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Abstract: 12 

Current understanding of dissolved iron (Fe) speciation in the ocean is based on 13 

two fundamentally different approaches; electrochemical methods that measure bulk 14 

properties of a heterogeneous ligand pool, and liquid chromatography mass spectrometry 15 

methods that characterize ligands at a molecular level. Here, we describe a method for 16 

simultaneously determining Fe ligand dissociation rate constants (kd) of suites of 17 

naturally occurring ligands in seawater by monitoring the exchange of ligand-bound 56Fe 18 

with 57Fe using liquid chromatography-inductively coupled mass spectrometry. Values of 19 

kd were determined for solutions of ferrichrome and ferrioxamine E.  In seawater, the 20 

dissociation rate constant of ferrichrome (kd = 10 x 10-8 s-1) was greater than that of 21 

ferrioxamine E (kd = 3.6 x 10-8 s-1). Rates for both compounds were over twice as fast in 22 

seawater compared with pure water, suggesting that seawater salts accelerate 23 
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dissociation. Isotope exchange experiments on organic extracts of natural seawater 24 

indicated that ligand binding sites associated with chromatographically unresolved 25 

dissolved organic matter exchanged Fe more quickly (kd = 1.8x10-5 s-1) than amphibactin 26 

siderophores (kd = 2.15x10-6 s-1) and an unidentified siderophore with m/z 709 (kd = 27 

9.6x10-6 s-1). These findings demonstrate that our approach can bridge molecular level 28 

ligand identification with kinetic and thermodynamic metal-binding properties. 29 

 30 
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Synopsis: 33 

 We present a method for determining iron dissociation rates of chemical species 34 

in environmental mixtures containing diverse iron-complexes.  35 
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Introduction: 44 

Organic complexation affects the solubility, reactivity, and biological availability 45 

of many transition metals in the ocean. Since the discovery that iron (Fe) limits biological 46 

productivity in large areas of open ocean 1–4, there has been significant interest in 47 

understanding the role of organic ligands in microbial trace metal acquisition and 48 

incorporating trace metal ligand interactions into ocean biogeochemical models. Organic 49 

ligands complex over 99% of dissolved Fe in the ocean 5–9 and maintain dissolved Fe 50 

stocks available for biological uptake that are well above the solubility of inorganic Fe 51 

species in seawater 10–12. Current methods for characterizing organic ligands focus on 52 

either measuring the Fe binding strengths of the total ligand pool, or molecular-level 53 

identification of metal-ligand complexes. Here, we bridge the gap between these 54 

approaches by developing an isotope exchange method to measure the kinetic 55 

dissociation rate, which is directly related to binding strength, of chromatographically 56 

resolved Fe-ligand complexes.  57 

 58 

Previous research on ligand characterization has largely focused on the 59 

concentrations and binding strengths of the entire suite of ligands in a sample of 60 

seawater. These measurements have been made throughout the ocean using competitive 61 

ligand exchange (CLE) methods monitored by cathodic stripping voltammetry 13,14. CLE 62 

experiments have demonstrated that the concentrations and binding strengths for organic 63 

Fe-binding ligands vary extensively throughout the ocean. Surface and coastal waters 64 

tend to have higher concentrations of metal binding ligands than the oligotrophic or deep 65 

ocean, suggesting that marine organic ligands have multiple important sources including 66 
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biological productivity and terrestrial inputs. Furthermore, the conditional Fe binding 67 

stability constants (log Kcond 
Fe’L) vary spatially and a wide range of values have been 68 

reported by different studies (10.3-13.9) 13,15. Stability constants derived from these 69 

measurements are strongly dependent on methodological setups such as added ligand 70 

identity/concentration and equilibration times 16. Typically, one or two ligand classes 71 

with different binding strengths are fit to CLE titration data. When a two ligand fit has 72 

been used, the strong class (L1) is generally more abundant in productive surface waters 73 

6,17–20, suggesting a biological source for the strongest ligands. Weaker ligands (L2) tend 74 

to be particularly abundant near continental shelves and benthic boundary layers 21–24. 75 

Based on the similarity of binding strengths, it has been suggested that the L1 class may 76 

include siderophores, biomolecules that are synthesized by microbes specifically to 77 

acquire Fe under Fe-stressed conditions 6, and that the L2 class includes polysaccharides 78 

and refractory ‘humic-like’ organic matter produced from biomass degradation 25–29.  79 

 80 

More recently, the molecular-level composition of Fe binding ligands has been 81 

studied with liquid chromatography with inductively coupled plasma mass spectrometry 82 

and high resolution electrospray mass spectrometry (LCMS) based approaches (Boiteau 83 

et al., 2019; Boiteau et al., 2016; Bundy et al., 2018; Gledhill et al., 2004; Macrellis et al., 84 

