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Abstract. Iodine abundance in marine carbonates (as an elemental ratio with calcium – I:Ca) is of broad interest as a 7 

proxy for local/regional ocean redox. This connection arises because the speciation of iodine in seawater—in terms 8 

of the balance between iodate (IO3
-) and iodide (I-)—is sensitive to the prevalence of oxic vs. anoxic conditions. 9 

However, although I:Ca ratios are being increasingly commonly measured in ancient carbonate samples, a fully 10 

quantitative interpretation of this proxy is hindered by the scarcity of a mechanistic and quantitative framework for 11 

the marine iodine cycle and its sensitivity to the extent and intensity of ocean deoxygenation. Here we present and 12 

evaluate a representation of marine iodine cycling embedded in an Earth system model (‘cGENIE’) against both 13 

modern and paleo observations. In this, we account for IO3
- uptake and reduction by primary producers, the 14 

occurrence of ambient IO3
- reduction in the water column, plus the re-oxidation of I- to IO3

-. We develop and test a 15 

variety of different mechanistic relationships between IO3
- and I- against an updated compilation of observed 16 

dissolved IO3
- and I- concentrations in the present-day ocean. In optimizing the parameters controlling previously 17 

proposed mechanisms behind marine iodine cycling, we find that we can obtain broad matches to observed iodine 18 

speciation gradients in zonal surface distribution, depth profiles, and oxygen deficient zones (ODZs). We also 19 

identify alternative, equally well performing mechanisms which assume a more explicit mechanistic link between 20 

iodine transformation and environment. This mechanistic ambiguity highlights the need for more process-based 21 

studies on modern marine iodine cycling. Finally, because our ultimate motivation is to further our ability to 22 

reconstruct ocean oxygenation in the geological past, we conducted ‘plausibility tests’ of our various different model 23 

schemes against available I:Ca measurements made on Cretaceous carbonates – a time of substantially depleted 24 

ocean oxygen availability compared to modern and hence a strong test of our model. Overall, the simultaneous 25 

broad match we can achieve between modelled iodine speciation and modern observations, and between forward-26 

proxy modelled I:Ca and geological elemental ratios supports the application of our Earth system modelling in 27 

simulating the marine iodine cycle to help interpret and constrain the redox evolution of past oceans. 28 

1. Introduction 29 

Dissolved Iodine (I) in seawater is redox sensitive and as such, a potential invaluable delineator of past ocean 30 

deoxygenation. This arises directly from: (1) observations that the oxidized iodate (IO3
-) is reduced to iodide (I-) under 31 

low oxygen conditions, and (2) that IO3
- in seawater is incorporated into carbonate lattice during precipitation in 32 

proportion to its seawater abundance (whilst I- is not) (Lu et al., 2010; Podder et al., 2017; Kerisit et al., 2018; Zhang 33 

et al., 2013; Hashim et al., 2022). Hence, past ocean IO3
- concentrations can be recorded in coeval carbonates as I:Ca 34 
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ratios, with the potential of carbonate I:Ca to reflect the redox variation of the ancient seawater (Lu et al., 2010). 35 

Indeed, the I:Ca ratio in marine carbonates is already widely applied as a paleoredox proxy, with studies employing it 36 

to explore the [O2] variation throughout much of Earth history, from the Archean and through the Cenozoic (Lu et al., 37 

2010; Hardisty et al., 2014; Zhou et al., 2015; Lu et al., 2016; Edwards et al., 2018; Lu et al., 2018; Bowman et al., 38 

2020; Pohl et al., 2021; Wei et al., 2021; Ding et al., 2022; Shang et al., 2019; Liu et al., 2020; Fang et al., 2022; 39 

Uahengo et al., 2020; Yu et al., 2022; Tang et al., 2023). The potential for I:Ca to generate critical insights into how 40 

the oxygenation of the ocean has evolve through time, as well as the causes and biological/ecological consequences 41 

of this, requires that we have an adequate understanding, not only of carbonate IO3
- incorporation, but of the marine 42 

iodine cycle in general. 43 

Progress has been made towards understanding the marine iodine cycle in the past decades. Iodine has a long 44 

residence time (~300 kyr; Broecker and Peng, 1983), making its concentration among the global ocean relatively 45 

constant around 500nM (Elderfield and Truesdale, 1980; Truesdale et al., 2000; Chance et al., 2014). Although the 46 

total concentration is relatively invariant, the two most abundant species of dissolved iodine in the ocean, IO3
- and 47 

iodide I-, vary relative to each other depending on the environment.  Today, IO3
- is generally the dominant iodine 48 

species in oxygenated regions of the ocean, representing total iodine nearly quantitatively below the euphotic zone. 49 

Within the euphotic zone, I- occurs and generally increases in association with release during phytoplankton growth 50 

and senescence (Hepach et al., 2020). Iodide is also more abundant in oxygen deficient zones (ODZ) – often but not 51 

always quantitatively so (Truesdale et al., 2000; Rue et al., 1997; Cutter et al., 2018; Moriyasu et al., 2020; Farrenkopf 52 

and Luther, 2002; Wong and Brewer, 1977; Truesdale et al., 2013; Rapp et al., 2020, 2019). Respectively, within the 53 

ODZ, IO3
- is reduced to I- and hence has low concentrations (Rue et al., 1997; Farrenkopf et al., 1997; Moriyasu et al., 54 

2020; Rapp et al., 2019, 2020).  55 

Although generally depleted in low-[O2] settings, the causal spatial relationship between seawater [O2] and 56 

[IO3
-] is not simple and is currently not well understood. Recently published observations from global oxygen deficient 57 

zones (ODZ) reveals that the relationship between dissolved [O2] and [IO3
-] is not linear, but instead it is possible that 58 

there is a certain [O2] or related redox threshold triggering IO3
- reduction (Cutter et al., 2018; Moriyasu et al., 2020; 59 

Farrenkopf and Luther, 2002; Rue et al., 1997; Chapman, 1983). Dissimilatory IO3
- reducing bacteria, as well as 60 

abiotic reduction with sulfide and dissolved Fe, have been identified within ODZs (Farrenkopf et al., 1997; Councell 61 

et al., 1997; Jiang et al., 2023). In addition, slow oxidation-reduction kinetics (Tsunogai, 1971; Hardisty et al., 2020; 62 

Schnur et al., 2024) imply the likelihood that in situ iodine signals could be integrated across large-scale physical 63 

oceanography processes – including ocean currents and mixing between water masses (Hardisty et al., 2021), and 64 

meaning that iodine species reflect regional rather than local redox conditions (Lu et al., 2020b). Non-redox related 65 

processes, such as phytoplankton-mediated IO3
- reduction and organic matter remineralization also exerts controls on 66 

iodine speciation in the water column (Fig. 1; Elderfield and Truesdale, 1980; Wong et al., 1985; Luther and Campbell, 67 

1991; Hepach et al., 2020). Therefore, it is difficult to infer water column redox simply based on iodine speciation 68 

without considering these physical and biological effects. 69 

 70 
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71 
Figure 1: The iodine cycle in marine oxygen deficient zones (ODZ) in cGENIE. The oxidation-reduction options 72 

(‘threshold’ and ‘lifetime’/ ’reminO2lifetime’/ ’Fennel’) are described in Section 2.2 and Table 1. Dashed 73 

arrows indicate variable processes during ensemble simulations. Note that the POI export is controlled by 74 

temperature (TDEP). 75 

 76 

Apart from the uncertainties associates with IO3
- reduction, it is notable that the oxidants responsible for IO3

- 77 

formation during the re-oxidation I- are currently unknown, only that it is unlikely to be O2, which is not 78 

thermodynamically favorable to oxidize iodine (Luther et al., 1995). A recent thermodynamic review indicates that 79 

the reactive oxygen species (ROS) such as hydrogen peroxide and OH radicals can fully oxidize I- to IO3
-. Iodide 80 

oxidation to IO3
- is a 6-electron transfer and other ROS, such as superoxide, are only thermodynamically favorable to 81 

catalyze partial oxidation to intermediates (Luther, 2023). These ROS species have heterogenous distributions and 82 

ambient ocean concentrations that are typically relatively low compared to iodine, supporting the likelihood of 83 

temporally or spatially isolated high I- oxidation rates despite of overall extremely slow rates (Schnur et al., 2024). 84 

Additional support for spatially or temporally heterogenous I- oxidation rates comes from recent experimental 85 

observations of IO3
- production from I- in nitrifying cultures (Hughes et al., 2021). Nitrification rates vary globally, 86 

with the highest values occurring in ODZs and the dissolved chlorophyl maximum (summarized in Table 2 of Hughes 87 

et al., 2021). Regardless, nitrification or other specific mechanisms have yet to be linked directly to I- oxidation under 88 

normal marine conditions, leaving open the question of rates and locations of I- oxidation. 89 

