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5Dept. de Geología, Univ. de Salamanca, Plaza de los Caídos s/n, 37008, Salamanca, Spain 9 

Correspondence to: Guarinos Vincent (guarinos@cerege.fr) 10 

 11 

Abstract 12 

Direct observations indicate a declining trend in ocean oxygen concentrations, which is not quantitatively captured 13 

by models. The complexity of oxygenation variability, linked to both physical and biochemical parameters, must 14 

be investigated across different modern climate contexts. Foraminiferal iodine-to-calcium (I/Ca) ratios have 15 

emerged as a proxy for subsurface oxygen concentrations although their capacity for quantitative reconstructions 16 

remains to be elucidated. We provide a new database of modern foraminiferal I/Ca, including the first results from 17 

the Mediterranean Sea and new samples in the Arabian Sea together with the parameters of biochemistry (nutrient 18 

concentration, pH, chlorophyll, oxygen, net primary productivity), physical and geographical (temperature, 19 

salinity, latitude, distance from the coast, water depths) and diagenesis potential (depth in core, sediment age) to 20 

better understand the proxy behaviour. Considering the strong spatiotemporal variability in dissolved oxygen in 21 

subsurface ocean, we propose to use statistically robust 25th percentile of oxygen concentration (p25 [O2]) in the 22 

upper 500 m in the water column instead of minimum concentration. Our results affirm that oxygen concentration 23 

is the primary driver of foraminiferal I/Ca and we propose a new calibration equation of foraminiferal I/Ca against 24 

p25 [O2]. Based on a new database, we identify a complex relationship between p25 [O2] and iodine speciation, 25 

which is one of the main sources of scatter. A comparison with synthetic calcite reveals that planktonic 26 

foraminiferal tests can incorporate either more or less iodate at high p25 [O2] than abiotic calcite, probably due to 27 

“vital effects”. The Mediterranean Sea samples present a wide range from low to high I/Ca (0.6 to 6.9 µmol/mol) 28 

in well-oxygenated water, which cannot be explained solely by authigenic calcite precipitation. Our results 29 

highlight the complex behaviour of the I/Ca proxy, while its semi-quantitative reconstruction in 30 

palaeoceanography remains promising. 31 
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Oxygen concentration [O2] in the global ocean is decreasing, and the decline is highly influenced by warming 36 

patterns induced by global climate change (Oschlies et al., 2018). Future oxygenation change is difficult to predict 37 

as it depends on various parameters. Dissolved oxygen depletion can be related to changes in solubility with 38 

seawater temperature, generally decreasing ventilation of water masses (Oschlies et al., 2017), and through 39 

biological productivity triggered oxygen consumption in the ocean, especially in the subsurface, where the 40 

productivity and remineralisation are at a maximum. Models can currently only explain about half the observed 41 

oxygen depletion (Bopp et al., 2013; Frölicher et al., 2016) and thus a proxy for subsurface oxygen content is 42 

highly sought to study longer variability under different climate conditions.  43 

The iodine to calcium ratios (I/Ca) from planktonic foraminifera tests have been investigated and used as a proxy 44 

for subsurface/intermediate depth minimum oxygen concentration (Lu et al., 2010, 2016, 2020; Winkelbauer et 45 

al., 2021; Hess et al., 2025; Zhou et al., 2014, 2022; Hoogakker et al., 2025) as inorganic iodine speciation depends 46 

on redox potential, which is mainly controlled by oxygen content (Luther, 2023). Severe oxygen depletion, less 47 

than 1 nM of oxygen, will chemo-dynamically trigger iodate reduction to iodide (I-) (Luther, 2023). In oxygenated 48 

water, iodine is mainly in its oxidized form, iodate (IO3
-) (Chance et al., 2014, 2019). Iodide, the reduced form of 49 

inorganic iodine can also be found in small concentrations near surface because of biological iodate uptake and 50 

iodide release during phytoplankton growth (Hepach et al., 2020). In hypoxic and anoxic waters, iodide is the 51 

major iodine species, thought to increase as iodate is reduced. The reduction reaction takes place under short time 52 

scales, from days to weeks (Chance et al., 2010) whereas the full (re)oxidation of iodide back to iodate has been 53 

reported to take place from several weeks to several months (Wadley et al., 2020). Total inorganic iodine in 54 

oxygenated water typically ranges between 400 and 500 nM, corresponding to a variability of about 20% (Chance 55 

et al., 2010).  Iodine is also present as organically bound iodine, primarily in the form of dissolved organic iodine. 56 

In the open ocean, it is typically about 5% of total dissolved iodine, but this proportion can increase to up to ⁓20% 57 

in coastal areas due to interaction with higher concentrations of dissolved organic matter (Jones et al., 2024). Iodate 58 

is assumed to be the only iodine species to be incorporated to foraminiferal calcite tests as a substitute to carbonate 59 

ion (Feng and Redfern, 2018; Lu et al., 2010; Podder et al., 2017). The processes and kinetics of the chemical 60 

reactions in the water column, as well as its incorporation mechanisms into biologically mediated calcite are still 61 

poorly understood (Luther, 2023).  62 

Calibration of the I/Ca–O2 proxy was first focused on the quantitative reconstruction of subsurface oxygen 63 

concentration as synthetic calcite showed linear incorporation of iodate  depending on its concentration (Lu et al., 64 

2010). Later, foraminiferal core-top calibrations started to relate the I/Ca ratio in respect with minimum oxygen 65 

from 0–500 m in the water column, considering a tight relationship between the minimum oxygen concentration 66 

and surface water iodate concentration (Lu et al., 2016). The proxy was thus proposed as a semi-quantitative tool 67 

with thresholds I/Ca value of 0.85 2.3 and 5 µmol/mol that corresponds to [O2] 50, 90 and 140 µmol/kg (Lu et al., 68 

2016; Wang et al., 2026). Data from the Southeast Atlantic including sites close to the Benguela upwelling system 69 

highlighted the possibility of low I/Ca in apparently oxygenated water (Lu et al., 2020). The minimum oxygen 70 

values of the study region were highly spatially variable and the use of oxygen data at higher resolution (0.25°) 71 

reduced the number data points with low I/Ca under high oxygenation condition (Lu et al., 2020). However, 72 

substantial scatter remains in the relationship between foraminiferal I/Ca and minimum oxygen concentration that 73 

is characterised by two broad domains: oxygen depleted waters (I/Ca <2.5 µmol/mol) and oxygenated water (I/Ca 74 

>4 µmol/mol). Nilsson-Kerr et al. (2025) expanded the I/Ca–O2 core top calibration dataset with measurements 75 
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from regions with low subsurface O2, confirming the presence of significant scatter. Hess et al. (2025) proposed 84 

that I/Ca dispersion is linked with the different iodate concentrations at different foraminiferal calcification depths. 85 

Scattering could then be reduced by using Mg/Ca ratios in the foraminifera, a proxy for temperature that estimates 86 

their calcification depth. Although they showed that I/Ca varies predictably based on iodate concentration and 87 

water depth, substantial dispersion still persists and the effect of calcification depth cannot explain all the results.  88 

Moreover, low I/Ca from plankton tow in highly oxygenated waters have been measured (Winkelbauer et al., 89 

2023). It was suggested that iodine is incorporated during particle sinking and could explain those low values, thus 90 

challenging the use of the proxy for subsurface oxygenation, an interpretation that has not yet been further 91 

interrogated. Besides, given the lack of knowledge on the underlying mechanism, application of this proxy needs 92 

caveating when carried out for samples from coastal shelves and restricted basins where the mixing with open 93 

ocean water is not efficient (Hess et al., 2025; Lu et al., 2020). 94 

The previous studies have mostly focused on trying to reduce scattering by investigating the Y-axis (I/Ca), but the 95 

definition of X-axis (oxygen concentration) has not been treated systematically, despite its importance (Lu et al., 96 

2020). Some studies suggest that the complexity of iodine speciation and its coupling with dissolved oxygen is 97 

responsible for the observed data scatter (Hess et al., 2025; Nilsson-Kerr et al., 2025). However, the systematic 98 

study with a large number of data focusing on both the definition of minimum dissolved oxygen concentration and 99 

iodine speciation has not yet been realised. 100 

We aim to determine whether the definition of “oxygen concentration” can help to better calibrate the proxy, and 101 

further investigate the possible reasons for foraminiferal I/Ca data scattering. We also examine if the proxy can be 102 

used in a semi-enclosed basin, the Mediterranean Sea as important oceanographical variations over small distances 103 

may limit the use of the proxy (Hess et al., 2025). In this paper, our approach is to (1) propose a statistically robust 104 

definition for minimum O2, (2) investigate the coupling between iodine speciation and dissolved oxygen as a 105 

potential control for foraminiferal I/Ca scattering (3) examine the differences in iodine incorporation between 106 

foraminiferal and abiotic calcite, and (4) evaluate the influence of authigenic carbonate precipitation on 107 

foraminiferal I/Ca under high alkalinity conditions. 108 

1 Material and Methods 109 

1.1 Material 110 

In this study we present core top planktonic foraminiferal I/Ca from 7 locations including 5 from the Mediterranean 111 

region (Fig. 1b). Core MD99-2341 (577 mbsl) from Gulf of Cadiz together with ODP Site 977 (1984 mbsl) from 112 

Alboran Sea are selected to characterise the Atlantic inflow signature. MD04-2797 (771 mbsl) is located next to 113 

the Strait of Sicily, and is used to indicate mixing ratio at the connection between the Western and Eastern 114 

Mediterranean basins. SL95 (1390 mbsl), in the Gulf of Sirte, is thought to represent the southern part of the Ionian 115 

Sea. Core MD04-2724 (1659 mbsl) has been recovered in the deep Nile delta and it is the easternmost core of this 116 

study. Core MD04-2722 (1780 mbsl) was recovered in the Levantine basin.  MD90-917 (1010 mbsl), was 117 

recovered in the Adriatic Sea, where the Eastern Mediterranean deep water is formed and corresponds to a well 118 

oxygenated area. The two other cores MD04-2873 (2196 mbsl) and MD04-2876 (828 mbsl) were recovered in the 119 

Pakistan margin, one below the Oxygen Minimum Zone (OMZ), and the other inside it, respectively (Fig. 1c). 120 

They are selected in order to identify any impact of the bottom water oxygenation state on I/Ca ratios. 121 
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The core top materials of the two new cores, SL95 and MD04-2724, were dated to 1,835 ± 30 (1sd, at 0–1 cm) 125 

and 5,515 ± 30 radiocarbon years BP (1sd, at 0–1cm) respectively, using mono-species planktonic foraminifera 126 

performed at the ARTEMIS facility in Gif-sur-Yvette, France.  127 

 128 

 129 

Figure 1: Map of 25th percentile of oxygen concentration (p25 [O2]) in µmol/kg in ±0.25° (latitude and longitude) 130 

at 0–500 mbsl and symbols corresponding to modern foraminiferal I/Ca (µmol/mol) less than 8000 years (8 ka) 131 

before present (BP) at global scale (a) and in the Mediterranean Sea (b). The locations of new core top data from 132 

this study are represented with triangles and published values with circles. Plankton tow data from Winkelbauer 133 
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et al. (2023) are represented with diamonds. Position of dissolved inorganic iodine species concentrations in the 137 

Mediterranean Sea are represented in black (Tian and Nicolas, 1995; Ullman et al., 1990). Oxygen distributions 138 

were obtained from World Ocean Database 2023 (WOD23) (Mishonov et al., 2024). Arabian Sea mean oxygen 139 

section (c) shows the position of the two core-tops studied. MD04-2876 is in the core of the OMZ, and MD04-140 

