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ABSTRACT 23 

The Amazon River has the largest drainage basin in the world, making it a major source of trace 24 

elements and dissolved organic matter (DOM) to the Atlantic Ocean. However, despite the 25 

increasing anthropogenic impacts to the Amazon basin, few recent studies exist quantifying 26 

trace element data in this region. The aim of the study was to analyze the input and removal 27 

processes that influence the transport of Ni and Co species in the Amazon and Pará River 28 

estuaries and mixing zone. Toward this goal, this work provides a comprehensive mixing and 29 

speciation study for the trace elements Ni and Co. Samples were collected during a period of 30 

high river discharge on the RV Meteor cruise M147 (Amazon – GEOTRACES process study 31 

GApr11) in the Amazon and Pará River outflow regions, as well as the aging mixing plume to 32 

the north, a mangrove belt to the southeast and the North Brazil Current (NBC) seawater 33 

endmember.  Here we present the results for labile particulate (>0.2 µm), labile and total 34 

dissolved (<0.2 µm), large colloidal (0.015-0.2 µm), soluble (<0.015 µm) and ultrafiltered (<1 35 

and <10 kDa) fractions of Ni and Co in surface waters (towed-fish) and along the water column 36 

at different depths (CTD) samples using comparative approaches by adsorptive cathodic 37 

stripping voltammetry (AdCSV) and inductively coupled plasma-mass spectrometry (ICP-MS). 38 

We observed good agreement between AdCSV and ICP-MS measurements for Ni, and to a 39 

lesser extent Co. In general, dissolved and soluble Ni and Co decreased with increasing salinity, 40 

however additional non-conservative removal was also observed and attributed to possible 41 

biological uptake and colloidal flocculation. Shipboard AdCSV measurements showed that 42 

dissolved Ni was present mostly in the “reactive” form as weak complexes, suggesting high 43 

bioavailability, while reactive dissolved Co was absent, indicating the presence of strong 44 

organic Co complexes. In both Ni and Co, an elevated colloidal fraction was observed at low 45 

salinity, suggesting removal of dissolved Ni and Co via colloidal flocculation upon seawater 46 

mixing, while the soluble species were transported to the Atlantic Ocean. At depth, the soluble 47 

phase dominated, and we observed concentration maxima at 500-1000 m, indicating the 48 

presence of Antarctic Intermediate Water (AIW) and possible biological regeneration. We also 49 

observed unique source signatures in dissolved and labile particulate Ni and Co species from 50 

the Amazon and Pará River outflow regions, in addition to a contribution from mangrove belt-51 

associated groundwater.  52 
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 57 

1. Introduction  58 

The transport of elements from rivers to the ocean in estuarine mixing zones is governed 59 

by a variety of different physicochemical and biological processes. In general, only a fraction 60 

of the total content of trace elements reaches the ocean due to the aggregation and flocculation 61 

processes that trap metals in estuarine sediments during estuarine mixing (Boyle et al., 1977; 62 

Sholkovitz, 1978; Hunter, 1983; Mosley and Liss, 2020). The formation of stable organic 63 

complexes with dissolved organic matter (DOM) can increase trace element solubility and 64 

riverine metal flux into the ocean (Dittmar et al., 2006), and as most tropical rivers such as the 65 

Amazon River are very rich in DOM, organic complexation plays a prominent role in these 66 

systems. Moreover, the removal of trace elements in mixing zones is strongly linked to 67 

distribution among different colloidal structures and smaller size fractions (<0.015 µm, <10 68 

kDa and <1 kDa). Trace elements associated with organic and inorganic colloids are strongly 69 

affected by coagulation and physical removal, while smaller structures (<0.015 µm) and truly 70 

dissolved metals (<10 kDa) normally pass through the estuarine mixing zone and reach the open 71 

ocean without removal (Stolpe and Hassellöv, 2007; Pokrovsky et al., 2014).  72 

Studies to understand the trace element transport mechanisms in river-seawater mixing 73 

zones have been conducted in tropical estuaries worldwide (Boyle et al., 1982; DeMaster et al., 74 

1991; Seyler and Boaventura, 2003; Fu et al., 2012;), but data from the Amazon River estuary 75 

remain sparse (Boyle et. al, 1982; Smoak et al., 2006; Hollister et. al, 2021). The Amazon River 76 

has the largest average discharge (150,500 m³ s-1) and drainage basin in the world, accounting 77 

for about one fifth of Earth’s total river flow into the ocean (Espinoza Villar et al., 2009) and 78 

acting as the major source of dissolved trace elements and DOM to the Atlantic Ocean. 79 

Additionally, a high load of particulate material is discharged and partially settles in the 80 

Amazon estuary (DeMaster et al., 1991; Seyler et al., 2003). The Amazon River basin has been 81 

increasingly subject to anthropogenic pressures, including climate change, deforestation, 82 

hydroelectric damming and terrestrial mining (Davidson et al., 2012). Some of these changes, 83 

including mining and forest fires, are known to alter trace element concentrations in rivers and 84 

sediments of the Amazon catchment area (Yamasoe et al., 2000; Lacerda et al., 2004; Cesar et 85 

al. 2011; Guimberteau et al. 2017). Furthermore, climate change is projected to alter river 86 

discharge, causing both increased droughts and flooding in different areas of the basin 87 

(Guimberteau et al., 2013). Given the relevance of the Amazon River and its volume output to 88 

the Atlantic, a thorough investigation of the interactions and distribution patterns of trace 89 
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elements and DOM in the estuary and freshwater plume is imperative to establish current levels 90 

of trace element concentrations to assess future changes.  91 

The transition metals play important roles in ocean biogeochemistry mainly due to their 92 

involvement in photosynthetic carbon fixation by marine phytoplankton and metabolic 93 

processes (Archer et. al, 2020). Among these metals, nickel (Ni) and cobalt (Co) are well-known 94 

essential micronutrients and can even be limiting or colimiting to phytoplankton growth in some 95 

ocean regimes (Price and Morel, 1991; Achterberg et al. 1997; Saito and Moffett, 2002; Saito 96 

and Geopfert, 2008; Dupont et al., 2010; Browning et al., 2017). Cobalt is extensively 97 

complexed by organic ligands (Saito and Moffett 2001, Ellwood and Van den Berg 2001, Bown 98 

et al., 2012), accounting for >99% of dissolved Co in some surface waters (Bown et al., 2012). 99 

