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Abstract. Direct observations indicate a declining trend in
ocean oxygen concentrations, which is not quantitatively
captured by models. The complexity of oxygenation vari-
ability, linked to both physical and biochemical parameters,
must be investigated across different modern climate con-
texts. Foraminiferal iodine-to-calcium (I /Ca) ratios have
emerged as a proxy for subsurface oxygen concentrations
although their capacity for quantitative reconstructions re-
mains to be elucidated. We provide a new database of mod-
ern foraminiferal I /Ca, including the first results from the
Mediterranean Sea and new samples in the Arabian Sea to-
gether with the parameters of biochemistry (nutrient con-
centration, pH, chlorophyll, oxygen, net primary productiv-
ity), physical and geographical (temperature, salinity, lati-
tude, distance from the coast, water depths) and diagenesis
potential (depth in core, sediment age) to better understand
the proxy behaviour. Considering the strong spatiotempo-
ral variability in dissolved oxygen in subsurface ocean, we
propose to use statistically robust 25th percentile of oxy-
gen concentration (p25 [O2]) in the upper 500 m in the wa-
ter column instead of minimum concentration. Our results
affirm that oxygen concentration is the primary driver of
foraminiferal I /Ca and we propose a new calibration equa-
tion of foraminiferal I /Ca against p25 [O2]. Based on a
new database, we identify a complex relationship between
p25 [O2] and iodine speciation, which is one of the main
sources of scatter. A comparison with synthetic calcite re-
veals that planktonic foraminiferal tests can incorporate ei-

ther more or less iodate at high p25 [O2] than abiotic cal-
cite, probably due to “vital effects”. The Mediterranean Sea
samples present a wide range from low to high I /Ca (0.6
to 6.9 µmol mol−1) in well-oxygenated water, which cannot
be explained solely by authigenic calcite precipitation. Our
results highlight the complex behaviour of the I /Ca proxy,
while its semi-quantitative reconstruction in palaeoceanogra-
phy remains promising.

1 Introduction

Oxygen concentration [O2] in the global ocean is decreas-
ing, and the decline is highly influenced by warming patterns
induced by global climate change (Oschlies et al., 2018). Fu-
ture oxygenation change is difficult to predict as it depends
on various parameters. Dissolved oxygen depletion can be
related to changes in solubility with seawater temperature,
generally decreasing ventilation of water masses (Oschlies
et al., 2017), and through biological productivity triggered
oxygen consumption in the ocean, especially in the subsur-
face, where the productivity and remineralisation are at a
maximum. Models can currently only explain about half the
observed oxygen depletion (Bopp et al., 2013; Frölicher et
al., 2016) and thus a proxy for subsurface oxygen content is
highly sought to study longer variability under different cli-
mate conditions.
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The iodine to calcium ratios (I /Ca) from planktonic
foraminifera tests have been investigated and used as a proxy
for subsurface/intermediate depth minimum oxygen concen-
tration (Lu et al., 2010, 2016, 2020; Winkelbauer et al., 2021;
Hess et al., 2025; Zhou et al., 2014, 2022; Hoogakker et al.,
2025) as inorganic iodine speciation depends on redox poten-
tial, which is mainly controlled by oxygen content (Luther,
2023). Severe oxygen depletion, less than 1 nM of oxygen,
will chemo-dynamically trigger iodate reduction to iodide
(I−) (Luther, 2023). In oxygenated water, iodine is mainly in
its oxidized form, iodate (IO−3 ) (Chance et al., 2014, 2019).
Iodide, the reduced form of inorganic iodine can also be
found in small concentrations near surface because of bio-
logical iodate uptake and iodide release during phytoplank-
ton growth (Hepach et al., 2020). In hypoxic and anoxic wa-
ters, iodide is the major iodine species, thought to increase
as iodate is reduced. The reduction reaction takes place un-
der short time scales, from days to weeks (Chance et al.,
2010) whereas the full (re)oxidation of iodide back to iodate
has been reported to take place from several weeks to sev-
eral months (Wadley et al., 2020). Total inorganic iodine in
oxygenated water typically ranges between 400 and 500 nM,
corresponding to a variability of about 20 % (Chance et al.,
2010). Iodine is also present as organically bound iodine, pri-
marily in the form of dissolved organic iodine. In the open
ocean, it is typically about 5 % of total dissolved iodine, but
this proportion can increase to up to ∼ 20 % in coastal areas
due to interaction with higher concentrations of dissolved or-
ganic matter (Jones et al., 2024). Iodate is assumed to be the
only iodine species to be incorporated to foraminiferal cal-
cite tests as a substitute to carbonate ion (Feng and Redfern,
2018; Lu et al., 2010; Podder et al., 2017). The processes
and kinetics of the chemical reactions in the water column,
as well as its incorporation mechanisms into biologically me-
diated calcite are still poorly understood (Luther, 2023).

Calibration of the I /Ca–O2 proxy was first focused on
the quantitative reconstruction of subsurface oxygen con-
centration as synthetic calcite showed linear incorporation
of iodate depending on its concentration (Lu et al., 2010).
Later, foraminiferal core-top calibrations started to relate the
I /Ca ratio in respect with minimum oxygen from 0–500 m
in the water column, considering a tight relationship between
the minimum oxygen concentration and surface water io-
date concentration (Lu et al., 2016). The proxy was thus pro-
posed as a semi-quantitative tool with thresholds I /Ca value
of 0.85 2.3 and 5 µmol mol−1 that corresponds to [O2] 50,
90 and 140 µmol kg−1 (Lu et al., 2016; Wang et al., 2026).
Data from the Southeast Atlantic including sites close to the
Benguela upwelling system highlighted the possibility of low
I /Ca in apparently oxygenated water (Lu et al., 2020). The
minimum oxygen values of the study region were highly spa-
tially variable and the use of oxygen data at higher resolu-
tion (0.25°) reduced the number data points with low I /Ca
under high oxygenation condition (Lu et al., 2020). How-
ever, substantial scatter remains in the relationship between

foraminiferal I /Ca and minimum oxygen concentration that
is characterised by two broad domains: oxygen depleted wa-
ters (I /Ca < 2.5 µmol mol−1) and oxygenated water (I /Ca
>4 µmol mol−1). Nilsson-Kerr et al. (2025) expanded the
I /Ca–O2 core top calibration dataset with measurements
from regions with low subsurface O2, confirming the pres-
ence of significant scatter. Hess et al. (2025) proposed that
I /Ca dispersion is linked with the different iodate concen-
trations at different foraminiferal calcification depths. Scat-
tering could then be reduced by using Mg /Ca ratios in the
foraminifera, a proxy for temperature that estimates their cal-
cification depth. Although they showed that I /Ca varies pre-
dictably based on iodate concentration and water depth, sub-
stantial dispersion still persists and the effect of calcification
depth cannot explain all the results.

Moreover, low I /Ca from plankton tow in highly oxy-
genated waters have been measured (Winkelbauer et al.,
2023). It was suggested that iodine is incorporated during
particle sinking and could explain those low values, thus
challenging the use of the proxy for subsurface oxygena-
tion, an interpretation that has not yet been further interro-
gated. Besides, given the lack of knowledge on the under-
lying mechanism, application of this proxy needs caveating
when carried out for samples from coastal shelves and re-
stricted basins where the mixing with open ocean water is
not efficient (Hess et al., 2025; Lu et al., 2020).

The previous studies have mostly focused on trying to re-
duce scattering by investigating the y-axis (I /Ca), but the
definition of x-axis (oxygen concentration) has not been
treated systematically, despite its importance (Lu et al.,
2020). Some studies suggest that the complexity of iodine
speciation and its coupling with dissolved oxygen is respon-
sible for the observed data scatter (Hess et al., 2025; Nilsson-
Kerr et al., 2025). However, the systematic study with a large
number of data focusing on both the definition of minimum
dissolved oxygen concentration and iodine speciation has not
yet been realised.

