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INTRODUCTION

One of the most important paleoenvironmental parameter used to characterize Earth climate is temperature. Reconstructing accurate sea surface temperatures (SSTs) is a central goal in paleoceanography, as temperature at the interface between the ocean and the atmosphere has implications for constraining the sensitivity of Earth's climate system in concert with the evolution of atmospheric pCO 2 (e.g., [START_REF] Pagani | Biomarker-Based Inferences of Past Climate: The Alkenone pCO 2 Proxy[END_REF]. Rock-forming marine biocarbonates are often measured applying a variety of geochemical proxies to reconstruct SSTs and unravel broader environmental conditions (e.g., [START_REF] Henderson | New oceanic proxies for paleoclimate[END_REF][START_REF] Lea | Elemental and Isotopic Proxies of Past Ocean Temperatures[END_REF]. Some biocarbonate minerals, such as those produced by foraminifera have been overwhelmingly exploited to estimate SSTs, while the coccoliths remain far less used in geochemically-derived reconstruction of paleoenvironments, mainly due to the minute size of these calcareous nannofossils and the challenge in obtaining coccolith assemblages from the sediments. Coccoliths are calcite platelets produced intracellularly by coccolithophore algae that thrive in the oceans since the Late Triassic, about 200 million years ago. As these calcifying organisms are primary (photosynthetic) producers, they only calcify in sunlit oceanic waters, and thus are ideally placed to record temperature of the uppermost part of the water column that is in contact with the atmosphere. Furthermore, the coccoliths have a compact ultrastructure made of imbricated monocrystalline elements without any internal porosity, and as such, are less prone to dissolution and recrystallization compared to the foraminifera [START_REF] Mcintyre | Coccolith concentrations and differential solution in oceanic sediments[END_REF][START_REF] Schneidermann | Selective dissolution of recent coccoliths in the Atlantic Ocean[END_REF][START_REF] Bouvier-Soumagnac | Carbon and oxygen isotopic composition of planktonic foraminifera from laboratory culture, plankton tows and recent sediment: implications for the reconstruction of paleoclimatic conditions and the global carbon cycle[END_REF][START_REF] Caron | Effects of gametogenesis on test structure and dissolution of some spinose planktonic foraminifera and implications for test preservation[END_REF][START_REF] Wefer | Isotope paleontology: growth and composition of extant calcareous species[END_REF][START_REF] Kucera | Planktonic foraminifera as tracers of past oceanic environments[END_REF][START_REF] Broecker | Ratio of coccolith CaCO 3 to foraminifera CaCO 3 in late Holocene deep sea sediments[END_REF][START_REF] Prentice | Trace metal (Mg/Ca and Sr/Ca) analyses of single coccoliths by Secondary Ion Mass Spectrometry[END_REF]. This differential preservational state makes the coccoliths a valuable paleoclimatic archive, especially when planktonic foraminifera are badly preserved or even absent (e.g., during high temperature regime of the Paleogene, [START_REF] Pearson | Warm tropical sea surface temperatures in the Late Cretaceous and Eocene epochs[END_REF]. Recent methodological developments and subsequent refinements allow separating coccoliths into different size fractions with reduced species diversity, and importantly can provide microfractions barren of foraminiferal fragments or the so-called micarbs [START_REF] Minoletti | Mise au point d'un protocole experimental de separation granulometrique d'assemblages de nannofossiles calcaires; applications paleoecologiques et geochimiques[END_REF][START_REF] Stoll | Separation of monospecific and restricted coccolith assemblages from sediments using differential settling velocity[END_REF][START_REF] Minoletti | Separation of sedimentary micron-sized particles for palaeoceanography and calcareous nannoplankton biogeochemistry[END_REF][START_REF] Halloran | Isolating coccoliths from sediment for geochemical analysis[END_REF]. These techniques enable new paleoenvironmental information to be specifically derived from the geochemistry of these microfossils (see review by [START_REF] Hermoso | Coccolith-Derived Isotopic Proxies in Palaeoceanography: Where Geologists Need Biologists[END_REF]). Yet, one of the most prominent caveat in the use of biominerals in paleoceanography arises from the biological origin of calcite, which potentially leads to prominent isotopic offsets from inorganic (abiogenic) conditions. This phenomenon, referred to as the vital effect, is particularly expressed in the case of the coccoliths [START_REF] Dudley | Stable isotopic composition of coccoliths[END_REF][START_REF] Ziveri | Stable isotope "vital effects" in coccolith calcite[END_REF][START_REF] Bolton | Vital effects in coccolith calcite: Cenozoic climate-pCO 2 drove the diversity of carbon acquisition strategies in coccolithophores?[END_REF][START_REF] Candelier | Temperature dependence of oxygen isotope fractionation in coccolith calcite: A culture and core top calibration of the genus Calcidiscus[END_REF][START_REF] Hermoso | Coccolith-Derived Isotopic Proxies in Palaeoceanography: Where Geologists Need Biologists[END_REF][START_REF] Stevenson | Controls on stable strontium isotope fractionation in coccolithophores with implications for the marine Sr cycle[END_REF][START_REF] Hermoso | Control of ambient pH on growth and stable isotopes in phytoplanktonic calcifying algae[END_REF][START_REF] Hermoso | Environmental control of the isotopic composition of subfossil coccolith calcite : Are laboratory culture data transferable to the natural environment?[END_REF][START_REF] Mcclelland | The origin of carbon isotope vital effects in coccolith calcite[END_REF].