 Given the prevailing uncertainty in the mechanisms governing the marine iodine cycle mentioned above, and 90 

in conjunction with I:Ca being a relatively new proxy, it is perhaps not surprising that few attempts have been made 91 
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to model the marine iodine cycle. In a recent publication, a model was developed to simulate modern ocean surface I- 92 

distributions, with the aim of being able to improve tropospheric ozone models (Wadley et al., 2020). This particular 93 

model was based around a relatively high horizontal ocean resolution (1° grid size) with a 3-layer vertical water 94 

column. Iodine biogeochemical cycling was coupled with the nitrogen cycle, with the surface I- distribution sensitive 95 

to biological and hydrological factors including primary productivity, I:C ratio, oxidation, mixed layer depth, 96 

advection, and freshwater flux. Because the Wadley et al., (2020) model was specifically focused on near-surface 97 

processes within the upper 500 m, it did not consider processes occurring within ODZs and hence is not directly 98 

applicable to questions concerning the controls on I:Ca ratios. In contrast, a second model-based study deliberately 99 

targeted paleoceanographic questions and incorporated an iodine cycle including redox-controlled biogeochemical 100 

reactions into the ‘cGENIE’ Earth system model (Lu et al., 2018). The advantage for paleo studies afforded by this 101 

particular approach is that the cGENIE model can take into account different continental configurations, non-modern 102 

atmospheric composition (pO2, pCO2), and other boundary conditions that may have differed on ancient Earth relative 103 

to today (Ridgwell et al., 2007; Reinhard et al., 2016; Boscolo-Galazzo et al., 2021; Remmelzwaal et al., 2019; Pohl 104 

et al., 2022; Reinhard and Planavsky, 2022).  105 

Despite a growing understanding of I:Ca variations through geologic time, it remains challenging to 106 

determine mechanisms driving spatiotemporal marine [IO3
-] and the degree that these are linked to seawater oxygen. 107 

Hence, the proxy is qualitative or semi-quantitative. Here, we calibrate the iodine cycle within the cGENIE Earth 108 

System model to provide a mechanistic framework for interpreting ancient I:Ca variations. In this study, we build on 109 

the work of Lu et al., 2018 and further develop and test a series of new potential parameterizations for water column 110 

iodine oxidation, reduction, cellular uptake, and release during remineralization. We also developed 3 criteria for 111 

assessing the model: (1) Statistical evaluation using the ‘model skill score’ (Watterson, 1996)— a non-dimensional 112 

measure calculated using location-dependent comparisons between the model and an iodine ocean observation data 113 

compilation. (2) Graphical comparison of modeled and observed iodine across 3 illustrative iodine speciation gradients 114 

(depth profiles from multiple ocean basins, latitudinal transects of surface waters, and across transects of the Eastern 115 

Tropical North Pacific oxygen minimum zone (Moriyasu et al., 2020)). (3) Model applicability to ancient settings by 116 

comparing projections of ocean surface I:Ca with published I:Ca data from the Cretaceous (Zhou et al., 2015).  117 

2. Model Description 118 

2.1 The cGENIE Earth system modelling framework 119 

cGENIE is a class of model known as an ‘Earth system model with intermediate complexity’ (EMIC)—a global 120 

climate-carbon cycle model that simplifies one or more (typically physical climatic) components of the Earth system. 121 

In the case of cGENIE, ocean circulation is solved for on a relatively low-resolution grid: an equal area 36×36 grid, 122 

which equates to 10° in longitude and latitude increments from 3° near the equator to 20° near the poles, and with 16 123 

non-equally spaced vertical levels. This is coupled to a 2D energy-moisture-balance-model (EMBM) and a 2D 124 

dynamic-thermodynamic sea-ice model. The physics are described in (Marsh et al., 2011; Edwards and Marsh, 2005). 125 

We use a parameter calibration of seasonal pre-industrial climate following Cao et al., (2009). 126 
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The primary factors controlling the oceanic iodine cycle—specifically, biological productivity, 127 

remineralization, and water column redox—are all represented in the model and described in Ridgwell et al., (2007). 128 

In that particular configuration,  the rate of organic matter export from the ocean surface is calculated based on just a 129 

single nutrient (phosphate) control (together with light and sea-ice cover) and assumes a Redfield-ratio stoichiometry 130 

with carbon (Fig. 1). Organic matter is split into particulate (POM) (33% of total export) and dissolved form (DOM) 131 

(67%), with the former sinking down through the water column where it is progressively remineralized according to 132 

a prescribed fixed ‘decay’ curve, while the latter is physically transported by circulation and decays (is remineralized 133 

with a lifetime of 0.5 years). Here, we deviate from Ridgwell et al., (2007) (as well as the calibrated seasonal 134 

configuration of Cao et al., 2009) by adopting a calibrated temperature-dependence to both export production as well 135 

as the decay of POM in the water column (described in Crichton et al., 2021 and Boscolo-Galazzo et al., 2021).  136 

 Here, we use sulphate (SO4
2-) as an electron acceptor supporting the remineralization of organic matter (both 137 

POM and DOM) is governed by a SO4
2- half-saturaion limitation term as well as dissolved oxygen (O2) inhibition, 138 

while the rate of oxic resperation of organic matter is restricted by an [O2] half-saturaion limitation term (as described 139 

in Reinhard et al., 2020). This deviates from the framework described in Ridgwell et al., (2007). The difference is that 140 

here, SO4
2- can be consumed even before dissolved oxygen can become fully depleted. Ambient temperature dictates 141 

the total fraction of POM that decays through both pathways per unit time and within each ocean depth layer (Crichton 142 

et al., 2021), with local [O2] and [SO4
2-] determining the fractional split between alternative pathways (Reinhard et al., 143 

2020). For DOM, the decay constant determines the total fraction that decays per unit time. It should be noted that 144 

currently, there is no published nitrogen cycle in the cGENIE framework and hence we do not consider nitrate 145 

reduction as part of the redox cascade. 146 

2.2 Marine iodine cycling in cGENIE 147 

In the cGENIE model, iodine is present in three reservoirs: IO3
- and I- in the water column, and I- incorporated in POM 148 

(and DOM). We then consider four processes that transfer iodine between these reservoirs: (1) IO3
- reduction in the 149 

water column, I- oxidation (also in the water column), photosynthetic IO3
- uptake and intercellular reduction to I-, and 150 

I- release to seawater during the remineralization of POM (and DOM) (Fig. 1). As dissolved tracers, IO3
- and I- are 151 

physically transported and mixed through ocean circulation (as is I incorporated into dissolved organic matter), 152 

whereas iodine in POM settles through the water column. This is effectively the same framework as used by Lu et al., 153 

(2018). Here we re-assess this framework against an updated compilation of observed iodine speciation in the modern 154 

ocean and develop and test alternative representations of IO3
- reduction (“threshold”, “inhibition” and 155 

“reminSO4lifetime”) and I- re-oxidation (“lifetime”, “Fennel”, and “reminO2lifetime”). 156 

In the numerical scheme of Lu et al., (2018),  when [O2] falls below a set concentration threshold, IO3
- is 157 

immediately and quantitatively reduced to I- (thereafter, we term this iodate reduction parameterization “threshold”).  158 

The “inhibition” scheme links the IO3
- reduction rate with the ambient O2 concentration. Following the 159 

formulation for the rate of SO4
2- reduction in Reinhard et al., (2020), we apply an oxygen inhibition term governed by 160 

a half-saturation constant. In devising this scheme, we note that while IO3
- reduction rates have been determined 161 
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experimentally, the quantitative relationship with [O2] (or other parameters) is unknown.  The IO3
- reduction under 162 

“inhibition” is mathematically described as: 163 

𝑑[IO3
−]/𝑑𝑡 = [𝐼𝑂3

−] × 𝑘𝑟𝑒𝑑 ×
𝑘𝑂2

𝑘𝑂2+[𝑂2]
      (1) 164 

in which kred is the maximum first-order reduction rate of IO3
-, and kO2 is the half-saturation constant of O2. 165 

Reduced sulfur (e.g. sulfides) is also suspected to play an important role in IO3
- reduction in seawater, 166 

especially in the sulfidic zones (Jia-zhong and Whitfield, 1986; Luther and Campbell, 1991; Wong and Brewer, 1977; 167 

Truesdale et al., 2013). We therefore devise a scheme (“reminSO4lifetime”) that scales a nominal ‘lifetime’ for IO3
- 168 

with the rate of SO4
2- reduction in the model. This has the effect of increasing the rate of IO3