We aim to determine whether the definition of “oxygen
concentration” can help to better calibrate the proxy, and fur-
ther investigate the possible reasons for foraminiferal I /Ca
data scattering. We also examine if the proxy can be used in
a semi-enclosed basin, the Mediterranean Sea as important
oceanographical variations over small distances may limit
the use of the proxy (Hess et al., 2025). In this paper, our
approach is to (1) propose a statistically robust definition for
minimum O2, (2) investigate the coupling between iodine
speciation and dissolved oxygen as a potential control for
foraminiferal I /Ca scattering (3) examine the differences in
iodine incorporation between foraminiferal and abiotic cal-
cite, and (4) evaluate the influence of authigenic carbon-
ate precipitation on foraminiferal I /Ca under high alkalinity
conditions.
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2 Material and Methods

2.1 Material

In this study we present core top planktonic foraminiferal
I /Ca from 7 locations including 5 from the Mediterranean
region (Fig. 1b). Core MD99-2341 (577 m b.s.l.) from Gulf
of Cadiz together with ODP Site 977 (1984 m b.s.l.) from
Alboran Sea are selected to characterise the Atlantic in-
flow signature. MD04-2797 (771 m b.s.l.) is located next to
the Strait of Sicily, and is used to indicate mixing ratio at
the connection between the Western and Eastern Mediter-
ranean basins. SL95 (1390 m b.s.l.), in the Gulf of Sirte, is
thought to represent the southern part of the Ionian Sea.
Core MD04-2724 (1659 m b.s.l.) has been recovered in the
deep Nile delta and it is the easternmost core of this study.
Core MD04-2722 (1780 m b.s.l.) was recovered in the Lev-
antine basin. MD90-917 (1010 m b.s.l.), was recovered in the
Adriatic Sea, where the Eastern Mediterranean deep water
is formed and corresponds to a well oxygenated area. The
two other cores MD04-2873 (2196 m b.s.l.) and MD04-2876
(828 m b.s.l.) were recovered in the Pakistan margin, one be-
low the Oxygen Minimum Zone (OMZ), and the other in-
side it, respectively (Fig. 1c). They are selected in order to
identify any impact of the bottom water oxygenation state on
I /Ca ratios.

The core top materials of the two new cores, SL95 and
MD04-2724, were dated to 1835± 30 (1 SD, at 0–1 cm)
and 5515± 30 radiocarbon years BP (1 SD, at 0–1 cm) re-
spectively, using mono-species planktonic foraminifera per-
formed at the ARTEMIS facility in Gif-sur-Yvette, France.

2.2 Analysis of iodine / calcium ratio from planktonic
foraminifera

For foraminiferal I /Ca analysis, 30 monospecific planktonic
foraminiferal tests were picked from 250–355 µm fraction
and cleaned following Barker et al. (2003) short-cleaning
protocol. Only the oxidative cleaning was realised. Depend-
ing on the core, different species are used. For Gulf of Cadiz,
Globigerinoides ruber albus (hereafter referred to as G.
ruber), Globigerina bulloides, Trilobatus sacculifer (with-
out sack-like chamber), Globigerinella siphonifera and Pul-
leniatina obliquiloculata were picked. Given the influence
of calcification depth on I /Ca ratios (Hess et al., 2025),
species-specific calcification depths are reported here. Glo-
bigerinoides ruber and T. sacculifer are mixed layer calci-
fiers. G. bulloides, G. siphonifera and P. obliquiloculata are
thermocline-dwelling species. For the Alboran Sea, G. ru-
ber and G. bulloides ratios were analysed. For MD04-2797,
SL95, MD90-917 and the two cores from the Arabian Sea,
only G. ruber was used. After cleaning, samples were dis-
solved with diluted nitric acid at 0.1 M (0.66 %). The ob-
tained solution was then centrifuged to separate any resid-
ual non-dissolved particles. After a calcium (Ca) concen-

tration test to determine the necessary dilution factor for
each sample, an aliquot for iodine measurement is stabilised
with tetramethylammonium hydroxide (TMAH, SIGMA-
ALDRICH) to obtain a 0.33 % HNO−3 0.48 % TMAH ma-
trix. The solution is then diluted to a Ca concentration of
50 µg mL−1 (50 ppm). The remainder is diluted to obtain Ca
concentration of 100 µg mL−1 to determine Ca, U, Mn, Fe
and Al concentrations (Guarinos et al., 2026b). In this study
only I /Ca ratio is discussed. Elemental analysis is carried
out using ICP-MS (Agilent 7500ce) at the CEREGE, France.

Each sample is analysed and standard-sample bracketing
is used to characterise instrumental drift during measure-
ment. There is no currently certified geostandard for I /Ca
but JCp-1, a coral powder, is commonly used in this role. In
our analyses JCp-1 is measured every five samples. Our mea-
sure of I /Ca of JCp-1 is 4.34± 0.11 µmol mol−1 (n= 27,
1 SD). This is in good agreement with published values of
4.27± 0.10 µmol mol−1 (n= 13, 1 SD, Winkelbauer et al.,
2023), 4.33± 0.06 µmol mol−1 (n= 6, 1 SD, Chai and Mu-
ramatsu, 2007), 4.27± 0.06 µmol mol−1 (1 SD, Lu et al.,
2010), and 4.20± 0.43 µmol mol−1 (1 SD, Hess et al., 2025).
Calculated I /Ca precision is better than 3 % and blank lev-
els were low, often below detection limits, so no correction
is applied.

2.3 Inorganic iodine speciation depending on dissolved
oxygen concentration

The concentration of inorganic iodine species in the ocean
is primarily controlled by redox conditions, with iodate pre-
vailing in oxic conditions and iodide dominating in reducing
environments (Chance et al., 2014; Ullman et al., 1990). To
establish the relationship between iodate and oxygen concen-
tration, iodine data are expressed as iodate proportion in to-
tal inorganic iodine in order to avoid potential impacts from
changing iodine concentration. We have selected data shal-
lower than 500 m b.s.l. and within ±1σ of total inorganic
iodine concentration (Fig. 3c) to avoid heavily iodine en-
riched/depleted areas. Only data with both iodate and io-
dide concentrations are selected to better constrain the speci-
ation and avoid assumption on total inorganic iodine concen-
tration. Iodine speciation data from Bermuda inshore water
are excluded (Jickells et al., 1988), as they originate from
a highly restricted environment, and not representative of
the conditions considered in this study. Data analysis is per-
formed using least-squares fitting analysis in Python 3.12.
The 95 % prediction intervals are computed by propagating
the uncertainties of the fitted model parameters contained in
the covariance matrix. This combines both the variance of the
fitted parameters and the residual variance of the data within
the selected area.

To explore the influence of redox conditions on inorganic
iodine speciation, oxygen data were combined with pub-
lished iodine speciation measures. Inorganic iodine speci-
ation in the upper 500 m is investigated using previously
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Table 1. Description of cores and planktonic foraminiferal species used for I /Ca analysis. NA is for non attributed.

Core name Location Latitude Longitude Depth Depth in core Core top age Species Comment Age model
(m b.s.l.) (cm) (ka cal BP) picked reference

MD99-2341 Gulf of Cadiz 36.383 −7.533 577 2–4 1.02 G. ruber, G. bulloides, Atlantic water inflow Eynaud et al. (2009)
T. sacculifer,
G. siphonifera,
P. obliquiloculata

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

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)

published data (Winkelbauer et al., 2023). Oxygen concen-
trations were obtained from World Ocean Database 2023
(WOD23) from Mishonov et al. (2024) from within a 0.25°
area around each sampling site, where possible. From every
obtained oxygen distribution, we determined the percentiles
of oxygen concentration. Each measurement from 0–500 m
at a given station is attributed to the same percentile value.