Various proxies have been used to generate SST estimates, such as the oxygen isotope composition of calcareous fossils (d 18 O), the undersaturation index of coccolithophore-produced alkenones (U k' 37 ), TEX 86 , or elemental Mg/Ca ratios of microfossil shells [START_REF] Epstein | Carbonate-water isotopic temperature scale[END_REF][START_REF] Emiliani | Isotopic Paleotemperatures[END_REF][START_REF] Brassell | Molecular stratigraphy: a new tool for climatic assessment[END_REF][START_REF] Prahl | Further evaluation of long-chain alkenones as indicators of paleoceanographic conditions[END_REF][START_REF] Nürnberg | Assessing the reliability of magnesium in foraminiferal calcite as a proxy for water mass temperatures[END_REF][START_REF] Kim | Equilibrium and nonequilibrium oxygen isotope effects in synthetic carbonates[END_REF][START_REF] Conte | Genetic and physiological influences on the alkenone/alkenoate versus growth temperature relationship in Emiliania huxleyi and Gephyrocapsa oceanica[END_REF][START_REF] Lea | Controls on magnesium and strontium uptake in planktonic foraminifera determined by live culturing[END_REF][START_REF] Elderfield | Past temperature and δ 18 O of surface ocean waters inferred from foraminiferal Mg/Ca ratios[END_REF][START_REF] Minoletti | Calibration of stable isotope composition of Thoracosphaera heimii (dinoflagellate) calcite for reconstructing paleotemperatures in the intermediate photic zone[END_REF]. These approaches are, however, still confounded by a number of uncertainties inherent to all proxy reconstruction [START_REF] Herbert | Alkenone Paleotemperature Determination[END_REF][START_REF] Lea | Elemental and Isotopic Proxies of Past Ocean Temperatures[END_REF][START_REF] Zhang | Ring Index : A new strategy to evaluate the integrity of TEX86 paleothermometry[END_REF]. The quest to generate reliable and more accurate SSTs can now potentially benefit from the most recent developed paleothermometer, namely the carbonate clumped isotope (or ∆ 47 ) thermometry [START_REF] Eiler | Clumped-isotope" geochemistry-The study of naturally-occurring, multiplysubstituted isotopologues[END_REF][START_REF] Eiler | Paleoclimate reconstruction using carbonate clumped isotope thermometry[END_REF]. The ∆ 47 thermometry is based on the temperature-dependent degree of bounding between 13 C and 18 O in the carbonate Laboratory cultures of monoclonal coccolithophore strains were performed at the Department of Earth Sciences of Oxford University following the same methods described previously (e.g. [START_REF] Hermoso | Constraints on the vital effect in coccolithophore and dinoflagellate calcite by oxygen isotopic modification of seawater[END_REF][START_REF] Rickaby | Environmental carbonate chemistry selects for phenotype of recently isolated strains of Emiliania huxleyi[END_REF]. We grew three strains sourced from the Roscoff Culture Collection: Emiliania huxleyi originating from the Icelandic Coast (RCC 1256); Coccolithus pelagicus ssp. braarudii from the Portuguese Coast (RCC 1202) and Calcidiscus leptoporus from South Africa West Coast (RCC 1129). The experiments were conducted at five distinct temperatures (7, 10, 15, 20 and 25 °C) for E. huxleyi and at three temperatures (10, 15 and 20 °C) for both C. braarudii and C. leptoporus, as the two latter species have a narrower range of temperature tolerance. Before the experiment started, algae were slowly acclimated from 15 °C to the target temperatures and maintained at these temperatures during at least 10 generations (acclimation phase).

