

than 18 pM until the vicinity of the seafloor where PCu increase up to 96 pM. 

The three shelves encountered along the section track (Iberian, Greenland and Newfoundland) were 

characterised by high concentrations close to the sedimentary-water interface (Figure 2.7). The Iberian 

shelf (station 2) had only elevated concentration by the seafloor (up to 220 pM) while the Greenland 

and Newfoundland shelves showed elevated concentration along the entire column with a median of 55 

pM and 64 pM, respectively. 

 

Figure 2.7: Section of the particulate copper along GEOVIDE. Please note that the colorbar has been 

scaled in order to show the interesting features. In consequence, some extreme values higher than 50 

pM have the same color as those at 50 pM concentration. 

 

2.4. Discussion 

2.4.1. Dissolved and particulate copper biological transfer in open ocean surface 

In the open ocean, two main processes affect the copper cycle in surface: atmospheric deposition 

and biological uptake. During the GEOVIDE cruise, atmospheric deposition fluxes were low (Shelley 

et al., 2018) and surface dissolved aluminium concentrations did not show any dust inputs (Menzel 
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Barraqueta et al., 2018). But a possible previous deposition event was suggested by Gourain et al. 

(2019) based on the particulate iron to particulate aluminium ratio (in particles > 0.45μm size). Low 

PFe/PAl ratios were observed in surface waters between stations 11 and 23, similar to the anthropogenic 

aerosol ratio previously observed in the North Atlantic (Buck et al., 2010a). In consequence, the 

influence of atmospheric deposition was likely insignificant for surface copper cycle along GEOVIDE 

and discussion will instead be focused on the impact of biology in surface waters. GEOVIDE section 

is an ideal natural laboratory to study the influence of biology on copper cycle. The cruise spanned 

several biological provinces with varying chlorophyll.a concentration (Figure 2.3) including the highly 

productive Irminger (Sanders et al., 2005) and Labrador basins (Fragoso et al., 2016). During the cruise, 

the phytoplankton community was constrained to the first 50 meters (Figure 2.3), thus this depth range 

has been selected to study the influence of biology on the copper cycle (Figure 2.8). Two proxies were 

used to follow the biological productivity, the chlorophyll a pigment concentration (TChla) and the 

particulate phosphorus concentration (PP). 
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Figure 2.8: Panels of dissolved copper (orange), chlorophyll.a (dark green), particulate copper (red), 

particulate phosphorus (black) and ligands concentration (blue) in surface. Average within the first 50 

meters are represented in function of the section distance, Lisbon being considered as the start (km 0). 

Location of oceanic basins (EAB, IrB and LB), Keykjanes Ridge (RR) and Greenland shelf (GS) are 

indicated above the panel. 

 

Along the section, biological uptake was not strong enough to actively draw down the DCu 

concentrations in surface waters (Figure 2.4). Dissolved copper concentrations were low in surface with 

a median of 1.14 nM and were relatively constant along the cruise track (sd: 0.42 nM, n: 125). Low 

surface concentration has been previously documented around the globe, e.g. Heller and Croot (2014), 

Roshan and Wu (2018). It has been associated with biological uptake depleting bioavailable nutrients 

in surface waters (Boyle et al., 1977; Jacquot and Moffett, 2015; Sunda and Huntsman, 1995a). During 
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GEOVIDE, DCu concentrations were not inversely correlated with biological proxies such as 

chlorophyll.a or particulate phosphorus (PP) (Figure 2.8). The lack of correlation does not indicate the 

absence of biological uptake; it indicates that the DCu pool was high compared to the copper nutrient 

requirement of the phytoplankton community. To our current knowledge, copper has never been shown 

as being a limiting nutrient for primary productivity in open ocean, in contrast  to iron (Behrenfeld et 

al., 1996; Martin and Fitzwater, 1988) or cobalt (Panzeca et al., 2008; Saito et al., 2002). 

Despite the lack of correlation between DCu and chlorophyll.a, the production of organic 

particulate copper by phytoplankton was clear. Figure 2.7 shows maximum [PCu] in surface in every 

basin along the section; within the first 50 m, the median concentration was 43 pM. The biological 

uptake was observable due to the lower concentration of PCu compared to DCu. Figure 2.8 displays 

PCu and PP variations in surface waters (up to 50 m) along the entire section, PP being used here as a 

biological proxy. There is a strong significant correlation (p < 0.05) between PCu and PP along the 

entire GEOVIDE section clearly indicating that particulate copper is driven by the biology. In the EAB, 

PP and PCu were low where low biological productivity was observed (Figure 2.3 and 2.8). In the 

Arctic basins (IrB and LB), concentrations of PCu and PP increased to values up to 876 pM and 402 

nM, respectively. The two proxies varied from station to station following the same trends (Figure 2.8). 

Ligand concentrations and binding strengths along the section were elevated enough to maintain the 

low DCu_Free concentrations and contain any possible toxicity. Indeed, [DCu_Free] was maintained under 

100 fM in surface waters (Figure 2.6b), while significant toxic effect is observed at picomolar levels; 

13 pM for cyanobacteria and 92 pM for large diatoms (Brand et al., 1986). In surface waters, no 

correlation was found between [L] and biological activity (Figure 2.8), similar to what was recently 

reported in the North Atlantic by Jacquot and Moffet (2015). It suggests that copper ligands in these 

surface waters were not of recent biogenic origin. Despite culture experiments demonstrating the 

biological production of ligands by phytoplankton (Croot et al., 2000; Dupont and Ahner, 2005), such 

production has not yet been observed in the open ocean. Lack of correlation does not however mean 

the absence of biological production. Few studies measured the photochemical degradation of copper 

complexing ligands including thiols within rivers (Laglera and van den Berg, 2006; Moingt et al., 2010). 

Within a day of sunlight exposure, 2 to 60% of ligands and 30-50 % of thiols were degraded (Laglera 

and van den Berg, 2006). Interestingly, thiols complexing copper are more stable than free thiols with 

a half-life increasing from 2 days to almost a decade (Laglera and van den Berg, 2006). Such variability 
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in residence time could be leading to a buffering of the ligand concentration in surface by the DCu 

concentration. The excess ligands are quickly degraded while the complexed ligands have a long 

residence time allowing a homogenisation of L distribution and conceal their sources, including 

biological one. Along GEOVIDE, the copper cycle in surface waters was driven by the biological 

activity. 

 

 

2.4.2. Copper cycle at the sedimentary interfaces 

During the GEOVIDE cruise, benthic nepheloid layers (BNLs) were present in most basins: the 

west part of the EAB, the IrB and the LB (Gourain et al., 2019; Le Roy et al., 2018). BNLs are 

resuspension of benthic particles triggered by hydrographic stresses in the vicinity of the seafloor as 

deep eddies, boundary currents and benthic storms (Gardner et al., 2017, 2018). Along the section, the 

extent of all BNLs were consistently 300 meters above the seafloor (Gourain et al., 2019). In the 

following discussion, the depth range of 300 meters above seafloor is considered to study the 

sedimentary interface impact on copper cycle. Moreover, all shelf stations (2, 53, 56, 61 and 78) have 

been discarded to focus on the deep benthic processes. Particulate aluminium is used as a proxy of 

BNLs; being the most abundant particulate lithogenic trace element, it can be used to estimate the 

intensity of resuspension at each station (Gourain et al., 2019). 
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Figure 2.9: Distribution of PAl, PCu and DCu function of the distance from the seafloor at all stations 

affected by benthic nepheloid layers (BNLs). 
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Dissolved copper concentrations were not influenced by sediment resuspension in the vicinity of the 

seafloor as observed on Figure 2.4 and 2.9. Within the LB and IrB, no increases nor decreases of [DCu] 

were observed within the nepheloid layer (Figure 2.9). While in the EAB, an increase was apparent 

(Figure 2.10), although it was likely due to the linear vertical distribution of copper rather than any 

release processes induced by BNLs. The DCu increase with depth started from the upper ocean to depth 

and no change of that slope is detected within the BNLs  (Figure 2.4) suggesting that sediment 

resuspension was neither a source nor a sink of dissolved copper along the GEOVIDE section. Higher 

resolution sampling would be needed to confirm this observation. 

Within the LB and IrB, benthic resuspension was driving the PCu cycle. In these basins, PCu and PAl 

were closely correlated (p < 0.05, Figure 2.10) demonstrating the inputs of PCu from BNLs. In the 

eastern EAB, resuspensions of PAl were less important (< 57 nM) but the [PCu] stayed at a high level 

(> 29 pM), indicating the de-coupling of the two proxies (Figure 2.10). A source of PCu apart from 

benthic resuspension was impacting the particulate copper pool in this basin. Sediments resuspension 

were not the main process driving PCu cycle in the EAB. The increase of PCu concentration at depth 

in the EAB is further discussed in section 4.4. 

Resuspension of sediment along GEOVIDE was a source of particulate copper but no influence on the 

dissolved pool was observed. Newly resuspended PCu did not dissolve to enrich the DCu pool. In 

consequence, the role of BNLs on the global copper biogeochemical cycle might not be significant. 

Resuspended particles being contained within 300 meters above the seafloor, BNLs would not be a 

source of copper in the surface layer. 
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Figure 2.10: Panels of dissolved copper (orange), particulate copper (red), particulate aluminium 

(black) and ligands concentration (blue) at the sedimentary interface. Average within 300 meters from 

the seafloor are represented in function of the section distance, Lisbon being considered as the start 

(km 0). Location of oceanic basins (EAB, IrB and LB), Keykjanes Ridge (RR) and Greenland shelf (GS) 

are indicated above the panel. Notice the breaks in y-axis for the bottom panel. 

 

Copper-ligands were not influenced by sediments resuspension during GEOVIDE. Ligand 

concentrations were not correlated with the lithogenic proxy PAl (Figure 2.10). Spatial distributions of 

ligands followed the same patterns as DCu with low concentrations in the LB and IrB and increasing 

concentrations when entering in the EAB. The excess ligand concentration was scattered along the 

section with no clear trend between intense and moderate BNLs (Figure 2.6a). Distribution of DCu_Free 

followed the same trend as DCu (Figure 2.6b). Similarly, [DCu_Free] were not influenced by sediment 

resuspension. Overall, the BNLs had no influence on any dissolved proxy (DCu, L, L_Excess and 

DCu_Free) but highly impacted PCu cycle within the LB and IrB.  

 

 

2.4.3. Stabilisation of DCu by ligands at depth of the EAB 

Along GEOVIDE, inter-basins differences in dissolved copper distribution were striking (Figure 

2.4). Within the WEB, DCu concentrations were increasing with depth up to 4.98 nM. While in the 
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Labrador and Irminger Basin, DCu concentration were homogeneous with depth with a median of 1.24 

nM (SD: 0.19, n=200). A linear increase with depth is the predominant distribution of DCu in open 

ocean (Chapter 4). Distribution differences along the section are an opportunity to study the process 

behind the linear accumulation of DCu with depth and the implication of organic complexation. As 

previously stated, ligands distribution was relatively homogeneous along the entire GEOVIDE section. 

But an increase of the copper-equivalent ligand concentration was observed at depth of the East Atlantic 

Basin (Figure 2.5a) where DCu is also the highest. 

 

Figure 2.11: Dissolved copper concentration (nM) variation function of ligands concentrations (nM). 

Each colour represents an oceanic basin: red (EAB), blue (IrB) and green (LB). Linear regression of 

the EAB plot is shown in black. The 1:1 line is represented by a dashed black line. 

 

Figure 2.11 reveals two different behaviours along the section between DCu and L. In the LB and 

IrB, increases in ligands concentrations were not associated with an increase of dissolved copper. In 

contrast, in the EAB, high concentrations of L were correlated with higher DCu values (p < 0.01). High 

concentrations of ligands were stabilising copper under the dissolved fraction, preventing its removal 

through adsorption onto sinking particles and thus allowing high concentrations of DCu to accumulate 

at depth. Within the Arctic basins, ligand concentrations were not elevated enough to sustain high DCu 
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concentrations. Interestingly, the L_Excess concentrations were relatively homogenous along the section 

(Figure 2.6a). No increase was observed at depth of the EAB supporting the idea of the buffering of 

[DCu] by ligands.  

 The origin of the elevated ligand concentrations is unknown; ligands sources have not yet been 

constrained (see section 4.1.). Along the section, no obvious source was observed, neither in surface 

waters nor at depth. Higher concentration of ligands at depth could be due to the age of the deep water-

mass (i.e. NEADW) in the EAB compared to the younger DSOW in the LB and IrB. A better 

understanding of the biogeochemical cycle of ligands and their nature will be necessary to explain their 

distribution and subsequently their influence on copper distribution. 

 

2.4.4. The fate of particulate copper in the deep ocean 

Particles play an essential role in the global biogeochemical cycle of trace elements in the ocean 

(Jeandel and Oelkers, 2015). Copper is mainly present in the dissolved fraction with a median of 98.5 

% along GEOVIDE. But biologically and lithogenicaly-derived particles were important drivers of 

copper distribution at the ocean’s interfaces (surface, shelves, margins, benthic sediments). Particulate 

copper distribution along the water column was highly scattered and was not sharing the same inter-

basin features as DCu (Figure 2.7). In the mesopelagic layer, the LB had a lower median PCu 

concentration (15 pM) compared to the IrB and EAB (18 pM for both respective basin). The lack of 

PCu increase within the deep EAB could indicate the absence of particulate-dissolved exchange at the 

DCu maximum. But, using the particle composition, interesting features are revealed.  

Knowledge of particle composition is essential to understand their origin and fate in the open 

ocean. Elemental ratios between PCu and other particulate trace elements are interesting proxies to 

constrain the variation of particles composition within the section. The following section focuses on the 

study of particulate copper on aluminium ratio (PCu/PAl) and particulate copper on phosphorus ratio 

(PCu/PP). PCu/PAl ratio is a proxy of lithogenic particles; knowing the Upper Continental Crust ratio 

of 0.132 mmol mol-1 (Taylor and McLennan, 1995), the influence of lithogenic material on PCu cycle 

can be determined. Figure 2.12a shows the influence of margins and benthic sediments on particles 

composition. An interesting feature was the low PCu/PAl ratio within the LB (3.23 mmol mol-1) 

compared to the IrB and EAB (6.58 and 7.89 mmol mol-1, respectively). 
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Figure 2.12: Distribution of a) PCu/PAl elemental ratio along GEOVIDE, b) PCu/PP elemental ratio 

along GEOVIDE. Notice the non-linear scale of the colorbar on the figure 2.12a. 

 

To identify biological particles, the PCu/PP ratio can be compared to the PCu/PP ratio within 

phytoplankton. According to Twinning and Baines (2013), this ratio varies between 0.4 mmol.mol-1 

and 2 mmol.mol-1 in the open ocean. Using Figure 2.12b, low PCu/PP were observed in surface were 

the biology is driving the PCu cycle (section 2.4.1). At depth, the ratio increased due to the 

remineralisation of biogenic particles. In the deep ocean, strong differences were observed between the 

Arctic basins (LB and IrB) and the EAB. The PCu/PP ratio reached high values below 2000 m 

(maximum of 337 mmol.mol-1) in the EAB with a median of 40 mmol.mol-1 while the median ratios 

were lower in the Arctic basins (LB and IrB), 16 and 13 mmol.mol-1, respectively. The section of PP 

and PAl are shown in Figure 2.13. 
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Figure 2.13: Section of a) particulate phosphorus and b) particulate aluminium along GEOVIDE. 

Please note that the colorbars have been scaled in order to show the interesting features. In 

consequence, some extreme values higher than 50 nM have the same color as those at 50 nM 

concentration. 

 

The strong increase in PCu/PP in the EAB reveals an enrichment of particulate copper within particles. 

This enrichment was not a result of the sinking of biogenic particles, during the remineralisation 

process, no fractionation between copper and phosphorus is believed to happen. Both elements being 

present within the same soft tissues of the phytoplankton structures (Twining et al., 2003). Moreover, 

the PCu/PAl ratio does not suggest an important lithogenic contribution from the sediment of both 

Iberian margin and benthic sediments (Figure 2.12a). The same feature was observed along other 
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GEOTRACES sections, GA03 and GP16 (Figure 2.14). Further hypotheses are necessary to understand 

the origin of the additional PCu at depth of the East Atlantic Basin. 

 

Figure 2.14: a) Map of the GEOTRACES sections GA03 and GP16. Distribution of b) PCu/PP 

elemental ratio along GA03 (North Atlantic) and c) PCu/PP elemental ratio along GP16 (Equatorial 

Pacific). 

 

Determination of the lithogenic, biogenic and authigenic fraction of PCu is a useful tool to understand 

particulate copper cycle. Lithogenic particles were significant in the PCu pool at the sedimentary 
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interfaces of margin and at the benthic seafloor (Figure 2.15a). Along GEOVIDE, lateral advection 

from margin were mainly occurring in the vicinity of the Iberian margin (Gourain et al., 2019). These 

advective features were observed at stations 1 and 11 at 1600 m and 3000 meters depth. In surface and 

within the water column, lithogenic PCu was non-predominant over the particulate copper cycle. 

Biogenic PCu was predominant in surface where most of the biological production occurs (Figure 

2.15b). The percentage of particulate copper in biogenic particles %PCu_Bio was mostly over 95 % in 

surface due to the biological production. Then, the biogenic percentage decreased to less than 20 % 

below 2000 m. Disparities between basins were noticed below 2000 m with a median %PCu_Bio of 5 % 

in the EAB while the medians were 16 % and 12 % in the IrB and LB, respectively. 
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Figure 2.15: Section of a) %PCuLitho, b) %PCuBio and c) %PCuAuth along GEOVIDE. Please note the 

non-linear colorbar of 14a. 

 

Along GEOVIDE, authigenic particles clearly dominate the PCu cycle below 1000 meters 

with a median %PCu_Aut of 82 %. Strong variations between basins were observed, within the EAB the 

median %PCu_Aut was 89 % while the value was lower in the IrB and LB (77 and 72 %, respectively). 

Increasing contribution of authigenic PCu at depth of the EAB explains the enrichment in PCu using 

the PCu/PP ratio (section 4.4.b). 
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Figure 2.16: Section of a) concentration of lithogenic PCu, b) concentration of biogenic PCu, and c) 

concentration of authigenic PCu along GEOVIDE. 

 

The enrichment in authigenic PCu associated with the DCu increase at depth of the EAB basin could 

be linked to two processes. Firstly, the high DCu concentrations could induce an increased scavenging 

leading to elevated authigenic PCu. The enrichment will be the result of high DCu concentrations. The 

origin of the DCu is not clear, a possible source could be older water masses (i.e. NEADW) with high 
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levels of stabilised copper-ligands. But this theory cannot be tested with our current dataset or previous 

datasets. Secondly, the strong %PCu_Aut concentrations might be reflecting the process of reversible 

scavenging, leading to higher DCu at depth. To be efficient, reversible scavenging requires fast 

exchange between particles and the dissolved phase. The authigenic enrichment observed in the EAB 

might reveal the exchange between dissolved and particulate copper. Indeed, reversible scavenging has 

recently been point out as the main process driving the copper distribution at a oceanic scale (Richon 

and Tagliabue, 2019). Moreover, Little et al. (2013) used in their reversible scavenging model, a 

constant PCu concentration in order to reproduce the linear DCu increase with depth as observed along 

GEOVIDE. But, copper reversible scavenging has never been directly identified in the ocean; current 

sampling strategy does not allow to discriminate it from other processes. Specific studies of the 

exchange dissolved-particles would be necessary to completely understand reversible scavenging. 