2001; Mawji et al., 2008; Velasquez et al., 2011).  These techniques physically separate 85 

organic ligands, identify each species based on mass spectral data and chromatographic 86 

retention time, and quantify the amount of metal associated with each. Using this 87 

approach, a broad suite of siderophores and siderophore-like compounds have been 88 

identified in seawater.  In addition, nearly all seawater samples have been shown to have 89 
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a complex suite of Fe binding ligands that are chromatographically unresolved and likely 90 

generated from the degradation of biomolecules into refractory compounds with extreme 91 

structural variability.  92 

 93 

A major challenge that remains is to link the chemical/structural information 94 

obtained by LCMS based approaches to the binding strengths acquired by CLE 95 

measurements. This requires new ways of determining physical parameters (e.g. 96 

thermodynamic and kinetic constants) of the compounds detected by LCMS that can be 97 

compared to those measured with CLE.  The conditional stability constant of an organic 98 

ligand with respect to inorganic Fe is related to the formation and dissociation of that 99 

ligand with Fe. Association rates of organic ligands with free metals are generally limited 100 

by the loss of water from the inner coordination sphere of the metal species (k-w), with 101 

only small variations attributed to the incoming ligand 37. Dissociation rates, however, are 102 

strongly influenced by the specific structural characteristics of the ligand, and thus the 103 

disjunctive dissociation rate constant (kdis) and ligand strength are inversely correlated.  104 

Measurements of the dissociation rate of ligand-organic complexes can therefore provide 105 

estimates of Kcond 
Fe’L, a key parameter for incorporating Fe into ocean biogeochemical 106 

models. Previous studies have used electrochemical methods 38–41 or radioisotope 107 

exchange 42,43 to measure kinetic constants of Fe binding by marine organic ligands, but 108 

these approaches obtain average values that represent a complex ligand mixture.  109 

 110 

Here, we introduce an approach for determining compound specific Fe 111 

dissociation rates from a mixed ligand sample based on the exchange of naturally 112 
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abundant 56Fe with the rare 57Fe isotope. This method provides a means of determining 113 

the dissociation rates of individual Fe ligands under close-to-natural seawater conditions 114 

and ligand concentrations. We developed this approach by measuring the dissociation 115 

rate of two model siderophores. From these rates, we used previous measurements of the 116 

conditional formation constant (kf) of the model siderophores in seawater to calculate 117 

their conditional stability constants and compared these values to previous measurements 118 

obtained by electrochemistry. We then analyzed a complex mixture of naturally occurring 119 

ligands isolated from the coast of California containing chromatographically unresolved 120 

natural organic matter and two siderophore classes 35. We compare results from isotope 121 

exchange with previous kinetic and stability constants determined by other means, and 122 

discuss the implications of our findings in the context of metal exchange across the 123 

ocean. 124 

 125 

Methods: 126 

Iron ligand exchange kinetics: 127 

Measurements of dissociation rates for individual compounds in a complex 128 

mixture require a method that can determine the amount of metal associated with each 129 

species. Chromatography coupled with mass spectrometry can achieve compound 130 

specific detection, but the measurements are subject to changes in speciation during 131 

sample preparation or chromatographic separation (e.g. loss of metal from the organic 132 

ligand).  To circumvent this issue, we employed isotopic exchange to determine the 133 

dissociation rates of Fe bound to siderophores and natural suites of organic ligands in 134 

seawater.  For these experiments, organic ligands were first bound with natural Fe (92% 135 
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56Fe). Then, a higher concentration of the rare isotope 57Fe was added as a stock solution 136 

containing excess citrate as a weak stabilizing ligand to limit Fe precipitation. The 137 

isotopic ratios of the organic-ligand complexes were measured over time as the two 138 

isotopes equilibrated with the organic ligands. Since association rates are much faster 139 

than dissociation rates for strong Fe ligands, the rate of isotopic equilibration is directly 140 

related to the rate of the slow dissociation step.  141 

Iron exchange can proceed via a two-step disjunctive mechanism, in which a Fe-142 

ligand complex (FeL) dissociates, followed by ligand complexation with a different Fe 143 

atom, or by an adjunctive mechanism which involves the formation of a ternary complex 144 

intermediate with free added citrate (Yʹ) or another free ligand or cation in solution. The 145 

rate of isotope exchange depends on the molar fractional abundance of 56Fe (f56Fe) in the 146 

sample. The overall mole fraction of 56FeL remaining at time t can be described as a 147 

pseudo-first order integrated rate equation relative to the initial concentration: 148 

 149 

[
𝐹𝑒𝐿56

𝐿𝑡𝑜𝑡𝑎𝑙
] = ([

𝐹𝑒𝐿56

𝐿𝑡𝑜𝑡𝑎𝑙
]

𝑖𝑛𝑖𝑡𝑖𝑎𝑙
− 𝑓56𝐹𝑒) ∗ 𝑒−𝑘𝑑𝑡 + 𝑓56𝐹𝑒     (1)  150 

 151 

Where kd is the pseudo first order dissociation rate constant for the metal ligand complex 152 

at a particular temperature and solution composition, and includes both disjunctive (kdis) 153 

and adjunctive (kadj) rate constants: 154 

 155 

𝑘𝑑 =  (𝑘𝑑𝑖𝑠 + 𝑘𝑎𝑑𝑗,𝑌[𝑌′])        (2) 156 

 157 
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The derivation of equation 1, provided as supporting information (SI), assumes that the 158 

concentration of added 57Fe-citrate is much larger than the initial 56Fe concentration and 159 

that the only significant forms contributing to the total ligand concentration [Ltotal] are the 160 

complexes with 56Fe or 57Fe. The dissociation rate constant kd can be obtained from the 161 

slope of the linear fit to the rearranged form of equation 1: 162 

 163 

ln ([
𝐹𝑒𝐿56

𝐿𝑡𝑜𝑡𝑎𝑙
] − 𝑓56𝐹𝑒) = −𝑘𝑑𝑡 + ln ([

𝐹𝑒𝐿56

𝐿𝑡𝑜𝑡𝑎𝑙
]