2.4 Planktonic foraminiferal I / Ca database

Planktonic foraminiferal I /Ca database is obtained with 15
new core top data (this study), and previously published core
top and plankton tow measurements (Hess et al., 2025; Lu et
al., 2020, 2016; Nilsson-Kerr et al., 2025; Winkelbauer et al.,
2021, 2023; Zhou et al., 2022).

The database contains 567 core top data points, 438 of
which are younger than 2,000 years BP. Oxygen distribu-
tion in the first 500 m are obtained from WOD23 accepted
values (class 0) from (i) Bottle (Winkler titration) and (ii)
Conductivity–Temperature–Depth (CTD) with oxygen sen-
sor data in a 0.25° area around each sampling site (Mishonov
et al., 2024). For sites where no oxygen profile is available,
the area of search is extended to 0.5° and the data flagged, no
data from> 0.5° is used. The obtained oxygen concentration
data are used to calculate the minimum, maximum, mean,
and percentile values. CTD measurements are only used for
3 I /Ca values as they are considered to be less accurate be-
cause of excursion artifacts. For this reason, we prioritise bot-
tle data which are consider to be more accurate.

Additional environmental variables are included to assess
their potential contribution to I /Ca variability. Other pa-
rameters, seawater temperature, salinity, nitrate, phosphate,
chlorophyll, pH and alkalinity are similarly obtained from
class 0 bottle measurements in 0.25° around sampling site
at the first 500 m. Investigating the 0–500 m is crucial be-
cause this is where the planktonic I /Ca signal is presumed
to originate (Lu et al., 2016). Oxycline depth and mean oxy-
gen concentration at oxycline were also tested as they may
highly influence foraminiferal I /Ca (Wang et al., 2026).

They were recovered from class 0 bottle measurements in
0.25° area around sampling site. No value is attributed to
sites without any available bottle measurement. Other pa-
rameters, net primary productivity (NPP) (Behrenfeld and
Falkowski, 1997; ORCA Science, 2025), current speed, and
mixed layer depth, are obtained using their corresponding
raster resolution. NPP is derived from annual mean satellite
data integrated from 1998 to 2022 at a resolution of 25 km
and using Eppley-Vertically Generalized Production Model
(Eppley-VGPM). Parameters related to ocean dynamics are
derived from Global Ocean Physics Reanalysis annual mean
and maximum values (Lellouche et al., 2021). We use ab-
solute Northward and Eastward velocities from surface to
500 m and mixed layer depth. Data sources are listed in Ta-
ble 2.

The database construction we propose here is a table for-
mat with two entries. Each line is a specific measurement of
foraminiferal I /Ca. Columns correspond to different char-
acteristics of the measurement, sampling site, and all the
extracted site-specific parameters previously mentioned. In-
formation of symbionts presence and habitat depth is also
shown. We also specify the cleaning protocol of the samples
as reductive cleaning has been shown to reduce the I /Ca
value by 30 % (Zhou et al., 2022). Samples processed by re-
ductive cleaning are corrected accordingly, with an increase
of 30 % of I /Ca. This impacts 197 measures (35 % of the
full dataset). All the figures presented are using the corrected
I /Ca. The full database is available in Supplement.

To assess the relationships between foraminiferal I /Ca
and environmental variables, we use both Spearman’s ρ and
Kendall’s τ correlation coefficients. Even if some individual
uncertainties of the selected variables may follow normal dis-
tributions, the dataset as a whole is heterogeneous and non-
normally distributed, making non-parametric tests more ap-
propriate. Moreover, as the resulting relationships are likely
non-linear, these rank-based methods provide a robust evalu-
ation of correlation. The use of both correlation coefficients
captures two complementary aspects of monotonic relation-
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Figure 1. Map of 25th percentile of oxygen concentration (p25 [O2]) in µmol kg−1 in ±0.25° (latitude and longitude) at 0–500 m b.s.l. and
symbols corresponding to modern foraminiferal I /Ca (µmol mol−1) less than 8000 years (8 ka) before present (BP) at global scale (a) and
in the Mediterranean Sea (b). The locations of new core top data from this study are represented with triangles and published values with
circles. Plankton tow data from Winkelbauer et al. (2023) are represented with diamonds. Position of dissolved inorganic iodine species
concentrations in the Mediterranean Sea are represented in black (Tian and Nicolas, 1995; Ullman et al., 1990). Oxygen distributions were
obtained from World Ocean Database 2023 (WOD23) (Mishonov et al., 2024). Arabian Sea mean oxygen section (c) shows the position of
the two core-tops studied. MD04-2876 is in the core of the OMZ, and MD04-2873 is below. Oxygen profile is made with Ocean Data View
(Ocean Data View, 2025).

ships: the strength of the association and how well the obser-
vations agree with each other. These analyses are intended to
identify statistical covariation.

3 Results

3.1 Definition of p25 [O2] and Iodine speciation

Oxygen concentration ranges from 0 to 300 µmol kg−1. Ob-
tained oxygen distribution in the upper 500 m layer at sites
where foraminiferal I /Ca is available are mostly unimodal
or multimodal (Fig. 2). Previous studies use the minimum

https://doi.org/10.5194/bg-23-5477-2026 Biogeosciences, 23, 5477–5495, 2026
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[O2] value measured in 0–500 m to calibrate foraminiferal
I /Ca (Hess et al., 2025; Lu et al., 2020). The use of the min-
imum value can provide questionable representativeness of
actual conditions because the minimum value could reflect
exceptional events or data reporting issues. As the distribu-
tion of oxygen concentration at 0 to 500 m water depth is
not normally distributed, we use the 25th percentile (p25) to
represent average oxygen depletion instead of the minimum
value. Its use is thought to partially eliminate outliers or er-
rors in the oxygen dataset. The use of percentiles takes into
account the full distribution in 0–500 m in space and time as
much as the oxygen dataset allows. However, this indicator
is not perfect as important errors or sampling bias may still
influence the values. Furthermore, the goal of the use of p25
is not to propose a quantitative interpretation of the proxy. Io-
dine concentration and speciation dynamics may not be fully
captured by oxygen variability and result in subsequent dis-
persion. We have tested percentiles from 5 to 30 at each 5 %
(Fig. S1 in the Supplement). All tested definition of x-axis
shows the same slope, with only the intercept being differ-
ent. We choose the higher R2 (0.43) together with the lower
Root Mean Square Error (RMSE) (1.370), corresponding to
p25 (Fig. S1). We note here that p25 value is close to mean
value minus 1 standard deviation when the distribution was
normal or quasi-normal. With p25 being the oxygen parame-
ter with the best fit, it is possible to remove part of the oxygen
influence on the proxy.

In strongly oxygen-depleted areas, such as OMZ, the oxy-
gen distributions are mainly multimodal with high values
near surface and lower values in the heart of OMZ (Fig. 2a).
Those areas are represented with p25 [O2] values ranging
from 0 to 100 µmol kg−1.

In areas with p25 [O2] value between 100 and
180 µmol kg−1 (tropical Atlantic Ocean, Ontong Java Plateau
in the tropical Pacific), the distribution of oxygen concen-
tration is mostly multimodal, reflecting vertical change with
water depth but with moderate oxygen depletion (Fig. 2b).

Oxygenated waters are marked by p25 [O2] values from
180 to 300 µmol kg−1. The corresponding distributions are
mostly unimodal (Fig. 2c). Some sites were not attributed to
a distribution type due to their relative rarity.