 

2.5. Conclusion 

This study highlights the role of particles/dissolved interactions for the copper biogeochemical 

cycle in the North Atlantic. In surface waters, biological uptake was driving the particulate copper cycle 

through the production of elevated concentration of biogenic particles. Copper ligand distributions were 

not affected by surface processes in the highly productive regions despite being produced by biological 

activity. Benthic resuspension was an important source of PCu within the LB and IrB but did not 

influencing either dissolved copper or their complexing ligands. Along these basins’ seafloor, the PCu 

cycle was dominated by lithogenic particles. 

The strong inter-basins feature in DCu distribution between the LB, IrB and the EAB can be explained 

by the variation in reversible scavenging intensity driven by the ligand’s distribution at depth. Within 

the EAB, elevated concentration of authigenic particles were the consequence of reversible scavenging 

mediated by elevated ligands concentrations stabilising copper under the dissolved fraction and 

increasing the desorption from particles. The origin of the elevated ligand concentrations at depth of 

the EAB still needs more investigation to be resolved; a better characterisation of the ligand pool (e.g. 

pseudopolarography and LC-ICPMS) is also necessary to better constrain the copper ligands 

biogeochemical cycle. 
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In this study, we demonstrated for the first time the evidence of reversible scavenging of copper in the 

ocean from analysis of seawater samples. It is allowing us to highlight the role of reversible scavenging  

and ligands availability in driving the copper cycle in the North Atlantic during GEOVIDE. 
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3. Chapter 3: The lack of hydrothermal signal on copper 

organic speciation along the Mid-Atlantic ridge, 

GEOTRACES GA13 section 

 

 

Abstract: 

The influence of hydrothermal activity on copper distribution and its speciation has been studied along 

the GEOTRACES section GA13, Fridge. An absence of influence from hydrothermal venting sites on 

dissolved copper and ligand concentration was observed within the hydrothermal plumes encountered. 

The absence of signal within the plume was due to a combination of dilution with surrounding water 

masses and removal by coprecipitation with sulphide. The lack of ligand signal is more complex due to 

both production and degradation of organic matter in the close vicinity of the vents. The absence of 

obvious source of ligands along the water column is discussed I context of their residence time. Two 

inter-comparisons have been realised along the section with the GA01 and GA03 GEOTRACES 

sections. They show the comparability between DCu and ligands profiles; some variability is observed 

in the (sub-)surface probably mainly driven by local and seasonal events affecting this region. 

 

3.1. Introduction 

Hydrothermal activity has recently been described as a major source of trace elements (e.g. iron, 

manganese, zinc) into the deep ocean (Fitzsimmons et al., 2017; Resing et al., 2015; Tagliabue et al., 

2010), but the effect on copper biogeochemical cycle is still not fully constrained. Pure fluids coming 

from active vents are highly enriched in copper at micromolar levels (Edgcomb et al., 2004; Metz and 

Trefry, 2000; Sarradin et al., 2009 and reference therein) with concentrations depending on the site: its 

mineralogy (Metz and Trefry, 2000), the temperature and acidity of the fluids (Charlou et al., 2002; 

Kleint et al., 2015; Metz and Trefry, 2000). Once out of the vent, the hot hydrothermal fluid rises and 

mixes with the cold oxygenated surrounding seawater. This drastic change in temperature and redox 

condition causes numerous physico-chemical reactions (Sarradin et al., 2009) that profoundly affect 

trace metal speciation within the first few meters away from the vents (Cotte et al., 2018). Hydrothermal 

fluids are reducing environments and can contain high levels of sulphide (Edgcomb et al., 2004; Styrt 
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et al., 1981). Sulphide is a strong complexing agent to numerous metals, including copper, and form 

complexes that are highly insoluble. Copper reaction with sulphide forms an insoluble chalcopyrite 

complex (CuS) leading to important chalcopyrite deposition in the close vicinity of the vents (Alt et al., 

1987; Styrt et al., 1981). However, some studies demonstrated the formation of copper-sulphide 

nanoparticles (Sander and Koschinsky, 2011) leading to a stabilisation of copper in the colloidal fraction 

and supposedly allowing its export away from the vents. A recent study has shown that DCu 

concentrations could decrease within the buoyant plume due to intensive scavenging triggered by 

elevated particles load (Jacquot and Moffett, 2015). The high complexity of hydrothermal environments 

is leading to important uncertainties about the biogeochemical cycle of trace elements in their close 

vicinity. 

The role of organic copper ligand complexation on hydrothermal inputs has been studied more 

intensively over recent decades (Cotte et al., 2018; Kleint et al., 2015; Klevenz et al., 2012; Sarradin et 

al., 2009). Unlike in the water column, up to 98 % of ligands within the plume are inorganic compounds 

as  complexing inorganic sulphide (Cotte et al., 2018; Klevenz et al., 2012; Sarradin et al., 2009). But 

the organic fraction is non-negligible; organic ligands are excreted by living organisms (i.e. bacteria 

and archaea) to complex newly added hydrothermal free copper and reduce its toxicity (Kleint et al., 

2015; Klevenz et al., 2012). Moreover, Sander and Koschinsky (2011) theorised the potential 

stabilisation role of ligands (e.g. thiols) on dissolved copper, preventing its precipitation and allowing 

its export away from the vents. 

This chapter describes the chemical copper speciation along the Fridge section, GEOTRACES GA13. 

An inter-comparison between stations of the Fridge, GA01 and GA03 has been realised in order to 

study the comparability between GEOTRACES sections. Along Fridge, we compared copper speciation 

between known hydrothermal sites and oceanic stations to assess the effect of active vents on organic 

ligands cycle and the influence on copper biogeochemical cycle. The effect of ligands concentration on 

DCu concentration is also investigated in order to better constrain the fate of hydrothermal copper in 

the deep ocean. 
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3.2. Material and methods 

3.2.1. Fridge section overview 

The Fridge section took place on board the RSS James Cook between December 2017 and February 

2018 in the North Atlantic (Figure 3.1) from Southampton (UK) to Pointe-à-Pitre, Guadeloupe. The 

cruise sailed south-west to the Azores plateau and then southward along the Mid-Atlantic Ridge (MAR), 

sampling several known hydrothermal sites that were encountered, e.g. Lucky Strike, Rainbow, Lost 

City, Broken Spur and TAG. Two surveys were carried out around the Rainbow and TAG vents sites 

to constrain the dispersion of the hydrothermal plumes. Moreover, two rosettes were operated at stations 

Rainbow and TAG due to the number of proxies sampled leading to 2 station numbers for the same 

location: stations 16/38 and stations 35/39 respectively. 

 

 

Figure 3.1: Map of the Fridge section (GA13). Red stars represent stations where copper speciation 

have been sampled while red diamonds show stations where no copper speciation samples were 

collected. Two zoomed windows are represented around TAG (left panel) and Rainbow (right panel). 

Station numbers are indicated in black. 
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3.2.2. On-board sampling 

All samples were collected using 10 L OTE bottles mounted on a titanium-frame rosette. After 

recovery, all bottles were immediately transferred into a clean container for sub-sampling. After 

sampling the non-filtered samples, bottles were shaken vigorously 3 times and pressurised at 7 psi with 

0.2 μm filtered air. Seawater filtration was done either by a Sartobran® 300 (0.2 μm, Sartorius) filter 

capsule or using 25 mm polyethersulphone filters (0.2 μm, Supor, Pall Gellman) mounted on acid-clean 

filter holders (Swinnex, Millipore). Filters were later used to determine particulate trace elements. 

Dissolved trace metals were collected in LDPE bottles after being washed 3 times. Speciation samples 

were stored in 250 mL bottles (LDPE, ®Nalgene) at -20 °C until analysis at the home laboratory. 

Dissolved manganese (DMn) samples were collected into 100 mL bottles (LDPE, Bel-Art) acidified at 

pH ~ 1.7 with ultrapure HCl (Fisher Optima). 

 

3.2.3. Analytical measurements 

3.2.3.a. Voltammetric equipment and solution preparation 

All analyses took place in the laboratory within a metal-free laminar flow hood using a 

voltammetric stand. It was constituted of a μAutolab type III connected to a 663-VA stand (Metrohm) 

equipped with a hanging mercury drop working electrode, a glassy carbon counter electrode and an 

Ag/AgCl//KCl (3M) reference electrode. Analyses were carried out in a home-designed PTFE 

voltammetric cell allowing to reduce the volume required from 10 mL to 3 mL of sample. A volume of 

5 mL was consistently used for all experiments. A  new PTFE steering rod was designed to stir the 

solution in this small volume cell. The voltammetric analyses were operated using the GPES software 

(version 4.9, Eco Chem). 

All solutions used were either of trace metal grade or were cleaned with manganese oxide (MnO2) in 

order to be suitable for trace metal analysis (van den Berg, 1982). To clean solutions, 100 μM MnO2 

was added to the solution, vigorously shaken and left to settle overnight before being filtered through a 

0.2 μM filter (Cellulose Nitrate Membrane 47 mm diameter, Whatman®). Solutions of salicylaldoxime 

acid (SA, Acros Organics) were prepared by diluting 13.7 mg of SA powder in 10 mL of Milli-Q 

acidified at approximately pH 2 with 10 μL hydrochloric acid (HCl, TraceSELECT® ultra, Fluka). In 

order to fix the pH of samples around 8.1, a borate buffer solution was elaborated in a 250 mL bottle 
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with final concentrations of 1 M boric acid (salts, analytical grade, Fisher Scientific) and 0.35 M 

ammonia solution (TraceMetal grade, Fisher). This buffer solution was UV-digested to destroy any 

organic matter and cleaned off metals by MnO2. Copper standard solutions were prepared regularly 

from a standard 1000 mg L-1 Cu2+ solution (SpectrosoL®, BDH). A 1 μM copper standard was produced 

by consecutive dilution in 20 mL Milli-Q acidified at pH 2 with HCl (TraceSELECT® Ultra, Fluka). 

 

3.2.3.b. Dissolved copper analysis 

Dissolved copper concentrations (DCu) were determined by cathodic stripping voltammetry (CSV) 

using SA as a complexing ligand. Samples were defrosted at ambient temperature for few hours under 

a laminar flow hood. After gentle shaking to dissolve any remaining salts, 10 mL were poured in an 

acid-clean quartz tube with 10 μL HCl (TraceSELECT® ultra, Fluka) to reach pH ~ 2. After 45 minutes 

of UV-irradiation in order to destroy all organic matter, tubes were left to cool down until analysis. 

Inside the voltammetric cell, 5 mL of samples were pipetted with 10 μM of SA and 0.01 M borate buffer 

(to fix the pH at around 8.1). Before analysis, the sample was purged for 4 min to remove the dissolved 

oxygen from the solution. Voltammetric scans were made by Differential Pulse CSV (DP-CSV) using 

a deposition time of 45 s at -0.15 V, 1 s desorption at -1.2 V, 5 s equilibrium before stripping from 0 to 

-0.5 V with a step potential of 5 mV, a modulation amplitude of 50 mV, a modulation time of 15 ms 

and an interval time of 0.1 s. Each measurement was done in triplicate. Peak derivative was calculated 

using the GPES software analysis tool with a manual curve cursor to delimit the peak extent Internal 

standard additions method has been used in order to determine the DCu concentrations and associated 

errors. Three Cu additions were accomplished with varying concentrations according to the peak 

derivative of the first scan (with no addition). Additions were done in order to have a final addition with 

a peak derivative at least doubled from the initial scan. 

 

3.2.3.c. Organic ligands measurement 

Copper speciation was measured at the same time as DCu by competitive-ligand-exchange 

adsorptive cathodic stripping voltammetry (CLE-AdCSV). From the unfrozen bottle, 75 mL were 

transfered in a clean 125 mL bottle with 2 μM SA and 0.01 M borate buffer. From this mixture, thirteen 

5 mL aliquots were prepared in PTFE cells with increasing Cu2+ additions (from no addition up to 15 

nM Cu2+). The range of copper addition was done according to the DCu concentration of the sample. 
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Elevated DCu were leading to elevated addition of free copper. The aliquots were left equilibrating 

overnight until analysis, starting from the aliquot with no copper added to the highest addition. 

Measurements were realised by pouring the cell content within the same measurement voltammetric 

cell. The cell was not rinsed in between aliquots to conserve the conditioning. 

The sample was purged prior to analysis with pressurised N2 for 240 s to remove the oxygen from the 

sample. After discarding 5 mercury drops, voltammetric measurements were done by DP-CSV using 

deposition potential of  -0.15 V for 300s followed by 5 s of equilibration.  The same stripping parameters 

as for DCu determination were used. A duplicate scan was done to confirm the first obtained peak 

derivative value obtained. In case of discrepancies, a third scan was done to confirm either one or the 

others. The peak derivative was measured using the analysis tool of the GPES software using the manual 

curve cursor to delimit the peak extent. Titrations were treated using the ProMCC software (Omanović 

et al., 2015) using the Ruzic/Van den Berg linearisation method, but results were compared with other 

methods (the Langmuir and the Scatchard methods). A one ligand model was found best suited to fit 

the titration data, similar to previously reported in the North Atlantic (see Chapter 2; Jacquot and 

Moffet, 2015). The outputs were the ligand concentration (L), the conditional binding strength (log K) 

and the free copper concentration (DCu_Free). The excess of ligands (L_Excess) was calculated by 

subtracting DCu from L. All statistical analyses are performed using the software Minitab® 18. 

3.2.3.d. Dissolved manganese measurements 

Dissolved manganese was measured on-board within 1-10 days after sampling by flow injection 

analysis with in-line pre-concentration on resin-immobilized 8-hydroxyquinoline followed by 

colorimetric detection (Aguilar-Islas et al., 2006; Resing and Mottl, 1992) by Dr. Joseph Resing 

(University of Washington). Daily precision of analysis was ± 0.01 nM with a limit of detection of 0.03 

nM. 

 

3.3. Results 

3.3.1. Overview of the section, hydrothermal sites 

The Fridge section crossed two distinct environments, from the open ocean to the Mid-Atlantic 

Ridge with active hydrothermal vents. Due to the difficulties of sampling hydrothermal plume, some 

casts above known active sites did not sampled an identifiable plume (i.e. stations 23, 31 and 37). To 

follow the plume dispersion, many proxies are available from dissolved/particulate trace elements (e.g. 
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Mn; Trefry et al., 1985) to  redox sensor (Eh, Lough et al., 2019). In this study, dissolved manganese 

has been used to monitor the influence of hydrothermal inputs (Figure 3.2). Along the section, [DMn] 

ranged from 0.10 nM to 296.75 nM. Open ocean stations (i.e. 2, 19 and 21) were used as a background 

reference to identify hydrothermal signals. At depth, DMn concentrations were under 0.35 nM for all 

open ocean stations (except 0.82 nM at 3250 m of St 21); concentrations higher than this reference were 

indicative of a hydrothermal plume. 
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Figure 3.2: Profiles of DMn at every station sampled for copper speciation. Stations have been grouped 

in four panels (open ocean, hydrothermal sites, circle around TAG and TAG). Notice the change of 

scale of the x-axis between panels and the axis-break in panel on the top and bottom right. Shaded 

rectangles are representing the position of plumes where it applies. 
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During Fridge, several hydrothermal plumes were sampled as observed using DMn (Figure 3.2). 

Dissolved manganese concentrations varied between the different sites, Lucky Strike’s (Station 8) 

plume showed DMn values up to 8.4 nM while Broken Spur’s (Station 24) plume revealed 

concentrations up to 11.2 nM. The maximum concentration along the section was measured within the 

Rainbow’s plume (Station 16). It is important to notice that Rainbow has been visited twice, at station 

16 and 38. Dissolved manganese values showed are originating from station 16 while copper’s 

parameters were collected at station 38. Despite being sampled at 53 hours interval, comparison 

between both casts can be difficult due to the high volatility of the plume. The TAG site (station 35) 

revealed elevated DMn concentrations up to 53.0 nM. Only deep samples are shown for TAG in Figure 

3.2, no DMn were analysed at the shallow TAG cast (station 39). Around the TAG site, highest DMn 

concentrations were observed at station 26 with 2.5 nM while other stations had [DMn] close to the 

background values suggesting a main northward dispersion of the vent. Nevertheless, a small signal 

(0.7 nM) was also observed southward at station 27 (Figure 3.2). 

 

3.3.2. Dissolved copper along the section 

Along the section, dissolved copper concentrations ranged from 0.58 to 4.25 nM with low 

concentrations in surface followed by an increase with depth (Figure 3.3). No differences were observed 

between the open ocean stations and the hydrothermal sites; except, around TAG where stations 27 and 

30 were presenting elevated concentration (higher than 3 nM, Figure 3.3). 
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Figure 3.3: Distribution of DCu along the section. Stations have been grouped in four panels (open 

ocean, hydrothermal sites, circle around TAG and TAG). Shaded rectangles are representing the 

position of plumes where it applies. 
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3.3.3. Organic speciation of copper 

During Fridge, copper-equivalent ligand concentrations were comprised between 1.09 and 5.35 nM 

(Figure 3.4). Ligands were constantly in excess compared to the DCu with a median L_Excess of 1.03 nM 

(Figure 3.4). The conditional binding strength, log K, was ranging from 12.5 to 14.2 (Figure 3.5) which 

is within the oceanic range previously reported (See Chapter 2; Jacquot and Moffet, 2015) . Copper 

complexation was extensive throughout with a median of 99.5%, the lowest being 90%. Distribution of 

ligands and their binding strength were scattered as previously observed in the ocean (See Chapter 2; 

Jacquot and Moffet, 2015). 

Excess ligands (L_Excess) distribution was scattered along Fridge with concentrations ranging from 

0.15 to 2.71 nM (Figure 3.6). Free dissolved copper (DCu_Free) concentrations in surface waters were 

below 150 fM, except at the station 19 where DCu_Free reached 739 fM at 20 meters depth (Figure 

3.7). Concentrations were, then, increasing with depth up to 323 fM. No clear patterns can be identified 

at the hydrothermal sites; none of the copper speciation proxies (i.e. L, log K, L_Excess and DCu_Free) 

showed distinctive signal associated with an identified plume (Figure 3.3-3.5). 
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Figure 3.4: Profiles of L along the section. Stations have been grouped in four panels (open ocean, 

hydrothermal sites, circle around TAG and TAG). Shaded rectangles are representing the position of 

plumes where it applies. 
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Figure 3.5: Distribution of log K along the section. Stations have been grouped in four panels (open 

ocean, hydrothermal sites, circle around TAG and TAG). Shaded rectangles are representing the 

position of plumes where it applies. 
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Figure 3.6: Distribution of the excess of ligands along the section. Stations have been grouped in four 

panels (open ocean, hydrothermal sites, circle around TAG and TAG). Shaded rectangles are 

representing the position of plumes where it applies. 
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Figure 3.7: Distribution of the free copper along the section. Stations have been grouped in four panels 

(open ocean, hydrothermal sites, circle around TAG and TAG). Notice the scale break on the x-axis. 