𝑖𝑛𝑖𝑡𝑖𝑎𝑙
− 𝑓56𝐹𝑒)    (3) 164 

 165 

A key aspect of this method is that liquid chromatography with inductively 166 

coupled plasma mass spectrometry (LC-ICPMS) is capable of simultaneously measuring 167 

isotope ratios (and thus kd) for every chromatographically resolved metal species in a 168 

sample. The determination of the isotopic ratio, such as 56FeL/(56FeL + 57FeL), by LC-169 

ICPMS is a robust measurement that is not impacted by Fe loss during extraction or 170 

chromatography, and does not vary with changes in instrument sensitivity. Although 171 

isotopic fractionation effects do affect isotopic ratios, these fractionation factors are very 172 

small (typically <<1%) compared to the changes that are measured in this study 44–46. As 173 

illustrated by equation 2, the excess free citrate that was amended to samples can 174 

accelerate the rates of Fe-ligand exchange via adjunctive pathways compared to 175 

unamended samples. As a result, measurements of kd described here can be viewed as 176 

upper bounds on the disjunctive dissociation rate constants (kdis) of ligands in natural 177 

waters.  178 

 179 

Materials and reagents: 180 
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High purity water (18.2 MΩ cm-1, qH2O) and LCMS grade methanol (MeOH) and 181 

ammonium formate (Optima, Fisher scientific) were used in this study. The methanol was 182 

redistilled in a polytetrafluoroethylene (PTFE) still to reduce the Fe blank. Polycarbonate 183 

carboys and PTFE tubing for sample collection and solid phase extraction (SPE) were 184 

soaked overnight in 0.1% detergent (Citranox), rinsed with qH2O, and soaked for 1 day in 185 

1 M HCl (trace metal grade, Fisher Scientific) before a final qH2O rinse. Stock solutions 186 

of ferrichrome, ferrioxamine E and cyanocobalamin (Sigma Aldrich) were prepared in 187 

qH2O. To prepare the 57Fe citrate stock solution, 57Fe oxide (96% 57Fe, Cambridge 188 

Isotope Laboratories) dissolved in concentrated HCl (trace metal grade), and diluted to 4 189 

μM Fe in a 5 mM citrate solution prepared from trisodium citrate dihydrate (Fisher 190 

scientific) in qH2O. The 1000-fold excess of citrate was added to prevent the precipitation 191 

of ferric Fe oxyhydroxides. Citrate was selected due to its fast dissociation kinetics 47,48, 192 

which exchanges Fe isotopes rapidly while maintaining a high concentration of dissolved 193 

Fe.  194 

 195 

Sample collection: 196 

The sample used for the natural ligands Fe exchange rate experiment was 197 

obtained from surface waters (3m depth) within a cyclonic (upwelling) eddy along the 198 

coast of California in July 2014 IRNBRU cruise from 39.43N, 124.54W. A volume of 199 

20 L was collected using a trace metal clean GeoFish sampling system and passed 200 

through a 0.2 μm polyethersulfone capsule filter into a 20 L polycarbonate carboy. The 201 

dissolved Fe concentration was measured at 0.12 nM by flow injection analysis, while 202 

total solid phase extractable Fe ligand concentrations and siderophore concentrations 203 
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were measured by LC-ICPMS to be 0.17 nM and 5 pM respectively 35. Organic 204 

compounds were extracted from the seawater onto a solid phase extraction (SPE) resin 205 

column (1 g, ENV, Agilent) at a flow rate of 15 mL/min using a peristaltic pump 206 

equipped with polytetraflouroethylene (PTFE) and platinum-cured silicone tubing. Prior 207 

to use, the SPE column was activated with 5 mL MeOH, rinsed with 10 mL pH 2 qH2O 208 

(acidified with trace metal grade HCl), and conditioned with 10 mL qH2O. The column 209 

was rinsed with 10 mL of qH2O after extraction to remove excess salt and immediately 210 

frozen.  To recover natural organic ligands, the column was thawed, eluted with 6 mL 211 