3.2 Iodine speciation and oxygen concentration

Total inorganic iodine is in the range of 400 to 500 nM
and is more or less constant in the ocean (Chance et al.,
2010) (Fig. 3c). Inorganic iodine depletion near coastal re-
gions have been attributed to biological uptake (Elderfield
and Truesdale, 1980; Wong and Zhang, 1992). But inor-
ganic iodine speciation primarily varies with redox potential,
largely governed by oxygen availability (Luther, 2023). In or-
der to compare inorganic iodine speciation to foraminiferal
I /Ca, we represent it from the first 500 m as a function of
p25 [O2] in 0–500 m (Fig. 3a) and [O2]min in 0–500 m. Spe-
ciation is shown as iodate/(iodate+ iodide) in Fig. 3a, that

Figure 2. Histograms of common types of oxygen distributions
encountered in this study, with OMZ-type from Mauritanian up-
welling (a), intermediate from southwestern Pacific Ocean (b) and
well oxygenated from North Atlantic (c) distributions. Oxygen de-
pletion representative value p25 [O2] is highlighted in full red line.
Other percentiles (p5, p50, p75, p95) are in dotted grey lines. Dot-
ted red line is the minimum oxygen value previously used. Dotted
yellow and purple lines are 1σ (68 %) and 2 σ (95 %) limits, re-
spectively. The difference between [O2] min and p25 [O2] is 0–
142 µmol kg−1. Note that the shown oxygen concentration range is
different between (a), (b) and (c).

Biogeosciences, 23, 5477–5495, 2026 https://doi.org/10.5194/bg-23-5477-2026
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corresponds to the iodate proportion of the inorganic iodine
concentration (Tian and Nicolas, 1995). This representation
allows us to minimise the effect of inorganic iodine concen-
tration (Elderfield and Truesdale, 1980; Tian and Nicolas,
1995). As this approach is based on real data, it may partly
account for other factors affecting inorganic iodine specia-
tion such as mixing of water masses and primary productivity
(Cheng et al., 2024; Evans et al., 2020; Hardisty et al., 2021;
Moriyasu et al., 2020). The aim of Fig. 3 is not to compare
the two x-axes, but rather to present a different concept for
inorganic iodine speciation (Fig. 3a) than the common io-
date concentration (Fig. 3b). This is especially visible with
samples from the Indian Ocean with lower iodate concen-
tration than the other oceans (Fig. 3b) being in the cloud of
points with inorganic iodine speciation (Fig. 3a) (Chance et
al., 2020; Farrenkopf and Luther, 2002).

Main result shows high dispersion of iodine speciation,
and non-linear relationship (Fig. 3a and b). It also shows
that iodate might exist in oxygen depleted waters, espe-
cially in Pacific Ocean. Iodine speciation is highly variable
at 0–500 m. Iodate absence is mainly found at p25 [O2]
< 10 µmol kg−1 although it is not systematically absent in
those areas. In well oxygenated water (>200 µmol kg−1), in-
organic iodine is principally under the oxidised form, with
a proportion above 60 %. However, measurements from one
site in Pacific and three in Atlantic are low in iodate propor-
tions (< 0.5) in oxygenated areas (> 150 µmol kg−1), and fall
outside the prediction interval.

We choose an exponential fit function to represent
the rapid iodate decrease when p25 [O2] is below
20 µmol kg−1 and the plateau in oxygenated waters (p25 [O2]
>180 µmol kg−1) (Fig. 3a). Prediction interval for exponen-
tial fit is represented in shaded red area. The objective of
this representation is not to find the best fit, but rather to de-
termine whether the relationship between iodate proportion
and dissolved oxygen content could explain the variation in
foraminiferal I /Ca-based oxygen reconstruction. Compared
to min[O2] and iodate concentration (Fig. 3b), the use of p25
[O2] with proportion of iodate in inorganic iodine (Fig. 3a)
limits the influence of total inorganic iodine concentration
change. The main difference in the x-axis definition is the
change in range, from 0–280 µmol kg−1 for [O2] min to 0–
330 µmol kg−1 for p25 [O2] (Fig. 3a, b). This results in a
visually stretched dataset in the x-direction. Moreover, the
use of a different y-axis leads to fewer values outside the
95 % prediction interval in the high-iodate-proportion/low-
p25 range compared to iodate concentration. A few points
fall below the 95 % prediction interval at intermediate oxy-
gen levels when using p25 [O2].

In the Mediterranean Sea, inorganic iodine speciation pro-
files are scarce, with only one time series and four differ-
ent locations reported (Tian and Nicolas, 1995; Ullman et
al., 1990). Nevertheless, consistently high iodate concen-
trations are observed in the upper 0–500 m (370–515 nM)
corresponding to well oxygenated water ([O2]min 100–

180 µmol kg−1) (Fig. 3b). Under these conditions, iodate rep-
resents more than 80 % of total inorganic iodine, with p25
[O2] between 190 and 200 µmol kg−1.

3.3 New core top planktonic foraminiferal I / Ca

Low iodine concentration in foraminifera, ranging from 0
to 2 µmol mol−1, are mostly found with p25 [O2] between
0 and 180 µmol kg−1 (Fig. 4). In the 180–300 µmol kg−1 of
p25 [O2], most foraminiferal I /Ca ratios show higher values
ranging from 1 to 8 µmol kg−1.

New core top data from the Pakistan margin present
I /Ca values lower than 2.5 µmol mol−1 (0.7 µmol mol−1 for
MD04-2876 and 1.8 µmol mol−1 for MD04-2873). Differ-
ence in p25 [O2] could be related to oxygen data availability
with wider area of oxygen distribution of 0.5° for MD04-
2873 instead of 0.25° for MD04-2876 and different number
of oxygen profiles (n= 2 and n= 7 respectively).

In the Mediterranean Sea, foraminiferal I /Ca values are
very low in highly oxygenated areas (1.0 µmol mol−1 in the
Gulf of Cadiz and 1.6 to 3.1 µmol mol−1 in Alboran Sea)
that corresponds to p25 [O2] between 180 and 220 µmol kg−1

(Fig. 4), or 168 and 190 µmol kg−1 for min[O2]. The ob-
served trend cannot be explained by vertical oxygen structure
or by seasonal oxygen-depletion events, as dissolved oxy-
gen profiles in the upper 500 m show very limited seasonal
or inter-annual variability, even when more than 20 pro-
files per site are considered. Regarding I /Ca difference be-
tween planktonic foraminiferal species, three cores provide
information (Table 1). The dispersion of different species of
foraminifera is around 40 % for the Gulf of Cadiz (MD99-
2341) and the Alboran Sea (ODP Site 977) whereas in the
Eastern Mediterranean Sea the high I /Ca ratios (from 2 to
6 µmol mol−1) are associated with a dispersion of 50 % for
the deep Nile Delta core (MD04-2724).

Iodine incorporation during particle sinking has been pro-
posed to explain the low I /Ca values from plankton tows
(Winkelbauer et al., 2023). However, we find no system-
atic relation with water depth and I /Ca with our new data
(Fig. 4). Deep sites in oxygenated water like ODP Site 977 at
1984 m b.s.l. also show very low I /Ca. Other cores at com-
parable depths and oxygenation levels, like MD04-2724 at
1659 m b.s.l. show I /Ca above 4 µmol mol−1.

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

The relationship between environmental parameters such as
biogeochemical characterisation of 0–500 m at each site, pri-
mary productivity and physical parameters (current velocity)
and foraminiferal I /Ca is investigated using statistical test
Kendall’s τ and Spearman’s ρ correlation coefficients (Ta-
ble 2). We only include samples more recent than 2 ka BP in
the statistical analysis because older samples are less likely
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Figure 3. Iodate proportion in total inorganic iodine, iodate/(iodate+ iodide) in 0–500 m as a function of p25 (a) (Spearman ρ = 0.625,
Kendall τ = 0.447, p-values < 0.01) and iodate concentration as a function of minimum (b) (Spearman ρ = 0.650, Kendall τ = 0.470, p-
values < 0.01) [O2] (µmol kg−1) at 0–500 m. The proportion of iodate in inorganic iodine was obtained from Winkelbauer et al. (2023)
and are classified by ocean. Mediterranean sites are highlighted with white contour. Red dotted line is the exponential fit of this relation
(y =−0.6975 · exp(−0.0181 ·x) + 0.8945 for p25), with the 95 % prediction interval filled in red. Total inorganic iodine distribution with
mean and ±1σ values (c).

to be representative of modern conditions. The results are re-
ported in Table 2.