- reduction (a shorter 169 

lifetime) under conditions of higher sulphate reduction rates and hence lower ambient oxygen concentrations and/or 170 

higher rates of organic matter degradation:  171 

𝑑[IO3
−]/𝑑𝑡 = [𝐼𝑂3

−] ×
1

𝜏𝑠𝑢𝑙
× 𝑑[SO4

2−]/𝑑𝑡     (2) 172 

in which τsul defines the rate constant parameter linking the IO3
- and SO4

2- reduction, while the d[SO4] is amount of 173 

SO4
2- reduced during each model timestep. 174 

In Lu et al., (2018), I- is oxidized to IO3
- following first-order kinetics regardless of ambient O2 (scheme 175 

“lifetime”).  In this scheme, I- oxidation follows the first-order reaction kinetics:  176 

𝑑[I−]/𝑑𝑡 = [I−] ×
1

𝜏
        (3) 177 

where τ is the lifetime of I- in seawater.  178 

Given the potential link between I- and nitrification, we devise an alternative “Fennel” scheme, in which I- 179 

oxidation rates vary as a function of ambient O2, increasing with ambient O2 concentrations towards some hypothetical 180 

maximum value following Michaelis–Menten kinetics (Fennel et al., 2005). In Fennel et al., (2005), this 181 

parameterization was originally devised for ammonia reoxidation. The form of this response is defined by the 182 

maximum reaction rate and O2 half-saturation constant (Fennel et al., 2005):  183 

𝑑[I−]/𝑑𝑡 = [I−] × 𝑘𝑜𝑥 ×
[𝑂2]

𝑘𝑓𝑒𝑛𝑛+[𝑂2]
      (4) 184 

in which kox defines the maximum rate constant of I- oxidation, while kfenn is the O2 half-saturation constant.  185 

Finally, in “reminO2lifetime”, we associate I- oxidation with O2 consumption during remineralization. The 186 

logic behind this parameterization is the recent observation of I- oxidation to IO3
- catalyzed by bacteria, perhaps in 187 

association with ammonia oxidation (Hughes et al., 2021). Although the nitrogen cycle is not currently included in 188 

cGENIE, the NH4
+ oxidation can be scaled to OM remineralization (Martin et al., 2019) and hence to O2 consumption 189 

during remineralization. Under “reminO2lifetime”, the lifetime of I- oxidation is inversely linked to O2 consumption 190 

so that faster remineralization—which in the ocean leads to more intensive NH4
+ oxidation—enhances I- oxidation.  191 

This I- oxidation scheme follow this equation: 192 

𝑑[I−]/𝑑𝑡 = [I−] ×
1

𝜏𝑂2
× 𝑑[O2]/𝑑𝑡      (5) 193 

where τO2 is the rate constant parameter and d[O2] is the O2 consumption during remineralization during a single 194 

timestep in the model. 195 
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 The final process in the marine iodine cycle framework concerns the processing of iodine directly 196 

through the biological pump. In this, IO3
- is taken up by phytoplankton and incorporated into OM during 197 

photosynthesis (Elderfield and Truesdale, 1980) before being released as I- during remineralization and/or cell 198 

senescence (Wong et al., 2002; Hepach et al., 2020; Wong et al., 1985). cGENIE simulates these processes as a 199 

function of a ‘Redfield-ratio’ of iodine to carbon (I:C ratio) in OM. We note that while I:C is tunable, it is fixed 200 

throughout the ocean. We discuss the merits of an optimized and uniform I:C compared to variable I:C (e.g., Waddley 201 

et al., 2020) in more detail in the discussion. 202 

2.3 Model-data comparison 203 

We used the model skill measure (M) (Watterson, 1996) to assess the performance of the marine iodine cycle in 204 

cGENIE. A major advantage of the M-score is that it is calculated through location-dependent comparison (Fig. 2; Lu 205 

et al., 2018). Another advantage of the M score is that it captures overall improvement of model performance relative 206 

to model-minus-observation maps, since it is non-dimensional, and the higher M stands for better performance. For 207 

comparison with simulated distributions of iodine speciation, we compiled oceanic iodine observation data from the 208 

literature (Fig. 2B; Table S4). This dataset includes the compiled dataset of Chance et al., (2019) and Sherwen et al., 209 

(2019), which was used to calibrate the Wadley et al., (2020) model, but includes more recent publications (referenced 210 

in Table S4) and is expanded to include the deep ocean and ODZ data. To avoid the influence of freshwater dilution 211 

and recycled iodine from the sedimentary flux, we applied a filter which only keeps the measurements with total iodine 212 

between 450nM and 550nM in the dataset. Note that the I- measurements from the GP16 cruise in the ETSP are not 213 

included for the comparison because of potential method considerations (see Cutter et al., 2018 and Moriyasu et al., 214 

2023). After these filtration methods, the data were re-gridded by taking the average values according to cGENIE 215 

grids. For each iodine speciation (hereby IO3
- and I-), a M score is calculated through comparing re-gridded 216 

observations versus model results in each corresponding grid. The synthesized M score for iodine of each model 217 

experiment is calculated through averaging those for both I- and IO3
-.  218 

 219 
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 220 

Figure 2: A). An example of location-dependent comparison between I- distributions in the cGENIE model 221 

iodine data array and the regridded ocean observation. B). The sampling locations of iodine observation data 222 

used for model-data comparison. Some coastal stations included in the figure are filtered out in the model-data 223 

comparison. The ETNP transect associated with Fig.6 is labeled as red box. 224 

 225 
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2.4 Sensitivity analyses and model implementation 226 

Because the relative roles of IO3
- reduction, I- oxidation, and IO3

- planktonic uptake in the water column are uncertain, 227 

we calibrate the parameters controlling these processes in cGENIE by creating an ensemble of different parameter 228 

value combinations arranged in a 2D regularly-spaced grid and then repeat the same 2D parameter ensemble for 229 

different assumptions of I:C (Fig. 3).  The output of each ensemble member is then statistically compared to our 230 

observational database. We assume the associated parameterization when the model reaches the best M score of 231 

replicating modern ocean iodine distribution would also be applied to simulate iodine cycling in the past. Each 232 

ensemble member was run for a total of 2,000 years and each starts from the same initial state, which was an 233 

experiment run for 10,000 years to equilibrium using a random set of iodine parameters within the ranges in Table 1. 234 

Running the models for 2000 years minimizes the CPU time but was also found to be more than sufficient to allow 235 

iodine inventories to equilibrate to new steady states. To explore whether the model simulated dissolved oxygen 236 

distribution imparted any particular bias to the tuned iodine cycle, we repeated the model ensembles, continually 237 

restoring the 3D pattern of [O2] in the model to that of the World Ocean Atlas 18 (WOA18) climatology (Garcia et 238 

al., 2018).  239 

 240 
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 241 

Figure 3: The three-dimensional model skill score array of the experiment ensembles. 242 

 243 

We ran model ensembles to test five different combinations of iodine cycling parameterizations – “lifetime-threshold”, 244 

“Fennel-threshold”, and “reminO2lifetime-threshold”, “lifetime-reminSO4lifetime”, “lifetime-inhibition” (Table S1). 245 

While the results for all parameterization combinations are given in the supplement, we only focus on 3 246 

parameterization-combinations here (Table 1) — “lifetime-threshold”, “Fennel-threshold”, and “reminO2lifetime-247 
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threshold”. (A detailed justification and discussion for selecting these parameterization-combinations is included in 248 

the Discussion section.)  249 

 250 

Table 1. The cGENIE iodine redox options and the associated range of parameters of these options. 251 

The detailed introduction of each parameter is described in section 2.2.2 and the plausibility of these parameter 252 

ranges is discussed in 4.1.1. Note that the oxidation rate constant k in ‘Fennel’ is in unit of year-1 in the model 253 

configuration, which is the reciprocal of the ‘lifetime’. A detailed table containing all considered 254 

parameterization ranges can be found in Table S1. 255 

  256 

 

Parameter description 

Iodine oxidation parameters 
Iodine reduction 

parameters 

I:C ratio (× 10-4 mol/mol) 
'lifetime' 

(years) 

'reminO2lifeti

me’  

(× 10-5 mol/kg) 

‘Fennel’ 

(Inhibition constant/ 

µM O2) 

'threshold' 

(µM O2) 

Simulation 1 

cGENIE O2 10-170 \ \ 1-110 0.5-3.5 

WOA 10-170 \ \ 1-110 0.5-3.5 

Simulation 2 

cGENIE O2 . 
10-170 

(1/k) 

0.01- 

1   
20 1-110 0.5-3.5 

WOA. 
10-170 

(1/k) 

0.01- 

1   
20 1-110 0.5-3.5 

Simulation 3 

cGENIE O2 \ 
0.01- 

1   
\ 1-100 0.5-3.5 

WOA \ 
0.01- 

1   
\ 1-100 0.5-3.5 
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3. Results 257 

