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12 Abstract

13 Direct observations indicate a declining trend in ocean oxygen concentrations, which is not quantitatively captured
14 by models. The complexity of oxygenation variability, linked to both physical and biochemical parameters, must
15 be investigated across different modern climate contexts. Foraminiferal iodine-to-calcium (l/Ca) ratios have
16  emerged as a proxy for subsurface oxygen concentrations although its capacity for quantitative reconstructions
17 remains to be elucidated. We provide a new database of modern foraminiferal 1/Ca, including the first results from
18  the Mediterranean Sea and new samples in the Arabian Sea together with the parameters of biochemistry (nutrient
19 concentration, pH, chlorophyll, oxygen, net primary productivity), physical and geographical (temperature,
20 salinity, latitude, distance from the coast, water depths) and diagenesis potential (depth in core, sediment age) to
21  better understand the proxy behaviour. Considering the strong spatiotemporal variability in dissolved oxygen in
22 subsurface ocean, we propose to use statistically robust 25t percentile of oxygen concentration (p25 [O-]) instead
23 of minimum concentration in the upper 500 m in the water column. Our results affirm that oxygen concentration
24 isthe primary driver of foraminiferal 1/Ca and we propose a new calibration equation of foraminiferal I/Ca against
25 p25 [O-]. Based on a new database, we identify a complex relationship between p25 [O,] and iodine speciation,
26 which is one of the main sources of scatter. A comparison with synthetic calcite reveals that planktonic
27  foraminiferal tests can incorporate either more or less iodate at high p25 [O-] than abiotic calcite, probably due to
28 “vital effects”. The Mediterranean Sea samples present a wide range from low to high I/Ca (0.6 to 6.9 pmol/mol)
29 in well-oxygenated water, which cannot be explained solely by authigenic calcite precipitation. Our results
30 highlight the complex behaviour of the I/Ca proxy, while reinforcing its semi-quantitative reconstruction in
31  palaeoceanography.

32 Introduction
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33 Oxygen concentration [O;] in the global ocean is decreasing, and the decline is highly influenced by warming
34  patterns induced by global climate change (Oschlies et al., 2018). Future oxygenation change is difficult to predict
35  as it depends on various parameters. Dissolved oxygen depletion can be related to changes in solubility with
36 seawater temperature, generally decreasing ventilation of water masses (Oschlies et al., 2017), and/or through
37 biological productivity triggered oxygen consumption in the ocean, especially in the subsurface, where the
38  productivity and remineralisation are at a maximum. Models can currently only explain about half the observed
39 oxygen depletion (Bopp et al., 2013; Frolicher et al., 2016) and thus a proxy for subsurface oxygen content is
40  highly sought to study longer variability under different climate conditions.

41 The iodine to calcium ratios (I/Ca) from planktonic foraminifera tests have been investigated and used as a proxy
42  for subsurface/intermediate depth minimum oxygen concentration (Lu et al., 2010, 2016, 2020; Winkelbauer et
43 al.,, 2021; Hess et al., 2025; Zhou et al., 2014, 2022; Hoogakker et al., 2024) as inorganic iodine speciation depends
44 on redox potential, which is mainly controlled by oxygen content (Luther, 2023). Severe oxygen depletion, less
45  than 1 nM of oxygen, will chemo-dynamically trigger iodate reduction to iodide (I) (Luther, 2023). In oxygenated
46  water, iodine is mainly in its oxidized form, iodate (10s") (Chance et al., 2014, 2019). lodide, the reduced form of
47 inorganic iodine can also be found in small concentrations near surface because of biological iodate uptake and
48 iodide release during phytoplankton growth (Hepach et al., 2020). In hypoxic and anoxic waters, iodide is the
49 major iodine species, thought to increase as iodate is reduced. The reduction reaction takes place under short time
50 scales, from days to weeks (Chance et al., 2010) whereas the full (re)oxidation of iodide back to iodate has been
51 reported to take place from several weeks to several months (Wadley et al., 2020). Total inorganic iodine in
52 oxygenated water typically ranges between 400 and 500 nM, corresponding to a variability of about 20% (Chance
53  etal.,2010). lodine is also present as organically bound iodine, primarily in the form of dissolved organic iodine.
54 In the open ocean, it is typically about 5% of total dissolved iodine, but this proportion can increase to up to ~20%
55 in coastal areas due to interaction with higher concentrations of dissolved organic matter (Jones et al., 2024). lodate
56 is assumed to be the only iodine species to be incorporated to foraminiferal calcite tests as a substitute to carbonate
57 ion (Feng and Redfern, 2018; Lu et al., 2010; Podder et al., 2017). The processes and kinetics of the chemical
58  reactions in the water column, as well as its incorporation mechanisms into biologically mediated calcite are still
59 poorly understood (Luther, 2023).

60  Calibration of the 1/Ca—O, proxy was first focused on the quantitative reconstruction of subsurface oxygen
61  concentration as synthetic calcite showed linear incorporation of iodate depending on its concentration (Lu et al.,
62  2010). Later, foraminiferal core-top calibrations started to relate the I/Ca ratio in respect with minimum oxygen
63  from 0-500 m in the water column, considering a tight relationship between the minimum oxygen concentration
64  and surface water iodate concentration (Lu et al., 2016). The proxy was thus proposed as a semi-quantitative tool
65 with a threshold I/Ca value of 2.5 pmol/mol that corresponds to [O;] <70 umol/kg (Lu et al., 2016). Data from the
66  Southeast Atlantic including sites close to the Benguela upwelling system highlighted the possibility of low I/Ca
67 in apparently oxygenated water (Lu et al., 2020). The minimum oxygen values of the study region were highly
68 spatially variable and the use of oxygen data at higher resolution (0.25°) reduced the number data points with low
69 I/Ca under high oxygenation condition (Lu et al., 2020). However, substantial scatter remains in the relationship
70  between foraminiferal 1/Ca and minimum oxygen concentration that is characterised by two broad domains:
71  oxygen depleted waters (I/Ca <2.5 pmol/mol) and oxygenated water (I/Ca >4 pmol/mol). Nilsson-Kerr et al.