These ligands may enhance Co bioavailability to some phytoplankton (e.g. cyanobacteria) while 100 

limiting bioavailability to others (e.g. diatoms) (Saito et al. 2002, Saito et al. 2005). On the other 101 

hand, Ni is only ~30-50% organically complexed in seawater (Van den Berg and Nimmo 1987, 102 

Nimmo et al. 1989, Boiteau et al. 2016). Thus, understanding Ni and Co biogeochemistry in 103 

estuaries and mixing zones requires an understanding of their physicochemical speciation, 104 

including lability and size fractionation (e.g. labile particulate, dissolved, colloidal, and truly 105 

dissolved fractions) to determine bioavailable metal content.  106 

Methods for quantifying trace elements in seawater and estuaries have primarily centered 107 

on trace element preconcentration followed by inductively coupled plasma-mass spectrometry 108 

(ICP-MS) (Sohrin et al. 2008, Milne et al., 2010; Pöhle et al., 2015; Rapp et al., 2017). Apart 109 

from the well-established use of these spectrometric techniques, different electrochemical 110 

approaches have also been used for the quantification of total dissolved concentrations and 111 

analysis of trace element speciation in seawater and freshwater (Van den Berg and Nimmo, 112 

1987; Muratt et al., 2015; Cabanesa et al., 2020). For example, cathodic or anodic stripping 113 

voltammetry (SV) techniques have demonstrated high sensitivity and selectivity in studies 114 

involving the redox and physicochemical speciation of elements at low concentrations (Van den 115 

Berg and Nimmo, 1987; Muratt et al., 2015; Cabanesa et al., 2020). In addition, the application 116 

of SV is advantageous due to its ability to determine distinct chemical fractions (i.e. 117 

electrochemically reactive species). Furthermore, SV analysis can be carried out shipboard, 118 

minimizing alterations in the chemical speciation due to long-term sample storage. This is 119 

especially relevant for the analyses of estuarine samples which span a wide range of salinities 120 

from freshwater to seawater over the mixing gradient. For electrochemical analysis of Ni and 121 

Co, dioxime complexes have been exploited in natural water systems over recent years (Van 122 

den Berg and Nimmo, 1987; Donat et al., 1994; Saito and Moffett, 2001; Xue et al., 2001). 123 
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Dimethylglyoxime (DMG) complexes, characterized by the presence of oxime groups, provide 124 

enhancement of Ni(II) and Co(II) voltammetric signals relative to the reduction of the free Ni2+ 125 

and Co2+ cations and other electroactive organic ligands. In addition, DMG complexes of Ni(II) 126 

and Co(II) in buffered alkaline electrolytes have good stability compared to other complexing 127 

media (Muratt et al., 2015). 128 

Here we present a comprehensive speciation study of Ni and Co in water samples from 129 

the Amazon and Pará River estuaries and surrounding regions of the Northwest Brazilian 130 

Continental Shelf. Samples were collected during the RV Meteor cruise M147 (Amazon -131 

GEOTRACES process study GApr11) in April-May 2018 during a period of high river 132 

discharge in order to investigate trace element and organic matter behavior in the Amazon and 133 

Pará River outflow regions and mixing zones. Speciation analyses of Ni and Co were conducted 134 

shipboard using adsorptive cathodic stripping voltammetry (AdCSV). Comparative 135 

concentration measurements were then carried out in home laboratories using both AdCSV and 136 

ICP-MS with SeaFAST preconcentration. We separated Ni and Co species based on size and 137 

chemical lability and we present the results for labile particulate (>0.2 µm), labile and total 138 

dissolved (<0.2 µm), large colloidal (0.015-0.2 µm), soluble (<0.015 µm) and ultrafiltered (<1 139 

and <10 kDa) fractions. Our size fractions were chosen based on protocols outlined in the 140 

GEOTRACES program (Cutter et al., 2017) and whilst they do not map directly onto 141 

particulate, colloidal and truly dissolved fractions, we hypothesized that they would 142 

nevertheless provide insight into size partitioning of Ni and Co in our study region. We use the 143 

obtained distributions of the physical and chemically defined Ni and Co fractions to provide 144 

insight into the input and removal processes that influence transport of Ni and Co species along 145 

this highly dynamic region.  146 

 147 

  148 
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2. Materials and Methods 149 

 150 

2.1 Apparatus 151 

 152 

The voltammetric measurements performed shipboard of the research vessel FS Meteor 153 

were carried out using a 746 VA Trace Analyzer in combination with the VA Stand 694 154 

(Metrohm, Herisau, Switzerland). The voltammetric measurements performed in the home 155 

laboratory were carried out by using an Autolab potentiostat (PGSTAT302N) in combination 156 

with the VA Stand 663 (Metrohm, Herisau, Switzerland). The surface area of the hanging 157 

mercury drop electrode (HMDE) was 0.6 mm2. The working cells consisted of three electrodes: 158 

a mercury multimode electrode (MME) with a HMDE as the working electrode, Ag/AgCl (3 159 

mol L-1 KCl) as the reference electrode, and a platinum wire as the auxiliary electrode (all from 160 

Metrohm). The ICP-MS measurements were performed on a Thermo Element XR ICP-MS 161 

(Thermo Fisher Scientific, MA, USA), and preconcentration was performed on an Element 162 

Scientific Inc. (ESI) SeaFAST (SeaFAST-PicoTM). Sample digestion by UV irradiation was 163 

performed on a homemade digester equipped with a low-pressure mercury lamp prior to 164 

SeaFAST preconcentration and ICP-MS analysis (Rapp et al., 2017; Hollister et al., 2021).  A 165 

homemade UV device equipped with a high-pressure mercury lamp (400W) was used for 166 

AdCSV analysis, as described elsewhere (Carvalho et al., 2008).   167 

 168 

2.2 Reagents and solutions 169 

 170 

All acids and chemicals were of analytical ultra-pure grade. The water used to prepare 171 

all solutions was purified through a Milli-Q system (18.2 MΩ cm-1; Millipore, Bedford, MA, 172 

USA).  173 

For voltammetric analyses, dimethylglyoxime (DMG) was obtained from Sigma-174 

Aldrich (St. Louis, MO). Concentrated ammonia solution (25%, w/w), nitric acid (HNO3; 65%, 175 

w/w) and hydrochloric acid (HCl; 30%, w/w) were acquired as suprapur® reagents from Merck 176 

(Darmstadt, Germany). Hydrogen peroxide (30%, w/v) and ethanol (95%, v/v) were obtained 177 

from Merck. The working solutions of Ni (1 mg L-1) and Co (0.1 mg L-1) were obtained by 178 

diluting the 1 g L-1 reference standard in 0.01 mol L-1 HNO3. A 2 mol L-1 ammonium buffer 179 

