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ABSTRACT OF THE DISSERTATION 
 

The Use of an Iron(III) Ion-Selective Electrode 
for Measurements of Seawater Iron Chemistry 

 

 
by 

 

Maxwell A. C. Fenton 

 

Doctor of Philosophy in Oceanography 
 

University of California San Diego, 2025 
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Iron (Fe) is an essential micronutrient for marine primary producers, yet its low oceanic 

concentrations and complex aqueous chemistry make it difficult to measure. Current analytical 

techniques for assessing the ocean Fe system are rarely able to provide information about Fe-

speciation at ambient seawater physico-chemical conditions. The chalcogenide glass Fe3+ ion-

selective electrode (Fe-ISE) has emerged as a promising tool for more in-situ oceanographic Fe 

analyses given its ability for rapid, passive measurements of Fe activity (aFe3+), a parameter 
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directly related to Fe lability and bioavailability. Work in this dissertation addresses the 

considerations for oceanographic implementation of the Fe-ISE, building from controlled 

laboratory experiments which establish fundamental sensor response characteristics, to in-situ 

measurements of seawater aFe3+ during several field expeditions.  

In Chapter 1, an improved continuous flow analyzer (CFA) incorporating in-line pH and 

temperature sensors is utilized to study Fe-ISE response in well-characterized, artificial media. 

A solution-independent temperature coefficient is determined for the sensor system. 

Potentiometric calibrations are carried out using previously studied media to reexamine their 

applicability to seawater analyses. Synchrotron radiation experiments indicate a potential-

generating mechanism in metal-chelating solutions which involves the ligand-mediated diffusion 

of Fe ions out of the chalcogenide membrane, and suggest that previous estimates of cross-

selectivity are not relevant in seawater. 

In Chapter 2, Fe-ISE acidimetric titrations of modified seawater media are used to 

validate values of aFe3+ determined by different aqueous speciation models. We present an 

optimized seawater-based Fe-ISE calibration system and discuss relevant aFe3+ modelling 

considerations. We conduct acidimetric titrations of natural seawater to show that the Fe-ISE is 

capable of resolving pH-dependent changes in Fe-speciation pertinent to ocean acidification 

and microbial uptake.  

In Chapter 3, the Fe-ISE CFA is incorporated into shipboard systems for continuous 

measurements off the Californian and Oregon coasts. Parallel hydrographic sensor 

measurements, as well as dissolved Fe and Fe-binding ligand analyses, suggest that surface 

trends in aFe3+ appear to be driven by different physico-chemical factors than aFe3+ gradients 

associated with depth. The Fe-ISE offers a novel, uniquely in-situ lens into the complex 

dynamics of ocean Fe chemistry.  



 

 1 

 
Introduction 

 

Iron (Fe) is a limiting micronutrient for marine primary producers in over a third of the 

sunlit ocean (Martin and Fitzwater 1988, Lauderdale et al. 2020, Twining et al. 2021). Iron has 

been shown to facilitate electron transport in the cell during photosynthesis, respiration, and 

nitrogen fixation (Morel, Milligan, and Saito 2014), and it is a necessary component in various 

enzymes, allowing phytoplankton to process the dissolved nutrients they need to survive (Price, 

Andersen, and Morel 1991). Because iron is such a crucial factor in the carbon cycle, its 

bioavailability in different parts of the ocean has been linked to the global climate (Philip W. 

Boyd et al. 2004; P. W. Boyd et al. 2007; Bakker et al. 2005; de Baar et al. 2005; J. K. Moore 

and Doney 2007). 

The dynamics of Fe chemistry are complex in the ocean. As redox-active element, Fe 

may be present in one of two possible states. The reduced form, Fe2+, is more soluble in 

seawater, but is confined to reducing environments such as anoxic waters, or certain surface-

ocean sites where specific organic compounds facilitate photo-reduction of Fe3+ (Kuma et al. 

1992, 1995, Ozturk et al. 2004). In the rest of the ocean, Fe exists primarily in its oxidized form. 

These Fe3+ ions have a high affinity for hydroxides, forming insoluble Fe-(oxyhydr)oxide colloids 

at seawater pH (Millero et al. 1998, Liu and Millero 2002) which are scavenged from the upper 

water column by heavy, sinking particles (P. W. Boyd and Ellwood 2010, Tagliabue et al. 2019). 

This results in characteristically low, sub-nanomolar concentrations of dissolved iron in the 

ocean, especially in offshore regions far from benthic or lithogenic sources. The prevalence of 

organic Fe-binding ligands in seawater has been shown to stabilize dissolved Fe concentrations 

over large time and spatial scales by competing with the less-soluble hydroxide phases for Fe-

complexation (Rue and Bruland 1995, van den Berg 1995).  
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There are a number of ways which scientists measure and quantify Fe in seawater. Due 

to the complexity of aqueous iron speciation and the variety of methods used by marine 

microbes to acquire iron, it is difficult to determine which measurements are the best indicators 

of iron bioavailability. Measurements of total dissolved Fe (dFe) or total dissolvable Fe (TDFe), 

generally utilizing robust analytical methods such as atomic adsorption spectrometry, mass 

spectrometry, or standardized chemiluminescent reaction, provide information about the size of 

certain acid-leachable pools of Fe (Achterberg et al. 2001, Worsfold et al. 2014). But dFe and 

TDFe are operational terms which may not represent how much Fe is truly available for 

microbial uptake, specifically because acidification destroys the natural Fe complexes present at 

seawater pH. The size, mobility, and chemical nature of these complexes, as well as the 

strength with which they each bind Fe, all affect how easily this Fe can be accessed by biota 

(Anderson and Morel 1982, Maldonado and Price 1999, Morel et al. 2008, Shaked et al. 2020). 

Many microbes even have receptors that specifically target certain complexes (McQuaid et al. 

2018, Manck et al. 2020). In acidified samples, however, Fe3+ is no longer complexed, and all 

information about the relative bioavailability due to speciation is lost. 

Certain techniques that combine specialized liquid chromatography with mass 

spectrometry have been able to characterize the molecular structures and association kinetics 

of these Fe-ligand complexes. (Boiteau et al. 2013, Boiteau and Repeta 2022). Techniques 

such as competitive ligand exchange – adsorptive cathodic stripping voltammetry (CLE-AdCSV) 

are able to assess Fe-speciation through competitive binding metal titrations, which provide 

information such as the concentrations and thermodynamic binding constants of the ambient 

ligand pool (Gledhill and van den Berg 1994, Rue and Bruland 1995, van den Berg 1995, 

Omanovic et al. 2015). However, this method has proven challenging to standardize, with 

derived parameters exhibiting clear biases related to the total dFe of the samples (Gledhill and 

Gerringa 2017; Laglera et al. 2013; Town and Filella 2000), the specifics of the added 

competing ligand (Bundy et al. 2014, Slagter et al. 2019, Gerringa et al. 2021), and the 
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equilibration time for the ligand exchange steps (Gledhill and Buck 2012, Laglera et al. 2015, 

Caprara et al. 2016,). Thus, although useful when analyzing relative speciation differences 

within one user’s sample set, CLE-AdCSV is a fairly specialized technique. 

In general, current techniques for the measurement of Fe and Fe-speciation are 

laborious, time-consuming, and require extensive sample preparation. Scientists lack a method 

for the rapid, in-situ, and potentially remote analyses of seawater Fe chemistry which would 

greatly facilitate their abilities to generate comprehensive global biogeochemical climate 

models.  

 

Measuring Fe Activity  

Studies of microorganisms in seawater and artificial seawater media repeatedly find that 

iron uptake is well correlated with the modeled activity of the free Fe3+ ion in solution (Anderson 

and Morel 1982, Morel et al. 2008, Lis et el. 2015, Shaked et al. 2020). This activity (aFe3+) is 

regularly estimated by CLE-AdCSV and aqueous metal speciation models to be on the order of 

10-22 M and below in marine environments (Gledhill and van den Berg 1994, Rue and Bruland 

1995, Gerringa et al. 2015, Gledhill et al. 2022). This would correspond to just 10s of Fe3+ ions 

in a liter of seawater – a nonsensical value when considering actual chemical species. Because 

virtually all Fe3+ ions are complexed, predominately by hydroxides and organic ligands, what an 

equilibrium value of aFe3+ really represents in an aqueous solution is the overall accessibility of 

this Fe. At higher values of aFe3+, the Fe is more weakly complexed, making it more available to 

microorganisms. Lower values of aFe3+ on the other hand imply either less total Fe, or stronger 

or more abundant complexation. Thus, aFe3+ appears to function as a master variable for the 

complex and dynamic Fe system, representing the availability of Fe to biota.  

An attractive option for the in-situ measurement of the ionic activity of a system is the 

potentiometric ion-selective electrode (ISE). Potentiometric measurements require minimal 

power and simple, inexpensive instrumentation. When calibrated and conditioned correctly, an 



 

 4 

ISE allows for continuous measurements at low ionic activities. Because they function passively 

without disturbing the chemical or physical behavior of a system, they are the optimal way to 

monitor dynamic equilibrium processes over various timescales.  

Although functional ISEs are available for many ions of great importance in marine 

science (H+, NO3
-, PO4

3-, NH3, Ca2+, F-, Cu2+, Fe3+), they have been of limited use in 

oceanographic analyses (Warner 1969, Zirino et al. 1998, Mortensen et al. 2000, De Marco, 

Clarke et al. 2007, Privett et al. 2008, Vlasov et al. 2010). For Fe3+ specifically, ISEs were 

initially developed for the analyses of higher Fe systems such as waste water (Baker and 

Trachtenberg 1971, Jasinski and Trachtenberg 1973). Their potential for in-situ seawater 

measurements was realized following marked improvements in the detection limits of ISEs. By 

buffering metal ion concentrations using organic chelators, or by thinning electrode diffusion 

layers using turbulent flow analytical regimes, a number of studies found that it was possible to 

measure extremely low ionic activities relevant to that of Fe3+ in seawater (Avdeef et al. 1983, 

Schefer et al. 1986, Belli and Zirino 1987, Sokalski et al. 1997, De Marco and Shackleton 1999).  

Roland De Marco and colleagues were the first to test an Fe3+ ISE (Fe-ISE) with natural 

seawater analyses ultimately in mind. Specifically, they examined electrodes of chalcogenide 

glass (ChG) membranes of the formulation Fe2.5(Ge28Sb12Se60)97.5, which had been shown to be 

sensitive, durable, and resistant to degradation even in complex and saline solutions (Baker and 

Trachtenberg 1971, Jasinski and Trachtenberg 1973, Koenig and Grabner 1995). Using 

organically buffered saline media, a chalcogenide Fe-ISE in a specialized flow-system was 

calibrated down to an aFe3+ of 10-25 M (De Marco and Mackey, 2000). Over the next 15 years, 

De Marco’s calibration solutions gradually increased in chemical complexity in attempts to better 

mimic Fe-ISE surface chemistry in seawater (De Marco and Martizano 2007; 2008; Maric et al. 

2015). These studies also entailed select Fe-ISE measurements of UV photo-oxidized and 

natural seawater samples, which agreed with modeled aFe3+ values, or were in the range of 

literature CSV-derived aFe3+.  
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 While no Fe-ISE experiments to date have examined variations in ambient aFe3+ 

between different seawater samples, jalpaite Cu-ISEs have been effectively employed to 

explore Cu speciation in natural seawater systems (Zirino et al. 1998, Zirino et al. 2002, Blake et 

al. 2004, Rivera-Duarte et al. 2005, Neira et al. 2011, Marcinek et al. 2021). These 

investigations continually show that distributions of metal ion activity as measured by an ISE tell 

a very different story about metal ion availability and toxicity than parallel measurements of total 

metal concentrations are able to deduce. Outfitting the chalcogenide Fe-ISE for such in-situ 

analyses of ocean Fe chemistry would offer a novel, high-resolution perspective into an 

extremely complex system, and could provide new information regarding the cycling of Fe and 

its bioavailability to marine organisms.  

 To that end, the goal of this dissertation is to increase our familiarity with the response of 

the chalcogenide Fe-ISE in seawater and similarly buffered systems such that we are able to 

fully interpret its signal in complex media, and to then use this knowledge to make in-situ 

measurements of Fe activity in natural seawater. In Chapter 1, an improved Fe-ISE continuous-

flow analyzer (CFA) is described which incorporates in-line pH and temperature sensors for 

more precise measurement of aFe3+. This system is utilized to reexamine the fundamental 

response characteristics of the Fe-ISE, many of which had never been directly assessed in the 

flowing, organically buffered media relevant to seawater analyses. Calibration of the Fe-ISE in 

artificial buffer solutions is reinvestigated in the context of its applicability to the Nernstian 

response of the sensor. Potentiometric measurements by the Fe-ISE CFA system are used in 

conjunction with a temperature controlled pH-stat to determine a revised solution-independent 

temperature coefficient for the chalcogenide Fe-ISE. The results of synchrotron radiation 

surface studies of the chalcogenide membrane are discussed as they relate to possible 

potentiometric interference by Cu ions, and to the overall potential-generating mechanism of the 

sensor in seawater-like systems. 



 

 6 

 In Chapter 2, the focus shifts from Fe-ISE response in artificial media to that in seawater 

and modified seawater solutions. An optimal seawater-based calibration system is presented 

which is well-modeled and allows for reliable calculation of aFe3+. Fe-ISE acidimetric titrations 

are carried out to observe changes in aFe3+ over a large range in pH, and to examine how these 

trends differ in modified seawater of varying Fe/chelator ratios. These titrations are also used to 

validate the aqueous speciation models necessary for Fe-ISE calibration and calculation of 

aFe3+, particularly in their handling of the precipitation of Fe-hydroxide and Fe-oxyhydroxide 

species. Similar acidimetric titrations of natural seawater samples show that the Fe-ISE may be 

used in this manner for the analysis of the pH-dependent Fe-binding properties of the natural 

ligand pool, which are likely relevant for studies of ocean acidification and deoxygenation.  

Finally, Chapter 3 presents the first in-situ oceanographic measurements of aFe3+ by an 

Fe-ISE. A trace metal clean shipboard pumping technique combined with the Fe-ISE CFA 

system is used for continuous at-sea analyses during two separate research cruises. Surface 

gradients in aFe3+ are observed during a number of transects into and across sites of deep-

water upwelling off the coasts of Oregon and northern California. Gradients in aFe3+ with depth 

are measured during pumped vertical profiles of the upper (<100 m) water column at several 

sites near the San Pedro Basin in the Southern California Bight. Fe-ISE measurements are 

discussed in the context of parallel measurements of pH, sea surface temperature, salinity, 

fluorescence, and oxygen concentrations, as well as analyses of discrete samples for dFe and 

organic Fe-binding ligands. 
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Chapter 1. Response Characteristics of the Chalcogenide Glass Fe(III) 

Ion-Selective Electrode in Fe-Chelating Media 

 

Abstract 

 The chalcogenide glass Fe3+ ion-selective electrode (Fe-ISE) is a promising tool for in-

situ analysis of marine Fe chemistry. However, many features of the sensor’s response 

essential to understanding its signal have only been evaluated in solutions of markedly different 

Fe chemistry compared to that of natural seawater. Here, we reexamine the response of the Fe-

ISE in well-characterized artificial media with Fe-binding properties similar to seawater, utilizing 

an improved continuous-flow analyzer with in-line pH and temperature sensors. A series of 

potentiometric calibrations are carried out which utilize previously studied Fe-ISE calibration 

solutions, and we revisit their applicability to the determination of seawater Fe3+ activity. We find 

that the curvature observed in voltage vs Fe3+ activity calibration plots is likely attributable to 

variations in the potential-generating mechanism associated with the changing speciation of 

facilitating ligands, and/or to intrinsic errors in the calculation of the Fe species present in 

alkaline solutions. Through the use of a temperature-controlled pH-stat system, we determine a 

revised temperature coefficient for the Fe-ISE of -0.82 mV/°C, to be applied to all 

measurements in organically-buffered media. We report the results of synchrotron radiation 

(SR) surface studies of the Fe-ISE chalcogenide glass exposed to buffered and unbuffered 

media, and reassess the possibility of a cross-selectivity to Cu2+ ions in seawater-like solutions. 

We find that the presence of metal chelators in solution prevents any infiltration of Cu into the 

glass matrix, proof that there is no Cu ion-exchange reaction with the solid state membrane – 

the well-known mechanism for ion interferences in these types of membranes. Similar SR 

experiments examining the Fe chemistry of the glass surface layers suggest that the potential-

generating mechanism in low aFe3+ solutions involves the ligand-mediated diffusion of Fe3+ ions 
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from the modified surface layer of the Fe-ISE. In these systems, the Fe-ISE signal is a 

measurement of the Fe-binding tendencies of the ligand pool.  

 

Introduction 

 Studies of chalcogenide glass ion-selective electrodes began in the early 1970s when 

Baker and Trachtenberg (1971) first described their synthesis. They showed that an Fe-doped 

chalcogenide matrix of 60% selenium, 12% antimony, and 28% germanium resulted in a glass 

which was potentiometrically sensitive to Fe3+ ions. Their early manuscripts tested a variety of 

Fe3+-selective electrodes and reported fairly consistent Nernstian slopes averaging 57.6 

mV/dec, differing considerably from the 19.8 mV/dec response that would be expected for the 

simple exchange of trivalent Fe3+ ions (Baker and Trachtenberg 1971, Jasinski and 

Trachtenberg 1973). These calibrations were conducted in acidic KCl solutions of varying total 

Fe concentration, and showed sensitivity down to 10-6 M Fe. Importantly, Jasinski and 

Trachtenberg (1973) noted several crucial steps in the functioning of the Fe-ISE. Namely: an 

oxidation of the glass surface which created an active modified surface layer (MSL); an 

exchange of Fe3+ ions in this MSL with the solution; and a slower, irreversible adsorption of 

ferric ions which would eventually “deactivate” the electrode. These discoveries first 

emphasized the complexity of the overall potential-generating mechanism of the Fe-ISE.  

 Koenig and Grabner’s 1994 reexamination of the Fe-ISE included notable contributions 

to this discussion. Their experiments investigated a number of glass compositions by varying 

the mol% Fe doped into the chalcogenide matrix. They measured electrode slopes from 32 to 

110 mV/dec, which appeared to increase with added Fe content and were postulated to be 

related to differing resistivities and susceptibilities to surface oxidation. That said, Trachtenberg 

had also tested several glass compositions and had found no correlation between iron content 

and electrode slope (Jasinski and Trachtenberg 1973). In fact, his reported values of close to 60 
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mV/dec were for electrodes of <2 mol% Fe, while Koenig and Grabner’s 2 mol% Fe electrodes 

gave slopes of 32 mV/dec. It was only with electrodes of much higher mol% Fe that Koenig and 

Grabner reported slopes close to 60 mV/dec. Thus, the Fe doping itself likely has less of an 

effect on the sensitivity than other aspects of the manufacturing of the glass and perhaps the 

conductive contact.  

 Koenig and Grabner supplemented their potentiometric measurements with cyclic 

voltammetry (CV) and X-ray photoelectron spectroscopy (XPS) studies of the electrode’s 

surface to propose a potential-generating process that involved the selective exchange of ferric 

ions from the solution into the MSL. A given Fe3+ exchange event would then induce the 

injection of a single hole into the bulk glass matrix as a charge carrier, which would produce a 

nominal Nernstian response of 59 mV/dec. The chalcogenide glass, behaving as a p-type 

semiconductor, displayed a negative temperature coefficient as expected – reported by Koenig 

and Grabner to be -3 mV/°C. Their study also determined selectivity coefficients for major 

interfering ions, the highest being a value of 10-3 for Cu2+ ions.  

While these early Fe-ISE tests were not conducted with seawater analyses in mind, the 

70s and 80s also marked several important developments toward significantly lowered detection 

limits of solid-state and membrane-based sensors, which were relevant for environmental 

applications. Researchers realized that the often-reported detection limits for these sensors, 

around 10-7 M analyte ion, were due to contamination by primary ions leaching from the sensor 

membrane into solution (Smith and Manahan 1973, Jasinski et al. 1974, Schefer et al. 1986, 

Belli and Zirino 1993, Sokalski et al. 1997). By buffering the solution with an organic chelator, 

primary ion activity could be regulated to much lower values, and sensor detection range could 

be expanded (Avdeef et al. 1983). Additionally, primary ion saturation of an ISE’s diffusion layer 

could be mitigated by incorporating a turbulent flow regime such as a rotating disk electrode or a 

continuous flow analyzer (Zirino et al. 1998, Zirino et al. 2002). Given the extremely low 
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activities of Fe3+ in seawater, these developments toward improved detection limits had 

important implications for potential oceanographic implementation of the Fe-ISE. 

Over the past two decades, De Marco and colleagues have taken steps toward this 

application of the Fe-ISE by incorporating a continuous-flow analyzer to limit membrane 

contamination, and by moving away from tests in acidic, high Fe solutions. Instead, in an 

attempt to adequately mimic the ISE’s behavior in seawater, De Marco has carried out a series 

of calibrations in low Fe ligand-buffered media of increasing chemical complexity (De Marco et 

al. 1999; De Marco and Mackey 2000; De Marco and Martizano 2007; 2008; Maric et al. 2015). 