Shaded rectangles are representing the position of plumes where it applies. 
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3.4. Discussion 

3.4.1. Inter-comparisons with GA01 and GA03 

The Fridge cruise sampled two stations previously visited by GEOTRACES sections allowing us 

to proceed at two inter-comparisons. An inter-comparison study has been previously realised by Buck 

et al. (2012) using identical samples measured by two laboratories. They showed the comparability of 

results obtained by two different laboratories. Station 2 of Fridge was selected in order to match the 

station 13 of GA01 section (GEOVIDE). GA01 samples were collected in May 2014 aboard the R/V 

Pourquoi pas?. Dissolved copper was analysed by ICP-MS at the LEMAR laboratory (France) while 

copper speciation was analysed by CLE-adCSV at the University of Liverpool by the same operator as 

the Fridge samples. Dissolved copper concentrations were similar between GA13 and GA01 (Figure 

3.8) except in surface where elevated concentration (> 1.7 nM) were observed during GA13. Surface 

variability between the two cruises could be the result of seasonal and variable surface inputs (e.g. 

atmospheric deposition, Baker et al., 2016). Copper ligand concentrations and binding strengths were 

comprised within the same respective range between both sections (Figure 3.8). Two interesting 

features were observed within the (sub-)surface layer: elevated log K values were observed in surface 

of GA13 where elevated DCu concentration were identified. Moreover, along GA01 a consistent 

increase in [L] up to 8.3 nM was observed at 500 meters depth. The nature of this maximum is unknown 

but the variability in copper speciation between profiles can be explained by the scattered nature of 

ligands distribution (Figure 3.4) and the expected temporal variability from May 2014 and December 

2017. Moreover, comparing physical data (temperature, salinity and oxygen) do not reveal any 

significant variation in the water masses distribution between the two samplings. 
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Figure 3.8: Inter-comparison between Fridge (GA13, station 2, red dots) and GEOVIDE (GA01, station 

13, black dots)sections. Profiles of DCu, ligands and log K are showed. 

 

The inter-comparison with the GA03 section was at the hydrothermal site TAG. GA03 samples 

(Station 16) were collected in November 2011 on board R/V Knorr. Dissolved copper was measured 

by ICP-MS while speciation was measured by CLE-AdCSV (Jacquot and Moffett, 2015). Dissolved 

copper profiles were comparable between both sections while ligands concentrations and binding 

strength were more disparate (Figure 3.9). High variability above TAG could be explained by the 

dynamic environment above the ridge with tidal disturbances (Tuerena et al., 2019; Waterhouse et al., 

2014). Moreover, samples were measured by two different operators within two different laboratories. 

Considering these parameters, the divergences between both profiles can be considered as non-

significant. 
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Figure 3.9: Inter-comparison between GA13 Fridge (station 35 and 39, red dots) and GA03 (station 

16, black dots) sections. Profiles of DCu, ligands and log K are showed. The red shaded rectangle is 

representing the position of plumes during the GA13 cruise while the black shaded one represent the 

plume during the GA03 cruise. 

 

The inter-comparisons demonstrated the comparability between copper speciation datasets from 

different sections; allowing to discuss Fridge samples using previously published speciation studies. 

 

3.4.2. Correlation between ligands concentration and DCu 

Along the Fridge section, copper-ligand concentrations were correlated with the dissolved copper 

concentrations (Figure 3.10). The Spearman on rank correlation coefficient of determination obtained 

demonstrated the correlation between the two proxies (ρ = 0.615 ; p < 0.05). Despite being in a dynamic 

environment, high [DCu] were always associated with elevated ligands concentrations along the 

section. A correlation between ligands and DCu has been observed in a previous study (GEOVIDE, see 

Chapter 2). This close correlation highlights the role of ligands in driving the DCu distribution through 

a stabilisation of copper under the dissolved phase. The role of ligands in stabilising dissolved copper 

has been already documented (Laglera and van den Berg, 2006; Leal and van den Berg, 1998; Sander 

and Koschinsky, 2011). Extrapolating from this observation, DCu sources need to be associated with 

ligand sources in order to be significant on an ocean scale. Indeed, without ligands sources, the newly 

introduced copper would be quickly scavenged and removed from the water column while complexed 

copper will have the possibility to be exported away from the original source. 
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Figure 3.10: Dissolved copper concentration function of the copper equivalent ligands concentrations 

along Fridge. The linear regression is shown in red with the Spearman on ranks correlation coefficient  

(ρ with p<0.05). The 1 to 1 relationship is represented by a black line. 

 

3.4.3. Absence of DCu and ligand sources at the hydrothermal vents 

The absence of enhanced dissolved copper signal within the plumes (Figure 3.3) despite being 

highly concentrated in the pure fluid (micromolar concentrations, Edgcomb et al., 2004; Metz and 

Trefry, 2000; Sarradin et al., 2009), demonstrates the significant dilution and/or removal processes 

happening during the mixing with surrounding water masses. In order to calculate the influence of each 

parameter, the dilution factor has been calculated for each identifiable plume. Following Equation 3.1, 

the dilution factor is estimated from the DMn concentration within the fluid (DMn_Fluid from Douville 

et al., 2002), the concentration in the mixing water DMn_Background and the concentration measured within 

the plume DMn_Plume. 

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝐷𝑀𝑛_𝐹𝑙𝑢𝑖𝑑 − 𝐷𝑀𝑛_𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝐷𝑀𝑛_𝑃𝑙𝑢𝑚𝑒− 𝐷𝑀𝑛_𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 
    (3.1) 

Equation 3.1 can be transformed to obtain the concentration expected of DCu within the plume as 

follow: 



69 
 

𝐷𝐶𝑢_𝑃𝑙𝑢𝑚𝑒 =
1

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
∗ 𝐷𝐶𝑢_𝐹𝑙𝑢𝑖𝑑 +

1

(1−𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟)
∗ 𝐷𝐶𝑢_𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (3.2) 

The DCu_Plume value is representing the expected concentration of DCu within the plume if dissolved 

copper was a conservative proxy only affected by dilution. If the actual DCu concentration in the plume 

is lower, some hydrothermal DCu has been removed; if DCu is similar, dilution is driving copper signal; 

if DCu is higher, a source of copper else than hydrothermal is significant at depth. 

 

Table 3.1: Table of the calculated DCu_Plume concentration (nM) and the pararameters used to 

calculate it: Dilution factor, DCu_Fluids and DCu_Background. DCu_Fluids from (a) Charlou et al., 

2002, (b) Sarradin et al., 2009 and (c) Trefy et al., 1985. 

 

 

Table 3.1 shows two behaviours: for Broken Spur and TAG plume, the DCu_Plume should be higher than 

the values observed in the background demonstrating the influence of removal from sulfidic co-

precipitation. While the Lucky Strike, N. TAG and S. TAG  plumes had DCu_Plume identical to the 

background value demonstrating the influence of dilution. Along Fridge, the absence of copper in 

hydrothermal plumes was due to a combination of mixing and removal. Moreover, it is important to 

notice that it is not because dilution could explain entirely the absence of hydrothermal copper signal 

that scavenged removal was not effective. It only means that scavenging is not necessary to explain the 

DCu concentration observed inside the plume. 

No increased of ligand concentrations was observed in the vicinity of the vents or within the 

buoyant or non-buoyant plumes (Figure 3.4). Previous studies focusing on hydrothermal vents 

demonstrated a production of organic ligands by the biology present around the vents  (Kleint et al., 

2015; Klevenz et al., 2012) leading to an increase of [L] up to micro molar level. Despite these studies, 

ligand production has never been observed on oceanic section (this study; Jacquot and Moffet, 2015). 

Organic ligands are believed to have a long residence time and their degradation cannot explain the 

missing signal. Two explanations could explain the discrepancies. Firstly, dilution of the pure fluid with 

Hydrothermal sites Dilution factor DCu_Fluids DCu_Background DCu_Plume 

(nM) (nM) (nM)

Broken Spur 33867 70000 a 2 4.1

Lucky Strike 76013 5150 b 2 2.1

TAG 13707 120000 c 2.5 11.3

N. TAG 591666 120000 c 2.5 2.7

S. TAG 1690476 120000 c 3 3.1
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the surrounding water column could explain the absence of hydrothermal signal. Oceanic sections are 

sampling hydrothermal site further away than focused study due to different sampling tools (rosette 

against ROV/submersible). During Fridge, the hydrothermal ligands could have been diluted and mixed 

with surrounding water masses. In consequence, any hydrothermal signal could be masked by the highly 

scattered background ligands concentrations (Figure 3.4). Unfortunately, it is not possible to realise the 

same analysis as for DCu (Equation 3.2) due to the production by biology around the vents. Secondly, 

some of the ligands identified by CLE-adCSV as organic are now believed to be partially inorganic 

(Cotte et al., 2018; Sarradin et al., 2009). Sarradin et al., demonstrated that only 2 % of the copper 

ligands within the fluid was organic while 98 % was inorganic (mainly sulphide compounds). Inorganic 

copper complexes are believed to have a short residence time (Edgcomb et al., 2004) explaining absence 

of ligands signal within the plume. It is not possible to test either of the hypotheses with our current 

dataset and more focussed studies on the production of ligands in the vicinity of the vents will be 

necessary. 

3.4.4. Ligands cycle: the missing sources 

The absence of significative ligand production by hydrothermal activity raise more questions on 

the ligand cycle. Organic ligands are an essential component of trace element biogeochemical cycle in 

the ocean (Bruland and Lohan, 2004; Morel and Price, 2003), but their composition and chemical 

structures are still largely unknown. Moreover, no clear surface inputs were observable along Fridge 

(Figure 3.4 and 3.5) suggesting that neither  atmospheric deposition nor the biology are a significant 

source of ligands. Using the current GEOTRACES copper ligand dataset available: GA01 (see Chapter 

2), GA03 (Jacquot and Moffet, 2015) and GA13 (this chapter); no clear ligands source can be identified 

suggesting a high residence time of copper complexing ligands. The homogenisation leads to a 

dissimulation of the ligand sources by elevated background concentrations. Due to the absence of 

characterisation of the ligand pool, no clear residence time study has been accomplished at our current 

knowledge. Further studies using pseudopolarography (Gibbon-Walsh et al., 2012) and/or LC-ICPMS 

(Boiteau et al., 2016) on the ligands composition  and structure  are needed to understand copper ligands 

cycle. 
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3.5. Conclusion 

This study highlights the absence of influence from hydrothermal vents on copper cycling and its 

speciation. Hydrothermal plumes along Fridge were characterised by background signal of DCu and 

ligands (concentration and binding strength). The signal emanating from vents was indistinguishable at 

any of the sites visited during FRIDGE. The absence of hydrothermal DCu could be explain by the 

dilution with surrounding water masses at certain stations. But at Broken Spur and TAG, mixing cannot 

explain by itself the absence of signal; a strong removal of DCu is needed to explain its concentration. 

The copper ligand concentrations were not sufficient to maintain elevated [DCu] in the water column. 

Inter-comparison between  our results, GA01 and GA03 demonstrate the comparability of the data 

obtained. Speciation datasets can be compared and studied together in order to tackle the incertitude on 

ligands cycle. The ligands cycle was driving the dissolved copper cycle along Fridge as observed by 

the correlation between both proxies. Elevated ligand concentrations allowed high DCu concentrations 

to be stabilise in the water column.  

The absence of ligand inputs at hydrothermal vent sites could explain the lack of copper signal within 

plumes, the newly added copper being removed due to the weak organic complexation. This study 

highlights the necessity to better constrain the cycle of ligands within the open ocean. A clear 

characterisation (e.g. pseudopolarography and LC-ICPMS) is needed to understand their cycle and 

impact on trace metals biogeochemistry. 
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4. Chapter 4: What processes shape the dissolved copper 

distribution in the ocean interior? 

 

Abstract 

Copper profiles have been investigated using a global dataset combining the GEOTRACES IDP 2017 

and previously published datasets. Copper shows a linear profile in much of the ocean with a 

Spearman’s rank correlation coefficient higher than 0.8 for 72 % of the stations. The slope of copper 

profiles varies  systematically between ocean basins (low slope in the Atlantic and elevated slope in the 

Pacific) due to fluctuations in deep ocean concentrations. Applying a diagnostic framework 

demonstrates that copper distributions can be explained by a combination of regenerated, preformed 

and reversibly scavenged pools. Regenerated copper mainly represents less than 100 % of the total 

dissolved copper; a similar behaviour than macronutrient like phosphate while scavenged elements (e.g. 

iron or manganese) usually have an over-representation of the regenerated component (over 100 %). 

Analysis of the scavenged components reveals a transition of sign from shallow depth with negative 

values to greater depth, with positive values. Reversible scavenging switches around 2250 m from a net 

copper sink to a net source in deeper waters. 

4.1. Introduction 

The vertical distribution of dissolved elements in the ocean varies from one element to another. 

Four main types of profiles describing elemental distributions have been identified in the open ocean: 

nutrient-like, scavenged, hybrid and linear. The nutrient-like profile, as for nitrate and phosphate, is 

characterised by a minimum in surface waters due to the uptake by biological activity, followed by an 

increase with depth up to around 1000 m due to remineralisation of sinking particles (Boyd et al., 2017; 

Buesseler et al., 2007; Dehairs et al., 2008). Deeper in the water column, concentrations of nutrients 

stays relatively constant due to the absence of additional sources or sinks and accumulates with water 

age (Bruland and Lohan, 2003; Tagliabue, 2019). The scavenged profile describes those elements 

highly affected by scavenging on sinking particles like manganese and aluminium (Bruland and Lohan, 
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2003; Tagliabue, 2019). External surface sources (i.e. atmospheric deposition and riverine inputs) lead 

to a maximum concentration in surface  quickly followed by a sharp decrease in concentration with 

depth driven by the strong removal of dissolved species by particle scavenging (Menzel Barraqueta et 

al., 2018; Middag et al., 2011). Some elements such as iron and cobalt are used as nutrients by 

phytoplankton and are affected by scavenging; in consequence, their distribution is described as hybrid 

(Bruland and Lohan, 2003; Tagliabue, 2019). The hybrid profile is characterised by low concentration 

in surface followed by an increase up to the remineralisation layer, below this layer scavenging becomes 

predominant and affects the vertical profile by decreasing the concentration with depth (Bown et al., 

2011; Boyd and Ellwood, 2010; Saito and Moffett, 2002; Tagliabue et al., 2017). Finally, some elements 

display a linear increase in concentration with depth. Thorium 230 (230Th) is the main example of this 

distribution (Bacon and Anderson, 1982; Nozaki et al., 1981) and the linear profile of 230Th is caused 

by the balance between scavenging on particles and the radioactive production of 230Th from its mother 

element uranium 238 (238U) throughout the water column (Bacon and Anderson, 1982; Nozaki et al., 

1981).  

Vertical distributions of dissolved copper (DCu)  in the open ocean are highly singular for a non-

radioactive element with a linear increase with depth in most of the world ocean (see Chapter 2 and 

IDP 2017; Roshan and Wu, 2015; Schlitzer et al., 2018). A few regions of the world have non-linear 

profiles including the Labrador Sea, which is discussed in Chapter 2. Distributions of DCu result from 

the combination of all the sources, sinks and internal processes affecting copper within the ocean. As a 

consequence, the study of copper (Cu) profiles can help us to better understand the processes affecting 

the copper cycle in the open ocean. Copper is consumed in surface by phytoplanktonic cells as a micro-

nutrient (Peers and Price, 2006). Its unique redox properties are essential for a multitude of enzymatic 

reaction including denitrification (Moffett et al., 2012; Philippot, 2002) and the iron uptake (Annett et 

al., 2008; Wells et al., 2005). The main external sources of DCu are atmospheric deposition and riverine 

inputs (Paytan et al., 2009; Waeles et al., 2015) while benthic inputs (i.e. sediments resuspension and 

hydrothermalism) can be considered negligible on an ocean scale (Chapter 2, Schlitzer et al., 2018). 

The unique linear vertical copper profile has always been intriguing since the first study of dissolved 

copper. Initially most studies (Boyle et al., 1977, 1981) attributed the maximum at depth to a benthic 

input affecting copper distribution over the entire column. But more recent modeling studies (Little et 

al., 2013; Richon and Tagliabue, 2019) demonstrated the role of reversible scavenging in shaping the 
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DCu profile. Reversible scavenging is the extension of the classical scavenging model described 

previously. While scavenging has been described for a long time as an irreversible process, it appears 

that it is actually reversible mainly driven by the equilibrium between the particulate and dissolved 

phases (Honeyman et al., 1988; Trimble et al., 2004). This equilibrium varies according to a few 

parameters including the particulate load; increase of the particle concentration leads to more adsorption 

while a decrease in particle load leads to desorption. The balance of adsorption and desorption drives 

the net effect of scavenging. Within the ocean, reversible scavenging predominantly consists in the 

adsorption on sinking particles in the surface layer where the particle concentrations are elevated; while  

deeper in the water column, the particles are scarcer leading to a desorption from these particles at depth 

(Richon and Tagliabue, 2019). 

The observed distribution of trace elements is a snapshot resulting from the multiple sources, sinks 

and internal processes that affect a given water mass as it is transported through the ocean interior. The 

study of vertical profiles could inform us of the main processes driving the biogeochemical cycle of 

trace elements. In order to resolve the biogeochemical transformations affecting trace elements, the 

physical processes need to be isolated. The main physical process is the transport of trace elements by 

water masses; the physical component of trace element concentration is called preformed. The 

preformed component represents the fraction entering abiotically within the ocean by water masses 

subduction and transport (Duteil et al., 2012; Ito and Follows, 2005). It is estimated using the initial 

surface concentration prior to the subduction of the water mass and its export. A water mass will have 

the same preformed concentration through time and transport, the value being set during its formation. 

Once the physical component is resolved, biogeochemical transformations such as regeneration can be 

investigated. The regenerated component is the result of the regeneration of biogenic material driven 

by bacterial activity (Barbeau et al., 2001; Boyd et al., 2010, 2017; Dehairs et al., 2008). It is estimated 

using the dioxygen (O2) as a tracer of the bacterial respiration; during regeneration, O2 is released at the 

same rate than regenerated elements (Broecker et al., 1985). The Apparent Oxygen Utilisation (AOU) 

is a proxy of the oxygen cycle showing the consumption (respiration) and the production 

(photosynthesis) of oxygen using the saturation of oxygen in the seawater according temperature and 

salinity (Emerson et al., 2004; Ito et al., 2004). In consequence, the AOU can be used to calculate the 

regenerated fraction produced during regeneration. Analysis of the preformed and regenerated have 

been developed from the mid-80s to study macro-nutrient cycle like phosphate (PO4
3-) in the open ocean 
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(Broecker et al., 1985; Duteil et al., 2012; Ito and Follows, 2005). They revealed that around 60 % of 

the PO4
3- global inventory is preformed while 40 % is produced by regeneration (Duteil et al., 2012). 