The culture medium was made from natural seawater obtained from the Marine Biologist Association, Plymouth (UK). This batch was left for at least six months in the dark and at 4 °C to ensure bio-consumption of macronutrients and residual organic compounds by bacteria prior to final preparation of the culture medium [START_REF] Keller | Media for the culture of oceanic ultraphytoplankton[END_REF]. This process allows better mimicking open ocean conditions. To test the effect of the δ 18 O values of the medium (δ 18 O medium ) on the Δ 47 composition of the coccoliths, the cultures of E. huxleyi grown at 15 °C were made in both natural seawater and artificial (ESAW; [START_REF] Keller | Media for the culture of oceanic ultraphytoplankton[END_REF] media (δ 18 O seawater = 0.65‰ and δ 18 O medium = -6.14‰ SMOW respectively; Table 1). All media were air-bubbled for 24h prior to inoculation in order to re-establish chemical and isotopic CO 2 equilibrium between the air and the medium at each target temperature. For the natural and synthetic media, nitrate, phosphate, trace metals and EDTA enrichment correspond to a K/2 medium [START_REF] Keller | Media for the culture of oceanic ultraphytoplankton[END_REF] and vitamins enrichment to the f/2 medium [START_REF] Guillard | Culture of phytoplankton for feeding marine invertebrates[END_REF]. The final pH of the medium was adjusted to 8.2 obtained by addition of 0.2 M NaOH. Prior to algae inoculation, the medium was sterilized by steri-filtration achieved with a Millipore Stericup device (nominal pore aperture of 0.22 µm).

The cultures were grown in 600 mL Nalgene polycarbonate sterile flasks with 50 mL headspace. In the incubator, the cultures were illuminated with light/dark cycles of 14/10 hours. The irradiance was ~150 µmol photon/m 2 /s during the illuminated period. The temperature variations in the incubator were less than ± 0.2 °C. Over the course of the experiments, the culture flasks were gently stirred several times per day to reduce algal settling and accumulation of cell clusters at the bottom of the flask. To implement the cultures at low cell density and prevent a reservoir effect (see [START_REF] Barry | In situ perturbation experiments: natural venting sites, spatial/temporal gradients in ocean pH, manipulative in situ pCO 2 perturbations[END_REF], we opted for a semi-continuous batch culture strategy with two to five replicated subbatches per condition (one species / one temperature). This technique consisted of refreshing the medium with new medium every two days for E. huxleyi and 3 days for C. leptoporus and C. braarudii, after most of the cells have settled in the flask left upright for two hours (see Rickaby et al. (2016) for more details). The cultures were harvested by centrifugation at low cell density (10000 cells per mL for E. huxleyi, and between 5000 and 6000 cells per mL for C. braarudii and C. leptoporus). At these low cell densities, the algal populations were still in their exponential growth phase [START_REF] Hermoso | Coccolith-Derived Isotopic Proxies in Palaeoceanography: Where Geologists Need Biologists[END_REF] and the composition of the medium and pH did not significantly drift from the initial conditions. Three rinsing cycles with distilled water neutralized to pH 8 were applied on the culture residues to remove traces of NaCl and other salts. Removal of organic matter was achieved following the method described in [START_REF] Stevenson | Controls on stable strontium isotope fractionation in coccolithophores with implications for the marine Sr cycle[END_REF] consisting of the reaction of the culture residues with hydrogen peroxide 10% neutralized at pH 8 overnight and thoroughly rinsed again with neutralized deionized water.

Stable isotope measurements and data processing

As for traditional stable carbon and oxygen isotope compositions, the determination of clumped isotope ratios in carbonate by gas-source mass-spectrometry is made from gaseous CO 2 released from the digestion of the carbonate sample by anhydrous phosphoric acid. The methods used for carbonate digestion, CO 2 purification and stable isotope measurements at Institut de Physique du Globe de Paris (IPGP, Laboratoire de Géochimie des Isotopes Stables) are detailed in [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF] and outlined below.