As in seawater, the inorganic and organic Fe chelators in these buffers behave as acid-base 

species, such that Fe3+ activity (aFe3+) can be controlled by changing the pH. An aqueous 

speciation modeling software equipped with Fe(III) binding constant data is then used to 

calculate aFe3+ for a given pH. Early calibrations utilized buffers that were simply an Fe-spiked 

saline solution with an added organic Fe-binding ligand, such as citrate, salicylate, or EDTA. In 

these calibrations, the Fe-ISE displayed a linear response to log[aFe3+] values from 10 to 25 (De 

Marco and Mackey 2000). 

Calibrations in these simple buffers, as well as in UV photo-oxidized seawater, gave 

calibration slopes of 24-29 mV/dec, again suggesting a more involved mechanism than simple 

Fe3+ ion-exchange. De Marco and Pejcic proposed a model to explain this sensitivity, 

envisioning a potential-generating process which is a combination of ion exchange and charge 

transfer reactions (De Marco and Pejcic 2000). This leads to theoretical slope of 29.6 mV/dec 

according to the following Nernst equation: 

𝐸 = 𝐸° +
2.303𝑅𝑇
2𝐹

log[𝑎!"!"] (1) 

where E represents the measured electrochemical potential in solution, E° is the standard 

electrode potential, R is the universal ideal gas constant, T is the temperature in Kelvin, and F is 

Faraday’s constant.  Further, electrochemical impedance spectroscopy (EIS) and XPS revealed 
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that the organic ligands exert a significant influence on the response mechanism – appearing to 

affect the kinetics of both ion-exchange and charge transfer to various extents dependent on the 

nature of the ligand (Pejcic et al. 2002a, Pejcic et al. 2002b, Pejcic et al. 2004) Notably, lower 

impedance values in seawater suggested these natural Fe-chelators had a facilitating effect on 

both processes. 

The most recent calibrations by De Marco et al. made use of a more complex buffer 

solution they dubbed the alternative calibration system (ACS), which comprised some amounts 

of copper sulfate and ethylene diamine added to prevent corrosion of the ISE surface (De Marco 

and Martizano 2007; Maric et al. 2015). Spectroscopic investigations of the Fe-ISE indicated 

that the ACS was better able to mimic the MSL Fe chemistry observed in seawater as 

compared to previous calibration buffers (Maric et al. 2014, Maric et al. 2015). Although the ISE 

responded quickly and reproducibly to ACS, and again gave slopes close to 30 mV/dec, the 

resulting potential vs log[aFe3+] calibration plots exhibited slightly more curvature, perhaps 

indicating some sensitivity to the abundant Cu2+ ions in solution. 

 De Marco’s work has been instrumental in moving us closer to environmental Fe-ISE 

applications through the use of organically buffered media and novel analytical strategies for 

lowered detection limits. But some of the sensor characteristics most relevant to natural 

seawater measurements (temperature sensitivity, Cu cross-selectivity) came from the earliest 

tests of the Fe-ISE, which were undertaken in acidic media, at concentrations of Fe3+ no less 

than 10-7 M and often much higher (Baker and Trachtenberg 1971, Jasinski and Trachtenberg 

1973, Vlasov and Bychkov 1994, Vlasov et al. 1994, Koenig and Grabner 1995). In natural 

seawater at ambient pH, however, the activity of Fe3+ ions is extremely low, on the order of 10-21 

(Rue and Bruland 1995). Investigations of ocean trace metal chemistry find that overall Fe 

activity is moderated less by total Fe concentrations, and more so by the low solubility of Fe in 

oxygenated seawater coupled with pH-dependent chelation by a variety of both organic and 

inorganic Fe-binding ligands (Millero et al. 1995, Liu and Millero 1999, 2002, Gledhill and Buck 
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2012, Zhu et al 2021a, 2021b). Accordingly, it is necessary to reexamine the early experiments 

which were conducted in vastly different media, yet which provide such fundamental 

parameters. As we move toward the Fe-ISE analyses of natural seawater, a dynamic medium of 

changing temperature and myriad trace metal species, we need a clear understanding of all 

contributions to the sensor signal.  

Here, we reexamine the fundamental response characteristics of the Fe-ISE using low 

Fe, organically buffered solutions at environmentally relevant pH values. We carry out a series 

of calibrations utilizing an improved continuous-flow analyzer with in-line pH and temperature 

sensors, allowing for more precise aFe3+ determination. This affords a reassessment of the 

linearity and applicability of Fe-ISE calibrations in artificial solutions, especially as they relate to 

the Nernstian response of the sensor. With additional potentiometric experiments, we determine 

a revised solution-independent temperature coefficient for the Fe-ISE, to be used for all 

temperature corrections to seawater measurements. We use data from synchrotron radiation 

(SR) surface studies of our chalcogenide membranes to reexamine the potential for Cu cross-

selectivity in the context of organically-buffered, flowing media, and to discuss the fundamental 

detection mechanism for the Fe-ISE.  

  

Experimental 

Fe(III) Chalcogenide Glass ISE 

 High purity (>99.5%) metal powders of selenium, germanium, antimony and iron were 

mixed and added to a 10 mm diameter quartz tube. Unless otherwise specified, the metal 

mixture was of the following ratio: Fe2.5(Se60Ge28Sb12)97.5 (Baker and Trachtenberg 1971, Koenig 

and Grabner 1995). The tube was sealed under vacuum, then heated in a calibrated furnace for 

24 hours at 1030°C. The resultant melt was air quenched and annealed for 2 hours at 240°C to 

remove excess stress within the glass. The quartz tube was cut down to expose a flat section of 
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the chalcogenide glass 3 – 4 mm thick, which was polished to a mirror finish. A shielded copper 

wire was attached to the back of the chalcogenide glass with a silver epoxy contact. 

Photographs of the Fe-ISE and chalcogenide surface are visible in Figure 1.1. 

 

Electronics 

All potentiometric measurements with the Fe-ISE were made against a Ag/AgCl liquid 

junction reference electrode (BASi MF-2056). Measurements of pH were made in line with a 

glass combination pH/reference electrode (Orion 8102 BN). Both working electrode signals 

were passed through unity-gain operational amplifiers (LMC6041) before being fed into an 

analog-to-digital converter (ADC, National Instruments 9219) connected to a computer. 

Temperature measurements were made in-line using an threaded thermistor probe (Omega), 

which connected to the same ADC. Figure 1.2 details the circuit layout of these electronics. 

A Labview interface was designed which processed, saved, and plotted all data real-

time. One “measurement” by the ADC consists of a rapid 5000-reading burst which appears as 

a waveform for each sensor. The DC average of each waveform is recorded as a data point, 

while the waveform itself can be viewed to assess sensor noise. Unless otherwise specified, the 

ADC was set to take a measurement once every three seconds.  

 

Fe-ISE Continuous Flow Analytical System 

 A flow cell (~25 mL volume) was designed and 3D-printed from a stereolithography 

(SLA) photopolymer resin to house the Fe-ISE, reference electrode, and combination pH 

electrode. The solution stream was exposed to the sensor elements in that order to avoid 

contamination of the Fe-ISE. A separate flow cell housed the thermistor probe further 

downstream. Flow cell, plastic connectors, and tubing (flexible PVC, 1/8” internal diameter) were 

all acid-washed before use. A peristaltic pump (Masterflex) was used to pump the sample 

through the system at 300 mL per minute. For tests of buffered calibration solutions and 
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modified seawater where total [Fe] > 1 µM, samples were recirculated to conserve volume, as 

any possible contamination by the Fe-ISE itself was deemed negligible. For tests using natural, 

low Fe seawater, samples were expelled to waste after passing through the flow cell. All Fe-ISE 

analyses described in this chapter make use of this continuous flow analytical (CFA) system. A 

schematic of the full Fe-ISE CFA system is displayed in Figure 1.3. 

 

Reagents 

Analytical grade reagents were used for all experiments, and all solutions were prepared 

with high purity Milli-Q deionized water. For all artificial solutions discussed in this chapter, an 

ionic background was provided by 0.55 – 0.60 M NaCl. The pH of each solution was adjusted 

using concentrated HCl or NaOH, and was measured on a separate, external glass combination 

pH electrode (Orion 8102 BN) which was calibrated to three Orion pH buffer solutions traceable 

to NIST standards. 

 The aqueous speciation modeling software Visual MINTEQ was employed for all 

calculations of aFe3+ and other free metal activities. This software is free and publicly available, 

and uses a database of chemical equilibrium binding constants from continually updated 

literature sources. All database information can be found online at https://vminteq.com.  

 

Potentiometric Calibrations 

Calibrations in this chapter primarily utilized organically-buffered solutions examined in 

previous studies of the Fe-ISE. Namely, De Marco and colleagues’ initial calibration solutions 

detailed in De Marco and Mackey (2000), here referred to as Simple Buffer Solutions (SBS), 

and the Alternate Calibration Solution (ACS) as described in Maric et al. (2015). The 

components for each calibration solution are shown in Table 1.1. 

For a given calibration system, a bulk solution was prepared and brought to pH 2 for at 

least 24 hours to improve the stability of the system. The solution was then partitioned into 
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several smaller (100 mL) acid-clean vials, which were each brought to a desired pH and allowed 

to equilibrate. By adjusting the pH, the aFe3+ is also changed according to the acid-base 

properties of the Fe-complexing organics and hydroxy components of the solution, and can be 

calculated using the MINTEQ speciation software. This generates calibration standards in the 

aFe3+ range of interest. 

Prior to a calibration, the Fe-ISE was polished on nylon and micro-cloth pads using a 

Buehler alumina slurry of decreasing particle size, and subsequently rinsed in Milli-Q. The Fe-

ISE was then conditioned in its flow cell for at least 24 hours in either seawater, or an aliquot of 

the calibration solution, until a stable potential (< 0.5 mV/hour drift) had been reached. After 

conditioning, the calibration was carried out, circulating each standard through the flow system 

until a stable potential was reached, moving from low aFe3+ to high aFe3+ standards unless 

otherwise specified.  

 

Temperature Dependence Tests 

Four liters of the EDTA-based SBS defined in Table 1.1 was prepared and brought to pH 

7.1 using NaOH. This solution was placed in an in-house pH-stat system as described in Wirth 

et al. (2024). Briefly, temperature is controlled through a water bath and jacketed beaker, while 

pH is controlled by bubbling either gaseous CO2 or O2-scrubbed air into the solution. A pH 

sensor (Honeywell Durafet) and temperature probe are connected to a LabView interface, which 

automatically adjusts the pH and temperature to set points input by the user. Figure 1.4 displays 

a schematic of the pH-stat system.  

The pH of the solution was held constant at 7.095, while the temperature was adjusted 

to four points between 6°C and 20°C. Temperature was held at each point for several hours, 

allowing for complete equilibration of the system. The Fe-ISE continuous flow system was 

plumbed into the pH-stat, continually circulating the pH-stat solution through the analytical flow 

cell. The flow cell housed the Fe-ISE as well as its own pH and temperature sensors to account 
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for any differences as the solution stream left the jacketed beaker. The Fe-ISE was set to take a 

potentiometric measurement every 10 seconds throughout the experiment.  

The aFe3+ of each temperature point was calculated using Visual MINTEQ software. The 

software makes temperature corrections using the Van’t Hoff equation to modify the log K 

binding constant of all aqueous species based on their enthalpies of formation (∆H values). This 

modeled change in aFe3+ over temperature was converted to a change in potential using the 

experimentally determined calibration slope for this solution, 21.6 mV/dec. The difference 

between the model-based temperature effect and the measured temperature effect was taken 

as the overall temperature coefficient for the Fe-ISE.   

 

Surface Studies 

To evaluate the presence of specific chemical species in the chalcogenide glass and 

help further elucidate its detection mechanism, a series of surface studies was carried out at the 

Elettra synchrotron light source in Trieste, Italy, as part of a Central European Research 

Infrastructure Consortium (CERIC) grant awarded to collaborator Roland De Marco. The Elettra 

Materials Science Beamline (MSB) offers an ultra-high vacuum chamber (10-10 mbar base 

pressure) equipped with a multichannel electron energy analyzer (Specs Phoibos 150). SR XPS 

and NEXAFS (near edge x-ray adsorption fine structure) spectroscopic analyses were 

conducted to probe the elemental composition of the chalcogenide glass surface layer after 

prolonged exposure to a variety of solutions. Detailed technical descriptions of the synchrotron 

radiation methods and the subsequent spectral processing involved in this work are available in 

De Marco et al. (2025, in prep). Briefly, all photon energies were calibrated against a Cu foil 

standard, and XPS peak intensities were normalized across samples using gold mesh currents 

recorded at each photon energy. KolXPD software (https://www.kolibrik.net/en/solutions-

products/kolxpd) was utilized for curve fitting to deconvolute spectra into constituent species. 

XPS peak intensity data were corrected for photon energy effects as well as electron kinetic 
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energy effects to provide final values of mol% for all elemental species. The theory behind this 

quantitative elemental resolution is described in detail in Cuartero et al. (2016). 

 In the first experiment, chalcogenide glass chips (~4 mm2) were polished on one side 

and exposed to one of four treatments. Each treatment consisted of an overnight soak in a 40 

mL saline solution of varying composition. Two solutions were brought to pH 2 and contained 

either unbuffered Fe or Cu. The other solutions contained the same total metal concentration, 

but were brought to pH 8 and also included equivalent amounts of EDTA metal chelator. Table 

1.2 details these four treatments. One chalcogenide piece was left untreated as a control. 

 The second experiment investigated variations in surface Fe composition of the 

chalcogenide pieces as a result of seawater exposure time and exposure regime. Chalcogenide 

pieces were aged in filtered seawater (total Fe < 5 nM) at ambient pH for either 4, 19, 28, or 48 

hours. One set of chalcogenide pieces underwent this aging in a 40 mL vial of “static” seawater. 

Another set of pieces were placed in a flow-cell akin to that of the Fe-ISE CFA system, such that 

they were exposed to continuously flowing seawater from a 20 L reservoir which was 

replenished every several hours.  

 When removed from their treatments, all pieces were immediately placed in the MSB 

sample chamber and subjected to XPS and NEXAFS analyses. NEXAFS spectra for the Fe 2p 

electronic transitions were measured over a photon energy range of 706.5 to 714.5 eV, while Cu 

2p spectra were measured over a photon energy range of 929 to 952 eV. Using the KolXPD 

software, integrated intensities for Cu(I), Cu(II), Fe(II), and Fe(III) species were used to calculate 

relative percentages of Fe and Cu speciation as a function of conditioning treatment. 
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Results and Discussion 

Fe-ISE Calibrations 

 To show the typical response of the Fe-ISE during a calibration using ACS standards, a 

representative experiment is shown in Figure 1.5, which displays the raw voltage signal from 

both the Fe-ISE and the glass pH electrode as the sensors are exposed to six ACS standards. 

These standards spanned an aFe3+ range from roughly 10-15 to 10-28, as determined by Visual 

MINTEQ. The Fe-ISE responded quickly, reaching a stable potential generally within 3 minutes 

of the introduction of each standard. The associated calibration standard data and calibration 

plot are visible in Table 1.3 and Figure 1.6, respectively. 

Table 1.4 shows the results of six ACS calibrations of this same Fe-ISE, as well as three 

calibrations of this Fe-ISE in SBS of differing organic ligand. The ACS-derived calibration slopes 

are in close agreement with the value reported by Maric et al. of 28.8 mV/dec. However, it is 

worth noting that the chosen pH range for these calibration standards has a significant effect on 

the calculated slope. As visible in Figure 1.6, and characteristic of all calibrations utilizing the 

ACS, the mV vs log[aFe3+] plot is not perfectly linear and exhibits a slight curvature over the 

range of the calibration. This means that extending the calibration to higher pH standards (thus 

lower aFe3+), biases the slope toward a lower absolute value. This is evident in Table 1.4, where 

the April 2023 and May 2023 ACS calibrations, which include standards up to pH ~10.8, have 

slopes closer to 24 mV/dec. Calibrations utilizing a lower pH range on the other hand 

consistently give slopes of around 30 mV/dec. This trend is therefore very reproducible, and 

must be considered when interpreting any ACS-based calibrations.  

Calibrations in SBS generated a slightly lower slope – consistently around 21 mV/dec 

regardless of the organic ligand in the solution. These calibrations are subject to aFe3+ range-

dependent biases as well, although the calibration plots display the opposite curvature as that of 

ACS. Table 1.5 and Figure 1.7 shows the data table and calibration plot for a citrate-based SBS 
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calibration, while Table 1.6 and Figure 1.8 show the same for an EDTA-based SBS calibration. 

In both calibrations, a slight curvature is visible that bias response slopes to greater absolute 

mV/dec values with the inclusion of higher pH standards.  

That said, the SBS-derived calibration slopes exhibit greater overall consistency across 

different ligand backgrounds and different standard pH ranges. These simpler solutions mean 

fewer components in the speciation model, and perhaps a more valid calculation when 

attempting to determine the true thermodynamic activity of these aqueous species.  

There are a few possible explanations for the calibration curvature observed in both the 

SBS and ACS matrices; the first being related to the response mechanism of the Fe-ISE itself. 

De Marco and Pejcic used their 30 mV/dec value to propose a potential-generating process for 

the Fe-ISE which is a combination of Fe3+ ion-exchange and single electron charge-transfer, 

and thus resulted in an expected Nernstian response of 29.6 mV/dec (De Marco and Pejcic, 

2000). It may be that this mixed response mechanism changes slightly over the course of a 

calibration. In fact, De Marco and Pejcic’s findings that organic ligands can facilitate or hinder 

both charge transfer and ion-exchange processes would suggest that the relative dominance of 

these processes may shift as the speciation and Fe-binding capacity of the ligand background is 

altered across differing pH and aFe3+ regimes. This would appear as curvature in the 

mV/log[aFe3+] slope, with regions close to 30 mV/dec indicating an equal contribution from 

charge transfer and ion-exchange mechanisms, and regions of lower slope representing Fe and 

ligand chemistry more conducive to ion-exchange.  

It is also very important to note that the aqueous speciation calculations used to 

determine values of aFe3+ are based on thermodynamic constants for all involved species. In 

actual aqueous systems, there are almost certain to be kinetics-related discrepancies from this 

equilibrium model. Figures 1.9 and 1.10 display the log activities of the dominant Fe species in 

the EDTA-based SBS and ACS systems respectively, as calculated by MINTEQ over the pH 

range of the calibrations. In both matrices, as is the case for natural seawater, the changes in 
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speciation that occur between pH 7 and pH 9 are especially complex due to rising hydroxyl 

activities (Millero et al 1995, Millero 1998). As pH increases in this region, the most abundant Fe 

species shifts from FeEDTA- to its hydroxylated form. The dominant inorganic Fe species shifts 

from Fe(OH)2
+ to Fe(OH)4

-, while the electrochemically neutral Fe(OH)3 reaches its solubility 

limit. As the activities of these species are all at least ten orders of magnitude larger than that of 

the free Fe3+, any small inaccuracy at the higher-activity end would propagate to larger errors in 

aFe3+. The precipitation of Fe-hydroxy species in particular is exceptionally difficult to constrain 

in an environment of assumed equilibrium, yet has a significant effect on the total concentration 

of dissolved Fe species (Kuma et al. 1996, Liu and Millero 1999, Rose et al. 2003). If the model 

overestimates (or underestimates) the extent of this process over certain ranges of pH, true 

aFe3+ in those regimes would be higher (or lower) in the actual solution than calculated values. 

This would manifest as a curvature in the mV vs log[aFe3+] plot. 

To use any calibration to determine natural seawater aFe3+, we must be confident that 

the standard potential of the Fe-ISE is consistent between our calibration solution and seawater. 

Otherwise, there will be an offset in measurements made in the different media. Figure 1.11 

displays the Fe-ISE response during an experiment where the sensor is exposed to a natural 

seawater sample, then three ACS standards, followed by re-exposure to the initial seawater 

sample. Notably, the measured potential of the seawater sample jumped 100 mV in the positive 

direction after exposure to the ACS. It took over 24 hours for the seawater potential to return to 

its pre-ACS value (Figure 1.11b). This phenomenon is observed during all ACS calibrations 

during seawater analyses. Thus the ACS indeed imparts a significant offset to the standard 

potential of the Fe-ISE, making it difficult to relate modeled aFe3+ data in the ACS to measured 

seawater potentials. Conducting an SBS calibration during seawater analysis (not pictured here) 

has a similar effect on standard potential, the extent of which appears to vary with the chosen 

ligand background. 
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The response slope for a given Fe-ISE in a given calibration system is consistent (Table 

1.4), suggesting that artificial solutions may be helpful in assessing the reproducibility of a 

sensor’s response over time, or in comparing sensitivities between sensors. However, the 

variability in intercept (aka “reference” or “standard” electrode potential) limits the use of these 

media as traditional calibration solutions. That said, if a calibration slope must be used to gauge 

the Fe-ISE’s sensitivity to changes in aFe3+, it is recommended that calibration standards span 

as large a range of pH (and therefore aFe3+) as possible. This will cover multiple regions of Fe-

speciation as well as any different regimes of the sensor’s detection mechanism, and will 

generate an overall slope that is less prone to bias from any one factor. While calculating 

specific values of aFe3+ is unreliable due to aforementioned offsets to the standard potential, the 

slope and thus overall sensitivity of the Fe-ISE appears to be a more robust parameter even 

across different media. In summary, it may be of greatest value to use the sensor to examine 

relative changes in Fe activity (∆aFe3+).  