In this section, we start by summarizing the overall statistical outcome of the tuning, then present a series of spatial 258 

analysis comparisons for each of the highest M-score ensemble members. The spatial analyses progressively reduce 259 

in scale, moving from global surface distributions, to global and basin-specific water column profiles, and finally to 260 

spatial comparisons for a specific ODZ region. 261 

3.1. Model skill score 262 

The M-score values achieved across the complete ensemble for each of the 3 main parameterization-combinations are 263 

illustrated in Fig. 3. The sensitivity test shows the M scores are sensitive to all three of the main parameters for the 264 

ensembles in Fig. 3. Higher model skill scores are usually reached when “threshold” is tuned to 10 µM [O2] for all the 265 

ensembles, including both model-simulated [O2] and WOA-forced [O2]. For the ensembles, “lifetime-threshold” and 266 

“Fennel-threshold”, the highest M scores are similar—0.305 and 0.308, respectively (Table 2). Both these ensembles 267 

have the highest performance when “threshold”, “lifetime”, and I:C ratio are tuned to 10 µM [O2], 50 years, and 1.5 268 

× 10-4 mol/mol, respectively, which is generally consistent with observations (Lu et al., 2016, 2020b; Tsunogai, 1971; 269 

Elderfield and Truesdale, 1980) (discussed in more detail later). The model performance of “reminO2lifetime-270 

threshold” is less good than the other two combinations, with the best M score of 0.266 when “threshold”, 271 

“reminO2lifetime”, and I:C ratio are tuned to 10 µM O2, 1 × 10-6 mol/kg, and 3.5 × 10-4 mol/mol, respectively (Table 272 

2, Fig. 3). We note that for each parameterization-combination, the highest possible M score achievable by tuning 273 

improves when [O2] is forced to that of the World Ocean Atlas 18 (WOA18) climatology (Garcia et al., 2018).  274 

3.2. Meridional surface I- distribution 275 

Figure 4 shows a comparison between the observed latitudinal distribution of [I-] at the surface and as simulated by 276 

the model for each parameterization-combination (for the respective best M-score ensemble member). Note that the 277 

observations (Section 2.3) are binned to the corresponding model grid cells and as such, reflect averages over the 278 

upper-most 80 m of the water column. This represents a reduction from 1338 to 141 surface ocean data points. We 279 

find that the surface ocean [I-] in the model shows a trend of increasing values towards low latitudes, broadly consistent 280 

with observations (Chance et al., 2014) (Fig. 4). The “lifetime-threshold” and “Fennel-threshold” show similar 281 

latitudinal trends, but both overestimate the surface I- in the mid-low latitudes in the southern hemisphere. The 282 

“reminO2lifetime-threshold” ensemble produces better estimation of meridional surface [I-] trend, although 283 

overestimates [I-] in the tropical surface ocean compared to the other two ensembles (Fig. 4). 284 

 285 
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 286 

Figure 4: Modeled latitudinal surface iodide distribution compared with observation with the cGENIE 287 

simulated [O2] and the [O2] restoring forcing. The elevated [I-] observed and modeled in low latitudes is the 288 

result of phytoplankton reduction in the surface ocean. Note that the I- distribution simulated by “lifetime-289 

threshold” and “fennel-threshold” are close but not identical. 290 

 291 

3.3. Global and basin-specific iodine depth distributions 292 

Comparisons between the observed distributions of I- and IO3
- seawater concentrations among the global ocean and 293 

the Atlantic and Pacific Oceans are presented in Fig. 5. Again, we re-gridded the iodine observations (see: Section 2.4) 294 

and selected sub-sets of the data that lay in either Atlantic or Pacific basins, contrasting with the corresponding model 295 

values at those locations. We find only relatively minor differences between the best M-score ensemble member of 296 
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each of all three parameterization-combinations, and all show increased [IO3
-] and decreased [I-] with increased depth 297 

below the photic zone in the Atlantic and Pacific basins, as well as globally (Fig. 5). The modeled depth profile broadly 298 

matches with observation in the Atlantic and deep Pacific Ocean, except the underestimated subsurface peak of [I-] 299 

observed in the Pacific and overestimated [IO3
-] in the deep Pacific (Fig. 5). This mismatch of subsurface I- peak is 300 

probably the result of sampling bias, with most of the Pacific iodine observations from ODZs in the Eastern Tropical 301 

North Pacific (ETNP) and the Eastern Tropical South Pacific (ETSP). For example, in model depth profiles masked 302 

to only include grid points with corresponding observations, the modelled Pacific depth profiles show a clear mid-303 

depth ODZ feature (Fig. S8).  304 

 305 

 306 

Figure 5: Modeled averaged iodine (including iodate and iodide) depth profile among global ocean, the Pacific, 307 

the Atlantic compared with observation. The surface I- enrichment among the ocean basins is caused by 308 

phytoplankton reduction. The subsurface (~500m) I- enrichment is the result of sampling bias that most of the 309 

observations are from the ETNP and ETSP ODZs. 310 
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 311 

3.4. Iodine distribution within ODZs 312 

To assess the model ability to simulate iodine cycling in marine low oxygen environments, we compared distributions 313 

of oxygen and iodine species in the ETNP (Fig. 6). The O2 transects amongst all model simulations are the same 314 

because we only changed the parameterizations of the iodine cycle between ensembles and ensemble members (i.e., 315 

they all simulate the same biological pump in the ocean). Notably, compared to [O2] measured in the ETNP transect, 316 

the model underestimates the extent of the ODZ. Severe deoxygenation below 50µM [O2] was observed in relatively 317 

shallow depths between 100-200m in the ETNP, and this ODZ extends for more than 3000 km towards off-shore from 318 

Mexican coast (Fig. 6). Although cGENIE simulates the O2-deficient pattern in the ETNP, the extent of the ODZ is 319 

underestimated. The simulated oxycline is ~200m deeper than the observation and the [O2] variation is gradual. The 320 

ODZ below 20µM [O2] in the model is limited to a small spatial extent within 1000km offshore, which is much smaller 321 

than that in the observation (Fig. 6). 322 

 323 

 324 

Figure 6: Modeled (contour) and observed (colored dots) west-to-east transect of IO3
- and O2 in the ETNP. Note 325 

that the WOA-forced [O2] models simulate a larger extent of IO3
- anomaly, which better matches the 326 

observation. The left-hand panel contours are model results based on cGENIE-simulated [O2] while contours 327 

on the right are model results from WOA-forced [O2]. 328 
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 329 

All the three chosen best-performance-experiments show similar iodine anomalies (IO3
- depletion) in the 330 

ETNP, fitting the general feature of the observation. Other parameterizations did not replicate the ODZ (Fig. S4). 331 

However, even under the “best-fitting” parameters, compare to the observations, the ODZ feature in the model is 332 

underestimated both in intensity and in areal extent compared to the observations (Fig. 6). The observed IO3
- depletion 333 

zone ([IO3
-] <100nM) occurs in shallower depths between 100-500m, matching the shallow ODZ and spans ~2000km 334 

offshore; however, the modeled IO3
- depletion zones in the ETNP are located in 400-700m, and only extends within 335 

1000km from the shore.    336 

We also ran model ensembles forcing cGENIE to restore the modern ocean [O2] annual average climatology 337 

to that of the WOA18 (Garcia et al., 2018) (Fig. 6). Now the subsurface IO3
- depletion zone in the ETNP ODZ in all 338 

three ensembles extends ~2000km offshore and spans across 100-1000m in depth (Fig. 6). The shallow and extended 339 

ODZ iodine distribution in the ETNP better matches the observation compared to non-O2 restoration simulations.  340 

 341 

Table 2. The performance of the cGENIE iodine simulations and associated parameterization when the 342 

model reaches the best global M score. Note that the oxidation rate constant k in ‘Fennel’ is in unit of year-1 in 343 

the model configuration, which is also the reciprocal of the ‘lifetime’. The full model performance is 344 

summarized in Table S2. Note that the lifetime in ‘Fennel’ is parameterized as k (year-1) = 1/lifetime. 345 

  346 

 

Parameter description 

Iodine oxidation parameters 

Iodine 

reduction 

parameters 
I:C ratio (× 

10-4 

mol/mol) 

Model skill 

score 
'lifetime' 

(years) 

'reminO2lifetime’ 

(× 10-5 mol/kg) 

‘Fennel’ 

(Inhibition constant/ 

µM O2) 

'threshold' 

(µM O2) 