Carbonate digestion and CO 2 purification

Each individual measurement was obtained from about 5 mg of organic matter-free culture residue digested at 90 °C during 20 min. The reaction took place in a common acid bath containing about 10 mL of ~104% phosphoric acid H 3 PO 4 (r = 1.914 mg/mL). The gas products from the carbonate reaction (mainly CO 2 -H 2 O -phosphoric acid vapor) were continuously collected in liquid nitrogen (LN 2 trap at -196 °C) during the reaction. After complete digestion, non condensable gases were discarded. The gases were then transferred to a second LN 2 trap after passing through a LN 2ethanol slush held at ~ -117 °C to retain water and phosphoric acid vapor. After manometric CO 2 quantification with a capacitance gauge to check the yields, the extracted CO 2 was transferred through silver wool (to remove sulfur contaminants) and through a Porapak-Q 50-80 mesh trap held at -28 °C (to remove possible organic and halocarbon contaminants). Finally, the purified CO 2 was condensed in a sample tube, and introduced to the mass spectrometer for isotopic measurements.

Isotopic measurements

Measurements of clumped, stable carbon and oxygen isotopic compositions of carbonates (respectively ∆ 47 , d 13 C and d 18 O) were simultaneously performed from gaseous CO 2 using a Thermo Scientific MAT 253 gas source isotope ratio mass spectrometer at the Institut de Physique du Globe de Paris. The abundance of isotopologues with m/z from 44 to 49 were analyzed. Results are reported as a deviation to a standard in per mil using the notation:

Δ 47 = R 47 R 47* -1 # $ % & ' ( - R 46 R 46* -1 # $ % & ' ( - R 45 R 45* -1 # $ % & ' ( ) * + , - .×1000 (Eq. 1)
where R 47 , R 46 and R 45 are the respective abundance ratio of gaseous CO 2 with masses 47, 46, 45 relative to the mass 44 measured in the analyzed sample. R 47* , R 46* and R 45* denote for ratios calculated if the sample had a stochastic abundance of all isotopologues (see Eiler and[START_REF] Wang | Equilibrium thermodynamics of multiply substituted isotopologues of molecular gases[END_REF][START_REF] Wang | Equilibrium thermodynamics of multiply substituted isotopologues of molecular gases[END_REF] for more details). Each measurement consisted of seven acquisitions (signal of 12V on m/z = 44) of ten cycles of comparison between the CO 2 extracted from sample versus a pre-calibrated working internal reference CO 2 gas provided by Oztech Trading Corporation with d 13 C = -3.72‰ and d 18 O = -6.06‰ (VPDB, verified through measurements of the international reference material NBS-19). The signal integration time was of 26 seconds (i.e., total integration time of 1820 seconds for each CO 2 sample). Peak centering, background measurement and pressure balancing were performed before each acquisition. As recommended by [START_REF] Dennis | Defining an absolute reference frame for "clumped" isotope studies of CO 2[END_REF], the raw ∆ 47 values (i.e., the ∆ 47 values expressed relative to the working gas) were directly transferred into the "absolute" Carbon Dioxide Equilibrated Scale (CDES) using Empirical Transfer Functions (ETF) built with CO 2 gases driven to isotopologue equilibrium at two temperatures with absolute ∆ 47 values known from theoretical calculations [START_REF] Wang | Equilibrium thermodynamics of multiply substituted isotopologues of molecular gases[END_REF]) and ran interspersed with unknowm samples. For constructing our ETF, we used CO 2 gases driven to isotopologue equilibrium both at 1000 and 25 °C and with theoretically predicted D 47 values of 0.0266‰ and 0.9252‰, respectively (after [START_REF] Wang | Equilibrium thermodynamics of multiply substituted isotopologues of molecular gases[END_REF]. Gaseous CO 2 equilibrated at 1000 °C were obtained by placing silica break-seals containing CO 2 in a muffle furnace at 1000 °C for three hours and rapidly quenched in air. Gaseous CO 2 equilibrated at 25 °C were obtained by placing CO 2 aliquots in a sealed flask with aqueous water maintained at 25 °C for several days. S1 together with values of coccolith samples and carbonate standards.