All oxygen related variables (minimum, maximum, mean,
p25, oxycline mean oxygen concentration, mean (all depths)
and bottom mean oxygen) are significantly linked to
foraminiferal I /Ca with coefficients above 0.6 and 0.4 for
Spearman’s ρ and Kendall’s τ , respectively, and p-values less
than 0.01 for both cases (Table 2). Mixed layer depth and
mean phosphate concentration show high correlation coeffi-
cients, but these parameters are also tightly linked to oxy-
gen (Fig. S2). This observation supports an oxygen control
on foraminiferal I /Ca, although the quantitative relationship
remains uncertain.

Minimum pH, alkalinity, mean nitrate concentration and
NPP present correlation with I /Ca (Table 2) but they also
covary with p25 [O2] and are thus not independent (Fig. S2).
Distance to coast, mean salinity, latitude and current ve-
locity also show significant correlations with foraminiferal
I /Ca. However, their correlation coefficients are less than

half those of the strongest correlations identified. These vari-
ables are therefore not further discussed as primary drivers of
foraminiferal I /Ca variability. He et al. (2026) documented
a latitudinal trend in I /Ca that mirrored the iodate/latitude
relationship. Similar pattern is found with I /Ca in Fig. S5.
However, p25 [O2] also shows very similar trend with lati-
tude with the two variables being correlated. It is also plausi-
ble that the temperature gradient at different latitudes con-
trols the solubility of dissolved oxygen. Considering only
temperature change from 8 to 28 °C at a constant salinity
of 36 PSU, the oxygen concentration could range from 200
to 300 µmol kg−1, which would lead to high foraminiferal
I /Ca. Oxygen concentrations vary considerably with lati-
tude, with the majority of low oxygen concentration being
found between 30° N and 30° S. However, oxygen reduction
appears to be a more important factor than solubility (and
therefore temperature) to explain the latitudinal I /Ca vari-
ability.
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Figure 4. Core top foraminiferal I /Ca (µmol mol−1) as a function of p25 [O2] concentration (µmol kg−1) for samples more recent than
8 ka BP (8000 years Before Present). New measures (n= 15) from this study are coloured as water depth (m b.s.l.) and identified with colour
code. Previously published values are represented in grey. All foraminiferal species are differentiated by symbols. Red linear regression was
obtained using all data < 2 ka BP.

Depth in core and sediment age are examined to eval-
uate a potential early diagenesis effect. Most of the core
top selected for this study are sampled close to the water-
sediment interface and in various environments. Those two
variables do show statistically significant correlation with
foraminiferal I /Ca on global scale. However, the number of
data used for age is low (n= 61) and the correlation coeffi-
cients for depth in core is low. Water depth at sampling site
is not correlated to foraminiferal I /Ca, as it was shown with
Fig. 4.

3.5 Multi-species foraminiferal I / Ca and calcification
depths on global scale

Symbiont presence in foraminifera could also alter the in-
corporation of specific elements like anions because of so-
called “vital effects” (Hönisch et al., 2003). We have clas-
sified the symbiosis behaviour of the species and represent
their I /Ca as a function of p25 [O2] (Fig. S3), we note the
absence of specific patterns. No group is enriched or depleted
in iodine compared to the others. The slopes for linear regres-
sion are very close (0.016 or 0.017). Symbiont barren species
are found in all defined domains, but the low I /Ca plankton
tow with p25 [O2] concentration> 250 µmol kg−1 are exclu-
sively symbiont barren species.
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Table 2. Results of statistical correlation test for environmental variables and planktonic foraminiferal I /Ca for samples more recent than
2 ka BP (core-tops only). Tested parameters are listed from highest to lowest absolute Spearman’s ρ.

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
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.

In the database, we have also classified species in three
zones of calcification depths as the local concentration of io-
date changes with depth and influences foraminiferal I /Ca
(Hess et al., 2025). Species are classified as surface, shallow
subsurface, and deep subsurface dwellers following Hess et
al. (2025). Figure S4 presents the linear fit of the I /Ca ra-
tios and p25 [O2] for Atlantic, Pacific and Indian oceans,
which are obtained by classifying foraminifera according to
their calcification depth. The main result is a similar slope
for the three groups in Atlantic and Pacific oceans (0.017 to
0.025). Linear regressions for the Indian ocean were not plot-
ted as 48 points are represented and the majority are located
below 60 µmol kg−1. Differences in intercepts are not inter-
preted due to the important impact of scattering. The pattern
of lower I /Ca for deep subsurface dwellers in Pacific OMZs
(Hess et al., 2025) is still visible, but is now located between
100 and 180 µmol kg−1 due to the use of p25. The Pacific
Ocean is the only one where this specificity is observed.

4 Discussion

A gain in iodine in foraminiferal test during their post-
mortem settling to the seafloor was proposed to explain low
plankton tow values (Winkelbauer et al., 2023). This im-
plies an increase in I /Ca with water depth. However, wa-
ter depth does not show any significant covariation with
foraminiferal I /Ca (Table 2 and Fig. S5). We thus con-
sider that the influence of iodine accumulation during the
foraminifera settling would be secondary and could be hid-
den under a stronger oxygen control. No specific pattern for
foraminiferal I /Ca as a function of oxygen can be high-
lighted by using foraminiferal species, calcification depth
groups, or symbiont presence/absence.

In the following, we will at first discuss the possible
reasons for a larger scatter observed between iodate pro-
portion and p25 [O2] (Fig. 3). Then, a new calibration of
foraminiferal I /Ca ratios against p25 [O2] will be proposed
(Fig. 5). The influence of the scattered relationship between
iodate proportion and p25 [O2] on the calibration will be
evaluated (Fig. 6). Then, we will quantify residuals that are
not supported by oxygenation changes to identify parameters
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affecting foraminiferal I /Ca (Table S1). A comparison be-
tween foraminiferal I /Ca and the value of synthetic calcite
will provide us possible impact of vital effects (Fig. 6). Fi-
nally, we will examine the contribution of authigenic calcite
to the Mediterranean samples (Fig. 7) that are characterised
by low I /Ca ratios under oxic condition (Fig. 4).

4.1 Principal role of oxygen and possible reasons for a
larger scatter observed between iodate proportion
and p25 [O2]

First order results suggest clear covariation of foraminiferal
I /Ca with oxygen and oxygen related variables (Table 2
and Fig. S5). Oxygen variables show a positive trend with
foraminiferal I /Ca. This covariation ranges from linear to
exponential, and displays substantial scatter. Other parame-
ters exhibit no consistent relationship, except oxygen-linked
variables such as nutrients, NPP, and mixed-layer depth (Ta-
ble 2 and Fig. S2).

Inorganic iodine speciation is theoretically controlled
by redox potential, largely governed by oxygen availabil-
ity (Luther, 2023). In practice, however, field observa-
tions frequently deviate from this thermodynamic framework
(Fig. 3). The relationship between iodate and p25 [O2] is
strongly non-linear and exhibits important scatter. The dis-
persion likely reflects spatial and temporal variability in io-
dine redox cycling across regions and seasons, and water
mass mixing. This mismatch between oxygen and iodate
concentration may at least partly explain the apparent pres-
ence of iodide in waters here defined as well-oxygenated.