Simulation 1 

cGENIE O2 50 \ \ 10 1.5 0.305 

WOA 50 \ \ 10 1.5 0.385  

Simulation 2 

cGENIE O2  
50  

(1/k) 
\ 20 10 1.5 0.308 

WOA 
10  

(1/k) 
\ 20 10 3.5 0.385 

Simulation 3 

cGENIE O2 \ 0.1 \ 10 3.5 0.266 

WOA \ 0.1 \ 10 3.5 0.365 
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4. Discussion 347 

In summary: we ran ensembles for five combinations of iodine cycling parameters (summarized in Table S2) in the 348 

cGENIE Earth system model (both with internally calculated and WOA-imposed [O2] distribution) and presented 349 

the results for 3 of them that showed the best performance. We analyzed the performance of the ensembles via: (1) 350 

M score for the model-data match of both [I-] and [IO3
-] across the entire ocean, (2) qualitative model-observation 351 

comparison of latitudinal surface ocean distributions of [I-], (3) averaged depth profiles in global and individual 352 

ocean basins for both [I-] and [IO3
-],  (4) iodine transects across the across the Eastern Tropical North Pacific 353 

(ETNP) ODZ, and (5) M score for model and I:Ca observations for pre-OAE2. 354 

4.1. Overall model skill score comparison 355 

Two broad observations emerge from the M score comparison. First, the 1st-order kinetic iodine oxidation associated 356 

ensembles (“lifetime-threshold” and “Fennel-threshold”) have the highest M scores (Table 2), under both cGENIE-357 

simulated [O2] and WOA-forced [O2]. This is consistent with previous observations of 1st-order kinetics for 358 

I-  oxidation (Tsunogai, 1971). Second, the simulations with WOA-forced [O2] produce significantly higher M 359 

scores than that of the cGENIE-simulated [O2] field (at least ~0.8 of improvement; Table 2). Despite a 1st-order non-360 

O2 dependent oxidation mechanism providing the highest M scores, the WOA vs internally model-generated 361 

dissolved oxygen distributions comparison highlights the O2 and related redox dependency of the iodine cycle from 362 

the perspective of IO3
- reduction. Each of these factors are discussed in the following Section 4.1.1. 363 

 364 

4.1.1. Parameter value plausibility 365 

A credible representation of the marine iodine cycle requires not only that observations can be replicated, but that 366 

replication occurs when parameter values fall within real-world ranges. In this section, we discuss the validity of our 367 

best-fit (maximized M-score) parameter values. For the iodine cycle, these parameters include O2 threshold, I:C ratio, 368 

and I- oxidation rate. 369 

Our model M score is highest with an [O2] reduction threshold of 10µM (Fig. 3 and Table 2). Although it is 370 

generally well accepted that IO3
- is reduced in low oxygen settings (Luther, 1991; Rue et al., 1997; Wong et al., 1985; 371 

Wong and Brewer, 1977; Farrenkopf and Luther, 2002), the degree of O2 depletion that triggers IO3
- reduction is still 372 

unclear. A relative high threshold for triggering IO3
- reduction is proposed based on comparison between benthic 373 

foraminiferal I:Ca and ambient [O2] (20-70 µM O2; Lu et al., 2016, 2020a). These [O2] thresholds are similar to that 374 

determined in a previous cGENIE-based iodine cycle study (30 µM) (Lu et al., 2018), but it is difficult to directly 375 

compare this to our results because of differences in the model representation of the ocean biological pump, the iodine 376 

observational data-set, and model-data comparison methods utilized. 377 

Many of the studies suggesting a relatively high [O2] threshold is based on evaluations of [IO3
-]-[O2] within 378 

the upper chemocline of ODZs; however, evaluation of [O2]-[IO3
-] from ODZs throughout the entire water column 379 

suggest the potential for IO3
- persistence within the low oxygen cores of ODZs. Specifically, IO3

- accumulation is 380 

observed within the ETNP and ETSP at depths where [O2] is close to or below the detection limit of the sensors which 381 

is reported near 1 µM (Hardisty et al., 2021). In addition, it is worth noting that the kinetics of IO3
- reduction is 382 

heterogeneous both within and between ODZs. For example, a transect evaluating IO3
- reduction rates in the ETNP 383 
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observed rapid rates in the upper oxycline, where [O2] was near ~12 µM, but the potential for sluggish rates in the 384 

ODZ cores, where [O2] was below detection. In an early study of the Arabian Sea, IO3
- was reduced rapidly within 385 

the ODZ core. Together, these suggest IO3
- reduction may be controlled by factors beyond O2 (Hardisty et al., 2021; 386 

Farrenkopf and Luther, 2002). For example, IO3
- is likely formed in high [O2], non-ODZ water masses but can be 387 

sustained upon transport or mixing within oligotrophic, offshore ODZ regions where organic supplies are more limited 388 

(Hardisty et al., 2021). A comparison to the N cycle would also indicate a low [O2] threshold—for example, 389 

denitrification has a sub-µM [O2] threshold and has a similar redox potential with IO3
- reduction (Dalsgaard et al., 390 

2014; Thamdrup et al., 2012). A sub-µM [O2] threshold for IO3
- reduction could explain the [IO3

-] variations observed 391 

in ODZ cores with [O2] below the µM detection limits of sensors; however, iodine speciation has yet to be analyzed 392 

alongside [O2] measurements via sensors with sub-µM detection limits, such as STOX sensors. Regardless, our 10 393 

µM [O2] threshold based on maximizing the M score reflects a global average value and clearly falls within the ranges 394 

of oceanographic observations.  395 

For both our study and that of Lu et al., (2018), an I- lifetime of 50 years maximizes model performance. 396 

However, Lu et al., (2018) chose to implement a slightly lower value of 40 years for their paleo-application because 397 

it reflected the slowest rate observed in the literature at that time (Tsunogai, 1971). Notably, though IO3
- is the most 398 

abundant marine iodine species, its production from I- has never been observed under normal marine conditions. This 399 

has acted as a major hinderance on providing direct constraints. That said, our cGENIE estimate is consistent with a 400 

multitude of other constraints that indicate that I- oxidation to IO3
- undergoes extremely slow kinetics. The I- oxidation 401 

rates calculated through indirect methods including mass balance and seasonal iodine speciation changes (Tsunogai, 402 

1971; Campos et al., 1996; Truesdale et al., 2001; He et al., 2013; Edwards and Truesdale, 1997; Žic et al., 2013; 403 

Moriyasu et al., 2023) or through radiogenic tracer spiked incubations (Hardisty et al., 2020; Schnur et al., 2024; 404 

Ştreangă et al., 2024) have a wide range of variation from 1.5nM/yr to 670nM/yr. The lifetime in cGENIE is 50 years, 405 

which can be approximately converted to the zeroth order rate of <9 nM/yr, falling in the lower end of the previous 406 

studies.  407 

Our best-fit I:C ratio is 1.5×10-4, and this value is in agreement with plankton measurements and mass-408 

balance calculations (Chance et al., 2010; Elderfield and Truesdale, 1980). In the photic zone, IO3
- is taken up by 409 

phytoplankton and incorporated into their cellular structures followed by subsequent conversion into I- (Hepach et al., 410 

2020). Due to this, it is assumed that IO3
- removal in the surface layer of the ocean is a function of organic carbon 411 

fixation during primary productivity according to Redfield-like ratios (Campos et al., 1996; Chance et al., 2010). Of 412 

the parameters incorporated into the model, in theory, I:C should probably be the best constrained. However, published 413 

I:C ratios based on field and laboratory measurements vary over several orders of magnitude (10-5 to 10-3) (Elderfield 414 

and Truesdale, 1980; Campos et al., 1996; Hepach et al., 2020; Chance et al., 2010). To limit the number of model 415 

simulations and size of the ensembles, we only varied I:C between 5×10-5 and 3.5×10-4, increasing by 1.0×10-4, which 416 

covers the range indicated by previous studies (Elderfield and Truesdale, 1980).  417 

It is unlikely that the I:C value is constant across the global ocean due to differences in phytoplankton compositions 418 

and other factors. In cGENIE, most of the elevated surface [I-] over 200nM is present in the ETSP and the northern 419 

Indian Ocean, representing the effect of high primary productivity and transformation of IO3
- to I- via the rapid 420 
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recycling DOM ‘loss term’ in the representation of biological export (Fig. S6). The mismatch between the model and 421 

the observation probably hints that the I:C ratio is not constant in the ocean, as which is also hypothesized by Wadley 422 

et al., (2020), although in the absence of an explicit representation of primary productivity in the model and lack of a 423 

spatially variable f-ratio (Laws et al., 2000)(implicitly, the f-ratio is 0.33 everywhere in cGENIE). In testing a fixed, 424 

spatially uniform I:C, Wadley et al. (2020) underestimated surface [I-] in low latitudes and overestimated 425 

concentrations in mid-latitudes. Based on their model-observation comparison, they hypothesized that the I:C ratio 426 

decreases systematically with sea surface temperature (SST) (Wadley et al., 2020). Until more constraints are 427 

developed on spatial variability and associated driving factors for I:C, a generalized approach of a globally uniform 428 