72 (2025) expanded the I/Ca—O- core top calibration dataset with measurements from regions with low subsurface
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73 Oy, confirming the presence of significant scatter. Hess et al. (2025) proposed that I/Ca dispersion is linked with
74 the different iodate concentrations at different foraminiferal calcification depths. Scattering could then be reduced
75 by using Mg/Ca ratios in the foraminifera, a proxy for temperature that estimates their calcification depth.
76  Although they showed that I/Ca varies predictably based on iodate concentration and water depth, substantial

77 dispersion still persists and the effect of calcification depth cannot explain all the results.

78 Moreover, low I/Ca from plankton tow in highly oxygenated waters have been measured (Winkelbauer et al.,
79 2023). It was suggested that iodine is incorporated during particle sinking and could explain those low values, thus
80 challenging the use of the proxy for subsurface oxygenation, an interpretation that has not yet been further
81 interrogated. Besides, given the lack of knowledge on the underlying mechanism, application of this proxy needs
82  caveating when carried out for samples from coastal shelves and restricted basins where the mixing with open
83  ocean water is not efficient (Hess et al., 2025).

84  The previous studies have mostly focused on trying to reduce scattering by investigating the Y-axis (I/Ca), but the
85  definition of X-axis (oxygen concentration) has not been treated systematically, despite its importance (Lu et al.,
86 2020). Some studies suggest that the complexity of iodine speciation and its coupling with dissolved oxygen is
87  responsible for the observed data scatter (Hess et al., 2025; Nilsson-Kerr et al., 2025). However, the systematic
88 study with a large number of data focusing on both the definition of minimum dissolved oxygen concentration and
89 iodine speciation has not yet been realised.

90  We aim to determine whether the definition of “oxygen concentration” can help to better calibrate the proxy, and
91  further investigate the possible reasons for foraminiferal I/Ca data scattering. We also examine if the proxy can be
92  used in a semi-enclosed basin, the Mediterranean Sea. In this paper, our approach is to (1) propose a statistically
93 robust definition for minimum Oy, (2) investigate the coupling between iodine speciation and dissolved oxygen as
94  apotential control for foraminiferal 1/Ca scattering (3) examine the differences in iodine incorporation between
95  foraminiferal and abiotic calcite, and (4) evaluate the influence of authigenic carbonate precipitation on

96  foraminiferal 1/Ca under high alkalinity conditions.
97 1 Material and Methods
98 1.1 Material

99 In this study we present core top planktonic foraminiferal I/Ca from 7 locations including 5 from the Mediterranean
100 region (Fig. 1b). Core MD99-2341 (577 mbsl) from Gulf of Cadiz together with ODP Site 977 (1984 mbsl) from
101  Alboran Sea are selected to characterise the Atlantic inflow signature. MD04-2797 (771 mbsl) is located next to
102  the Strait of Sicily, and is used to indicate mixing ratio at the connection between the Western and Eastern
103 Mediterranean basins. SL95 (1390 mbsl), inthe Gulf of Sirte, is thought to represent the southern part of the lonian
104  Sea. Core MD04-2724 (1659 mbsl) has been recovered in the deep Nile delta and it is the easternmost core of this
105  study. MD90-917 (1010 mbsl), was recovered in the Adriatic Sea, where the Eastern Mediterranean deep water is
106  formed and corresponds to a well oxygenated area. The two other cores MD04-2873 (2196 mbsl) and MD04-2876
107 (828 mbsl) were recovered in the Pakistan margin, one below the Oxygen Minimum Zone (OMZ), and the other
108 inside it, respectively (Fig. 1c). They are selected in order to identify any impact of the bottom water oxygenation
109  state on I/Ca ratios.
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110  We present the first measurements from 2 new cores, SL95 and MD04-2724. The core tops were dated to 1,835 +
111 30 (1sd, at 0-1 cm) and 5,515 * 30 radiocarbon years BP (1sd, at 0—1cm) respectively.
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113 Figure 1: Map of 25t percentile of oxygen concentration (p25 [O]) in umol/kg in £0.25° (latitude and longitude)
114  at 0-500 mbsl and symbols corresponding to modern foraminiferal I/Ca (pmol/mol) less than 8000 years (8 ka)
115 before present (BP) at global scale (a) and in the Mediterranean Sea (b). The locations of new core top data from
116  this study are represented with triangles and published values with circles. Plankton tow data from Winkelbauer
117 et al. (2023) are represented with diamonds. Position of dissolved inorganic iodine species concentrations in the
118 Mediterranean Sea are represented in black (Tian and Nicolas, 1995; Uliman et al., 1990). Oxygen distributions
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119  were obtained from World Ocean Database 2023 (WOD23) (Mishonov et al., 2024). Arabian Sea mean oxygen
120  section (c) shows the position of the two core-top studied. MD04-2876 is in the core of the OMZ, and MD04-2873
121 is below. Oxygen profile is made with Ocean Data View (Schlitzer and Reiner, 2025).

122
123 1.2 Analysis of lodine/Calcium ratio from planktonic foraminifera

124 For foraminiferal 1/Ca analysis, 30 monospecific planktonic foraminiferal tests were picked from 250-355 pm
125 fraction and cleaned following Barker et al. (2003) protocol. Depending on the core, different species are used.
126 For Gulf of Cadiz, Globigerinoides ruber albus (hereafter referred to as G. ruber), Globigerina bulloides,
127 Trilobatus sacculifer (without sack-like chamber), Globigerinella siphonifera and Pulleniatina obliquiloculata
128  were picked. For the Alboran Sea, G. ruber and G. bulloides ratios were analysed. For MD04-2797, SL95, MD90-
129 917 and the two cores from the Arabian Sea, only G. ruber was used. After cleaning, samples were dissolved with
130  diluted nitric acid at 0.1 M (0.66%). The obtained solution was then centrifuged to separate any residual non-
131  dissolved particles. After a calcium (Ca) concentration test to determine the necessary dilution factor for each
132 sample, an aliquot for iodine measurement is stabilised with tetramethylammonium hydroxide (TMAH, SIGMA-
133  ALDRICH) to obtain a 0.33% HNO30.48% TMAH matrix. The solution is then diluted to a Ca concentration of
134 50 pg/mL (50 ppm). The remainder is diluted to obtain Ca concentration of 100 pg/mL to determine Ca, U, Mn,
135 Fe and Al concentrations (Guarinos et al., in prep). In this study only I/Caratio is discussed. Elemental analysis is
136 carried out using ICP-MS (Agilent 7500ce) at the CEREGE, France.