2873 is below. Oxygen profile is made with Ocean Data View (Schlitzer and Reiner, 2025). 141 

 142 

1.2 Analysis of Iodine/Calcium ratio from planktonic foraminifera 143 

For foraminiferal I/Ca analysis, 30 monospecific planktonic foraminiferal tests were picked from 250–355 µm 144 

fraction and cleaned following Barker et al. (2003) short-cleaning protocol. Only the oxidative cleaning was 145 

realised. Depending on the core, different species are used. For Gulf of Cadiz, Globigerinoides ruber albus 146 

(hereafter referred to as G. ruber), Globigerina bulloides, Trilobatus sacculifer (without sack-like chamber), 147 

Globigerinella siphonifera and Pulleniatina obliquiloculata were picked. Given the influence of calcification 148 

depth on I/Ca ratios (Hess et al., 2025), species-specific calcification depths are reported here. Globigerinoides 149 

ruber and T. sacculifer are mixed layer calcifiers. G. bulloides, G. siphonifera and P. obliquiloculata are 150 

thermocline-dwelling species. For the Alboran Sea, G. ruber and G. bulloides ratios were analysed. For MD04-151 

2797, SL95, MD90-917 and the two cores from the Arabian Sea, only G. ruber was used. After cleaning, samples 152 

were dissolved with diluted nitric acid at 0.1 M (0.66%). The obtained solution was then centrifuged to separate 153 

any residual non-dissolved particles. After a calcium (Ca) concentration test to determine the necessary dilution 154 

factor for each sample, an aliquot for iodine measurement is stabilised with tetramethylammonium hydroxide 155 

(TMAH, SIGMA-ALDRICH) to obtain a 0.33% HNO3
-0.48% TMAH matrix.  The solution is then diluted to a Ca 156 

concentration of 50 µg/mL (50 ppm). The remainder is diluted to obtain Ca concentration of 100 µg/mL to 157 

determine Ca, U, Mn, Fe and Al concentrations (Guarinos et al., in prep). In this study only I/Ca ratio is discussed. 158 

Elemental analysis is carried out using ICP-MS (Agilent 7500ce) at the CEREGE, France.  159 

Table 1: Description of cores and planktonic foraminiferal species used for I/Ca analysis 160 

Core name Location Latitude Longitude 
Depth 

(mbsl) 

Depth 

in 

core 

(cm) 

Core 

top 

age 

(ka 

cal 

BP) 

Species picked Comment 

Age 

model 

reference 

MD99-

2341 

Gulf of 

Cadiz 
36.383 -7.533 577 2–4 1.02 

G. ruber, G. 

bulloides, T. 

sacculifer, 

G. siphonifera, P. 

obliquiloculata 

Atlantic 

water 

inflow 

Eynaud 

et al., 

2009 

ODP Site 

977 

Alboran 

Sea 
36.032 -1.955 1984 23–25 1.37 

G. ruber and G. 

bulloides 

Atlantic 

water 

inflow 

Martrat et 

al., 2004 

MD04-

2797 

Sicily 

Strait 
36.959 11.666 771 0–1 0.70 G. ruber 

Connection 

between 

basins 

Cornuault 

et al., 

2018 

SL95 
Gulf of 

Sirte 
32.774 19.191 1390 0–1 1.20 G. ruber 

South 

Ionian Sea 

This 

study 

MD04-

2724 

Levantine 

Sea 
33.033 29.150 1659 5–6 6.00 

G. ruber, T. 

sacculifer 

Deep Nile 

delta 

This 

study 
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MD04-

2722 

Levantine 

Sea 
33.100 33.500 1780 0–1 3.60 G. ruber 

Eastern 

basin edge 

Cornuault 

et al., 

2018 

MD90-917 
Adriatic 

Sea 
41.280 17.620 1010 2–3 0.65 G. ruber 

Well 

oxygenated 

Siani et 

al., 2010 

MD04-

2873 

Pakistan 

Margin 
23.532 63.827 2196 1–2 NA G. ruber 

Below the 

OMZ 

Pichevin 

et al., 

2007 

MD04-

2876 

Pakistan 

Margin 
24.849 64.014 828 2–3 NA G. ruber 

Within the 

OMZ 

Bard et 

al., 2013 

 169 

Each sample is analysed and standard-sample bracketing is used to characterise instrumental drift during 170 

measurement. There is no currently certified geostandard for I/Ca but JCp-1, a coral powder, is commonly used in 171 

this role. In our analyses JCp-1 is measured every five samples. Our measure of I/Ca of JCp-1 is 4.34 ± 0.11 172 

µmol/mol (n=27, 1sd). This is in good agreement with published values of 4.27 ± 0.10 µmol/mol (n=13, 1sd, 173 

Winkelbauer et al., 2023), 4.33 ± 0.06 µmol/mol (n=6, 1sd,  Chai and Muramatsu, 2007), 4.27 ± 0.06 µmol/mol 174 

(1sd, Lu et al., 2010), and 4.20 ± 0.43 µmol/mol (1sd, Hess et al., 2025). Calculated I/Ca precision is better than 175 

3% and blank levels were low, often below detection limits, so no correction is applied. 176 

1.3 Inorganic iodine speciation depending on dissolved oxygen concentration 177 

The concentration of inorganic iodine species in the ocean is primarily controlled by redox conditions, with iodate 178 

prevailing in oxic conditions and iodide dominating in reducing environments (Chance et al., 2014; Ullman et al., 179 

1990). To establish the relationship between iodate and oxygen concentration, iodine data are expressed as iodate 180 

proportion in total inorganic iodine in order to avoid potential impacts from changing iodine concentration. We 181 

have selected data shallower than 500 mbsl and within ±1σ of total inorganic iodine concentration (Fig. 3c) to 182 

avoid heavily iodine enriched/depleted areas. Only data with both iodate and iodide concentrations are selected to 183 

better constrain the speciation and avoid assumption on total inorganic iodine concentration. Iodine speciation data 184 

from Bermuda inshore water are excluded (Jickells et al., 1988), as they originate from a highly restricted 185 

environment, and not representative of the conditions considered in this study. Data analysis is performed using 186 

least-squares fitting analysis in Python 3.12. The 95% prediction intervals are computed by propagating the 187 

uncertainties of the fitted model parameters contained in the covariance matrix. This combines both the variance 188 

of the fitted parameters and the residual variance of the data within the selected area. 189 

To explore the influence of redox conditions on inorganic iodine speciation, oxygen data were combined with 190 

published iodine speciation measures. Inorganic iodine speciation in the upper 500 m is investigated using 191 

previously published data (Winkelbauer et al., 2023). Oxygen concentrations were obtained from World Ocean 192 

Database 2023 (WOD23) from Mishonov et al. 2024 from within a 0.25° area around each sampling site, where 193 

possible. From every obtained oxygen distribution, we determined the percentiles of oxygen concentration. Each 194 

measurement from 0–500 m at a given station is attributed to the same percentile value. 195 

 196 

1.4 Planktonic foraminiferal I/Ca database 197 
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Planktonic foraminiferal I/Ca database is obtained with 15 new core top data (this study), and previously published 199 

core top and plankton tow measurements (Hess et al., 2025; Lu et al., 2020, 2016; Nilsson-Kerr et al., 2025; 200 

Winkelbauer et al., 2021, 2023; Zhou et al., 2022). 201 

The database contains 567 core top data points, 438 of which are younger than 2,000 years BP. Oxygen distribution 202 

in the first 500 m are obtained from WOD23 accepted values (class 0) from i) Bottle (Winkler titration) and ii) 203 

Conductivity–Temperature–Depth (CTD) with oxygen sensor data in a 0.25° area around each sampling site 204 

(Mishonov et al., 2024). For sites where no oxygen profile is available, the area of search is extended to 0.5° and 205 

the data flagged, no data from >0.5° is used. The obtained oxygen concentration data are used to calculate the 206 

minimum, maximum, mean, and percentile values. CTD measurements are only used for 3 I/Ca values as they are 207 

considered to be less accurate because of excursion artifacts. For this reason, we prioritise bottle data which are 208 

consider to be more accurate. 209 

Additional environmental variables are included to assess their potential contribution to I/Ca variability. Other 210 

parameters, seawater temperature, salinity, nitrate, phosphate, chlorophyll, pH and alkalinity are similarly obtained 211 

from class 0 bottle measurements in 0.25° around sampling site at the first 500 m. Investigating the 0–500 m is 212 

crucial because this is where the planktonic I/Ca signal is presumed to originate (Lu et al., 2016). Oxycline depth 213 

and mean oxygen concentration at oxycline were also tested as they may highly influence foraminiferal I/Ca (Wang 214 

et al., 2026). They were recovered from class 0 bottle measurements in 0.25° area around sampling site. No value 215 

is attributed to sites without any available bottle measurement. Other parameters, net primary productivity (NPP) 216 

(Behrenfeld and Falkowski, 1997; NASA Earth Data Base, 2025), current speed, and mixed layer depth, are 217 

obtained using their corresponding raster resolution. NPP is derived from annual mean satellite data integrated 218 

from 1998 to 2022 at a resolution of 25 km and using Eppley-Vertically Generalized Production Model (Eppley-219 

VGPM). Parameters related to ocean dynamics are derived from Global Ocean Physics Reanalysis annual mean 220 

and maximum values (Lellouche et al., 2021). We use absolute Northward and Eastward velocities from surface 221 

to 500 m and mixed layer depth. Data sources are listed in Table 2.  222 

The database construction we propose here is a table format with two entries. Each line is a specific measurement 223 

of foraminiferal I/Ca. Columns correspond to different characteristics of the measurement, sampling site, and all 224 

the extracted site-specific parameters previously mentioned. Information of symbionts presence and habitat depth 225 

is also shown. We also specify the cleaning protocol of the samples as reductive cleaning has been shown to reduce 226 

the I/Ca value by 30% (Zhou et al., 2022). Samples processed by reductive cleaning are corrected accordingly, 227 

with an increase of 30% of I/Ca. This impacts 197 measures (35% of the full dataset). All the figures presented 228 

are using the corrected I/Ca. The full database is available in supplementary material. 229 

To assess the relationships between foraminiferal I/Ca and environmental variables, we use both Spearman’s ρ 230 

and Kendall’s τ correlation coefficients. Even if some individual uncertainties of the selected variables may follow 231 

normal distributions, the dataset as a whole is heterogeneous and non-normally distributed, making non-parametric 232 

tests more appropriate. Moreover, as the resulting relationships are likely non-linear, these rank-based methods 233 

provide a robust evaluation of correlation. The use of both correlation coefficients captures two complementary 234 

aspects of monotonic relationships: the strength of the association and how well the observations agree with each 235 

other. These analyses are intended to identify statistical covariation. 236 
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2 Results 250 

2.1 Definition of p25 [O2] and Iodine speciation  251 

Oxygen concentration ranges from 0 to 300 µmol/kg. Obtained oxygen distribution in the upper 500 m layer at 252 

sites where foraminiferal I/Ca is available are mostly unimodal or multimodal (Fig. 2). Previous studies use the 253 

minimum [O2] value measured in 0–500 m to calibrate foraminiferal I/Ca (Hess et al., 2025; Lu et al., 2020). The 254 

use of the minimum value can provide questionable representativeness of actual conditions because the minimum 255 

value could reflect exceptional events or data reporting issues. As the distribution of oxygen concentration at 0 to 256 