The preformed/regenerated analysis has recently been extended to micro-nutrients such as iron (Fe) in 

order to better understand the main drivers of their complex biogeochemical cycle (Tagliabue et al., 

2014, 2017, 2019). The possibility to apply this framework to study copper cycle will bring a new 

perspective. The analysis of the regenerated component could allow the estimation of the biological 

influence on copper distribution over the entire water column. 

In this study, we present the analysis of dissolved copper profiles from all over the world’s ocean. 

The linearity of DCu concentration with depth is investigated in the 1st section to understand the 

processes shaping this linearity. The distribution of DCu is analysed to study which layer of the water 

column mainly drives the overall linear increase in concentration with depth. In the 2nd section, we 

deconstruct the DCu concentrations in to several components of regenerated, preformed and scavenged 

pools. The influence of each component on the DCu concentration is discussed  over 3 depth layers to 

constrain the variability with depth. 

 

4.2. Copper database 

The copper dataset has been put together using a combination of the Intermediate Data Product 

2017 of the GEOTRACES program (IDP 2017, Schlitzer et al., 2018) and a previous dataset of 

historical published copper observations compiled by E. Bucciarelli (personal communication). A total 

of 6563 individual data points distributed over 383 stations constituted the overall dataset (Annexe, 

Figure 4.1). The observations cover most of the world’s oceans (Atlantic Ocean, Indian Ocean, Pacific 

Ocean and Southern Ocean) and some semi-enclosed seas (Mediterranean Sea and Black Sea). But 

some regions are not covered as the Arctic Ocean and its seas (e.g. Norwegian); moreover, the coverage 

of the Southern Ocean is relatively scarce with few stations covering it and no data from deep water 

mass forming seas such as the Weddell Sea and the Ross Sea. 
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Figure 4.8: Map of the stations constituting the dataset. Red diamonds are representing stations from 

previously published articles while blue diamonds represent stations extracted from the IDP 2017 

where auxiliary parameters (T, S, O2, PO4) are also available. 

 

Other parameters as temperature, salinity, oxygen and phosphate concentration (PO4
3-) used 

through the chapter have been extracted from the IDP 2017 (Schlitzer et al., 2018). These parameters 

were not available for the historical dataset. 

 

4.3. What is the vertical profile of copper? 

The DCu profiles are studied using two statistical tests assessing the linearity of copper distribution 

with depth. First, a Spearman correlation on ranks is performed (due to the non-parametric nature of 

the DCu data) in order to obtain the strength of the correlation between DCu and depth, quantified by 

the Spearman correlation coefficient ρ. This coefficient ranges between -1 and 1; ρ = -1 representing 

an anticorrelation, ρ =0 the absence of correlation and ρ = 1 a positive correlation.. Secondly, a linear 

regression is applied on the logarithm of DCu and logarithm of depth in order to access the slope of 

profile. Both analyses were performed over three depth ranges: the entire water column, the upper 

1000m and from 1000 m to the seafloor (Figure 4.2). This approach was used to discriminate which 

depth layer (shallow or deep) is mainly driving the linearity of the profile. 

Copper displays a linear profile over much of the open ocean, which is predominantly driven by 

deep ocean processes. Over the entire water column, a strong linear correlation is observed in every 

oceanic basin (Figure 4.2a), 72 % of the stations have a ρ > 0.8 (Figure 4.3a). A few notable exceptions 

are observed in some semi-enclosed seas as the Mediterranean, Arabian, Black and Labrador Seas. The 
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Mediterranean and Arabian Sea have a weak linearity due to the surface maximum resulting from dust 

deposition in this region (Jordi et al., 2012; Saager et al., 1992). The Black Sea is a unique environment 

where the surface layer is oxygenated but a strong oxycline is observed around 100 m depth with [O2] 

dropping below 20 μM (Capet et al., 2016). In the anoxic environment, sulphides dominate the redox 

chemistry and remove DCu from the water column through the authigenic formation of copper sulphide 

(CuS). The Black Sea is characterised by elevated DCu concentration in surface waters (> 2 nM) 

followed by a sharp decrease at the oxycline and constant low values at depth (< 0.5 nM). The lack of 

linearity found in the Labrador Sea is discussed further in Chapter 2 of this thesis. Turning to the first 

1000 m, the correlation is weaker in most basins (Figure 4.2b), only 49 % of the stations have a ρ > 0.8 

(Figure 4.3b and Table 4.1). When moving to the deeper profiles (below 1000 m depth), the linearity 

remains very strong compared to the entire water column (Figure 4.2c) with a ρ > 0.8 observed in 69 % 

of stations (Figure 4.3c and Table 4.1). Thus, it appears that the linearity of the DCu profile is mainly 

driven by processes operating deeper than 1000m. 

 

Table 4.1: Percentage of profiles with a correlation coefficient ρ > 0.8 for the entire depth profile, the first 

1000 m and from 1000m to the seafloor. 

All water column Shallow profiles Deep profiles 

72% 49% 69% 
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Figure 4.2: Distribution of the spearman’s rank correlation of the copper profiles  over (a) the entire 

water column (b) the first 1000 m (c) 1000 meters to the seafloor. Notice the colorbar from 0 to 1. 

Distribution of the slope of the logarithm copper profiles  over (d) the entire water column (e) the first 

1000 m (f) 1000 meters to the seafloor. Distribution of the number of datapoints per profiles  over (g) 

the entire water column (h) the first 1000 m (i) 1000 meters to the seafloor. 
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In order to check the for any bias associated with the number of data points, the number of data 

used per station has been plotted in Figure 4.2g, 4.2h and 4.2i. Moreover, the number of datapoints per 

station have been plotted again the spearman correlation coefficient ρ in figure 4.3d, 4.3e and 4.3f. It 

appears from these figures that the number of data points does not drive any trend in the linearity 

coefficient. Features observed in the ρ distribution are therefore likely not an artefact derived from our 

dataset distribution. 

 

 

Figure 4.3: Histograms of the number of station function of their Spearman’s rank correlation 

coefficient (a) in the entire water column (b) within the first 1000 meters (c) deeper than a 1000 meters 

depth. The dashed line is representing the 0 line. And boxplots of the number of datapoints per 

correlation analysis function of the Spearman’s rank correlation coefficient (d) in the entire water 

column (e) within the first 1000 meters (f) deeper than a 1000 meters depth. 

 

A systematic change in slope of the DCu versus depth concentration change is observed between 

oceanic basin for the entire water column, the shallow and the deep strata (Figure 4.2d, 4.2e and 4.2f). 

For the entire water column, the lowest slopes are observed in the North Atlantic with a median of 0.11 

nM km-1 while the most elevated slopes are found in the Equatorial Pacific with 0.34 nM km-1. The 

same pattern is also observed in the shallow and deep layers. Variability in the slope can be explained 

by the dissolved copper distribution. Using four depth layers (0-50 m, 900-1100 m, 2400-2600 m and 
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3900-4100 m depth), Figure 4.4 shows the variation of DCu concentration with depth. In surface (0-50 

m layer), DCu concentrations are relatively homogeneous in every basin (Figure 4.4a), with any surface 

variations observed in regions affected by atmospheric or riverine inputs as discussed previously. 

Within the 900-1100 m layer, DCu concentrations are increasing in every basin and concentrations 

remain relatively similar throughout the ocean. Once we move deeper in the water column (2400-2600m 

and 3900-4100m), then DCu concentrations increase markedly and the variability between basins is 

now more apparent (Figure 4.4). 

 

Figure 4.4: Dissolved copper distribution at 4 depth layers: (a) 0-50 meters depth, (b) 900-1100 m, (c) 

2400-2600 m and (d) 3900-4100 m. Red dashed square are representing the North Atlantic and the 

Equatorial Pacific basins. 

 

Focusing on the two regions with the lowest and highest slope (North Atlantic and Equatorial 

Pacific), Table 4.2 quantises the variation of the median concentration for each the depth layer. In 

surface, Equatorial Pacific has lower median concentration than the North Atlantic, 0.69 nM versus 

1.10 nM, but the interquartile ranges overlap. From the 900-1100 m layer, the trend changes with a 

more elevated median [DCu] in the Pacific than in the Atlantic (Figure 4.4 and Table 4.2). Deeper in 

the water column, the difference between the median concentrations is increasing up to 1.55 nM in the 

3900-4100 m depth layer (Table 4.2). Variability in the slope of DCu enrichment with depth is 

indicating a variability in the intensity in the processes shaping the copper profiles between the different 

oceanic basins at depth. 
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Table 4.2: Table of the median and interquartile range of DCu concentration in the North Atlantic and 

Equatorial Pacific at 4 depth layers (0-50 m, 9000-1100 m, 2400-2600 m, 3900-4100 m). 

 

Overall, the linearity of the copper profile is mainly driven by its deep component, which implies 

that deep processes must shape the linearity of DCu distribution. Moreover, the inter-basins variability 

in DCu concentrations occurs most strongly at depth. Therefore, the following section will be focus on 

the deep layer and on the processes shaping the copper distribution in the open ocean. 

4.4. What processes control the vertical profile of copper? 

4.4.1. Identifying the components of the copper distribution 

To identify which process mainly control the copper distribution in the ocean, the copper profile is 

decomposed in several components as shown in Equation 4.1 and Figure 4.5: 

 

DCu = DCu_Regenerated + DCu_Preformed ± DCu_Scavenged ±DCu_Benthic_Processes (4.1) 

 

With DCu being the total dissolved Cu concentration, DCu_Regenerated being the regenerated Cu 

concentration and the DCu_Preformed being the preformed concentration (as for phosphate). Unique for 

copper is the scavenged concentration (DCu_Scavenged) which can be either positive or negative depending 

on whether the reversible scavenging equilibrium favours adsorption or desorption.  

 

 

Layer Median Iqr Median Iqr

0-50m 1.1 0.41 0.69 0.3

900-1100m 1.21 0.22 1.54 0.11

2400-2600m 1.6 0.27 3.45 0.3

3900-4100m 2.57 0.81 4.12 0.72

North Atlantic Equatorial Pacific
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Figure 4.5: Schematic representation of the components analysis on dissolved copper ocean cycle. 

 

The final component DCu_Benthic_Processes represents concentrations associated with deep sources from 

hydrothermal vents and sediments. As hydrothermalism and sediment inputs are non-significant 

components of the global copper distribution, we simplify Equation 4.1 into Equation 4.2: 

 

DCu = DCu_Regenerated + DCu_Preformed ± DCu_Scavenged (4.2) 

 

 

4.4.2. Estimation of the regenerated components 

The regenerated copper is calculated from Equation 4.3 using the Apparent Oxygen Utilisation 

(AOU) which can be used as a tracer of remineralisation (Ito et al., 2004). To estimate the amount of 

copper release during the remineralisation, the Cu/O2 ratio is needed. In order to access this ratio, the 

ratio C/O2 produced during remineralisation is used, an estimated constant derived from the updated 

Redfield ratio of 117/170 (Anderson and Sarmiento, 1994). The ratio of copper to phosphorus within 

phytoplanktonic cells is required but this ratio is varying according the phytoplankton species (Ho et 

al., 2003), its health and the nutrient availability in the medium (Guo et al., 2012a). High variability has 

previously been observed as reported in the Table 4.3. In order to use the most representative ratio, a 

ratio Cu/C of 10.9 μmol mol-1 will be used (B. Twining pers. comm.).  The ratio corresponds to the 
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geometric mean of 10.9 with a standard error range of 8.2-16.7 μmol mol-1 from a global dataset of 

synchrotron measurements of natural population of phytoplankton. 

DCu_Regenerated = AOU * (C/O2)Redfield * (Cu/C)Phytoplankton  (4.3) 

The Equation 4.4 is used to calculate the percentage of DCu represented by the DCu_Regenerated. If 

%DCu_Regenerated is under 100 %, this means that DCu_Regenerated is smaller than DCu, while if it is over 

100 % it means DCu_Regenerated is higher than the measured DCu (indicating the need for a DCu_Scavenged 

to be negative). 

%DCu_Regenerated = 100 * (DCu_Regenerated / DCu)  (4.4) 

The same calculations have been applied to phosphate in order to compare the influence of regeneration 

between both nutrients (Cu and PO4). The regenerated phosphate component is calculated using the 

updated P/O2 Redfield ratio of 1/170 (Eq.. 4.5, Anderson and Sarmiento, 1994). The percentage of 

regenerated phosphate is calculated with the Equation 4.6. 

PO4_Regenerated = AOU * (P/O2)Redfield  (4.5) 

 

%PO4_Regenerated = 100 * (PO4_Regenerated / PO4)  (4.6) 

Table 4.3: Copper to carbon ratio (μmol mol-1) in phytoplankton in different samples and regions.* 

calculated from the ratio and a C/P ratio of 117 (Anderson and Sarmiento, 1994). 

 

 

Figure 4.6 shows the regenerated copper concentration for 3 depth layers (1000-1500 m, 2500-

3000 and 4000 m to the seafloor) to constrain where the regenerated component is the most affecting 

DCu. In every layer, DCu_Regenerated follows AOU by own definition (Figure 4.6a, 4.6b and 4.6c). Low 

Source Sample Region Cu/C (μmol mol
-1

)

Ho et al., (2003)* Cultures 0.34 - 9.49

Sunda and Hunstman (1995) and reference therein Phytoplankton cells Pacific 4.6 - 5.1

Tovar-Sanchez et al ., (2006) * Phytoplankton cells N. Atlantic 0.9 - 90.4

Twining et al., (2013) * Particles bulk All basins 1.1 - 11.3

Twining et al., (2015) Phytoplankton cells N. Atlantic 4.2 - 33

Twining et al., (2019) Phytoplankton cells Indian 4 to 35
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DCu_Regenerated is observed in the North Atlantic (median of 1.28 nM) while elevated concentrations are 

observed in the North Pacific with a median of 3.37 nM. The North Atlantic water masses are relatively 

young compared to the older North Pacific water masses, which are at the end of the global overturning 

circulation and tend to accumulate regenerated tracers, such as DCu_Regenerated, during their transport 

(Duteil et al., 2012). As expected, the layer 1000-1500 m where most of the remineralisation occurs 

contains the highest DCu_Regenerated while going deeper in the water column, the concentrations are lower 

(Figure 4.6a, 4.6b and 4.6c). In the North Pacific, DCu_Regenerated drops from 3.37 nM in the 1000-1500 

m layer to 2.08 nM in the 4000-bottom layer. 

The percentage of regenerated Cu or PO4
3- is a useful metric to understand the behaviour of 

dissolved copper and how it can be distinct from a major nutrient like phosphate. For instance, 

regenerated phosphate is always less than the total PO4
3- in our datasets  (Figure 4.6g, 4.6h and 4.6i), 

while scavenged elements like iron are known to display regenerated concentrations that exceed 

dissolved measurements (by a few hundred percents, Tagliabue et al., 2019). For copper, 

%DCu_Regenerated values are mainly above 100 % in the 1000-1500 m layer (median: 129 %, iqr: 49 %, 

Figure 4.6d). This indicates the need for a significant internal sink removing the “excess” copper being 

regenerated and explain the observed total DCu. For iron, the important sink has been identified as 

scavenging (Tagliabue et al., 2014). At depth, in the 2500-3000m and 4000m-seafloor layers, 

%DCu_Regenerated are mainly under 100% (median: 55 % with iqr: 17 % and median: 43 % with iqr: 18 

% respectively, Figure 4.6e and 4.6f). Lower %DCu_Regenerated indicates that additional Cu is required to 

explain the observed total DCu concentration. This implies a role for  preformed concentration and/or 

the presence of an additional deep DCu source. 
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Figure 4.6: Distribution of DCu_Regenerated at the depth layer (a) 1000-1500 m, (b) 2500-3000 m and (c) 

4000-bottom. Distribution of the percentage of DCu_Regenerated at the depth layer (d) 1000-1500 m, (e) 

2500-3000 m and (f) 4000-bottom. Distribution of the percentage of regenerated phosphorus at the 

depth layer (g) 1000-1500 m, (h) 2500-3000 m and (i) 4000-bottom. 
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4.4.3. Estimation of preformed copper  

The identification of the non-regenerated copper (preformed + scavenged) is essential to resolve 

the Equation 4.2 which can be rearrange as follow: 

DCu_Preformed + DCu_Scavenged = DCu – DCu_Regenerated  (4.7) 

As the preformed Cu concentration is the concentration transported into the ocean interior by physical 

processes we can use the density of the different deep layers to assess where these waters left the surface 

ocean. We used the potential density σ0 at the upper and lower boundary of each depth layer: 1000-

1500 m, 2500-3000 m and 4000-bottom and the minimum and maximum σ0 observed in each layer are 

identified as represented in Table 4.4. Then, every datapoint where these density potential intervals 

(minimum σ0 to maximum σ0) reach (sub-)surface (< 100 m, from average mixed layer depth from de 

Boyer Montégut et al., 2004) are identified. 

 

Figure 4.7: Density potential σ0 observed in Surface (< 100 meters depth)  within our dataset. 

 

Figure 4.7 shows the potential density σ0 in subsurface (< 100 m) over the global ocean. It shows that 

highest σ0 in surface are at the poles. The maximum σ0 value obtained in subsurface using our dataset 

is 27.5527 kg m-3. As observed in Table 4.4, the minimum σ0 values in the 2500-3000 m and 4000 m-

bottom depth layers are higher than 27.5527 kg m-3 leading to the impossibility to estimate the 
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DCu_Preformed within these depth layers. Unfortunately, our dataset is not sampling in region where the 

potential density reaches elevated values in (sub-)surface. Nevertheless, the DCu_Preformed can be 

calculated for the 1000-1500 m depth layer; a total of 74 datapoints above 100 m are characterised by 

σ0 comprised between 27.0990 and 27.7060 kg m-3. The DCu_Preformed calculated from this depth layer 

are extrapolated to the entire dataset due to the impossibility to calculate specific DCu_Preformed for each 

depth layers. In order to be the most representative, the minimum and maximum have been used after 

removing two outliers (one minimum and one maximum). Values retained for the following analyses 

are 0.85 and 1.87 nM.  

Table 4.4: Minimum and maximum potential density σ0 observed within the 3 depth layers: 1000-1500 

m, 2500-3000 m and 4000 m to the bottom. 

 

The DCu_Preformed estimation presents caveats mainly linked to the absence of discrimination between 

water masses. Indeed, every pure water mass has a unique preformed concentration according their 

region and time of formation. However, in surface waters, DCu concentrations are relatively 

homogeneous around the globe with a median of 1.3 nM with an interquartile range of 0.4 nM. The low 

variability in surface [DCu] implies small variation in DCu_Preformed between water masses. The 

assumption of using a range of DCu_Preformed from only the 1000-1500 m depth layer can therefore be 

accepted confidently. Nevertheless, there is no doubt that more copper data are necessary from water 

masses formation regions in order to obtain better estimates of DCu_Preformed. The Weddell and Ross 

seas are known to be the location of formation of intermediate and deep sea flowing in every oceanic 

basin, but these seas are still under-sampled. To our current knowledge, no study of copper cycle has 

been undertaken in this area of the globe. The difficulties to sample in the Southern Ocean due to the 

extreme meteorological conditions are leading to the lack of available data to better constrain the 

preformed concentrations of copper in our dataset 

  

 

Depth layer Minimum Maximum

1000-1500 m 27.0990 27.7060

2500-3000 m 27.5650 27.7280

4000 m -bottom 27.6000 27.7290

Potential density σ0 (kg m-3)
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4.4.4. Scavenged copper, a sink or a source? 