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

Depth | Core
in top Age
. . : Depth | core | age P
Core name | Location | Latitude | Longitude Species picked Comment model
(mbsl) | (cm) | (ka
reference
cal
BP)
G. ruber, G.
bulloides, T. Atlantic Eynaud
'\ggff ) %’;;igf 36.383 -7.533 577 2-4 1.02 sacculifer, water etal.,
G. siphonifera, P. inflow 2009
obliquiloculata
. Atlantic
ODP Site Alboran 36.032 -1.955 1984 | 2395 | 1.37 G. ruber_and G. water Martrat et
977 Sea bulloides . al., 2004
inflow
- Connection | Cornuault
'V;'?g;“ Ss't‘;23t' 36950 | 11666 | 771 | 0-1 | 0.70 G. ruber between | etal.,
: basins 2018
Gulf of South This
SL95 Sirte 32.774 19.191 1390 0-1 | 1.20 G. ruber lonian Sea study
MDO04- Levantine G. ruber, T. Deep Nile This
2724 Sea 33.033 29.150 1659 | 56 | 6.00 sacculifer delta study
Adriatic Well Siani et
MD90-917 Sea 41.280 17.620 1010 2-3 | 0.65 G. ruber oxygenated | al.,, 2010
. Pichevin
MDO4- | Pakistan | 3555 | 63857 | 2196 | 1-2 | NA G. ruber Belowthe | = o),
2873 Margin oMz 2007
MDO04- Pakistan Within the Bard et
2876 Margin 24.849 64.014 828 2-3 NA G. ruber OMZ al., 2013
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138

139  Each sample is analysed and standard-sample bracketing is used to characterise instrumental drift during
140  measurement. There is no currently certified geostandard for 1/Ca but JCp-1, a coral powder, is commonly used in
141  this role. In our analyses JCp-1 is measured every five samples. Our measure of 1/Ca of JCp-1is 4.34 + 0.11
142 pmol/mol (n=27, 1sd). This is in good agreement with published values of 4.27 + 0.10 umol/mol (n=13, 1sd,
143 Winkelbauer et al., 2023), 4.33 + 0.06 pmol/mol (n=6, 1sd, Chai and Muramatsu, 2007), 4.27 + 0.06 pmol/mol
144 (1sd, Lu et al., 2010), and 4.20 + 0.43 umol/mol (1sd, Hess et al., 2025). Calculated I/Ca precision is better than
145 3% and blank levels were low, often below detection limits, so no correction is applied.

146 1.3 Inorganic iodine speciation depending on dissolved oxygen concentration

147  The concentration of inorganic iodine species in the ocean is primarily controlled by redox conditions, with iodate
148 prevailing in oxic conditions and iodide dominating in reducing environments (Chance et al., 2014; Ullman et al.,
149  1990). To establish the relationship between iodate and oxygen concentration, iodine data are expressed as iodate
150  proportion in total inorganic iodine in order to avoid potential impacts from changing iodine concentration. lodine
151  speciation data from Bermuda inshore water are excluded (Jickells et al., 1988), as they originate from a highly
152 restricted environment, and not representative of the conditions considered in this study. Data analysis is performed
153 using least-squares fitting analysis in Python 3.12. The 95% prediction intervals are computed by propagating the
154 uncertainties of the fitted model parameters contained in the covariance matrix. This combines both the variance

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

156 To explore the influence of redox conditions on inorganic iodine speciation, oxygen data were combined with
157  published iodine speciation measures. Inorganic iodine speciation in the upper 500 m is investigated using
158  previously published data (Winkelbauer et al., 2023). Oxygen concentrations were obtained from World Ocean
159 Database 2023 (WOD23) from Mishonov et al. 2024 from within a 0.25° area around each sampling site, where
160  possible. From every obtained oxygen distribution, we determined the percentiles of oxygen concentration. Each

161 measurement from 0-500 m at a given station is attributed to the same percentile value.
162
163 1.4 Planktonic foraminiferal I/Ca database

164 Planktonic foraminiferal 1/Ca database is obtained with 15 new core top data (this study), and previously published
165  core top and plankton tow measurements (Hess et al., 2025; Lu et al., 2020, 2016; Nilsson-Kerr et al., 2025;
166  Winkelbauer et al., 2021, 2023; Zhou et al., 2022).

167  The database contains 567 core top data points, 438 of which are younger than 2,000 years BP. Oxygen distribution
168 in the first 500 m are obtained from WOD23 accepted values (class 0) from i) Bottle (Winkler titration) and ii)
169  Conductivity—Temperature—Depth (CTD) with oxygen sensor data in a 0.25° area around each sampling site
170  (Mishonov et al., 2024). For sites where no oxygen profile is available, the area of search is extended to 0.5° and
171  the data flagged, no data from >0.5° is used. The obtained oxygen concentration data are used to calculate the
172 minimum, maximum, mean, and percentile values. CTD measurements are only used for 3 1/Ca values as they are
173 considered to be less accurate because of excursion artifacts. For this reason, we prioritise bottle data which are

174 consider to be more accurate.
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175  Additional environmental variables are included to assess their potential contribution to 1/Ca variability. Other
176  parameters, seawater temperature, salinity, nitrate, phosphate, chlorophyll, pH and alkalinity are similarly obtained
177  from class 0 bottle measurements in 0.25° around sampling site at the first 500 m. Investigating the 0-500 m is
178 crucial because this is where the planktonic 1/Ca signal is presumed to originate (Lu et al., 2016). No value is
179 attributed to sites without any available bottle measurement. Other parameters, net primary productivity (NPP)
180 (Behrenfeld and Falkowski, 1997; Oregon State University ORCA, n.d.), current speed, and mixed layer depth,
181 are obtained using their corresponding raster resolution. NPP is derived from annual mean satellite data integrated
182  from 1998 to 2022 at a resolution of 25 km and using Eppley-Vertically Generalized Production Model (Eppley-
183  VGPM). Parameters related to ocean dynamics are derived from Global Ocean Physics Reanalysis annual mean
184  and maximum values (“Global Ocean Physics Reanalysis,” 2025). We use absolute Northward and Eastward
185  velocities from surface to 500 m and mixed layer depth. Data sources are listed in Table 2.