 
Temperature Coefficient of the Fe-ISE-Ag/AgCl Electrode 

 The Fe-ISE response over a range of temperature (Figure 1.12) was used to establish 

the solution-independent temperature coefficient of the sensor (Figure 1.13). This term is similar 

to the temperature dependence of the standard potential, E°, of established sensors, but we 

avoid using the term standard potential here because, as described above, the MINTEQ-derived 

aFe3+ at each temperature includes Van’t Hoff corrections to all binding constants, and is 

converted to a potential in mV using the experimentally determined response slope for EDTA 

(Table 1.4). Subtracting the thermodynamic temperature dependence from the measured 

temperature dependence gives a solution-independent temperature coefficient for the standard 

potential of -0.82 ± 0.04 mV/°C.  

 The largely uncharacterized pool of Fe-chelators in seawater and their unknown 

enthalpies of formation would make it impossible to estimate a temperature effect on the 



 

 22 

thermodynamic equilibria for Fe-speciation in seawater. Thus, while we can easily observe the 

overall Fe-ISE voltage dependence on temperature, it is only with a well-characterized artificial 

solution that we are able to partition this dependence into its two constituents: that of the Fe(III) 

chemistry, and the sensor’s temperature coefficient itself. 

 The importance of determining the solution-independent temperature coefficient of the 

sensor (similar to the temperature dependence of the standard potential for well-established 

systems) is demonstrated by Figure 1.14, which displays the flow-cell temperature and Fe-ISE 

response during several hours of conditioning in a large volume (>10 L) of recirculated raw 

seawater. As the laboratory climate control cycled on-and-off, the temperature of the non-

insulated volume of recirculated seawater oscillated by roughly 0.5°C. Averaged over 11 

temperature swings, the associated Fe-ISE potential changed -1.16 mV/°C. Thus, 70% of the 

observed change in sensor voltage is due to factors inherent to the sensor and unrelated to its 

chemical response to Fe or Fe ligands.  This temperature dependent term reflects all of the 

components of the measurement system other than the interactions at the chalcogenide/liquid 

interface that contribute to the measured potential and may change with temperature, including 

factors such as the sum resistivity of the chalcogenide material, circuitry, and changes in the 

activity of the reference electrolyte. This is a significant difference from Koenig and Grabner’s 

(1995) value of -3 mV/°C, determined in acidic, non-flowing media with high concentrations of 

total Fe. We recommend that the value of -0.82 mV/°C be used for all temperature corrections 

to Fe-ISE measurements made in organically buffered, low Fe systems such as seawater.  

 

Surface Studies 

For the metal-buffering experiment detailed in Table 1.2, marked differences in metal 

chemistry between the control sample, buffered treatments, and unbuffered treatments were 

evident in both XPS and NEXAFS spectra. Figures 1.15a and 1.15b display Cu 2p XPS and 

NEXAFS spectra for treatments 3 and 4, showing the effect of the EDTA buffer on the Cu 
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chemistry of the chalcogenide glass surface. The XPS data represent the outer surface layer (1 

– 2 nm) of the chalcogenide piece, and reveal the presence of Cu(I) in the unbuffered treatment. 

This indicates that Cu(II) from solution has undergone a reductive ion-exchange with this 

outermost layer of the glass. Similarly, the NEXAFS spectra reveal both Cu(I) and Cu(II) signals 

originating from deeper (5 – 10 nm) layers of the chalcogenide piece exposed to the unbuffered 

treatment. These suggest both direct and reductive ion-exchange of Cu(II) from solution into the 

MSL. Both the XPS and NEXAFS spectra for treatment 4 however show no evidence of Cu in 

the glass. The presence of EDTA, a Cu-chelator, appears to prevent this Cu exchange in both 

the outermost layers and the MSL as a whole. This is a strong indication that Cu2+ interference 

is not an issue in well-buffered, low metal activity solutions such as seawater, where kinetic 

limitations of the Cu ion-exchange reaction occur at ultralow Cu2+ activities. A similar effect was 

noted with the Cl- interference effect on the chalcogenide glass Cu-ISE at low ion activities (Belli 

and Zirino 1993, De Marco 1994). 

Figure 1.16 shows the L-edge NEXAFS spectra of the Fe 2p electrons in the control 

sample and in treatments 1 and 2. A distinct excess of Fe(III) is observed in the unbuffered 

treatment, suggesting an exchange of Fe3+ ions from the solution into the MSL. The buffered 

treatment shows significantly less Fe in the MSL, depleted even compared to the control 

sample. SR XPS core level binding energies for both the Cu and Fe treatments are shown in 

Supplemental Table 1.2, indicating an absence of these metals in the membranes exposed to 

the EDTA-buffered solutions. According to these comparative analyses, the strong Fe-binding 

capacity of the EDTA causes a net diffusion of Fe3+ ions out of the chalcogenide glass. This is to 

be expected in all strongly-complexing systems, where the relatively abundant free Fe3+ ions in 

the Fe-ISE have the tendency to migrate toward the much lower aFe3+ of the solution.  

In Figure 1.17, NEXAFS signals for the chalcogenide pieces aged in seawater are 

plotted as differences from the signal magnitude of the polished control piece. The pieces aged 

in static conditions (Figure 1.17a) clearly display a surplus of surface Fe which increases with 
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longer seawater exposure, resulting from the adsorption of membrane-released Fe. In contrast, 

the chalcogenide pieces aged in CFA conditions showed a decrease in surface Fe content as 

compared to the control (Figure 1.17b). As hypothesized, turbulent flow at the glass surface 

appears to cleanse the membrane of released Fe, leading to the gradual removal of Fe from the 

chalcogenide MSL.  

Evidently, the lower concentration of natural Fe chelators in our static seawater solution 

(likely on the order of 10s to 100s nM), as compared to our 1 mM static EDTA solution, is not 

able to fully complex the totality of Fe released from the chalcogenide membrane. In a 40 mL 

volume, our ligands become saturated, and Fe begins to accumulate in the MSL. This 

membrane contamination is well-documented for ISEs which comprise some amount of analyte 

ion (Smith and Manahan 1973, Jasinski et al. 1974, Schefer et al. 1986, Sokalski et al. 1997). In 

a regime of flowing seawater however, fresh chelators are continually brought to this glass-

solution interface region, and the outward diffusion of Fe can continue indefinitely. In the context 

of the Fe-ISE, this process generates a steady-state potential proportional to the Fe-binding 

tendencies of the ligand pool. Zirino and colleagues similarly utilizing turbulent flow regimes to 

lower the detection limit of Cu-ISEs for effective environmental analyses (Belli and Zirino 1993, 

Zirino et al. 1998, Zirino et al. 2002, Blake et al. 2004, Rivera-Duarte et al. 2005, Neira et al. 

2011).  

Although the results are not reported here, ultra-high surface sensitivity SR XPS showed 

that a 0.6 nm thick calcium/magnesium/silicate/chloride scale was formed on the ISE surface 

after continuous ageing in seawater under static conditions, while this effect was almost 

practically eliminated with the exception of the formation of minute amounts of MgCl2, as a result 

of the surface cleansing effect experienced under turbulent flow conditions in the CFA system. If 

analyzing seawater under static conditions, it would be essential to simulate this seawater 

scaling phenomenon in calibration standards, while continuous flow analysis obviates this 
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problem. This also demonstrates that continuous flow is the optimal analytical conditions for use 

of the ISE in seawater analysis.  

From our SR studies, it is evident that in these flowing, buffered systems, the Fe-ISE 

signal is not caused by metal ions from the solution interacting with the sensor, be these Fe3+ 

ions or Cu2+ ions. Instead, the ions active in this potential-generating process are only those 

mobile Fe3+ ions already in the chalcogenide glass matrix. These ions are available for 

exchange in the MSL, driven toward the solid-liquid interface by the electromotive attraction of 

the Fe-chelators in solution.  

The Cu2+ cross-selectivity coefficient reported by Koenig and Grabner is therefore not 

relevant in these systems. The concept of interference as a whole takes on a different meaning 

when dealing with such strongly metal-complexing media. In fact, the Fe-ISE becomes a 

fundamentally different sensor in these solutions, where the electrode itself contributes an 

overwhelming flux of Fe to the ligand pool in what is essentially a complexometric titration. Ions 

or other ligands that could inhibit this process may be deemed to “interfere” with the 

potentiometric signal, and such species should be considered as analyses progress. But this is 

not the same as cross-selectivity in the traditional sense. What Koenig and Grabner measured 

was a proclivity for similarly-exchangeable metal ions to migrate into the MSL from solutions in 

which those ions are abundant. Their cross-selectivity coefficients only apply to such systems. 

 

Conclusion 

In this work we have conducted a necessary reexamination of some of the fundamental 

features of the response of the chalcogenide glass Fe-ISE in the context of eventual 

measurements of natural seawater. Synchrotron radiation studies of the chalcogenide glass 

surface have shown that the Fe-ISE behaves as a fundamentally different sensor in strongly 

metal-complexing systems such as seawater, such that some early findings regarding the Fe-
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ISE’s response in acidic, high Fe media are not relevant to studies in seawater. Specifically, 

NEXAFS results indicated that previous estimates of interference by Cu2+ ions do not apply in 

systems where the Fe-ISE signal relates to outward diffusion of mobile ions in the glass matrix. 

Our studies support the notions put forth by early investigations of metal-ISE measurements of 

exceptionally low metal activities – that the activities determined are relative measurements of 

the metal binding properties of the predominant complexes as they mediate the diffusion of 

metal ions from the ISE surface (Jasinski et al. 1974, Avdeef et al. 1983, Zirino et al. 1998) 

Utilizing organically-buffered media in an in-house pH-stat combined with the Fe-ISE 

CFA system, we have reported a revised value for the Fe-ISE’s temperature coefficient of -0.82 

mV/°C. This value will be critical to interpreting in-situ seawater measurements, where any 

signal response to changes in temperature must be accounted for.  

The optimal calibration procedure for the Fe-ISE had not been revisited for a decade. By 

conducting a suite of our own potentiometric calibrations, we have addressed several important 

points concerning these procedures. First, we have established the impact of the chosen pH 

range of the calibration standards. We propose that observed biases are likely attributable to 

errors in the speciation model or to variations in the potential-generating mechanism of the 

sensor commensurate with changes in ligand speciation over the course of a calibration. 

Additionally, we have shown that the standard potential determined from a calibration in these 

artificial solutions displays a strong dependence on the ligand background. In so doing, we have 

revealed the challenges that arise from treating the Fe-ISE as a traditional “ion-sensing” 

electrode and attempting to calibrate it as such. 

In systems where the Fe3+ activity is merely a factor of the total Fe concentration, i.e. low 

pH solutions, calculating aFe3+ is fairly trivial. This is the framework for most ISEs, where a 

standard addition of the analyte ion produces a regular voltage change. In solutions with an 

excess of Fe-chelators, where essentially all of the Fe3+ is complexed, the concept of Fe activity 

takes on another meaning altogether. Though aFe3+ can theoretically be calculated, the 
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infinitesimally small values have little weight, and attempting to relate these values to measured 

Fe-ISE potentials may be more trouble than it is worth, especially since we have established 

that the sensor is not responding to the free Fe3+ ions in solution. But the general trends in 

activity as they relate to concentrations of organic and inorganic Fe-chelators are certainly still 

valuable as we move toward analyses of natural seawater. In these systems, the “activity” 

measured by the Fe-ISE represents the tendency or capacity of the ligand pool to bind 

additional Fe. This capacity is quite relevant to the accessibility and bioavailability of Fe in the 

ocean, and may provide clues as to how a marine environment will respond to fluxes of Fe. 

Chapter 2 of this work will explore techniques to better quantify this capacity, especially in 

seawater-based matrices.  
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Figures and Tables 

 

Figure 1.1: Photographs of the Fe2.5(Se60Ge28Sb12)97.5 chalcogenide glass Fe-ISE wired probe 
(a) and freshly polished surface (b, c). 
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Figure 1.2: Circuit diagram detailing the wiring of the Fe-ISE potentiometric cell, glass pH 
sensor electrochemical cell, and thermistor. Two regulated 9V batteries were the sources of all 
power. 
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Figure 1.3: Schematic for the Fe-ISE continuous-flow analytical system. 
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Table 1.1: Components of the ACS and SBS calibration buffers. *In SBS standards, EDTA was 
replaced by citrate or salicylate chelators where specified. ACS standards only used EDTA.  
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Figure 1.4: Schematic of the pH-stat system used in conjunction with the Fe-ISE CFA for 
determination of the sensor’s temperature coefficient. 
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Table 1.2: Chalcogenide glass solution treatments for synchotron radiation surface studies. 



 

 34 

 
 

 
Figure 1.5: Fe-ISE (a) and pH probe (b) response in the CFA system during an ACS calibration. 
Capital letters above each stabilized potential denote each of the six ACS standards used for 
the calibration which are detailed in Table 1.3.  
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Table 1.3: Calibration data for ACS calibration of the Fe-ISE displayed in Figures 1.5 and 1.6 
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Figure 1.6: Calibration plot for ACS calibration of the Fe-ISE conducted December, 2024, 
showing the linear trendline and calculated regression. Capital letters correspond to the 
calibration standards detailed in Table 1.3.  
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Table 1.4: Compilation of calibration results for a single Fe-ISE probe in ACS and SBS 
systems.  
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Table 1.5: Calibration standard data for citrate-based SBS calibration of the Fe-ISE depicted in 
Figure 1.7 
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Figure 1.7: Calibration plot for citrate-based SBS calibration of the Fe-ISE, showing the linear 
trendline and calculated regression. Capital letters correspond to the calibration standards 
detailed in Table 1.5. 
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Table 1.6: Calibration standard data for EDTA-based SBS calibration of the Fe-ISE depicted in 
Figure 1.8 
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Figure 1.8: Calibration plot for EDTA-based SBS calibration of the Fe-ISE, showing the linear 
trendline and calculated regression. Capital letters correspond to the calibration standards 
detailed in Table 1.6. 
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Figure 1.9: Activities of the dominant Fe species in the EDTA-based SBS matrix over the pH 
range of a typical calibration. Calculated by MINTEQ aqueous speciation modelling software 
according to the SBS components described in Table 1. 
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Figure 1.10: Activities of the dominant Fe species in the ACS matrix over the pH range of a 
typical calibration. Calculated by MINTEQ aqueous speciation modelling software according to 
the ACS components described in Table 1. 
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Figure 1.11: a) Fe-ISE response showing a seawater measurement before and after a 3-
point ACS calibration. b) The same analysis, including the following 21 hours of 
reconditioning back to the seawater sample.  
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Figure 1.12: Fe-ISE response (orange) and temperature (blue) as measured by in-line 
thermistor probe during pH-stat temperature-sweep experiment with an EDTA-based SBS at pH 
7.095. 
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Figure 1.13: Plotted data and linear regression trendline for measured ISE voltage (black) at 
four temperatures during the temperature-sweep experiment in an EDTA-based SBS held at pH 
7.095. Grey points represent the calculated aFe3+ expected at each temperature based on the 
MINTEQ speciation model for the solution, converted to potential using the calibration slope for 
this solution and offset to the mean measured potential.  
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Figure 1.14: Fe-ISE response and thermistor-measured temperature during seawater 
conditioning in the CFA system while laboratory room temperature fluctuated. 
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Figure 1.15: Cu 2p XPS (a) and NEXAFS (b) spectra of chalcogenide glass pieces exposed 
to organically-buffered and unbuffered saline Cu solutions (treatments 3 and 4 in Table 1.2), 
showing Cu species present in the surface layers of the unbuffered treatment, yet no 
evidence of Cu infiltration in the buffered treatment. 
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Figure 1.16: Fe 2p NEXAFS spectra of chalcogenide glass pieces exposed to organically-
buffered and unbuffered saline Fe solutions (treatments 1 and 2 in Table 1.2) and an untreated 
control piece. An excess of Fe is present in the unbuffered treatment relative to the control, 
while the buffered treatment shows Fe deficient surface layers.  
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Figure 1.17: Difference in Fe L-edge NEXAFS signal magnitude as compared to the 
polished control, for chalcogenide pieces aged in static (a) or flowing (b) seawater at 
four different time points.  
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Supplemental Information 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplemental Table 1.1: Compiled calibration results for ACS calibrations of six different 
Fe-ISE probes. Results shaded in yellow highlight calibration results that differ significantly 
from expected values, and likely indicate a manufacturing flaw.   
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Supplemental Table 1.2: SR-XPS core level binding energies of membranes treated in 
unbuffered and buffered Cu media using a photon energy of 210 eV (a) and unbuffered and 
buffered Fe media using a photon energy of 830 eV (b)   
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Chapter 2. Fe-ISE Acidimetric Titrations of Seawater Media: 
Calibrations, Model Validations, and Seawater Analyses 

 
 

Abstract 

 The chalcogenide Fe3+ ion-selective electrode was analyzed through the context of novel 

measurements in seawater and seawater-based media. An improved calibration system is 

presented, optimized for the analysis of natural seawater, based on a filtered seawater solution 

comprising 10 µM added Fe and 100 µM added EDTA. These calibrations reproducibly 

generate slopes of around 25 mV/dec, which are in excellent agreement with previous 

calibrations of the Fe-ISE, yet do not impart the potential offset to seawater measurements that 

has been observed in calibrations utilizing more artificial systems. Plots showing the modeled 

change in aFe3+ vs pH are compared to commensurate Fe-ISE potentiometric pH titrations to 

illustrate the good agreement between modeled and measured aFe3+ trends in seawater media, 

provided chemical speciation models adequately account for Fe solubility effects. Natural 

seawater samples of varying Fe speciation are analyzed using Fe-ISE acidimetric titrations. This 

technique proves to be a powerful new method to evaluate seawater Fe chemistry and the 

effects of pH on Fe parameters.  

 

Introduction 

 The Fe-ISE is a promising tool for oceanographic analysis given the relatively simple 

instrumentation required for its operation, and the ease with which it could be incorporated into 

shipboard flow-through systems or autonomous sensor suites. But while Fe-ISE response has 

been thoroughly studied in artificial, well-characterized solutions (Baker and Trachtenberg 1971, 
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Jasinski and Trachtenberg 1973, De Marco and Mackey 2000, De Marco and Pejcic 2000, De 

Marco and Martizano 2007, 2008, Maric et al. 2015)  there is still some uncertainty as to the 

sensor’s performance in natural seawater, a far more complex medium.  

 The extent of Fe-ISE usage in seawater thus far has amounted to several studies 

undertaken by De Marco and colleagues. These early, proof-of-concept experiments involved 

the UV-oxidation of the seawater samples to remove any organics and simplify speciation 

modeling. De Marco et al. (1999) measured an acidified, UV-oxidized seawater sample using an 

Fe-ISE calibrated in a saline citrate buffer system and determined a value of aFe3+ (activity of 

the free Fe3+ ion) in good agreement with their speciation model. De Marco and Mackey (2000) 

conducted what was essentially a calibration of the Fe-ISE using UV-oxidized seawater brought 

to various pH (and modeled aFe3+) values, obtaining a calibration slope of 24.2 mV/dec which 

agreed well with their calibrations using artificial media. Measurements of natural, un-oxidized 

seawater at ambient pH have been limited to single point analyses following the sensor’s 

calibration in an artificial organically-buffered system (De Marco and Martizano 2008, Maric et 

al. 2015). The aFe3+ determined by these measurements (~10-20) were comparable to common 

values obtained by CLE-AdCSV analyses of natural seawater (Rue and Bruland 1995, Van den 

berg 1995, Ven den berg et al. 2006). Although, we note our results in Chapter 1 which indicate 

that these artificial calibration solutions appear to impart a significant potential offset to seawater 

measurements, such that it becomes difficult to relate calibration potentials to that of seawater 

analyses. Therefore, if our goal is in fact to use the Fe-ISE to determine aFe3+ of natural 

seawater samples, the optimal calibration system would be based in seawater itself. 

The artificial media used for previous tests of the Fe-ISE comprise fairly simple Fe-

speciation, with generally only one or two organic Fe-binding species, and a basic ionic 

background of sodium chloride. In UV-oxidized seawater, Fe-speciation depends only on 

relatively high concentrations of well characterized inorganic Fe-chelators (Byrne and Kester 

1976, Millero et al. 1995). This means that calculation of aFe3+, the activity of the free Fe3+ ion, 
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is straightforward, and may be more directly related to the Fe-saturation and concomitant Fe-

binding capacity of the ligand pool – what the Fe-ISE appears to be measuring. In a more 

complicated, natural seawater calibration system with myriad strong Fe-chelators (Bundy et al. 