I:C remains the most parsimonious assumption, especially considering cGENIE’s intended extrapolation to ancient 429 

settings.  430 

4.1.2. Comparing alternative iodide oxidation parameterizations in cGENIE 431 

Due to similarity in redox potentials, the iodine cycling in the ocean has been hypothesized to be linked to the cycling 432 

of nitrogen (Rue et al., 1997). Nitrification promoting I- oxidation to IO3
- has been hypothesized in field studies 433 

(Truesdale et al., 2001; Žic et al., 2013), and more recently has been linked via observation of I- oxidation to IO3
- by 434 

ammonia oxidizing bacteria in laboratory environments (Hughes et al., 2021). We further note that Wadley et al., 435 

(2020) explicitly link I- oxidation to NH4
+ oxidation in their surface ocean iodine cycle model.  436 

As an alternative to the first-order lifetime oxidation parameterization used here and in Lu et al., (2018) and 437 

in the current absence of a full nitrogen cycle (and hence explicit NH4
+ oxidation) in cGENIE, we also applied a 438 

strategy (“reminO2lifetime”) which links I- oxidation to organic carbon remineralization and the consumption rate of 439 

dissolved oxygen. The reasoning behind this is that the O2 consumption rate in the model implicitly reflects bacterial 440 

oxidizing activity in the water column and hence the potential for I- to be oxidized to IO3
-. 441 

We find that the overall model performance involved with the “reminO2lifetime” is lower than other 442 

experiments where I- oxidation is ubiquitously oxidized according to a parametrized lifetime, or “lifetime-threshold” 443 

(maximum M score 0.266 vs. 0.305/0.308 under cGENIE simulated [O2]) (Fig. 3 and Table 2). However, despite 444 

slightly lower M scores, the “reminO2lifetime” generally replicates the latitudinal surface [I-] trend, the depth profiles 445 

in the ocean basins, and the ODZ transect (Figs. 4-6).  446 

Under the default “lifetime” scheme, I- will oxidize in the whole ocean regardless of the concentration (or 447 

even presence/absence) of ambient O2. This scenario might hence not perform well in replicating the ocean iodine 448 

cycling at intervals during the Phanerozoic when ODZs were highly expanded, or particularly during the Precambrian 449 

when the majority of the ocean was ferruginous or euxinic and highly depleted in O2 (for example, summarized by 450 

Lyons et al., 2014). Ideally, for application to paleoceanographic studies, an [O2]-related I- oxidation alternate scheme 451 

is required. Although thermodynamics theory suggests O2 does not directly drive I- oxidation (Luther et al., 1995), 452 

field studies in ODZs indeed observed low [O2] inhibits this process (Farrenkopf and Luther, 2002; Moriyasu et al., 453 

2020). We hence developed and tested variable I- oxidation kinetics, with the ambient dissolved O2 providing an 454 

inhibition of the rate of oxidation based on the enzymatic nitrification scheme of Fennel et al., (2005). 455 
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Since most of the ocean is fully oxygenated today, the difference of M scores between “lifetime” and “Fennel” 456 

oxidation models are minor (0.305 vs. 0.308, Table 2). The parameters associated with the highest M score between 457 

two oxidation options are also very close to each other, except “Fennel” oxidation together with the model WOA-458 

forcing, has higher I:C ratio (3.5 × 10-4) and faster saturated I- oxidation kinetics (0.1 yr-1 vs. 0.02 yr-1 in other 459 

ensembles). The parameter differences between the “Fennel”-WOA ensemble and other models make sense because 460 

the faster oxidation rate compensates the increased I- production through the higher biotic uptake rate. The pre-OAE2 461 

simulations are particularly illustrative of this tradeoff and are discussed in more detail in section 4.3. 462 

In summary, all the three parameter combinations produce high and comparable M scores and similar 463 

parameters (oxidation, reduction, and I:C) associated with these M scores (Table 2). Although direct field-based 464 

evidence to evaluate the controlling parameters of “reminO2lifetime” is absent, the parameters controlling the other 465 

model scheme are consistent with previous studies.  466 

4.2. Beyond the M-score: model-data comparison across iodine gradients 467 

As applied here, the M score provides a quantitative measure that describes the overall model global performance and 468 

allows us to directly compare the implications of parameter value and parameterization choices. However, the M score 469 

overlooks regional gradients that may be important for both paleo- and modern oceanographic research. Indeed, 470 

amongst all the various ensembles we ran as part of this study (Table S1), only “lifetime-threshold”, “lifetime-Fennel”, 471 

and “reminO2lifetime-threshold” performed well in replicating the modern oceanic iodine gradients (Figs. S2-S4) and 472 

informed our decision to focus on these 3 parameterization-combinations here. We now discuss this in more detail 473 

below. 474 

4.2.1. Meridional surface [I-] gradient 475 

All the parameterization-combinations summarized in Table 2, as well as the observations, show enrichment of I- in 476 

the surface ocean at low latitudes (Fig. 4). The pathway of transforming IO3
- into I- in these oxidized waters is through 477 

primary productivity in the photic zone, which is temperature dependent (Chance et al., 2014). A recent north-south 478 

transect showed the highest surface I- enrichment in the oligotrophic, permanently stratified tropical stations (Moriyasu 479 

et al., 2023). Therefore, the IO3
- flux from deep waters through seasonal mixing may be an important balance to in-480 

situ IO3
- reduction rate by primary producers in the high latitudes (Chance et al., 2014; Moriyasu et al., 2023). The 481 

cGENIE model generates the general pattern of latitudinal surface I- distribution pattern; however, overestimation 482 

especially in low latitudes may exist, especially in the tropical surface where  [I-]  are close to 500nM among all the 483 

cGENIE-O2 models (Fig. 4).  484 

The cGENIE (internally generated oxygen distributions) vs WOA (imposed distributions) O2 comparison 485 

provides evidence that I- generated in low [O2] settings may broadly enhance [I-] in oxygenated photic waters, with 486 

lower and closer-to-observations [I-] values in the WOA tunings (Fig. 4). This includes “lifetime-threshold”, where 487 

O2 only impacts the reductive portion of the iodine cycle, but also the “Fennel” and “reminO2lifetime” where rates of 488 

I- oxidation is also [O2] dependent. More specifically, most of the elevated (over 200nM) surface [I-] in cGENIE, 489 

occurs in the ETSP and the northern Indian Ocean and corresponds to locations of high primary productivity (Fig. S6). 490 
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Since the surface ocean [O2] in the model is never below 200µM, IO3
- reduction at the ocean surface is unlikely. 491 

Instead, ex situ transport from proximal regions of subsurface anoxia is the most probable source of elevated I-. Indeed, 492 

the most prominent regions of I- enrichment in the model occur near the Peruvian coast and in the Arabian Sea, where 493 

ODZs lie below the surface (Fig. S6).  More detailed data-model comparison among these two areas is limited because 494 

the observation data are few (e.g., Farrenkopf and Luther, 2002 and Rapp et al., 2020). In contrast, the meridional 495 

trend of I- in the surface Atlantic Ocean, where ODZs are less developed, exhibits better agreement with both the 496 

observation and the Wadley et al., (2020) model (Fig. S6). The overestimation of tropical ocean surface [I-] by cGENIE 497 

is hence likely to be associated with deficiencies in the simulation of ODZ oxygenation.  498 

Importantly, modeled overestimations in surface ocean [I-] may be difficult to confirm given current 499 

observational data densities. Specifically, a comparison of observational data to model-latitudinal trends masked to 500 

only include grid points with corresponding observations show the same broad trend of increasing [I -] in the low 501 

latitude but with fewer so called “overestimations” (Fig. S7). More observations in surface ocean [I-] from low 502 

latitudes is required to better assess the validity of elevated modelled surface ocean [I-] in some regions. 503 

4.2.2. Global and basin-specific iodine depth profiles 504 

All the models, both cGENIE-[O2] and WOA-forced, generate a decrease in [I-] and increase in [IO3
-] from the 505 

euphotic zone down to the deep abyssal zone across ocean basins, matching the primary-production-driven pattern 506 