(pH 9.5) was prepared by mixing 112.5 mL of concentrated ammonia solution (25% w/w) with 180 
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53 mL of HCl (30% w/w) and filled up to 500 mL with Milli-Q purified water. 0.1 mol L-1 181 

dimethylglyoxime stock solution was prepared in ethanol (95%, v/v).  182 

For SeaFAST preconcentration, ammonium acetate buffer (pH 8.5±0.05) was prepared 183 

by mixing 300 mL of concentrated NH3 (20-22%) with 180 mL acetic acid (>99%) and filling 184 

to 1 L with Milli-Q water.  Concentrated NH3 and acetic acid were acquired as UpA grade 185 

reagents from Romil (Cambridge, UK). The SeaFAST elution acid was prepared with 1 mol L-186 

1 sub-boiled HNO3 and 1 µg L-1 Indium (In) in Milli-Q water. Rinse acid for the SeaFAST and 187 

ICP-MS was prepared with 1 mol L-1 HNO3 (65-67%) in Milli-Q water. The HNO3 used for 188 

elution acid was sub-boiled in-house, while the HNO3 used for rinses, which had lower purity 189 

requirements, was SpA grade and not sub-boiled. Stock solutions of Ni (2 mg L-1) and Co (0.6 190 

mg L-1) were prepared from a 1000 mg L-1 standard in 1 mol L-1 HNO3 (sub-boiled) for storage, 191 

and further diluted in 1:100 Milli-Q water shortly before analysis. For quality control, seawater 192 

certified reference materials (CRMs) CASS 6 and NASS 7 were obtained from the National 193 

Research Council Canada (NRC-CNRC).  194 

 195 

2.3 Collection of samples and study area 196 

 197 

All procedures related to the collection and analysis of trace element samples were 198 

carried out according to the GEOTRACES cookbook (Cutter et al, 2017; 199 

https://geotracesold.sedoo.fr/images/Cookbook.pdf). The GEOTRACES process study cruise 200 

M147 (Amazon – GEOTRACES, GApr11) took place in April-May 2018 during a period of 201 

high river discharge as described elsewhere (Koschinsky et al., 2018; Zhang et al., 2020; 202 

Hollister et al., 2021). Surface water samples were collected with a towed-fish sampling device 203 

from a full range of salinity gradients (0 to >35) in the Amazon and Pará River estuaries and 204 

associated mixing region (Figure 1). During the cruise, samples from the towed-fish were 205 

pumped into the trace element clean laboratory container using a Teflon diaphragm pump and 206 

a braided polyvinyl chloride (PVC) tube. The towed-fish sampling device was positioned at ~ 207 

2 to 3 m water depth. Water column samples were collected with an ultra-clean conductivity-208 

temperature-depth device (TM-CTD, Seabird 911plus) equipped with a water sampling rosette 209 

(Seabird 32) and 24 contaminant-free water sampling bottles (C-Free, Ocean Test Equipment) 210 

was used for collecting samples at different depths (~10-2000 m). A specialized winch with a 211 

plastic-coated cable were used to operate the TM-CTD. After recovery, the TM-CTD bottles 212 

were immediately carried to the trace element clean sampling container. All sample bottles were 213 
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low density polyethylene (LDPE, Nalgene) and acid washed prior to use. Samples for 214 

determination of labile particulate trace element concentrations were collected directly (i.e. 215 

without filtration) from the sampling device. Samples were filtered in-line through a 0.8/0.2 μm 216 

cartridge filter (AcroPak1000™) into acid washed low-density polyethylene (LDPE) bottles. 217 

The samples were filtered shipboard in the clean laboratory container through 0.2 µm 218 

membranes to obtain the dissolved fraction and further filtered through Anapore 0.015 µm 219 

filters to obtain the soluble fraction. The large colloidal fraction was operationally-defined as 220 

the difference between the dissolved and soluble fractions (0.015 µm < colloidal < 0.2 µm). 221 

Ultrafiltration at <1 and <10 kDa was also performed at four selected stations (three at the 222 

Amazon North transect and one at the mangrove area) from the towed-fish with a Merck 223 

Millipore Cross Flow system (for details, see Koschinsky, 2018). The four surface water 224 

samples were chosen as representatives of the Amazon river endmember (15), a sample of 225 

intermediate salinity along the mixing transect (98), a seawater endmember (25) and a 226 

representative of the mangrove belt (36) (Figure 1B). Two- and five-liter water samples were 227 

taken from the towed-fish to perform 1kDa and 10kDa ultrafiltration to determine the 228 

distribution of trace metals in the different size fractions. After each sample, 30 mM ultrapure 229 

HCl (34%, Roth) was circulated for 10 minutes to remove any remaining colloids from the 230 

system. For Ni and Co analysis, only the permeate of the ultrafiltration process was available.  231 

All the samples were acidified on board to pH ~1.8 using 0.024 mol L-1 HCl (Fisher, 232 

ultra) and stored at room temperature until the shipboard measurements by AdCSV were 233 

performed. Afterwards, the samples were stored at 4 °C. A special trace element conductivity-234 

temperature-depth device (TM-CTD) equipped with a water sampling rosette (GEOMAR 235 

Helmholtz Centre for Oceanographic Research, Kiel, Germany) equipped with 24 contaminant-236 

free water sampling bottles (C-Free, Ocean Test Equipment) was used for collecting samples at 237 

different depths (~10-2000 m). A specialized winch and plastic-coated cable (GEOMAR) were 238 

used to operate the TM-CTD. After recovery, the TM-CTD bottles were immediately carried to 239 

the trace element clean sampling container.  240 

The samples presented in the study area, which included the Amazon and Pará River 241 

estuaries and surrounding Northwest Brazilian Continental Shelf, were grouped for analysis 242 

based on salinity and source (Figure 1B). The Amazon River transect encompassed the Amazon 243 