2014, Velasquez et al. 2016, Slagter et al. 2019, Whitby et al. 2020, Forsch et al. 2021), it is 

unknown how well calculated aFe3+ values will agree with potentiometric data from the Fe-ISE. 

 

Fe Activity in Seawater 

Fe activity, or aFe3+, as it pertains to an organically-buffered aqueous solution is a single 

parameter which best represents the overall Fe-binding nature of the system. Total Fe, ligand 

strengths, ligand concentrations, pH, temperature, and any Fe-precipitation are all taken into 

account in the calculation of aFe3+. As discussed in Chapter 1, in seawater and similarly 

buffered solutions, aFe3+ should not be taken to denote a particular fraction of Fe. Rather, it is a 

fundamental thermodynamic master-variable for the Fe-system, and is relevant to the overall 

availability of Fe to microorganisms (Anderson and Morel 1982, Avdeef et al. 1983, Zirino et al. 

1998). 

 Because aFe3+ is so dependent on the Fe-chelators in solution, our main empirical 

measurements of seawater aFe3+ come from Fe-speciation studies employing the CLE-AdCSV 

technique. However, these studies have moved away from quantifying Fe-binding by natural 

ligands in terms of Fe3+ itself, instead focusing on Fe′, which represents all soluble inorganic Fe 

species. Conversion from Fe′ to Fe3+ relies on the inorganic side reaction coefficient which is 

usually taken to be 𝛼!"# = 1010 (Hudson et al. 1992, Rue and Bruland 1995, Van den Berg et al. 

2006) but this assumes no neutral Fe(OH)3 species present in solution, which may not be 

entirely accurate (Liu and Millero 1999, 2002, Kuma et al. 1996). Thus, while not of utmost 

importance in the CSV method where the goal is largely to examine relative ligand strengths 

among a sample set, there is still some uncertainty on actual aFe3+ values. In most CSV 
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analyses, seawater samples are buffered to a standard pH, generally 8.2, to utilize established 

log K binding constants during competitive ligand exchange calculations (Boye et al. 2001, Buck 

et al. 2015, Mahieu et al. 2024). Recent CSV studies measuring the effect of pH on Fe-

speciation show that pH has a significant influence on the Fe-binding parameters elucidated by 

the technique, and suggest that in certain marine systems, natural pH variations account for 

more of the observed gradients in aFe3+ than those caused by variations in ligand strength or 

concentration (Heimstra and van Reimsdijk 2006, Avendano et al 2016, Gledhill et al. 2015, Zhu 

et al. 2023) 

 The other way to gain an idea of seawater Fe activity is through chemical speciation 

models. These models allow us to neatly visualize the major controls of aFe3+ in seawater, and 

how they affect other aspects of the Fe system. Figures 2.1 and 2.2, for example, show the 

effects of pH and two different organic ligands on aFe3+ (Figures 2.1a, 2.2a) and associated 

total dissolved Fe concentrations (Figures 2.1b, 2.2b), as calculated by Visual MINTEQ 

aqueous speciation modeling software. As pH increases, aFe3+ decreases due to increased 

complexation by hydroxides, as well as increased complexation by any organic species as their 

Fe-binding sites are deprotonated. The binding strength and concentration of these organic 

species, as well as their particular acid-base properties (pKa values), determine the shape of the 

log[aFe3+] vs pH curve. This is illustrated well by the difference between the DTPA and EDTA 

curves. Although increased binding by organic ligands serves to decrease aFe3+, it also results 

in higher concentrations of total dissolved Fe species (Figures 2.1b, 2.2b), noting that maximum 

dissolved Fe concentrations are limited by the insolubility of Fe(OH)3 species. 

If the Fe-ISE could be used alongside a pH sensor during an acidimetric titration of 

natural seawater, it would generate a characteristic log[aFe3+] vs pH curve (as in Figures 2.1a 

and 2.2a) that could be used to identify and describe the Fe-binding ligand pool. These 

potentiometric pH titrations would be particularly relevant in understanding the changes in Fe-

speciation that may arise due to ocean acidification. Studies have shown that concentrations of 
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free Fe ions as well as concentrations of organically complexed Fe may both increase in 

response to decreasing ocean pH (Breitbarth et al. 2010, Millero et al. 2009, Gledhill et al. 2015, 

Stockdale et al. 2016) but the specifics of these dynamics are complex and vary both spatially 

and temporally (Ye et al. 2020). Most of these predictions rely on aqueous speciation models 

which incorporate metal binding by marine dissolved organic carbon (WHAM, NICA-Donnan), 

while the experimental studies utilize laborious and time-intensive CLE-AdCSV techniques 

(Gledhill et al. 2015, Zhu et al. 2021). A simple, rapid method to probe pH-related effects on Fe-

speciation would massively facilitate scientists’ abilities to forecast and study the influence of 

ocean acidification.  

Additionally, there is growing evidence that physico-chemical properties (pH, O2) of the 

phycosphere, the aqueous microenvironment surrounding phytoplankton cells, can differ 

significantly from the properties of the bulk seawater matrix (Liu et al. 2020, Liu et al. 2022). 

Given the implications for phytoplankton Fe uptake, an improved understanding of pH-Fe 

dynamics under different seawater conditions is required to be able to predict metal 

bioavailability, and the Fe-ISE is uniquely suited to such studies.  

Thus, this work highlights three main scientific efforts in advancing our understanding of 

the Fe-ISE as it pertains to measurements of seawater. First, we present an optimal, seawater-

based Fe-ISE calibration system which can be accurately modeled and allows for reliable 

calculation of aFe3+. Next, we discuss several Fe-ISE acidimetric titrations of modified and 

unmodified seawater solutions to examine exactly when modeled aFe3+ is most relatable to Fe-

ISE potential, and how to adjust our models to that end. Here, we make use log[aFe3+] vs pH 

curves, which prove to be valuable tools for model validation. Finally, we present data from a 

series of acidimetric titrations of different natural seawater samples, to assess whether the Fe-

ISE can be used in this way to glean useful information regarding the natural Fe-binding ligand 

pool. 
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Experimental 

Trace-Metal Clean Seawater Collection 

 All sampling efforts adhered to the trace-metal clean sampling and bottle-cleaning 

protocols detailed in the GEOTRACES cookbook (https://www.geotraces.org/methods-

cookbook/). Offshore surface seawater was obtained during two separate research cruises: the 

Pupcycle II cruise on the R/V Sally Ride in May/June of 2023, with sampling offshore of Cape 

Blanco, Oregon; and the P2402 CCE LTER process cruise on the R/V Roger Revelle in 

February/March of 2024, with sampling offshore of Point Conception. 

 For Pupcycle, bulk (~20 L) surface seawater was collected using a trace-metal clean 

towed-fish system and metal-free diaphragm pump. As the ship steamed at 5 kts, the fish was 

towed outside the ship’s wake and surface seawater was pumped directly into a trace-metal van 

(HEPA-filtered air, metal-free). Seawater was filtered in-line through a 0.2 µm Acropak 200 

capsule filter (VWR) into acid-clean low-density polyethylene (LDPE) plastic cubitainers.  

 During P2402, surface seawater was collected using a trace-metal clean coated 

sampling rosette equipped with 5-L Niskin sampling bottles (General Oceanics). Niskin bottles 

were secured in a trace-metal van and pressurized with ultra-filtered air, such that sample 

filtration could occur directly from the bottle. Bulk seawater was then filtered and collected as 

described above.  

 At the Scripps Institution of Oceanography pier, seawater was collected by lowering an 

acid-clean carboy into the water using trace-metal clean line. The carboy was brought back into 

a trace-metal clean lab space, pressurized with ultra-filtered air such that the seawater could be 

filtered in-line through an Acropak (as above) and collected in a secondary, polycarbonate 

carboy.  
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 At the time of analysis on the Fe-ISE system, aliquots of these bulk seawater samples 

were taken for measurements of total dissolved Fe (dFe). Dissolved Fe samples were collected 

in 250 mL low-density polyethylene (LDPE) bottles and acidified to pH 1.8 with optima HCl.  

 

Determination of dFe and Fe-L Parameters of Unmodified Seawater 

 All seawater samples used to make modified seawater solutions were analyzed at 

Scripps Institution of Oceanography using in-house methods for determination of total dissolved 

Fe (dFe) and Fe-binding ligands. Measurements of dFe were made using a flow-injection with 

chemiluminescence (FI-CL) system based on the manifold by Lohan et al. (2006). Briefly, 

dissolved Fe is oxidized to Fe3+ with 10 mM Q-H2O2 (Suprapur grade). An ammonium acetate 

solution buffers the sample to pH 3.5 in-line, where it is preconcentrated on a chelating resin 

column (Toyopearl AF-Chelate-650M). The salt matrix is removed, and the Fe is eluted from the 

column using 0.14 M HCl (Optima grade, Fisher Scientific). The Fe catalyzes a 

chemiluminescent reaction between H2O2 and luminol (Sigma Aldrich), and this luminescence is 

recorded by a photomultiplier tube (Hamamatsu Photonics).  

Fe standards were made with an ICP spectrometry standard (TraceCERT, ultra-high 

purity, in 2% HNO3) added to Pacific ocean surface seawater to match the sample matrix, to 

final concentrations of 0, 0.4, 0.8, 3.2, and 10 nM Fe. Standards were measured at the 

beginning and end of each analytical run, and precision and drift were assessed with replicate 

analyses of aliquots of a large volume of reference seawater measured throughout each run.  

 

Preparation of Modified Seawater Solutions 

In order to test Fe-ISE response in seawater matrices with varying overall Fe-binding 

capacities, seawater from both the Scripps Pier and offshore regions was modified with FeCl3 

and a strong organic Fe-complexing agent, EDTA (analytical grade, Fisher Scientific). The 
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ambient dissolved Fe concentrations as measured by FI-CL (described above) are shown in 

Table 2.1 for all seawater used in this work. For all modified seawater solutions, enough Fe and 

EDTA were added such that the electrochemical signature of the ambient Fe or ligand pool in 

each sample would be swamped. In this way, we assure that aFe3+ is not affected by possible 

variations in the ambient Fe or ligand pool of a given sample, and is only dependent on our 

additions, as well as the concentrations of the major ions of seawater and the carbonate 

system. All formulations of modified seawater are detailed in Table 2.2, noting that EDTA was 

always in excess of Fe as is the case for natural Fe chelators in seawater, ensuring a metal-

buffered system (Gledhill and Buck 2015, Taglibue et al. 2017) 

For seawater-based calibration experiments and pH-based potentiometric titrations, a 

bulk solution of natural seawater or modified seawater was partitioned into up to nine aliquots 

(200 mL for modified seawater, >2 L for unmodified seawater). Each aliquot was brought to a 

desired pH (and associated aFe3+) using concentrated HCl or NaOH, measured on a separate, 

external glass combination pH electrode (Orion 8102 BN) which was calibrated to three Orion 

pH buffer solutions traceable to NIST standards. Aliquots were then left at the adjusted pH for at 

least 24 hours to allow added EDTA and Fe to equilibrate with the natural seawater species 

prior to Fe-ISE measurements. 

 

Fe-ISE Potentiometric Measurements 

The chalcogenide glass electrode used in all measurements was of the formulation 

Fe2.5(Se60Ge28Sb12)97.5 and was manufactured exactly as described in Chapter 1 (Baker and 

Trachtenberg, 1971). Similarly, all potentiometric electric circuits, as well as the Fe-ISE CFA 

system itself, were identical to those detailed in Chapter 1. For measurements of unmodified 

seawater samples, large enough volumes were used such that a stable signal could be reached 

without circulating the sample. Modified seawater samples were recirculated through the CFA 
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system as total Fe was in excess of 10 µM, and contamination of a given sample by the Fe-ISE 

itself was negligible over the course of a measurement (De Marco and Mackey 1999).  

Prior to any series of measurements, the Fe-ISE was polished on nylon and micro-cloth 

pads using a Buehler alumina slurry of decreasing particle size, and subsequently rinsed 

thoroughly in Milli-Q. The Fe-ISE was then conditioned in its flow cell for at least 24 hours in 

unmodified filtered seawater until a stable potential (<0.5 mV/hour drift) had been reached. After 

conditioning, the Fe-ISE was exposed to each pH aliquot until a stable potential (<0.1 mV/min) 

was reached, moving from high aFe3+ to low aFe3+ (low pH to high pH) solutions unless 

otherwise specified.  

 

Aqueous Speciation Modeling 

Visual MINTEQ chemical equilibrium modelling software was employed for all 

calculations of aFe3+ and other chemical species in our modified seawater solutions. This 

software is free and publicly available, and utilizes a database of chemical equilibrium binding 

constants from continually updated literature sources. All database information can be found 

online at https://vminteq.com.  

For modified seawater calibration solutions and pH-based potentiometric titrations, 

model inputs were pH, concentrations of the major ions of seawater, concentrations of select 

trace metals, and concentrations of added Fe and EDTA. Visual MINTEQ calculates ionic 

strength based on all ionic species, and makes corrections using the Davies equation (extended 

Debye-Huckel equation). Input concentrations of all species are shown in Table 2.3, and 

assume a salinity of roughly 35.9 ppt (Morel et al., 1971). It should be noted that changes to 

salinity (and thus ionic strength) within 2-3 ppt have a negligible effect on the aFe3+ output, and 

do not change the shape of the aFe3+ vs pH curve, which is the main interest of this work.  

Visual MINTEQ allows for the inclusion of “possible solids”, which accounts for the 

precipitation (effectively, the removal from solution) of any selected solid if the species reaches 
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oversaturation with respect to its solubility product (Ks). For models where we assumed 

precipitation, we selected all solids in the solution that reached oversaturation. Models that 

included no precipitation mean that even oversaturated species remained in solution. 

Implications of these assumptions as they relate to our experiments are explored in the Results 

and Discussion section. 

For attempted modeling of the unmodified filtered Scripps pier seawater, inputs were 

identical but also included the addition of NICA-Donnan dissolved organic matter (Kinniburgh et 

al. 1999, Koopal et al. 2006, Dudal et al. 2004, Lodeiro et al. 2020). We used a total dissolved 

organic carbon (DOC) concentration of 75 µM, a typical value measured at Scripps pier during 

the month of our seawater collection (Shimadzu TOC analyzer). This led to final binding site 

concentrations of 8.73 µM DOM1, and 2.76 µM DOM2. Thermodynamic constants for Fe(III) 

binding by DOM were taken from Zhu and Hopwood et al. (2021), such that logKFe(III)DOM1 = 2.94, 

nFe(III)DOM1 = 0.32, and logKFe(III)DOM2 = 9.60, nFe(III)DOM2 = 0.30. All other NICA-Donnan parameters 

were left unchanged in Visual MINTEQ, which uses values from Milne et al. (2003 and 2001) for 

acid-base constants and DOM binding of other cations.   

 

Results and Discussion 

Fe-ISE Calibration with Seawater-Based Solutions 

Figure 2.3 shows calibration curves for B5 seawater modified from filtered seawater from 

Scripps pier and the Pupcycle II cruise, as well as linear regression trendline data for each 

calibration. Calibration slopes were 26.7 ± 1.6 mv/dec and 24.9 ± 1.1 mV/dec for Scripps pier 

and Pupcycle II B5 modified seawater respectively. These slopes are in good agreement with 

those obtained by De Marco and colleagues in artificially buffered media and UV-oxidized 

seawater (De Marco et al. 1999, De Marco and Mackey 2000, De Marco and Martizano 2007, 

2008, Maric et al. 2015) as well as those of our own calibrations in similar artificial solutions 
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described in Chapter 1. Slopes are again between 20 and 30 mV/dev, which would imply some 

combination of Fe3+ ion-exchange and charge transfer potential-generating mechanisms as per 

De Marco and Pejcic (2000). Again, we stress that calibrating the sensor voltage to a theoretical 

(model-determined) aFe3+ requires an assumption that the sensor signal induced by Fe3+ ions 

present in the modified surface layer of the Fe-ISE, which are interacting with ligands in bulk 

solution, reflects the aFe3+ in bulk solution, which is an unmeasurable property by direct means. 

That said, the linearity of the sensor to theoretical log[aFe3+]  is unmistakable, and thus may 

prove useful in studying, e.g. the ligand-pool of a sample. So, while we hesitate to use the 

specific mV/dec slope to read too much into the sensor’s potential-generating mechanism, it is 

reassuring that the slopes as related to aFe3+ are consistent and reproducible, even in vastly 

differing media.   

It should be noted that the speciation model used to calculate aFe3+ for the B5 seawater 

calibration curves in Figure 2.3 does allow for the precipitation of solids. When precipitation was 

not included in the model, aFe3+ outputs lead to a less linear calibration, and a calibration slope 

almost 5 times larger – in poor agreement with all past calibrations of this type of electrode. As 

we move toward modified seawater solutions with higher concentrations of EDTA, however, the 

inclusion of precipitation appears to generate less accurate values of aFe3+. With our highest 

EDTA concentrations, A1 seawater calibration curves look most linear and show the best 

agreement with characteristic Fe-ISE calibration slopes when aFe3+ is calculated without any 

inclusion of precipitation. Figures 2.4 and 2.5 compare the calibration curves for A1 and B5 

systems based in Pupcycle seawater, utilizing both types of models (precipitation and no-

precipitation) for each modified seawater system.  

In summary, a functional Fe-ISE calibration must use an appropriate model to estimate 

aFe3+. A calibration slope established in B5, A1, etc. is only functional if the intercept of the 

calibration function does not shift when the sensor is moved from the calibration medium into 

natural seawater. A typical sensor voltage for a natural seawater sample is around -250 mV 
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(discussed below), resulting in a calculated log[aFe3+] of -25.1 using the B5 system (with 

precipitation) or -24.8 using the A1 system (without precipitation). This level of agreement 

across different calibration systems is highly encouraging. Figure 2.6 displays the compiled 

calibration trendlines for A1 and B5 modified seawater systems utilizing both models, as well as 

that of the artificial calibration solution from Maric et al. (2015) for comparison. We highlight the 

observed range of voltage and expected Fe-activity for measurements of unmodified seawater 

to emphasize the agreement between A1 (no-precipitation) and B5 (precipitation) calibrations in 

this region, especially as related to the other calibrations. We also note the calibration voltage 

and log[aFe3+] ranges spanned by these two calibration solutions to show that natural seawater 

measurements fall well within the range of a B5 calibration, while calibrating to A1 seawater 

would require significant extrapolation. Thus B5 modified seawater is perhaps a more reliable 

calibration system. 

 

Acidimetric Titrations as Speciation Model Validation 

The various modified seawater systems and corresponding speciation models can be 

further validated by examining the Fe-ISE signal over a wide range of pH during an acidimetric 

titration. In Figures 2.7 and 2.8, we examine the same Fe-ISE calibrations in A1 and B5 

Pupcycle seawater from Figures 2.4 and 2.5, now displayed as plots of log[aFe3+] vs pH. 

Colored data points represent the measured calibration standards. Black lines show modeled 

log[aFe3+] values which were calculated using the two speciation models over the range of pH, 

either including precipitation (dotted lines) or assuming no precipitation (dashed lines). 

Measured voltages are converted to the colored log[aFe3+] points using the calibration slopes 

from the optimal speciation model for each seawater system (precipitation for B5, no-

precipitation for A1). Visualizing the data in this way allows us to better observe the effect of pH 

on a given Fe-chelator system, and how the precipitation of Fe (or lack thereof) would affect the 

measured signal. Also, the relatively constant voltage-per-aFe3+ sensitivity between seawater 
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systems (Figures 2.4b, 2.5a) despite significant variation in aFe3+-per-pH, and thus voltage-per-

pH (Figures 2.6, 2.7) suggests that the Fe-ISE is in fact responding to these unique aFe3+ 

curves and not simply exhibiting a direct response to protons.  

The fact that A1 and B5 seawater are best represented by such different models 

suggests that precipitation is inhibited, at least on the timescales of this experiment, only at high 

enough concentrations of EDTA. Considering that the vast majority of EDTA in a seawater-

based solution will complex Ca and Mg, it appears that the 10 mM addition in A1 modified 

seawater provides enough excess EDTA for Fe chelation even at higher pH, where Fe-hydroxy 

precipitation would otherwise remove Fe from solution. B5 seawater lies at the other end of this 

spectrum, with very low values of aFe3+ at higher pH that seem to result from the uninhibited 

precipitation of Fe-hydroxide and Fe-oxyhydroxide species.  

We are able to more directly compare our modified seawater formulations to one another 

in Figure 2.9, which displays four acidimetric titrations measured on the Fe-ISE as part of one 

analytical run. Rather than polishing and reconditioning, the Fe-ISE was exposed to a flowing 

solution of the unmodified seawater at ambient pH between titrations. By keeping the Fe-ISE 

conditioned in this way, we limit changes to the standard electrochemical potential of the 

sensor, and we are able to better compare the titrations to one another in terms of their absolute 

potential. Here we observe titrations of three modifications of Scripps pier seawater, and a 

titration of the unmodified Scripps pier seawater itself.  