(Fig. 5). As discussed in the previous section, this surface maxima of [I-] in the oxygenated water column is the result 507 

of biologically mediated reduction or release during cell senescence of phytoplankton. Below the photic zone, [I-] is 508 

close to zero and IO3
- becomes the dominant species. The deep ocean is mostly oxygenated and has longer water 509 

residence times (several millennia, Matsumoto, (2007)) compared to the I- lifetime (<40 years, Tsunogai, (1971)), thus 510 

facilitating I- oxidation in the absence of IO3
- reduction in ODZs.   511 

We note that there are multiple general discrepancies between observations and data as well as differences 512 

between WOA and cGENIE-[O2]. In general, all models reproduce the global average better, relative to the basin-513 

specific profiles. We suggest that the global averaged profiles are a better test of the cGENIE simulations because of 514 

sampling biases associated with individual basins. For example, the discrepancy between the model and the 515 

observation is prominent in the Pacific (Fig. 5). The observed Pacific subsurface [I-] peak mirrors the [IO3
-] minima 516 

that occurs at depths where ODZs are present. This ODZ feature in the averaged Pacific observation profile is likely 517 

the result of sampling bias since most of the observations from the Pacific were from the ETNP (Rue et al., 1997; 518 

Moriyasu et al., 2020), thus not reflecting the overall iodine distribution in the Pacific Ocean (Fig. S8). As for the 519 

meridional trends, sampling bias is again demonstrated in a depth profiles masked to only include modeled grid points 520 

with corresponding observation data, with a clear mid-depth ODZ feature in the modeled Pacific depth profiles (Fig. 521 

S8). A similar example is from the Indian Ocean, which we do not show, since most iodine subsurface data come from 522 

the ODZ, not normal marine, localities. All this said, while the general features of iodine speciation with depth are 523 

generally similar, our data compilation indicates the potential for some basin-specific variations which require further 524 

research to validate and mechanistically understand. 525 

4.2.3. Iodine distribution within ODZs 526 
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One of the major goals of calibrating the iodine cycle in cGENIE is to simulate the iodine behavior associated with 527 

ancient low oxygen settings. To assess this potential, we analyzed model performance for the ETNP (Rue et al., 1997; 528 

Moriyasu et al., 2020) where observation data are abundant and the areal extent of the ODZ is sufficiently large to be 529 

reflected in the model grid (Fig. 6). Importantly, it should still be noted that cGENIE is best applied to understanding 530 

broad scale processes and thus the scope of the ETNP ODZ transect comparison is likely too fine resolution to expect 531 

a good match. That said, the simulated reduction in IO3
- to I- generally overlaps with the extent of the ODZ (Fig. 6), 532 

which provides support for the use of cGENIE to understand the broad distribution of ancient [IO3
-] and [O2]. Other 533 

non-threshold model parameterization-combinations (shown in Fig. S4) did not replicate the ODZ feature in iodine 534 

speciation.  535 

Across all model configurations assuming cGENIE-[O2], the prominent discrepancy is an underestimation of 536 

the spatial extent and intensity of the IO3
- depletion zone in the ETNP (Fig. 6) because simulated subsurface O2 537 

deficient area is notably narrower than that compared to WOA climatology (Fig. 6, Fig. S5). There are multiple factors 538 

that might affect the performance of simulating the O2 cycle in cGENIE. The model might underestimate the intensity 539 

of gyres in the North and Tropical Pacific, resulting in the narrowed ODZs in these areas. Also, the pattern of upwelled 540 

nutrients into the surficial Tropical Pacific needs to be tuned to better replicate the productivity and the O2 consumption 541 

during remineralization. Another source of uncertainty is that the short-term processes, such as seasonal or El Niño 542 

driven ODZ variations at the time of sample collection are not replicated in the cGENIE simulations.  543 

Other data-model misfits might have arisen as a result of additional IO3
--reduction dependencies not 544 

explicitly accounted for in the model. As discussed above, shipboard incubation and radiogenic-tracer-spiked rate 545 

calculation suggest that IO3
- reduction is slow in the offshore ETNP ODZ (Hardisty et al., 2021). This could explain 546 

why measurable IO3
- is present in the core of the ETNP ODZ (Fig. 6). This is further exacerbated in the Eastern 547 

Tropical South Pacific ODZ, where [IO3
-] remains above 250 nM in some studies (Cutter et al., 2018) but near 548 

detection limits in in others (Rapp et al., 2020), suggesting extreme spatiotemporal variability related to currently 549 

unconstrained factors. Further, while the capability of microbes using IO3
- as an electron acceptor for oxidizing organic 550 

matter has been confirmed in laboratory culture experiments (Councell et al., 1997; Reyes-Umana et al., 2021; 551 

Yamazaki et al., 2020; Amachi et al., 2007; Farrenkopf et al., 1997), no study to date has demonstrated non-O2 552 

dependent controls driving variable IO3
- reduction rates.  553 

An important factor contributing to elevated [I-] in ODZs is benthic fluxes and reduction occurring within 554 

the uppermost layers of marine sediments (akin to denitrification). To help account for this in our M score and model 555 

calibration (see: methods section), excess iodine was filtered from our observational dataset. The excess iodine 556 

originated from the sediment flux has been observed in ODZ water columns contacting anoxic sediments (Chapman, 557 

1983; Farrenkopf and Luther, 2002; Cutter et al., 2018; Moriyasu et al., 2020). We note that excess iodine is explicitly 558 

as I-, reflecting the limited or lack of oxygen within the ODZ, and is a local-regional phenomenon not yet observed to 559 

persist beyond ODZ settings. As such, since our goal is a paleoceanography-focused model, cGENIE does not 560 

incorporate the benthic flux of I- because only IO3
- is tracked via the I:Ca paleoredox proxy. 561 

 562 

4.3. Applicability of the cGENIE marine iodine cycle to paleo redox reconstruction  563 
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Parameter tuning, and the ability to reproduce modern observations, does not by itself offer any guarantee that spatial 564 

patterns are being simulated for the ‘correct’ reason (i.e., specific set and relative importance of mechanisms). This is 565 

even more pertinent in the context of the application of a modern-tuned model to paleo redox reconstruction. To test 566 

whether our new iodine cycle had predictive power in the geological past, we carried out a deep-time plausibility test. 567 

 For the paleo plausibility test, we adopted the Cretaceous, pre-OAE2 (ca. 93 Ma) configuration (continental 568 

arrangement and ocean bathymetry, wind stress and velocity, and zonal average planetary albedo boundary conditions) 569 

from Monteiro et al., (2012). We choose this particular geological interval because the controls on ocean redox have 570 

been previously evaluated using the GENIE model (Monteiro et al., 2012; Hülse et al., 2019), the oceanic conditions 571 

are much more extensively dysoxic and anoxic than present-day and hence represent a relatively severe test of the 572 

model iodine cycle, and  a number of I:Ca proxy measurements are available (Zhou et al., 2015). In order to evaluate 573 

the same configuration of the iodine cycle as optimized in this study, we also substituted the temperature-independent 574 

representation of biological export production and fixed remineralization profile of POM in the water column (i.e., 575 

Ridgwell et al., (2007)) for the temperature-dependent scheme of Crichton et al., (2021). However, in substituting the 576 

biological pump scheme in the model we change the ocean redox landscape compared with e.g., Monteiro et al., (2012). 577 

We therefore test a range of different assumptions regarding the ocean PO4 inventory at the time as a means of 578 

generating a range of different plausible states of ocean oxygenation. In this, we test: 0.2, 0.4, 0.6, 0.8, 1.0, and 1.5 579 

times the mean modern concentration (2.15 mM). We run the model with each of the best-fit (highest M-score) sets 580 

of parameter values associated with the 5 different parameterization-combinations (but focus on the results of the same 581 

3 combinations we did for comparison against modern), and for each of the varying PO4 inventory assumptions, for 582 

10,000 years to steady-state. 583 

 584 
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 585 

Figure 7: The continental setting during the Cretaceous OAE2 (Cenomanian - Turonian) in cGENIE. The 586 

colored dots represent averaged pre-OAE2 I:Ca measurements from each of the sections. D = Demerara Rise; 587 

E = Eastbourne; Fe = South Ferriby; N = Newfoundland; R = Raia del Pedale; T = Tarfaya. 588 

 589 

 The I:Ca data used for comparison with the model come from 6 sections (Zhou et al., 2015, Fig. 7, listed in 590 

Table S3). The pre-OAE2 I:Ca baseline value from each section is estimated through averaging the pre-CIE I:Ca 591 

measurements from Table S1 of Zhou et al., (2015). For quantitative comparison between the model and the I:Ca data, 592 

we create an empirically derived forward proxy model for I:Ca. In this, we took the simulated concentration of IO3
- 593 

and Ca2+ in the ocean surface layer of the model at every ocean grid point, and applied the temperature-dependent 594 

linear incorporation relationship derived from inorganic calcite synthesis experiment of Zhou et al., (2014), to estimate 595 