All the components have now been identified in order to resolve the Equation 4.2; it is possible to 

calculate the scavenged fraction following the Equation 4.8. As stated previously, two values of 

DCu_Preformed have been selected, a minimum and a maximum. As consequence, for each data points, 

two DCu_Scavenged are calculated using both DCu_Preformed values as described in Equation 4.8. 

DCu_Scavenged (min/max) = DCu - DCu_Regenerated - DCu_Preformed (min/max)  (4.8) 

In Figure 4.8, both DCu_Scavenged(min) and DCu_Scavenged(max) values are plotted with depth giving 

an insight on the transition of scavenging from a net sink to a net source of DCu. Assuming the median 

a Cu/C ratio of 10.9, DCu_Scavenged are negative in the first 2000 meters indicating a net sink of DCu via 

the adsorption of DCu on particles where the particles loads are greater. While from 2250m and deeper, 

50 % of the DCu_Scavenged concentrations are positive indicating a net source of DCu from the desorption 

of DCu from sinking particles. Deeper in the water column, reversible scavenging is responsible for 

more than 1 nM of DCu (Figure 4.8a). As previously mentioned, the Cu/C ratio within phytoplankton 

is variable depending on the phytoplanktonic community composition and health. Figure 4.8b and 4.8c 

show the influence of the Cu/C on DCu_Scavenged distribution with depth. The two standard deviation 

values (lower and upper one) of 8.2 and 16.7 μmol mol-1 are used (see section 4.2); variable Cu/C in 

this range is not affecting the overall feature of the DCu_Scavenged distribution (Figure 4.8). With a Cu/C 

ratio of 8.2, the transition from negative to positive values of 50% of the DCu_Scavenged occurs at 2000 

m depth while with a ratio of 16.7, this transition happens at 3750 m depth. The particle composition 

(Cu/C) drives the depth at which reversible scavenging becomes a net source or sink for copper. It is 

also important to notice that a negative DCu_Scavenged value does not mean the absence of desorption of 

DCu from particles, it only indicates that the net budget is going to the adsorption on particles. 

Moreover, considering the cycle of particles mainly driven by vertical processes in the open ocean, the 

increase with depth of DCu_Scavenged from a net negative value to a lower net negative value is showing 

the dominance of desorption over adsorption from a shallower depth than 2250 m. Using Figure 4.8, 

DCu_Scavenged values are increasing below 1000 meters depth demonstrating the shift from adsorption to 

desorption from this depth. 
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Figure 4.8: Boxplots of the DCu_Scavenged function of depth with variable Cu/C ratio of a) 1.28, b) 

0.96 and c) 1.95 μmol mol-1. The black dashed line is indicating the demarcation between negative to 

positive values. 

 

The estimation of the DCu_Regenerated is based on the assumption that only biogenic sinking particles 

are remineralised and non-biogenic particles are not. The use of a unique Cu/C elemental ratio derived 

from phytoplanktonic cell quota might also not represent the actual ratio release during regeneration. 

Indeed, DCu can get scavenged on sinking biogenic particles in (sub-)surface leading to an artificial 

increase of the Cu/C ratio. This scavenged copper being released during the regeneration of the sinking 

biogenic particles, the DCu_Regenerated can be underestimated under certain circumstances. Nevertheless, 
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Noriki et al. (1985) studied the regeneration rate of chemical elements using particles trap in the Funka 

Bay, Japan. They measured a Cu/P of regeneration between 1.2 to 1.7 mmol mol-1 comparable to the 

Cu/P ratio used during this study of 1.28 mmol mol-1, from the Cu/C ratio of 10.9 μmol mol-1 and a C/P 

of 1/117 (Anderson and Sarmiento, 1994). The Cu/C ratio used to calculate the DCu_Regenerated and 

subsequently the DCu_Scavenged is the best estimation currently available but further work will be 

necessary to obtain a more accurate estimate. The impact of copper sinking particles on copper 

biogeochemical cycle is still unknow, studies focusing on the processes affecting these particles are 

needed to constrain their fate. 

4.5. Conclusion 

In this study, we demonstrate the influence of reversible scavenging on copper biogeochemical 

cycle. Analysis of copper profiles demonstrated that copper shows a linear vertical profile in much of 

the ocean. But the slope of the enrichment with depth varies systematically between oceanic basins with 

stronger slope in the Pacific Ocean than in the North Atlantic Ocean. This variability is mainly driven 

by fluctuations of the DCu concentration in the deep ocean highlighting the role of deep ocean processes 

in shaping copper vertical distribution. 

We applied a diagnostic framework to study the various components explaining the copper distribution. 

Copper profiles result from a combination of regenerated, preformed and reversibly scavenged pools. 

Regenerated copper dominates the copper cycle between 1000-1500 m depth layer where it represents 

more than 100 % of the total DCu concentration. Deeper in the water column, the proportion of 

regenerated copper decreases to lower values below 50 %. The scavenging component shows a clear 

switch at 2250 m depth from positive values to negative ones demonstrating the transition of scavenging 

from a net copper sink to a net copper source in depth. Moreover, the predominance of the desorption 

from particles over the adsorption on particles is observable from 1000 m where the DCu_Scavenged proxy 

is increasing with depth. This study brings new highlight on the copper cycle in the open ocean with a 

new perspective on the role of reversible scavenging on shaping it. However, additional work need to 

be accomplished to better constrain the preformed component, future sampling campaigns in water 

mass forming region will be required to obtain more accurate estimates. 
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5. Chapter 5: Summary and future work 

 

5.1. Summary of the thesis 

 

In this thesis, we explored the copper biogeochemical cycle in the open ocean with a focus on the 

North Atlantic. In Chapter 4, the vertical distribution of dissolved copper (DCu) have been studied 

using a global compilation of data. The DCu profiles were mainly linearly increasing with depth through 

all the oceanic basins. However, a systematic variation in slope was observable between basins, from 

low in the North Atlantic to high in the Equatorial Pacific. Variability in slope was driven by variation 

in DCu concentrations at depth with elevated concentrations in the Equatorial Pacific and low 

concentrations in the North Atlantic.  

The role of organic ligands in controlling the dissolved copper distribution was examined in Chapter 2 

and 3. The stabilisation of DCu through complexation with organic ligands has been demonstrated in 

the North Atlantic. The correlation between ligand and DCu concentrations in the entire column reveals 

the control of the copper distribution by the ligands. 

In Chapter 3, the interaction between DCu and ligands was investigated in the North Atlantic along the 

Mid-Atlantic ridge. At hydrothermal sites, the absence of enough ligands to complex the newly 

introduced hydrothermal copper led to the absence of copper signal within the plume. Elevated 

concentrations of DCu were removed through scavenging on particles and/or authigenic formation of 

chalcopyrite (CuS). Hydrothermal activity was in consequence not a significant source of DCu and 

copper-ligands in the deep ocean. 

The impact of reversible scavenging on copper vertical distribution was studied in Chapters 2 and 4. 

Chapter 2 focussed on the North Atlantic studying two contrasted region for DCu distribution. The East 

Atlantic Basin (EAB) had a classic linear increase of DCu concentrations with depth while the Arctic 

basins (Labrador and Irminger) showed homogeneous concentrations with depth. The variability 

between basins was driven by ligand concentrations and particle composition. Increases in DCu at depth 

in the EAB were associated with elevated ligand concentrations while in the Arctic basins, the ligand 

concentrations were homogeneous with depth. Moreover, variation in authigenic particle contributions 

were observed between basins; authigenic particle concentrations were higher in the EAB than in the 

other basins. Elevated concentrations of authigenic particles resulted from an intense reversible 
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scavenging in the EAB, while this process was less intense in the Arctic basins. In Chapter 2, the effect 

of reversible scavenging on copper cycle has been for the first time demonstrated with natural samples. 

Reversible scavenging has been studied in a global compilation  of data in Chapter 4 using a diagnostic 

framework analysing various components explaining the copper distribution, namely the regenerated, 

preformed and scavenged components. It shows that regenerated fraction accounted for more than 100 

% of the total DCu in the 1000-1500 depth layer. Analysis of the scavenged component showed a switch 

from negative to positive values at a depth around 2250 m depth. The transition of scavenging from a 

sink of DCu to a source of DCu highlight the predominant role of reversible scavenging in shaping 

copper distribution. This confirms the conclusion established for Chapter 2 concerning the source of 

elevated DCu concentrations in the EAB. Chapters 2 and 4 both demonstrate the effect of reversible 

scavenging on copper biogeochemical cycle in the ocean.  

 

5.2. Suggestion for future studies  

 

In this thesis, the combination of reversible scavenging and organic speciation has been identified 

as the main drivers of the copper biogeochemical cycle; nevertheless, many uncertainties remain. 

Reversible scavenging needs to be better understood, especially the processes triggering the switch 

from scavenging as a sink to a source of copper. It is essential to comprehend why copper is so different 

to the other trace elements and the underlying reasons to its sensitivity to reversible scavenging. Copper 

is not the only trace metal affected by reversible scavenging (e.g. iron) but it is the only non-radioactive 

to our knowledge having its distribution driven by it. To understand the reversible scavenging, focussed 

studies on this process are required either designed experiments or using natural samples. The most 

effective way to study reversible scavenging will be an in-depth understanding of the interactions and 

exchanges between the dissolved, colloidal and particulate phases. Little is known about the interaction 

between dissolved on particulate copper; to our knowledge, Chapter 2 of this thesis is one of the first 

study combining DCu and PCu data. Moreover, colloidal copper data are still scarce for the open ocean. 

The difficulties in measuring colloidal copper have tampered its study. Indeed, filters usually used for 

colloid filtrations contains elevated concentrations of copper leading to high blanks. It is necessary to 

improve our knowledge on the distribution of colloids through the water column in the open ocean. The 
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understanding of dissolved/colloid/particles interactions will reveal the parameters driving the 

reversible scavenging. 

The copper ligand cycle in the ocean is still widely unknown. A better definition of ligand structures is 

needed to answer it. Currently, the extreme complexities of ligands characterisation creates a lot of 

uncertainties. The development of complementary analytical methods such as pseudo-polarography and 

LC-ICPMS are necessary to comprehend their complexities. A better characterisation of these organic 

compounds will help to grasp their chemical-physical properties and interaction with trace elements 

and especially copper. Moreover, the interaction between metals and organic ligands requires more 

understanding. Some ligands classes are known to bind multiple trace metals, e.g. humic substances or 

thiols binding iron and copper. But do iron and copper bind the same species or different species? 

Humic substances and thiols are diverse and complex classes of ligand, some of them could bind one 

element when others bind another one. The possibility for ligands to bind several trace elements could 

explain why ligands are always observed in excess compared to DCu. 

Concerning the hydrothermal influence on copper cycle in the open ocean, some focussed studies are 

necessary to understand the fate of copper from the pure fluid to the buoyant plume and non-buoyant 

plume. The interaction between chemical and physical speciation is currently unknown in the close 

vicinity of hydrothermal vents. 
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Appendix 

 

Appendix 1: DCu, PCu, Cu2+, ligands concentrations and stability constant at all stations 

of GEOVIDE. Errors of DCu and PCu are the standard deviation of measurements. 

Errors of speciation parameters are the analysis of titrations errors. 

 

Statio

n [#] 
LATITUD

E [°N] 

LONGITUD

E [°E] 

Pressur

e [db] 

DCu 

[nM

] 

erro

r 

[nM] 

L 

[nM

] 

erro

r 

[nM] 

Log

K 

erro

r 

Cu2+ 

[fM] 

PCu 

[nM] 

erro

r 

[pM] 

1 40.33 -10.04 3578.50 1.97 0.34      66.01 6.41 

1 40.33 -10.04 3250.20 2.67 0.37      14.17 2.56 

1 40.33 -10.04 3001.30 2.20 0.43      5.88 2.49 

1 40.33 -10.04 2500.10 1.44 0.08        
1 40.33 -10.04 2000.60 1.41 0.20 2.85 0.31 13.20 0.13 61.71   
1 40.33 -10.04 1799.90 1.76 0.25 3.24 0.33 13.22 0.12 71.05   
1 40.33 -10.04 1600.20 1.62 0.23 2.16 0.21 13.55 0.18 82.96 6.42 2.25 

1 40.33 -10.04 1399.70 1.62 0.23 3.50 0.21 13.25 0.08 47.89   
1 40.33 -10.04 1197.70 1.22 0.17      46.83 4.14 

1 40.33 -10.04 1000.20 1.76 0.25 3.85 0.53 12.61 0.16 206.34   
1 40.33 -10.04 898.00 1.49 0.21 3.44 0.14 13.39 0.17 30.95 6.07 3.96 

1 
40.33 -10.04 799.70 1.35 0.19 1.36 0.22 13.41 0.31 

1706.4

7 
12.81 

1.65 

1 40.33 -10.04 699.60 1.37 0.19        
1 40.33 -10.04 594.70 1.52 0.21 2.37 0.50 13.03 0.24 164.52 13.67 1.88 

1 40.33 -10.04 506.00 1.43 0.20 4.25 0.17 13.33 0.13 23.54 28.50 3.29 

1 40.33 -10.04 390.00 1.43 0.20      16.37 2.19 

1 40.33 -10.04 302.80 0.90 0.13 3.32 0.18 13.14 0.13 27.00 5.80 1.05 

1 40.33 -10.04 202.50 0.78 0.11 3.10 0.20 13.14 0.18 24.19   
1 40.33 -10.04 152.20 0.87 0.12 3.22 0.11 13.14 0.08 27.07 8.93 1.03 

1 40.33 -10.04 102.50 0.96 0.13      12.33 1.42 

1 40.33 -10.04 81.40 0.87 0.12 2.75 0.13 13.18 0.14 30.67   
1 40.33 -10.04 60.40 0.93 0.13 3.33 0.20 13.20 0.16 24.18   
1 40.33 -10.04 21.00 1.10 0.32        

2 
40.33 -9.46 138.10 0.62 0.02      

220.0

6 

24.6

5 

2 40.33 -9.46 120.30 0.61 0.02      24.43 2.83 

2 40.33 -9.46 99.90 0.68 0.03      14.66 1.64 

2 40.33 -9.46 75.60 0.69 0.03      25.67 2.53 

2 40.33 -9.46 50.60 0.81 0.03      20.93 1.62 

2 40.33 -9.46 36.90 0.63 0.03      18.55 2.12 

2 40.33 -9.46 19.40 0.77 0.03      35.02 3.71 

4 40.33 -9.77 800.00 1.00 0.16      20.26 2.76 

4 40.33 -9.77 700.90 1.04 0.02      15.37 1.97 

4 40.33 -9.77 601.30 0.98 0.02      17.16 2.22 

4 40.33 -9.77 500.10 0.92 0.11      21.28 2.27 

4 40.33 -9.77 401.70 0.81 0.03      19.70 2.40 

4 40.33 -9.77 302.40 0.90 0.04      19.37 2.58 

4 40.33 -9.77 201.30 0.77 0.03      14.43 1.60 

4 40.33 -9.77 150.30 0.77 0.03      14.48 1.78 

4 40.33 -9.77 72.00 0.81 0.03      9.84 1.21 

4 40.33 -9.77 39.70 0.72 0.03      6.83 0.92 

4 40.33 -9.77 21.30 1.09 0.04      0.00 0.97 

11 40.33 -12.22 5347.90 1.84 0.09      53.46 4.15 

11 40.33 -12.22 4999.40 2.66 0.13        
11 40.33 -12.22 4000.70 2.47 0.12      8.61 1.23 

11 40.33 -12.22 3500.20 2.28 0.11      0.00  
11 40.33 -12.22 2998.00 0.16 0.23      7.30 1.13 

11 40.33 -12.22 2500.10 1.82 0.09        
11 

40.33 -12.22 2000.40 1.04 0.05      
189.9

1 

17.0

6 

11 40.33 -12.22 1801.00 1.56 0.07        
11 40.33 -12.22 1600.20 1.55 0.07        
11 40.33 -12.22 1200.90 1.30 0.06        
11 40.33 -12.22 1001.10 1.06 0.05      7.03 1.35 

11 40.33 -12.22 800.40 1.26 0.06      5.26 0.75 

11 40.33 -12.22 701.20 1.15 0.05      7.26 1.20 

11 40.33 -12.22 501.10 1.21 0.06      16.59 2.06 
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11 40.33 -12.22 200.50 1.04 0.05      6.66 0.95 

11 40.33 -12.22 101.00 0.96 0.05      9.59 1.01 

11 40.33 -12.22 80.40 0.98 0.05      22.40 1.99 

11 40.33 -12.22 54.00 0.92 0.04        
11 40.33 -12.22 25.40 0.83 0.12      12.07 1.70 

11 40.33 -12.22 14.90 0.11 0.01      17.31 2.02 

13 41.38 -13.89 5436.90 2.72 0.20 5.14 0.85 12.74 0.15 204.01 61.44 4.89 

13 41.38 -13.89 4999.40 3.05 0.18 7.47 1.04 12.67 0.11 146.06 13.29 5.26 

13 41.38 -13.89 4001.20 2.67 0.15 4.86 0.63 12.93 0.13 141.51 16.57 1.94 

   3500.00 2.56 0.11 2.66 0.38 13.36 0.30 978.09 18.16 2.30 

13 41.38 -13.89 2501.40 1.52 0.14 2.81 0.43 13.03 0.17 108.29 27.03 2.92 

13 41.38 -13.89 1999.90 0.83 0.05      22.71 2.61 

13 41.38 -13.89 1500.60 0.81 0.06 3.08 0.20 13.31 0.24 17.66 49.52 4.00 

13 41.38 -13.89 1201.10 1.51 0.12 3.23 0.18 13.20 0.16 55.63 19.12 2.59 

13 41.38 -13.89 1000.60 1.44 0.15 3.79 0.16 13.12 0.10 46.95 16.55 2.19 

13 41.38 -13.89 800.30        27.70 2.89 

13 41.38 -13.89 601.20 0.94 0.03 4.78 0.58 12.81 0.15  26.01 2.74 

13 41.38 -13.89 500.60 0.90 0.11 8.28 1.66 12.54 0.12 34.90 26.97 3.70 

13 41.38 -13.89 400.60 1.10 0.13 5.75 1.68 12.87 0.21 32.15   
13 41.38 -13.89 300.60 1.08 0.13 5.08 0.78 12.84 0.11 39.11 16.94 2.55 

13 41.38 -13.89 201.00 1.23 0.14 4.33 0.48 13.02 0.09 37.71 21.38 2.42 

13 41.38 -13.89 150.80 0.95 0.11 3.27 0.76 12.83 0.18 60.59 25.79 2.59 

13 41.38 -13.89 101.00 0.87 0.10 1.69 0.39 13.03 0.23 99.21 45.84 4.06 

13 41.38 -13.89 75.40 0.90 0.11 2.34 0.62 12.92 0.24 75.27 31.41 2.78 

13 41.38 -13.89 51.20 0.82 0.10 2.06 0.47 12.84 0.19 96.39 25.87 2.51 

13 41.38 -13.89 30.70 0.94 0.11 2.89 0.95 12.94 0.29 55.63   
13 41.38 -13.89 11.10 0.82 0.10 1.51 0.38 12.95 0.26 134.06 17.18 2.11 