A posteriori data processing

Traditional δ 18 O and δ 13 C data were acquired as part of each ∆ 47 analysis and 17 O corrections were made using the 17 O parameters from [START_REF] Santrock | Isotopic analyses based on the mass spectrum of carbon dioxide[END_REF]. In order to account for the temperature dependence of oxygen isotope fractionation between CO 2 gas and calcite resulting from the reaction with phosphoric acid at 90ºC in common acid bath, a fractionation factor of 1.00811 was used. This fractionation factor has been constrained based on replicate δ 18 O measurements of several calcite samples digested at both 90 °C in common acid bath (CAB) and 25 °C in sealed-vessel (SV) and comparison to the widely accepted fractionation value of 1.01025 for digestion at 25 °C in SV [START_REF] Friedman | Compilation of stable isotope fractionation factors of geochemical interest[END_REF]. We analyzed our in-house carbonate reference material (IPGP-Carrara marble) routinely, as well as the international reference material NBS-19 for oxygen and carbon stable isotopic compositions. We found d 13 C = 1.95 ± 0.01‰ and d 18 O = -2.16 ± 0.05‰ for NBS-19 (VPDB, 1SD, n=5) and d 13 C = 2.26 ± 0.02‰ and -1.80 ± 0.05‰ (VPDB, 1SD, n=26) for IPGP-Carrara.

The raw ∆ 47 data were corrected for linearity effects using a fixed Equilibrated Gas Line (EGL) slope fitted to the CO 2 standard equilibrated at both 1000 and 25 °C. The EGL slopes (typically around 0.0029 over the course of this study; Table S1) were very shallow highlighting only small linearity corrections applied to raw ∆ 47 data. In addition, the slopes of EGL only slightly drifted during our one-year-long analytical campaign (from 0.0015 to 0.0040). Subsequently, the ∆ 47 data were transferred into the CDES absolute reference frame (∆ 47CDES90 in Table S1) using Empirical Transfer Functions (ETF, as defined by [START_REF] Dennis | Defining an absolute reference frame for "clumped" isotope studies of CO 2[END_REF]. For this study, both EGL and ETF were continually constructed with the CO 2 gases equilibrated at both 1000 °C and 25 °C during each of the seven discrete analytical sessions (with ETF slopes from 1.1093 to 1.1379 and intercepts from 0.9160 to 0.9331). Finally, ∆ 47CDES90 data were projected into the 25 °C acid digestion reference frame (∆ 47CDES25 in Table S1) for easier comparison with previously published calibration data. For this, we added the acid fractionation value of + 0.082‰ determined by [START_REF] Defliese | Compositional and temperature effects of phosphoric acid fractionation on Δ 47 analysis and implications for discrepant calibrations[END_REF].

To ensure accuracy of ∆ 47 data and the entire post-measurement data processing described above, we routinely analyzed two carbonate reference materials (Carrara marble and 102-GC-AZ01b) that were used in the inter-laboratory comparison work by [START_REF] Dennis | Defining an absolute reference frame for "clumped" isotope studies of CO 2[END_REF]. The international reference material NBS-19 for oxygen and carbon stable isotopic compositions was also analyzed. These three carbonate standards were distributed along with measurements of coccolith samples and CO 2 standards in all runs (see Table S1). One carbonate reference material (either IPGP-Carrara marble or 102-GC-AZ01b) was analyzed typically every five analyses to check for analytical stability/accuracy of the whole procedure (including carbonate digestion, CO 2 purification, stability of the conditions for analyses of CO 2 inside the mass spectrometer and/or accuracy of the correction frames constructed with standards of equilibrated CO 2 gas -namely the accuracy of the EGL and ETF lines), as well as long-term reproducibility of our ∆ 47 measurements (see Table S1).

Importantly, the D 47 values of the carbonate standards measured during our seven discrete analytical sessions are indistinguishable from each other as they are within analytical precision (Table S1).

The average D 47 values obtained for these carbonates over the course of this study are: D 47CDES25 = 0.384 ± 0.013‰ (1SD, n=26) for IPGP-Carrara; D 47CDES25 = 0.706 ± 0.016‰ (1SD, n = 21) for 102-GC-AZ01b; D 47CDES25 = 0.387 ± 0.014‰ (1SD, n=5) for NBS19. Our ∆ 47CDES25 values are indistinguishable from those obtained in previous studies (e.g. [START_REF] Dennis | Defining an absolute reference frame for "clumped" isotope studies of CO 2[END_REF][START_REF] Henkes | Carbonate clumped isotope compositions of modern marine mollusk and brachiopod shells[END_REF][START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF]. Furthermore, the ± 13 ppm and ± 16 ppm standard deviations obtained here on ~ 20-30 replicate D 47 measurements of carbonate reference materials during seven sessions of analyses are consistent with the long-term external reproducibility obtained at IPGP on more than 300 independent D 47 measurements over more than three years (± 14 ppm, 1SD, n > 300).