The initial takeaway from these curves is that the Fe-ISE is in fact capable of 

distinguishing between seawater samples based on this type of pH-related signature. The 

unmodified seawater curve contains multiple inflections that are likely related to the acid-base 

properties of the natural ligand pool. These features may be of some use in identifying the 

dominant Fe-binding species, especially with a higher resolution of Fe-ISE measurement points. 

In comparing the unmodified seawater curve to those of the modified seawater, it appears that 

between pH 5 and pH 8, the major control on Fe activity is the total Fe in the seawater, where 
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more Fe = higher measured potential. Below pH 5, it may be that total Fe-chelator becomes 

more consequential, such that more EDTA = lower measured potential. But it is difficult to say 

definitively without greater pH-point resolution and additional modified seawater variations.  

As we further examine the modified seawater data in Figure 2.9, it is again helpful to 

reference modeled aFe3+ curves, visible in Figure 2.10a (precipitation) and Figure 2.10b (no 

precipitation). As mentioned earlier, B5 and B4 seawater follow their precipitation-inclusive 

modeled curves fairly well, with a potential/pH slope steepening around pH 6.5, and an overall 

measured potential range that implies a drop of over 10 orders of magnitude in aFe3+ (based on 

a characteristic Fe-ISE calibration, Figure 2.6). Although, it is worth noting that the drop in 

potential from pH 7 to pH 9 is not as perfectly linear as their models (Figure 2.10a) would imply, 

with features around pH 8 perhaps indicating kinetic limitations not included in the model. The 

strong overall convergence of B5 and B4 seawater however, especially at higher pH, is in 

agreement with the model (Figure 2.10a) and suggests that aFe3+ is largely precipitation-

controlled. 

The A2 seawater titration on the other hand appears to share notable features with both 

the precipitation-inclusive model and the precipitation-free model. As in A1 seawater (Figure 

2.7), the measured A2 seawater potential is essentially unchanged from pH 4.5 to pH 7 (Figure 

2.9) – in excellent agreement with calculations of aFe3+ that assume no solid formation (Figure 

2.10b). But above pH 8, A2 seawater potential drops sharply, eventually converging with B5 and 

B4 seawater at the highest pH point. Thus, the overall potential range does seem to imply 

precipitation, but it seems that the increased EDTA as compared to B5 and B4 seawater is 

enough to stave off that precipitation until a slightly higher pH point. In conclusion, while the 

incorporation of a pH titration provides a new dimension to the sensor’s interaction with 

seawater, interpreting the voltage over a broad pH range may require the inclusion of kinetic 

processes rather than the binary choice of “complete precipitation” and “no precipitation” 

currently available in the thermodynamic model. 
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Because we do not know the acid-base properties of the dominant Fe-chelators in our 

natural Scripps pier seawater, we are unable to precisely model Fe-speciation and aFe3+ over 

the full pH range of our unmodified seawater titration. However, the NICA-Donnan model has 

emerged as a promising method to estimate the effect of pH on Fe-binding by marine DOM, 

assuming binding by phenolic- and carboxylic-like functional groups with established ion-binding 

constants and pKa values (Milne et al. 2001, 2003). Here, we use the NICA-Donnan model to 

compare aFe3+ values to our Fe-ISE measurements (see Experimental). Total Fe for the 

speciation model was input as 6.1 nM, as measured by FI-CL for this sample, while total DOC 

was set to 75 µM, a typical value measured at Scripps pier at the time of year this seawater was 

collected (December). We convert titration points to aFe3+ by calibrating to the model which 

assumes no solid formation. This calibration curve exhibited improved linearity and a sensitivity 

(~27 mV/dec) in better agreement with characteristic Fe-ISE slopes than our calibration using 

the precipitation-inclusive model (Figure 2.11a vs Figure 2.11b). Figure 2.12 shows the 

unmodified seawater titration curves, with the colored points representing our measured data, 

and the black dashed/dotted lines showing model aFe3+ outputs.  

It is immediately clear that the assumption of complete precipitation generates a model 

lacking many of the features visible in the measured curve. This model suggests that solid 

formation is limiting aFe3+ all the way down to pH 5, and that the 75 µM DOC does not provide 

strong enough Fe-binding to alter Fe solubility. The precipitation-free model does predicts the 

major feature observed by the sensor over the full pH range, but with a clear offset in aFe3+ 

based on any of the calibrations determined in modified seawater (Figure 2.4b, 2.5a). 

Calibrating the sensor to the NICA-Donnan model as shown in Figure 2.12 produces an 

electrode slope of 27 mV/dec (Figure 2.11a), similar but slightly higher than the calibrations in 

modified seawater. Again, this is likely a scenario where the optimal model lies between these 

two end-members. As the seawater aliquots were only left at pH for a day, we may be observing 

only a fraction of the “full precipitation” that this chemical equilibrium model assumes. It may be 
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that NICA-Donnan DOM alone cannot fully explain observed Fe activity over the full pH range, 

and the incorporation of stronger organic ligands is necessary to increase Fe solubility. While 

our model DOC concentration input was only an estimate based on recent measurements at 

Scripps pier, realistic differences in DOC totals only marginally affect aFe3+ ranges, and do not 

change the major features of the log(aFe3+)/pH curve when comparing models which either 

include or exclude precipitation (Figure 2.13). Thus, even with differing total DOC, the titration’s 

agreement with the features of the no-precipitation model is compelling. Although we note that 

the aFe3+ offset compared to the models of the modified seawater solutions emphasizes the 

difficulty in attempting to quantify these very low aFe3+ values rather than just their trends.  

  

Potentiometric Titrations to Analyze Natural Seawater  

 While visualizing Fe activity over a range of pH has predominately been used for model-

validation thus far, we now examine how these curves may be used as an analytical tool for the 

assessment of seawater Fe-speciation. We plot ∆log[aFe3+]-vs-pH for four unmodified seawater 

samples in Figure 2.14. Measured voltage is converted to aFe3+ using a B5 modified seawater 

calibration (Figure 2.5a), and ∆log[aFe3+] is calculated as the difference from the lowest 

measured log[aFe3+] point. We focus specifically on pH 5 – 10, as it represents the properties of 

the Fe-chelator pool most relevant to natural seawater. Although we note that these titrations 

did extend below this pH range, so the smoothed fit line connects to additional points where 

applicable. It should also be noted that these curves were not generated as part of one run, as 

in Figure 2.9. These were measured over the course of several months, with instances of Fe-

ISE polishing and reconditioning between each titration. Thus, the standard electrical potential 

of the Fe-ISE likely shifted slightly from titration to titration, and we should assume some offset 

between these curves. But, as we will see, it is the relative shape of the curves, rather than their 

absolute potentials, that appear to have analytical value.  
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 Measured Fe totals for these seawater samples are listed in Table 2.1, determined by 

FI-CL (see Experimental section). However, also relevant is the time a given sample sat before 

it was measured on the Fe-ISE, which is noted in the legend of Figure 2.14. The light green and 

dark green data points represent two titrations of the same bulk volume of filtered Scripps pier 

seawater, with one titration (dark green) immediately after water collection, and the other (light 

green) after the water had sat in a carboy at room temperature for 3 months. The brown data is 

a titration of unfiltered Scripps pier seawater, analyzed immediately after collection. The light 

blue data was a titration of offshore, low Fe seawater which had been collected over a year prior 

to its measurement on the Fe-ISE, also stored in a carboy at room temperature until analysis.  

 All titrations display very similar curves from pH 6 to 7, with Fe-ISE potential decreasing 

about 1 log[aFe3+] unit over this single pH unit. At a pH of just about 7.3, a divergence from this 

slope is apparent in each sample, the magnitude of which differs from sample to sample. The 

unfiltered seawater shows the largest inflection, with very little change in log[aFe3+] to the next 

titration point at pH 8.2. The two filtered pier seawater samples display comparable features, 

though to a lesser extent (still with decreasing log[aFe3+]), and certainly distinct from one 

another. The aged, offshore seawater titration exhibits no inflection at all, forming one 

continuous curve over this entire pH range.  

 The magnitude of this feature, or its absence, in this pH 7.5 – 8.5 region, is likely related 

to the Fe-speciation of the seawater sample. The relative Fe-ISE potentials do seem to be 

somewhat correlated to the total Fe measured in each sample (Table 2.1). The unfiltered 

seawater obviously had the highest total Fe, and the offshore seawater had the lowest by far, 

with the filtered pier seawater samples in-between. This makes sense especially if we assume 

our 3-month aged filtered pier sample may have lost Fe relative to the fresh sample, perhaps 

due to wall loss or precipitation (all samples were stored unacidified). But this does not fully 

explain why the measured potential differences are most stark around pH 8, and not in lower pH 

regions.  
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 Where we see these inflections, we may be observing the presence of some Fe-binding 

species that is limiting precipitation at higher pH points. Such natural chelators may not retain 

much ability for Fe complexation below environmental pH, which would explain these curves’ 

convergence below pH 7. If these species were susceptible to photo- or bio-degradation, or 

formed larger colloids, it might result in a loss of Fe to precipitation as the seawater sample 

ages (compare the “Pier filtered” curves, Figure 2.14). The smooth titration curve of the offshore 

seawater indicates a sample where pH is the major control on aFe3+. Either due to its age or its 

oligotrophic origin, there is likely very little organic matter to interact with Fe in a way that affects 

aFe3+. In our fresher, coastal water however, we may be observing enough of an Fe-chelator to 

keep Fe in solution and raise the relative Fe activity at seawater pH. In terms of the chemical 

speciation models we have been discussing, this would be the equivalent of moving from the 

precipitation-inclusive model toward a precipitation-free model, at least in this pH 7.5 – 8.5 

region.  

In any case, this type of potentiometric titration is quite promising as an analytical 

technique. Unmodified seawater samples certainly have enough natural variation to be 

distinguished by the Fe-ISE, both in the context of a pH titration as well as at ambient seawater 

pH. The sensitivity to sample changes over time suggest the Fe-ISE may even be useful in 

studies of kinetic processes. Increasing the resolution of pH points in a titration would further 

elucidate the intricacies of the acidimetric curve. With an improved understanding of the time-

dependence of pH-related changes to Fe-speciation, a completely automated titrator could be 

devised which would provide a fully continuous aFe3+/pH curve, involving continual additions of 

small volumes of acid. A rotating disk electrode system, rather than the CFA, could be 

employed to minimize sample volume while still cleansing the electrode diffusion layer (De 

Marco and Pejcic 2000, Zirino et al. 2002). 
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Conclusion 

  Here, we have presented an improved seawater-based calibration system for the Fe-

ISE. This matrix, filtered seawater spiked with 10 µM FeCl3 and 100 µM EDTA, produces 

calibration slopes of ~25 mV/dec as related to modeled values of aFe3+. Additionally, being a 

seawater matrix, it imparts no change to the standard electrochemical potential of the Fe-ISE as 

compared to natural seawater, which has been observed with more artificial calibration systems 

likely due to their inability to assimilate the MgCl2 scaling phenomenon noted in surface studies 

of CFA seawater aged electrodes. We recommend that this modified seawater system be used 

for all Fe-ISE calibrations. However, if measurements of DOC are available, natural seawater 

aFe3+ appears to be well-modeled with the inclusion of NICA-Donnan Fe-binding organic matter, 

in which case this unmodified seawater system may be an ideal calibration system. With any 

calibration system, we emphasize that although aFe3+ does not represent any real fraction of 

Fe, being able to relate measured Fe-ISE potential to this value so consistently does allow for 

excellent quantification of the theoretical thermodynamic nature of the Fe system and Fe-

binding ligand pool.  

We see that the Fe-ISE is responding not simply to pH, but to the effects of pH on the 

Fe-system. We show that chemical speciation models are in the best agreement with Fe-ISE-

measured aFe3+ in situations where precipitation of Fe species can be assumed to have fully 

occurred, or where precipitation is completely prevented by acidic pH or by high concentrations 

of a strong ligand. Systems that lie in between these two endmembers, likely due to kinetic 

effects, are more difficult to model. Natural seawater appears to fall in this category, at least 

when modeled with NICA-Donnan DOM as the only organic Fe-chelator, suggesting that 

chemical speciation models alone may not be enough to truly quantify ambient Fe activity. 

We present the first Fe-ISE potentiometric pH titrations of natural seawater samples, 

which illustrate that the generated aFe3+ vs pH curves can be valuable tools for seawater 
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analysis. We show what appears to be a time-sensitive feature in these curves around ambient 

seawater pH, which likely indicates the presence of a somewhat transient organic ligand pool 

serving to increase Fe solubility and overall Fe activity in fresh as opposed to aged samples. A 

greater resolution of pH points, or a completely continuous acidimetric titration, would better 

reveal the details of the Fe-binding and acid-base properties of the natural ligand pool. The 

relative ease of these measurements in comparison to the current techniques for assessing Fe-

speciation (CLE-AdCSV) would greatly facilitate studies of the effects of ocean acidification on 

Fe chemistry and biological uptake, especially in relation to changing ocean conditions such as 

temperature or solar irradiance. Additionally, there are perhaps some kinetics experiments that 

could be imagined which are well-suited to the Fe-ISE given its sensitivity to the dynamic nature 

of seawater Fe-speciation. 

 Importantly, these results also show that there is indeed enough variation in 

potentiometrically-measured Fe activity at ambient seawater pH for the Fe-ISE to be used for in-

situ oceanographic analysis. Chapter 3 will discuss such measurements.  
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Figures and Tables 

 

 

Figure 2.1: (a) Modeled aFe3+ in seawater over a range of pH, with varying DTPA, 
a strong Fe chelator (log KFe = 31.22). (b) Modeled total dissolved Fe for the same 
DTPA concentrations. Models made in Visual MINTEQ. Total Fe = 100 µM. For 
other seawater model inputs, see Experimental.  
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Figure 2.2: (a) Modeled aFe3+ in seawater over a range of pH, with varying EDTA, 
a strong Fe chelator (log KFe = 27.66). (b) Modeled total dissolved Fe for the same 
EDTA concentrations. Models made in Visual MINTEQ. Total Fe = 100 µM. For 
other seawater model inputs, see Experimental section.   
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Table 2.1: Ambient total dissolved iron (dFe) for all seawater samples used in this work, as 
measured with in-house FI-CL methods.  
†Collected at 31.5398°N, -122.5289°W 
‡Collected at 39.2479°N, -124.1610°W 
*Sample filtered directly after acidification to pH 1.8, and analyzed immediately thereafter.  
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Table 2.2: Modified seawater formulations for Fe-ISE calibrations and acidimetric titrations 



 

 77 

 

 

 

 

 

 

 

 

 

Table 2.3: Input concentrations for all ionic components used in all Visual 
MINTEQ chemical speciation models for seawater and modified seawater. 
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Figure 2.3: Calibration curves and linear regression data for Fe-ISE calibrations in B5 modified 
seawater from Pupcycle II (light blue) and Scripps pier seawater (dark blue). 
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Figure 2.4: Calibration curves and linear regression data for a calibration in A1 modified 
seawater based in Pupcycle II seawater, with aFe3+ values calculated using speciation 
models which either assume solid precipitation (a) or assume no precipitation (b). 
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Figure 2.5: Calibration curves and linear regression data for a calibration in B5 modified 
seawater from Pupcycle II seawater, with aFe3+ values calculated using speciation 
models which either assume solid precipitation (a) or assume no precipitation (b). 
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Figure 2.6: Compiled calibration trendlines for A1 and B5 modified seawater modeled 
both with and without the incorporation of precipitation, as well as the calibration trendline 
from Maric et al. 2015, the most recent study of the Fe-ISE.   
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Figure 2.7: Measured log[aFe3+] vs pH curve for the A1 seawater calibration based in 
Pupcycle II seawater shown in Figure 4 (colored data points), compared to aFe3+ 
calculated by two aqueous speciation models (dashed/dotted lines). 
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Figure 2.8: Measured log[aFe3+] vs pH curve for the B5 seawater calibration based in 
Pupcycle II seawater shown in Figure 5 (colored data points), compared to aFe3+ 
calculated by two aqueous speciation models (dashed/dotted lines). 
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Figure 2.9: Measured Fe-ISE potential vs pH curves for titrations of filtered Scripps 
pier seawater with varying Fe and EDTA additions (see Table 2.2). 
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Figure 2.10: Modeled aFe3+ vs pH curves for three formulations of modified filtered 
Scripps pier seawater, utilizing speciation models which either assume precipitation (a) 
or no precipitation (b). 
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Figure 2.11: Calibration curves and linear regression data for a calibration in unmodified 
Scripps pier seawater, with aFe3+ values calculated using speciation models incorporating 
NICA-Donnan Fe-binding DOM, which either assume no precipitation (a) or assume 
precipitation (b). 
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Figure 2.12: Measured log[aFe3+] vs pH curve for unmodified Scripps pier filtered seawater 
(colored data points), compared to aFe3+ calculated by two aqueous speciation models 
(dashed/dotted lines). 
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Figure 2.13: Visual MINTEQ speciation models for seawater with 6.1 nM total Fe and 
varying concentrations of NICA-Donnan DOC over a range of pH, assuming no 
precipitation of solids (a) or assuming precipitation of solids (b). Note different y-axes 
ranges. 
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Figure 2.14: Fe-ISE potentiometric pH titrations for four different natural seawater 
samples. ∆log[aFe3+] represents the difference from the lowest log[aFe3+] 
measurement. All aFe3+ calculated using a B5 modified seawater calibration 
(Figure 2.5a). 
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Chapter 3. Fe-ISE Field Measurements of In-Situ Fe-activity in the Eastern Pacific: 

Surface Transects and Depth Profiles 

 

Abstract 

 The chalcogenide Fe3+ ion-selective electrode continuous flow analyzer (Fe-ISE CFA) is 

incorporated into a trace-metal clean seawater flow-through system for shipboard 

measurements of in-situ aFe3+. Surface transects and depth profiles are conducted in several 

sites off the California and Oregon coast, encompassing nearshore locations as well as regions 

of coastal upwelling and offshore oligotrophy. Trends in aFe3+ are observed in surface transects 

and depth profiles that coincide with parallel sensor measurements of other oceanographic 

variables (pH, temperature, salinity, chlorophyll, oxygen) which indicate changes in the water 

mass. Corresponding samples are analyzed for dissolved Fe and Fe-binding ligand data. 

Surface gradients in aFe3+ are predominantly driven by pH and the associated acid-base 

properties of the Fe-binding ligand pool, while aFe3+ gradients with depth appear to be more 

dependent on variations between ligand pools of differing Fe-complexation capacities. Fe-ISE 

measurements of aFe3+ appear sensitive to changes in total dissolved Fe only when pH and 

ligand Fe-complexation capacity are relatively constant. We discuss the added value of the 

in-situ nature of this Fe activity measurement as it compares to traditional analyses of seawater 

Fe chemistry. The Fe-ISE proves to be a powerful new oceanographic tool for assessing Fe 

activity in a way that is passive, efficient, and easy to integrate into existing analytical platforms.   

 

Introduction 

Methods for assessing seawater Fe chemistry have expanded considerably since the 

importance of Fe as a limiting nutrient was first demonstrated in the 1980s (Martin and Fitzwater 

1988, Martin and Gordon 1988, Martin 1990, Anderson 2020). The earliest techniques treated 
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Fe as it would any other chemical nutrient – by measuring the concentration of the total 

dissolved species to gauge its availability to microorganisms (Worsfold et al. 2014). This 

dissolved Fe fraction, dFe, is really an operational term, referring to the Fe that passes through 

a 0.2 or 0.4 µm filter. The sample is then acidified to pH ~1.8 to destroy all Fe-complexation and 

ensure Fe ions are liberated for analysis, generally by atomic adsorption spectrometry, mass 

spectrometry, or standardized chemiluminescent reaction (Achterberg et al. 2001, Lohan et al. 

2006). While these methods are robust and intercomparable, the total dissolved fraction may 

not represent in-situ Fe bioavailability as it might for a more abundant macronutrient such as 

nitrogen or phosphorus. By acidifying dFe samples, we lose information about the Fe-speciation 

at natural seawater pH, which has been shown to be paramount to the overall chemical activity 

and biological accessibility of Fe (Anderson and Morel 1982, Millero et al. 1995, Millero 1998). 