15 42.58 -15.46 5120.80 2.09 0.12      46.30 4.91 

15 42.58 -15.46 5000.50 2.54 0.15      11.46 1.77 

15 42.58 -15.46 4001.00 2.35 0.14      16.80 2.28 

15 42.58 -15.46 3000.60 2.11 0.12      21.50 2.26 

15 42.58 -15.46 2500.60 1.97 0.11      13.56 1.48 

15 42.58 -15.46 2000.50 1.39 0.08      15.98 1.97 

15 42.58 -15.46 1800.50 1.02 0.06      61.73 5.21 

15 42.58 -15.46 1600.20 1.49 0.09        
15 42.58 -15.46 1399.60 1.43 0.08      9.76 1.17 

15 42.58 -15.46 1100.50 1.24 0.07      33.12 2.87 

15 42.58 -15.46 999.60 1.33 0.08      13.81 1.77 

15 42.58 -15.46 800.40 1.09 0.06      13.14 2.06 

15 42.58 -15.46 650.50 1.33 0.08      18.56 2.15 

15 42.58 -15.46 500.80 1.20 0.07        
15 42.58 -15.46 400.30 1.06 0.06      17.48 2.22 

15 42.58 -15.46 300.10 1.12 0.06      24.93 2.99 

15 42.58 -15.46 100.10 1.01 0.06      24.53 2.97 

15 42.58 -15.46 70.50 0.94 0.05      33.96 3.84 

15 42.58 -15.46 60.30 1.03 0.06      24.57 3.03 

15 42.58 -15.46 49.80 1.01 0.06      24.61 2.73 

15 42.58 -15.46 29.90 0.88 0.05      36.67 3.49 

15 42.58 -15.46 19.90 1.20 0.07      29.14 2.87 

17 43.78 -17.03 4061.70        48.80 4.96 

17 43.78 -17.03 3500.50 3.52 0.17      13.51 1.47 

17 43.78 -17.03 3000.10 3.63 0.17      12.63 1.53 

17 43.78 -17.03 2500.00 2.91 0.14      12.24 1.77 

17 43.78 -17.03 2001.10        9.61 1.26 

17 43.78 -17.03 1800.50        10.02 1.26 

17 43.78 -17.03 1600.30 2.94 0.14      47.26 4.32 

17 43.78 -17.03 1400.50 3.25 0.15      8.69 1.12 

17 43.78 -17.03 1200.60 2.84 0.14      10.37 1.23 

17 43.78 -17.03 1000.30 2.09 0.10      17.23 1.96 

17 43.78 -17.03 799.90 2.56 0.12      13.29 2.00 

17 43.78 -17.03 600.40 2.94 0.14      18.83 2.25 

17 43.78 -17.03 500.30 2.31 0.11      11.88 1.85 

17 43.78 -17.03 399.20 1.96 0.09      16.50 1.83 

17 43.78 -17.03 351.20 2.22 0.11      13.67 1.61 

17 43.78 -17.03 200.30 1.84 0.09      12.81 2.42 

17 43.78 -17.03 100.00 2.09 0.10      11.14 1.52 

17 43.78 -17.03 69.60 1.92 0.09      16.21 1.56 

17 43.78 -17.03 60.80 1.62 0.08      28.30 2.91 

17 43.78 -17.03 44.70 2.62 0.12      22.04 2.60 

17 43.78 -17.03 30.20 2.21 0.11      29.64 3.58 

17 43.78 -17.03 14.80 1.31 0.06      36.25 3.74 

19 45.05 -18.51 4625.00 3.66 0.21      47.40 3.16 

19 45.05 -18.51 3999.20 3.96 0.24      12.89 1.54 

19 45.05 -18.51 3000.80 3.65 0.21      12.42 3.52 

19 45.05 -18.51 2500.80 2.99 0.17      7.71 0.90 

19 45.05 -18.51 2250.80 2.04 0.12        
19 45.05 -18.51 2000.70 1.96 0.11        
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19 45.05 -18.51 1801.30 1.56 0.09      58.99 6.08 

19 45.05 -18.51 1601.20 1.96 0.11      11.81 1.56 

19 45.05 -18.51 1402.50 1.60 0.09      12.38 1.73 

19 45.05 -18.51 1200.90 1.68 0.09      19.71 1.64 

19 45.05 -18.51 1001.20 1.69 0.10      16.05 1.78 

19 45.05 -18.51 800.80 1.68 0.10      15.57 1.86 

19 45.05 -18.51 600.60 1.65 0.10      11.10 1.73 

19 45.05 -18.51 500.40 1.54 0.09      14.02 1.55 

19 45.05 -18.51 400.80 1.47 0.09      15.67 1.98 

19 45.05 -18.51 300.90 1.56 0.09      15.51 2.07 

19 45.05 -18.51 201.30 1.39 0.08      15.66 2.00 

19 45.05 -18.51 100.30 1.47 0.09      24.72 2.65 

19 45.05 -18.51 50.70 1.31 0.08      25.51 2.68 

19 45.05 -18.51 40.70 1.29 0.07      23.05 2.61 

19 45.05 -18.51 30.40 1.39 0.08      27.55 3.20 

19 45.05 -18.51 20.50 1.63 0.09      11.29 1.59 

21 46.54 -19.67 4592.00 3.26 0.13 6.43 0.82 12.92 0.13 123.41 42.52 3.66 

21 46.54 -19.67 4500.40 4.98 0.20 6.49 0.23 13.53 0.08 96.10 23.68 3.35 

21 46.54 -19.67 3499.40 3.36 0.14 5.16 0.55 13.47 0.18 62.58 17.66 2.44 

21 46.54 -19.67 3000.40 2.29 0.09 4.43 0.48 13.38 0.14 44.00 16.08 2.57 

21 46.54 -19.67 2800.20 1.93 0.08 3.54 0.37 13.46 0.16 41.12 31.32 3.30 

21 46.54 -19.67 2300.20 2.05 0.08 5.60 0.77 13.22 0.14 34.88 17.89 2.48 

21 46.54 -19.67 2001.60 1.55 0.06 3.36 0.44 13.35 0.16 37.96 42.15 4.03 

21 46.54 -19.67 1500.00 1.97 0.08 4.22 0.40 13.35 0.11 38.69 23.30 2.80 

21 46.54 -19.67 1250.40 1.70 0.07 3.05 0.27 13.43 0.13 46.32 18.94 2.14 

21 46.54 -19.67 999.90 1.67 0.07 3.68 0.44 13.27 0.14 44.07 19.69 2.26 

21 46.54 -19.67 799.80 1.77 0.07 3.75 0.41 13.40 0.13 35.11 21.28 2.56 

21 46.54 -19.67 700.40 1.29 0.05 2.82 0.28 13.09 0.10 67.95 58.68 6.32 

21 46.54 -19.67 599.50 1.25 0.05 2.92 0.35 13.23 0.13 43.61 23.38 2.62 

21 46.54 -19.67 500.50 1.43 0.06 4.09 0.35 13.08 0.08 44.72 14.10 1.64 

21 46.54 -19.67 400.40 1.27 0.05 2.51 0.28 13.49 0.15 32.69 26.14 2.39 

21 46.54 -19.67 299.90 1.26 0.05 3.02 0.41 13.18 0.15 46.95 28.88 2.86 

21 46.54 -19.67 200.00 1.56 0.06 3.15 0.41 13.39 0.18 39.46 21.27 2.60 

21 46.54 -19.67 99.80 1.17 0.05 3.57 0.54 12.93 0.14 56.58 44.35 3.87 

21 46.54 -19.67 79.80 1.26 0.05 3.24 0.48 13.05 0.14 56.09 32.91 3.02 

21 46.54 -19.67 49.30 1.30 0.05 2.32 0.31 13.26 0.17 69.34 33.00 3.04 

21 46.54 -19.67 29.90 1.14 0.05 2.49 0.44 13.01 0.17 82.22 43.09 3.81 

21 46.54 -19.67 19.20 0.91 0.04      37.99 4.09 

23 48.04 -20.85 4526.90 2.60 0.11        
23 48.04 -20.85 4000.20 2.76 0.11      14.89 1.84 

23 48.04 -20.85 3500.50 2.91 0.12      13.91 1.92 

23 48.04 -20.85 3000.00 2.63 0.11      12.58 1.70 

23 48.04 -20.85 2300.40 1.50 0.06      49.55 4.53 

23 48.04 -20.85 2000.10 0.01 0.00      14.07 2.12 

23 48.04 -20.85 1800.80 1.70 0.07      19.32 2.23 

23 48.04 -20.85 1601.00 1.93 0.08      16.57 2.14 

23 48.04 -20.85 1400.90 1.68 0.07      19.70 2.63 

23 48.04 -20.85 1200.70 0.01 0.00      15.78 2.13 

23 48.04 -20.85 799.80 1.49 0.06      16.02 2.24 

23 48.04 -20.85 600.00 1.51 0.06        
23 48.04 -20.85 400.30 1.49 0.06      12.76 1.46 

23 48.04 -20.85 200.30 1.40 0.06      13.10 1.76 

23 48.04 -20.85 100.50 1.37 0.06      36.71 5.62 

23 48.04 -20.85 70.10 1.31 0.05      32.05 2.87 

23 48.04 -20.85 60.10 1.23 0.05      43.79 3.67 

23 48.04 -20.85 50.10 1.17 0.05        
23 48.04 -20.85 40.10 1.19 0.05      46.51 4.61 

23 48.04 -20.85 29.60 1.27 0.05      75.43 8.99 

23 48.04 -20.85 20.10 1.22 0.05      71.62 7.93 

25 49.53 -22.02 4269.50 3.27 0.11      57.23 4.79 

25 49.53 -22.02 4001.00 3.33 0.11      31.17 3.56 

25 49.53 -22.02 3499.80 2.81 0.10      20.76 2.40 

25 49.53 -22.02 3001.70 2.14 0.07      15.69 2.19 

25 49.53 -22.02 2601.20 1.68 0.06      38.11 3.59 

25 49.53 -22.02 2000.80 1.75 0.06      13.32 1.81 

25 49.53 -22.02 1800.90 1.40 0.05      38.47 3.35 

25 49.53 -22.02 1599.40 1.92 0.07      15.70 2.35 

25 49.53 -22.02 1402.30 1.73 0.06      17.23 1.98 

25 49.53 -22.02 1200.40 1.56 0.05      18.29 2.46 

25 49.53 -22.02 1001.00 1.76 0.06      17.37 2.12 

25 49.53 -22.02 800.20 1.56 0.05      15.04 1.83 

25 49.53 -22.02 650.00 1.41 0.05      12.63 1.53 

25 49.53 -22.02 499.60 1.56 0.05      10.55 1.33 

25 49.53 -22.02 349.30 1.26 0.04      0.00 0.61 

25 49.53 -22.02 200.10 1.54 0.05      9.74 1.16 

25 49.53 -22.02 100.30 1.26 0.04      12.47 2.26 

25 49.53 -22.02 74.60 1.34 0.05      34.18 3.17 
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25 49.53 -22.02 49.30 1.24 0.04      36.61 2.92 

25 49.53 -22.02 35.10 0.00 0.00      31.08 3.23 

25 49.53 -22.02 25.30 1.16 0.04      55.42 5.34 

25 49.53 -22.02 14.20 1.40 0.05      43.69 6.22 

26 
50.28 -22.60 4192.20 2.28 0.02      

117.6

2 

10.1

9 

26 50.28 -22.60 4000.30 2.57 0.02       
 

26 50.28 -22.60 2999.70 1.74 0.01      11.67 1.30 

26 50.28 -22.60 2299.90 1.51 0.01      10.63 1.56 

26 50.28 -22.60 2000.30 1.23 0.01      30.79 1.80 

26 50.28 -22.60 1599.80 1.26 0.01      15.95 2.29 

26 50.28 -22.60 1400.30 1.02 0.01      39.07 3.02 

26 50.28 -22.60 1200.10 1.41 0.01      18.99 2.12 

26 50.28 -22.60 1000.40 1.28 0.01      15.02 1.75 

26 50.28 -22.60 900.70 1.33 0.01      17.29 1.92 

26 50.28 -22.60 749.70 1.31 0.01      17.03 2.01 

26 50.28 -22.60 600.10 1.25 0.01      15.74 1.67 

26 50.28 -22.60 500.50 1.12 0.13      13.06 1.79 

26 50.28 -22.60 400.00 1.05 0.12      11.33 1.66 

26 50.28 -22.60 300.00 1.16 0.04      9.22 1.10 

26 50.28 -22.60 200.70 1.39 0.01      21.52 1.95 

26 50.28 -22.60 151.00 1.33 0.01      8.49 1.10 

26 50.28 -22.60 98.20 1.31 0.01      14.98 1.23 

26 50.28 -22.60 70.00 1.17 0.04        
26 50.28 -22.60 50.20 1.23 0.01      47.43 4.35 

26 50.28 -22.60 34.70 1.23 0.01      42.83 3.38 

26 50.28 -22.60 20.20 1.28 0.01      54.67 4.78 

29 53.02 -24.75 3584.00 2.32 0.01      74.87 7.82 

29 53.02 -24.75 3000.10 1.80 0.00      14.05 1.59 

29 53.02 -24.75 2501.00 1.53 0.02      14.45 1.81 

29 53.02 -24.75 1999.90 1.40 0.03      15.99 1.80 

29 53.02 -24.75 1800.00 1.38 0.03      28.54 2.53 

29 53.02 -24.75 1601.30 1.43 0.01      19.98 2.19 

29 53.02 -24.75 1399.40 1.38 0.04      44.85 3.76 

29 53.02 -24.75 1199.10 1.48 0.00      18.45 2.44 

29 53.02 -24.75 1099.50 1.40 0.01      17.94 2.00 

29 53.02 -24.75 899.70 1.38 0.01      19.01 2.29 

29 53.02 -24.75 799.10 1.28 0.01      29.16 3.67 

29 53.02 -24.75 599.70        20.44 2.16 

29 53.02 -24.75 500.20 1.27 0.01      17.87 2.07 

29 53.02 -24.75 401.40 1.26 0.01      17.70 2.00 

29 53.02 -24.75 300.80 1.37 0.01      24.86 2.29 

29 53.02 -24.75 200.30 1.18 0.01      12.52 1.44 

29 53.02 -24.75 150.40 1.19 0.01      22.51 1.86 

29 53.02 -24.75 100.10 1.18 0.01      33.16 2.77 

29 53.02 -24.75 76.00 1.12 0.01      30.62 2.44 

29 53.02 -24.75 50.70 1.12 0.01      41.00 3.14 

29 53.02 -24.75 25.10 1.10 0.01      50.87 4.15 

29 53.02 -24.75 15.00 1.15 0.01      43.62 3.60 

32 
55.51 -26.70 3271.60 1.75 0.07 2.80 0.13 13.75 0.08 29.75 

117.0

5 

11.5

9 

32 55.51 -26.70 3000.00 1.86 0.07 4.84 0.45 13.13 0.10 45.86 28.12 3.03 

32 55.51 -26.70 2801.60 1.59 0.06 4.17 0.43 13.18 0.10 40.51   
32 55.51 -26.70 2500.90 1.61 0.06      14.31 1.77 

32 55.51 -26.70 2250.60 1.55 0.06 2.78 0.21 13.39 0.10 51.49 0.00  
32 55.51 -26.70 2001.40 1.59 0.06 3.46 0.22 13.27 0.07 45.15 30.67 3.33 

32 55.51 -26.70 1701.80 1.29 0.05 3.81 0.41 13.14 0.10 37.10 23.64 2.59 

32 55.51 -26.70 1552.10 1.50 0.06 3.64 0.27 13.42 0.08 26.29 36.96 3.72 

32 55.51 -26.70 1400.40 1.45 0.06 2.02 0.08 13.89 0.08 32.88   
32 55.51 -26.70 1200.50 1.42 0.06 2.49 0.29 13.58 0.17 35.14 22.96 3.09 

32 55.51 -26.70 1001.40 1.41 0.06      23.07 2.74 

32 55.51 -26.70 801.40 1.46 0.06 3.99 0.47 13.38 0.12 23.97 33.74 3.05 

32 55.51 -26.70 698.40 1.32 0.05 3.41 0.48 13.04 0.12 57.14   
32 55.51 -26.70 601.90 1.27 0.04 4.37 0.37 12.97 0.07 43.62 37.61 3.53 

32 55.51 -26.70 450.60 1.25 0.04 4.22 0.30 13.15 0.07 29.63   
32 55.51 -26.70 379.90 1.39 0.05 3.31 0.27 13.15 0.08 50.80   
32 55.51 -26.70 300.80 1.31 0.05 3.37 0.26 13.24 0.08 36.54 5.30 2.36 

32 55.51 -26.70 200.40 1.19 0.04 3.78 0.48 13.17 0.12 30.72 21.17 1.91 

32 55.51 -26.70 101.60 1.06 0.03 2.97 0.28 13.26 0.09 30.20 39.09 3.57 

32 55.51 -26.70 51.70 0.93 0.03 4.67 0.68 12.95 0.11 27.93 12.94 1.54 

32 55.51 -26.70 26.10 1.10 0.04 3.86 0.45 12.96 0.09 43.57 56.89 4.90 

32 55.51 -26.70 15.80 1.19 0.05 4.07 0.30 13.04 0.06 37.58 22.28 2.21 

34 57.00 -27.88 2776.90 1.86 0.10      45.05 3.99 

34 57.00 -27.88 2601.60 1.87 0.10      24.01 2.90 

34 57.00 -27.88 2600.70 1.74 0.10      6.52 1.46 

34 57.00 -27.88 2400.00 1.28 0.09      14.65 1.67 

34 57.00 -27.88 2101.10 1.24 0.09      18.79 2.05 
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34 57.00 -27.88 1800.80 1.15 0.08      18.54 1.97 