MeOH, and the MeOH extract was amended with 10 μL of a 50 μM cyanocobalamin 212 

stock solution as an internal standard. The extract was concentrated to <1 mL under a 213 

stream of N2 gas and brought up to a volume of 2 mL with qH2O. 214 

 215 

Fe exchange from ferrichrome and ferrioxamine E in seawater: 216 

Two solutions containing 2 nM each of ferrioxamine E, ferrichrome, and 217 

cyanocobalamin were prepared in 60 mL PTFE bottles, one containing 50 mL qH2O and 218 

another containing 50mL filtered seawater. To each bottle, 1 mL of the 57Fe citrate stock 219 

solution was added, yielding a final concentration of 98 µM citrate and 78 nM added 57Fe 220 

and a pH of 5.8. The solutions were filter sterilized through 0.2 μm polyethersulfone 221 

syringe filters (Millipore) into microwave sterilized polycarbonate bottles. The f56Fe of the 222 

solutions was measured by ICPMS to be 0.11 ± 0.005.  The bottles were incubated in the 223 

dark to prevent photodegradation at room temperature with time points collected over the 224 

course of 235 days by passing 4 mL from each treatment through a 100 mg C18 SPE 225 

column (Bond Elut, Agilent) that had been activated with MeOH and rinsed with qH2O. 226 
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The columns were then rinsed with 1 mL qH2O to remove salts and excess 57Fe citrate, 227 

which is not retained by the column.  The columns were stored at -20 C.  For analysis, 228 

siderophores were eluted with 0.8 mL of MeOH, the solvent was removed by vacuum 229 

centrifugation (Savant speedvac), and samples diluted to a final volume of 150 µL with 230 

qH2O.  Samples were analyzed within hours to minimize Fe exchange during processing.  231 

 232 

LC-ICPMS analysis was used to quantify isotope ratios for separated ligands 233 

using methods adapted from previous studies 34,35,49. Organic extracts were separated on a 234 

bioinert high pressure liquid chromatography (HPLC) system (Dionex Ultimate RSLC 235 

3000) fitted with a C18 column (Hamilton, 2.1x150 mm, 3 μm particle size) and 236 

polyetheretherketone (PEEK) tubing and connectors. Samples were eluted with (A) 5 237 

mM aqueous ammonium formate and (B) 5 mM ammonium formate in distilled MeOH 238 

using a 12 minute gradient from 10-60% B, followed by isocratic elution at 60% B for 5 239 

minutes at a flow rate of 0.2 mL/min. 50 μL/min of the eluent flow was directed to a 240 

quadrupole ICPMS (Thermo iCAPq) by a post column PEEK tee. O2 gas (25 mL/min) 241 

was added to the plasma to completely oxidize the organic solvent to CO2. Data was 242 

collected in kinetic energy discrimination mode monitoring 56Fe, 57Fe, and 59Co with a 243 

dwell time of 0.1 seconds using 4.5 mL/min He as a collision gas to remove the ArO+ 244 

interference on 56Fe. Isotopologues were quantified based on the integration of 245 

chromatographic peak areas above the baseline, with sub picomole detection limits. The 246 

mean and standard deviation of isotope ratios measured by LC-ICPMS was evaluated by 247 

repeated analyses of siderophores bound to naturally occurring Fe. The 57Fe/56Fe 248 

measurement was 0.026±0.001 (n=6), which is slightly higher than the natural abundance 249 
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ratio of 0.023. This reflects typical instrumental mass bias towards heavier isotopes50 and 250 

indicates high precision in the context of the isotope ratios measured this study. A linear 251 

regression was fit to a plot of ln[56Fe/(56Fe+57Fe) - f56Fe] versus time for each compound 252 

and treatment. Values of kd presented in Table 1 were calculated from the slope and 253 

standard error of the fit.    254 

 255 

Fe exchange of natural organic ligands: 256 

To investigate Fe exchange by natural organic ligands from seawater, 40µL of the 257 

57Fe citrate stock solution was mixed with 160 µL of the concentrated organic extract 258 

from the California coast in a 250 µL autosampler vial insert (Agilent Scientific). Note 259 

that these extracts were preconcentrated by a factor of 10,000 via solid phase extraction, 260 

so the sample contains lower salt content and higher organic matter/ligand 261 

concentrations. The resulting spiked solution contained 1 mM citrate, 800 nM added 57Fe 262 

and f56Fe = 0.21 ± 0.01 and a pH of 8.1. This sample was analyzed by LC-ICPMS after 263 

incubating at 25 C for 30 minutes, 4 days, and 10 days using a bioinert liquid 264 

chromatography system (Agilent 1260 Series) and a quadrupole ICPMS as described 265 

above, but using a 20 minute gradient from 5-95% B, followed by a 10 minute isocratic 266 

elution at 95% B. Data was collected in kinetic energy discrimination mode monitoring 267 

56Fe, 57Fe and 59Co with dwell times of 0.05 seconds.  268 

 269 

Results and discussion: 270 

Fe exchange for model siderophores in seawater: 271 
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We first investigated the exchange kinetics of two model siderophores, 272 

ferrichrome and ferrioxamine E, in seawater (pH 8.1) and qH2O (pH 5.8). These two tri-273 

hydroxamate siderophores are produced by fungi and bacteria respectively, and 274 

ferrioxamine E has been previously detected in the surface ocean 31,34–36. The Fe 275 

dissociation kinetics of ferrichrome, ferrioxamine B, and natural marine organic ligand 276 

pools have been studied previously in seawater using electrochemical and radioisotope 277 

exchange measurements, providing a benchmark to compare with the results from our 278 

method 39,41–43,51,52.   279 

 280 

LC-ICPMS analysis of the samples yielded chromatograms with the two 281 

siderophores fully resolved (Fig. 1), and an increase in the peak intensity of 57Fe versus 282 