To probe the organic ligand pool directly and gain information about its Fe-complexation 

properties, scientists have adopted a voltammetric technique which makes use of a hanging 

mercury drop electrode. In competitive ligand exchange – adsorptive cathodic stripping 

voltammetry (CLE-AdCSV), a known added ligand (AL) is allowed to compete with the ambient 

ligand pool for Fe-complexation (Gledhill and van den Berg 1994, van den Berg 1995, Rue and 

Bruland 1995). The Fe-AL complex is quantified using stripping voltammetry at a series of 

increasing dFe points, and the resulting titration curve allows for the derivation of metal 

complexation parameters of the natural ligand pool. These include the total ligand binding-site 

concentration [L], non-ligand-bound Fe concentration [Fe′], and the conditional thermodynamic 

binding constant 𝐾!"$(!"#)
'()*  (Omanovic et al. 2015, Mahieu et al. 2024). This method has been 

able to assess the state of Fe from a different angle than measurements of dFe, with [Fe′] data 

providing additional insight as to where the most available Fe might be located (Gledhill and 

Buck 2012, Gerringa et al. 2015, Caprara et al. 2016).  
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 Due to observed biases in derived 𝐾!"$(!"#)
'()*  and [L] that seem to scale with dFe in metal 

complexation models, a more robust parameter appears to be 𝛼!"$(!"#) the overall side-reaction 

coefficient for the natural ligand pool (Town and Filella 2000, Laglera et al. 2013, Gledhill and 

Gerringa 2017). This value takes into account 𝐾!"$(!"#)
'()* , [L], and total dFe to represent the 

overall excess-ligand binding capacity, or the probability that added Fe will be complexed. Still, 

Fe-complexation information determined by the CLE-AdCSV method is far from in-situ, with pH 

generally buffered to a standard value, and equilibration steps that allow time for potential shifts 

from the natural state of the Fe-chelator system (Gledhill and Buck 2012, Laglera and Fillela 

2015, Gerringa et al. 2021). 

The chalcogenide glass Fe-ISE has emerged as a promising tool to resolve information 

about ambient Fe-speciation given its sensitivity to the activity of the free Fe3+ ion (Koenig and 

Grabner 1995, De Marco et al. 1999, De Marco and Mackey 2000). In seawater, this Fe3+ 

activity (aFe3+) is related to the overall Fe-binding capacity of the ligand pool, and has been 

shown to be well correlated with the accessibility of Fe to microorganisms (Anderson and Morel 

1982). The Fe-ISE is capable of passive, continuous, and truly in-situ measurements of marine 

systems, and has potential as a shipboard instrument or integrated into autonomous sensor 

arrays. Utilizing the Fe-ISE in such a way would offer a novel, high-resolution perspective into 

the complex Fe system, and could provide new information regarding the cycling of Fe and its 

bioavailability to marine organisms. 

While there has not yet been oceanographic implementation of the Fe-ISE for in-situ 

measurements of Fe activity, Zirino and colleagues have employed a Cu-ISE to explore Cu 

speciation in natural seawater systems. Using a jalpaite Cu-ISE plumbed into to a ship’s 

onboard flow-through system, Zirino measured in-situ free Cu2+ activity during several transects 

through San Diego Bay in 2000 and 2001 (Blake et al. 2004; Zirino and Seligman 2002). 

Simultaneous onboard stripping analyses provided total and “labile” Cu concentrations for the 



 

 93 

same area. While total Cu concentrations rose from 8 nM at the mouth of the bay to 55 nM at 

the innermost regions, free Cu2+ activity had the opposite trend. The apparent paradox was 

likely due to increased Cu complexation by organic and particulate matter that was more 

prevalent further into the bay. Zirino also set up the Cu-ISE for stationary, pier-based 

measurements at Scripps Pier (Zirino et al. 1998). Zirino discovered a significant temporal 

change in pCu that likely resulted from seasonal swings in local tidal flows, and was able to 

explain previously observed patterns of biological Cu toxicity. Temporal variations in total Cu 

concentrations were not nearly of the same magnitude and alone could not explain the toxicity 

patterns, emphasizing the importance of the extra information provided by an in-situ ISE 

measurement.  

Here, we present the first oceanographic field data collected by an Fe-ISE. Using a 

trace-metal clean shipboard pumping technique combined with the Fe-ISE continuous flow 

analyzer (CFA) system, we examine spatial gradients in in-situ aFe3+ at several study sites off 

the coast of California and Oregon. Surface transects are carried out in the northern California 

Current, a well-studied area where deep water upwelling stimulates seasonal primary 

productivity. Previous dFe and Fe-ligand studies of this region note significant benthic sources 

of Fe supplied to coastal surface waters through upwelling, with Fe limitation occurring quickly 

following a bloom with the sinking of biogenic particles as waters are advected offshore (King 

and Barbeau 2011; 2007; Hogle et al. 2018, Forsch et al. 2023). Fe ligands vary spatially, 

generally decreasing in strength further from the shore, yet exhibiting log K minima in the 

benthic boundary layer (Buck et al. 2007, Bundy et al. 2014, Mellet et al. 2018). We also survey 

changes in aFe3+ with depth by conducting pumped depth profiles in the Southern California 

Bight. We target the San Pedro Ocean Time-Series (SPOT) site, a well-monitored station in the 

San Pedro Basin between Catalina Island and the port of Los Angeles, which exhibits seasonal 

anoxia at depth and associated gradients in pH, salinity, and temperature in the upper water 
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column (Lie et al. 2013, Haskell et al. 2017). This station is compared to profiles of surrounding 

coastal waters.  

Fe-ISE depth profiles and surface transects are supplemented by parallel sensor 

measurements of pH, temperature, salinity, chlorophyll, and oxygen. Additionally, dFe and CLE-

AdCSV Fe-speciation analyses are carried out on discrete bottle samples to provide further 

comparison to the trends of aFe3+ as determined by the Fe-ISE. Thus, we interpret our novel 

aFe3+ data in the context of a suite of additional oceanographic variables to elucidate the major 

drivers of Fe activity in different marine systems.   

 

Experimental 

In-Situ Fe-ISE and Hydrographic Measurements 

 The field data discussed in this work were obtained as part of two research expeditions: 

the Pupcycle II (phytoplankton upwelling cycles) cruise in May/June of 2023 on the R/V Sally 

Ride, and the P2507 in-situ profiling cruise in March of 2025 on the R/V Robert Gordon Sproul. 

Both cruises entailed the continuous pumping of seawater through a trace metal clean system 

(acid-cleaned plastic tubing, Teflon diaphragm pump), for rapid measurement on the Fe-ISE.  

The Pupcycle II cruise involved a series of transects over the course of two weeks in the 

northern California Current, seeking surface gradients in Fe chemistry related to sites of deep-

water upwelling and subsequent algal blooms. Locations of each transect site are shown in 

Figure 3.1. Transects ranged from 15 km to over 100 km in length, the longer transects being 

carried out overnight. A trace metal clean towed-fish surface sampling system, in conjunction 

with a high-flow (50 L/min) Teflon diaphragm pump, was used to continuously pump seawater 

on deck and into a trace-metal van (HEPA-filtered air, metal-free). In the van, the seawater 

stream was diverted directly into the Fe-ISE CFA system for immediate potentiometric 
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measurement, and then expelled to a drain as waste. As such, surface water reached the 

sensor in less than 45 seconds.  

In-situ hydrographic data for each transect was obtained simultaneously using the R/V 

Sally Ride’s seawater flow through system, equipped with a thermosalinograph (Seabird SBE-

45), fluorometer (Seapoint SCF), and oxygen sensor (Seabird SBE-43). Sea surface 

temperature was measured using a hull-mounted sensor (STS SEG-14).  

 The P2507 cruise sought to measure changes in in-situ seawater Fe chemistry with 

depth. Over the course of the four-day cruise, shallow depth profiles were carried out at four 

stations in the Southern California Bight (Figure 3.2). Total water column depth at each station 

ranged from ~1000 m (SPOT) to 400 m (Test Cast, Scripps Canyon) to 80 m (LA Nearshore), 

but vertical profiles only extended to 80 m at most, given pumping limitations. Similar to 

Pupcycle II, an on-deck Teflon diaphragm pump was used for continuous pumping of seawater. 

Plastic tubing was affixed to a weighted, coated wire (Amsteel II) and lowered to depth. 

Seawater was pumped from each depth into a trace-metal “bubble” in the ship’s lab space, 

where it was plumbed directly into the Fe-ISE CFA system. Given the length of tubing, it took 

roughly 4 minutes for a given aliquot of seawater at depth to reach the Fe-ISE, and the inlet was 

held at each depth for an additional 5 to 10 minutes to allow ample time for discrete sampling 

(detailed below). Thus, while pumping was continuous, plotted data points for Fe-ISE and pH 

vertical profiles represent sensor measurements when voltage had stabilized for each depth. 

Pumped profiles rarely continued shallower than 20 m in order to avoid sampling or measuring 

seawater potentially contaminated by the ship.  

 Immediately prior to all pumped profiles, hydrographic data were determined for the 

station with a standard depth profile using the ship’s rosette and CTD (conductivity-temperature-

depth) system. The rosette was also equipped with a fluorometer (Seapoint SCF) and oxygen 

sensor (Aanderaa, 3830). 
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 Profiles were conducted at a different station each day. At both the test cast station and 

Scripps canyon station, only one profile was conducted (at 1000 and 0800 respectively), 

consisting of a CTD cast followed by a pumped profile which included Fe-ISE analysis as well 

as discrete sampling for dFe and FeL speciation. At both SPOT and the LA Nearshore station, 

two profiles were conducted to assess variability throughout the day. The first cast at each 

station took place at 0800 in the morning, and consisted of a CTD cast followed by a pumped 

profile with both Fe-ISE analysis and discrete dFe and FeL bottle sampling. The second profile 

at these two stations took place at 1800 each day, and consisted of a CTD cast and pumped 

profile for Fe-ISE analysis, but discrete samples were not collected.  

To determine if Fe-ISE analyses of bottle samples are comparable to the direct 

measurement of pumped seawater, additional discrete samples were collected from the 

morning casts at SPOT and the LA Nearshore station for subsequent analysis on the Fe-ISE. 

Unfiltered seawater from each depth was collected from the pumped stream in acid-clean 500 

mL fluorinated high-density polyethylene (FLPE) bottles, and stored at room temperature for 4 – 

5 hours. At the time of analysis, each sample was circulated through the Fe-ISE CFA system 

until a stable Fe-ISE potential was reached (<0.15 mV/min). The flow-cell containing the 

thermistor probe was disconnected from the CFA path to prevent contamination of the 

recirculated sample until an Fe-ISE signal had been obtained, at which point the thermistor cell 

was reconnected for a temperature reading. Given the multi-hour equilibration time prior to the 

analysis of each sample, temperature changes were expected to be minimal by that point. 

 

Fe-ISE CFA System and Data Processing 

 The chalcogenide glass electrode used in all measurements was of the formulation 

Fe2.5(Se60Ge28Sb12)97.5 as described in Chapter 1 (Baker and Trachtenberg, 1971). Similarly, all 

potentiometric electric circuits, as well as the Fe-ISE CFA system itself, were identical to those 

detailed in Chapter 1. Briefly, the continuously flowing sample stream is exposed to the Fe-ISE, 
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the Ag/AgCl reference electrode, the glass combination pH electrode, and the thermistor in that 

order before being expelled to waste. Tubing, connectors, and the flow cells which housed the 

sensors were all acid-cleaned before use.  

 Prior to analyses, the Fe-ISE was polished on nylon and micro-cloth pads using an 

alumina slurry of decreasing particle size (Buehler), and subsequently rinsed with 18.2 MΩ cm-1 

water. The Fe-ISE was then conditioned in its flow-cell for at least 48 hours with flowing, 

unfiltered seawater recirculated from a 20 L carboy, which was refilled from the ship’s clean 

seawater system every 4 to 5 hours. A stability criterion of 0.5 mV/hour was used to deem the 

Fe-ISE conditioned for analysis. This continually replenished seawater was also used to keep 

the Fe-ISE conditioned between measurements over the course of each cruise.  

 Fe-ISE potential drift was quantified during Pupcycle II by comparative reference 

seawater measurements before and after each transect. We do not account for potential drift 

over the course of the entire Pupcycle II cruise, given an instance of re-polishing and 

reconditioning mid-cruise. Thus, while trends in the Fe-ISE surface transect data as they relate 

to other oceanographic parameters may be compared between transects, absolute potentials 

(and associated Fe-activity) will only be interpreted within the context of a given transect. During 

P2507, drift was assessed throughout the four-day cruise period with daily measurements of a 1 

L aliquot of reference seawater recirculated until a stable voltage was reached (generally less 

than 5 minutes), allowing for intercomparison between depth profiles. 

The Fe-ISE was calibrated as described in Chapter 2, utilizing B5 modified Scripps’ pier 

filtered seawater (10-5 M Fe, 10-4 M EDTA). Values of aFe3+ for each calibration standard were 

calculated using Visual MINTEQ aqueous speciation modelling software. The glass pH 

electrode was calibrated to Orion pH buffer solutions traceable to NIST standards. Temperature 

corrections to the Fe-ISE standard potential utilized the temperature coefficient determined in 

Chapter 1 (-0.82 mV/°C), and corrected measured voltage according to the following equation: 

 



 

 98 

𝐸'(++ = 𝐸,"-. −
/.12,3

℃
∗ (𝑇; − 𝑇,"-.)                (1) 

where 𝐸'(++ is the temperature-corrected potential, 𝐸,"-. is the measured potential, 𝑇; is the 

mean temperature of the sample set, and 𝑇,"-. is the flow cell temperature at the time 𝐸,"-. 

was measured. For Pupcycle, 𝑇; represented the mean temperature for each transect. For 

P2507, 𝑇; represented the mean temperature for the entire cruise dataset.  

Final calculation of log(aFe3+) utilized temperature corrections to the Nernstian 

calibration slope according to the following equation:  

log(𝑎𝐹𝑒56) = 7$%&&	8	7°
(

)$*+,-
	∗	<./*0,-

     (2) 

where 𝐸° and 𝑆 represent the standard potential and slope determined from the Fe-ISE 

calibration, 𝑇'-=,? is the temperature in Kelvin at which the calibration took place, and 𝑇,"-.,? is 

the measured temperature in Kelvin.  

For surface transects of the Pupcycle II cruise, Fe-ISE measurements are reported as 

∆log(aFe3+); i.e., the difference in log(aFe3+) from the first measurement of each transect. For 

P2507, because all depth profiles over the four-day period are intercomparable, the reported 

∆log(aFe3+) values are referenced to the lowest log(aFe3+) measurement of the entire cruise 

dataset.  

 

Trace-Metal Clean Seawater Collection  

All sampling efforts adhered to the trace-metal clean sampling and bottle-cleaning 

protocols detailed in the GEOTRACES cookbook (https://www.geotraces.org/methods-

cookbook/). On both Pupcycle II and P2507, discrete dFe and Fe-speciation samples were 

collected from the pumped seawater line for comparison to Fe-ISE measurements. For 

Pupcycle II, this sampling occurred at various time points throughout most surface transects. 

For P2507, samples were collected at each depth throughout pumped profiles. In each case, 
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pumped seawater was diverted from a Teflon manifold/valve system in the trace metal lab 

space, through an in-line 0.2 µm filter (Acropak 200 capsule, VWR) into acid-clean bottles. 

Samples for dFe were collected in 30 mL low-density polyethylene (LDPE) bottles, and acidified 

to pH 1.8 using optima HCl. Samples for Fe-speciation were collected in 500 mL fluorinated 

high-density polyethylene (FLPE) bottles, and stored frozen at -20°C until analysis. 

 

Laboratory Determination of dFe and Fe-L Parameters of Seawater 

 All seawater samples were analyzed at Scripps Institution of Oceanography using in-

house methods for determination of total dissolved Fe (dFe) and Fe-binding ligand (Fe-L) 

parameters. Measurements of dFe were made using a flow-injection with chemiluminescence 

(FI-CL) system based on the manifold by Lohan et al. (2006). Briefly, dissolved Fe is oxidized to 

Fe3+ with 10 mM Q-H2O2 (Suprapur grade). An ammonium acetate solution buffers the sample 

to pH 3.5 in-line, where it is preconcentrated on a chelating resin column (Toyopearl AF-

Chelate-650M). The salt matrix is removed, and the Fe is eluted from the column using 0.14 M 

HCl (Optima grade, Fisher Scientific). The Fe catalyzes a chemiluminescent reaction between 

H2O2 and luminol (Sigma Aldrich), and this luminescence is recorded by a photomultiplier tube 

(Hamamatsu Photonics). A full description of this method is available in Forsch et al. (2021). 

Fe standards were made with an ICP spectrometry standard (TraceCERT, ultra-high 

purity, in 2% HNO3) added to Pacific ocean surface seawater to match the sample matrix, to 

final concentrations of 0, 0.4, 0.8, 3.2, and 10 nM Fe. Standards were measured at the 

beginning and end of each analytical run, and precision and drift were assessed with replicate 

analyses of aliquots of a large volume of reference seawater measured throughout each run.  

Seawater was analyzed for Fe-binding ligands using single analytical window 

competitive ligand exchange – adsorptive cathodic stripping voltammetry (CLE-AdCSV), a 

technique described in depth by Buck et al. (2018), adhering to the best practices outlined in 

Mahieu et al. (2024). Seawater samples were partitioned into 20 clean and seawater-
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conditioned polypropylene vials (50 mL Metal-free, Labcon) and buffered to pH 8.2 using boric 

acid (Alfa Aesar, 99.99%). Additions of dissolved Fe from 0 to 20 nM were made to the vial set, 

and allowed to equilibrate with the natural ligands for two hours. After equilibration, 

salicylaldoxime (SA, Fluka >98% Assay) was added to each titration point at a concentration of 

25 µM, for an SA side reaction coefficient of 𝛼!"(@A)1= 115. For each Fe-addition, the 

electroactive Fe-SA complex was quantified by differential pulse stripping voltammetry using a 

hanging mercury drop electrode (BioAnalytical Systems Inc.). Sensitivity (S) was determined by 

the linear portion of the higher-Fe additions of each titration, where natural ligands are assumed 

to be saturated. A final 5 nM Fe spike was made directly into the analytical cell to assess 

titration linearity and assure complete ligand saturation (Mahieu et al. 2024).  

Resulting peak heights were quantified using ECDSOFT software. Metal complexation 

parameters including ligand concentration [L], conditional Fe′-ligand thermodynamic binding 

constants (𝐾!"$(!"#)
'()* ), and the concentration of soluble inorganic Fe species [Fe′], were 

determined using ProMCC software (Omanovic et al. 2015). All samples were fitted to Fe-

binding by a single organic ligand to simplify trends among and between datasets. 

For a given cruise dataset, we report parameters calculated using a single metal 

complexation fitting model for consistency, chosen based on minimized uncertainty values. We 

also report 𝛼!"$(!"#), the side reaction coefficient of the excess ligand pool, which is calculated 

according to equation 1 below: 

𝛼!"$(!"#) = [𝐿′] ∗ 𝐾!"$(!"#)
'()*      (3) 

where [L′], the concentration of non Fe-bound ligands, is taken as the difference between [L] 

and dFe (Gledhill and Gerringa 2017). 
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Results and Discussion 

Pupcycle II Surface Transects 

 We begin by examining data from two shorter (~15km) transects off the coast of Point 

Blanco, Oregon on the afternoons of May 31st and June 2nd. Figures 3.3a,b and 3.4a,b show the 

transect paths in red overlayed on sea surface temperature and chlorophyll plots (NOAA Coast 

Watch), with numbers indicating transect timepoints. Local temperature minima and chlorophyll 

maxima indicate a productive region of recently upwelled waters; expected given offshore wind 

events. Figures 3.3c and 3.4c display aFe3+ and pH as measured by the Fe-ISE CFA system, as 

well as temperature, salinity, fluorescence, and oxygen sensor data from the ship’s flow-through 

system, over the course of each transect. Numbers at the top of the time series (Figures 3.3c 

and 3.4c) correspond to the transect locations labeled in Figures 3.3a,b and 3.4a,b, with point 2 

corresponding to a turnaround point with high chlorophyll-a fluorescence, and points 1 and 3 to 

the beginning and end points of the transect with lower fluorescence 

 These shorter transects provide good evidence for the basic functionality of the Fe-ISE 

CFA system coupled with the towed-fish surface water pump. We observe symmetry about 

point 2 in in-situ ∆log(aFe3+), which is similarly displayed by all other sensor signals (Figures 

3.3c, 3.4c); expected given the path of both transects to and from their respective point 2.  

Salinity and temperature remain relatively constant in the May 31st and June 2nd 

transects. The pH spans 0.15 – 0.2 units in both transects, reaching maxima at locations where 

the ship’s fluorometer as well as chlorophyll satellite data indicate chlorophyll maxima and 

coincide with aFe3+ minima. The May 31st transect displays a decrease in log(aFe3+) of 0.3 units 

from its starting Point to the minimum at Point 2 (Figure 3.3c), which mirrors a pH increase of 

just over 0.2 units. The June 2nd log(aFe3+) decrease from the initial location to the chlorophyll-a 

fluorescence maxima at location 2 is close to 0.15 units, while the pH increases about 0.15 units 

over this section (Figure 3.4c). The measured trends in ∆log(aFe3+) may be explained by these 
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almost perfectly mirrored features in pH, given the inverse relationship between pH and aFe3+ 

stemming from the acid-base properties of the Fe-binding ligand pool discussed at length in 

Chapter 2. The differences in relative ∆log(aFe3+)/pH changes between transects and transect 

sections is examined further below (see Section “Comparing Surface and Depth Gradients in 

aFe3+). 