500 m water depth is not normally distributed, we use the 25th percentile (p25) to represent average oxygen 257 

depletion instead of the minimum value. Its use is thought to partially eliminate outliers or errors in the oxygen 258 

dataset. The use of percentiles takes into account the full distribution in 0–500 m in space and time as much as the 259 

oxygen dataset allows.  However, this indicator is not perfect as important errors or sampling bias may still 260 

influence the values. Furthermore, the goal of the use of p25 is not to propose a quantitative interpretation of the 261 

proxy. Iodine concentration and speciation dynamics may not be fully captured by oxygen variability and result in 262 

subsequent dispersion. We have tested percentiles from 5 to 30 at each 5% (Fig. S1). All tested definition of X-263 

axis shows the same slope, with only the intercept being different. We choose the higher R² (0.43) together with 264 

the lower Root Mean Square Error (RMSE) (1.370), corresponding to p25 (Fig. S1). We note here that p25 value 265 

is close to mean value minus 1 standard deviation when the distribution was normal or quasi-normal. With p25 266 

being the oxygen parameter with the best fit, it is possible to remove part of the oxygen influence on the proxy. 267 
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 270 

Figure 2: Histograms of common types of oxygen distributions encountered in this study, with OMZ-type from 271 

Mauritanian upwelling (a), intermediate from southwestern Pacific Ocean (b) and well oxygenated from North 272 

Atlantic (c) distributions. Oxygen depletion representative value p25 [O2] is highlighted in full red line. Other 273 

percentiles (p5, p50, p75, p95) are in dotted grey lines. Dotted red line is the minimum oxygen value previously 274 

used. Dotted yellow and purple lines are 1 sigma (68%) and 2 sigma (95%) limits, respectively. The difference 275 

between [O2] min and p25 [O2] is 0–142 µmol/kg. Note that the shown oxygen concentration range is different 276 

between (a), (b) and (c). 277 

In strongly oxygen-depleted areas, such as OMZ, the oxygen distributions are mainly multimodal with high values 278 

near surface and lower values in the heart of OMZ (Fig. 2a). Those areas are represented with p25 [O2] values 279 

ranging from 0 to 100 µmol/kg. 280 

In areas with p25 [O2] value between 100 and 180 µmol/kg (tropical Atlantic Ocean, Ontong Java Plateau in the 281 

tropical Pacific), the distribution of oxygen concentration is mostly multimodal, reflecting vertical change with 282 

water depth but with moderate oxygen depletion (Fig. 2b). 283 
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Oxygenated waters are marked by p25 [O2] values from 180 to 300 µmol/kg. The corresponding distributions are 284 

mostly unimodal (Fig. 2c). Some sites were not attributed to a distribution type due to their relative rarity.  285 

 286 

2.2 Iodine speciation and oxygen concentration 287 

Total inorganic iodine is in the range of 400 to 500 nM and is more or less constant in the ocean  (Chance et al., 288 

2010) (Fig. 3c). Inorganic iodine depletion near coastal regions have been attributed to biological uptake 289 

(Elderfield and Truesdale, 1980; Wong and Zhang, 1992). But inorganic iodine speciation primarily varies with 290 

redox potential, largely governed by oxygen availability (Luther, 2023). In order to compare inorganic iodine 291 

speciation to foraminiferal I/Ca, we represent it from the first 500 m as a function of p25 [O2] in 0–500 m (Fig. 292 

3a) and [O2]min in 0–500 m. Speciation is shown as iodate/(iodate + iodide) in Fig. 3a, that corresponds to the 293 

iodate proportion of the inorganic iodine concentration (Tian and Nicolas, 1995). This representation allows us to 294 

minimise the effect of inorganic iodine concentration (Elderfield and Truesdale, 1980; Tian and Nicolas, 1995). 295 

As this approach is based on real data, it may partly account for other factors affecting inorganic iodine speciation 296 

such as mixing of water masses and primary productivity (Cheng et al., 2024; Evans et al., 2020; Hardisty et al., 297 

2021; Moriyasu et al., 2020). The aim of Fig. 3 is not to compare the two x-axes, but rather to present a different 298 

concept for inorganic iodine speciation (Fig. 3a) than the common iodate concentration (Fig. 3b). This is especially 299 

visible with samples from the Indian Ocean with lower iodate concentration than the other oceans (Fig. 3b) being 300 

in the cloud of points with inorganic iodine speciation (Fig. 3a) (Chance et al., 2020; Farrenkopf and Luther, 2002). 301 

Main result shows high dispersion of iodine speciation, and non-linear relationship (Fig. 3a and 3b). It also shows 302 

that iodate might exist in oxygen depleted waters, especially in Pacific Ocean. Iodine speciation is highly variable 303 

at 0–500 m. Iodate absence is mainly found at p25 [O2] <10 µmol/kg although it is not systematically absent in 304 

those areas. In well oxygenated water (>200 µmol/kg), inorganic iodine is principally under the oxidised form, 305 

with a proportion above 60%. However, measurements from one site in Pacific and three in Atlantic are low in 306 

iodate proportions (<0.5) in oxygenated areas (>150 µmol/kg), and fall outside the prediction interval.  307 

We choose an exponential fit function to represent the rapid iodate decrease when p25 [O2] is below 20 µmol/kg 308 

and the plateau in oxygenated waters (p25 [O2] >180 µmol/kg) (Fig. 3a). Prediction interval for exponential fit is 309 

represented in shaded red area. The objective of this representation is not to find the best fit, but rather to determine 310 

whether the relationship between iodate proportion and dissolved oxygen content could explain the variation in 311 

foraminiferal I/Ca-based oxygen reconstruction. Compared to min[O₂] and iodate concentration (Fig. 3b), the use 312 

of p25 [O₂] with proportion of iodate in inorganic iodine (Fig. 3a) limits the influence of total inorganic iodine 313 

concentration change. The main difference in the x-axis definition is the change in range, from 0–280 µmol/kg for 314 

[O₂] min to 0–330 µmol/kg for p25 [O₂] (Fig. 3a, b). This results in a visually stretched dataset in the x-direction. 315 

Moreover, the use of a different y-axis leads to fewer values outside the 95% prediction interval in the high-iodate-316 

proportion / low-p25 range compared to iodate concentration. A few points fall below the 95% prediction interval 317 

at intermediate oxygen levels when using p25 [O2]. 318 
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In the Mediterranean Sea, inorganic iodine speciation profiles are scarce, with only one time series and four 326 

different locations reported (Tian and Nicolas, 1995; Ullman et al., 1990). Nevertheless, consistently high iodate 327 

concentrations are observed in the upper 0–500 m (370–515 nM) corresponding to well oxygenated water ([O2]min 328 

100–180 µmol/kg) (Fig. 3b). Under these conditions, iodate represents more than 80% of total inorganic iodine, 329 

with p25 [O2] between 190 and 200 µmol/kg. 330 

Figure 3: Iodate proportion in total inorganic iodine, iodate/(iodate+iodide) in 0–500 m as a function of p25 (a) 331 

(Spearman ρ = 0.625, Kendall τ = 0.447, p-values <0.01) and iodate concentration as a function of minimum (b) 332 

(Spearman ρ = 0.650, Kendall τ = 0.470, p-values <0.01) [O2] (µmol/kg) at 0–500 m. The proportion of iodate in 333 

inorganic iodine was obtained from Winkelbauer et al. (2023) and are classified by ocean. Mediterranean sites are 334 

highlighted with white contour. Red dotted line is the exponential fit of this relation (y = -0.6975*exp(-0.0181*x) 335 

+ 0.8945 for p25), with the 95% prediction interval filled in red. Total inorganic iodine distribution with mean and 336 

±1σ values (c). 337 

2.3 New core top planktonic foraminiferal I/Ca 338 

Low iodine concentration in foraminifera, ranging from 0 to 2 µmol/mol, are mostly found with p25 [O2] between 339 

0 and 180 µmol/kg (Fig. 4). In the 180–300 µmol/kg of p25 [O2], most foraminiferal I/Ca ratios show higher values 340 

ranging from 1 to 8 µmol/kg. 341 

 342 
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 349 

Figure 4: Core top foraminiferal I/Ca (µmol/mol) as a function of p25 [O2] concentration (µmol/kg) for samples 350 

more recent than 8 ka BP (8,000 years Before Present). New measures (n=15) from this study are coloured as 351 

water depth (mbsl) and identified with colour code. Previously published values are represented in grey. All 352 

foraminiferal species are differentiated by symbols. Red linear regression was obtained using all data < 2 ka BP. 353 

New core top data from the Pakistan margin present I/Ca values lower than 2.5 µmol/mol (0.7 µmol/mol for 354 

MD04-2876 and 1.8 µmol/mol for MD04-2873). Difference in p25 [O2] could be related to oxygen data availability 355 
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with wider area of oxygen distribution of 0.5° for MD04-2873 instead of 0.25° for MD04-2876 and different 357 

number of oxygen profiles (n=2 and n=7 respectively). 358 

In the Mediterranean Sea, foraminiferal I/Ca values are very low in highly oxygenated areas (1.0 µmol/mol in the 359 

Gulf of Cadiz and 1.6 to 3.1 µmol/mol in Alboran Sea) that corresponds to p25 [O2] between 180 and 220 µmol/kg 360 

(Fig. 4), or 168 and 190 µmol/kg for min[O2]. The observed trend cannot be explained by vertical oxygen structure 361 

or by seasonal oxygen-depletion events, as dissolved oxygen profiles in the upper 500 m show very limited 362 

seasonal or inter-annual variability, even when more than 20 profiles per site are considered. Regarding I/Ca 363 

difference between planktonic foraminiferal species, three cores provide information (Table 1). The dispersion of 364 

different species of foraminifera is around 40% for the Gulf of Cadiz (MD99-2341) and the Alboran Sea (ODP 365 

Site 977) whereas in the Eastern Mediterranean Sea the high I/Ca ratios (from 2 to 6 µmol/mol) are associated 366 

with a dispersion of 50% for the deep Nile Delta core (MD04-2724).  367 

Iodine incorporation during particle sinking has been proposed to explain the low I/Ca values from plankton tows 368 

(Winkelbauer et al., 2023). However, we find no systematic relation with water depth and I/Ca with our new data 369 

(Fig. 4). Deep sites in oxygenated water like ODP Site 977 at 1984 mbsl also show very low I/Ca. Other cores at 370 

comparable depths and oxygenation levels, like MD04-2724 at 1659 mbsl show I/Ca above 4 µmol/mol. 371 

2.4 Planktonic I/Ca values and the environmental parameters on global scale 372 

The relationship between environmental parameters such as biogeochemical characterisation of 0–500 m at each 373 

site, primary productivity and physical parameters (current velocity) and foraminiferal I/Ca is investigated using 374 

statistical test Kendall’s τ and Spearman’s ρ correlation coefficients (Table 2). We only include samples more 375 

recent than 2 ka BP in the statistical analysis because older samples are less likely to be representative of modern 376 

conditions. The results are reported in Table 2. 377 

Table 2: Results of statistical correlation test for environmental variables and planktonic foraminiferal I/Ca for 378 

samples more recent than 2 ka BP (core-tops only). Tested parameters are listed from highest to lowest absolute 379 

Spearman’s ρ.   380 

Variable n Spearman ρ 
Spearman 

p-value 
Kendall  τ 

Kendall 

p-value 
Data source 

p25_Oxygen* 406 0.78 <0.01 0.58 <0.01 WOD23 

min_Oxygen* 406 0.78 <0.01 0.56 <0.01 WOD23 

all_depth_mean_Oxygen* 404 0.77 <0.01 0.58 <0.01 WOD23 

mean_Oxygen* 406 0.76 <0.01 0.57 <0.01 WOD23 

oxycline_oxygen_mean* 224 0.72 <0.01 0.53 <0.01 WOD23 

mean_deep_Oxygen* 427 0.65 <0.01 0.45 <0.01 WOD23 

max_500m_depth MLD* 431 0.64 <0.01 0.46 <0.01 
CMEMS 

GLORYS12V1 

mean_500m_depth MLD* 431 0.63 <0.01 0.44 <0.01 
CMEMS 

GLORYS12V1 

mean_Phosphate* 266 -0.62 <0.01 -0.46 <0.01 WOD23 

mean_Alkalinity* 71 -0.56 <0.01 -0.40 <0.01 WOD23 
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NPP_VGPM* 426 -0.44 <0.01 -0.30 <0.01 
Orca Ocean 