186  The database construction we propose here is a table format with two entries. Each line is a specific measure of
187  foraminiferal I/Ca. Columns correspond to different characteristics of the measure, sampling site, and all the
188 extracted site-specific parameters previously mentioned. Information of symbionts presence and habitat depth is

189 also shown. The full database is available in supplementary material.

190 To assess the relationships between foraminiferal I/Ca and environmental variables, we use both Spearman’s p
191 and Kendall’s t correlation coefficients. Even if some individual uncertainties of the selected variables may follow
192 normal distributions, the dataset as a whole is heterogeneous and non-normally distributed, making non-parametric
193  tests more appropriate. Moreover, as the resulting relationships are likely non-linear, these rank-based methods
194  provide a robust evaluation of correlation. The use of both correlation coefficients captures two complementary
195  aspects of monotonic relationships: the strength of the association and how well the observations agree with each

196  other. These analyses are intended to identify statistical covariation.
197 2 Results
198 2.1 Definition of p25 [O] and lodine speciation

199  Oxygen concentration ranges from 0 to 300 pmol/kg. Obtained oxygen distribution in the upper 500 m layer at
200 sites where foraminiferal 1/Ca is available are mostly unimodal or multimodal (Fig. 2). Previous studies use the
201 minimum [O;] value measured in 0-500 m to calibrate foraminiferal I/Ca (Hess et al., 2025; Lu et al., 2020). The
202 use of the minimum value can provide questionable representativeness of actual conditions because the minimum
203 value could reflect exceptional events or data reporting issues. As the distribution of oxygen concentration at 0 to
204 500 m water depth is not normally distributed, we use the 25" percentile (p25) to represent average oxygen
205  depletion instead of the minimum value. We have tested percentiles from 5 to 30 at each 5% (Fig. S1). All tested
206  definition of X-axis shows the same slope, with only the intercept being different. We choose the higher R2 (0.39)
207  together with the lower Root Mean Square Error (RMSE) (1.356), corresponding to p25 (Fig. S1). We note here

208  that p25 value isclose to mean value minus 1 standard deviation when the distribution was normal or quasi-normal.
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210 Figure 2: Histograms of common types of oxygen distributions encountered in this study, with OMZ-type from
211 Mauritanian upwelling (&), intermediate from southwestern Pacific Ocean (b) and well oxygenated from North
212 Atlantic (c) distributions. Oxygen depletion representative value p25 [O] is highlighted in full red line. Other
213 percentiles are in dotted grey lines. Dotted red line is the minimum oxygen value previously used. Dotted yellow
214  and purple lines are 1 sigma (68%) and 2 sigma (95%) limits, respectively. The difference between [O2] min and
215  p25[0y] is 0-142 umol/kg. Note that the shown oxygen concentration range is different between (a), (b) and (c).

216 In strongly oxygen-depleted areas, such as OMZ, the oxygen distributions are mainly multimodal with high values
217  near surface and lower values in the heart of OMZ (Fig. 2a). Those areas are represented with p25 [O,] values
218  ranging from 0 to 100 pmol/kg.

219 In areas with p25 [O] value between 100 and 180 pmol/kg (tropical Atlantic Ocean, Ontong Java Plateau in the
220 tropical Pacific), the distribution of oxygen concentration is mostly multimodal, reflecting vertical change with
221 water depth but with moderate oxygen depletion (Fig. 2b).
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222 Oxygenated waters are marked by p25 [O>] values from 180 to 300 umol/kg. The corresponding distributions are

223 mostly unimodal (Fig. 2c). Some sites were not attributed to a distribution type due to their relative rarity.
224
225 2.2 lodine speciation and oxygen concentration

226  Total inorganic iodine is in the range of 400 to 500 nM and is more or less constant in the ocean (Chance et al.,
227 2010) (Fig. 3c). Inorganic iodine depletion near coastal regions have been attributed to biological uptake
228 (Elderfield and Truesdale, 1980; Wong and Zhang, 1992). But inorganic iodine speciation primarily varies with
229 redox potential, largely governed by oxygen availability (Luther, 2023). In order to compare inorganic iodine
230  speciation to foraminiferal I/Ca, we represent it from the first 500 m as a function of p25 [O2] in 0-500 m (Fig.
231  3a) and [Oz]min in 0-500 m. Speciation is shown as iodate/(iodate + iodide), that corresponds to the iodate
232 proportion of the inorganic iodine concentration (Tian and Nicolas, 1995). This representation allows us to

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

234 Main result shows high dispersion of iodine speciation, and non-linear relationship (Fig. 3a and 3b). It also shows
235  thatiodate might exist in oxygen depleted waters, especially in Pacific Ocean. lodine speciation is highly variable
236  at 0-500 m. lodate absence is mainly found at p25 [O,] <10 pmol/kg although it is not systematically absent in
237  those areas. In well oxygenated water (>200 pmol/kg), inorganic iodine is principally under the oxidised form,
238  with a proportion above 60%. However, measurements from one site in Pacific and three in Atlantic are low in

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

240  We choose an exponential fit function to represent the rapid iodate decrease when p25 [O>] is below 20 pmol/kg
241  and the plateau in oxygenated waters (p25 [O.] >180 umol/kg) (Fig. 3a). Prediction interval for exponential fit is
242 represented in shaded red area. The objective of this representation is not to find the best fit, but rather to determine
243 whether the relationship between iodate proportion and dissolved oxygen content could explain the variation in
244 foraminiferal 1/Ca-based oxygen reconstruction. Compared to [Oz2]min (Fig. 3b), the use of p25 [O:] (Fig. 3a)
245 slightly improves the consistency of the relationship by limiting the influence of total inorganic iodine
246  concentration change. The main difference in the x-axis definition is the change in range, from 0-280 pmol/kg for
247 [O:] min to 0-330 pmol/kg for p25 [O:] (Fig. 3a, b). This results in a visually stretched dataset in the x-direction
248 but does not affect the dispersion along the y-axis. Moreover, fewer values fall outside the 95% prediction interval
249 in the high-iodate-proportion / low-p25 range compared to [Oz] min. A few points fall below the 95% prediction
250 interval at intermediate oxygen levels when using p25 [O2].
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251 In the Mediterranean Sea, inorganic iodine speciation profiles are scarce, with only one time series and four
252  different locations reported (Tian and Nicolas, 1995; Ullman et al., 1990). Nevertheless, consistently high iodate
253 concentrations are observed in the upper 0-500 m (370-515 nmol/L) corresponding to well oxygenated water
254  ([Oz]min 100-180 pumol/kg) (Fig. 3b). Under these conditions, iodate represents more than 80% of total inorganic
255 iodine, with p25 [O,] between 190 and 200 umol/kg.