56Fe over time.  Several precautions were taken to ensure that sample preparation and 283 

chromatographic separation did not influence isotope ratios. Distilled solvents and trace 284 

metal free extraction and chromatography components were used for this analysis to 285 

prevent the siderophores of interest from exchanging with ambient Fe during sample 286 

processing, which would bias the measured Fe isotope ratios. Iron may still dissociate 287 

from the ligands during sample preparation or chromatography, but this has negligible 288 

impacts on isotope ratios. Sterilization of the solution was found to be important to 289 

prevent microbial degradation of the siderophores over time. The sum of the 56Fe and 290 

57Fe peak areas and thus total siderophore concentration was consistent between 291 

timepoints (Fig. 1; standard deviation of 7% for ferrichrome and 6% for ferrioxamine E). 292 

While the citrate concentrations used in this study have been shown to stabilize Fe over a 293 

wide range of pH and ionic strength 48,53, we note that Mg2+ and Ca2+ also bind with 294 
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citrate and reduce its effectiveness at stabilizing dissolved Fe. Estimates of Fe speciation 295 

in seawater (salinity of 35 and pH of 8.1) with 98 µM citrate and 78 nM Fe were 296 

calculated based on the cit4- model Ito et. al. 48,53 with ionic strength corrected stability 297 

constants for Mg2+ and Ca2+ binding with citrate.54 These calculations suggest that only 298 

67% of Fe was bound to citrate (primarily as Fe(Cit)2
5-) and that some Fe precipitation 299 

may have occurred in the seawater condition. However, this should not greatly affect the 300 

rate of isotopic exchange and thus the measured dissociation constants. 301 

 302 

Integrated peak areas were determined to calculate the 56Fe/(56Fe+57Fe) ratios at 303 

every time point and obtain linear fits to equation 3 for each compound (Fig. 2). Using 304 

this method, dissociation rate constants for ferrichrome and ferrioxamine E were 305 

determined in both qH2O and seawater (Table 1). The kd value for ferrichrome was 306 

4.5±0.7 x 10-8 s-1 in qH2O and 10±0.3 x 10-8 s-1 in seawater, while kd for ferrioxamine E 307 

was 1.7±0.1 x 10-8 s-1 and 3.6±0.02 x 10-8 s-1 in seawater. Our observation that 308 

ferrichrome dissociation was nearly 3x faster than ferrioxamine E dissociation in both 309 

qH2O and seawater is consistent with the higher reported affinity of ferrioxamine E (log β 310 

= 32.49) compared to ferrichrome (log β = 29.07) for Fe 55,56.  311 

 312 

The ferrichrome kd value for seawater is in good agreement with the value of 5±4 313 

x 10-8 s-1 obtained by Witter et al., 2000, who used electrochemical methods to monitor 314 

the exchange of Fe bound to siderophores in UV oxidized seawater with added 1-nitroso-315 

2-naphthol (1N2N). However, the reported kd value of ferrioxamine B (150±180 x 10-8 s-316 

1) based on 1N2N electrochemical measurements was significantly faster than both 317 
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ferrichrome and ferrioxamine E, although the reported ferrioxamine B binding strength 318 

(log β = 30.6) is intermediate between ferrioxamine E and ferrichrome 56. Dissociation 319 

rates measured by the 1N2N electrochemical method have also conflicted with other 320 

kinetic studies for protoporphyrin IX and phytic acid 57,58. These discrepancies highlight 321 

the advantage of having a distinct method to measure binding constants, such as the LC-322 

ICPMS approach described here.  323 

 324 

For both compounds, faster dissociation kinetics were observed in seawater at pH 325 

8.1 and 35 PSU salinity compared with qH2O at pH 5.8. The two factors that differentiate 326 

these treatments, pH and salinity, likely have opposite effects on Fe dissociation kinetics. 327 

Previous studies have shown that lower pH accelerates metal dissociation from 328 

hydroxamate siderophores 59,60 via a mechanism involving protonation of the siderophore 329 

complex, followed by adjunctive or disjunctive dissociation. Lower pH also affects the 330 

protonation state of free citrate, from predominately HCit3- at pH 8.1 to H2Cit2- at pH 5.8, 331 

which may influence adjunctive dissociation rates involving ternary complexes. In 332 

seawater, higher concentrations of Na+, Ca2+, Mg2+, and other cations can promote the 333 

formation of coordination complexes that weaken the Fe-siderophore association and 334 

enable faster dissociation kinetics, similar to the role of H+ at lower pH. As a secondary 335 

effect, cations bind with non-metalated (free) citrate, which slows dissociation via 336 

adjunctive pathways (98% of citrate was likely present as complexes with Ca, Mg, and 337 

Na in seawater) 47,61. The overall faster dissociation rates observed in seawater compared 338 

to qH2O suggest that the accelerating effect of seawater cations is strong.  339 

 340 
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The results for ferrioxamine E and ferrichrome demonstrate that monitoring 57Fe 341 

exchange by LC-ICPMS is a useful approach for determining metal dissociation 342 

constants. One of the primary advantages of this method is that it provides a compound 343 

specific dissociation rate constant for each component within a complex mixture of 344 

ligands as found in natural seawater, whereas competitive ligand exchange measurements 345 

reflect the combined dissociation kinetics of all ligands simultaneously. Furthermore, less 346 

than 1 picomole of compound is needed for each analysis, enabling sensitive analyses of 347 

dilute solutions. The concentration of metals and ligands in solution influences the 348 

contribution of adjunctive versus disjunctive mechanisms to overall reaction rates. These 349 

isotope-exchange analysis can be scaled to liter volumes for natural samples containing 350 

picomolar concentrations of organic ligands. Ultimately, the determination of 351 

environmentally relevant rates of Fe dissociation can inform biogeochemical models of 352 

