
1.  Introduction
Iron (Fe) is an essential micronutrient for a range of biochemical processes and its low availability limits primary 
productivity in ca. 40% of the world's ocean (Boyd et al., 2007). This is the result of low solubility of the ther-
modynamically favored Fe(III) species in oxic (dissolved oxygen >2 mg L −1) seawater (Liu & Millero, 2002) as 
well as the tendency for Fe to be “scavenged” from the water column by sinking particles (Tagliabue et al., 2017). 
In seawater, dissolved Fe (dFe, operationally defined by filtration, typically at 0.2 μm) is complexed by dissolved 
organic matter (DOM), which increases Fe solubility and controls Fe(III) speciation (Gledhill & Buck, 2012). 
Current understanding suggests that there is an overall excess of binding capacity for Fe in seawater, that is, an 
excess of Fe-binding ligands, and only slight variations in binding characteristics on an ocean basin scale, espe-
cially in deep waters (Buck et al., 2015, 2018; Gerringa et al., 2015). It should be noted however that these bind-
ing characteristics are typically determined at a single pH (either e.g., 8.05 or 8.2 depending on the method) and at 
room temperature (ca. 20°C). The relative uniformity of Fe-binding characteristics that are indirectly determined 
via titrations suggests that the concentrations and characteristics of DOM that binds Fe do not vary greatly over 
large spatial and temporal scales. Whilst Fe-binding characteristics appear to be relatively uniform in space and 
time, organic matter itself is highly heterogeneous (Zark & Dittmar, 2018) and cation binding site distributions 
within marine DOM reflect this heterogeneity (Lodeiro et al., 2020, 2021). Marine DOM thus contains acidic 
and basic binding groups with variable affinities for H + and metal ions (Lodeiro et al., 2021; Zhang et al., 2019), 
factors which have not generally been accounted for investigations of chemical Fe speciation in seawater.

The capacity of organic matter to bind Fe is not determined by the concentration and affinity of the binding sites 
alone, but also by changes in ambient physico-chemical conditions such as pH, temperature, dissolved oxygen 
concentrations (or Eh, electrochemical potentials) and ionic strength. Seawater pH in the present day ocean varies 
from ca. 8.2 (on the total pH scale) in subpolar and polar surface waters (Takahashi et al., 2014) to ca. 7.6 (on the 
total pH scale) in eastern boundary upwelling regions (Bates, 2018). Temperatures in surface waters of up to ca. 
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35°C are observed in the tropics compared to ca. −2°C near the poles. Furthermore, these pH and temperature 
ranges are not static. The ocean has taken up ca. 30% of emitted anthropogenic CO2 since the preindustrial era, 
while atmospheric CO2 concentrations increased from 280 to 400 ppm, which has resulted in an average 0.1 unit 
pH decline (from 8.2 to 8.1) in the surface ocean (Garcia-Soto et al., 2021; IPCC, 2013). This decrease in ocean 
pH is projected to continue and pH could drop by a further 0.33 pH unit by the end of this century under the IPCC 
RCP8.5 “business-as-usual” scenario (Jiang et al., 2019).

To account for changes in Fe speciation with pH, given a heterogeneous Fe-binding ligand pool (Perdue & 
Lytle,  1983), intrinsic equilibrium constants that represent binding site heterogeneity are required. Such 
approaches are provided by, for example, the NICA-Donnan model (Kinniburgh et al., 1999) and WHAM/Model 
VII (Tipping et al., 2011). These models simulate competition between protons, major cations and metal ions 
binding to heterogeneous groups of binding sites such as those comprising organic matter in terrestrial and 
freshwater systems. Both models use two major types of binding sites, carboxylic-type groups (acidity constants, 
pKa < ca. 6) and phenolic-type groups (acidity constants, pKa > ca. 7) (Perdue, 1985). The NICA-Donnan model 
assumes binding sites with a continuous range of binding affinity for protons, major ions and metals, whereas 
the WHAM/Model VII employs four sets of discrete binding sites for each type. Available parameters describing 
proton and major ion (calcium, magnesium) binding for both models are derived from experimental data of humic 
substances isolated from freshwater or terrestrial environments. Nevertheless, both the NICA-Donnan model and 
WHAM/Model VII provide consistent results for Fe solubility, titration experiments and elemental stoichiometry 
of DOM in seawater (Gledhill et al., 2015, 2022; Hiemstra & Van Riemsdijk, 2006; Stockdale et al., 2015), which 
suggests that the binding site heterogeneity of marine DOM is likely to be similar to that of terrestrial DOM.

Iron solubility is also known to be directly influenced by temperature and pH (Liu & Millero, 1999). Iron solubil-
ity is defined relative to the solubility product (𝐴𝐴 𝐴𝐴

∗

Fe(OH)3
 ) of Fe hydroxide (Fe(OH)3(s)) according to Equations 1 

and 2

Fe3+ + 3OH
−
→ Fe(OH)3(s)� (1)

𝐾𝐾
∗

Fe(OH)3
=

[

Fe3+
]

(H+)
3
= −13.486 − 0.1856𝐼𝐼0.5 + 0.30731𝐼𝐼 + 5254∕𝑇𝑇� (2)

(Liu & Millero, 1999) where I is the ionic strength (molality) and T is the temperature (K). Iron solubility there-
fore increases with decreasing pH and temperature, although binding to organic matter may have a mitigating 
effect (Liu & Millero, 2002). Iron binding by DOM influences Fe solubility by modifying the concentration of 
Fe 3+ together with the inorganic complexation of OH − (Equations 3 and 4).