River outflow region and a wide range of salinities (S ~ 0.3-35). To the south, the Pará River 244 

transect encompassed a similar salinity range (S ~ 0.4-28) but has a distinct river catchment 245 

area. The Pará is sourced largely by the Tocantins River to the south (not shown), which flows 246 

through the state of Tocantins and is defined by a drier climate and heavier anthropogenic 247 
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disruption compared to the Amazon River basin. Upon estuarine mixing, the waters from both 248 

source rivers converge to form a plume of intermediate salinity (S ~ 10-26) that ages as it flows 249 

north (hereby referred to as “Plume North”). To the south of the Pará River, mangrove forests 250 

along the coast contribute groundwater and organic matter (Dittmar and Lara, 2001). Samples 251 

collected parallel to this region (referred to as the “Mangrove Belt”) generally showed 252 

decreased salinity relative to the open ocean (S ~ 28-35). The North Brazil Current (“NBC”) 253 

flows northwest from the South Equatorial Current along the coast of northern Brazil and 254 

defines the seawater endmember (S ≥ 35). Because the NBC pushes the freshwater input from 255 

the Mangrove Belt north towards the plumes from the Pará and Amazon Rivers, the freshwater 256 

signal moving northwest along the Brazilian coast contained characteristics of the mangrove 257 

forest, freshwater from two major rivers, and interactions with surface sediment on the Amazon 258 

shelf. 259 

 260 

2.4 Stripping voltammetric measurements 261 

 262 

Direct determinations of Ni and Co were carried out shipboard by adsorptive cathodic 263 

stripping voltammetry (AdCSV) in all the 0.2 µm filtered samples to quantify the 264 

electrochemically active forms of Co and Ni, which naturally exist as labile complexes or 265 

hydrated ions (labile dissolved fraction). Labile dissolved concentrations were determined 266 

directly after reagents had been added and the sample purged (i.e ca. 6 min after reagent 267 

addition). Additional analysis in the home laboratory was performed to determine labile 268 

particulate (unfiltered aliquot) and total dissolved (<0.2 µm filtered aliquot) trace elements after 269 

UV irradiation for 4 h. Concentrations of labile particulate Ni and Co were obtained by 270 

subtracting the concentration in the total dissolved fraction (<0.2 µm) from concentrations in 271 

the unfiltered, acidified fraction; percentages of labile particulate metals are expressed relative 272 

to total unfiltered concentrations.  273 

Prior to UV digestion of the samples, 10 mL of each sample was transferred to a quartz 274 

tube, and 30 µL of H2O2 30% (v/v) was added. The samples were then UV-irradiated for a total 275 

of 4 h at 88 ± 2º C, and the addition of H2O2 30% (v/v) was repeated after 1h, 2h, and 3h of 276 

irradiation. After the irradiation process, the samples were cooled to room temperature prior to 277 

AdCSV determination of Ni and Co as described above.  278 

In the AdCSV measurements, 500 µL ammonium buffer (final pH = 9.0 ± 0.2) and 50 279 

µL of 0.1 mol L-1 DMG was added to 10 mL of water sample (final concentration 50 µmol 280 

L-1). The solution was then deaerated with nitrogen for 5 min. A deposition step of 90 s at -0.60 281 
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V was applied by stirring at 2000 rpm, followed by a 15 s resting period. Afterwards, the 282 

voltammograms were recorded between -0.60 and -1.20 V in the differential pulse mode with 283 

a pulse amplitude of -50 mV, a pulse duration of 40 ms and a scan rate of 10 mV s-1. Cobalt 284 

and Ni were quantified simultaneously by the standard addition method (n = 3). Standard 285 

addition calibration curves were obtained in each sample after the repeated addition (three 286 

times) of 8.50 nmol L-1 Ni and 0.85 nmol L-1 Co. The peaks were found at –0.95 V for Ni2+ 287 

and –1.10 V for Co2+.  288 

The accuracy of the AdCSV measurements was evaluated by determining the 289 

concentration of total Ni and Co in a freshwater NIST (National Institute of Standards and 290 

Technology, USA) 1640a certified sample. The certified sample was UV digested in triplicate 291 

following the procedure described above, after which the Ni and Co concentration were 292 

determined by repeated addition (three times) of 8.50 nmol L-1 Ni and 1.70 nmol L-1 Co in the 293 

samples diluted (100-fold) in the voltammetric cell (Table 1 Supplemental). The analytical error 294 

was determined from repeated measurements of the NIST 1640a certified sample and CTD 295 

samples (n = 10) to be 10.32% for Ni and 11.13% for Co. The detection limits for Ni (=0.25 296 

nmol L-1) and Co (=0.010 nmol L-1) were defined as three times the standard deviation of six 297 

determinations of blank measurements carried out onboard ship. Average blank values were 298 

determined to be 0.64 nmol L-1 for Ni and 0.017 nmol L-1 for Co by AdCSV.   299 

 300 

2.5 SeaFAST preconcentration and ICP-MS analysis 301 

 302 

Trace elements were preconcentrated and analyzed by inductively coupled plasma-mass 303 

spectrometry (ICP-MS) at GEOMAR Helmholtz Centre for Oceanographic Research (Kiel). Ni 304 

and Co were quantified using isotope dilution and standard addition, respectively, as described 305 

by Rapp et al (2017). Samples were preconcentrated on a chelating resin (Wako or Nobias) 306 

using an automated SeaFAST system (ESI SeaFAST-PicoTM) in order of increasing salinity, 307 

with the exception of the lowest salinity samples (S < 2), which were analyzed without 308 

preconcentration. Prior to preconcentration, samples that had been acidified shipboard (pH 309 

~1.8) were spiked with a Ni isotope standard that contained known ratios of 60Ni and 62Ni. Co 310 

has only one stable isotope and therefore was quantified by standard addition. A 5 point 311 

calibration curve (0-1.3 nmol L-1 Co) was prepared in mixed sample seawater to match the 312 

matrix of the samples and was run at the beginning and end of each SeaFAST. In addition, a 313 

smaller 3 point curve was run once per every 10 samples to account for any drift. Each SeaFAST 314 

sample run was also accompanied by several manifold (air) blanks, as well as quality control 315 
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(QC) South Atlantic seawater and the certified reference materials (CRMs) NASS-7 and CASS-316 

6.  317 

Samples, QCs and CRMs were all UV-irradiated for 4 h prior to preconcentration in 318 

order to ensure complete recovery of the total dissolved fractions (Milne et al. 2010; Biller and 319 

Bruland 2012). During the preconcentration, the sample was buffered in-line with ammonium 320 

acetate (pH 8.5 ± 0.05) to a final pH of 6.2 ± 0.05 and loaded onto the chelating column. The 321 

column was then rinsed with Milli-Q water and flushed with an elution acid solution of 1 mol 322 

L-1 HNO3 with 1 µg L-1 of In as an internal standard. Trace elements were eluted with the acid 323 

at a 25-fold preconcentration factor.  Between samples, the column was rinsed in 1 mol L-1 324 

HNO3. After preconcentration, counts for 59Co, 60Ni, 62Ni and 115In were measured on a Thermo 325 