As iodine speciation is sensitive to short-term oxygen fluc-
tuations and depth-specific redox structure, this statistical ap-
proach better represents the oxygen conditions than relying
on the minimum value. The observed scatter likely reflects
a combination of true environmental heterogeneity and the
limitations of matching discrete iodine measurements with
oxygen data. The iodate–oxygen relationship in Fig. 3 shows
that iodate proportion does not decline uniformly with de-
creasing oxygen. Consequently, at low p25 [O2], the variabil-
ity in the proportion of iodate can generate substantial scatter
in foraminiferal I /Ca, potentially producing a factor of ∼ 5
spread (1.0–5.0 µmol mol−1) near 50 µmol kg−1. Therefore,
uncertainty in inorganic iodine speciation, both estimation
errors or natural variability, remains a major source of scatter
in the I /Ca–oxygen relationship.

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

In our calibration, we use foraminiferal I /Ca as a function
of p25 [O2] concentration in 0–500 m, a representative value
for oxygen concentration at each sampling site. This calibra-
tion should be used with caution for quantitative oxygen re-
construction due to substantial residual scatter. Its purpose

is rather to explore the extent to which oxygen relationships
can explain the observed variance.

Figure 5 shows core top samples more recent than 2 ka BP
considering possible temporal changes in dissolved oxygen
concentration in the ocean. The linear fit shown in red in
Fig. 5 corresponds to a Least Absolute Deviations (LAD) re-
gression. This method was selected because it is more robust
to outliers and large deviations than ordinary least squares.
Its reliance on medians rather than means makes it partic-
ularly suitable when the error structure is non-Gaussian or
affected by outliers.

The obtained new calibration equation is as follows:

Planktonic foraminiferal I/Ca (µmolmol−1)

= 0.021 · p25[O2](µmolkg−1)− 0.058 (1)

Equation (1) provides a slightly better fit regarding prece-
dent calibration from Hess et al. (2025) as shown by RMSE
(Fig. 5a, b). This comparison integrates the recent results
published by Nilsson-Kerr et al. (2025). The main difference
between the two calibrations is that the clustered point at
near-zero oxygen has been expanded in our case, covering
a wider range of oxygen concentrations. Also, the intercept
is lower, approaching I /Ca= 0 µmol mol−1 in strongly oxy-
gen depleted waters (p25 [O2]< 10 µmol kg−1). The points
with low I /Ca (< 2 µmol mol−1) in oxygenated water cor-
respond to samples from the Mediterranean Sea (this study)
and from Southern Benguela (Lu et al., 2020).

In order to identify secondary parameters that may influ-
ence foraminiferal I /Ca, the residuals are calculated using
Eq. (1). The residuals are then plotted against multiple ocean
variables (Fig. S6). Table S1 summarises the correlation co-
efficients and significance of the parameters tested. No clear
nor visible trend can be highlighted within the global dataset
including water depth, distance to coast, or oxycline depth.

4.3 A comparison of the I / Ca ratio of foraminifera
with the value of synthetic calcite

We further compare the new calibration with the relation-
ship proposed for synthetic calcite (Zhou et al., 2014). The
experience of synthetic calcite precipitation in iodate-rich
medium indicated a linear relationship between calcite I /Ca
and iodate concentration (Lu et al., 2010; Zhou et al., 2014).
For the comparison, the iodate concentration in the medium
is converted to oxygen concentration using the relation-
ship between iodate proportion and p25 [O2] concentration
(Fig. 3a). Total inorganic iodine concentration is considered
to be 471 nM (Fig. 3c) and calcite is assumed to be precipi-
tated at 19 °C. The modelled abiotic I /Ca is based on inor-
ganic iodine speciation (Fig. 3a) giving the proportion of io-
date at each p25 [O2] value. Using the mean total inorganic
iodine concentration (Fig. 3c) we obtain a mean iodate con-
centration at different p25 [O2]. The next step of the model is
the incorporation of the iodine in the calcite lattice. Zhou et
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Figure 5. Foraminiferal I /Ca < 2 ka BP as a function of minimum (a) and p25 (b) [O2] in 0–500 m. The same dataset is used for the two
figures. Only the x-axis definition is different. Black line is the linear model calibration curve from (Hess et al., 2025). The red line is the
linear model proposed in this study. Samples with oxygen distribution from 0.25° area are represented as black circles, and from 0.5° as grey
squares. Horizontal lines in (a) illustrate the effect of x-axis change on dataset, highlighting that many low [O2]min sites are shifted to higher
representative oxygen depletion p25[O2]. This is especially true for [O2]min< 50 µmol kg−1 and I /Ca> 2 µmol mol−1. No specific pattern
emerges within the wider area.

al. (2014) have synthetised calcite at different iodate concen-
trations at 6, 19 and 33 °C. They showed linear incorporation
of iodine in calcite with iodate concentration. We choose to
use 19 °C and examine the influence of temperature consid-
ering the case of 33 and 6 °C. The aim of this model is to in-
vestigate the possible I /Ca values considering only abiotic
incorporation in calcite to evaluate possible vital effects.

In Fig. 6, the synthetic calcite I /Ca relationship is shown
in blue, with the 95 % prediction interval (blue shaded area).
The 95 % prediction interval is large, implying a large po-
tential impact on our calibration. This indicates that iodate
concentration relative to oxygen plays a key role in gen-
erating the observed dispersion in foraminiferal I /Ca. The
modelled abiotic I /Ca only accounts for inorganic iodine
speciation and temperature between 6 and 33 °C, not for to-
tal inorganic iodine concentration. The abiotic incorporation
of iodine is of the same order of magnitude as that found
in foraminifera. Iodine incorporation into carbonates likely
reflects predominantly abiotic processes. However, some
foraminiferal I /Ca ratio falls out of the prediction interval,
both with p25 or minimum oxygen. Below 200 µmol kg−1

p25[O2], most I /Ca values are below the values that can be
explained by abiotic calcite precipitation, until severe oxy-
gen depletion (< 20 µmol kg−1) where foraminifera I /Ca
return to the abiotic level. The highest foraminiferal I /Ca
values (> 6 µmol mol−1) are in the highly oxygenated ar-
eas (> 180 µmol kg−1) and are above the abiotic interval

(Fig. 6a). Those observations suggest the presence of un-
known parameters that are specific for foraminiferal calcite
(e.g. microenvironment, changes to growth rate . . . ). Zhou et
al. (2014) showed the temperature dependency of partition
coefficient (Kd) of iodine for abiotic calcite. But no systemic
behaviour could be highlighted explaining higher or lower
foraminiferal I /Ca anomalies with temperature differences
(Fig. 6). The use of min[O2] leads to similar conclusions with
I /Ca values below the 95 % prediction interval of abiotic io-
dine incorporation (Fig. S7b). The main difference is the high
density of data points next to origin, resulting from the defi-
nition of the x-axis.

High I /Ca ratios may reflect the presence of other calcium
carbonate phases, as aragonite incorporates more iodine than
calcite (Hardisty et al., 2017; Lu et al., 2022). The highest
I /Ca value in the Mediterranean Sea is found in the Gulf of
Sirte in core SL95. This area shows high aragonite concentra-
tions due to the presence of Halimeda (Reitz and De Lange,
2006). Remaining aragonite needles after cleaning may re-
sult in higher I /Ca. We investigate the influence of the
presence of aragonite with binary mixing between aragonite
and foraminifera. We consider an I /Ca of 10 µmol mol−1

in aragonite, similar as the ratio measured in scleractinian
corals (Sun et al. 2023). For foraminiferal I /Ca, we con-
sider an expected value of 4 µmol mol−1 using the new cal-
ibration and an oxygen concentration at SL95 site (Fig. 6).
Aragonite contribution should be around 40 % to account for
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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 proposed in this study.
Blue curve represents the abiotic incorporation of iodine follow-
ing iodate proportion in total inorganic iodine determined in Fig-
ure 3 and assuming a mean concentration of total inorganic iodine
of 471 nM (Fig. 3c). The abiotic incorporation was determined fol-
lowing Zhou et al. (2014). Blue area corresponds to 95 % prediction
interval also determined in Fig. 4 for a temperature of 19 °C. 61 %
of the data fall in this prediction interval. Temperature from 6 to
33 °C are considered for the maximum and minimum 95 % predic-
tion interval (grey dashed lines).

an I /Ca between 6 and 7 µmol mol−1, a similar range of the
observed I /Ca of 6.9 µmol mol−1 at site SL95. Sr /Ca of
these mixtures would be 4.8 and 3.9 mmol mol−1, respec-
tively, considering a Sr /Ca of 10 mmol mol−1 for arago-
nite and 1.3 mmol mol−1 for foraminifera (Hathorne et al.,
2013; Lea et al., 1999). As the Sr /Ca from SL95 core-top
is 1.345 mmol mol−1, the mixture does not correspond to the
observed value. The contribution of aragonite alone cannot
explain the measured I /Ca value.