Fe
3+

+ DOM ↔ FeDOM� (3)

Fe3+ + 3OH
−
↔ Fe(OH)3� (4)

Hence, the overall inventory of dFe is dependent on the interaction between Fe solubility and the binding capac-
ity of DOM (Johnson et al., 1997; Kuma et al., 2003; Liu & Millero, 2002). We have derived a parameter, the 
apparent Fe solubility (SFe(III)app), defined as the sum of aqueous inorganic Fe(III) species and Fe(III) bound 
to DOM formed at a free Fe (Fe 3+) concentration equal to the limiting solubility of Fe hydroxide (Fe(OH)3(s)) 
(Zhu, Birchill, et al., 2021; Zhu, Hopwood, et al., 2021). Apparent Fe solubility can be considered as a chemical 
approximation of the dFe buffering capacity for ambient seawater conditions. Taking advantage of the first set 
of proton binding constants for marine DOM that were derived for the brackish Baltic Sea (Lodeiro et al., 2020), 
Zhu, Hopwood, et  al.  (2021) derived NICA constants for Fe(III) binding to marine DOM and subsequently 
calculated speciation and solubility of Fe(III) for the water column of the Peruvian shelf and slope region using 
an ion pairing-organic matter (NICA-Donnan) model. Results indicated that a decreased pH as a result of intense 
organic matter remineralization in the oxygen minimum zone and ocean acidification could increase the SFe(III)
app and thus potentially facilitate an increased supply of dFe to surface waters, together with other processes for 
example, reduced Fe(II) species from suboxic sedimentary input.

In this work, we applied these new NICA constants for marine DOM (Lodeiro et  al.,  2020; Zhu, Hopwood, 
et  al.,  2021) to predict the SFe(III)app in the Atlantic and Pacific Oceans at ambient pH, temperature and 
dissolved organic carbon (DOC) concentrations. We use discrete sample data available in the IDP2021 database 
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(GEOTRACES Intermediate Data Product Group,  2021) for pH, DOC and dFe determined from a series of 
GEOTRACES cruises, along a West Atlantic Ocean transect, Subtropical North Atlantic Ocean transect and 
Southeast Pacific Ocean transect. The cruises were selected to cover a large part of the pH, dFe and DOC range 
expected in the Atlantic and Pacific Oceans. We compared the calculated SFe(III)app to measured dFe at basin 
scales, and then examined the correlations among dFe, SFe(III)app, pH, temperature, DOC, salinity and phos-
phate. Our work aims to assess how changes in ambient conditions, such as pH and temperature, impact predicted 
SFe(III)app in the water column and to determine the potential implications for the ocean dFe inventory in the 
context of expected changes in pH and temperature in a more acidic and warmer ocean.

2.  Materials and Methods
2.1.  Observational Data

Observational data used in this work were collected during a series of GEOTRACES cruises along the whole 
West Atlantic Ocean (GEOTRACES GA02; April–July 2010 and March–April 2011), Subtropical North Atlan-
tic Ocean (GEOTRACES GA06; February–March 2011) and Southeast Pacific Ocean (GEOTRACES GP16; 
October–December 2013) (Figure 1). Depth, potential temperature (in the ITS-90 convention) and practical salin-
ity were measured using CTD sensors attached to rosette frames. The pH was calculated from dissolved inorganic 
carbon (CT) and total alkalinity (AT), and DOC and dFe concentrations were obtained from discrete samples. For 
cruise GA02, results of CT and AT, DOC and dFe were directly taken from the GEOTRACES database IDP2021 
(GEOTRACES Intermediate Data Product Group, 2021); the GA02 results for CT and AT were partially described 
by Salt et al. (2015). Details of dFe and DOC distributions for GA02 were described by Gerringa et al. (2015) and 
Rijkenberg et al. (2014). For cruise GP16, the results of DOC and dFe were directly taken from the GEOTRACES 
database IDP2021, while CT and AT for GP16 were obtained from a published database by Bates (2018). Details 
of dFe and DOC distributions for GP16 were published by Resing et al. (2015), Fitzsimmons et al. (2017), and 
Buck et al. (2018). For cruise GA06, results for dFe were partially described by Schlosser et al. (2014), Milne 
et al. (2017), and Klar et al. (2018).

2.2.  Seawater Carbonate Chemistry Reported on the Total Scale/IUPAC NBS Scale

pH was calculated on the total scale (pHtot) using CO2SYS (Pierrot et al., 2006), a speciation model specific 
for seawater. We also calculated pH on the IUPAC/NBS scale (pHNBS) because the ion pairing model used in 

Figure 1.  Map of study area along the West Atlantic Ocean transect (GA02, April–July 2010 and March–April 2011), 
Subtropical North Atlantic Ocean transect (GA06, February–March 2011) and Southeast Pacific Ocean transect (GP16, 
October–December 2013), generated in Ocean Data View (Schlitzer, 2023).
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this work is dependent on stability constants taken from NIST (Smith et al., 2004), which are derived relative 
to the IUPAC/NBS scale. We used CT and AT observations from the cruises to calculate both pHtot and pHNBS in 
CO2SYS. For CO2SYS, we used constants from Mehrbach et al. (1973), refitted by Dickson and Millero (1987) 
and Dickson (1990), to describe the carbonate and sulfate equilibrium with H + ions, and from Uppström (1974) 
to account for boron.