256 Figure 3: lodate proportion in total inorganic iodine, iodate/(iodate+iodide) in 0-500 m as a function of p25 (a)

257 (Spearman p = 0.625, Kendall t= 0.447, p-values <0.01) and iodate concentration as a function of minimum (b)
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258  (Spearman p = 0.650, Kendall T = 0.470, p-values <0.01) [O2] (umol/kg) at 0-500 m. The proportion of iodate in
259 inorganic iodine was obtained from Winkelbauer et al. (2023) and are classified by ocean. Red dotted line is the
260  exponential fit of this relation (y = -0.6175*exp(-0.0138*x) + 0.9202 for p25), with the 95% prediction interval

Frequency

261  filled inred. Total inorganic iodine distribution with mean and +1c values (c).
262 2.3 New core top planktonic foraminiferal I/Ca

263 Low iodine concentration in foraminifera, ranging from 0 to 2 pmol/mol, are mostly found with p25 [O] between
264  0Oand 180 umol/kg (Fig. 4) In the 180-300 umol/kg of p25 [O,], most foraminiferal 1/Ca ratios show higher values
265 ranging from 1 to 8 umol/kg.
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267  Figure 4: Core top foraminiferal I/Ca (umol/mol) as a function of p25 [O;] concentration (umol/kg) for samples

268  more recent than 8 ka BP. New measures (n=15) from this study are coloured as water depth (mbsl) and identified

269  with colour code. Previously published values are represented in grey. All foraminiferal species are differentiated

270 by symbols. Red linear regression was obtained using all data <2 ka BP.

271 New core top data from the Pakistan margin present I/Ca values lower than 2.5 pmol/mol (0.7 pmol/mol for
272 MD04-2876 and 1.8 umol/mol for MD04-2873). Difference in p25 [O2] could be related to oxygen data availability
273 with wider area of oxygen distribution of 0.5° for MD04-2873 instead of 0.25° for MD04-2876 and different

274 number of oxygen profiles (n=2 and n=7 respectively).
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275 In the Mediterranean Sea, foraminiferal 1/Ca values are very low in highly oxygenated areas (1.0 pmol/mol in the
276  Gulf of Cadiz and 1.6 to 3.1 umol/mol in Alboran Sea) that corresponds to p25 [O,] between 180 and 220 umol/kg
277  (Fig. 4). The observed trend cannot be explained by vertical oxygen structure or by seasonal oxygen-depletion
278 events, as dissolved oxygen profiles in the upper 500 m show very limited seasonal or inter-annual variability,
279 even when more than 20 profiles per site are considered. Regarding I/Ca difference between planktonic
280  foraminiferal species, three cores provide information (Table 1). The dispersion of different species of foraminifera
281 is around 40% for the Gulf of Cadiz (MD99-2341) and the Alboran Sea (ODP Site 977) whereas in the Eastern
282 Mediterranean Sea the high 1/Ca ratios (from 2 to 6 pumol/mol) are associated with a dispersion of 50% for the
283  deep Nile Delta core (MD04-2724).

284 lodine incorporation during particle sinking has been proposed to explain the low 1/Ca values from plankton tows
285 (Winkelbauer et al., 2023). However, we find no systematic relation with water depth and I/Ca with our new data
286  (Fig. 4). Deep sites in oxygenated water like ODP Site 977 at 1984 mbsl also show very low I/Ca. Other cores at
287  comparable depths and oxygenation levels, like MD04-2724 at 1659 mbsl show 1/Ca above 4 umol/mol.

288 2.4 Planktonic I/Ca values and the environmental parameters on global scale

289  The relationship between environmental parameters such as biogeochemical characterisation of 0-500 m at each
290 site, primary productivity and physical parameters (current velocity) and foraminiferal I/Ca is investigated using
291 statistical test Kendall’s T and Spearman’s p correlation coefficients (Table 2). We only include samples more
292 recent than 2 ka BP in the statistical analysis because older samples are less likely to be representative of modern

293 conditions. The results are reported in Table 2.

294  Table 2: Results of statistical correlation test for environmental variables and planktonic foraminiferal 1/Ca for

295 samples more recent than 2 ka BP. Tested parameters are listed from highest to lowest absolute Spearman’s p.

. Spearman Kendall
Variable n Spearman p Kendall © Data source
p-value p-value
Maximum 500m depth MLD* 446 0.69 <0.01 0.5 <0.01 GLSEAEQIBVl
Minimum Oxygen* 421 0.67 <0.01 0.45 <0.01 WOD23
Mean Oxygen (all depths)* 419 0.67 <0.01 0.47 <0.01 WOD23
Mean Oxygen* 421 0.65 <0.01 0.47 <0.01 WOD23
p25 Oxygen* 421 0.65 <0.01 0.46 <0.01 WOD23
Mean 500m depth MLD* 446 0.63 <0.01 0.43 <0.01 GngES%ng
Bottom mean Oxygen* 442 0.62 <0.01 0.44 <0.01 WOD23
Minimum pH* 110 0.46 <0.01 0.29 <0.01 WOD23
Mean Phosphate* 277 -0.45 <0.01 -0.32 <0.01 WOD23
Maximum Chlorophyll depth* 182 -0.34 <0.01 -0.23 <0.01 WOD23
Net Prlm\?gplr\;gductlvny 441 03 <001 0.2 <001 Ig)rrc;::ucc)tci:\e;?tr;
Maximum Oxygen* 421 0.28 <0.01 0.19 <0.01 WOD23
Age (ka BP) 78 -0.26 0.074 -0.19 0.059 See database
Distance to coast (km)* 444 0.25 <0.01 0.17 <0.01 Calculated
Mean Temperature* 404 -0.25 <0.01 -0.15 <0.01 WOD23
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Mean pH 110 0.18 0.121 0.15 0.074 WOD23
Latitude* 446 -0.15 <0.01 -0.09 0.027 See database
Maximum 500m depth velocity* 446 0.15 <0.01 0.09 0.015 CMEMS
GLORYS12V1
Mean Alkalinity 74 0.14 0.37 0.11 0.328 WOD23
Mean Salinity* 404 0.13 0.028 0.1 0.019 WOD23
Maximum Chlorophyll 182 0.1 0.261 0.05 0.44 WOD23
Water depth (m) 446 0.05 0.4 0.01 0.75 See database
Mean Nitrate 251 -0.05 0.547 -0.03 0.618 WOD23
Mean 500m depth velocity 446 -0.02 0.715 -0.02 0.664 CMEMS
GLORYS12V1
Depth in core (cm) 406 -0.01 0.84 -0.01 0.818 See database