Element XR ICP-MS.  Counts were normalized to In and quantified using the isotope spikes 326 

(for Ni) and standard addition curves (for Co).  327 

Our measured values were in good agreement with the CRMs (Table 1 Supplemental). 328 

The analytical error was determined using the Nordtest method (see Rapp et al., 2017) based 329 

on NASS-7 and CASS-6 measurements to be 7.3% for Ni and 9.7% for Co.  Average manifold 330 

blank values, which accounted for SeaFAST preconcentration and ICP-MS measurement, were 331 

0.14 nmol L-1 for Ni and 0.46 pmol L-1 for Co.   332 

  333 
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3. Results and Discussion 334 

 335 

3.1 Stripping voltammetric analysis detected a dominant reactive Ni fraction but an absence 336 
of reactive Co 337 

 338 

In natural water systems, Co(II), and to a lesser extent Ni(II), are bound to organic 339 

ligands, which comprise a portion of the total dissolved organic matter (DOM) pool. In addition, 340 

Ni(II) and Co(II) ions can be scavenged to larger particles formed from flocculating inorganic 341 

or organic colloids. Furthermore, Ni(II) and Co(II) can be also present partially as free ions or 342 

inorganic complexes in seawater (Cosovic et al., 1982; Motekaitis and Martell, 1987; Byrne et 343 

al., 1988). Given the relative high stability constant of Ni-DMG and Co-DMG complexes, 344 

Ni(II) and Co(II) can be partially displaced from natural DOM when excess DMG is added as 345 

a complexing agent to natural waters, and the extent of this displacement depends on the 346 

conditional stability constants (log K) of the natural organic ligands. This displacement of Ni 347 

and Co explains the appearance of voltammetric signals for Ni(II) and Co(II) in natural water 348 

samples, even without prior UV digestion of the organic matter (Van den Berg and Nimmo, M., 349 

1987; Donat et. al, 1994; Saito and Moffett, 2001; Xue et. al, 2001). In these cases, the measured 350 

Ni or Co concentration is defined as the labile or “reactive” species (Sander and Koschinsky, 351 

2000), which reacts with the electrode surface as a free hydrated ion or an electroactive organic 352 

complex. Our shipboard measurements of reactive Ni and Co species were performed using 353 

stripping voltammetric (SV) analysis in the presence of DOM, which can be understood by 354 

reaction mechanisms reported by Saito and Moffett (2001).  The electrochemical reduction of 355 

the DMG complexes involving the exchange of 10e- allows for high sensitivity in voltammetric 356 

determination of Ni and Co (pmol L-1 to nmol L-1 levels) (Saito and Moffett, 2001). 357 

 DMG complexes have log K values determined by independent methods in the range 358 

17.20-18.84 for Ni(DMG)2 (Dyrssen et al., 1959; van den Berg and Nimmo, 1987; Martell and 359 

Smith, 1989) and 11.50-12.85 for Co(DMG)2 (Zhang et. al, 1990; Saito and Moffett, 2001). A 360 

higher intrinsic stability constant of 22.92 for Ni (DMG)2 was also reported by Xue et al. (2001). 361 

Considering the reported log K for Ni(DMG)2 and Co(DMG)2 as well as the excess 362 

concentration of ligand added to the samples, DMG can be expected to displace Ni from organic 363 

ligands with lower reaction coefficients (aML) in estuarine waters (Nimmo et al., 1989). In all 364 

shipboard samples of untreated estuarine water after the DMG addition, we observed 365 

voltammetric signals for reactive Ni species at -0.95 V but not for reactive Co species at -1.10 366 
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V. The observed Ni(DMG)2 signals were consistent with a previous study that reported 367 

naturally-occurring Ni-organic complexes in freshwater and marine systems with stability 368 

constants in the range of log K ~ 12-17 (Doig and Liber, 2007).  On the other hand, the absence 369 

of SV signals for Co(DMG)2 in the same samples can be attributed to the presence of relatively 370 

strong organic complexes of Co with natural ligands. These observations are supported by a 371 

previous study (Saito and Moffett, 2001), which suggested that Co(II) may be strongly 372 

complexed with natural organic ligands in seawater (log K ~ 14-18). Thus, much higher reaction 373 

coefficients of Co with natural organic ligands (aCoL) in relation to DMG may explain the non-374 

lability observed for dissolved Co in our samples. In addition, the apparent absence of reactive 375 

Co may also be related to the presence of kinetically inert Co(III) complexes with DOM 376 

(Duckworth et al., 2009; Ellwood and van den Berg, 2001. 377 

A third possibility for the lack of Co(DGM)2 signal is the slow reaction kinetics of Co(II) 378 

when compared to Ni(II), even in the presence of excess DMG (Saito and Moffett, 2001; van 379 

den Berg and Nimmo, 1987; Xue et al., 2001). Since the time allowed for equilibration of the 380 

samples prior to shipboard measurement of the stripping current was relatively short (< 6 min), 381 

it could partly explain the apparent absence of labile Co. In order to investigate this possibility, 382 

we measured surface water samples of low and high salinities after 12 h and 24 h following the 383 

addition of 50 µmol L-1 DMG; however, the resulting signals for the Co-DMG complex at 384 

-1.10 V were deformed and unusable for quantitative analysis, possibly due to the interference 385 

of surface-active compounds from DOM on the electrode surface. Only after the UV digestion 386 

of the samples, could signal could be detected and total dissolved Co determined in the absence 387 

of interfering organic ligands (Figure 1 Supplemental).  388 

 389 

3.2 Non-conservative behavior was observed for total dissolved Ni and Co 390 

 391 

Reactive Ni and total dissolved Ni and Co obtained by voltammetry (AdCSV) were 392 

comparable to total dissolved Ni and Co obtained by ICP-MS (Figure 2). ICP-MS 393 

measurements, following UV-digestion and preconcentration of trace metals, yielded Ni 394 

concentrations in the same range (~2–10 nmol L-1) as the AdCSV measurements of the same 395 

samples (Figure 2 A-C). AdCSV analyses of total dissolved Ni compared to reactive dissolved 396 

Ni showed slightly higher concentrations and a more disperse distribution for total dissolved Ni 397 

(Figure 2 Supplemental). However, the similar trends between total and reactive Ni indicate 398 

that the majority of dissolved Ni species are present as relatively labile complexes or Ni2+ free 399 

ions. This result is consistent with previously reported behavior for Ni in seawater, wherein a 400 
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relatively small fraction of Ni is expected to be complexed by strong organic ligands (van den 401 