To summarise, inorganic iodine speciation has a non-linear
relationship with dissolved oxygen concentration although
the observed pattern for foraminiferal I /Ca does not follow
the exponential trend that is expected from the relationship
between iodate proportion and p25 [O2] (Fig. 6a). Low I /Ca
values found in oxygenated areas might be caused by reduced
iodine incorporation, related to unknown mechanisms/condi-
tions. Since no mechanism has yet been identified to justify a
specific fitting curve for I /Ca ratio, we consider that the lin-
ear regression is a reasonable approximation. The dispersion
of I /Ca values might be caused by the relationship between
iodine speciation and oxygen concentration that could ac-

count for∼ 70 % of the variance compatible with the model’s
95 % prediction interval (assuming constant total inorganic
iodine), and up to∼ 87 % by considering±1σ uncertainty in
total inorganic iodine from Fig. 4b (Fig. S8a). This dispersion
likely represents the second key explanation for I /Ca val-
ues in foraminifera. Given its systematic offset from the pre-
dicted values, low I /Ca in highly oxygenated water seems to
be related to an incorporation mechanism which remains un-
known. No geographical trend could be highlighted for I /Ca
below the 95 % prediction interval using p25 (Fig. 6) or using
the minimum (Fig. 8c and d) oxygen. Temperature may also
affect the I /Ca (Zhou et al., 2014). However, Gulf of Cadix
I /Ca are 0.75 and 0.69 µmol mol−1 for G. ruber and G. bul-
loides, respectively. The two species are known to calcify in
different seasons, where minimum temperature measured is
11.26 °C, and maximum is 24.21°C in 0–500 m. At ODP Site
977, I /Ca from G. bulloides is 0.69 and from G. ruber is
1.64 µmol mol−1. This is the inverse of what the temperature
effect predicts, with here the warm season calcifier having a
higher I /Ca. So, the temperature effect may not explain all
the observed values below 95 % prediction interval of abi-
otic I /Ca. This offset could potentially be related to the vi-
tal effects of discriminating iodine incorporation, or to local
iodine speciation itself. Alternatively, it could be due to the
mixing of iodate-depleted water in oxygenated water masses.
However, iodate/oxygen-depleted water cannot be identified
close to the Gulf of Cadix (Fig. S8b and d).

4.4 Authigenic contribution via diagenetic calcite
precipitation

Depth in core and age were not significantly correlated with
foraminiferal I /Ca based on first-order statistical tests (Ta-
ble 2). However, these parameters do not fully capture the
potential influence of diagenesis or diagenetic calcite precip-
itation, which may be particularly important within the sedi-
ments from within OMZs and the Mediterranean Sea which
are characterised by high alkalinity pore/bottom waters. This
section therefore examines whether early diagenetic carbon-
ate precipitation could contribute to the observed variability
in I /Ca.

Because authigenic carbonates typically have very low
I /Ca (Lu et al., 2010), the lower I /Ca value of MD04-2876
(Arabian Sea, OMZ core) relative to MD04-2873 (below the
OMZ) could partly reflect the presence of authigenic carbon-
ates formed under reducing conditions. In the marine sedi-
ments of the OMZ, the increase in alkalinity of the pore wa-
ter due to anaerobic respiration leads to the precipitation of
authigenic carbonates (Suess, 1979; Meister et al., 2022). In
the Mediterranean Sea, high water-column alkalinity driven
by excess evaporation (Schneider et al., 2007) promotes au-
thigenic carbonate precipitation, as shown by high Mg /Ca
ratios in foraminifera (Boussetta et al., 2011).

Figure 7 presents p25 [O2] alongside the expected
foraminiferal I /Ca predicted from Eq. (1) with a red line.
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Figure 7. Foraminiferal I /Ca from the Mediterranean and Arabian Sea as a function of p25 [O2] 0–500 m in whole p25 [O2] range (a) and
for p25 [O2]>180 µmol kg−1 (b). Expected foraminiferal I /Ca from LAD from Fig. 5 is represented as red line. Blue dotted lines indicates
deviation from expected value by increasing authigenic carbonate contribution from 10 % to 90 %. Authigenic carbonate I /Ca was fixed at
0.06 µmol mol−1 following Lu et al. (2010).

Sensitivity tests were performed using a binary mixing model
between the expected foraminiferal I /Ca and authigenic car-
bonates assuming an I /Ca of 0.06 µmol mol−1 for authi-
genic carbonate (Lu et al., 2010). For the Arabian Sea OMZ
core, measured I /Ca values fall below the expected ratio and
could correspond to a 30 %–40 % mass contribution of low
I /Ca diagenetic carbonate. In contrast, MD04-2873 (below
the OMZ) displays higher I /Ca than expected, likely due to
poorly constrained oxygen variability resulting from the lim-
ited number of available oxygen profiles (Sect. 3.1).

In the Mediterranean Sea, the two eastern basin cores
(SL95 and MD04-2724) show I /Ca values above expec-
tation, while others fall below. Cores MD04-2722, MD04-
2797 and MD90-917 are slightly depleted in I /Ca relative
to the value estimated from Eq. (1) and could reflect a 20 %–
30 % contribution of authigenic carbonates. However, the
samples from the western basin (ODP Site 977) and from
the Gulf of Cadiz (MD99-2341) would require an implau-
sibly high 60 %–90 % contribution of authigenic calcite to
explain their (much-)lower-than-expected I /Ca. Such a con-
tribution is unrealistic, as authigenic calcite precipitation is
far less common in the western basin, and extensive over-
growths would have been excluded (Crudeli et al., 2004).

Overall, diagenetic calcite precipitation cannot fully ex-
plain the lower I /Ca deviations. Low I /Ca values occur in
regions where early diagenetic calcite formation is low, while
no mechanism has been identified to account for I /Ca val-
ues higher than expected, nor for the scatter observed among
species dwelling at the same depth within the same core top
samples, except for as yet undefined vital effects.

We conclude that foraminiferal I /Ca primarily reflects lo-
cal oxygen variability through its control on iodine specia-
tion. The Mediterranean Sea samples exhibit a similar be-
haviour and degree of scatter between I /Ca and p25 [O2] as
those from other ocean basins, indicating that the proxy re-
mains applicable in this semi-enclosed environment. While
foraminiferal I /Ca provides a semi-quantitative estimation
of local oxygenation conditions, the core-top values observed
in the western Mediterranean Sea is lower than the values ex-
pected from the calibration. The use of the proxy must focus
on relative variability combined with another independent
approach. The relationship between foraminiferal I /Ca and
oxygen concentration may be site-specific, because it could
be influenced by local environmental characteristics or pro-
cesses that are not yet fully understood. This limitation is
particularly relevant for coastal sites, including those within
the Mediterranean Sea, where additional factors may modu-
late iodine speciation or iodine incorporation.