RESULTS

Table 1 reports the δ 13 C, δ 18 O and Δ 47 compositions for each coccolith culture residue. The data are plotted in Figures 1 and 2 as a function of temperature. At least three isotopic measurements were run for semi-continuous batch cultures conducted at the same temperature, with the exception of E. huxleyi grown at 7 °C for which only 2 isotopic measurements were made due to insufficient mass of calcite recovered from the third culture batch. For a given species at a given temperature, the measurements (2 < n < 5) were made at least in two different analytical sessions (that is using EGL and ETF correction frames constructed with various sets of data on standards of equilibrated CO 2 at known temperatures) in order to eliminate possible bias from potential errors in constructing each discrete correction frame. With all replicated isotopic measurements made on the distinct batches, a total of sixteen measurements were run for E. huxleyi, twelve for C. braarudii and eleven for C. leptoporus. The results of each measurement of coccolith calcite, carbonate standard and standards of equilibrated gaseous CO 2 are given in the Electronic Annex Table S1.

Traditional carbon and oxygen compositions of coccolith calcite

Cultured coccolith samples show significant variability in the oxygen isotope offsets from the composition of the medium from which they grew (∆ 18 O = δ 18 O carb -δ 18 O medium ; Table 1; Figure 1). The ∆ 18 O values obtained for the three coccoliths species are strongly species-specific, yet show statistically significant linear relations with growth temperature (Figure 1). Figure 1 further shows that coccolith calcite δ 18 O values show variable isotopic departures from calcite of [START_REF] Kim | Equilibrium and nonequilibrium oxygen isotope effects in synthetic carbonates[END_REF], which commonly serves as an inorganic reference in paleoceanographic research and allows quantification of the magnitude of the vital effect in biogeochemical studies (see synthesis in [START_REF] Hermoso | Control of ambient pH on growth and stable isotopes in phytoplanktonic calcifying algae[END_REF]. Overall, the magnitude of the vital effect is in agreement with previous studies (i.e., ca +3‰ for E. huxleyi, 0‰ for C. braarudii and -1‰ for C. leptoporus) [START_REF] Ziveri | Stable isotope "vital effects" in coccolith calcite[END_REF][START_REF] Rickaby | Perturbing phytoplankton: Response and isotopic fractionation with changing carbonate chemistry in two coccolithophore species[END_REF][START_REF] Candelier | Fractionement isotopique de l'oxygène dans la calcite des coccolithes[END_REF][START_REF] Candelier | Temperature dependence of oxygen isotope fractionation in coccolith calcite: A culture and core top calibration of the genus Calcidiscus[END_REF][START_REF] Hermoso | Constraints on the vital effect in coccolithophore and dinoflagellate calcite by oxygen isotopic modification of seawater[END_REF][START_REF] Stevenson | Controls on stable strontium isotope fractionation in coccolithophores with implications for the marine Sr cycle[END_REF].

Cultured coccoliths show δ 13 C carb -δ 13 C DIC offsets (the isotopic difference of calcite from ambient dissolved inorganic carbon, noted ∆ 13 C values; Table 1) between -1.4 and +1.7‰ for E. huxleyi, between -5.3 and -2.2‰ for C. braarudii and between -2.9 and -2.0‰ for C. leptoporus. These ∆ 13 C values are similar to those previously reported for coccoliths grown in very dilute culture batches [START_REF] Rickaby | Perturbing phytoplankton: Response and isotopic fractionation with changing carbonate chemistry in two coccolithophore species[END_REF][START_REF] Candelier | Temperature dependence of oxygen isotope fractionation in coccolith calcite: A culture and core top calibration of the genus Calcidiscus[END_REF][START_REF] Hermoso | Constraints on the vital effect in coccolithophore and dinoflagellate calcite by oxygen isotopic modification of seawater[END_REF].