296  *: statistically significant correlations

297  All oxygen related variables (minimum, maximum, mean, p25, mean (all depths) and bottom mean oxygen) are
298  significantly linked to foraminiferal 1/Ca with coefficients above 0.6 and 0.4 for Spearman’s p and Kendall’s 1,
299 respectively, and p-values less than 0.01 for both cases (Table 2). Maximum mixed layer depth shows the highest
300 correlation coefficients, but this parameter is also tightly linked to oxygen (Fig. S2). This observation supports an

301 oxygen control on foraminiferal 1/Ca, although the quantitative relationship remains uncertain.

302 Minimum pH, phosphate and maximum chlorophyll depth present correlation with 1/Ca (Table 2) but they also
303 covary with p25 [O2] and are thus not independent (Fig. S2). Distance to coast, mean temperature, latitude,
304  maximum current velocity, and mean salinity also show significant correlations with foraminiferal I/Ca. However,
305 their correlation coefficients are less than half those of the strongest correlations identified. These variables are
306 therefore not further discussed as primary drivers of foraminiferal 1/Ca variability.

307 Depth in core and sediment age are examined to evaluate a potential early diagenesis effect. Most of the core top
308  selected for this study are sampled close to the water-sediment interface and in various environments. Those two
309  variables do not show any statistically significant correlation with foraminiferal 1/Ca on global scale. This is
310 equally true with water depth above the core sites as already examined with the new data (Fig. 4), no clear

311 correlation is visible.
312 2.5 Multi-species foraminiferal 1/Ca and calcification depths on global scale

313  Symbiont presence in foraminifera could also alter the incorporation of specific elements like anions because of
314  so-called “vital effects” (Honisch et al., 2003). We have classified the symbiosis behaviour of the species and
315 represent their I/Ca as a function of p25 [O2] (Fig. S3), we note the absence of specific patterns. No group is
316  enriched or depleted in iodine compared to the others. The slopes for linear regression are very close (0.016 or
317  0.017). Symbiont barren species are found in all defined domains, but the low I/Ca plankton tow with p25 [O;]

318  concentration >250 pumol/kg are exclusively symbiont barren species.

319 In the database, we have also classified species in three zones of calcification depths as the local concentration of
320 iodate changes with depth and influences foraminiferal I/Ca (Hess et al., 2025). Species are classified as surface,
321 shallow subsurface, and deep subsurface dwellers following Hess et al. (2025). Figure S4 presents the linear fit
322 ofthel/Caratios and p25 [O,], which is obtained by classifying foraminifera according to their calcification depth.

13



https://doi.org/10.5194/egusphere-2026-622
Preprint. Discussion started: 12 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

323  The mainresult is a similar slope for the three groups (0.015 to 0.019). Differences in intercepts are not interpreted

324 due to the important impact of scattering.
325 3 Discussion

326  Againiniodine in foraminiferal test during their post-mortem settling to the seafloor was proposed to explain low
327  plankton tow values (Winkelbauer et al., 2023). This implies an increase in I/Ca with water depth. However, water
328 depth does not show any significant covariation with foraminiferal 1/Ca (Table 2 and Fig. S5). We thus consider
329 that the influence of iodine accumulation during the foraminifera settling would be secondary and could be hidden
330 under a stronger oxygen control. No specific pattern for foraminiferal I/Ca as a function of oxygen can be
331  highlighted by using foraminiferal species, calcification depth groups, or symbiont presence/absence.

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

340

341 3.1 Principal role of oxygen and possible reasons for a larger scatter observed between iodate proportion
342  and p25 [O;]

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

347 Inorganic iodine speciation is theoretically controlled by redox potential, largely governed by oxygen availability
348 (Luther, 2023). In practice, however, field observations frequently deviate from this thermodynamic framework
349 (Fig. 3). The relationship between iodate and p25 [O-] is strongly non-linear and exhibits important scatter. The
350 dispersion likely reflects spatial and temporal variability in iodine redox cycling across regions and seasons. This
351 mismatch between oxygen and iodate concentration may at least partly explain the apparent presence of iodate in
352  waters here defined as oxygen-depleted.

353 As iodine speciation is sensitive to short-term oxygen fluctuations and depth-specific redox structure, this
354  statistical approach better represents the oxygen conditions than relying on the minimum value. The observed
355  scatter likely reflects a combination of true environmental heterogeneity and the limitations of matching discrete
356 iodine measurements with oxygen data. The iodate—oxygen relationship in Fig. 3 shows that iodate proportion
357 does not decline uniformly with decreasing oxygen. Consequently, at low p25 [O:], the variability in the proportion

358 of iodate can generate substantial scatter in foraminiferal I/Ca, potentially producing a factor of ~5 spread (1.0—
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359 5.0 pmol/mol) near 50 umol/kg. Therefore, uncertainty in inorganic iodine speciation, both estimation errors or

360 natural variability, remains a major source of scatter in the I/Ca—oxygen relationship.
361
362 3.2 Anew calibration of planktonic foraminiferal 1/Ca using p25 [O2]

363 In our calibration, we use foraminiferal I/Ca as a function of p25 [O,] concentration in 0-500 m, a representative

364  value for oxygen concentration at each sampling site.

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

370  The obtained new calibration equation is as follows:
371 Planktonic foraminiferal I/Ca (pmol/mol) = 0.0174 x p25[0,] (umol/kg) + 0.04 (1)

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

379 In order to identify secondary parameters that may influence foraminiferal 1/Ca, the residuals are calculated using
380 equation (1). The residuals are then plotted against multiple ocean variables (Fig. S6). Table S1 summarises the
381  correlation coefficients and significance of the parameters tested. No clear nor visible trend can be highlighted
382  within the global dataset including water depth or distance to coast.