Productivity 

min_pH* 109 0.42 <0.01 0.26 <0.01 WOD23 

Age (ka BP)* 61 -0.39 <0.01 -0.29 <0.01 See database 

mean_pH* 109 0.33 <0.01 0.31 <0.01 WOD23 

mean_Nitrate* 236 -0.28 <0.01 -0.18 <0.01 WOD23 

mean_500m_depth velocity* 431 0.27 <0.01 0.18 <0.01 See database 

distance to coast (km)* 431 0.27 <0.01 0.18 <0.01 Calculated 

mean_Salinity* 389 0.24 <0.01 0.17 <0.01 See database 

Latitude* 431 -0.14 <0.01 -0.10 <0.01 See database 

max_Chlorophyll_depth 170 -0.14 0.08 -0.08 0.13 WOD23 

Depth in core (cm)* 408 -0.13 <0.01 -0.09 <0.01 See database 

oxycline_depth_mean 376 -0.10 0.06 -0.05 0.17 WOD23 

max_Chlorophyll 170 -0.08 0.31 -0.08 0.16 WOD23 

Water depth (m) 431 0.08 0.11 0.04 0.20 WOD23 

max_500m_depth velocity 431 -0.06 0.22 -0.04 0.24 
CMEMS 

GLORYS12V1 

mean_Temperature 389 0.00 0.94 0.02 0.50 WOD23 

max_Oxygen 406 0.00 0.98 -0.02 0.63 WOD23 

*: statistically significant correlations 383 

All oxygen related variables (minimum, maximum, mean, p25, oxycline mean oxygen concentration, mean (all 384 

depths) and bottom mean oxygen) are significantly linked to foraminiferal I/Ca with coefficients above 0.6 and 385 

0.4 for Spearman’s ρ and Kendall’s τ, respectively, and p-values less than 0.01 for both cases (Table 2). Mixed 386 

layer depth and mean phosphate concentration show high correlation coefficients, but these parameters are also 387 

tightly linked to oxygen (Fig. S2). This observation supports an oxygen control on foraminiferal I/Ca, although 388 

the quantitative relationship remains uncertain. 389 

Minimum pH, alkalinity, mean nitrate concentration and NPP present correlation with I/Ca (Table 2) but they also 390 

covary with p25 [O2] and are thus not independent (Fig. S2). Distance to coast, mean salinity, latitude and current 391 

velocity also show significant correlations with foraminiferal I/Ca. However, their correlation coefficients are less 392 

than half those of the strongest correlations identified. These variables are therefore not further discussed as 393 

primary drivers of foraminiferal I/Ca variability. He et al. (2026) documented a latitudinal trend in I/Ca that 394 

mirrored the iodate/latitude relationship. Similar pattern is found with I/Ca in Fig. S5. However, p25 [O2] also 395 

shows very similar trend with latitude with the two variables being correlated. 396 

Depth in core and sediment age are examined to evaluate a potential early diagenesis effect. Most of the core top 397 

selected for this study are sampled close to the water-sediment interface and in various environments. Those two 398 

variables do show statistically significant correlation with foraminiferal I/Ca on global scale. However, the number 399 

of data used for age is low (n=61) and the correlation coefficients for depth in core is low. Water depth at sampling 400 

site is not correlated to foraminiferal I/Ca, as it was shown with Fig. 4.  401 

2.5 Multi-species foraminiferal I/Ca and calcification depths on global scale  402 
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Symbiont presence in foraminifera could also alter the incorporation of specific elements like anions because of 417 

so-called “vital effects” (Hönisch et al., 2003). We have classified the symbiosis behaviour of the species and 418 

represent their I/Ca as a function of p25 [O2] (Fig. S3), we note the absence of specific patterns. No group is 419 

enriched or depleted in iodine compared to the others. The slopes for linear regression are very close (0.016 or 420 

0.017). Symbiont barren species are found in all defined domains, but the low I/Ca plankton tow with p25 [O2] 421 

concentration >250 µmol/kg are exclusively symbiont barren species.  422 

In the database, we have also classified species in three zones of calcification depths as the local concentration of 423 

iodate changes with depth and influences foraminiferal I/Ca (Hess et al., 2025). Species are classified as surface, 424 

shallow subsurface, and deep subsurface dwellers  following Hess et al. (2025). Figure S4 presents the linear fit 425 

of the I/Ca ratios and p25 [O2] for Atlantic, Pacific and Indian oceans, which are obtained by classifying 426 

foraminifera according to their calcification depth. The main result is a similar slope for the three groups in Atlantic 427 

and Pacific oceans (0.017 to 0.025). Linear regressions for the Indian ocean were not plotted as 48 points are 428 

represented and the majority are located below 60 µmol/kg. Differences in intercepts are not interpreted due to the 429 

important impact of scattering. The pattern of lower I/Ca for deep subsurface dwellers in Pacific OMZs (Hess et 430 

al., 2025) is still visible, but is now located between 100 and 180 µmol/kg due to the use of p25. The Pacific Ocean 431 

is the only one where this specificity is observed. 432 

3 Discussion 433 

A gain in iodine in foraminiferal test during their post-mortem settling to the seafloor was proposed to explain low 434 

plankton tow values (Winkelbauer et al., 2023). This implies an increase in I/Ca with water depth. However, water 435 

depth does not show any significant covariation with foraminiferal I/Ca (Table 2 and Fig. S5). We thus consider 436 

that the influence of iodine accumulation during the foraminifera settling would be secondary and could be hidden 437 

under a stronger oxygen control. No specific pattern for foraminiferal I/Ca as a function of oxygen can be 438 

highlighted by using foraminiferal species, calcification depth groups, or symbiont presence/absence. 439 

In the following, we will at first discuss the possible reasons for a larger scatter observed between iodate proportion 440 

and p25 [O2] (Fig. 3). Then, a new calibration of foraminiferal I/Ca ratios against p25 [O2] will be proposed (Fig. 441 

5). The influence of the scattered relationship between iodate proportion and p25 [O2] on the calibration will be 442 

evaluated (Fig. 6). Then, we will quantify residuals that are not supported by oxygenation changes to identify 443 

parameters affecting foraminiferal I/Ca (Table S1).  A comparison between foraminiferal I/Ca and the value of 444 

synthetic calcite will provide us possible impact of vital effects (Fig. 6). Finally, we will examine the contribution 445 

of authigenic calcite to the Mediterranean samples (Fig. 7) that are characterised by low I/Ca ratios under oxic 446 

condition (Fig. 4).  447 

 448 

3.1 Principal role of oxygen and possible reasons for a larger scatter observed between iodate proportion 449 

and p25 [O2] 450 

First order results suggest clear covariation of foraminiferal I/Ca with oxygen and oxygen related variables (Table 451 

2 and Fig. S5). Oxygen variables show a positive trend with foraminiferal I/Ca. This covariation ranges from linear 452 
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to exponential, and displays substantial scatter. Other parameters exhibit no consistent relationship, except oxygen-457 

linked variables such as nutrients, NPP, and mixed-layer depth (Table 2 and Fig. S2).  458 

Inorganic iodine speciation is theoretically controlled by redox potential, largely governed by oxygen availability 459 

(Luther, 2023). In practice, however, field observations frequently deviate from this thermodynamic framework 460 

(Fig. 3). The relationship between iodate and p25 [O2] is strongly non-linear and exhibits important scatter. The 461 

dispersion likely reflects spatial and temporal variability in iodine redox cycling across regions and seasons, and 462 

water mass mixing. This mismatch between oxygen and iodate concentration may at least partly explain the 463 

apparent presence of iodide in waters here defined as well-oxygenated.  464 

As iodine speciation is sensitive to short-term oxygen fluctuations and depth-specific redox structure, this 465 

statistical approach better represents the oxygen conditions than relying on the minimum value. The observed 466 

scatter likely reflects a combination of true environmental heterogeneity and the limitations of matching discrete 467 

iodine measurements with oxygen data. The iodate–oxygen relationship in Fig. 3 shows that iodate proportion 468 

does not decline uniformly with decreasing oxygen. Consequently, at low p25 [O₂], the variability in the proportion 469 

of iodate can generate substantial scatter in foraminiferal I/Ca, potentially producing a factor of ⁓5 spread (1.0–470 

5.0 µmol/mol) near 50 µmol/kg. Therefore, uncertainty in inorganic iodine speciation, both estimation errors or 471 

natural variability, remains a major source of scatter in the I/Ca–oxygen relationship.  472 

 473 

3.2 A new calibration of planktonic foraminiferal I/Ca using p25 [O2] 474 

In our calibration, we use foraminiferal I/Ca as a function of p25 [O2] concentration in 0–500 m, a representative 475 

value for oxygen concentration at each sampling site. This calibration should be used with caution for quantitative 476 

oxygen reconstruction due to substantial residual scatter. Its purpose is rather to explore the extent to which oxygen 477 

relationships can explain the observed variance. 478 

Figure 5 shows core top samples more recent than 2 ka BP considering possible temporal changes in dissolved 479 

oxygen concentration in the ocean. The linear fit shown in red in Fig. 5 corresponds to a Least Absolute Deviations 480 

(LAD) regression. This method was selected because it is more robust to outliers and large deviations than ordinary 481 

least squares. Its reliance on medians rather than means makes it particularly suitable when the error structure is 482 

non-Gaussian or affected by outliers. 483 

The obtained new calibration equation is as follows: 484 

𝑃𝑙𝑎𝑛𝑘𝑡𝑜𝑛𝑖𝑐 𝑓𝑜𝑟𝑎𝑚𝑖𝑛𝑖𝑓𝑒𝑟𝑎𝑙 𝐼/𝐶𝑎 (µ𝑚𝑜𝑙/𝑚𝑜𝑙)  =  0.021 ∗  𝑝25 [𝑂2] (µ𝑚𝑜𝑙/𝑘𝑔)  −  0.058      (1)   485 

Equation 1 provides a slightly better fit regarding precedent calibration from Hess et al. (2025) as shown by RMSE 486 

(Fig. 5a, b). This comparison integrates the recent results published by Nilsson-Kerr et al. (2025). The main 487 

difference between the two calibrations is that the clustered point at near-zero oxygen has been expanded in our 488 

case, covering a wider range of oxygen concentrations. Also, the intercept is lower, approaching I/Ca = 0 µmol/mol 489 

in strongly oxygen depleted waters (p25 [O2] < 10 µmol/kg). The points with low I/Ca (< 2 µmol/mol) in 490 

oxygenated water correspond to samples from the Mediterranean Sea (this study) and from Southern Benguela 491 

(Lu et al., 2020). 492 
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In order to identify secondary parameters that may influence foraminiferal I/Ca, the residuals are calculated using 501 

equation (1). The residuals are then plotted against multiple ocean variables (Fig. S6). Table S1 summarises the 502 

correlation coefficients and significance of the parameters tested. No clear nor visible trend can be highlighted 503 

within the global dataset including water depth, distance to coast, or oxycline depth. 504 