Fe cycling 43.  353 

 354 

The LC-ICPMS approach is suitable for monitoring metal ligand complexes with 355 

slow exchange rates, such as siderophores, provided the complexes remain stable over 356 

timescales greater than the analysis time for each measurement 357 

(extraction/preconcentration time plus analysis time). It is important to consider that once 358 

concentrated, ligands are capable of exchanging metal with each other, which drives their 359 

isotopic composition (and thus the calculated dissociation rates) closer together if 360 

exchange is fast relative to the timescale of analysis. Previous studies found that the 361 

exchange of Fe between concentrated (4 mM) siderophores ferrioxamine B and 362 

ferrichrome is only 50% complete after 220 hours of incubation at 25C and pH 7.4 60. 363 
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Thus, Fe isotope exchange between siderophores is likely negligible in the siderophore 364 

extracts before and during analysis by LC-ICPMS.   365 

 366 

 367 

Figure 1: LC-ICPMS separation and detection of ferrichrome (first peak) and 368 

ferrioxamine E (later peak) extracted from seawater incubations with excess 57Fe added. 369 

Over time, 56Fe (green trace) is lost from the compounds and replaced with 57Fe (orange 370 

trace). Samples from 0 and 20 days were analyzed using a different LC column than the 371 

other four samples, hence the differences in peak shape, sensitivity, and retention time 372 

compared to the other four samples.   373 
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 374 

 375 

 376 

 377 

Figure 2: Determination of dissociation rate constant (kd) for ferrichrome and 378 

ferrioxamine E in seawater and ultrapure water (qH2O). Iron isotope ratios 379 

(56Fe/56Fe+57Fe) of ferrichrome and ferrioxamine E were measured over time measured 380 

by LC-ICPMS during an incubation with 57Fe citrate in seawater and qH2O. Gray lines 381 

show the linear fits to the data in the form of equation 3, with a slope equal to kd. Dashed 382 

lines indicate the half-life (τ1/2) of the Fe-complex with respect to dissociation. Gray 383 

shaded area indicates the standard error of the fit.  384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 
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 394 

 395 

Table 1: Kinetic rate constants of siderophores measured by LC-ICPMS 396 

Conditions Siderophore 

kd  

(s-1) 

std error 

(s-1)   

Published kd 

(s-1)  

τ1/2  

(d) 

x 10-8 x 10-8 x 10-8   

      

Seawater  

pH=8.1 

S=35 ppt 

Ferrichrome 10 0.25 5±4* 77 

Ferrioxamine E 3.6 0.022  220 

Ferrioxamine B   150±180*  
  Marine NOM   10-9720*  

    10-100  

    

(strong)** 

6000-25000 

(weak)** 

520-7900~  

qH2O  Ferrichrome 4.5 0.69  178 

pH = 5.8  Ferrioxamine E 1.7 0.092  474 

   
 

  
SPE 

extract 

pH ~ 6-8 

Amphibactins 

215 

18 

 3.7 

 

Unidentified (709 

m/z) 960 
73 

 0.83 

  Unresolved DOM 1800 710  0.44 

 * Measured by CLE with added 1-nitroso-2-naphthol (1N2N), Luther and Wu (1997) 

Witter and Luther (1998), Witter et al. (2000). 

** Measured by CLE with 2-(2-thiazolylazo)-4-methylphenol (TAC), Croot and Heller 

(2012). 
~ Measured by 55Fe radioisotope exchange, Croot and Heller (2012) 

 397 

Kinetic and stability constants of marine siderophores: 398 

 Microbial Fe acquisition by siderophores involves secretion of the free form of 399 

the siderophore, chelation of Fe, and uptake of the Fe-siderophore complex before 400 

dissociation or decomposition. The results from LC-ICPMS analyses provide insight into 401 

the rates of these processes. Solving equation 1 for the half-maximum concentration 402 

yields half-life (τ1/2) timescales with respect to dissociation for ferrichrome (77d) and 403 
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ferrioxamine E (220d). These timescales are similar to the residence time of Fe in the 404 

surface ocean 62,63. Thus, once Fe-siderophore complexes form in the ocean, dissociation 405 

is likely negligible in the absence of degradation or redox processes. 406 

 407 

The formation and dissociation rate constants can be used to estimate equilibrium 408 

conditional stability constants of the metal-ligand complex (Kcond 
Fe’L) to compare with 409 

values determined by electrochemical competitive ligand exchange methods. Kcond 
Fe’L is 410 

related to the forward and reverse rate constants of the reaction: 411 

 412 

Kcond 
Fe’L = kf/kdis         (4) 413 

 414 

The conditional formation constant (kf) of the siderophore ferrioxamine B in seawater at 415 

pH 8 has been previously measured by Hudson et al. to be 2.0 x 106 M-1s-1 37. Since the 416 

rate-limiting step of forming a strong Fe-ligand complex is the removal of inner sphere 417 

water, kf constants vary little for different siderophores 64. Although the measured kd 418 

value here includes a contribution from the purely disjunctive mechanism as well as 419 

adjunctive mechanisms involving added free citrate, we can use it as an upper bound 420 

estimate of kdis. Using the experimentally determined kd of ferrioxamine-E in seawater 421 