 The coincidence of log(aFe3+) minima and fluorescence maxima may also be related to 

stronger Fe-binding by organic matter. Figure 3.3d shows the Fe and Fe-ligand data from the 

bottle samples taken during the May 31st transect (no bottle samples were collected during the 

June 2nd transect). The highest log(𝛼) values are seen at point 2, which would suggest a site of 

increased Fe-binding capacity of the natural ligand pool. Though this also happens to be a 

maximum in dFe, which is known to skew CSV-derived binding strengths (log K) toward higher 

values (Gledhill and Gerringa 2017). While the use of 𝛼!"$(!"#) to quantify overall binding 

capacity theoretically accounts for the effect of dFe (equation 1), the closely matching trends of 

∆log(aFe3+) and pH make it difficult to establish if ∆log(aFe3+) was more affected by changes in 

pH or organic Fe-binding on this short transect.  

 Next, we examine data from a longer, 12-hour transect which took place over the night 

of May 31st to June 1st (Figure 3.5). The ship started in the Point Blanco upwelling region and 

steamed offshore for about 40 km into warmer, less productive waters, before turning around 

and returning to its initial station. A general symmetry about point 2 is observed in all traces 

which is again characteristic of this out-and-back path, although the features in the most coastal 

waters appear to have shifted slightly by the time the ship returns to its starting station. Similar 

to the shorter transects discussed above, ∆log(aFe3+) mirrors pH especially on a more resolved 

scale, again suggesting an Fe-system where pH is a major control on Fe activity. Over the 

course of the entire transect, however, ∆log(aFe3+) exhibits a noticeable decrease that is not 

accompanied by a concomitant increase in pH (Figure 3.5c). 
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The dFe and FeL bottle samples (Figure 3.5d) help explain the trend observed in the 

sensor data (Figure 3.5c). Ligand Fe-binding capacity, as represented by 𝛼!"$(!"#) shows a 

broad increase throughout the transect, with marked differences between points 1 and 3 which 

support the notion that Fe-binding properties have changed in the more coastal, upwelled site 

over the course of the night. The increase in 𝛼!"$(!"#), driven largely by a strengthening of the 

ligand pool as characterized by the conditional binding constant data (Figure 3.5d, log K), may 

explain the overall trend in ∆log(aFe3+) observed by the Fe-ISE. The drop in [Fe′] further 

supports that overall Fe activity was decreased by ligand binding despite the lack of an 

observed trend in dFe. 

The overnight shift in the ligand pool may be due to a mixing event in the more coastal, 

upwelled region. Or, a lack of photochemical degradation at night may lead to a gradual 

increase in the Fe-binding strength and capacity, as biologically-produced ligands continually 

generated in the surface ocean are allowed to accumulate in the absence of photodegradation 

(Powell and Wilson-Finelli 2003, Barbeau et al. 2006). 

 Figure 3.6a and 3.6b show the path of a transect conducted over the night of June 2nd to 

June 3rd in which three distinct ocean environments were observed (Figure 3.6c): Point 1, is a 

productive site of aged, upwelled water characterized by lower temperatures (~10°C) and a 

relative maximum in chlorophyll; point 2, is a higher temperature (3°C greater than point 1)  

oligotrophic, (low chlorophyll) setting with high and stable pH (~8.05). Points 3 and 4, are 

shoreward and exhibited temperatures more than 1°C colder than Point 1. Unlike Point 1, Points 

2 and 3 exhibited low pH (7.8) and oxygen concentrations. Combined with the very low 

chlorophyll-a fluorescence levels, this suggests recently-upwelled water, likely containing un-

utilized nutrients. 

 Fe activity as measured by the Fe-ISE was highest in the aged/upwelled waters, low 

throughout the oligotrophic conditions, and increased slightly when entering the freshly upwelled 



 

 104 

region (Figure 3.6c). While the ∆log(aFe3+) increase at the end of the transect could be partially 

attributed to the drop in pH, the pronounced change from points 1 to 2 occurred when pH was 

largely constant. Figure 3.6d shows that overall Fe-binding capacity (𝛼!"$(!"#)) changed little ( or 

only marginally decreased) over this span of the transect. Therefore, this may have been a 

situation where the total Fe was the dominant driver of aFe3+. A relatively stable 𝛼!"$(!"#) 

indicates that dFe is the primary driver of [Fe′]. Further, a stable pH from Point 1 to 3 leads to 

correlation between [Fe′] and aFe3+. We note that the highest in-situ aFe3+ is not seen in the 

most freshly upwelled water (point 4), but the water showing the most recent productivity (point 

1). 

 Our final overnight transect, from June 7th to June 8th, is shown in Figure 3.7. Higher pH 

(8.0 - 8.1) low chlorophyll, low salinity, and warmer temperatures (Figure 3.7c) throughout the 

transect, as well as consistently sub-nanomolar dFe (Figure 3.7d), all point to an aged water 

mass of low productivity. We once again observe in-situ Fe activity which is highly (inversely) 

coupled to pH. The only exception occurs near point 4, where we pass through what is clearly a 

different water mass as evidenced by excursions in all hydrographic data (Figure 3.7c). In this 

water mass, the Fe-ISE also detects a stark decrease in Fe activity, which is positively 

correlated with pH, chlorophyll, and oxygen. This correlation is not observed in any of the other 

transects and is opposite what is implied by the pH-dependence of aqueous Fe3+ chemistry 

(Chapter 2). The same feature persists upon returning to the same general region at the end of 

the transect (point 7). 

 The total Fe and Fe-speciation data (Figure 3.7d) do not seem to resolve this anomaly. 

Therefore, what the Fe-ISE is detecting here may be truly in-situ; time-dependent in a way that 

equilibrated laboratory samples cannot well distinguish. We should also emphasize that while all 

dFe and Fe-L samples were filtered, the Fe-ISE CFA system is exposed to raw, unfiltered 
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seawater, and may be sensitive to the influence of a particulate species present on only one 

side of the front.  

 

P2507 Depth Profiles 

 Figures 3.8 through 3.13 show the depth profiles from the six casts from the P2507 

cruise. For each cast, ∆log(aFe3+) and pH measured by the Fe-ISE CFA system are shown in 

panel a, representing stabilized sensor measurements from each depth (see Experimental). 

Temperature, salinity, fluorescence, and oxygen from the CTD rosette are shown in panel b. 

Sporadic issues with the CTD’s fluorometer led to what are likely erroneous signals for some 

casts, which are denoted by dashed green fluorescence traces. Casts where bottle samples 

were collected include dFe and Fe-L speciation data shown in panels c through g.  

 In general, ∆log(aFe3+) and pH align with the other common features observed in the 

hydrographic data. The largest changes in ∆log(aFe3+) and pH in most profiles appear along the 

thermocline (aligning also with the oxycline and halocline). Depth profiles at the test cast station 

(Figure 3.8), at SPOT (Figures 3.9 and 3.10), and at the Scripps Canyon station (Figure 3.13) 

display notable depth gradients in all hydrographic data, as do associated ∆log(aFe3+) and pH. 

At the LA Nearshore station (Figures 3.11 and 3.12), CTD profiles indicate a shallow (<20 m) 

pycnocline, such that pumping took place deeper than any significant hydrographic changes. As 

such, it is at this station that we measured the weakest depth gradients in ∆log(aFe3+) and pH. 

 For the profiles with pronounced gradients, ∆log(aFe3+) and pH are positively correlated, 

similar to the rarely observed surface anomaly discussed above (Figure 3.7, point 4), indicating 

a system not controlled by pH alone. In these depth profiles, high pH appears to be associated 

with a low 𝛼!"$(!"#) and a maximum in aFe3+. Evidently, the aFe3+ observed in these profiles is 

not governed by a single ligand pool. The Fe-ligand bottle data appear to support this. Figures 

3.8d, 3.9d, and 3.13d, show that 𝛼!"$(!"#) increases with depth at these three stations. As the 
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CLE-AdCSV technique is carried out at a buffered pH, the method is not sensitive to any pH-

related changes in Fe-speciation. Thus, the log(𝛼) trends displayed here suggest that the 

chemical composition of the natural ligand pool changes with depth. This appears to be the 

dominant control on aFe3+ at these stations. Total dFe increases with depth, and should 

theoretically have the opposite effect on aFe3+ if it were the only factor (Figures 3.8c, 3.9c, 

3.13c).  

 At the LA Nearshore station (Figures 3.11, 3.12), a shallow pycnocline led to a narrow 

observed range of pH and ∆log(aFe3+). Under these conditions, pH and ∆log(aFe3+) inversely 

correlate (Figure 3.11a, 3.12a), suggesting pH as the dominant control. The FeL bottle data are 

somewhat supportive of this (Figure 3.11c-g), although this was a shallow station located on the 

continental shelf in only ~70 m of water, and the benthic source of Fe resulted in very high dFe 

(>10 nM). This makes Fe-speciation parameters difficult to derive with our standard single 

analytical window CSV procedure (Bundy et al. 2014, Gledhill and Gerringa 2017, Laglera et al. 

2013), and thus perhaps less reliable than at other stations. 

 Temperature in the Fe-ISE CFA flow cell (data not displayed here) generally remained 

between 15 to 16°C, meaning that water pumped from depth warmed by about 5°C on average 

by the time it reached the Fe-ISE. We note that this temperature change is unlikely to contribute 

to major aFe3+ changes based on temperature effects to the Fe-binding properties of the ligand 

pool. MINTEQ speciation models for seawater with NICA-Donnan Fe-binding DOC, or specific 

Fe-chelators such as EDTA or citrate, indicate that temperature affects log(aFe3+) on the order 

of 0.01 log unit/°C, with the direction of the effect dependent on the specific chelator. That said, 

a temperature-controlled analytical regime, or a pressure-tolerant Fe-ISE system capable of 

measurement at depth, would mitigate even the minute aFe3+ changes that might be observed 

due to temperature differences. 

 At SPOT and at the LA Nearshore station, two pumped profiles were carried out to 

examine potential variability throughout the day. The first cast took place in the morning at 0800 
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(Figures 3.9, 3.11), the second at 1800 in the evening (Figures 3.10, 3.12). While pH and CTD-

measured hydrographic properties remained largely unchanged throughout the day (Figures 

3.9a,b vs 3.10a,b, Figures 3.11a,b vs 3.12a,b), aFe3+ appears to exhibit an increase from 

morning to evening that is similar at both stations (Figure 3.14). At both stations, ∆log(aFe3+) 

measured in the evening is more than 0.1 log unit higher than that of the morning cast, with 

certain depths showing an increase closer to 0.3 ∆log(aFe3+) units throughout the day. Although 

Fe-speciation data were not collected for the evening casts, the observations suggest that Fe 

activity may increase throughout the day, perhaps due to photodegradation of Fe-binding 

organic matter (Powell and Wilson-Finelli 2003, Barbeau et el. 2006). 

 During the morning casts of these two stations, unfiltered bottle samples were also 

collected from pumped water to examine the potential variability between Fe-ISE analyses of 

bottle samples and the direct measurement of pumped seawater. Figure 3.15 and Figure 3.16 

show Fe-ISE measurements of these bottle samples, collected from the SPOT and LA 

Nearshore morning casts respectively (compare to Figures 3.9 and 3.11). For both casts, pH is 

0.1 unit lower in the bottle samples as compared to the pumped measurements. While 

headspace in the bottles was minimized, this pH decrease may be due to the dissolution of 

carbon dioxide in the seawater prior to or during recirculated Fe-ISE CFA analysis. Values of 

∆log(aFe3+) are considerably higher in the bottle samples. The SPOT bottle samples (Figure 

3.15) appear to have increased by 0.7 – 1 log(aFe3+) units in relation to the corresponding 

depths of the pumped measurements (Figure 3.9). This increase was more pronounced in 

deeper samples, serving to significantly reduce the ∆log(aFe3+) vertical gradient that was 

observed in the pumped samples. The bottle samples collected at the LA Nearshore station 

(Figure 3.16) were over 1 log(aFe3+) unit higher than the pumped measurements (Figure 3.11), 

in some cases displaying an increase of over 1.5 log(aFe3+) units. The pH decrease is not 

nearly of the correct magnitude to fully explain these marked aFe3+ increases, at least based on 

the equilibrium acid-base properties of expected seawater Fe-binding species, meaning other 
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factors must be involved. There may be aFe3+ variation associated with changes in pressure 

(Moore and Millward 1982) or dissolved gas concentrations (Rapp et al. 2020, Zhu and 

Hopwood et al. 2021) from depth which have previously been immeasurable due the ex-situ 

nature of most Fe-speciation analyses. In any case, we recommend that Fe-ISE measurements 

always be carried out as close to sample collection as possible, employing direct pumping 

techniques whenever feasible to minimize changes from in-situ conditions.  

 

Comparing Surface and Depth Gradients in aFe3+ 

 Comparing trends in surface transects and depth-resolved aFe3+, several broad 

characteristics emerge. In both surface transects and profile data, log(aFe3+) rarely spans more 

than 0.5 units. This range would likely increase with deeper profiles or further-reaching 

transects. In most cases, surface transects display aFe3+ that is inversely correlated with pH, 

while depth profiles display the opposite. This would seem to suggest that the depth-related 

gradients in aFe3+ are more attributable to chemical changes in the Fe-binding ligand pool. 

Surface-related gradients on the other hand usually reflect aFe3+ controlled by the acid-base 

properties of a ligand pool that otherwise remains relatively constant. Where surface data differ 

from this trend (Figure 3.7c, point 4), it may imply the detection of a new ligand pool. It is only 

when both pH and overall Fe-complexation capacity (𝛼!"$(!"#)) are stable that the total dFe 

appears to have noticeable correlation with aFe3+ (Figure 3.6c).  

To further examine the coupling between log(aFe3+) and pH, several brief periods were 

selected from the May 31st to June 1st surface transect (Figure 3.5) during clear inverse 

correlation between the two signals. During these periods, the ratio of the change in ∆log(aFe3+) 

to change in pH, d∆log(aFe3+)/dpH, is calculated (Figure 3.17). This transect in particular is 

selected due to the large pH range over which these well-mirrored features appear. Figure 3.17 

shows a clear correlation in d∆log(aFe3+)/dpH with pH. At higher pH, Fe activity is more affected 

by changes in pH given the increased lability and Fe-binding capacity of hydroxy species. This 
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agrees with the chemical speciation models and measured Fe-ISE pH titrations discussed in 

Chapter 2, though it is compelling to observe this predicted relationship in field data under 

natural variations in pH.  

To visualize how this phenomenon varies in differing environments, ∆log(aFe3+) vs pH is 

plotted in Figure 3.18 for three instances of tight inverse coupling which were observed at the 

start of separate surface transects off Point Blanco (May 31st, May 31st - June 1st, and June 2nd 

transects). Each feature displays a clear curvature in ∆log(aFe3+) vs pH which indicates this 

increased sensitivity to pH variations in seawater of higher pH. The differences between 

transects are perhaps related to distinct Fe-binding ligand pools with varying acid-base 

properties.  

 In our analyses of the upper water column from the P2507 cruise, aFe3+ is consistently 

higher toward the surface (i.e. above the thermocline) where pH exhibits maxima. This is also 

interesting given the observed opposite trend of dFe. Total Fe minima in the surface ocean 

reflect the effects of biological uptake and particle scavenging, but Fe activity represents the 

lability and exchangeability of extant Fe, as it cycles from one form to another. Fe-ISE 

measurements suggest that this lability is greatest in the dynamic surface ocean. While aFe3+ is 

usually quite sensitive to pH, it appears these effects are overcome in the sub-mixed layer by 

what presumably must be more significant variations in the chemical nature of the dominant Fe-

chelators with depth. 

 Our CLE-AdCSV data support the notion that the ligand pool is changing with depth. The 

strongest trends in our data emerge when ligand concentration, ligand strength, and total Fe are 

all incorporated into the 𝛼!"$(!"#) term. As a measurement of aFe3+ should theoretically depend 

on the same factors, it makes sense that we find good correlations between the trends of these 

“master variables”. We note that our observations of increasing complexation capacity with 

depth below the mixed layer agree well with previous studies off coast of California (Bundy et al. 

2014, 2016, Boiteau et al. 2019). Bundy’s comprehensive multiple analytical window 
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CLE-AdCSV study highlighted a notable increase in the concentrations of multiple ligand 

classes (strengths) with depth in the upper <200 m water column, especially in more productive 

coastal and frontal stations (Bundy et al. 2016).  

That said, it is difficult to truly quantify the relationship between in-situ aFe3+ and CSV-

derived 𝛼!"$(!"#) especially given the confounding influence of pH and operational differences 

between the measurement protocols. For example, log(𝛼) at the test cast station (Figure 3.8d) 

increased by about 1.4 units from 20 to 80 meters, while log(aFe3+) decreased a bit more than 

0.1 unit (Figure 3.8a). At SPOT, (Figure 9a, 9d), log(𝛼) only increases about 0.3 units for a 

comparatively larger decrease in log(aFe3+) of almost 0.4 units. The relative pH and dFe 

changes were almost identical from station to station. The CSV data would suggest that the Fe-

chelators dispersed throughout the water column at the test station have a greater range in Fe-

binding capacity, but this only necessarily applies at the pH of 8.2 at which the CLE titration was 

carried out. This assortment of ligands may be more susceptible to pH-related reductions to 

their Fe-binding capacities; i.e. protonation of their binding sites. The SPOT ligand pool on the 

other hand may primarily comprise Fe-binding sites with lower pKa’s which would be less prone 

to protonation in the same pH range. This would reconcile the fact that the log(aFe3+) decrease 

with depth is larger at the site of the apparently smaller change in CSV-derived Fe-binding 

capacity.  

Thus, aFe3+ measured by the Fe-ISE tells a different story than the parameters derived 

from the CLE-AdCSV technique. Unlike standard analytical techniques, the Fe-ISE is uniquely 

capable of analyses at ambient states of physico-chemical properties such as pH, temperature, 

solar irradiance, and dissolved oxygen concentrations. In fact, while we observe aFe3+ maxima 

in the uppermost portion of the water column, much of our evidence seems to indicate that a 

parcel of water requires time in the surface ocean for aFe3+ to increase. Pupcycle II transects 

which spanned marine environments in different stages of upwelling and production (Figures 3.5 
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and 3.6) showed that sites of very recent upwelling characterized by pH < 7.9, low oxygen, low 

temperature, and low fluorescence (Figure 3.5 location 3, Figure 3.6 location 4) did not exhibit 

aFe3+ maxima, but only marginally higher aFe3+ than that of aged oligotrophic water masses 

(Figure 3.5 location 2, Figure 3.6 location 2). This agrees with aFe3+ trends of our vertical 

profiles, which point to deeper water as sites of lower aFe3+. Comparing morning SPOT or LA 

Nearshore vertical profiles (Figure 3.9, 3.11) to those measured in the evening (Figure 3.14) or 

to our discrete samples equilibrated at room temperature and ambient light (Figures 3.15, 3.16), 

also suggests a notable aFe3+ increase with time at the surface. It is difficult to pinpoint the 

exact reason for this increase, but complex dynamics associated with the effects of changing 

temperature, solar irradiance, and dissolved gas concentrations on Fe speciation are likely 

involved (Sunda and Huntsman 2003, Miao et al. 2006, Spacken et al. 2018, Zhu et al. 2023). 

This again emphasizes the importance of as in-situ a measurement as possible for assessing 

seawater Fe chemistry. 

The Fe-ISE also allows for an analytical system that is particularly sensitive to the 

influence of pH, which has been consistently shown to be a crucial factor in the marine Fe 

system (Millero et al. 2009, Gledhill et al. 2015, Zhu, Birchill et al. 2021, Zhu, Hopwood et al. 

2021) determining Fe availability to biota on a microscale (Liu et al. 2022), as well as functioning 

as a dominant driver of global Fe distributions (Zhu et al. 2023). Due to the significant pH 

dependence of aFe3+, we stress the importance of coupled pH measurements with all Fe-ISE 

analyses.  

Given the uniquely complex chemistry of Fe in aqueous solutions, time itself is a variable 

which plays a defining role in Fe speciation (Croot and Heller 2012, Laglera and Filella 2015, 

Sukekava et al. 2024), and which historically has been challenging to assess. Values of log(K), 

log(𝛼), the various fractions of total dissolved Fe (dFe) or soluble inorganic Fe (Fe′), and even 

speciation model-derived values of aFe3+, all stem from equilibrium assumptions. The Fe-ISE, in 

contrast, sees a real-time image of the Fe system in the midst of myriad competing kinetic 
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processes. The activity it measures represents the instantaneous lability of Fe as it is 

exchanged between various chelators, both organic and inorganic, and is therefore a master 

variable perhaps more relevant to the time-sensitive dynamics of microbial Fe uptake. 