Berg and Nimmo, 1987; Boiteau et al., 2016).  402 

Comparative measurements of total dissolved Co performed by ICP-MS and AdCSV in 403 

the home laboratories resulted in similar concentrations (~0.1–1.5 nmol L-1) for most samples 404 

along the salinity gradient (Figure 2 D-F). Unlike for Ni, reactive Co species were not detected 405 

in our dissolved samples, consistent with a predominance of strong Co-DOM complexes (Bown 406 

et al., 2012).  The difference observed for AdCSV and ICP-MS measurements may be attributed 407 

to differences in calibration methods or the final detection methods (Figure 3 Supplemental). 408 

According to Oldham et al. (2017), the precipitation of humic matter may be associated to the 409 

loss of Fe/Mn ligand complexes to bottle walls before seawater is submitted to UV digestion. 410 

It could be also associated to the discrepancies observed here for Co by AdCSV and ICP-MS. 411 

In a study of the Amazon estuary and plume from 1976, a conservative Ni distribution 412 

was observed (6.3 to 1.5 nmol kg-1; Boyle et al., 1982). Our study showed a similar distribution, 413 

but slightly higher concentration ranges mainly at low salinity regions (Figure 4 Supplemental). 414 

On the other hand, dissolved Cu measured from this same research cruise (Hollister et al., 2021) 415 

showed no change in concentration compared to Boyle et al. (1982), indicating that this 416 

concentration increase cannot be solely attributed by a change in river dynamics. Instead, the 417 

higher Ni may be related to anthropogenic activities, including possible increased Ni mining in 418 

the Amazon River catchment area (Melfi et al., 1988; de Oliveira, S.M.B. et al., 1992).  419 

Distinct influences from the Amazon and Pará rivers as natural sources of Ni and Co to 420 

the estuary were observed for both ICP-MS (Figure 3 A, B) and voltammetric (Figure 3 C, D) 421 

data, where dissolved Ni and Co were higher in the Pará River outflow area (Figure 2 A-F). 422 

River endmember values for Ni were determined at S = 0.35 (Pará Transect) and S = 0.18 423 

(Amazon Transect) to 9.18 and 5.93 nmol L-1, respectively. For Co, river endmember values 424 

were determined as 2.29 nmol L-1 (Pará Transect) and 2.01 nmol L-1 (Amazon Transect). At 425 

higher salinities (S ≥ 15), the Amazon and Pará River transects became indistinguishable, 426 

indicating that thorough mixing likely occurred. In future studies, the sources of Ni could be 427 

further refined by conducting isotopes studies, due to the different isotope signatures of Ni from 428 

the Amazon tributaries and oceanic endmembers (Revels et al 2021). 429 

Reactive dissolved Ni, total dissolved Ni and total dissolved Co species all decreased 430 

with increasing salinity, although some non-conservative behavior was also observed (Figure 431 

2). A mid-salinity local minimum (S ~13-25) was observed for reactive dissolved Ni which 432 

may be attributed to possible biological uptake, particle adsorption and/or colloidal flocculation. 433 

Large colloidal Ni was primarily observed in the low-mid salinity range (S <13.9; section 3.4), 434 
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supporting the idea of colloidal flocculation at higher salinities. Bioproductivity was higher in 435 

this salinity range compared to lower and higher salinity regions, reflected in elevated 436 

chlorophyll a data (Hollister et al., 2021). Furthermore, bacterial Mn oxidation might be higher 437 

in higher productivity regions (Sunda and Huntsman, 1987), so scavenging rates of Co could 438 

be higher here. The increase in concentrations of dissolved Ni and Co following the local 439 

minima in the mid-salinity region (S ≥16) may reflect desorption from particles (Morris et al., 440 

1965; Coleman, 1966).  441 

The slightly elevated levels of dissolved Ni and Co species in the Mangrove Belt 442 

samples (S ~ 28-35), compared to samples of equivalent salinities in the Amazon and Pará 443 

transects (Figure 2) suggest an additional source of trace element-rich groundwater inflow from 444 

this region (Thanh-Nhoab et al., 2018; Sadat-Noori and Glamore, 2019). Mangrove forests in 445 

Northern Brazil are areas of high productivity and act as natural sources of DOM and particulate 446 

matter to the Atlantic Ocean (Dittmar et al, 2006; Tremblay et al, 2007). Ni and Co can be 447 

transported through particulate materials (especially Co, which is subject to particle-448 

scavenging) and dissolved organic complexes from the mangrove coastal zone. Upon mixing 449 

of groundwater and seawater, desorption of trace metals may occur, resulting in the 450 

concentration increase observed in the mid-high salinity range of the Mangrove Belt samples 451 

(Figure 2). This supports previous findings indicating that the adjacent mangroves play an 452 

important role for not only the aquatic carbon budgets (Dittmar et. al, 2001), but also for 453 

concentrations of trace elements and associated organic matter in the Northwest Brazilian 454 

continental shelf (Hollister et al, 2021). 455 

 456 

3.3 Depth profiles indicate effects of scavenging, biological interaction, and Antarctic 457 
Intermediate Water intrusion 458 

 459 

Biological uptake and regeneration have a strong influence on the distribution of metals 460 

throughout the water column in estuaries and the open ocean (Smoak et. al, 2006; Boyd et al., 461 

2017; Archer et. al, 2020). To study the processes governing dissolved Ni and Co at depth, TM-462 

CTD samples (0-2000 m) were analyzed (Figures 4 and 5). Concentrations in the upper water 463 

column (≤ 25 m) were highest in station 9 (Figure 1C), which was lowest in salinity and nearest 464 

to the Pará River source. In all stations, the partial depletion of Ni in surface waters was 465 

consistent with its well-known nutrient-like behavior (Sclater et al. 1976, Bruland et al. 1980) 466 

and with a recent study in South Atlantic waters (Archer et al. 2020). Our dissolved Ni minimum 467 

at 30-60 m (~1 and 3 nmol L-1) may be attributed to similar removal mechanisms (e.g., 468 
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biological uptake and/or particle adsorption) as that observed in dissolved Ni in mid-salinity 469 

surface samples (S ~13-25). Moreover, the close agreement of the results for reactive and total 470 

dissolved Ni (Figure 4C, 5C) may indicate that most of the Ni participating in the processes of 471 

biological uptake at the surface and subsequent regeneration at depth is present in the reactive 472 

form. The Ni concentration increase at 500-1000 m (Figure 4 A-B) indicates possible 473 

regeneration or the presence of Antarctic Intermediate Water (AIW) masses (Hawco et al. 474 