 505 

 506 

Figure 5: Foraminiferal I/Ca <2 ka BP as a function of minimum (a) and p25 (b) [O2] in 0–500m. The same dataset 507 

is used for the two figures. Only the X-axis definition is different. Black line is the linear model calibration curve 508 

from (Hess et al., 2025). The red line is the linear model proposed in this study. Samples with oxygen distribution 509 

from 0.25° area are represented as black circles, and from 0.5° as grey squares. Horizontal lines in (a) illustrate the 510 

effect of X-axis change on dataset, highlighting that many low [O2]min sites are shifted to higher representative 511 

oxygen depletion p25[O2]. This is especially true for [O2]min <50 µmol/kg and I/Ca >2 µmol/mol. No specific 512 

pattern emerges within the  wider area. 513 

3.3 A comparison of the I/Ca ratio of foraminifera with the value of synthetic calcite. 514 

We further compare the new calibration with the relationship proposed for synthetic calcite (Zhou et al., 2014). 515 

The experience of synthetic calcite precipitation in iodate-rich medium indicated a linear relationship between 516 

calcite I/Ca and iodate concentration (Lu et al., 2010; Zhou et al., 2014). For the comparison, the iodate 517 

concentration in the medium is converted to oxygen concentration using the relationship between iodate proportion 518 

and p25 [O2] concentration (Fig. 3a). Total inorganic iodine concentration is considered to be 471 nM (Fig. 3c) 519 

and calcite is assumed to be precipitated at 19°C. The modelled abiotic I/Ca is based on inorganic iodine speciation 520 

(Fig. 3a) giving the proportion of iodate at each p25 [O2] value. Using the mean total inorganic iodine concentration 521 

(Fig. 3c) we obtain a mean iodate concentration at different p25 [O2]. The next step of the model is the 522 

incorporation of the iodine in the calcite lattice. Zhou et al. (2014) have synthetised calcite at different iodate 523 

concentrations at 6, 19 and 33°C. They showed linear incorporation of iodine in calcite with iodate concentration. 524 
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We choose to use 19 °C and examine the influence of temperature considering the case of 33 and 6 °C. The aim 530 

of this model is to investigate the possible I/Ca values considering only abiotic incorporation in calcite to evaluate 531 

possible vital effects. 532 

In Figure 6, the synthetic calcite I/Ca relationship is shown in blue, with the 95% prediction interval (blue shaded 533 

area). The 95% prediction interval is large, implying a large potential impact on our calibration. This indicates that 534 

iodate concentration relative to oxygen plays a key role in generating the observed dispersion in foraminiferal I/Ca. 535 

The modelled abiotic I/Ca only accounts for inorganic iodine speciation and temperature between 6 and 33°C, not 536 

for total inorganic iodine concentration. The abiotic incorporation of iodine is of the same order of magnitude as 537 

that found in foraminifera. Iodine incorporation into carbonates likely reflects predominantly abiotic processes. 538 

However, some foraminiferal I/Ca ratio falls out of the prediction interval, both with p25 or minimum oxygen. 539 

Below 200 µmol/kg p25[O2], most I/Ca values are below the values that can be explained by abiotic calcite 540 

precipitation, until severe oxygen depletion (< 20 µmol/kg) where foraminifera I/Ca return to the abiotic level. 541 

The highest foraminiferal I/Ca values (> 6 µmol/mol) are in the highly oxygenated areas (> 180 µmol/kg) and are 542 

above the abiotic interval (Fig. 6a). Those observations suggest the presence of unknown parameters that are 543 

specific for foraminiferal calcite (e.g. microenvironment, changes to growth rate…). Zhou et al. (2014) showed 544 

the temperature dependency of partition coefficient (Kd) of iodine for abiotic calcite. But no systemic behaviour 545 

could be highlighted explaining higher or lower foraminiferal I/Ca anomalies with temperature differences (Fig. 546 

6). The use of min[O2] leads to similar conclusions with I/Ca values below the 95 % prediction interval of abiotic 547 

iodine incorporation (Fig. S7b). The main difference is the high density of data points next to origin, resulting 548 

from the definition of the x-axis. 549 

High I/Ca ratios may reflect the presence of other calcium carbonate phases, as aragonite incorporates more iodine 550 

than calcite (Hardisty et al., 2017; Lu et al., 2022). The highest I/Ca value in the Mediterranean Sea is found in the 551 

Gulf of Sirte in core SL95. This area shows high aragonite concentrations due to the presence of Halimeda (Reitz 552 

and De Lange, 2006). Remaining aragonite needles after cleaning may result in higher I/Ca. We investigate the 553 

influence of the presence of aragonite with binary mixing between aragonite and foraminifera. We consider an 554 

I/Ca of 10 µmol/mol in aragonite, similar as the ratio measured in scleractinian corals (Sun et al. 2023). For 555 

foraminiferal I/Ca, we consider an expected value of 4 µmol/mol using the new calibration and an oxygen 556 

concentration at SL95 site (Fig. 6). Aragonite contribution should be around 40% to account for an I/Ca between 557 

6 and 7 µmol/mol, a similar range of the observed I/Ca of 6.9 µmol/mol at site SL95. Sr/Ca of these mixtures 558 

would be 4.8 and 3.9 mmol/mol, respectively, considering a Sr/Ca of 10 mmol/mol for aragonite and 1.3 mmol/mol 559 

for foraminifera (Hathorne et al., 2013; Lea et al., 1999). As the Sr/Ca from SL95 core-top is 1.345 mmol/mol, the 560 

mixture does not correspond to the observed value. The contribution of aragonite alone cannot explain the 561 

measured I/Ca value. 562 

 563 

To summarise, inorganic iodine speciation has a non-linear relationship with dissolved oxygen concentration 564 

although the observed pattern for foraminiferal I/Ca does not follow the exponential trend that is expected from 565 

the relationship between iodate proportion and p25 [O2] (Fig. 6a). Low I/Ca values found in oxygenated areas 566 

might be caused by reduced iodine incorporation, related to unknown mechanisms/conditions. Since no 567 

mechanism has yet been identified to justify a specific fitting curve for I/Ca ratio, we consider that the linear 568 
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regression is a reasonable approximation. The dispersion of I/Ca values might be caused by the relationship 576 

between iodine speciation and oxygen concentration that could account for ∼70% of the variance compatible with 577 

the model’s 95% prediction interval (assuming constant total inorganic iodine), and up to ∼87% by considering 578 

±1σ uncertainty in total inorganic iodine from Fig. 4b (Fig. S8a). This dispersion likely represents the second key 579 

explanation for I/Ca values in foraminifera. Given its systematic offset from the predicted values, low I/Ca in 580 

highly oxygenated water seems to be related to an incorporation mechanism which remains unknown. No 581 

geographical trend could be highlighted for I/Ca below the 95% prediction interval using p25 (Fig. 6) or using the 582 

minimum (Fig. 8c and d) oxygen. Temperature may also affect the I/Ca (Zhou et al., 2014). However, Gulf of 583 

Cadix I/Ca are 0.75 and 0.69 µmol/mol for G. ruber and G. bulloides, respectively. The two species are known to 584 

calcify in different seasons, where minimum temperature measured is 11.26°C, and maximum is 24.21°C in 0–585 

500 m. At ODP Site 977, I/Ca from G. bulloides is 0.69 and from G. ruber is 1.64 µmol/mol. This is the inverse 586 

of what the temperature effect predicts, with here the warm season calcifier having a higher I/Ca. So, the 587 

temperature effect may not explain all the observed values below 95% prediction interval of abiotic I/Ca. This 588 

offset could potentially be related to the vital effects of discriminating iodine incorporation, or to local iodine 589 

speciation itself. Alternatively, it could be due to the mixing of iodate-depleted water in oxygenated water masses. 590 

However, iodate/oxygen-depleted water cannot be identified close to the Gulf of Cadix (Fig. S8b and d). 591 
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 603 

Figure 6: Foraminiferal I/Ca < 2 ka BP as a function of p25 [O2] in 0–500 m. The red line is the linear model 604 

proposed in this study. Blue curve represents the abiotic incorporation of iodine following iodate proportion in 605 

total inorganic iodine determined in Figure 3 and assuming a mean concentration of total inorganic iodine of 471 606 

nM (Fig. 3c). The abiotic incorporation was determined following Zhou et al. (2014). Blue area corresponds to 607 

95% prediction interval also determined in Figure 4 for a temperature of 19 °C. 61% of the data fall in this 608 

prediction interval. Temperature from 6 to 33 °C are considered for the maximum and minimum 95% prediction 609 

interval (grey dashed lines). 610 

 611 

3.4 Authigenic contribution via diagenetic calcite precipitation 612 

Depth in core and age were not significantly correlated with foraminiferal I/Ca based on first-order statistical tests 613 

(Table 2). However, these parameters do not fully capture the potential influence of diagenesis or diagenetic calcite 614 

precipitation, which may be particularly important within the sediments from within OMZs and the Mediterranean 615 
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Sea which are characterised by high alkalinity pore/bottom waters. This section therefore examines whether early 622 

diagenetic carbonate precipitation could contribute to the observed variability in I/Ca.  623 

Because authigenic carbonates typically have very low I/Ca (Lu et al., 2010), the lower I/Ca value of MD04-2876 624 

(Arabian Sea, OMZ core) relative to MD04-2873 (below the OMZ) could partly reflect the presence of authigenic 625 

carbonates formed under reducing conditions. In the marine sediments of the OMZ, the increase in alkalinity of 626 

the pore water due to anaerobic respiration leads to the precipitation of authigenic carbonates (Suess, 1979; Meister 627 

et al., 2022). In the Mediterranean Sea, high water-column alkalinity driven by excess evaporation (Schneider et 628 

al., 2007) promotes authigenic carbonate precipitation, as shown by high Mg/Ca ratios in foraminifera (Boussetta 629 

et al., 2011). 630 

Figure 7 presents p25 [O2] alongside the expected foraminiferal I/Ca predicted from Equation (1) with a red line. 631 

Sensitivity tests were performed using a binary mixing model between the expected foraminiferal I/Ca and 632 

authigenic carbonates assuming an I/Ca of 0.06 µmol/mol for authigenic carbonate (Lu et al., 2010). For the 633 

Arabian Sea OMZ core, measured I/Ca values fall below the expected ratio and could correspond to a 30–40% 634 

mass contribution of low I/Ca diagenetic carbonate. In contrast, MD04-2873 (below the OMZ) displays higher 635 

I/Ca than expected, likely due to poorly constrained oxygen variability resulting from the limited number of 636 

available oxygen profiles (section 3.2).  637 

In the Mediterranean Sea, the two eastern basin cores (SL95 and MD04-2724) show I/Ca values above expectation, 638 

while others fall below. Cores MD04-2722, MD04-2797 and MD90-917 are slightly depleted in I/Ca relative to 639 

the value estimated from equation (1) and could reflect a 20–30% contribution of authigenic carbonates. However, 640 

the samples from the western basin (ODP Site 977) and from the Gulf of Cadiz (MD99-2341) would require an 641 

implausibly high 60–90% contribution of authigenic calcite to explain their (much-)lower-than-expected I/Ca. 642 

Such a contribution is unrealistic, as authigenic calcite precipitation is far less common in the western basin, and 643 

extensive overgrowths would have been excluded (Crudeli et al., 2004).  644 

Overall, diagenetic calcite precipitation cannot fully explain the lower I/Ca deviations. Low I/Ca values occur in 645 

regions where early diagenetic calcite formation is low, while no mechanism has been identified to account for 646 

I/Ca values higher than expected, nor for the scatter observed among species dwelling at the same depth within 647 

the same core top samples, except for as yet undefined vital effects. 648 

We conclude that foraminiferal I/Ca primarily reflects local oxygen variability through its control on iodine 649 

speciation. The Mediterranean Sea samples exhibit a similar behaviour and degree of scatter between I/Ca and p25 650 