I:Ca. The converted modelled I:Ca at each section were then directly compared with the mean pre-OAE2 I:Ca 596 

measurements using the M score (Fig. 8). We then extracted simulated I:Ca values from the model grid points 597 

corresponding to the sections reported by Zhou et al., (2015) and calculated the M-score. The statistical results of this 598 

comparison are illustrated in Fig. 8 for the 3 parameterizations chosen for focus in the main text and for Fig. S9 for 599 

the full parameterization-combinations and for parameter calibrations derived from internally and WOA-forced 600 

dissolved oxygen distributions. 601 

 602 
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 603 

Figure 8. The model skill scores of modeled and measured I:Ca during the pre-OAE2.  The iodine cycling 604 

parameters are derived from modern simulations with cGENIE-simulated [O2] and WOA-forced [O2], 605 

respectively. lifetime-thresh = lifetime-threshold; remin-thresh +DOC = reminO2lifetime-threshold +DOC 606 

remineralization; remin-thresh = reminO2lifetime-threshold; fenn-thresh = fennel-threshold; life-inhib = 607 

lifetime-inhibition; life-remin +DOC = lifetime-reminSO4lifetime +DOC remineralization; life-remin = 608 

lifetime-reminSO4lifetime. 609 

 610 

 Most of the parameterization-combinations tested reach their highest M scores under the assumption of 0.6-611 

0.8 × modern [PO4] (Fig. S9). Previous analysis using the same climatological configuration of the GENIE model 612 

indicated a PO4 inventory of 1.0 x modern was most consistent with geological redox-related observations prior to 613 

OAE2 (Monteiro et al., 2012). However, our assumption here of temperature-dependent POM export and 614 

remineralization leads to higher export and shallower more intense ODZs compared to temperature-invariant 615 

biological scheme (see: Crichton et al., (2021)). Hence, for a similar degree of ocean anoxia, we would expect the 616 

need for a slightly lower nutrient inventory, as we indeed find. 617 

In terms of the I:Ca M-score, we find the parameterization-combinations “reminO2lifetime-threshold” and 618 

“fennel-threshold” better replicate the geological observations compared to the “lifetime-threshold”. In general, 619 

WOA-derived parameter sets perform better than those derived from cGENIE-[O2], again hinting at the importance 620 

of reducing the uncertainties in simulating the modern O2 cycle in cGENIE. These observations are also largely 621 

independent of the ocean PO4 inventory assumption. Although combinations of parameterizations such as 622 

“reminO2lifetime-threshold” with DOC remineralization, “lifetime-inhibition”, and “lifetime-reminSO4lifetime”, 623 

also produce elevated M scores, these combinations do not perform well in replicating iodine gradients within the 624 

modern ocean (Figs. S2-4). Thus, until there is a better mechanistic understanding of IO3
- reduction in the modern 625 

ocean, the safest choice is arguably to apply the parameterization that best reproduces modern observations and hence 626 

retain use of the “threshold” IO3
- reduction parameterization for paleo applications. 627 

The pre-OAE2 comparison is revealing because it encapsulates a strong gradient between high and very low 628 

I:Ca (Fig. 7), reflecting respectively, high and low surface ocean concentrations of IO3
- in the model. All three of the 629 

parameterization-combinations we focus on here (with WOA-derived parameter values) correctly lead to very low 630 

I:Ca values in the lower latitudinal sections (Demerara Rise, Tarfaya, and Raia del Pedale; Fig. 9), although with a 631 

tendency to slightly overestimate seawater  IO3
- depletion (cross-plots in Fig. 9). Low ocean surface [IO3

-] is due to 632 

https://doi.org/10.5194/egusphere-2024-677
Preprint. Discussion started: 2 April 2024
c© Author(s) 2024. CC BY 4.0 License.



26 

 

the existence of a circum-Equatorial band of intense sub-surface anoxia. In the higher latitudinal sections, including 633 

Newfoundland, Eastbourne, and South Ferriby, I:Ca values tend to be underestimated to varying degrees (Fig. 9). 634 

Compared to the “lifetime” parameterization, both “reminO2lifetime” and “fennel” oxidation simulate the I:Ca values 635 

in these high latitudinal sections rather better, with the regression closer to the 1:1 line (dotted in Fig. 9). We find this 636 

relationship instructional for understanding controls in the modern iodine cycle, which we discuss in more detail below. 637 

 638 

 639 

Figure 9. The pre-OAE2 I:Ca field derived from cGENIE [IO3
-] simulations, and the comparison between 640 

modeled and observed I:Ca from sections. 641 

 642 
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We first note that both ‘lifetime’ and ‘fennel’ iodine oxidation parameterizations in conjunction with a 643 

threshold of iodate reduction and internally generated GENIE-[O2], give rise to identical parameter values (Table 2). 644 

We infer that this is because the modern ocean is predominately well-oxygenated and hence there is little inhibition 645 

of I- oxidation in practice. In the Cretaceous environment, although I- oxidation inhibition should be widespread, the 646 

M-scores are similar (Fig. 8). The rate of I- oxidation in well oxygenated seawater is likely then critical in explaining 647 

elevated I:Ca values at higher Cretaceous latitudes. However, simply decreasing the lifetime in the modern ocean 648 

would result in an under estimation of surface ocean [I-]. The ‘fennel-threshold’ combination under WOA-[O2] reveals 649 

a trade-off that solves this—a decreased I- lifetime compensated for by increased rates of I- release to the ocean interior 650 

directly through the biological pump and elevated cellular I:C (3.5×10-4 vs. 1.5×10-4). In the Cretaceous ocean this 651 

combination allows for both sharper latitudinal gradients in [IO3
-] (and hence I:Ca) to develop, as well as steeper 652 

vertical gradients which allow for non-zero I:Ca values at low latitudes to be captured (cross-plot in Fig. 9). This slight 653 

enhancement of the upper ocean [IO3
-] gradient is also apparent in the present-day analysis (Fig. 5). The combination 654 

of ‘reminO2lifetime’ with a reduction threshold works similarly—a shorter lifetime for I- under oxic conditions offset 655 

in the modern ocean by elevated cellular I:C (Table 2). However, in this case, our gridded parameter search identifies 656 

the trade-off as producing the highest M-score for both modelled and WOA oxygen distributions. 657 

What we learn from this is that the cGENIE iodine cycle tuned to modern observations has predictive power 658 

under a very different state of ocean oxygenation (and circulation and operation of biological pump). However, this 659 

is not true for every choice of parameterization, and the simple ‘lifetime-threshold’ combination, which when 660 

calibrated was statistically almost the best representation of the iodine cycle, was unable to reproduce the latitudinal 661 

I:Ca gradients in the Cretaceous ocean. Shortening the lifetime (and adding an inhibition term) together with increasing 662 

the assumed cellular I:C, could maintain modern ocean fidelity whilst much better capturing Cretaceous I:Ca. That 663 

even better representations of Cretaceous I:Ca were possible but at the expense of reproducing modern observations 664 

adequately hints that improvements in our mechanistic understanding are needed, although all of the above assumes 665 

that the simulation of the Cretaceous redox landscape is plausible. 666 

5. Conclusions 667 

Using the cGENIE Earth system model, we performed a series of ensemble experiment parameter searches for suitable 668 

parameterizations to represent the marine iodine cycle and identified the best performing parameter value 669 

combinations in each case. We found that the optimized parameters associated with IO3
- planktonic uptake, water 670 

column IO3
- reduction and I- oxidation are within the range of field and experiment observations and hence plausible. 671 

Three iodine cycling parameter combinations, “lifetime-threshold”, “reminO2lifetime-threshold”, and “fennel-672 

threshold” emerged as viable candidates following our tests of the global ocean model M score, and model-data 673 

comparison across specific iodine gradients (euphotic latitudinal distribution, depth distribution, and ODZ 674 

distribution). We further evaluate the plausibility of our parameterizations and their paleo and ocean deoxygenation 675 

applicability by contrasting forward-proxy model generated I:Ca values against observations, taking the (pre-OAE2) 676 

Cretaceous redox landscape as a case study. While some model-data discrepancies emerge for both modern and paleo, 677 

these highlight that future observational and/or experimental work is necessary to better constrain modern iodine 678 

https://doi.org/10.5194/egusphere-2024-677
Preprint. Discussion started: 2 April 2024
c© Author(s) 2024. CC BY 4.0 License.



28 

 

cycling mechanisms and related spatiotemporal heterogeneities. While we further identified the importance of 679 

improving the simulation of dissolved oxygen distributions in models, equally, we found that our conclusions 680 

regarding preferred parameterizations and even specific parameter values, was not overly dependent on the specific 681 

details of the simulated modern OMZs.  Overall, our analysis gives us a degree of confidence that carbonate I:Ca ratios 682 

can be interpreted in terms of past ocean oxygenation using models such as ‘cGENIE’. 683 

  684 
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