2018). Co also displayed nutrient-like increase at similar depths to Ni (Figure 4D-E), consistent 475 

with data from Saito and Moffett (2001).  476 

In addition to nutrient uptake and regeneration, the decrease in surface Co (Figure 5D-477 

E) and possibly Ni in the upper ~50 m (Figure 5A-C) may indicate particle-scavenging 478 

behavior. The apparent combination of scavenging and biogenic uptake and regeneration for 479 

Co is consistent with other GEOTRACES studies throughout the global oceans (see e.g. Hawko 480 

et al. 2018 and references therein). In addition to its role as a micronutrient, Co may be 481 

scavenged to particles such as Mn-oxides in the water column (Tebo et al. 1984; Lee and Fisher 482 

1993). More limited studies indicate that Ni can also be subject to particle scavenging 483 

(Balistrieri and Murray 1986; Tani et al. 2004), and a recent seawater regeneration experiment 484 

indicated that Ni and Co concentrations in the water column are likely influenced by a 485 

combination of particle scavenging, biogenic uptake and regeneration (Hollister et al, 2020).  486 

Thus, biological and particle scavenging processes likely both influence the cycling of Co and 487 

Ni in this estuary environment, which is rich in both particulate matter (section 3.4) and 488 

biogenic activity.  489 

 490 

 491 

3.4 Labile particulate (>0.2 µm) Co and Ni and large colloidal Co are present throughout the 492 
estuary 493 

 494 

The degree of sorption and desorption of metals on and from particles is an important 495 

driver of their fate and transport in estuaries (Mosley and Liss, 2020) and the bioavailability of 496 

these metals in the estuarine mixing zone. Labile particulate Ni and Co (i.e. the >0.2 µm fraction 497 

leachable by acidification and UV digestion) were detected throughout the full salinity range of 498 

the sample area (Figures 6 A-B). The highest labile particulate Ni and Co concentrations were 499 

detected in the Amazon transect and decreased with respect to salinity. Labile particulate Ni 500 

and Co in the Amazon River end member comprised 69% and 83% of the total measured 501 

concentrations, respectively (Figure 6 C-D). Our Ni concentrations are similar to a recent study 502 
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by Revels et al. (2021), which found a dissolved load of 0.25-0.70 times that of the labile 503 

particulate material concntrations in the Amazon River. The relative distribution of Ni and Co 504 

as labile particulate species indicates that both elements enter the estuarine mixing zone bound 505 

primarily to particles derived from the Amazon River, due to the comparatively higher water 506 

volume and associated particle flux compared to that of the Pará River (Figure 6 A-D). The 507 

Amazon, Pará and Plume North transects were indistinguishable from each other at S ≥ 10, 508 

indicating thorough early mixing. In addition to riverine contributions, brackish groundwater 509 

from the Mangrove Belt also appeared to be an important source of labile particulate Ni and 510 

Co, resulting in a slight increase in both metals observed in mangrove-associated samples (S > 511 

28; Figure 6 A-D). Size fractionation is known to affect isotopic fractionation of Ni in the 512 

Amazon river, with lighter Ni preferentially partitioned to the particulate phase (Revels et al, 513 

2021). Thus, our data could be used to support future isotopic studies to investigate sources and 514 

sinks of Ni in the Amazon Estuary and ocean. 515 

 Ni and Co concentrations in the large colloidal fraction were determined by subtracting 516 

the soluble fraction (<0.015 µm) from the dissolved fraction (<0.2 µm), and the subsequent 517 

colloidal error was calculated from propagation. Paired t-tests between the dissolved and 518 

soluble fractions showed a significant difference between the two fractions for Co (p<0.05, 519 

n=75) but not for Ni, indicating that large colloidal species (0.015 – 0.2 µm) played a more 520 

important role for Co (Figure 7). For all except a few low salinity samples, the soluble and 521 

dissolved fractions for Ni (Figure 2A-B) were within error of each other, and no significant 522 

colloidal fraction was detected (Figure 7 A-B).  While colloidal Ni was only detected in the 523 

coastal regions of Amazon and Pará rivers, colloidal Co was present throughout the estuary, 524 

with contributions from the Amazon and Pará rivers as well as the Mangrove belt (Figure 7 C-525 

D). Colloidal Co, expressed both as concentrations and as percentage of total dissolved, was 526 

highest in the low-mid salinity range of S ~3-6 for the Amazon transect (up to 0.28 nmol L-1 527 

and 59% of total) and S ~7 for the Pará transect (1.6 nmol L-1, 86% of total). This low-salinity 528 

colloidal maximum for Co may be related to the mixing of seawater with the Amazon River 529 

water in the northern region of the plume and disaggregation of particulate matter, which has 530 

been observed for uranium in other areas of the Amazon estuary (Swarzensky and Booth, 1995). 531 

The colloidal fraction of Co generally decreased from S ~ 7 (86%) to S ~ 22 (16%), consistent 532 

with studies conducted for other metals in the Amazon, wherein a drawdown in trace elements 533 

resulted from a combination of coagulation of river colloids and particle scavenging (Boyle et 534 

al., 1977; Sholkovitz and Price, 1980; Swarzensky and Booth, 1995). At higher salinities, the 535 
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colloidal fraction of Co increased slightly, primarily in the Mangrove Belt samples (up to 33%), 536 

possibly reflecting an influx of brackish groundwater containing elevated organic matter.  537 

    538 

3.5  A fraction of Ni is truly dissolved 539 

 540 

We performed an additional ultrafiltration (<10 kDa and <1 kDa) analysis on four 541 

samples of varying salinities throughout the study area (Figure 1B). Ultrafiltration, which 542 

separates fractions based on weight rather than diameter, is not directly comparable to standard 543 

membrane filtration. However, a weight of 1-10 kDa corresponds to a pore diameter of roughly 544 

2.8-4.4 nm (Sarbolouki, et al 1982), so both ultrafiltered fractions can be expected to have lower 545 

concentrations than the dissolved and soluble fractions. Cobalt had no discernible trends among 546 

size fractions, indicating possible contamination during filtration and data are not presented 547 

here. Nickel concentrations generally decreased with decreasing filter size and displayed similar 548 

trends between ICP-MS and AdCSV analyses (Figure 8). The corresponding dissolved and 549 

soluble Ni samples were within error of each other, corroborating the other sample results 550 

(Figure 2 A-B). With the exception of the AdCSV results for sample 98 (<10 kDa), the 551 

ultrafiltered fractions were measurably lower than the soluble and dissolved fractions. In 552 

stations 15, 25 and 36 the <1 kDa fraction was lower in concentration than the <10 kDa fraction 553 

for the respective analyses; for station 25 AdCSV analysis, both fractions were below detection 554 