(3.6 x 10-8 s-1) and the value of kf from Hudson and Morel, we calculate log Kcond 
Fe’L = 422 

13.7.  While the Kcond 
Fe’L determined here represents a lower bound estimate, it illustrates 423 

an approach for estimating species-specific conditional stability constants. This value is 424 

within a factor of two of the CLE measured stability constant for ferrioxamine E of 14.0, 425 
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which may also be viewed as a lower-bound estimate since the Fe-saturated ligand was 426 

used 36. 427 

 428 

Fe isotope exchange in organic ligands of marine origin: 429 

In a previous study, we found surface waters of the upwelling transition zone in 430 

the California current system contained a mixture of unresolved dissolved organic matter 431 

(DOM), known siderophores (amphibactins), and an unidentified Fe ligand complex 432 

(likely a hydroxamate siderophore) with a monoisotopic ion mass of 709 m/z and 433 

molecular formula of [C33H59O8N5Fe]+ 35. We used 57Fe exchange to investigate the 434 

relative binding strengths of these compounds and the timescales required to incorporate 435 

an isotopic label. A large excess of 57Fe citrate was added to the concentrated organic 436 

extract and was allowed to exchange with the natural seawater ligands for 30 minutes, 4 437 

days, and 10 days before analysis by LC-ICPMS (Fig. 3).  56Fe/Fetotal ratios were 438 

determined by integrating the area of the 57Fe and 56Fe LC-ICPMS chromatograms for 439 

unresolved DOM eluting between 7 to 21 min, amphibactins eluting between 25-28 min, 440 

and the unidentified siderophore (709 m/z) eluting between 28-28.8 min (Fig. 4). An 18% 441 

decrease in total dissolved Fe was observed over the course of the experiment, suggesting 442 

a small amount of loss of citrate-bound Fe over time due to precipitation or adsorption 443 

onto the vial walls. 444 

 445 

Dissociation rates were measured for the three components by calculating isotope 446 

ratios over time and determining the slope of the fit to equation 3. The siderophores 447 

showed a gradual exchange of 56Fe for 57Fe over time, with measured τ1/2 of 0.8 days for 448 
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the unidentified siderophore with m/z 709 and 3.7 days for amphibactins. The unresolved 449 

DOM exchanged Fe significantly faster than the siderophores. Under the experimental 450 

conditions, the measured τ1/2 of the unresolved DOM-Fe complex with respect to 451 

dissociation was 0.4 days.  However, unlike the siderophores, the total Fe associated with 452 

the unresolved DOM increased over time by 80%, indicating that the 57Fe signal reflects 453 

not only Fe isotope exchange, but also 57Fe binding to excess Fe-free ligand. We also 454 

investigated whether 57Fe displaced other metals (Cu, Ni, or Zn) associated with the 455 

unresolved DOM, but the LC-ICPMS chromatograms of these metals remained constant 456 

over the course of the experiment. This overall increase in 57FeL resulted in lower 457 

measurements of 56Fe/Fetotal associated with the unresolved DOM, and thus the true τ1/2 458 

for the unresolved DOM was likely longer than the value calculated here. This issue 459 

could be avoided in future experiments by pre-saturating ligands with 56Fe.  460 

 461 

The Fe exchange rates determined for the natural suite of organic ligands in 462 

seawater extracts are likely faster than exchange rates in-situ due to the added citrate and 463 

10,000 fold higher concentration of natural Fe ligands in our experimental sample. 464 

Higher ligand concentrations will accelerate the rates of Fe exchange by adjunctive 465 

mechanisms. Although the pH of the 57Fe amended extracts was not measured due to the 466 

small volume, it was estimated to be between 6-8 due to the removal of carbonate from 467 

the seawater by SPE. Lower salt concentration and lower pH in the extracts may also 468 

influence Fe dissociation rate relative to seawater conditions, but our similar results 469 

comparing Fe-siderophore exchange in qH2O and seawater suggest that the net effect 470 

may be small.  471 
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To constrain these experimental effects, we compared the measured dissociation 472 

rates of amphibactins (2.15 x 10-6 s-1) with estimates derived from electrochemical 473 

measurement. Given literature values of  log Kcond 
Fe’L for amphibactins (12.06 to 12.48)36 474 

and assuming that the kf value for these strong hydroxamate siderophores are similar to 475 

ferrioxamine B (2.0 x 106 M-1s-1), one can estimate kd = 0.7-1.7 x 10-6 s-1. Based on this 476 

comparison, we estimate that dissociation was up to 3 times faster in the SPE organic 477 

extract compared to seawater, likely due to the contribution of adjunctive exchange 478 