2.3.  Calculations of the Apparent Iron Solubility in the Ambient Water Column

The NICA-Donnan model was used to calculate dissolved Fe(III) speciation in seawater (Avendaño et al., 2016; 
Gledhill et al., 2015; Hiemstra & Van Riemsdijk, 2006; Zhu, Birchill, et al., 2021; Zhu, Hopwood, et al., 2021). 
The NICA-Donnan approach assumes that bulk properties of marine DOM can be represented by a limited 
number of binding site coefficients that describe intrinsic affinities between cations and different types or groups 
of binding sites in analogy to binding between metals and humic substances (Gledhill et  al.,  2022; Lodeiro 
et  al., 2020, 2021). Briefly, the NICA model calculates the proton/metal competition within a heterogeneous 
mix of binding sites, with a bimodal distribution that represents more acidic groups and more basic groups (here 
called DOM1 and DOM2, respectively). The NICA model has three key parameters: the median value of binding 
affinity distributions (log 𝐴𝐴 K ), the width of the distribution (p), and the non-ideal constants (n) that reflect both the 
degree of binding site heterogeneity and the binding site stoichiometry (Koopal et al., 2005). The Donnan model 
accounts for electrostatic interactions as a function of ionic strength and assumes that DOM is a porous gel-like 
substance (Koopal et al., 2020). The uniformly high ionic strength in seawater limits the impact of electrostatic 
effects in the ocean (Lodeiro et al., 2020; Pinheiro et al., 2021). A further key assumption is that both groups 
of binding sites (DOM1 and DOM2) scale proportionally with DOC. The NICA-Donnan model scales metal 
binding to DOC concentrations via knowledge of the moles of binding sites per kg of DOM (Q(max, H+,DOM1) and 
Q(max, H+,DOM2)). We used a value of 4.07 × 10 −2 kg (DOM) mol −1 (C) and converted DOC (μmol L −1) into binding 
sites (kg L −1) using values of 2.52 and 0.80 mol kg −1 for DOM1 and DOM2 respectively (Lodeiro et al., 2020).

Full details of the calculations on the speciation and solubility of Fe can be downloaded from the online protocol 
(Zhu et al., 2022). The NICA constants used in our calculations are provided in Supporting Information S1 (Table 
S1). The stability constants used in the ion-paring models are taken from NIST Standard Reference Database 
(Smith et al., 2004), with the exception of those for Fe. Selected equilibrium constants in critical compilations 
usually refer to the reference temperature T = 298.15 K (or 25°C) and to the standard state, that is, a pressure of 
0.1 MPa (or 1 bar) and, for aqueous species, infinite dilution (ionic strength I = 0). Application of stoichiometric 
constants to solutions at the ionic strength of seawater results in systematic bias of the order of 10%–30%, depend-
ent on the charge of the ion under consideration, since the extended Davies equation used to make the calculations 
is not valid above ionic strengths of 0.5 M (Gledhill et al., 2022; Turner et al., 2016). Constants for the formation 
of Fe hydroxide species are taken from Liu and Millero (1999). We used these constants rather than those from 
Liu and Millero (2002) because the former are determined in the absence of organic matter and other competing 
anions (e.g., sulfate) and are thus more appropriate when all the major competing interactions are independently 
calculated. Since we use an ion-pairing model that is based on stoichiometric constants, the equations given in 
Liu and Millero (1999) were transformed to the following parameters according to the Van't Hoff equation

𝐾𝐾
∗

Fe(OH)3
= 𝐾𝐾Fe(OH)3 ∗ 10(

𝑑𝑑𝑑𝑑Fe(OH)3∗𝑅𝑅loginv∗𝑇𝑇const )� (5)

𝑅𝑅loginv = 1∕2.303 ×𝑅𝑅� (6)

𝑇𝑇const = 𝑇𝑇oinv − 𝑇𝑇ainv =
1

𝑇𝑇0

−
1

𝑇𝑇act

� (7)

Where 𝐴𝐴 𝐴𝐴Fe(OH)3 is the equilibrium constant at temperature 283.15 K, 𝐴𝐴 𝐴𝐴𝐴𝐴Fe(OH)3 is the enthalpy change (𝐴𝐴 ∆𝐻𝐻 ) of the 
reaction, 𝐴𝐴 𝐴𝐴 is the ideal gas constant, 𝐴𝐴 𝐴𝐴0 is 283.15 K, and 𝐴𝐴 𝐴𝐴act is the ambient seawater temperature in Kelvin (Zhu, 

Hopwood, et al., 2021). The variables Rloginv, Toinv, and Tainv are values that equal 𝐴𝐴
1

2.303
× 𝑅𝑅 , 𝐴𝐴

1

𝑇𝑇0

 and 𝐴𝐴
1

𝑇𝑇act

 , and are 
used to make the terms compatible with the software ORCHESTRA (Meeussen, 2003).

To calculate SFe(III)app, we used a uniform concentration of total Fe(III) of 10 nmol L −1 in our system and allow 
for the formation of Fe hydroxide (Fe(OH)3(s), that is, ferrihydrite as assumed in this work). The measured dFe 
concentrations are not an input term for the determination of SFe(III)app, so measured dFe concentrations and 
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SFe(III)app are independent. Initial total Fe(III) concentrations do not affect the calculated concentrations of 
species in the dissolved phase, as long as the initial Fe(III) concentration is set at a value high enough to ensure 
Fe(OH)3 exceeds its solubility limit within the range of temperature and DOM concentrations observed in the 
study. Apparent Fe solubility is defined as the sum of dissolved inorganic and organic species (Equation 8)

SFe(III)app =
∑

Fe(OH)3−𝑖𝑖
𝑖𝑖

+ Fe(III)DOM� (8)