383
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385 Figure 5: Foraminiferal 1/Ca <2 ka BP as a function of minimum (a) and p25 (b) [O2] in 0-500m. The same dataset
386 is used for the two figures. Only the X-axis definition is different. Black line is the linear model calibration curve
387  from (Hess et al., 2025). The red line is the linear model proposed in this study. Samples with oxygen distribution
388  from 0.25° area are represented as black circles, and from 0.5° as grey squares. Horizontal lines in (a) illustrate the
389 effect of X-axis change on dataset, highlighting that many low [O.]min sites are shifted to higher representative
390  oxygen depletion p25[O;]. This is especially true for [O2]min <50 pmol/kg and I/Ca >2 pmol/mol. No specific
391 pattern emerges within the wider area.

392 3.3 A comparison of the I/Ca ratio of foraminifera with the value of synthetic calcite.

393 We further compare the new calibration with the relationship proposed for synthetic calcite (Zhou et al., 2014).
394  The experience of synthetic calcite precipitation in iodate-rich medium indicated a linear relationship between
395  calcite I/Ca and iodate concentration (Lu et al., 2010; Zhou et al., 2014). For the comparison, the iodate
396  concentration in the medium is converted to oxygen concentration using the relationship between iodate proportion
397  and p25 [O2] concentration (Fig. 3a). Total inorganic iodine concentration is considered to be 471 nM (Fig. 3c)

398  and calcite is assumed to be precipitated at 19°C.

399 In Figure 6, the synthetic calcite I/Ca relationship is shown in blue, with the 95% prediction interval (blue shaded
400  area). The 95% prediction interval is large, implying a large potential impact on our calibration. This indicates that
401 iodate concentration relative to oxygen plays a key role in generating the observed dispersion in foraminiferal I/Ca.
402 The abiotic incorporation of iodine is of the same order of magnitude as that found in foraminifera. lodine
403 incorporation into carbonates likely reflects predominantly abiotic processes. However, some foraminifera I/Ca
404 ratio falls out of the prediction interval. Below 200 pmol/kg O, most I/Ca values are below the values that can be
405  explained by abiotic calcite precipitation, until severe oxygen depletion (<20 umol/kg) where foraminifera I/Ca
406  returnto the abiotic level. The highest foraminiferal 1/Ca values (>6 pmol/mol) are in the highly oxygenated area
407  (>180 umol/kg) and are above the abiotic interval (Fig. 6). Those observations suggest the presence of unknown

408  parameters that are specific for foraminiferal calcite (e.g. microenvironment, changes to growth rate...). Zhou et
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409  al. (2014) showed the temperature dependency of partition coefficient (Kd) of iodine for abiotic calcite. But no
410  systemic behaviour could be highlighted explaining higher or lower foraminiferal I/Ca anomalies with temperature
411  differences (Fig. 6).

412  To summarise, inorganic iodine speciation has a non-linear relationship with dissolved oxygen concentration
413  although the observed pattern for foraminiferal 1/Ca does not follow the exponential trend that is expected from
414  the relationship between iodate proportion and p25 [O;] (Fig. 6). Low I/Ca values found in oxygenated area might
415 be caused by reduced iodine incorporation, related to unknown mechanisms/conditions. Since no mechanism has
416  yet been identified to justify a specific fitting curve for I/Ca ratio, we consider that the linear regression is an
417  appropriate approximation. The dispersion of I/Ca values might be caused by the relationship between iodine
418  speciation and oxygen concentration that could account for ~75% of the variance compatible with the model’s
419  95% prediction interval (assuming constant total inorganic iodine), and up to ~93% by considering +1c uncertainty
420 in total inorganic iodine from Fig. 4b (Fig. S7). This dispersion likely represents the second key explaination for
421 I/Ca values in foraminifera. However, it remains that low I/Ca in highly oxygenated water seems to be related to
422 an incorporation mechanism that remains unknown, given its systematic offset from the predicted values. This
423  offsetis potentially related to vital effects discriminating iodine incorporation, or to iodine speciation.

24
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425 Figure 6: Foraminiferal 1/Ca <2 ka BP as a function of p25 [O,] in 0-500 m. The red line is the linear model
426  proposed in this study. Blue curve represents the abiotic incorporation of iodine following iodate proportion in
427  total inorganic iodine determined in Figure 3 and assuming a mean concentration of total inorganic iodine of 471
428 nM (Fig. 3c). The abiotic incorporation was determined following (Zhou et al., 2014). Blue area corresponds to
429 95% prediction interval also determined in Figure 4 for a temperature of 19 °C. 57% of the data fall in this
430 prediction interval. Temperature from 6 to 33 °C are considered for the maximum and minimum 95% prediction
431 interval (grey dashed lines).

432
433 3.4 Authigenic contribution via secondary calcite precipitation

434  Depth in core and age were not significantly correlated with foraminiferal 1/Ca based on first-order statistical tests
435 (Table 2). However, these parameters do not fully capture the potential influence of diagenesis or secondary calcite
436  precipitation, which may be particularly important within the sediments from OMZ and the Mediterranean Sea
437  which are characterised by high alkalinity pore/bottom waters. This section therefore examines whether early

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

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

446  Figure 6 presents p25 [O,] alongside the expected foraminiferal 1/Ca predicted from Equation (1) with a black line.
447  Sensitivity tests were performed using a binary mixing model between the expected foraminiferal 1/Ca and
448 authigenic carbonates assuming an I/Ca of 0.06 umol/mol for authigenic carbonate (Lu et al., 2010). For the
449  Arabian Sea OMZ core, measured 1/Ca values fall below the expected ratio and could correspond to a 30-40%
450  mass contribution of low I/Ca secondary carbonate. In contrast, MD04-2873 (below the OMZ) displays higher
451 I/Ca than expected, likely due to poorly constrained oxygen variability resulting from the limited number of
452  available oxygen profiles (section 3.2).

453 In the Mediterranean Sea, the two eastern basin cores (SL95 and MD04-2724) show I/Ca values above expectation,
454  while others fall below. Cores MD04-2797 and MD90-917 are slightly depleted in I/Ca relative to the value
455  estimated from equation (1) and could reflect a 10-20% contribution of authigenic carbonates. However, the
456  samples from the western basin (ODP Site 977) and from the Gulf of Cadiz (MD99-2341) would require an
457 implausibly high 60-90% contribution of authigenic calcite to explain their (much-)lower-than-expected I/Ca.
458 Such a contribution is unrealistic, as authigenic calcite precipitation is far less common in the western basin, and

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

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

461 regions where early diagenetic calcite formation is low, while no mechanism has been identified to account for
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462 I/Ca values higher than expected, nor for the scatter observed among species dwelling at the same depth within
463  the same core top samples, except for as yet undefined vital effects.