[O2] as those from other ocean basins, indicating that the proxy remains applicable in this semi-enclosed 651 

environment. While foraminiferal I/Ca provides a semi-quantitative estimation of local oxygenation conditions, 652 

the core-top values observed in the western Mediterranean Sea is lower than the values expected from the 653 

calibration. The use of the proxy must focus on relative variability combined with another independent approach. 654 

The relationship between foraminiferal I/Ca and oxygen concentration may be site-specific, because it could be 655 

influenced by local environmental characteristics or processes that are not yet fully understood. This limitation is 656 

particularly relevant for coastal sites, including those within the Mediterranean Sea, where additional factors may 657 

modulate iodine speciation or iodine incorporation. 658 
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 665 

Figure 7: Foraminiferal I/Ca from the Mediterranean and Arabian Sea as a function of p25 [O2] 0-500 m in whole 666 

p25 [O2] range (a) and for p25 [O2] >180 µmol/kg (b). Expected foraminiferal I/Ca from LAD from figure 5 is 667 

represented as red line. Blue dotted lines indicates deviation from expected value by increasing authigenic 668 

carbonate contribution from 10 to 90 %. Authigenic carbonate I/Ca was fixed at 0.06 µmol/mol following Lu et 669 

al. (2010). 670 

 671 

3.5 Other possible factors 672 

Oceanographic variables investigated other than oxygen did not show strong relationship with foraminiferal I/Ca 673 

(Table 2). Other parameters may also influence iodine speciation but were not highlighted through the statistical 674 

analysis conducted on foraminiferal I/Ca in this study. Previous works have shown that iodine speciation varies 675 

with distance to the coast, with iodate depletion toward productive coastal water (Wong and Zhang, 1992). The 676 

effect of distance to coast is absent on global scale, but it could be important at regional scale, such as in the 677 

Mediterranean Sea. This depletion is thought to be driven by enhanced biological iodine uptake through primary 678 

productivity. Although the Mediterranean Sea is highly oligotrophic, coastal and shelf regions can sustain episodes 679 

of high primary productivity (Packard et al., 1988; Powley et al., 2017), which could potentially influence iodate 680 

concentration. Only limited inorganic iodine vertical profiles (iodate and iodide) exists in the Mediterranean Sea 681 

(Fig. 1b), with one time series in the north western basin (Tian and Nicolas, 1995). The study showed limited 682 

variability across the year with iodate concentrations of 410–480 nM, but iodine speciation was measured in 683 

different oceanographic settings as the investigated locations in this study. Even though different inorganic iodine 684 

behaviours cannot be ruled out, the variability of iodate concentration observed in the north western Mediterranean 685 

Sea, about 10%, does not explain the scattering in I/Ca observed. 686 

Part of the variability may also not be fully constrained with the statistical analysis conducted (Tables 2 and S1, 687 

Figures S2 and S5). In fact, we conducted the analysis on the global dataset, with every site being a unique context 688 
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and oceanographic settings. If we highlighted the first and most important role of oxygen as an I/Ca control, 694 

secondary parameters may not be fully captured. Inorganic iodine speciation remains poorly understood. Also, the 695 

influence of growth rate (calcification kinetics) could not be ruled out, and was never tested for I/Ca ratio (e.g. 696 

Allen et al., 2016). This has not been demonstrated but competition with other anions remains plausible as coupled 697 

substitution is required for the incorporation of IO3
- into CaCO3 (Ram and Erez, 2023). 698 

In light of these observations, we emphasise the use of foraminiferal I/Ca as a semi-quantitative proxy for changes 699 

in ocean oxygenation. The proxy primarily responds to oxygen and oxygen-related parameters (Table 2, Fig. S5, 700 

Table S1 and Fig. S6). The p25[O2] gave the best fit with less data dispersion (Fig. S1). The dispersion of the 701 

relationship between inorganic iodine speciation and p25[O2] partly accounts for mixing and differences in 702 

inorganic iodine redox kinetics. For these reasons together with potential non-investigated parameters, 703 

foraminiferal I/Ca alone cannot be interpreted as a quantitative proxy. Combining it with other proxies and/or a 704 

modelling approach is highly recommended. However, it may still be highly informative about changes in oxygen 705 

at a specific site. The calibration is useful, not for absolute oxygen reconstruction, but to understand site-specific 706 

I/Ca variation relative to the observed oxygen range and identify sites where high I/Ca in oxygenated waters 707 

provides the best sensitivity to past oxygenation change. However, most studies focused oxygen depleted areas, 708 

leading to less representation of oxygenated and high latitudes sites in the dataset. Wang et al. (2026) proposed 709 

oxygen thresholds to interpret foraminiferal I/Ca. However, the current global data set would be biased towards 710 

oxygen–depleted areas. Our Mediterranean core-tops data show a wide I/Ca range in oxygenated waters, which 711 

cannot be explained by authigenic calcite precipitation or aragonitic carbonate presence, suggesting additional 712 

scatter introduced in oxygenated settings (e.g., vital effects, water mass mixing, local inorganic iodine speciation). 713 

Further core-top data spanning the whole oxygenation range is needed to validate the threshold behaviour and 714 

determine the reason for low foraminiferal I/Ca in oxygenated water. 715 

For future work, foraminifera culture with isolation of single parameters/monitoring of multiple parameters could 716 

help better constrain the proxy behaviour, alongside field studies. In particular, plankton tow observations showing 717 

systematically low foraminiferal I/Ca values suggest that limited incorporation at the surface may happen, leaving 718 

open the question of when and where iodine is incorporated. Inorganic iodine speciation is still poorly constrained 719 

and further research is needed to understand its dynamics and incorporation in calcite lattice. Iodine incorporation 720 

sites and mechanisms, are hardly needed to distinguish the origin of the signal and better understand the observed 721 

trends. 722 

 723 

Conclusions 724 

In this study, we investigate planktonic foraminiferal I/Ca as a proxy for subsurface oxygen changes by integrating 725 

multiple environmental parameters. We first proposed a new definition of a representative oxygen depletion value 726 

in subsurface waters, accounting for local oxygen variability. Local oxygen distributions were unimodal or 727 

multimodal, reflecting both seasonal and depth-related oxygen variation. Planktonic foraminiferal I/Ca from core 728 

top samples showed a positive correlation with this representative minimum oxygen value, p25 [O2], supporting 729 

the dominant control of oxygen on iodine presence and reinforcing the utility of the proxy to reconstruct past 730 

oxygenation changes.  731 
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Despite this relationship, substantial amount of data dispersion remains. We explored several potential sources of 736 

scatter and found that the largest contribution likely arises from variability in inorganic iodine speciation. The 737 

global relationship between iodate and p25 [O2] alone could account for more than 85% of the observed scatter.  738 

No first-order relationship was found between water depth and foraminiferal I/Ca. This observation implies that 739 

iodine gain during particle sinking (Winkelbauer et al., 2023) could not be confirmed. 740 

We propose a new calibration for subsurface oxygen depletion reconstruction based on planktonic foraminiferal 741 

I/Ca. By using p25 [O2] values, we reduce the dispersion observed in previous calibrations. To maintain simplicity 742 

for paleo-applications, core top data younger than 2 ka BP were included regardless of species. Remaining 743 

dispersion may result from vital (integration of iodate into the foraminifera shell) or species-specific effects 744 

(difference in iodate integration between species), or other uninvestigated parameters, such as inorganic iodine 745 

speciation modulated by water mass mixing, NPP, or differences in oxidoreduction kinetics.  746 

Finally, diagenetic calcite contribution was considered as a potential contributor to the low foraminiferal I/Ca 747 

values, given that diagenetic calcite formed in high alkalinity environment could dilute the signal. However, such 748 

an effect would require more than 60% of diagenetic calcite to explain western Mediterranean Sea values, which 749 

is implausible. 750 

We therefore support the use of planktonic foraminiferal I/Ca as a semi-quantitative proxy for oxygenation state, 751 

consistent with Hess et al. (2025). This proxy can also be applied to semi-enclosed basins to reconstruct relative 752 

variability when complemented with another independent approach. However, foraminiferal I/Ca cannot be used 753 

as a quantitative proxy for oxygen reconstruction. The tool must be used alongside another approach to support 754 

past environmental change. These recommendations are still prone to further evolution as we better constrain the 755 

proxy and the inorganic iodine cycle in the ocean. 756 

 757 

Appendices 758 

Data availability 759 

Data supporting this paper will be available in the following repository: https://doi.org/10.5281/zenodo.18390413 760 

The data is under review, the DOI is not activated yet. 761 

Author contribution 762 

KT and VG designed the study; KT, MG and VG performed the laboratory procedures; VG have conducted the 763 

statistical analysis. VG wrote the manuscript with contributions from all authors. 764 

Competing interests 765 

The authors declare that they have no known competing financial interests or personal relationships that could 766 

have appeared to influence the work reported in this paper. 767 

Acknowledgements 768 

Deleted: ,769 

Deleted: , which is difficult to constrain.770 

Deleted: secondary 771 

Deleted: secondary 772 

Deleted: secondary 773 

https://doi.org/10.5281/zenodo.18390413


 

 25 

This work is supported by the French national project ANR MedSens (ANR-19-CE01-0019) granted to KT. 774 

Radiocarbon dating was performed at the LMC14 laboratory as a part of the French ARTEMIS program. Sample 775 

preparation and analytical measurements were supported by the LPM platform (Sandrine Conrod), the LGO2i 776 

platform, and the ENVITOP platform. We also thanks Rosie Chance and Helge A. Winkelbauer for providing 777 

global iodine speciation dataset, and Rosalind E.M. Rickaby for the inspiring discussions on the topic. We thank 778 

Dalton Hardisty and the anonymous referee for their comments which greatly helped improve the manuscript. 779 

Financial support 780 

References 781 

Allen, K.A., Hönisch, B., Eggins, S.M., Haynes, L.L., Rosenthal, Y., Yu, J., 2016. Trace element proxies 782 
for surface ocean conditions: A synthesis of culture calibrations with planktic foraminifera. 783 
Geochim. Cosmochim. Acta 193, 197–221. https://doi.org/10.1016/j.gca.2016.08.015 784 

Bard, E., Ménot, G., Rostek, F., Licari, L., Böning, P., Edwards, R.L., Cheng, H., Wang, Y., Heaton, T.J., 785 
2013. Radiocarbon Calibration/Comparison Records Based on Marine Sediments from the 786 
Pakistan and Iberian Margins. Radiocarbon 55, 1999–2019. 787 
https://doi.org/10.2458/azu_js_rc.55.17114 788 

Barker, S., Greaves, M., Elderfield, H., 2003. A study of cleaning procedures used for foraminiferal 789 
Mg/Ca paleothermometry: MG/CA PALEOTHERMOMETRY. Geochem. Geophys. Geosystems 790 
4, n/a-n/a. https://doi.org/10.1029/2003GC000559 791 

Behrenfeld, M.J., Falkowski, P.G., 1997. Photosynthetic rates derived from satellite‐based 792 
chlorophyll concentration. Limnol. Oceanogr. 42, 1–20. 793 
https://doi.org/10.4319/lo.1997.42.1.0001 794 

Bopp, L., Resplandy, L., Orr, J.C., Doney, S.C., Dunne, J.P., Gehlen, M., Halloran, P., Heinze, C., Ilyina, 795 
T., Séférian, R., Tjiputra, J., Vichi, M., 2013. Multiple stressors of ocean ecosystems in the 796 
21st century: projections with CMIP5 models. Biogeosciences 10, 6225–6245. 797 
https://doi.org/10.5194/bg-10-6225-2013 798 