3.  Results
3.1.  General Description of Seawater Physico-Chemical Conditions at the Basin Scale pH

In the top 1,000 m (Figure 2, panel d–f), ocean pHtot showed higher values (>8.05) in the upper 50 m in highly 
productive regions of the Western North and South Atlantic as well as the Subtropical North Atlantic, compared 
to pHtot (>8) in the Southeast Pacific. At ∼100–1,000 m, ocean pHtot decreased with increasing depth in the 

Figure 2.  (a)–(c) Distributions of potential temperature collected via CTD sensor along the West Atlantic Ocean transect (GA02), Subtropical North Atlantic Ocean 
transect (GA06) and Southeast Pacific Ocean transect (GP16), (d)–(f) distributions of pH calculated from dissolved inorganic carbon and total alkalinity determined on 
the West Atlantic Ocean transect, Subtropical North Atlantic Ocean transect and Southeast Pacific Ocean transect and (g)–(i) distributions of dissolved organic carbon 
measured along the West Atlantic Ocean transect, Subtropical North Atlantic Ocean transect and Southeast Pacific Ocean transect.
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Atlantic and Pacific Oceans, with minimum values found in the oxygen minimum zones in the Western Tropical 
Atlantic (<7.8), Subtropical North Atlantic (<7.7) and Southeast Pacific (<7.6). Low pH values are related to 
intense remineralization of sinking organic matter (Bates, 2018; Paulmier et al., 2011). Below 1,000 m, ocean 
pHtot distribution in the West Atlantic corresponded to water masses (Rijkenberg et al., 2014), whereas pHtot distri-
butions in the Subtropical North Atlantic and Southeast Pacific were more constant, with values of 7.92 ± 0.04, 
n = 43, and 7.80 ± 0.04, n = 232, respectively.

3.1.1.  Potential Temperature

In the top 1,000 m (Figure 2, panel a–c), potential temperature generally decreased with increasing depth in both 
the Atlantic and Pacific Oceans to ca. 5°C at 1,000 m. Enhanced potential temperatures (>27.5°C) were confined 
to the upper 100 m, between 20°S and 20°N in the West Atlantic transect and in the western part of the Southeast 
Pacific transect. Below 1,000 m, potential temperature slightly decreased with increasing depth in the Atlantic 
and Pacific Oceans, to ∼0–2.5°C at >3,500 m.

3.1.2.  Dissolved Organic Carbon

In the top 1,000  m (Figure  2, panel g–i), concentrations of DOC were >80  μmol  L −1 in the upper 50  m in 
the Atlantic and Pacific Oceans and decreased with increasing depth. At ∼100–1,000 m, DOC concentrations 
decreased from ≤80 μmol L −1 at ∼100 m, to values ≤50 μmol L −1 at ∼1,000 m in the West Atlantic and Subtrop-
ical North Atlantic, and to values ≤40 μmol L −1 at ∼1,000 m in the Southeast Pacific, respectively. Enhanced 
DOC concentrations (>60 μmol L −1) were observed at ∼300–700 m between 10 and 20°S in the West Atlantic. 
Below 1,000 m, DOC concentrations were consistently low (∼35–50 μmol L −1) in most of the West Atlantic, and 
slightly decreased from north (ca. 50 μmol L −1) to south (ca. 40 μmol L −1) following the path of the deep global 
thermohaline circulation. However, high DOC concentrations (>70 μmol L −1) were observed at ∼1,000–2,000 m 
between 10 and 20°S in the West Atlantic. In the subtropical North Atlantic and Southeast Pacific, DOC concen-
trations were consistently low (<42 μmol L −1) below 1,000 m in the water column. The distributions of DOC in 
both ocean basins were generally consistent with prior reported data, except for the elevated DOC concentrations 
in the southern part of the West Atlantic (Hansell et al., 2021).

3.2.  Vertical Comparison of Apparent Iron Solubilities to Dissolved Iron Concentrations

In the West Atlantic (Figure 3, panel a), the values of calculated SFe(III)app were <0.6 nmol L −1 in the upper 200 m 
in the Western Tropical Atlantic and increased to ca.1.2 nmol L −1 at 1,000 m and toward the north (∼50–60°N). 
Between 1,000 and 4,000 m, which largely corresponds to the depth of North Atlantic Deep Water (Rijkenberg 
et al., 2014), values of SFe(III)app were between 1 and 1.5 nmol L −1. Values of SFe(III)app increased to > ca. 
1.6 nmol L −1 below 4,000 m, corresponding to the depth of Antarctic Bottom Water (Middag et al., 2018). Over-
all, the SFe(III)app was ca. 4-fold higher than observed dFe at depths less than 1,000 m, ca. 2-fold higher than 
the dFe between 1,000 and 4,000 m and ca. 3-fold higher than the dFe below 4,000 m (Figure 3, panel a and d). 
However, there were exceptions of elevated dFe concentrations as a result of lateral transport of shelf sources, 
remineralization in oxygen minimum zones, atmospheric dust and hydrothermal inputs (Rijkenberg et al., 2014).

In the Subtropical North Atlantic (Figure 3, panel b), calculated SFe(III)app showed low values (<0.6 nmol L −1) in 
the upper 50 m in offshore waters (to the west of 20°N) and slightly increased toward the coast. At ∼100–1,000 m, 
the SFe(III)app increased with increasing depth to >1.4 nmol L −1 at 1,000 m. Between 1,000 and 4,000 m, the 
values of SFe(III)app were rather similar (ca. 1.2 nmol L −1) in the water column. The SFe(III)app slightly increased 
to ca. 1.5 nmol L −1 below 4,000 m. Overall, the SFe(III)app was ca. 2-fold higher than observed dFe at depths less 
than 1,000 m and between 1,000 and 4,000 m, and ca. 3-fold higher than dFe below 4,000 m (Figure 3, panel 
b and e). Dissolved Fe concentrations were elevated (>1.2 nmol L −1) between 100 and 1,000 m near the coast 
as a result of shelf-derived sedimentary inputs from the Canary current upwelling and atmospheric inputs of Fe 
(Rijkenberg et al., 2008). Away from coast, dFe showed a nutrient-like profile that decreased with increasing 
depth to <0.8 nmol L −1 at >1,500 m.