464  We conclude that foraminiferal 1/Ca primarily reflects local oxygen variability through its control on iodine
465  speciation. The Mediterranean Sea samples exhibit a similar behaviour and degree of scatter as those from other
466  ocean basins, indicating that the proxy remains applicable in this semi-enclosed environment. However, the use of
467  the proxy must focus on relative variability combined with another independent approach. The relationship
468 between foraminiferal 1/Ca and oxygen concentration may be site-specific, because it could be influenced by local
469 environmental characteristics or processes that are not yet fully understood. This limitation is particularly relevant
470  for coastal sites, including those within the Mediterranean Sea, where additional factors may modulate iodine
471  speciation or iodine incorporation.

472 While foraminiferal I/Ca provides a semi-quantitative estimation of local oxygenation conditions, the core top
473  values observed in the western Mediterranean Sea is as low as the values of plankton tow. This calls for caution

474  when using this proxy alone for quantitative reconstructions.
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476  Figure 7: Foraminiferal I/Ca from the Mediterranean and Arabian Sea as a function of p25 [O,] 0-500 m in whole
477 p25 [O2] range (&) and for p25 [O2] >180 pmol/kg (b). Expected foraminiferal I/Ca from LAD from figure 5 is
478 represented as black line. Grey dotted lines indicates deviation from expected value by increasing authigenic
479 carbonate contribution from 10 to 90 %. Authigenic carbonate 1/Ca was fixed at 0.06 umol/mol following Lu et
480  al. (2010).

481
482 3.5 Other possible factors

483  Oceanographic variables investigated other than oxygen did not show strong relationship with foraminiferal 1/Ca

484  (Table 2). Other parameters may also influence iodine speciation but were not highlighted through the statistical
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485  analysis conducted on foraminiferal I/Ca in this study. Previous works have shown that iodine speciation varies
486  with distance to the coast, with iodate depletion toward productive coastal water (Wong and Zhang, 1992). The
487  effect of distance to coast is absent on global scale, but it could be important at regional scale, such as in the
488 Mediterranean Sea. This depletion is thought to be driven by enhanced biological iodine uptake through primary
489 productivity. Although the Mediterranean Sea is highly oligotrophic, coastal and shelf regions can sustain episodes
490 of high primary productivity (Packard et al., 1988; Powley et al., 2017), which could potentially influence iodate
491 concentration. Only limited inorganic iodine vertical profiles (iodate and iodide) exists in the Mediterranean Sea
492  (Fig. 1b), with one time series in the north western basin (Tian and Nicolas, 1995). The study showed limited
493 variability across the year with iodate concentrations of 410-480 nM, but iodine speciation was measured in
494  different oceanographic settings as the investigated locations in this study. So, different inorganic iodine
495 behaviours may occur. Moreover, the variability of iodate concentration observed in the north western

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

497  Part of the variability may also not be fully constrained with the statistical analysis conducted (Tables 2 and S1,
498 Figures S2 and S5). In fact, we conducted the analysis on the global dataset, with every site being a unique context
499 and oceanographic settings. If we highlighted the first and most important role of oxygen as an I/Ca control,
500 secondary parameters may not be fully captured. Inorganic iodine speciation remains poorly understood. Also, the
501 influence of growth rate (calcification kinetics) could not be ruled out, and was never tested for I/Ca ratio (e.g.
502  Allenetal., 2016). This has not been demonstrated but competition with other anions remains plausible as coupled
503  substitution is required for the incorporation of 105" into CaCO3 (Ram and Erez, 2023).

504  For future work, foraminifera culture with isolation of single parameters/monitoring of multiple parameters could
505 help better constrain the proxy behaviour, alongside field studies. In particular, plankton tow observations showing
506  systematically low foraminiferal I/Ca values suggest that limited incorporation at surface may happen, leaving
507  open the question of when and where iodine is incorporated. Inorganic iodine speciation is still poorly constrained
508 and further research is needed to understand its dynamics and incorporation in calcite lattice. lodine incorporation
509 sites, inside the structure of the shell or outside, as secondary precipitation, is hardly needed to distinguish iodine

510 provenance in the foraminiferal test.
511

512

513  Conclusions

514 In this study, we investigate planktonic foraminiferal I/Ca as a proxy for subsurface oxygen changes by integrating
515 multiple environmental parameters. We first proposed a new definition of a representative oxygen depletion value
516 in subsurface waters, accounting for local oxygen variability. Local oxygen distributions were unimodal or
517  multimodal, reflecting both seasonal and depth-related oxygen variation. Planktonic foraminiferal I/Ca from core
518  top samples showed a positive correlation with this representative minimum oxygen value, p25 [O,], supporting
519  the dominant control of oxygen on iodine presence and reinforcing the utility of the proxy to reconstruct past
520 oxygenation changes.
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521 Despite this relationship, substantial amount of data dispersion remains. We explored several potential sources of
522  scatter and found that the largest contribution likely arises from variability in inorganic iodine speciation. The

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

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

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

526  We propose a new calibration for subsurface oxygen depletion reconstruction based on planktonic foraminiferal
527 I/Ca. By using p25 [O2] values, we reduce the dispersion observed in previous calibrations. To maintain simplicity
528  for paleo-applications, core top data younger than 2 ka BP were included regardless of species. Remaining
529 dispersion may result from vital or species-specific effect, or other uninvestigated parameters, such as inorganic
530 iodine speciation, which is difficult to constrain.

531 Finally, secondary calcite contribution was considered as a potential contributor to the low foraminiferal I/Ca
532 values, given that secondary calcite formed in high alkalinity environment could dilute the signal. However, such
533  aneffect would require more than 60% of secondary calcite to explain western Mediterranean Sea values, which

534  isimplausible.

535  We therefore support the use of planktonic foraminiferal 1/Ca as a semi-quantitative proxy for oxygenation state,
536 consistent with Hess et al. (2025). This proxy can be applied to semi-enclosed basins to reconstruct relative

537  variability when complemented with another independent approach.
538
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