34 57.00 -27.88 1600.90 1.41 0.08      35.53 3.12 

34 57.00 -27.88 1400.80 1.49 0.08      22.32 2.40 

34 57.00 -27.88 1200.60 1.46 0.08      19.90 2.15 

34 57.00 -27.88 1000.90        22.01 2.67 

34 57.00 -27.88 850.80 1.48 0.13      31.78 3.37 

34 57.00 -27.88 700.20 1.41 0.12      20.84 2.79 

34 57.00 -27.88 601.00 1.42 0.12      18.22 2.02 

34 57.00 -27.88 450.10 1.37 0.12      21.20 2.42 

34 57.00 -27.88 380.40 1.30 0.11      17.36 2.08 

34 57.00 -27.88 300.80 1.28 0.11      25.70 2.33 

34 57.00 -27.88 200.60 1.29 0.11      27.95 2.38 

34 57.00 -27.88 101.10 1.36 0.12      24.61 2.45 

34 57.00 -27.88 60.90 1.31 0.11      36.12 2.90 

34 
57.00 -27.88 46.10 0.22 0.02      

876.1

2 

89.1

6 

34 57.00 -27.88 29.00 1.22 0.10      60.48 4.92 

34 57.00 -27.88 11.10 1.39 0.12      38.57 3.35 

36 58.21 -29.72 2244.70 1.30 0.09      47.90 5.40 

36 58.21 -29.72 1799.80 1.20 0.09      17.26 2.15 

36 58.21 -29.72 1499.70 1.10 0.08      13.10 1.55 

36 58.21 -29.72 1218.60 1.18 0.09      16.71 1.90 

36 58.21 -29.72 849.00 1.17 0.08      15.46 1.94 

36 58.21 -29.72 499.20 1.27 0.09      39.58 4.10 

36 58.21 -29.72 249.40 0.90 0.06      23.54 2.87 

36 58.21 -29.72 124.70 0.85 0.06      5.94 4.68 

36 58.21 -29.72 69.30 0.95 0.07      51.84 4.61 

36 58.21 -29.72 39.40 0.85 0.06      44.25 4.15 

36 58.21 -29.72 20.60 0.87 0.06      45.21 3.99 

38 58.84 -31.27 1353.80 1.23 0.09 2.43 0.15 13.46 0.08 35.23 48.21 5.58 

38 58.84 -31.27 1300.70 1.10 0.08 7.72 0.15 12.67 0.12 35.79 37.88 4.59 

38 58.84 -31.27 1162.70 0.99 0.07 5.08 0.75 12.96 0.11 26.40 32.42 4.04 

38 58.84 -31.27 1001.30 1.11 0.08 3.61 0.29 13.15 0.07 31.21 22.41 2.99 

38 58.84 -31.27 950.60 1.03 0.07 3.57 0.29 13.06 0.07 34.98 24.66 5.42 

38 58.84 -31.27 800.60 1.17 0.08 3.14 0.23 13.30 0.07 29.57 10.99 4.69 

38 58.84 -31.27 650.60 1.01 0.07      8.96 5.66 

38 58.84 -31.27 574.70 0.90 0.06 3.53 0.42 12.94 0.10 39.47 16.51 2.07 

38 58.84 -31.27 499.90 1.00 0.07 3.14 0.32 13.29 0.10 24.02 14.37 2.47 

38 58.84 -31.27 400.90 0.80 0.06 3.95 0.57 12.91 0.11 31.31 19.17 2.67 

38 58.84 -31.27 300.40 1.01 0.07 5.65 0.68 12.70 0.08 43.34 25.15 2.96 

38 58.84 -31.27 200.50 0.89 0.06 4.38 0.47 12.95 0.08 28.56 31.41 3.50 

38 58.84 -31.27 100.60 1.06 0.08 4.88 0.51 12.91 0.08 34.07 37.93 3.75 

38 58.84 -31.27 69.60 1.00 0.07 2.59 0.15 13.33 0.06 29.66 40.64 3.99 

38 58.84 -31.27 59.90 0.90 0.07 3.60 0.50 13.05 0.11 29.41 37.25 3.00 

38 58.84 -31.27 49.20 0.87 0.06 5.15 0.65 12.81 0.09 31.13 32.68 3.19 

38 58.84 -31.27 30.10 0.93 0.07 2.49 0.23 13.21 0.09 36.76 40.00 0.00 

38 58.84 -31.27 20.30 0.92 0.07 2.10 0.44 13.06 0.20 67.14 17.97 0.00 

40 59.10 -33.83 2307.30 1.23 0.04      12.94 1.05 

40 59.10 -33.83 2098.70 1.24 0.04      9.29 0.56 

40 59.10 -33.83 1598.90        14.21 1.67 

40 59.10 -33.83 1298.40 1.07 0.03        
40 59.10 -33.83 999.60 1.13 0.04      15.61 2.02 

40 59.10 -33.83 599.30 1.11 0.04      16.49 1.77 

40 59.10 -33.83 349.10 1.07 0.03      14.78 1.64 

40 59.10 -33.83 150.30 1.06 0.03        
40 59.10 -33.83 68.90 1.06 0.03      92.42 8.02 

40 59.10 -33.83 37.50 0.95 0.03        
40 59.10 -33.83 20.30 0.96 0.03      74.42 6.97 

42 59.36 -36.40 3130.60 1.38 0.03      84.60 7.87 

42 59.36 -36.40 3099.70 1.61 0.04      37.19 4.21 

42 59.36 -36.40 2900.40 1.44 0.03      11.81 1.38 

42 59.36 -36.40 2500.50 1.56 0.03      11.32 1.50 

42 59.36 -36.40 2250.40 1.64 0.04      12.07 1.39 

42 59.36 -36.40 2000.70 1.49 0.03      13.02 1.45 

42 59.36 -36.40 1801.30 1.30 0.03      27.95 2.23 

42 59.36 -36.40 1600.80 1.37 0.03      23.03 2.50 

42 59.36 -36.40 1400.60 1.25 0.04      15.46 1.83 

42 59.36 -36.40 1200.20 1.12 0.04      14.54 1.67 

42 59.36 -36.40 1050.50 1.12 0.04      14.08 1.89 

42 59.36 -36.40 900.60 1.22 0.04      15.55 1.74 

42 59.36 -36.40 700.50 1.14 0.04      26.91 2.33 

42 59.36 -36.40 500.30 1.21 0.04      16.47 1.87 

42 59.36 -36.40 401.50 1.12 0.04      18.25 2.16 

42 59.36 -36.40 299.80 1.12 0.04      21.49 2.62 

42 59.36 -36.40 200.50 1.21 0.04      21.67 2.49 

42 59.36 -36.40 100.40 1.12 0.04      35.48 3.43 

42 59.36 -36.40 70.40 1.19 0.04      55.36 4.53 
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42 59.36 -36.40 50.30 1.07 0.03      67.10 6.28 

42 59.36 -36.40 35.10 1.09 0.04        
42 59.36 -36.40 

20.40 1.15 0.04      
116.3

8 

10.2

0 

44 59.62 -38.95 2963.80 1.07 0.13 3.45 0.34 12.98 0.08 46.44 70.21 8.43 

44 59.62 -38.95 2901.40 1.28 0.15 3.68 0.44 13.53 0.13 15.76 38.56 7.83 

44 59.62 -38.95 2798.60 1.05 0.12 2.49 0.18 13.49 0.08 23.46 37.14 4.63 

44 59.62 -38.95 2600.70 1.23 0.14 3.61 0.40 13.23 0.10 30.05 19.40 3.67 

44 59.62 -38.95 2250.90 1.19 0.14 3.76 0.39 13.15 0.09 32.40 26.74 2.40 

44 59.62 -38.95 2000.60 1.16 0.14 2.25 0.18 13.53 0.11 31.25 23.81 2.30 

44 59.62 -38.95 1801.00 0.97 0.11 2.46 0.25 13.41 0.11 25.03 24.88 2.24 

44 59.62 -38.95 1601.80 1.11 0.13 2.86 0.18 13.29 0.07 32.18 25.09 2.29 

44 59.62 -38.95 1400.20 1.02 0.12 1.98 0.16 13.41 0.10 41.00 23.67 2.31 

44 59.62 -38.95 1251.00 1.05 0.12 4.19 0.36 13.05 0.07 29.66   
44 59.62 -38.95 1100.50 1.05 0.12 3.44 0.41 13.31 0.11 21.36 28.22 2.61 

44 59.62 -38.95 1001.40 1.09 0.13 2.21 0.20 13.43 0.11 35.94 9.31 2.73 

44 59.62 -38.95 901.70 1.05 0.12 1.52 0.10 13.74 0.12 40.60 17.34 1.74 

44 59.62 -38.95 700.70 1.26 0.15 1.79 0.10 13.79 0.10 38.24   
44 59.62 -38.95 501.20 1.11 0.13 2.37 0.19 13.39 0.09 35.66 36.11 2.95 

44 59.62 -38.95 301.60 0.96 0.11 1.52 0.13 13.61 0.13 41.66 26.22 2.35 

44 59.62 -38.95 200.30 0.81 0.09 3.41 0.58 12.95 0.02 34.94 32.26 3.43 

44 59.62 -38.95 101.20 1.03 0.12 2.25 0.20 13.50 0.10 26.51 13.36 2.04 

44 59.62 -38.95 50.80 0.92 0.11      45.77 3.81 

44 
59.62 -38.95 40.60 0.98 0.12 2.64 0.29 13.21 0.18 36.37 

116.2

2 9.22 

44 59.62 -38.95 31.00 1.01 0.12 2.57 0.12 13.22 0.10 39.08 34.17 2.92 

44 
59.62 -38.95 20.90 1.09 0.13 2.49 0.16 13.37 0.18 32.90 

111.8

7 

11.4

1 

49 59.77 -41.30 2051.50 1.55 0.13      35.95 3.77 

49 59.77 -41.30 1999.80 1.67 0.14      27.68 3.04 

49 59.77 -41.30 1899.80 1.71 0.15      18.23 2.20 

49 59.77 -41.30 1800.60 1.48 0.13      16.00 1.76 

49 59.77 -41.30 1650.50 1.68 0.14      21.19 2.44 

49 59.77 -41.30 1501.10 1.59 0.14      18.59 2.13 

49 59.77 -41.30 1250.20 1.56 0.13      17.63 2.25 

49 59.77 -41.30 1101.10 1.61 0.14      17.62 1.97 

49 59.77 -41.30 1000.50 1.61 0.14      17.95 1.97 

49 59.77 -41.30 901.20 1.48 0.13      19.55 2.07 

49 59.77 -41.30 800.90 1.42 0.12      18.25 2.16 

49 59.77 -41.30 700.80 1.42 0.12      16.65 1.83 

49 59.77 -41.30 599.90 1.43 0.12      16.18 2.20 

49 59.77 -41.30 550.20 1.37 0.12      14.81 1.77 

49 59.77 -41.30 400.50 1.42 0.12      18.17 2.24 

49 59.77 -41.30 300.40        24.65 2.26 

49 59.77 -41.30 200.20 1.54 0.13      27.60 2.36 

49 59.77 -41.30 101.60 1.20 0.10      55.85 4.73 

49 59.77 -41.30 80.30 1.31 0.11      58.02 4.66 

49 59.77 -41.30 61.50 1.26 0.11      51.50 4.54 

49 59.77 -41.30 40.60 1.16 0.10      41.71 3.79 

49 59.77 -41.30 19.50 1.05 0.09      44.31 3.78 

53 59.90 -43.00 165.50 1.82 0.13      61.82 5.10 

53 59.90 -43.00 130.50 1.77 0.13      40.58 3.87 

53 59.90 -43.00 101.20 2.06 0.15      54.68 5.35 

53 59.90 -43.00 70.40 2.18 0.16      59.84 5.37 

53 59.90 -43.00 55.60 2.10 0.15      96.41 8.08 

53 
59.90 -43.00 30.50        

145.3

5 

13.2

0 

56 59.82 -42.40 298.60        47.02 4.29 

56 59.82 -42.40 248.30        49.13 4.62 

56 59.82 -42.40 170.10        56.35 4.41 

56 59.82 -42.40 120.40 1.19 0.09      56.63 4.04 

56 59.82 -42.40 60.90 1.06 0.08      45.78 4.30 

56 59.82 -42.40 40.20 1.35 0.10      44.15 3.89 

56 59.82 -42.40 20.60        48.29 4.64 

60 59.80 -42.00 1737.80 1.40 0.16 4.72 0.45 12.96 0.11 46.21 43.56 4.62 

60 59.80 -42.00 1647.40 1.27 0.15 2.37 0.14 13.49 0.33 37.34 21.64 3.33 

60 59.80 -42.00 1499.90 1.17 0.14 3.11 0.16 13.11 0.13 46.51 28.03 2.96 

60 59.80 -42.00 1300.40 1.20 0.14 3.49 0.17 13.21 0.14 31.98 18.59 2.34 

60 59.80 -42.00 1151.10 1.21 0.14 3.47 0.18 13.20 0.15 33.67 16.28 1.89 

60 59.80 -42.00 949.30 1.25 0.15 3.44 0.20 13.17 0.16 38.63   
60 59.80 -42.00 850.50        16.41 2.09 

60 59.80 -42.00 749.30 1.08 0.13      12.52 1.51 

60 59.80 -42.00 649.50 1.19 0.14 4.27 0.19 13.10 0.09 30.54 13.14 1.55 

60 59.80 -42.00 548.60 1.23 0.14 4.84 0.26 13.12 0.11 25.79   
60 59.80 -42.00 449.60 1.19 0.14 4.39 0.23 13.05 0.09 33.03 15.13 1.81 

60 59.80 -42.00 348.40 1.25 0.15 4.48 0.20 13.12 0.09 29.08 15.85 1.78 

60 59.80 -42.00 299.70 1.40 0.05 3.23 0.13 13.28 0.11 39.48 20.29 2.36 

60 59.80 -42.00 250.20 1.24 0.04 2.18 0.14 13.70 0.65 26.04 14.56 1.53 
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60 
59.80 -42.00 200.90 1.32 0.05 2.30 0.08 13.60 0.20 33.75 

12.10 
40.5

6 

60 59.80 -42.00 150.00 1.53 0.06 3.68 0.17 13.47 0.23 23.93 32.64 2.84 

60 59.80 -42.00 99.80 1.58 0.06 3.37 0.21 13.25 0.19 49.96 43.38 3.82 

60 59.80 -42.00 77.70 1.64 0.07 4.10 0.20 13.20 0.13 42.48 50.04 4.11 

60 59.80 -42.00 59.20 1.62 0.07 2.96 0.10 13.56 0.17 33.29 52.11 5.08 

60 59.80 -42.00 38.80 1.51 0.06 2.88 0.13 13.53 0.26 32.13 44.46 3.53 

60 59.80 -42.00 28.20 1.51 0.06 4.69 0.19 13.02 0.07 45.90   
60 59.80 -42.00 19.00 1.61 0.07 4.41 0.19 13.24 0.12 33.17   
61 59.75 -45.11 138.10 2.87 0.11      62.37 5.51 

61 59.75 -45.11 121.20 3.56 0.13      49.95 4.91 

61 59.75 -45.11 101.00 3.40 0.12      57.68 4.90 

61 59.75 -45.11 70.80        40.99 4.61 

61 59.75 -45.11 50.80        42.99 3.80 

61 
59.75 -45.11 23.60        

100.2

7 9.54 

63 59.43 -45.67 1557.40 1.25 0.05      22.19 2.16 

63 59.43 -45.67 1300.30 1.19 0.05      19.02 2.26 

63 59.43 -45.67 1096.00 1.19 0.05      18.19 2.05 

63 59.43 -45.67 850.00 1.25 0.05      15.35 1.61 

63 59.43 -45.67 500.50 1.18 0.05      25.90 2.31 

63 59.43 -45.67 400.00 1.55 0.07      26.33 2.45 

63 59.43 -45.67 300.20 1.40 0.06      32.28 2.93 

63 59.43 -45.67 200.30 1.38 0.06      39.17 3.60 

63 59.43 -45.67 100.20 1.67 0.07      52.14 4.45 

63 59.43 -45.67 71.00        36.37 2.86 

63 59.43 -45.67 20.40        55.66 4.62 

64 59.07 -46.08 2502.20 1.28 0.18 2.92 0.26 13.17 0.09 52.67 37.29 3.79 

64 59.07 -46.08 2401.00 1.17 0.16 2.21 0.21 13.42 0.12 43.41 20.68 2.83 

64 59.07 -46.08 2151.10 1.20 0.17 2.20 0.21 13.15 0.11 83.80 9.86 1.04 

64 59.07 -46.08 2001.30 1.33 0.19 3.31 0.25 13.18 0.08 43.38 13.90 1.74 

64 59.07 -46.08 1800.40 1.21 0.17 1.74 0.17 13.39 0.15 83.32 13.68 1.65 

64 59.07 -46.08 1601.20 1.29 0.18 1.67 0.15 13.69 0.19 67.80 14.57 1.54 

64 59.07 -46.08 1400.70 1.41 0.20 2.96 0.31 13.54 0.14 25.67 14.92 1.71 

64 59.07 -46.08 1150.80 1.31 0.18 1.89 0.14 13.60 0.13 56.58 15.67 2.25 

64 59.07 -46.08 1050.70 1.22 0.17 2.86 0.48 13.34 0.18 33.79 0.00 0.64 

64 59.07 -46.08 900.40 1.14 0.16 1.78 0.14 13.33 0.10 83.78 13.36 1.49 

64 59.07 -46.08 800.90 1.25 0.18 1.78 0.18 13.88 0.26 31.38 13.38 1.61 

64 59.07 -46.08 700.60 1.28 0.18      14.57 1.90 

64 59.07 -46.08 500.90 1.18 0.16 2.84 0.27 13.05 0.09 62.98 23.61 2.20 

64 59.07 -46.08 400.90 1.09 0.15 1.40 0.18 13.51 0.23 107.52 17.18 2.07 

64 59.07 -46.08 320.20 1.11 0.16 2.42 0.22 13.01 0.09 83.28 21.31 2.41 

64 59.07 -46.08 200.40 1.10 0.15 1.95 0.17 13.14 0.10 94.51 28.60 2.46 

64 59.07 -46.08 151.50 1.21 0.17 2.22 0.20 13.48 0.12 39.35 34.36 3.46 

64 59.07 -46.08 100.60 1.02 0.14 2.32 0.24 13.21 0.11 48.23 36.23 3.21 

64 59.07 -46.08 50.20 1.00 0.14 2.33 0.25 13.48 0.13 18.87 31.49 2.83 

64 59.07 -46.08 35.70 0.93 0.13 3.20 0.33 13.04 0.09 36.20 35.89 3.92 

64 59.07 -46.08 25.50 1.10 0.15 2.82 0.77 13.40 0.28 25.44 14.19 1.89 

64 59.07 -46.08 15.30 2.10 0.29 3.79 0.37 13.34 0.13 55.72   
68 56.91 -47.42 3637.90 1.38 0.04      77.85 8.50 

68 56.91 -47.42 3400.10 1.61 0.06      15.39 1.93 

68 56.91 -47.42 2500.20 1.55 0.05      14.35 1.82 

68 56.91 -47.42 1699.90 1.26 0.04      12.59 1.45 

68 56.91 -47.42 1399.70 1.19 0.04      16.15 1.43 

68 56.91 -47.42 900.80 1.45 0.05      11.20 2.29 

68 56.91 -47.42 348.70 1.23 0.04      13.03 1.76 

68 56.91 -47.42 100.70 1.35 0.05      36.08 3.86 

68 56.91 -47.42 50.10 1.39 0.05      46.87 6.70 

68 56.91 -47.42 35.20 1.47 0.05      39.04 3.82 

68 56.91 -47.42 29.50 1.18 0.04      37.34 7.82 

68 56.91 -47.42 20.00 1.27 0.04      9.57 1.54 

69 55.84 -48.09 3735.70 1.22 0.05 2.28 0.35 13.48 0.19 37.87 84.91 8.96 

69 55.84 -48.09 3699.90 1.24 0.05 2.98 0.21 13.03 0.07 66.34 70.96 7.80 

69 55.84 -48.09 3500.30 1.18 0.05 3.23 0.23 13.09 0.07 47.04   
69 55.84 -48.09 3250.60 1.48 0.06 2.33 0.17 13.33 0.10 81.16 14.11 1.86 