In the Southeast Pacific (Figure  3, panel c), values of SFe(III)app were <0.6  nmol  L −1 in the upper 50  m in 
offshore waters (to the west of 90°W) and slightly increased toward the coast. At ∼100–1,000 m, SFe(III)app 
increased with increasing depth to ca. 1.4 nmol L −1 at 1,000 m. Between 1,000 and 4,000 m, SFe(III)app showed 
less variability in the water column in offshore waters but elevated concentrations up to ca. 1.8 nmol L −1 near the 
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coast. Below 4,000 m, SFe(III)app values slightly increased to ca. 1.5 nmol L −1 toward the bottom and the coast. 
Overall, SFe(III)app was ca. 4-fold higher than observed dFe at depths less than 1,000 m, ca. 2-fold higher than 
observed dFe between 1,000 and 4,000 m, and ca. 3-fold higher than dFe below 4,000 m (Figure 3, panel c and f). 
Observed dFe concentrations were elevated near the coast as a result of sedimentary inputs on the Peruvian shelf 
(Cutter et al., 2018; Heller et al., 2017; Rapp et al., 2020). Elevated dFe concentrations were also observed at mid 
depths (∼2,500 m) to the west of the east Pacific Rise, and extended to the western end of the transect as a result 
of Fe inputs by hydrothermal vents (Fitzsimmons et al., 2017; Resing et al., 2015).

4.  Discussion
In seawater, the overall Fe inventory is strongly affected by Fe(III) solubility and would be significantly lower in 
the absence of interactions between Fe and organic matter (Johnson et al., 1997; Liu & Millero, 2002). Further-
more, the interplay between scavenging, biological processes and solubility is poorly constrained (Tagliabue 
et al., 2017), and the potential impact of changes in ambient physico-chemical conditions on Fe solubility has 
rarely been considered (Millero et al., 2009; Ye et al., 2020; Zhu, Hopwood, et al., 2021). We calculated the 
apparent iron solubility (SFe(III)app) at equilibrium, and our results predicted that SFe(III)app was ca. 2–4 fold 
higher than observed dFe concentrations. The difference between SFe(III)app and dFe can be ascribed to a number 
of factors related to both uncertainties in the parameters used in the model and the omission of processes under 
kinetic control that we did not account for in our equilibrium model. Uncertainties in the model arise from the 
parameters and the method used to calculate the activity of inorganic species in the calculations (see Methods). 
Furthermore, there have been relatively few determinations of NICA parameters for marine DOM (Avendaño 
et al., 2016; Gledhill et al., 2015; Hiemstra & Van Riemsdijk, 2006; Zhu, Birchill, et al., 2021; Zhu, Hopwood, 
et al., 2021) and we have assumed that NICA parameters (and by implication, DOM composition) do not change 
across the study areas. We also do not include an enthalpy parameter for binding of Fe to DOM, although this 
could have an effect on SFe(III)app (Liu & Millero,  2002). Our approach does not account for the effects of 

Figure 3.  (a)–(c) Distributions of the apparent iron solubilities (SFe(III)app) calculated using an ion paring-organic matter (NICA-Donnan) model at ambient seawater 
conditions (pH, salinity, temperature and dissolved organic carbon concentrations) during the West Atlantic Ocean transect, Subtropical North Atlantic Ocean transect 
and Southeast Pacific Ocean transect, and (d)–(f) distributions of dissolved iron (dFe) concentrations measured during the West Atlantic Ocean transect, Subtropical 
North Atlantic Ocean transect and Southeast Pacific Ocean transect.
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pressure, which can also be expected to affect metal solubility (Moore & Millward, 1984). Also, non-equilibrium 
processes under kinetic control, such as scavenging and Fe(II) production, have not been calculated in this 
approach. Scavenging, via the adsorption of Fe or Fe species on the surfaces of particles, can be expected to 
decrease dFe concentrations since it provides a mechanism by which Fe is removed from the water column 
through particle sinking. On the other hand, photochemical reduction, biological reduction, or sedimentary inputs 
of Fe(II) will measurably enhance the dFe pool, especially in surface waters and oxygen minimum zones (Croot 
et al., 2019; Gonzalez-Santana et al., 2023; Laglera et al., 2022; Sarthou et al., 2011). Our results should therefore 
be considered within the context of these uncertainties. Nevertheless, our approach provides insight into factors 
influencing Fe solubility, which is linked to the changing physico-chemical state of the ocean and is an important 
control on Fe biogeochemistry.

4.1.  Upper Limit of Apparent Iron Solubility Potentially Driven by pH and Temperature in the Upper 
200 m

Using SFe(III)app and observed dFe in the Atlantic and Pacific Oceans, we investigated the factors that influence 
SFe(III)app at the basin scale to understand which physico-chemical parameters (pH, temperature and DOC) have 
the most impact on SFe(III)app and thus have the largest potential to further impact the dFe inventory. As shown 
in Figure 2, distributions of pH and temperature varied strongly in the water column at depths <200 m. The 
distribution of DOC showed no significant difference below 200 m (Figure 2). We thus consider a comparison 
of SFe(III)app with pH or temperature using the data collected at different depth levels in both the Atlantic and 
Pacific oceans.