4.5 Other possible factors

Oceanographic variables investigated other than oxygen did
not show strong relationship with foraminiferal I /Ca (Ta-
ble 2). Other parameters may also influence iodine speci-
ation but were not highlighted through the statistical anal-
ysis conducted on foraminiferal I /Ca in this study. Previ-
ous works have shown that iodine speciation varies with dis-
tance to the coast, with iodate depletion toward productive
coastal water (Wong and Zhang, 1992). The effect of dis-
tance to coast is absent on global scale, but it could be im-
portant at regional scale, such as in the Mediterranean Sea.
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This depletion is thought to be driven by enhanced biolog-
ical iodine uptake through primary productivity. Although
the Mediterranean Sea is highly oligotrophic, coastal and
shelf regions can sustain episodes of high primary productiv-
ity (Packard et al., 1988; Powley et al., 2017), which could
potentially influence iodate concentration. Only limited in-
organic iodine vertical profiles (iodate and iodide) exists in
the Mediterranean Sea (Fig. 1b), with one time series in the
north western basin (Tian and Nicolas, 1995). The study
showed limited variability across the year with iodate con-
centrations of 410–480 nM, but iodine speciation was mea-
sured in different oceanographic settings as the investigated
locations in this study. Even though different inorganic io-
dine behaviours cannot be ruled out, the variability of iodate
concentration observed in the north western Mediterranean
Sea, about 10 %, does not explain the scattering in I /Ca ob-
served.

Part of the variability may also not be fully constrained
with the statistical analysis conducted (Tables 2 and S1,
Figs. S2 and S5). In fact, we conducted the analysis on the
global dataset, with every site being a unique context and
oceanographic settings. If we highlighted the first and most
important role of oxygen as an I /Ca control, secondary pa-
rameters may not be fully captured. Inorganic iodine spe-
ciation remains poorly understood. Also, the influence of
growth rate (calcification kinetics) could not be ruled out, and
was never tested for I /Ca ratio (e.g. Allen et al., 2016). This
has not been demonstrated but competition with other anions
remains plausible as coupled substitution is required for the
incorporation of IO−3 into CaCO3 (Ram and Erez, 2023).

Cheng et al. (2026) have investigated inorganic iodine spe-
ciation in the Baltic Sea, another semi-enclosed basin. They
have shown decoupled iodine and oxygen concentrations in
surface water, with a low iodate concentration in oxygenated
water. This observation would result in low foraminiferal
I /Ca in apparently oxygenated water. The low I /Ca ratio
can be explained by the iodate uptake by primary produc-
ers, and an efficient iodine removal with organic matter under
hypoxic conditions. In contrast, the Mediterranean Sea is an
oligotrophic basin where iodate uptake by primary producers
is expected to be small. Although episodic oxygen depletion
driven by interannual variability (Coppola et al., 2018) could
potentially lead to iodate reduction, available data indicate
that the concentration of dissolved iodate is high, ranging
from 410 to 480 nM in the western basin, and from 380 to
550 nM in the eastern basin (Tian and Nicolas, 1995; Ullman
et al., 1990), far from the 100 nM found in the Baltic Sea
(Cheng et al., 2026).

In light of these observations, we emphasise the use of
foraminiferal I /Ca as a semi-quantitative proxy for changes
in ocean oxygenation. The proxy primarily responds to oxy-
gen and oxygen-related parameters (Table 2, Fig. S5, Sup-
plement Table S1 and Fig. S6). The p25[O2] gave the best fit
with less data dispersion (Fig. S1). The dispersion of the re-
lationship between inorganic iodine speciation and p25[O2]

partly accounts for mixing and differences in inorganic io-
dine redox kinetics. For these reasons together with poten-
tial non-investigated parameters, foraminiferal I /Ca alone
cannot be interpreted as a quantitative proxy. Combining it
with other proxies and/or a modelling approach is highly
recommended. However, it may still be highly informative
about changes in oxygen at a specific site. The calibration
is useful, not for absolute oxygen reconstruction, but to un-
derstand site-specific I /Ca variation relative to the observed
oxygen range and identify sites where high I /Ca in oxy-
genated waters provides the best sensitivity to past oxygena-
tion change. However, most studies focused oxygen depleted
areas, leading to less representation of oxygenated and high
latitudes sites in the dataset. Wang et al. (2026) proposed
oxygen thresholds to interpret foraminiferal I /Ca. However,
the current global data set would be biased towards oxygen–
depleted areas. Our Mediterranean core-tops data show a
wide I /Ca range in oxygenated waters, which cannot be
explained by authigenic calcite precipitation or aragonitic
carbonate presence, suggesting additional scatter introduced
in oxygenated settings (e.g., vital effects, water mass mix-
ing, local inorganic iodine speciation). Further core-top data
spanning the whole oxygenation range is needed to validate
the threshold behaviour and determine the reason for low
foraminiferal I /Ca in oxygenated water.

For future work, foraminifera culture with isolation of sin-
gle parameters/monitoring of multiple parameters could help
better constrain the proxy behaviour, alongside field stud-
ies. In particular, plankton tow observations showing sys-
tematically low foraminiferal I /Ca values suggest that lim-
ited incorporation at the surface may happen, leaving open
the question of when and where iodine is incorporated. In-
organic iodine speciation is still poorly constrained and fur-
ther research is needed to understand its dynamics and in-
corporation in calcite lattice. Iodine incorporation sites and
mechanisms, are hardly needed to distinguish the origin of
the signal and better understand the observed trends.

5 Conclusions

In this study, we investigate planktonic foraminiferal I /Ca as
a proxy for subsurface oxygen changes by integrating multi-
ple environmental parameters. We first proposed a new def-
inition of a representative oxygen depletion value in subsur-
face waters, accounting for local oxygen variability. Local
oxygen distributions were unimodal or multimodal, reflect-
ing both seasonal and depth-related oxygen variation. Plank-
tonic foraminiferal I /Ca from core top samples showed a
positive correlation with this representative minimum oxy-
gen value, p25 [O2], supporting the dominant control of oxy-
gen on iodine presence and reinforcing the utility of the
proxy to reconstruct past oxygenation changes.

Despite this relationship, substantial amount of data dis-
persion remains. We explored several potential sources of
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scatter and found that the largest contribution likely arises
from variability in inorganic iodine speciation. The global re-
lationship between iodate and p25 [O2] alone could account
for more than 85 % of the observed scatter.

No first-order relationship was found between water depth
and foraminiferal I /Ca. This observation implies that iodine
gain during particle sinking (Winkelbauer et al., 2023) could
not be confirmed.

We propose a new calibration for subsurface oxygen
depletion reconstruction based on planktonic foraminiferal
I /Ca. By using p25 [O2] values, we reduce the dispersion
observed in previous calibrations. To maintain simplicity for
paleo-applications, core top data younger than 2 ka BP were
included regardless of species. Remaining dispersion may re-
sult from vital (integration of iodate into the foraminifera
shell) or species-specific effects (difference in iodate inte-
gration between species), or other uninvestigated parameters,
such as inorganic iodine speciation modulated by water mass
mixing, NPP, or differences in oxidoreduction kinetics.

Finally, diagenetic calcite contribution was considered as
a potential contributor to the low foraminiferal I /Ca val-
ues, given that diagenetic calcite formed in high alkalinity
environment could dilute the signal. However, such an effect
would require more than 60 % of diagenetic calcite to explain
western Mediterranean Sea values, which is implausible.

We therefore support the use of planktonic foraminiferal
I /Ca as a semi-quantitative proxy for oxygenation state,
consistent with Hess et al. (2025). This proxy can also be
applied to semi-enclosed basins to reconstruct relative vari-
ability when complemented with another independent ap-
proach. However, foraminiferal I /Ca cannot be used as a
quantitative proxy for oxygen reconstruction. The tool must
be used alongside another approach to support past environ-
mental change. These recommendations are still prone to fur-
ther evolution as we better constrain the proxy and the inor-
ganic iodine cycle in the ocean.
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