(<0.25 nmo L-1). As observed for the other dissolved and soluble samples (Figure 2), Ni 555 

concentrations decreased with increasing salinity, and all size fractions were lowest in 556 

concentration in the seawater end member (station 25). The highest concentration of <10 kDa 557 

Ni was observed in sample 36, (Mangrove Belt, S = 29), possibly indicating a unique 558 

geochemical environment for this region, which is defined by groundwater discharge, high 559 

DOM concentrations and elevated biological activity. Our ultrafiltration data indicate that an 560 

important portion of soluble Ni is transported from the Amazon river and mangrove belt to the 561 

ocean in a truly dissolved form of <10 kDa or even <1kDa and can contribute to the 562 

biogeochemical cycling of Ni in the oceanic water column. 563 

  564 

4. Conclusions  565 

 566 

We present a comprehensive speciation study of Ni and Co in the Amazon and Pará 567 

River estuaries, mixing zone and surrounding regions of the Northwest Brazilian Continental 568 
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shelf. Ni and Co concentrations were quantified in surface water and depth samples using 569 

comparative analyses by voltammetry (AdCSV) and mass spectrometry (SeaFAST 570 

preconcentration and ICP-MS analysis). AdCSV analyses indicated that, in relation to DMG-571 

metal complexes, Ni is governed by relatively weaker organic or inorganic complexes or Ni2+, 572 

while Co is governed by relatively stronger organic complexes. In addition, the high fraction of 573 

reactive Ni compared to total dissolved suggested high bioavailability. This similarity between 574 

reactive and total dissolved Ni was highlighted in both surface samples and in nutrient-like 575 

depth profiles. Dissolved Ni and Co from CTD profiles (~10-2000 m water depth) showed a 576 

nutrient-like increase at depth (~500-1000 m), with likely additional influence of the Antarctic 577 

Intermediate Water (AIW) for Ni. Our data may support studies investigating the sink-source 578 

relationships of Ni isotopes in the ocean (e.g., Revels et al., 2021), as particulate phase Ni 579 

isotopes are uniformly much lighter than the dissolved phase Ni isotopes, and hence, Ni 580 

partitioning between different size fractions plays an important role for Ni isotopic fluxes in an 581 

estuarine system. 582 

 Throughout the estuary, the distributions of Ni and Co were governed by a combination 583 

of input and removal mechanisms. Concentrations of Ni and Co in dissolved, soluble and, for 584 

Ni, truly dissolved (<10 and <1 kDa) surface water samples correlated negatively with salinity. 585 

Deviations from conservative river-seawater mixing behavior were attributed to possible 586 

particle adsorption-desorption, colloidal flocculation, biological activity and additional input 587 

from sources such as mangrove-derived groundwater. Ni and Co species entered the estuarine 588 

zone from the Amazon and Pará Rivers predominantly associated with particles (>69% of total 589 

for river end members). Large colloidal species (0.015-0.2 µm) of Ni and Co were observed in 590 

the mixing zone, but were only detectable at low salinities for Ni. For both metals, dissolved 591 

species were transported in the estuarine mixing zone primarily as soluble species (<0.015 µm). 592 

However, elevated concentrations of colloids at low salinity may provide a removal mechanism 593 

for dissolved Ni and Co via colloidal flocculation upon seawater mixing. The Mangrove Belt 594 

also played an important role in contributing to both dissolved (<0.2 µm) and particulate-bound 595 

dissolvable (>0.2 µm) species of Ni and Co. Elevated levels of Ni and Co in this region were 596 

attributed to a possible influx of groundwater and/or desorption process from particulate 597 

material. 598 

 The Amazon basin has increasingly been subject to anthropogenic impacts. Prior to this 599 

study however, no recent Ni or Co data existed for the Amazon estuary and surrounding 600 

Northwest Brazilian Continental Shelf. This study established concentration levels and salinity 601 
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distributions of Co and Ni at  high resolution. The data presented here will therefore be essential 602 

for evaluating future changes in trace elements in this region.      603 

 604 
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 615 

Figures 616 

 617 

Figure 1: Transects and salinity gradient of Amazon and Pará River estuaries, mixing plume 618 
and nearby regions of the Northwest Brazilian Continental Shelf obtained during the research 619 
cruise M147, Amazon – GEOTRACES GApr11: (A) surface salinities of towed-fish samples 620 
(B) towed-fish samples, grouped according to source and region and (C) locations of TM-CTD 621 
depth profiles analyzed in this study. The white circles in B represent locations where the 622 
samples for ultrafiltration were collected.  623 

 624 
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 625 

Figure 2: Comparative distribution of total dissolved (<0.2 µm) and soluble (<0.015 µm) Ni 626 
(A-B) and Co (D-E) by ICP-MS methods, reactive dissolved Ni (C) by AdCSV methods and 627 
total dissolved Co (F) by AdCSV methods in the study area. 628 

 629 

Figure 3: Spatial distribution of total dissolved Ni and total dissolved Co in the study area 630 
measured by ICP-MS (A, B) and AdCSV (C, D). 631 
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 632 

Figure 4: Depth profiles of dissolved (<0.2 µm) and soluble (<0.015 µm) Ni and Co species 633 
measured by ICP-MS in samples collected from CTD bottles in the study area (high salinity). 634 

 635 
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 636 

Figure 5: Depth profiles of dissolved (<0.2 µm) and soluble (<0.015 µm) Ni and Co species 637 
measured by ICP-MS in samples collected from CTD bottles in the study area (low salinity). 638 
The symbols correspond to locations of CTD casts as specified in Figure 1C. 639 
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 640 

Figure 6: Labile particulate (>0.2 µm) Ni and Co expressed as concentrations (A-B) and percent 641 
of total (C-D) along the mixing zone obtained by AdCSV measurements.  642 
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 643 

Figure 7: Distribution of large colloidal (0.015-0.2 µm) concentrations (left) and percent of total 644 
dissolved (right) for Ni (A-B) and Co (C-D) obtained by ICP-MS measurements. Colloidal 645 
values within error of 0 are not shown.   646 

 647 

Figure 8: Comparative distribution of Ni species in four selected samples in the dissolved (<0.2 648 
µm), soluble (<0.015 µm) and ultrafiltered (<1 kDa and <10 kDa) size fractions measured by 649 
ICP-MS and AdCSV.  650 

 651 

 652 
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