First, a comparison of SFe(III)app with temperature was conducted using the data collected in the surface ocean 
(<200  m) with datapoints colored according to DOC concentrations, and shaped according to ambient pHtot 
(Figure 4). Our results showed that SFe(III)app generally increased with decreasing temperature in the Atlantic  (a 
West Atlantic Ocean transect and Subtropical North Atlantic Ocean transect) and Pacific (a Southeast Pacific 
Ocean transect in parallel to the equator) Oceans since the formation of Fe(OH)3(s) is exothermic and is inhibited 
by increased temperatures (Liu & Millero, 1999). The SFe(III)app value was ca. 0.4 nmol L −1 at the highest temper-
atures (∼27–29°C) observed in the study areas. The SFe(III)app was higher (>1.2 nmol L −1) at lower temperature 
(ca. 13°C) with additional impacts from pH in the Pacific Ocean. SFe(III)app was higher (>1.2 nmol L −1) at 
both lower (<8°C) and medium temperature (∼13–17°C) with additional impacts by both pH and DOC in the 

Figure 4.  The apparent iron solubilities (SFe(III)app) calculated using an ion paring-organic matter (NICA-Donnan) model 
at ambient seawater conditions (pH, salinity, potential temperature and dissolved organic carbon concentrations) were plotted 
versus temperature at depths <200 m. Points are colored according to dissolved organic carbon concentrations and shaped 
according to pHtot (total scale).
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Atlantic Ocean. This is understandable, since lower pHtot (<7.9) as a result of strong remineralization in the 
Subtropical North Atlantic enhances Fe(III) solubility (Millero et al., 2009; Zhu, Hopwood, et al., 2021) and 
the highly productive regions of the Subtropical North Atlantic also yield high DOC and thereby increase the 
number of DOM binding sites (Zhu, Birchill, et al., 2021) in the moderate temperature range (∼13–17°C). Lower 
temperatures enhanced the solubility of Fe hydroxide (Fe(OH)3(s)), resulted in more free Fe 3+ bound to OH − and 
DOM1- or DOM2-type groups in marine DOM and thus increased SFe(III)app (Liu & Millero, 2002). In waters 
<200 m deep, all three parameters (temperature, pH and DOC) therefore act in concert to influence SFe(III)app. 
Furthermore, the individual contributions of pH and temperature cannot be fully disentangled since low temper-
atures enhance the solubility of CO2 and therefore impact seawater pH.

4.2.  Both pH and Temperature Affect the Apparent Iron Solubility Below the Surface Ocean

A comparison of SFe(III)app with pH was conducted using the data collected at >200 m (Figure 5). As shown 
in Figure 2, DOC concentrations were rather constant (41.9 ± 6.2 μmol L −1, n = 1,085) at depths >200 m. Our 
results showed that SFe(III)app increased with decreasing pHtot for the Atlantic and Pacific cruises, including 
intermediate (∼200–1,000 m) to deep waters (>1,000 m). The negative slopes for pH-SFe(III)app were different 
for the Atlantic and Pacific Oceans, and decreased from intermediate (Atlantic Ocean: y = −1.82 ± 0.14X + 
15.4 ± 1.11, r 2 = 0.56; Pacific Ocean: y = −2.26 ± 0.13X + 18.8 ± 0.98, r 2 = 0.63) to deep waters (Atlantic 
Ocean: y = −2.9 ± 0.11X + 24.3 ± 0.83, r 2 = 0.67; Pacific Ocean: y = −2.42 ± 0.12X + 20.4 ± 0.96, r 2 = 0.66). 
These differences between slopes for pH-SFe(III)app likely reflect the relative changes in temperature distribu-
tions (Byrne et al., 2000; Liu & Millero, 2002). Our results suggest that the increase in SFe(III)app with decreasing 
pH as a result of, for example, ocean acidification or increased remineralization in eastern boundary upwelling 
regions would be mitigated by lower solubility of Fe hydroxide in warmer seawaters. This impact of pH on the 
SFe(III)app is consistent with observations of increased dFe concentrations with decreasing pH in the presence of 
excess particulate Fe in a coastal mesocosm experiment (Breitbarth et al., 2010).

Figure 5.  The apparent iron solubilities (SFe(III)app) calculated using an ion paring-organic matter (NICA-Donnan) model at 
ambient seawater conditions (pH, salinity, potential temperature and dissolved organic carbon concentrations) plotted versus 
pHtot (total scale) at depths >200 m. Points are colored according to temperature.
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4.3.  Vertical Distributions of Dissolved Iron Concentrations Determined by Changes in Apparent Iron 
Solubility

Overall, the values of SFe(III)app were ca. 3-fold higher than dFe concentrations in the water columns of the 
Atlantic and Pacific Oceans (Figure 3). The similarities and differences between dFe and SFe(III)app in both ocean 
basins largely reflected the strong influence of point sources on the dFe distribution (e.g., shelf, atmospheric and 
hydrothermal inputs) (Rapp et al., 2020; Resing et al., 2015; Rijkenberg et al., 2014) or removal process (e.g., 
scavenging or biological uptake) (Boyd et al., 2005; Tagliabue et al., 2019). However, the distributions of dFe 
showed a correspondence to the changes in SFe(III)app, particularly when considering the vertical distributions. 
This confirms earlier findings that dFe depth profiles are influenced by Fe(III) hydroxide solubility, in addition 
to remineralization and scavenging (Johnson et al., 1997; Kuma et al., 2003; Liu & Millero, 2002; Tagliabue 
et al., 2014). To further explore this comparison, we considered horizontally averaged dFe and SFe(III)app depth 
profiles in the Atlantic Ocean (n  =  1,079 and 798 data points for dFe and SFe(III)app, respectively) and the 
Pacific Ocean (n = 492 and 555 data points for dFe and SFe(III)app, respectively) (Figure 6). We omitted dFe 
profiles that were strongly influenced by source signatures from for example, hydrothermal vents, atmospheric 
dust and sediment inputs in both ocean basins, according to earlier descriptions by Rijkenberg et al. (2014), Milne 
et al. (2017), and Fitzsimmons et al. (2017) (Table S2 in Supporting Information S1).