Clumped isotope compositions of coccolith calcite

Taken individually (each species at each temperature), the Δ 47CDES25 data range from 0.686 to 0.751‰ for E. huxleyi between 7 and 25 °C, from 0.709 to 0.752‰ for C. braarudii between 10 and 20 °C and from 0.695 to 0.741‰ for C. leptoporus between 10 and 20 °C (Table 1; Figure 2). It is noteworthy that the dispersion of Δ 47 data obtained for a given species at a given growth temperature is very narrow, with 1SD varying from 6 to 16 ppm (or S.E. between 3 and 9 ppm; Table 1), and compares well with the long-term external reproducibility of Δ 47 measurements for homogeneous carbonate reference materials run at IPGP (± 14 ppm, 1SD, n > 300). From a methodological viewpoint, despite the fact that the cultures originate from discrete batches conducted during a period of one year, and that isotopic measurements were realized during seven distinct sessions of analyses on the mass spectrometer, yet the Δ 47 results are highly reproducible.

Effect of medium δ 18 O water and δ 13 C DIC values on coccolith Δ 47 values

To seek possible isotopic source effect (δ 18 O and δ 13 C of the medium) on the Δ 47 compositions of coccolith calcite, two cultures for E. huxleyi were conducted in artificial medium with δ 13 C DIC and δ 18 O water distinct from the seawater medium used for all other cultures at 15 °C (see Table 1). We found that E. huxleyi grown at 15 °C either in artificial or natural media gave indistinguishable Δ 47CDES25 values of 0.715 and 0.714‰ for the former conditions, and 0.704‰ for the latter (Table 1; Figure 2) -this offset is indeed lower than our ± 14 ppm 1SD long-term external reproducibility. This is consistent with theoretical assumption that the isotopic composition of the medium does not influence the Δ 47 composition of the mineral, and thus may not influence the Δ 47 -1/T 2 calibration presented here.

DISCUSSION

Seeking possible interspecific Δ 47 vital effect in coccolith calcite

We first examine each species independently for the relationship between ∆ 47 and temperature (1/T 2 ) (Figure 2). We conducted statistical analyses between coccolith ∆ 47 -1/T 2 relationships based on least-squares fitting according to the methods by [START_REF] Minster | 87 Rb-87 Sr chronology of enstatite meteorites[END_REF] modified from [START_REF] York | Least squares fitting of a straight line with correlated errors[END_REF]. By this means, uncertainties arising from both ∆ 47 measurements and growth temperature are considered. The slopes and intercepts of the ∆ 47 -1/T 2 linear regressions calculated for the three examined species are reported in Table 2. For each of the three species, we observe statistically significant correlations between the D 47 values and 1/T 2 (r 2 between 0.77 and 0.88; all p-values < 0.0005; Figure 2; Table 2). Because every single ∆ 47 measurement was generated from distinct culture residues, we chose to calculate linear regressions using individual ∆ 47 values rather than their average for a given species at a given temperature. This was to ensure that each datapoint equally contributes to the final calibration. Each of this individual measurement was assigned to 14 ppm (1SD) long-term external reproducibility on ∆ 47 measurements at IPGP. This approach also takes into account the fact that varying number of ∆ 47 measurements (2 < n < 5) were made for each investigated temperature, and thus weights the influence of each temperature on the calibration by the number of ∆ 47 measurements analyses. We note, however, that if the Δ 47 data were averaged by temperature and weighted with their respective standard error of the mean (1 SE) (i.e., as done in the majority of previously published Δ 47 -1/T 2 calibrations) the calculated slopes and intercepts would be comparable to those presented in Table 2, albeit with halved errors. It is also noteworthy that regardless of the means to calculate the parameters of the Δ 47 -1/T 2 linear regressions, the equations for the three species are statistically indistinguishable from each other when their respective uncertainties are considered (Table 2). Also, when plotted together, the coccolith data from the three investigated species are indistinguishable from each other when the assigned ± 14 ppm uncertainty on each measurement is considered (Figure 2d). Close examination of Figure 2d may suggest that the Δ 47 data for E. huxleyi are slightly lower than those found for the two other species. However, this apparent offset is very small, below the mass spectrometer shot noise limit of ∆ 47 measurements (about ~ 9 ppm for our conditions of analyses), and thus unlikely to be statistically/geologically significant. We also tested if such small apparent offset could result from corrections with inappropriate 17 O parameters (as recently underlined by [START_REF] Schauer | Choice of 17 O correction affects clumped isotope (Δ 47 ) values of CO 2 measured with mass spectrometry[END_REF][START_REF] Daëron | Absolute isotopic abundance ratios and the accuracy of Δ 47 measurements[END_REF] by recalculating all coccolith data with parameters from [START_REF] Brand | Correction for the 17 O interference in δ 13 C measurements when analyzing CO 2 with stable isotope mass spectrometry (IUPAC Technical Report)[END_REF]. However, this reprocessing led to only small (less than 7 ppm) and not systematic differences in Δ 47 values (ie. leading either to slightly higher or lower Δ 47 values) compared to those obtained with parameters from Santrock et al. (1986). [Note that Δ 47 -1/T 2 correlations obtained here for coccoliths are also unchanged by such data reprocessing]. Collectively, these observations indicate that no interspecies ∆ 47 vital effect is apparent among the three investigated species and suggests that a single coccolith ∆ 47 -1/T 2 regression line can be calculated for describing the ∆ 47 dependence to temperature of the three coccolith species investigated here (Figure 3).