  

Conclusions and Considerations for Future Work 

 This work has demonstrated the value of the chalcogenide Fe-ISE as an oceanographic 

tool for in-situ measurements of Fe activity. At our study sites off the California and Oregon 

coasts, we found that surface gradients in aFe3+ are predominately driven by pH and the 

associated acid-base properties of the Fe-binding ligand pool, while aFe3+ gradients with depth 

appear to be more dependent on variations between ligand pools of differing Fe-complexation 

capacities. A maximum range of log(aFe3+) of about 0.7 across a cruise dataset indicates that 

there might be a consistently observed window of Fe activity due to competing effects of pH and 

ligand complexation capacity. Future transects spanning a greater range of marine 

environments, or deeper profiles, would elucidate whether certain regions exhibit even larger 

swings in in-situ aFe3+. The Fe-ISE is well suited to continuous measurement in a shipboard 

flowthrough system, and could potentially be integrated into more autonomous sensing 

platforms. Mounted on a dock or mooring, the Fe-ISE would offer information about temporal 

trends in aFe3+, which appear to relate to sunlight-induced photodegradation of the Fe-binding 

ligand pool. Such a tool would also be of great use in assessing changes in seawater Fe 

dynamics related to processes such as ocean warming and ocean acidification. 

 While the trends in our CLE-AdCSV data are informative, a larger dataset with a more 

in-depth multiple analytical window analysis alongside Fe-ISE measurements may allow for a 

more quantifiable relationship between in-situ aFe3+ and CSV-derived parameters. Additionally, 

measuring particulate Fe species through total dissolvable Fe (strong acid-leached pre-filtration) 

analyses would help assess the total amounts of labile Fe pools that may help parameterize Fe 
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activity. In this way, it may be possible to define an “Fe system” analogous to the carbonate 

system, where measurement of certain variables (dFe, pH, aFe3+) allows for the calculation of 

others (log(𝛼), [Fe′]). Although, the value of in-situ measurement is clear, and the Fe-ISE signal 

may be responding to a parameter that is difficult to relate to traditional metrics of Fe chemistry.  

Used on its own, the Fe-ISE provides a snapshot of an overall Fe activity dependent on 

pH, total Fe, temperature, the complexation tendencies of the Fe-chelators, and any sort of 

kinetic processes that may be in effect – an activity believed to be related to the ability of marine 

microorganisms to access Fe. Used in conjunction with complementary measurements of these 

factors, the Fe-ISE offers valuable information regarding the relative contributions of these 

parameters to Fe accessibility and how these contributions may vary in different environments.  
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Figure 3.1: Locations of transects during the Pupcycle II cruise on the R/V Sally Ride on 
Google Earth (a) and overlayed on NOAA Coast Watch sea surface temperature 
satellite data from June 3rd (b). 
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Figure 3.2: Station locations for depth profiles conducted during P2507 on the R/V 
Robert Gordon Sproul from Google Earth (a) and overlayed on NOAA Coast Watch 
satellite data of sea surface temperature (b) and chlorophyll a (c).  
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Figure 3.3: Path for Pupcycle II transect taking place May 31st, overlayed on NOAA Coast 
Watch satellite imagery of sea surface temperature (a) and chlorophyll a (b). 
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Figure 3.3, continued: c) Fe-ISE CFA and R/V Sally Ride seawater flow-through 
sensor measurements over the course of the transect, with numbered time points 
corresponding to numbered locations in a, b. 
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Figure 3.3: continued: d) Dissolved Fe and Fe-ligand speciation data for bottle 
samples taken throughout the transect, with numbered time points corresponding to 
numbered locations in a, b. K and 𝛼 refer to conditional constants 𝐾!"$(!"#)

'()*  and 𝛼!"$(!"#) 
respectively. [L′] = [Ltotal] – dFe, and refers to the concentration of excess (unbound) 
ligands. 
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Figure 3.4: Path for Pupcycle II transect taking place June 2nd, overlayed on NOAA 
Coast Watch satellite imagery of sea surface temperature (a) and chlorophyll a (b).  
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Figure 3.4: continued: c) Fe-ISE CFA and R/V Sally Ride seawater flow-through 
sensor measurements over the course of the transect, with numbered time points 
corresponding to numbered locations in a, b. 
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Figure 3.5: Path for Pupcycle II transect taking place overnight from May 31st to 
June 1st overlayed on NOAA Coast Watch satellite imagery of sea surface 
temperature (a) and chlorophyll a (b). 
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Figure 3.5, continued: c) Fe-ISE CFA and R/V Sally Ride seawater flow-
through sensor measurements over the course of the transect, with numbered 
time points corresponding to numbered locations in a, b. 
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Figure 3.5, continued: d) Dissolved Fe and Fe-ligand speciation data for bottle samples 
taken throughout the transect, with numbered time points corresponding to numbered 
locations in a, b. 
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Figure 3.6: Path for Pupcycle II transect taking place overnight from June 2nd to June 
3rd overlayed on NOAA Coast Watch satellite imagery of sea surface temperature (a) 
and chlorophyll a (b). 
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Figure 3.6, continued: c) Fe-ISE CFA and R/V Sally Ride seawater flow-
through sensor measurements over the course of the transect, with 
numbered time points corresponding to numbered locations in a, b. 
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Figure 3.6, continued: d) Dissolved Fe and Fe-ligand speciation data for bottle 
samples taken throughout the transect, with numbered time points corresponding 
to numbered locations in a, b. 
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Figure 3.7: Path for Pupcycle II transect taking place overnight from June 7th to June 
8th overlayed on NOAA Coast Watch satellite imagery of sea surface temperature (a) 
and chlorophyll a (b). 
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Figure 3.7, continued: c) Fe-ISE CFA and R/V Sally Ride seawater flow-through 
sensor measurements over the course of the transect, with numbered time points 
corresponding to numbered locations in a, b. 
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Figure 3.7, continued: d) Dissolved Fe and Fe-ligand speciation data for bottle 
samples taken throughout the transect, with numbered time points corresponding to 
numbered locations in a, b. 
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Figure 3.8: a) Fe-ISE CFA measurements from pumped depth profile and b) CTD 
rosette sensor data at the Test Cast station (see Figure 3) during cruise P2507. 
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Figure 3.8, continued: Depth profiles of total dissolved Fe concentration (c), excess 
ligand complexation capacity (d), soluble inorganic Fe concentration (e), thermodynamic 
binding constant (f), and excess ligand binding site concentration (g) collected from the 
pumped seawater profile at the Test Cast station during cruise P2507. K and 𝛼 refer to 
conditional constants 𝐾!"$(!"#)

'()*  and 𝛼!"$(!"#) respectively. [L′] = [Ltotal] – dFe, and refers to 
the concentration of excess (unbound) ligands.    
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Figure 3.9: a) Fe-ISE CFA measurements from pumped depth profile and b) CTD rosette 
sensor data at the SPOT 0800 cast during cruise P2507. 
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Figure 3.9, continued: Depth profiles of total dissolved Fe concentration (c), excess 
ligand complexation capacity (d), soluble inorganic Fe concentration (e), thermodynamic 
binding constant (f), and excess ligand binding site concentration (g) collected from the 
pumped seawater profile at SPOT at 0800 during cruise P2507. 
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Figure 3.10: a) Fe-ISE CFA measurements from pumped depth profile and 
b) CTD rosette sensor data at the SPOT 1700 cast during cruise P2507. 
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Figure 3.11: a) Fe-ISE CFA measurements from pumped depth profile and b) CTD 
rosette sensor data at the LA Nearshore 0800 cast during cruise P2507. 
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Figure 3.11, continued: Depth profiles of total dissolved Fe concentration (c), excess 
ligand complexation capacity (d), soluble inorganic Fe concentration (e), thermodynamic 
binding constant (f), and excess ligand binding site concentration (g) collected from the 
pumped seawater profile at the LA Nearshore station at 0800 during cruise P2507.  
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Figure 3.12: a) Fe-ISE CFA measurements from pumped depth profile and b) CTD 
rosette sensor data at the LA Nearshore 1700 cast during cruise P2507. 
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Figure 3.13: a) Fe-ISE CFA measurements from pumped depth profile and b) CTD 
rosette sensor data at the Scripps Canyon cast during cruise P2507. 
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Figure 3.13, continued: Depth profiles of total dissolved Fe concentration (c), excess 
ligand complexation capacity (d), soluble inorganic Fe concentration (e), thermodynamic 
binding constant (f), and excess ligand binding site concentration (g) collected from the 
pumped seawater profile at Scripps Canyon during cruise P2507.  
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Figure 3.14: ∆log(aFe3+) depth profiles at SPOT (a) and the LA Nearshore station 
(b) measured in the morning (0800, orange) and in the evening (1700, brown). 
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Figure 3.15: Fe-ISE CFA measurements of bottle samples from SPOT 
0800 cast (compare to Figure 3.10), samples stored at room temperature 
and ambient light for 5 hours and measured at 1400. 
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Figure 3.16: Fe-ISE CFA measurements of bottle samples from LA Nearshore 
0800 cast (compare to Figure 3.12), samples stored at room temperature and 
ambient light for 5 hours and measured at 1400. 
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Figure 3.17: Ratio of change in ∆log(aFe3+) to change in pH plotted vs mean pH for ten features 
throughout the Pupcycle II May 31st – June 1st overnight transect where ∆log(aFe3+) and pH 
appeared tightly coupled. 
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Figure 3.18: ∆log(aFe3+) plotted against pH for specific features where pH appeared to be the 
dominant driver of changes in ∆log(aFe3+), during three different transects during the Pupcycle II 
cruise. 
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Appendix 

Supplemental Pupcycle Transect Figures 

Figure 3.A1: Path for Pupcycle II transect taking place June 6th, overlayed on 
NOAA Coast Watch satellite imagery of sea surface temperature (a) and 
chlorophyll a (b). 
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Figure 3.A1, continued: c) Fe-ISE CFA and R/V Sally Ride seawater flow-through 
sensor measurements over the course of the transect, with numbered time points 
corresponding to numbered locations in a, b. 
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Supplemental Field Data – CCE LTER Process Cruise P2402 

 During the winter of 2024, additional Fe-ISE field tests were carried out during the 

California Current Ecosystem (CCE) Long-term Ecological Research project (LTER) process 

cruise on the R/V Roger Revelle. This cruise took place from February to March 2024, and 

entailed several multi-day Lagrangian studies (cycles), tracking a variety of water parcels using 

low-profile floating drift arrays and sediment traps. While all cycles included daily trace metal 

rosette vertical profiles for standard trace metal analyses, the Fe-ISE CFA system was also 

used for analyses of discrete bottle samples at certain stations (Figure 3.A2).  

Trace metal clean samples for dFe and CLE-AdCSV Fe-speciation analyses were 

sampled from Teflon-coated X-Niskin bottles on a powder-coated rosette, deployed on a coated 

hydrowire. Fe samples were handled in a Class 100 trace metal clean van and filtered in-line 

using acid-washed Teflon tubing and acid-washed 0.2 μm Acropak-200 capsule filters 

pressurized by filtered air. Samples were handled and analyzed as described in Experimental 

(see Trace-Metal Clean Seawater Collection and Laboratory Determination of dFe and 

Fe-L Parameters of Seawater).  

 Filtered samples were also collected from X-Niskins for subsequent analysis on the Fe-

ISE CFA system in acid-clean 500 mL fluorinated high-density polyethylene (FLPE) bottles, and 

stored at room temperature for 4 – 5 hours. At the time of analysis, each sample was circulated 

through the Fe-ISE CFA system until a stable Fe-ISE potential was reached (<0.15 mV/min). 

The Fe-ISE was conditioned before and between analyses as described in Experimental, but 

using filtered seawater rather than unfiltered. The Fe-ISE was calibrated using B5 modified 

offshore seawater, and all data was processed as in Experimental. Plotted values of 

∆log(aFe3+) in subsequent Figures are referenced to the lowest log(aFe3+) value measured at 
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each cycle. In-situ temperature and salinity were measured using the trace metal rosette CTD 

(SBE19plus V2, Seabird electronics).  

 We point out several notable features of these depth profiles, especially as they relate to 

the P2507 data in the main body of this work. First, aFe3+ and pH are directly correlated in 

Cycles 2 through 4 (Figures 3.A4 to 3.A7), matching the trends of most of the P2507 profiles. 

Although the P2402 profiles were measured as discrete samples, strong aFe3+ gradients 

remained until Fe-ISE analysis, unlike the P2507 discrete samples (Figures 3.16, 3.17). It may 

be that deeper profiles of P2402 spanned larger overall gradients, or that the act of filtering 

limits the aFe3+ changes which were observed in the unfiltered P2507 bottle samples. Second, 

notable exceptions to this aFe3+/pH coupling occur at Santa Barbara Basin (Figure 3.A3) and in 

Cycle 5 (Figure 3.A8, 3.A9), where aFe3+ and pH are inversely correlated and we observe aFe3+ 

minima at the surface. Santa Barbara Basin is a known benthic source of dissolved and 

particulate Fe (Robinson et al. 2024), which may be related to the deep-water aFe3+ maximum. 

We also note that these stations, particularly those of Cycle 5, were located in considerably 

more productive waters than Cycles 2 through 4. Perhaps aFe3+ measurements of a filtered 

seawater fraction are more sensitive the Fe-chelating effects of biologically produced 

siderophores in the surface ocean. Trends in CLE-AdCSV data are less pronounced than that of 

P2507 depth profiles, but this may be due to operational adjustments (increases to FeSA 

complex deposition time throughout profile analyses) made to P2402 samples to accommodate 

decreased voltammetric sensitivity in deeper samples. Multiple analytical window analyses 

would better capture larger gradients in ligand complexation capacity with depth.  
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P2402 Figures 

  

 

Figure 3.A2: P2402 cycle locations where Fe-ISE discrete bottle analyses were 
conducted for trace metal vertical profiles, overlayed on NOAA satellite imagery of 
sea surface temperature (a) and chlorophyll a (b). 
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Figure 3.A3: a) Fe-ISE CFA measurements of bottle samples and b) CTD rosette 
sensor data for vertical profile at Santa Barbara Basin (Feb 24th).   
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Figure 3.A4: Fe-ISE CFA measurements (a), CTD rosette sensor data (b), total dissolved 
Fe concentration (c), excess ligand complexation capacity (d), soluble inorganic Fe 
concentration (e), thermodynamic binding constant (f), and excess ligand binding site 
concentration (g) for vertical profile during Cycle 2, day 4 (Feb 27th). 
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Figure 3.A5: a) Fe-ISE CFA measurements of bottle samples and b) CTD rosette 
sensor data for vertical profile during Cycle 3, day 4 (March 3rd).   
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Figure 3.A6: Fe-ISE CFA measurements (a), CTD rosette sensor data (b), total dissolved 
Fe concentration (c), excess ligand complexation capacity (d), soluble inorganic Fe 
concentration (e), thermodynamic binding constant (f), and excess ligand binding site 
concentration (g) for vertical profile during Cycle 3, day 5 (March 4th). 
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Figure 3.A7: Fe-ISE CFA measurements (a), CTD rosette sensor data (b), total 
dissolved Fe concentration (c), excess ligand complexation capacity (d), soluble 
inorganic Fe concentration (e), thermodynamic binding constant (f), and excess ligand 
binding site concentration (g) for vertical profile during Cycle 4, day 1 (March 6th). 
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Figure 3.A8: Fe-ISE CFA measurements (a), CTD rosette sensor data (b), total dissolved 
Fe concentration (c), excess ligand complexation capacity (d), soluble inorganic Fe 
concentration (e), thermodynamic binding constant (f), and excess ligand binding site 
concentration (g) for vertical profile during Cycle 5, day 4 (March 16th). 
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Figure 3.A9: a) Fe-ISE CFA measurements of bottle samples and b) CTD rosette 
sensor data for vertical profile during Cycle 5, day 5 (March 17th).   
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Conclusion 
 

 The Fe-ISE motivates us to think about Fe chemistry in an entirely new way. The 

chalcogenide glass matrix is electrochemically sensitive to the Fe3+ ion gradient at its surface. In 

Fe-donating solutions, which in the context of the chalcogenide Fe-ISE are limited to acidic 

solutions of supra-micromolar Fe concentrations, the sensor detects an “Fe-pressure” from the 

tendency of ions to migrate into the glass – measured as a positive electrochemical potential. 

Strongly Fe-chelating aqueous solutions, such as natural seawater, however, impart what is 

essentially an “Fe-suction” on the glass surface layers – an electromotive force pulling mobile 

Fe3+ ions from the electrode. Initial conditioning in such solutions quickly depletes the glass’s 

outermost surface layers of Fe in a natural balancing of the ionic differential across the 

membrane-solution interface. Though this differential never disappears, it does reach an 

equilibrium where further Fe3+ ionic migration becomes limited by an opposing electronic 

repulsion. The ionic-electronic equilibrium is quantified by the Nernst Equation, which relates 

Fe3+ ionic activity to measured voltage.  

 Free Fe3+ ion activity, (aFe3+), does indeed appear to be well-correlated with Fe-ISE 

potential in a variety of aqueous media. But we emphasize that at the very low Fe activities of 

seawater, aFe3+ does not refer to any fraction of Fe. In theory, two seawater samples may both 

contain 0 total Fe, but could exhibit different potentiometric aFe3+ values due to differences in 

the aqueous species (organic chelators, hydroxide ions) which impart the Fe-suction at the 

chalcogenide surface, or due to thermodynamic variation affecting those species (pH, 

temperature). In this scenario, our model-derived picture of aFe3+, calculated from a series of 

equilibrium binding constants, breaks down. There is no total Fe to be partitioned into various 

complexes, so we could not compute any free, un-complexed Fe3+ fraction for either sample. 

Yet the Fe-ISE would be able to quantify the strength of this Fe vacuum in each sample, 

measuring its tendency to attract any Fe if it were present. This is the magic of potentiometry.  
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 We mention this as a reminder that thinking in terms of model-derived aFe3+ does not 

fully capture the meaning of the activity to which the Fe-ISE is sensitive. While model-derived 

aFe3+ does help parameterize the overall Fe-complexation capacity of strongly Fe-chelating 

systems, especially as they relate to one another, it is difficult to directly relate this value to any 

other empirically determined Fe or Fe-ligand variables. It is largely for this reason that we 

choose to report Fe-ISE measurements as ∆ values, focusing on relative changes rather than 

any absolute values. It does appear that changes in modeled aFe3+ are remarkably well-

correlated with changes in measured potentiometric activity (i.e. reproducible calibration 

slopes), in artificial systems and in both modified and natural seawater, as discussed in 

Chapters 1 and 2 of this work. Thus, we can standardize our measurements in a way that allows 

us to compare trends from one dataset to another.  

  The work in this dissertation attempted to provide a broad framework for interpreting 

Fe-ISE measurements of seawater. We began in Chapter 1 by examining the fundamental 

sensor response characteristics relevant for measurements in a dynamic oceanographic setting, 

such that a user could be confident in which aspects of their sensor signal were truly attributed 

to Fe activity, rather than simple artifacts of the analytical system. Chapter 2 expanded on the 

relationship between the Fe-ISE signal in seawater-based systems and aFe3+ as determined by 

aqueous speciation models, particularly in the context of pH. Optimal seawater-based Fe-ISE 

calibration was discussed, and we show the analytical value of Fe-ISE acidimetric titrations for 

assessing pH-dependent Fe-binding features of a seawater ligand pool. In Chapter 3, we used 

the knowledge gained from the laboratory studies of Chapters 1 and 2 to deploy the Fe-ISE as 

an oceanographic instrument. We presented shipboard measurements from several field 

expeditions, discussing trends in in-situ Fe activity observed in surface transects and vertical 

depth profiles. We found that the largest gradients in aFe3+ coincided with gradients in other in-

situ hydrographic parameters (pH, salinity, temperature etc.), but could not always be explained 
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by those parameters alone, and aFe3+ correlations with these variables were often not the same 

when comparing surface patterns to that of depth profiles.  

 It is reassuring that Fe-ISE measurements can distinguish between water masses, as it 

suggests that the sensor is truly responding to in-situ differences. Our work in Chapters 1 and 2 

attempt to establish that these differences are related to factors controlling overall Fe lability. 

While the binding strengths and concentrations of major Fe-chelators are certainly included in 

these factors, they are far from the only ones. Physico-chemical parameters such as pH, 

temperature, or solar irradiance, are well known to affect Fe-speciation, and the signature of 

these variables is clearly visible in an in-situ Fe-ISE measurement – unlike more ex-situ 

methods. Importantly, the Fe-ISE also appears to be responding to controls on Fe activity which 

have not yet been thoroughly explored. Fe-ligand exchange kinetics, rapid shifts in Fe-solubility, 

or quick changes in pressure or dissolved gas concentrations appear to affect Fe activity, and 

the Fe-ISE offers a new way to experimentally study these potential factors. 

 Although we hope this work provides a useful foundation for oceanographic Fe-ISE 

implementation, we understand that it is far from complete. Thinking about extremely low ionic 

activities in this way is relatively new, and using such a sensor to gain truly useful environmental 

information is a widely cross-disciplinary pursuit. We hope that we have opened the minds of 

marine chemists to the potential value of the Fe-ISE, and we encourage future research to 

expand our understanding of these fascinating sensors. 
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