We observed similar trends in the vertical distributions of horizontally averaged dFe and SFe(III)app in the top 
1,000 m in the Pacific and Atlantic Oceans, with both dFe and SFe(III)app showing regeneration-like depth profiles. 
The vertical distributions of averaged dFe and SFe(III)app were rather constant at depths between 1,000 and 
4,000 m. At >4,000 m, the averaged SFe(III)app increased with increasing depth up to 1.6 nmol L −1, while aver-
aged dFe decreased at depths >4,000 m. Differences between dFe and SFe(III)app in surface waters (<200 m)  are 
likely associated with biological activity, whilst the waters at depths >4,000 m are strongly influenced by Antarc-
tic Bottom Waters, which are cold and hence have higher SFe(III)app but are depleted in dFe because they are 
formed in the Southern Ocean (Rijkenberg et al., 2014), which is known to have lower iron supplies relative to 

Figure 6.  The vertical distributions of horizontally averaged calculated apparent iron solubility (SFe(III)app, black solid 
lines) at ambient seawater conditions and measured dissolved iron concentration (dFe, blue triangle points) in the Atlantic (a 
West Atlantic transect: at latitude ∼49°S–64°N; a Subtropical Atlantic transect: at latitude ∼12°N and longitude ∼17–29°W) 
and Pacific (a Southeastern Pacific transect: at longitude ∼77–152°W) oceans. We omitted dFe profiles that were strongly 
influenced by source signatures from for example, hydrothermal vents, atmospheric dust and suboxic sediment inputs in both 
ocean basins (Fitzsimmons et al., 2017; Resing et al., 2015; Rijkenberg et al., 2014) (Table S2 in Supporting Information S1).
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other ocean basins (Tagliabue et al., 2017). However, additional factors may 
also influence differences in trends observed for dFe and SFe(III)app. Consist-
ent with prior work, we used ferrihydrite formation to represent a component 
of scavenging, that is, dFe is removed from the ambient water column when 
exceeding the solubility of iron at equilibrium. Unlike the kinetically imple-
mented scavenging process  in global biogeochemical models with assumed 
ligand concentrations and binding capacities (Voelker & Tagliabue, 2015), 
SFe(III)app and the formation of ferrihydrite reflect the changing seawater 
chemistry on the upper limit of Fe availability determined by both Fe solu-
bility and organic complexation. However, the solubility constants of Fe 
hydroxide, applied in our calculations here, are representative of relatively 
fresh (1 week old) precipitates and thus comprise an upper limit for Fe solu-
bility in seawater (Byrne et al., 2000; Liu & Millero, 2002). Aging of ferrihy-
drite leads to conformational changes within the minerals or “hardening” that 
decreases solubility with time (Raiswell et al., 2010).

Furthermore, a key assumption in these calculations is that the binding sites 
of DOM used in the ion paring-organic matter (NICA-Donnan) model scale 
proportionally with DOC. For example, in surface waters, changes in acid-
base and Fe-binding properties of the DOM pool as a result of enhanced 
primary production could invalidate the assumption that binding sites scale to 
DOC (Lodeiro et al., 2021; Zhu, Birchill, et al., 2021). In addition, although 
a major fraction of the marine DOM pool is thought to be recalcitrant, espe-
cially in older deep waters (Hansell, 2013), the diversity of functional groups 
is likely to be subject to spatial and temporal changes (Hansman et al., 2015; 
Medeiros et al., 2015). Such variability could result in differences in SFe(III)
app since the NICA constants used to calculate SFe(III)app in this work were 

derived from titrations undertaken on samples from waters collected at depths <800 m (Lodeiro et al., 2021; Zhu, 
Hopwood, et al., 2021).

4.4.  Environmental Implications in a Warmer and More Acidifying Ocean

Information on the speciation and solubility of Fe at ambient seawater conditions is crucial to fully understand the 
biogeochemical processes which moderate Fe availability to biota and thus affect the marine carbon cycle (Boyd 
& Ellwood, 2010; Tagliabue et al., 2017). A few studies have addressed the impact of decreasing pH as a result of 
ocean acidification on trace metal speciation. Millero et al. (2009), using a Pitzer interaction model, examined the 
effect of ocean acidification on inorganic complexation of trace metals and found a 40% increase in the solubility 
of inorganic Fe(III) when pHNBS decreased from 8.1 to 7.4. Gledhill et al. (2015) and Stockdale et al. (2016) used 
the ion-paring organic matter (NICA-Donnan or WHAM/Model VII) models to investigate changes in the organic 
complexation of Fe that dominate the control of Fe speciation and inorganic complexation and indicated that 
Fe may become more available for marine organisms as a consequence of ocean acidification. Our results also 
suggest that projected decreases in pH as a result of ocean acidification would lead to further overall increases in 
SFe(III)app. Here, we conducted a sensitivity test to further provide insights into how changes in pH, temperature 
and DOC may interact to affect SFe(III)app in a future ocean. According to Jiang et al. (2019), using IPCC data 
for pCO2 and pH under lower (RCP2.6), medium (RCP4.5) and higher (RCP8.5) emission scenarios by the end of 
this century (pHtot decreasing by an average of about ∼0.04, 0.13, or 0.33, respectively), we plotted the calculated 
SFe(III)app against temperature at both lower (∼50 μmol L −1) and higher (∼120 μmol L −1) DOC concentrations 
for the surface ocean (Figure 7).