mechanisms in the concentrate with added citrate. Our dissociation rate measurements 479 

also indicate that the unidentified siderophore with 709 m/z (kd = 9.6 x 10-6 s-1) is a 480 

weaker Fe chelator than amphibactins.  481 

 482 

The measured kd value for the unresolved DOM (1.8±0.7 x 10-5 s-1) is notably 483 

faster than for the siderophores (Table 1). The dissociation rate is within the range 484 

measured for weak seawater ligands by previous studies using CLE (kd = 1 x 10-7 to 9.72 485 

x 10-5 s-1) and radioisotope exchange methods (kd =  5.2 x 10-6 to 7.92 x 10-5) 39,41–43,52.  As 486 

with our experiments, dissociation rates determined by CLE based methods may also be 487 

accelerated by adjunctive reactions with the added ligand. These similarities suggest that 488 

the chromatographically unresolved DOM represent a fraction of the weaker ligands in 489 

seawater detected by electrochemical methods. These ligands are likely composed of 490 

heterogeneous biomass decomposition products with a range of Fe binding strengths. 491 

Some of these ligands, which bind to Fe when it is added at high concentrations as Fe-492 

citrate, may be too weak to keep Fe in solution in seawater over long periods of time 43. 493 

However, they may still be important for transiently solubilizing Fe in the ocean from 494 
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benthic boundaries or atmospheric deposition. It is also likely that a small proportion of 495 

the DOM binding sites are strong enough to be indistinguishable from siderophores in 496 

terms of conditional strength. We have previously suggested that these unresolved DOM 497 

components detected by LC-ICPMS correspond, at least in part, to electrochemically 498 

active ligands detected by catalytic CSV that have a similar redox potential to humic 499 

acids 22,25,35,65. They have similar oceanographic distributions, with elevated 500 

concentrations near the coastal margin and benthic boundary, where they may promote 501 

the transport of dissolved Fe from sediments to overlying surface waters. 502 

 503 

 504 

Figure 3: Iron isotope exchange between natural Fe ligands extracted from seawater and 505 

57Fe-citrate by LC-ICPMS. Over time, 56Fe (green trace) dissociates from the natural 506 

ligands and is replaced with 57Fe (orange trace).  507 

 508 
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 509 

Figure 4: 56Fe fraction associated with each component of the natural ligand sample over 510 

time.  Colored lines indicate the modelled rate of Fe isotope exchange for each of the 511 

three ligands (equation 1) based on the measured dissociation rate constants (kd).  512 

 513 

Towards measurements of ligand-specific Fe dissociation rates in natural seawater: 514 

Laboratory experiments with simple model compounds have been instrumental to 515 

the development of mechanistic models of aqueous metal-ligand speciation 47,48,64,66, but 516 

applying such models to natural waters relies on knowledge of the composition and 517 

properties of naturally occurring ligands. With the advent of LCMS methods that enable a 518 

chemical characterization and quantification of organic ligands in natural seawater 519 

extracts, there is an opportunity to generate more complete models of metal speciation in 520 

marine waters. The experiments presented here provide a proof-of-concept that isotopic 521 

exchange monitored by LC-ICPMS is a promising approach to simultaneously observe 522 

the rates of Fe-ligand exchange for mixtures of organic ligands in natural seawater and to 523 

estimate conditional stability constants of each component that can be 524 

chromatographically separated.   525 

 526 
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While our results provide a starting point, further work is needed to determine the 527 

contribution of adjunctive vs. disjunctive pathways to the rate of Fe exchange in 528 

seawater, in particular those involving ternary complexes with added citrate. This can be 529 

accomplished with experiments that vary the concentration of citrate. Given the high 530 

sensitivity of the LC-ICPMS method, future experiments can measure the dissociation 531 

rates of naturally occurring ligands under ambient seawater conditions by directly 532 

amending seawater with 57Fe citrate and performing solid phase extractions and LC-533 

ICPMS analysis of subsamples at each kinetic timepoint. Higher temporal resolution 534 

within the first few hours will also provide better constraints on the exchange kinetics of 535 

the unresolved DOM. In addition, optimizing the separation between ligand pools will 536 

enable more robust quantitation of each rate.  537 

 538 

This work also highlights that Fe exchange kinetics in seawater are sluggish due 539 

to dissociation rates and the dilute nature of Fe and ligands. Since Fe´ is often more 540 

reactive with respect to scavenging and biological uptake than ligand bound Fe, models 541 

of Fe biogeochemistry often rely on explicit estimates of [Fe´] supplied from dissociating 542 

FeL complexes. For hydroxamate siderophores, dissociation of ferric complexes occurred 543 

on timescales that may exceed turnover times of Fe and ligands in the surface open 544 

ocean. Such slow rates highlight the importance of biological or photochemical processes 545 

for accelerate the rate of [Fe´] release from strong ligands, as has been pointed out 546 

previously by Croot et al. 2012 43. Further work is needed to evaluate the rate at which Fe 547 

is released from siderophores via other reactions that weaken the complex strength (e.g. 548 

siderophore degradation or Fe reduction by sunlight or reactive oxygen species). 549 
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Supporting Information: Derivation of kinetic equations of isotope exchange.  551 
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