Boussetta, S., Bassinot, F., Sabbatini, A., Caillon, N., Nouet, J., Kallel, N., Rebaubier, H., Klinkhammer, 799 
G., Labeyrie, L., 2011. Diagenetic Mg-rich calcite in Mediterranean sediments: Quantification 800 
and impact on foraminiferal Mg/Ca thermometry. Mar. Geol. 280, 195–204. 801 
https://doi.org/10.1016/j.margeo.2010.12.011 802 

Chai, J.Y., Muramatsu, Y., 2007. Determination of Bromine and Iodine in Twenty-three Geochemical 803 
Reference Materials by ICP-MS. Geostand. Geoanalytical Res. 31, 143–150. 804 
https://doi.org/10.1111/j.1751-908X.2007.00856.x 805 

Chance, R., Baker, A.R., Carpenter, L., Jickells, T.D., 2014. The distribution of iodide at the sea surface. 806 
Env. Sci Process. Impacts 16, 1841–1859. https://doi.org/10.1039/C4EM00139G 807 

Chance, R., Tinel, L., Sarkar, A., Sinha, A.K., Mahajan, A.S., Chacko, R., Sabu, P., Roy, R., Jickells, T.D., 808 
Stevens, D.P., Wadley, M., Carpenter, L.J., 2020. Surface Inorganic Iodine Speciation in the 809 
Indian and Southern Oceans From 12°N to 70°S. Front. Mar. Sci. 7, 621. 810 
https://doi.org/10.3389/fmars.2020.00621 811 

Chance, R., Weston, K., Baker, A.R., Hughes, C., Malin, G., Carpenter, L., Meredith, M.P., Clarke, A., 812 
Jickells, T.D., Mann, P., Rossetti, H., 2010. Seasonal and interannual variation of dissolved 813 
iodine speciation at a coastal Antarctic site. Mar. Chem. 118, 171–181. 814 
https://doi.org/10.1016/j.marchem.2009.11.009 815 

Chance, R.J., Tinel, L., Sherwen, T., Baker, A.R., Bell, T., Brindle, J., Campos, M.L.A.M., Croot, P., 816 
Ducklow, H., Peng, H., Hopkins, F., Hoogakker, B., Hughes, C., Jickells, T.D., Loades, D., 817 
Macaya, D.A.R., Mahajan, A.S., Malin, G., Phillips, D., Roberts, I., Roy, R., Sarkar, A., Sinha, 818 
A.K., Song, X., Winkelbauer, H., Wuttig, K., Yang, M., Peng, Z., Carpenter, L.J., 2019. Global 819 
sea-surface iodide observations, 1967–2018. Sci. Data 6, 286. 820 
https://doi.org/10.1038/s41597-019-0288-y 821 



 

 26 

Cheng, K., Ridgwell, A., Hardisty, D.S., 2024. Characterizing the marine iodine cycle and its 822 
relationship to ocean deoxygenation in an Earth system model. Biogeosciences 21, 4927–823 
4949. https://doi.org/10.5194/bg-21-4927-2024 824 

Cornuault, M., Tachikawa, K., Vidal, L., Guihou, A., Siani, G., Deschamps, P., Bassinot, F., Revel, M., 825 
2018. Circulation Changes in the Eastern Mediterranean Sea Over the Past 23,000 Years 826 
Inferred From Authigenic Nd Isotopic Ratios. Paleoceanogr. Paleoclimatology 33, 264–280. 827 
https://doi.org/10.1002/2017PA003227 828 

Crudeli, D., Young, J.R., Erba, E., De Lange, G.J., Henriksen, K., Kinkel, H., Slomp, C.P., Ziveri, P., 2004. 829 
Abnormal carbonate diagenesis in Holocene–late Pleistocene sapropel-associated sediments 830 
from the Eastern Mediterranean; evidence from Emiliania huxleyi coccolith morphology. 831 
Mar. Micropaleontol. 52, 217–240. https://doi.org/10.1016/j.marmicro.2004.04.010 832 

Elderfield, H., Truesdale, V.W., 1980. On the biophilic nature of iodine in seawater. Earth Planet. Sci. 833 
Lett. 50, 105–114. https://doi.org/10.1016/0012-821X(80)90122-3 834 

Evans, N., Boles, E., Kwiecinski, J.V., Mullen, S., Wolf, M., Devol, A.H., Moriyasu, R., Nam, S., Babbin, 835 
A.R., Moffett, J.W., 2020. The role of water masses in shaping the distribution of redox active 836 
compounds in the Eastern Tropical North Pacific oxygen deficient zone and influencing low 837 
oxygen concentrations in the eastern Pacific Ocean. Limnol. Oceanogr. 65, 1688–1705. 838 
https://doi.org/10.1002/lno.11412 839 

Eynaud, F., De Abreu, L., Voelker, A., Schönfeld, J., Salgueiro, E., Turon, J., Penaud, A., Toucanne, S., 840 
Naughton, F., Sánchez Goñi, M.F., Malaizé, B., Cacho, I., 2009. Position of the Polar Front 841 
along the western Iberian margin during key cold episodes of the last 45 ka. Geochem. 842 
Geophys. Geosystems 10, 2009GC002398. https://doi.org/10.1029/2009GC002398 843 

Farrenkopf, A.M., Luther III, G.W., 2002. Iodine chemistry reflects productivity and denitrification in 844 
the Arabian Sea: evidence for flux of dissolved species from sediments of western India into 845 
the OMZ. Deep Sea Res. Part II Top. Stud. Oceanogr. 49, 2303–2318. 846 
https://doi.org/10.1016/S0967-0645(02)00038-3 847 

Feng, X., Redfern, S.A.T., 2018. Iodate in calcite, aragonite and vaterite CaCO3: Insights from first-848 
principles calculations and implications for the I/Ca geochemical proxy. Geochim. 849 
Cosmochim. Acta 236, 351–360. https://doi.org/10.1016/j.gca.2018.02.017 850 

Frölicher, T.L., Rodgers, K.B., Stock, C.A., Cheung, W.W.L., 2016. Sources of uncertainties in 21st 851 
century projections of potential ocean ecosystem stressors. Glob. Biogeochem. Cycles 30, 852 
1224–1243. https://doi.org/10.1002/2015GB005338 853 

Hardisty, D.S., Horner, T.J., Evans, N., Moriyasu, R., Babbin, A.R., Wankel, S.D., Moffett, J.W., Nielsen, 854 
S.G., 2021. Limited iodate reduction in shipboard seawater incubations from the Eastern 855 
Tropical North Pacific oxygen deficient zone. Earth Planet. Sci. Lett. 554, 116676. 856 
https://doi.org/10.1016/j.epsl.2020.116676 857 

Hardisty, D.S., Lu, Z., Bekker, A., Diamond, C.W., Gill, B.C., Jiang, G., Kah, L.C., Knoll, A.H., Loyd, S.J., 858 
Osburn, M.R., Planavsky, N.J., Wang, C., Zhou, X., Lyons, T.W., 2017. Perspectives on 859 
Proterozoic surface ocean redox from iodine contents in ancient and recent carbonate. Earth 860 
Planet. Sci. Lett. 463, 159–170. https://doi.org/10.1016/j.epsl.2017.01.032 861 

Hathorne, E.C., Gagnon, A., Felis, T., Adkins, J., Asami, R., Boer, W., Caillon, N., Case, D., Cobb, K.M., 862 
Douville, E., deMenocal, P., Eisenhauer, A., Garbe‐Schönberg, D., Geibert, W., Goldstein, S., 863 
Hughen, K., Inoue, M., Kawahata, H., Kölling, M., Cornec, F.L., Linsley, B.K., McGregor, H.V., 864 
Montagna, P., Nurhati, I.S., Quinn, T.M., Raddatz, J., Rebaubier, H., Robinson, L., Sadekov, A., 865 
Sherrell, R., Sinclair, D., Tudhope, A.W., Wei, G., Wong, H., Wu, H.C., You, C., 2013. 866 
Interlaboratory study for coral Sr/Ca and other element/Ca ratio measurements. Geochem. 867 
Geophys. Geosystems 14, 3730–3750. https://doi.org/10.1002/ggge.20230 868 

He, R., Pohl, A., Zhang, X., Chang, C., Prow-Fleischer, A., Payne, J.L., Xiao, S., Ridgwell, A., Lu, Z., 2026. 869 
A reversed latitudinal ocean oxygen gradient in the Proterozoic Eon. Nat. Geosci. 19, 325–870 
330. https://doi.org/10.1038/s41561-025-01896-w 871 



 

 27 

Hepach, H., Hughes, C., Hogg, K., Collings, S., Chance, R., 2020. Senescence as the main driver of 872 
iodide release from a diverse range of marine phytoplankton. Biogeosciences 17, 2453–2471. 873 
https://doi.org/10.5194/bg-17-2453-2020 874 

Hess, A.V., Rosenthal, Y., Zhou, X., Bu, K., 2025. The I/Ca paleo-oxygenation proxy in planktonic 875 
foraminifera: A multispecies core-top calibration. Geochim. Cosmochim. Acta 876 
S0016703725000298. https://doi.org/10.1016/j.gca.2025.01.018 877 

Hönisch, B., Bijma, J., Russell, A.D., Spero, H.J., Palmer, M.R., Zeebe, R.E., Eisenhauer, A., 2003. The 878 
influence of symbiont photosynthesis on the boron isotopic composition of foraminifera 879 
shells. Mar. Micropaleontol. 49, 87–96. https://doi.org/10.1016/S0377-8398(03)00030-6 880 

Hoogakker, B.A.A., Davis, C., Wang, Y., Kusch, S., Nilsson-Kerr, K., Hardisty, D.S., Jacobel, A., Reyes 881 
Macaya, D., Glock, N., Ni, S., Sepúlveda, J., Ren, A., Auderset, A., Hess, A.V., Meissner, K.J., 882 
Cardich, J., Anderson, R., Barras, C., Basak, C., Bradbury, H.J., Brinkmann, I., Castillo, A., Cook, 883 
M., Costa, K., Choquel, C., Diz, P., Donnenfield, J., Elling, F.J., Erdem, Z., Filipsson, H.L., 884 
Garrido, S., Gottschalk, J., Govindankutty Menon, A., Groeneveld, J., Hallmann, C., Hendy, I., 885 
Hennekam, R., Lu, W., Lynch-Stieglitz, J., Matos, L., Martínez-García, A., Molina, G., Muñoz, 886 
P., Moretti, S., Morford, J., Nuber, S., Radionovskaya, S., Raven, M.R., Somes, C.J., Studer, 887 
A.S., Tachikawa, K., Tapia, R., Tetard, M., Vollmer, T., Wang, X., Wu, S., Zhang, Y., Zheng, X.-Y., 888 
Zhou, Y., 2025. Reviews and syntheses: Review of proxies for low-oxygen paleoceanographic 889 
reconstructions. Biogeosciences 22, 863–957. https://doi.org/10.5194/bg-22-863-2025 890 

Jickells, T.D., Boyd, S.S., Knap, A.H., 1988. Iodine cycling in the Sargasso Sea and the Bermuda inshore 891 
waters. Mar. Chem. 24, 61–82. https://doi.org/10.1016/0304-4203(88)90006-0 892 

Jones, M.R., Chance, R., Bell, T., Jones, O., Loades, D.C., May, R., Tinel, L., Weddell, K., Widdicombe, 893 
C., Carpenter, L.J., 2024. Iodide, iodate & dissolved organic iodine in the temperate coastal 894 
ocean. Front. Mar. Sci. 11, 1277595. https://doi.org/10.3389/fmars.2024.1277595 895 