Our results showed that the SFe(III)app ranged from 0.39 nmol L −1 at pHNBS 7.96, T = 32°C, DOC = 50 μmol L −
1–3.74 nmol L −1 at pHNBS 7.67, T = 10°C, DOC = 120 μmol L −1. At lower DOC = 50 μmol L −1 and temperatures 
between 20 and 30°C (e.g., surface water in subtropical gyres), the SFe(III)app decreased by an average 11% with a 
2°C temperature increase (i.e., expected in a warmer ocean) at each pH value. At higher DOC = 150 μmol L −1 and 
temperatures between 20 and 30°C, the SFe(III)app decreased by an average 10% with a 2°C temperature increase 
at each pH value. However for both DOC scenarios/concentrations, a pH decrease of ∼0.33 unit would increase 

Figure 7.  Sensitivity of SFe(III)app to changing pH, temperature and dissolved 
organic carbon conditions with constant salinity (35). We initiate calculations 
with 10 nmol L −1 total Fe(III) in the model system with different temperatures, 
dissolved organic carbon and pHtot (total scale) under lower, medium and 
higher emission scenarios by the end of this century (Jiang et al., 2019) to 
represent dynamics of the surface dissolved iron (dFe) inventory in the context 
of a warming and acidifying ocean and calculate the apparent iron solubility 
(SFe(III)app) using an ion paring-organic matter (NICA-Donnan) model.
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the SFe(III)app by an average 37% at each temperature value. The impact of pH on Fe speciation and solubility 
is nearly 3-times higher than that of temperature, whereas different DOC concentration scenarios have minimal 
impact over the range of values considered. We further analysed the distribution of both inorganic and organic 
fractions of calculated SFe(III)app with response to changing pH, temperature and DOC scenarios. Our results 
showed Fe(III) bound to organic matter made up 81%–96% of SFe(III)app and increased with increasing DOC 
concentrations but decreasing temperature and pH and indicate that SFe(III)app would be significantly elevated 
in, for example, an acidifying and warmer ocean. Nevertheless, since the enthalpy of formation for Fe binding to 
DOM is not accounted for in our calculations, the overall trend in Fe solubility in a warmer, acidifying ocean is 
still subject to uncertainty (Liu & Millero, 2002).

5.  Conclusions
We derived apparent iron solubility at ambient seawater pH, temperature and DOC concentrations, using an 
ion paring-organic matter (NICA-Donnan) model by applying newly derived proton/Fe(III) NICA constants for 
marine DOM. We compared calculated SFe(III)app to measured dFe concentrations that were obtained during 
three GEOTRACES cruises in the Atlantic and Pacific Oceans. Our results show that the distributions of dFe 
showed some correspondence to relative changes in SFe(III)app, particularly when considering the vertical distri-
butions at depths above 4,000 m. We further investigated the physico-chemical parameters (pH, temperature and 
DOC) influencing the SFe(III)app on a basin scale. Our results showed that temperature impacts the upper limit of 
SFe(III)app in the surface ocean with further impacts of pH and DOC concentrations, while both pH and temper-
ature impact SFe(III)app in the deep ocean. Our comparison of the vertical distributions of horizontally averaged 
dFe and SFe(III)app indicates that vertical dFe distributions are underpinned by changes in SFe(III)app, which are 
driven by relative changes in ambient pH and temperature, in addition to processes such as scavenging and remin-
eralization. The results of the sensitivity test reaffirm that consideration of the impact of changes in ambient pH 
and temperature is important for Fe cycling, especially in the context of an acidifying and warming ocean. Never-
theless, our results should be interpreted within the context of uncertainties arising from the modeling approach 
in terms of parameter availability and calculations of activity, and from scavenging and redox processes that are 
under kinetic control. In particular, further work to constrain acid-base properties and enthalpies of marine DOM, 
and the solubility constants for Fe hydroxide is required to increase confidence in the predictions resulting from 
such approaches.

Data Availability Statement
All data reported in this study are available at PANGAEA open access repository (https://doi.pangaea.de/10.1594/
PANGAEA.952541). Data of depth, potential temperature (in the ITS-90 convention) and practical salinity for 
GA02, GA06, and GP16 have been included in the GEOTRACES database IDP2021 (GEOTRACES Intermedi-
ate Data Product Group, 2021). Data of dissolved inorganic carbon (CT), total alkalinity (AT), dissolved organic 
carbon (DOC) and dissolved Fe (dFe) for GA02 have been included in the GEOTRACES database IDP2021. 
Data of DOC and dFe for GP16 have been included in the GEOTRACES database IDP2021.
Map of the study area (Figure 1) and section plots (Figures 2 and 3) were made using Ocean Data View soft-
ware and DIVA gridding calculations (Schlitzer, 2023). Figures 4–7 were made using open source R statistical 
programming (Version 4.2.0) (https://www.r-project.org/) and RStudio (https://posit.co/) with the code ggplot2 
(https://github.com/hadley/ggplot2-book). Software- pH is calculated from CT and AT on both the total scale and 
the NBS scale using CO2SYS (Pierrot et al., 2006). Software- the apparent iron solubility is calculated using an 
ion paring-organic matter (NICA-Donnan) model using the speciation code ORCHESTRA (Meeussen, 2003). 
All codes are described in an online protocol (Zhu et al., 2022).
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