69 55.84 -48.09 2800.60 1.53 0.06 4.25 0.36 13.20 0.08 35.48 12.77 1.68 

69 55.84 -48.09 2400.40 1.51 0.06 2.35 0.15 13.37 0.09 76.99 17.78 2.28 

69 55.84 -48.09 2100.20 1.21 0.05 2.02 0.16 13.52 0.12 45.05 9.94 1.04 

69 55.84 -48.09 1799.90 1.36 0.05 5.22 0.84 13.07 0.15 37.24 12.81 1.38 

69 55.84 -48.09 1600.60 1.36 0.05 3.00 0.13 13.31 0.05 40.21 10.60 1.17 

69 55.84 -48.09 1397.90 1.29 0.05 3.16 0.20 13.11 0.07 53.68 12.38 1.31 

69 
55.84 -48.09 1100.00 1.31 0.05 1.41 0.18 13.43 0.23 

6474.4

5 
12.31 

1.32 

69 55.84 -48.09 800.50 1.24 0.05 3.16 0.51 13.23 0.16 66.50 14.89 2.30 

69 55.84 -48.09 500.40 1.28 0.05 4.80 0.42 12.97 0.07 58.02 22.19 2.19 

69 55.84 -48.09 179.90 1.35 0.05 2.42 0.13 13.10 0.15 101.40 39.71 3.37 

69 55.84 -48.09 129.70 1.33 0.05 3.09 0.20 13.31 0.07 36.29 42.85 3.76 

69 55.84 -48.09 90.40 1.33 0.05 2.98 0.31 13.31 0.12 38.32 50.74 4.32 
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69 55.84 -48.09 60.30 1.53 0.06 4.57 0.71 12.92 0.14 59.03 57.16 4.53 

69 55.84 -48.09 40.20 1.42 0.06 2.15 0.51 13.84 0.24 27.96 78.88 6.26 

69 55.84 -48.09 29.90 1.32 0.05 3.55 0.32 13.21 0.22 36.32   
69 55.84 -48.09 25.80 1.32 0.05 2.09 0.10 13.78 0.44 28.78 76.82 6.16 

69 55.84 -48.09 14.50 1.18 0.05 2.91 0.17 13.14 0.16 100.30 96.01 7.79 

71 
53.69 -49.43 3755.60 1.35 0.03      

90.89 
10.2

4 

71 53.69 -49.43 3500.00 1.35 0.03      14.10 1.68 

71 53.69 -49.43 3000.10 1.25 0.03      8.60 2.06 

71 53.69 -49.43 2751.00 1.31 0.03        
71 53.69 -49.43 2400.60 1.13 0.02      8.57 3.56 

71 53.69 -49.43 2000.90 1.09 0.02        
71 53.69 -49.43 1700.40 1.09 0.02        
71 53.69 -49.43 1400.40 1.18 0.03        
71 53.69 -49.43 1200.90 1.08 0.02      9.86 1.08 

71 53.69 -49.43 800.50 1.17 0.03      9.75 1.37 

71 53.69 -49.43 500.70 1.07 0.02      11.19 1.92 

71 53.69 -49.43 350.20 1.18 0.03      0.00 0.34 

71 53.69 -49.43 250.60 1.16 0.03      8.73 1.01 

71 53.69 -49.43 150.60 1.09 0.02      13.15 1.87 

71 53.69 -49.43 100.60 1.29 0.03      19.82 1.90 

71 53.69 -49.43 60.80 1.12 0.02      42.03 3.73 

71 53.69 -49.43 50.00 1.13 0.03      59.36 5.16 

71 53.69 -49.43 40.30 1.10 0.02      9.69 1.22 

71 53.69 -49.43 30.60 1.05 0.02      46.27 4.32 

71 53.69 -49.43 20.30 1.02 0.02      77.47 9.93 

77 53.00 -51.10 2543.30 1.16 0.03 2.56 0.22 13.04 0.09 75.34 15.81 1.85 

77 53.00 -51.10 2450.70 1.09 0.02 1.19 0.09 13.47 0.14 359.82 16.82 1.90 

77 53.00 -51.10 2400.50 1.29 0.03 2.87 0.30 12.89 0.09 81.98 13.71 1.49 

77 53.00 -51.10 2100.50 1.12 0.02 1.53 0.18 13.34 0.17 127.49 11.41 1.38 

77 53.00 -51.10 1900.30 1.13 0.03 2.77 0.31 12.99 0.10 70.80 13.10 1.42 

77 53.00 -51.10 1700.60 1.10 0.02      12.31 1.46 

77 53.00 -51.10 1500.20 1.05 0.02      13.02 1.35 

77 53.00 -51.10 1300.10 1.02 0.02 1.73 0.22 13.34 0.18 60.15 13.38 1.61 

77 53.00 -51.10 1199.90 1.46 0.03 2.14 0.20 13.46 0.15 73.55 13.10 1.52 

77 53.00 -51.10 1100.50 1.37 0.03 1.99 0.17 13.39 0.13 89.30 10.25 1.06 

77 53.00 -51.10 1000.50 1.50 0.03 2.85 0.20 13.05 0.08 99.60 10.71 1.15 

77 53.00 -51.10 700.50 1.46 0.03 1.59 0.15 13.52 0.19 323.97 16.13 1.95 

77 53.00 -51.10 400.40 1.35 0.03 2.28 0.24 13.26 0.13 79.18 15.50 1.83 

77 53.00 -51.10 150.50 1.36 0.03      28.11 2.58 

77 53.00 -51.10 100.50 1.32 0.03      42.08 3.61 

77 53.00 -51.10 80.40 1.28 0.03 3.52 0.29 13.20 0.08 35.96 37.27 3.71 

77 53.00 -51.10 60.20 1.28 0.03 2.94 0.30 13.11 0.10 58.70 57.96 5.03 

77 53.00 -51.10 40.00 1.24 0.03 2.53 0.17 13.31 0.07 46.80 82.18 7.63 

77 53.00 -51.10 30.60 1.25 0.03 6.70 0.44 12.10 0.38 182.02 95.53 7.84 

77 53.00 -51.10 15.10 1.24 0.03 3.55 0.27 13.20 0.08 33.01 97.14 8.88 

78 
51.99 -53.82 371.30 1.38 0.03      

149.2

5 

16.5

1 

78 51.99 -53.82 290.50 1.46 0.03      71.05 8.17 

78 
51.99 -53.82 250.80 1.58 0.04      

94.75 
11.0

9 

78 51.99 -53.82 140.60 2.03 0.05      57.16 5.46 

78 51.99 -53.82 36.70 2.60 0.06      50.07 6.00 

78 51.99 -53.82 12.00 2.64 0.06      52.21 4.71 
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Appendix 2: DCu, Cu2+, ligands concentrations and stability constant at all stations of 

GEOVIDE. Errors of DCu are the standard deviation of measurements. Errors of 

speciation parameters are the analysis of titrations errors. 

 

Station 

[#] 

Latitude 

[°N] 

Longitude 

[°E] 

Pressure 

[db] 

DCu 

[nM] 
error 

L 

(nM) 

error 

[nM] 
Log K  error 

Cu2+ 

(fM) 

2 41.383 -13.888 20.44 1.79 0.09 3.01 0.06 13.7 0.1 29 

2 41.383 -13.888 141.3 2.15 0.14 3.46 0.11 13.7 0.2 32 

2 41.383 -13.888 504.77 1.14 0.03 2.40 0.08 13.2 0.1 62 

2 41.383 -13.888 838.65 1.46 0.06 2.36 0.07 13.3 0.1 73 

2 41.383 -13.888 858.56 1.58 0.15 2.36 0.09 13.4 0.2 74 

2 41.383 -13.888 1213.6 1.98 0.19 3.20 0.08 13.4 0.1 63 

2 41.383 -13.888 1771.2 1.57 0.10 2.55 0.07 13.3 0.1 78 

2 41.383 -13.888 2942.3 2.57 0.22 3.31 0.08 13.3 0.1 167 

2 41.383 -13.888 4069.6 2.75 0.26 3.25 0.08 13.3 0.1 279 

2 41.383 -13.888 5288.6 2.74 0.12 3.48 0.08 13.2 0.1 236 

8 37.292 -32.281 61.366 1.58 0.07 3.12 0.14 13.5 0.2 29 

8 37.292 -32.281 79.912 1.38 0.05 1.92 0.05 14.2 0.1 16 

8 37.292 -32.281 203.04 1.72 0.06 3.23 0.07 13.7 0.1 22 

8 37.292 -32.281 728.97 1.91 0.08 2.18 0.07 14.1 0.1 57 

8 37.292 -32.281 1010.7 1.87 0.07 2.28 0.15 13.8 0.1 57 

8 37.292 -32.281 1314.1 1.79 0.08 2.36 0.03 13.6 0.1 71 

8 37.292 -32.281 1669.8 1.98 0.14 2.21 0.06 14.1 0.1 57 

38 36.23 -33.902 22.408 1.30 0.07 2.80 0.10 13.4 0.1 37 

38 36.23 -33.902 -999 1.64 0.06 3.59 0.17 13.3 0.1 42 

38 36.23 -33.902 356.09 1.44 0.05 3.72 0.15 13.3 0.1 30 

38 36.23 -33.902 987.63 1.98 0.10 2.72 0.08 13.6 0.2 62 

38 36.23 -33.902 -999 1.46 0.05 2.81 0.06 13.5 0.1 33 

38 36.23 -33.902 -999 1.91 0.08 3.50 0.08 13.5 0.1 36 

38 36.23 -33.902 -999 1.72 0.10 2.90 0.07 13.5 0.1 43 

38 36.23 -33.902 2312.1 2.19 0.14 3.70 0.14 13.3 0.1 80 

19 35.04 -35.01 19.711 1.00 0.08 1.42 0.20 12.5 0.1 739 

19 35.04 -35.01 80.138 1.36 0.05      
19 35.04 -35.01 402.66 0.90 0.04 3.11 0.38 13.0 0.2 43 

19 35.04 -35.01 555.58 1.84 0.11 3.21 0.15 13.3 0.1 65 

19 35.04 -35.01 654.48 1.55 0.12 3.29 0.16 13.5 0.2 30 

19 35.04 -35.01 857.87 0.82 0.02      
19 35.04 -35.01 1110.6 2.94 0.26 3.91 0.08 13.7 0.2 58 

19 35.04 -35.01 2025.5 1.97 0.08 2.56 0.13 13.4 0.1 131 

19 35.04 -35.01 2839.2 2.58 0.11 2.93 0.21 13.4 0.2 324 

19 35.04 -35.01 3298.5 2.14 0.17 3.30 0.14 13.1 0.1 152 

19 35.04 -35.01 3556.1 2.15 0.13 2.79 0.09 13.4 0.1 144 

19 35.04 -35.01 4298.4 1.92 0.17 1.78 0.08 13.4 0.1 11601 

21 33.608 -38.228 26.381 1.19 0.09 2.59 0.11 13.4 0.1 38 

21 33.608 -38.228 79.892 1.58 0.10 2.65 0.10 13.5 0.2 51 

21 33.608 -38.228 101.79 1.44 0.11 3.52 0.12 13.3 0.1 34 

21 33.608 -38.228 374.42 1.25 0.06 2.60 0.09 13.3 0.1 51 

21 33.608 -38.228 829.45 1.44 0.06 2.12 0.11 13.4 0.2 78 

21 33.608 -38.228 2736.6 1.85 0.18 2.85 0.06 13.2 0.1 114 

21 33.608 -38.228 2888.3 2.48 0.11 3.02 0.19 13.5 0.3 158 

21 33.608 -38.228 3248.6 2.63 0.13 4.92 0.21 13.2 0.1 73 

21 33.608 -38.228 4270.9 2.63 0.16 3.42 0.14 13.2 0.1 232 

23 30.124 -42.12 17.744 1.03 0.04 2.18 0.23 13.2 0.1 61 
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23 30.124 -42.12 100.28 1.24 0.06 2.44 0.16 13.3 0.2 47 

23 30.124 -42.12 121.35 1.62 0.08 3.46 0.15 13.5 0.2 30 

23 30.124 -42.12 301.9 1.00 0.06 1.86 0.18 13.4 0.2 48 

23 30.124 -42.12 503.67 1.63 0.10 2.26 0.06 14.0 0.4 28 

23 30.124 -42.12 689.5 1.66 0.10 3.10 0.24 13.4 0.1 45 

23 30.124 -42.12 705.67 1.21 0.06 3.86 0.26 12.9 0.1 55 

23 30.124 -42.12 756.57 1.06 0.04 2.02 0.07 13.3 0.1 50 

23 30.124 -42.12 762.51 0.95 0.04      
23 30.124 -42.12 773.61 1.46 0.09 1.95 0.10 13.8 0.1 49 

24 29.167 -43.174 20.273 1.67 0.12 3.11 0.10 13.4 0.1 50 

24 29.167 -43.174 59.295 2.08 0.09 3.82 0.13 13.4 0.1 51 

24 29.167 -43.174 715.51 1.46 0.05 2.23 0.07 13.3 0.1 104 

24 29.167 -43.174 1110.1 1.64 0.05 1.95 0.11 13.8 0.2 77 

24 29.167 -43.174 2872.5 1.97 0.05 2.75 0.06 13.6 0.1 65 

24 29.167 -43.174 2881 1.99 0.10 2.84 0.15 13.4 0.2 88 

24 29.167 -43.174 3075.6 2.64 0.12 3.12 0.13 13.5 0.1 172 

26 26.36 -44.675 19.896 0.96 0.03 2.47 0.14 13.2 0.1 43 

26 26.36 -44.675 151.34 1.40 0.24 2.83 0.09 13.5 0.1 33 

26 26.36 -44.675 654.53 1.31 0.06 2.32 0.07 13.3 0.1 59 

26 26.36 -44.675 806.86 1.47 0.05 3.31 0.20 13.2 0.1 56 

26 26.36 -44.675 1514.8 1.41 0.05 2.14 0.08 13.5 0.2 68 

26 26.36 -44.675 2837.8 2.34 0.15      
26 26.36 -44.675 3654.5 2.71 0.21 4.37 0.16 13.2 0.1 109 

26 26.36 -44.675 4031.5 2.49 0.14 2.64 0.11 13.7 0.4 318 

27 25.93 -45.019 19.83 0.94 0.06 2.01 0.13 13.1 0.2 63 

27 25.93 -45.019 112.58 1.13 0.04 2.72 0.11 13.4 0.2 25 

27 25.93 -45.019 141.24 1.32 0.11      
27 25.93 -45.019 806.65 1.48 0.04 2.28 0.05 13.4 0.1 75 

27 25.93 -45.019 1312.1 1.34 0.10 3.51 0.15 13.0 0.1 58 

27 25.93 -45.019 2021.8 2.20 0.12 2.59 0.05 13.5 0.1 173 

27 25.93 -45.019 3041.1 3.17 0.18 4.17 0.11 13.4 0.1 137 

27 25.93 -45.019 3447.5 3.32 0.15 4.05 0.11 13.3 0.1 228 

27 25.93 -45.019 3860.1 1.92 0.16 2.43 0.11 13.2 0.1 227 

30 26.215 -45.118 20.38 1.12 0.04 2.98 0.14 13.1 0.1 50 

30 26.215 -45.118 100.05 1.41 0.12 1.87 0.13 13.7 0.2 67 

30 26.215 -45.118 110.33 1.27 0.05 3.81 0.13 13.2 0.1 31 

30 26.215 -45.118 351.65 0.98 0.05 2.01 0.07 13.2 0.1 64 

30 26.215 -45.118 796.31 1.20 0.11 1.96 0.07 13.5 0.2 47 

30 26.215 -45.118 -999 1.34 0.04 2.53 0.10 13.1 0.1 86 

30 26.215 -45.118 2328.4 3.48 0.19 4.64 0.08 13.4 0.1 124 

30 26.215 -45.118 2531.2 2.52 0.20 3.04 0.09 13.5 0.2 151 

30 26.215 -45.118 2837.5 2.18 0.23 3.73 0.16 13.2 0.1 80 

30 26.215 -45.118 3112.7 4.25 0.27 5.35 0.14 13.5 0.1 118 

31 26.029 -44.553 20.519 1.18 0.05 1.64 0.09 13.5 0.3 83 

31 26.029 -44.553 90.792 1.22 0.05 2.25 0.12 13.3 0.2 56 

31 26.029 -44.553 130.38 1.14 0.05 1.99 0.06 13.6 0.2 32 

31 26.029 -44.553 796.94 1.42 0.06 3.12 0.16 13.2 0.1 51 

31 26.029 -44.553 1515.3 1.56 0.06 2.05 0.10 13.5 0.3 101 

31 26.029 -44.553 2430.6 2.17 0.12 3.12 0.11 13.3 0.1 119 

31 26.029 -44.553 3193.8 1.97 0.10      
31 26.029 -44.553 3602.8 2.22 0.18 3.72 0.14 13.2 0.1 104 

31 26.029 -44.553 3934.7 2.14 0.11 4.07 0.22 13.0 0.1 118 

35 26.139 -44.826 3143.3 2.59 0.16 3.49 0.05 13.4 0.1 113 

35 26.139 -44.826 3362.2 2.25 0.12 2.99 0.06 13.9 0.2 42 

35 26.139 -44.826 3382.9 2.06 0.14 4.10 0.15 13.5 0.1 31 
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35 26.139 -44.826 3504.8 2.76 0.11 3.88 0.11 13.5 0.1 74 

35 26.139 -44.826 3656.1 2.29 0.43 2.69 0.10 13.5 0.2 184 

39 26.139 -44.826 20.396 0.97 0.03 2.68 0.13 13.2 0.1 36 

39 26.139 -44.826 100.25 0.97 0.02 2.09 0.15 13.2 0.2 52 

39 26.139 -44.826 116.44 1.10 0.04 2.18 0.09 13.5 0.2 31 

39 26.139 -44.826 125.04 0.91 0.04 2.03 0.07 13.5 0.2 24 

39 26.139 -44.826 402.89 1.06 0.05 1.87 0.05 13.6 0.2 36 

39 26.139 -44.826 807.14 1.40 0.06 3.66 0.29 13.1 0.1 50 

39 26.139 -44.826 1059.2 1.59 0.08 3.46 0.12 13.3 0.1 46 

39 26.139 -44.826 1515.4 1.92 0.14 3.64 0.22 13.3 0.2 60 

39 26.139 -44.826 2022.2 2.01 0.33 2.47 0.12 13.4 0.3 155 

37 26.131 -44.77 20.288 1.41 0.10 2.06 0.08 13.2 0.1 131 

37 26.131 -44.77 110.1 0.58 0.03 1.09 0.03 13.6 0.2 30 

37 26.131 -44.77 126.08 1.01 0.08 1.76 0.10 13.6 0.2 34 

37 26.131 -44.77 807.03 1.21 0.07 2.20 0.07 13.4 0.1 49 

37 26.131 -44.77 1819.3 1.23 0.13      
37 26.131 -44.77 2022 1.90 0.18 3.49 0.09 13.3 0.1 65 

37 26.131 -44.77 2226.1 1.92 0.10 4.63 0.28 12.9 0.1 96 

37 26.131 -44.77 2537.4 2.25 0.15 3.01 0.07 13.1 0.1 255 

 

 