Lea, D.W., Mashiotta, T.A., Spero, H.J., 1999. Controls on magnesium and strontium uptake in 896 
planktonic foraminifera determined by live culturing. Geochim. Cosmochim. Acta 63, 2369–897 
2379. https://doi.org/10.1016/S0016-7037(99)00197-0 898 

Lellouche, Eric, G., Romain, B.-B., Gilles, G., Angélique, M., Marie, D., Clément, B., Mathieu, H., 899 
Olivier, L.G., Charly, R., Tony, C., Charles-Emmanuel, T., Florent, G., Giovanni, R., Mounir, B., 900 
Yann, D., Pierre-Yves, L.T., 2021. The Copernicus Global 1/12° Oceanic and Sea Ice GLORYS12 901 
Reanalysis. Front. Earth Sci. 9, 698876. https://doi.org/10.3389/feart.2021.698876 902 

Lu, W., Dickson, A.J., Thomas, E., Rickaby, R.E.M., Chapman, P., Lu, Z., 2020. Refining the planktic 903 
foraminiferal I/Ca proxy: Results from the Southeast Atlantic Ocean. Geochim. Cosmochim. 904 
Acta 287, 318–327. https://doi.org/10.1016/j.gca.2019.10.025 905 

Lu, W., Wang, Y., Oppo, D.W., Nielsen, S.G., Costa, K.M., 2022. Comparing paleo-oxygenation proxies 906 
(benthic foraminiferal surface porosity, I/Ca, authigenic uranium) on modern sediments and 907 
the glacial Arabian Sea. Geochim. Cosmochim. Acta 331, 69–85. 908 
https://doi.org/10.1016/j.gca.2022.06.001 909 

Lu, Z., Hoogakker, B.A.A., Hillenbrand, C.-D., Zhou, X., Thomas, E., Gutchess, K.M., Lu, W., Jones, L., 910 
Rickaby, R.E.M., 2016. Oxygen depletion recorded in upper waters of the glacial Southern 911 
Ocean. Nat. Commun. 9. 912 

Lu, Z., Jenkyns, H.C., Rickaby, R.E.M., 2010. Iodine to calcium ratios in marine carbonate as a paleo-913 
redox proxy during oceanic anoxic events. Geology 38, 1107–1110. 914 
https://doi.org/10.1130/G31145.1 915 

Luther, G.W., 2023. Review on the physical chemistry of iodine transformations in the oceans. Front. 916 
Mar. Sci. 10, 1085618. https://doi.org/10.3389/fmars.2023.1085618 917 

Martrat, B., Grimalt, J.O., Lopez-Martinez, C., Cacho, I., Sierro, F.J., Flores, J.A., Zahn, R., Canals, M., 918 
Curtis, J.H., Hodell, D.A., 2004. Abrupt Temperature Changes in the Western Mediterranean 919 
over the Past 250,000 Years. Science 306, 1762–1765. 920 
https://doi.org/10.1126/science.1101706 921 

Meister, P., Herda, G., Petrishcheva, E., Gier, S., Dickens, G.R., Bauer, C., Liu, B., 2022. Microbial 922 
Alkalinity Production and Silicate Alteration in Methane Charged Marine Sediments: 923 



 

 28 

Implications for Porewater Chemistry and Diagenetic Carbonate Formation. Front. Earth Sci. 924 
9, 756591. https://doi.org/10.3389/feart.2021.756591 925 

Mishonov, A.V., Boyer, T.P., Baranova, O.K., Bouchard, C.N., Cross, S.L., Garcia, H.E., Locarnini, R.A., 926 
Paver, C.R., Reagan, J.R., Wang, Z., Seidov, D., Grodsky, A.I., Beauchamp, J.G., 2024. World 927 
Ocean Database 2023 [WWW Document]. https://doi.org/10.25923/z885-h264 928 

Moriyasu, R., Evans, N., Bolster, K.M., Hardisty, D.S., Moffett, J.W., 2020. The Distribution and Redox 929 
Speciation of Iodine in the Eastern Tropical North Pacific Ocean. Glob. Biogeochem. Cycles 930 
34, e2019GB006302. https://doi.org/10.1029/2019GB006302 931 

NASA Earth Data Base, 2025. ORCA Science. Ocean Productivity Data Server. [WWW Document]. Or. 932 
State Univ. ORCA. URL http://orca.science.oregonstate.edu/index.php (accessed 6.17.25). 933 

Nilsson-Kerr, K., Hoogakker, B.A.A., Macaya, D.A.R., Winkelbauer, H.A., Hamilton, E., Chenery, S., 934 
Davis, C.V., Leng, M.J., 2025. Late Cenozoic intensification of deoxygenation in the Pacific 935 
Ocean. Earth Planet. Sci. Lett. 655, 119253. https://doi.org/10.1016/j.epsl.2025.119253 936 

Oschlies, A., Brandt, P., Stramma, L., Schmidtko, S., 2018. Drivers and mechanisms of ocean 937 
deoxygenation. Nat. Geosci. 11, 467–473. https://doi.org/10.1038/s41561-018-0152-2 938 

Oschlies, A., Duteil, O., Getzlaff, J., Koeve, W., Landolfi, A., Schmidtko, S., 2017. Patterns of 939 
deoxygenation: sensitivity to natural and anthropogenic drivers. Philos. Trans. R. Soc. Math. 940 
Phys. Eng. Sci. 375, 20160325. https://doi.org/10.1098/rsta.2016.0325 941 

Packard, T.T., Minas, H.J., Coste, B., Martinez, R., Bonin, M.C., Gostan, J., Garfield, P., Christensen, J., 942 
Dortch, Q., Minas, M., Copin-Montegut, G., Copin-Montegut, C., 1988. Formation of the 943 
Alboran oxygen minimum zone. Deep Sea Res. Part Oceanogr. Res. Pap. 35, 1111–1118. 944 
https://doi.org/10.1016/0198-0149(88)90003-9 945 

Pichevin, L., Bard, E., Martinez, P., Billy, I., 2007. Evidence of ventilation changes in the Arabian Sea 946 
during the late Quaternary: Implication for denitrification and nitrous oxide emission. Glob. 947 
Biogeochem. Cycles 21, 2006GB002852. https://doi.org/10.1029/2006GB002852 948 

Podder, J., Lin, J., Sun, W., Botis, S.M., Tse, J., Chen, N., Hu, Y., Li, D., Seaman, J., Pan, Y., 2017. Iodate 949 
in calcite and vaterite: Insights from synchrotron X-ray absorption spectroscopy and first-950 
principles calculations. Geochim. Cosmochim. Acta 198, 218–228. 951 
https://doi.org/10.1016/j.gca.2016.11.032 952 

Powley, H.R., Cappellen, P.V., Krom, M.D., 2017. Nutrient Cycling in the Mediterranean Sea: The Key 953 
to Understanding How the Unique Marine Ecosystem Functions and Responds to 954 
Anthropogenic Pressures, in: Fuerst-Bjelis, B. (Ed.), Mediterranean Identities - Environment, 955 
Society, Culture. InTech. https://doi.org/10.5772/intechopen.70878 956 

Ram, S., Erez, J., 2023. Anion elements incorporation into corals skeletons: Experimental approach 957 
for biomineralization and paleo-proxies. Proc. Natl. Acad. Sci. 120, e2306627120. 958 
https://doi.org/10.1073/pnas.2306627120 959 

Reitz, A., De Lange, G.J., 2006. Abundant Sr-rich aragonite in eastern Mediterranean sapropel S1: 960 
Diagenetic vs. detrital/biogenic origin. Palaeogeogr. Palaeoclimatol. Palaeoecol. 235, 135–961 
148. https://doi.org/10.1016/j.palaeo.2005.10.024 962 

Schlitzer, Reiner, 2025. Ocean Data View [WWW Document]. Ocean Data View. URL 963 
https://odv.awi.de/ (accessed 12.10.25). 964 

Schneider, A., Wallace, D.W.R., Körtzinger, A., 2007. Alkalinity of the Mediterranean Sea. Geophys. 965 
Res. Lett. 34, 2006GL028842. https://doi.org/10.1029/2006GL028842 966 

Siani, G., Paterne, M., Colin, C., 2010. Late glacial to Holocene planktic foraminifera bioevents and 967 
climatic record in the South Adriatic Sea. J. Quat. Sci. 25, 808–821. 968 
https://doi.org/10.1002/jqs.1360 969 

Suess, E., 1979. Mineral phases formed in anoxic sediments by microbial decomposition of organic 970 
matter. Geochim. Cosmochim. Acta 43, 339–352. https://doi.org/10.1016/0016-971 
7037(79)90199-6 972 

Tian, R.C., Nicolas, E., 1995. Iodine speciation in the northwestern Mediterranean Sea, method and 973 
vertical profile. Mar. Chem. 48, 151–156. https://doi.org/10.1016/0304-4203(94)00048-I 974 



 

 29 

Ullman, W.J., Luther, G.W., de Lange, G.J, Woittiez, J.R.W, 1990. Iodine chemistry in deep anoxic 975 
basins and overlying waters of the Mediterranean Sea. 976 

Wadley, M.R., Stevens, D.P., Jickells, T.D., Hughes, C., Chance, R., Hepach, H., Tinel, L., Carpenter, L.J., 977 
2020. A Global Model for Iodine Speciation in the Upper Ocean. Glob. Biogeochem. Cycles 978 
34, e2019GB006467. https://doi.org/10.1029/2019GB006467 979 

Wang, X., Rickaby, R.E.M., Lu, Z., 2026. A deep dive into the planktic foraminiferal I/Ca in global core-980 
tops. Glob. Planet. Change 105412. https://doi.org/10.1016/j.gloplacha.2026.105412 981 

Winkelbauer, H., Cordova‐Rodriguez, K., Reyes‐Macaya, D., Scott, J., Glock, N., Lu, Z., Hamilton, E., 982 
Chenery, S., Holdship, P., Dormon, C., Hoogakker, B., 2021. Foraminifera Iodine to Calcium 983 
Ratios: Approach and Cleaning. Geochem. Geophys. Geosystems 22. 984 
https://doi.org/10.1029/2021GC009811 985 

Winkelbauer, H.A., Hoogakker, B.A.A., Chance, R.J., Davis, C.V., Anthony, C.J., Bischoff, J., Carpenter, 986 
L.J., Chenery, S.R.N., Hamilton, E.M., Holdship, P., Peck, V.L., Poulton, A.J., Stinchcombe, 987 
M.C., Wishner, K.F., 2023. Planktic foraminifera iodine/calcium ratios from plankton tows. 988 
Front. Mar. Sci. 10, 1095570. https://doi.org/10.3389/fmars.2023.1095570 989 

Wong, G.T.F., Zhang, L., 1992. Changes in iodine speciation across coastal hydrographic fronts in 990 
southeastern United States continental shelf waters. Cont. Shelf Res. 12, 717–733. 991 
https://doi.org/10.1016/0278-4343(92)90027-H 992 

Zhou, X., Hess, A.V., Bu, K., Sagawa, T., Rosenthal, Y., 2022. Simultaneous Determination of I/Ca and 993 
Other Elemental Ratios in Foraminifera: Comparing Results From Acidic and Basic Solutions. 994 
Geochem. Geophys. Geosystems 23, e2022GC010660. 995 
https://doi.org/10.1029/2022GC010660 996 

Zhou, X., Thomas, E., Rickaby, R.E.M., Winguth, A.M.E., Lu, Z., 2014. I/Ca evidence for upper ocean 997 
deoxygenation during the PETM. Paleoceanography 29, 964–975. 998 
https://doi.org/10.1002/2014PA002702 999 

 1000 