A coccolith-integrated Δ 47 -1/T 2 calibration

We calculated a single and cross-species Δ 47 -1/T 2 least square regression [START_REF] Minster | 87 Rb-87 Sr chronology of enstatite meteorites[END_REF] fitting through all the coccolith data by taking into account each Δ 47 measurement for each temperature and species, with an assigned error of ± 14 ppm (1SD). As each datapoint was treated separately with no consideration of the species, we thus ensure that they all contributed equally to the calibration. We obtained the following equation (Eq. 2; Figure 3):

∆ 47CDES25 = 0.0330 (± 0.0108) × 10 6 /T 2 + 0.3245 (± 0.1294) (r 2 = 0.82) (Eq. 2), with temperature (T) reported in Kelvin, ∆ 47CDES25 reported in per mil and within the 25 °C acid digestion and CDES reference frames. The reported uncertainties on the slope and intercept are 95% confidence intervals. Note that if the ∆ 47 data were averaged and weighted with their respective standard error of the mean (1 SE), the calculated slope and intercept would be comparable to those from Eq. 2 (0.0313 and 0.3423, respectively), but reported errors would be about twice lower than those reported in Eq. 2 (with 95% confidence interval errors ± 0.0057 and ± 0.0678 on the slope and intercept, respectively).

No expression of Δ 47 vital effects in coccolith calcite

Comparison of coccolith Δ 47 values with equilibrium conditions

The Δ 47 data of cultured coccoliths are compared to the Δ 47 values predicted for equilibrium conditions in order to seek any vital effect imprinting the Δ 47 values of these calcite biominerals.

The Δ 47 equilibrium values (Δ 47 equilibrium ) used thereinafter correspond to a combination of theoretically-calculated Δ 63 abundance of 13 C 18 O 16 O 2 isotopologues within calcite lattice [START_REF] Schauble | Preferential formation of 13 C-18 O bonds in carbonate minerals, estimated using first-principles lattice dynamics[END_REF] to which is added the experimental fractionation between CaCO 3 and CO 2 (during phosphoric acid reaction), which is Δ* = 0.268‰. This value was experimentally determined for calcite digested at 25 °C by [START_REF] Guo | Isotopic fractionations associated with phosphoric acid digestion of carbonate minerals: Insights from first-principles theoretical modeling and clumped isotope measurements[END_REF] and retrospectively transferred into the absolute reference frame using the equation from Table 4 in [START_REF] Dennis | Defining an absolute reference frame for "clumped" isotope studies of CO 2[END_REF]. Figure 4 shows that the averaged Δ 47 data of coccolith calcite are statistically indistinguishable from the Δ 47 equilibrium values, as they fall within our analytical uncertainty of ± 14 ppm (ie., the long-term external reproducibility determined on large number of replicate Δ 47 measurements of homogeneous carbonate reference materials; represented by the shaded area in Figure 4). At first glance, the coccolith Δ 47 data may, however, appear to be slightly higher that their respective Δ 47 equilibrium values. Nevertheless, this slight positive Δ 47 offset from Δ 47 equilibrium values are not supported, mainly because: i/ additional errors on theoretical calculations should also be considered, as those arising from approximations in the parameters used to determine it; and most importantly ii/ coccolith data are fully consistent with Δ 47 datasets on experimental inorganic calcites (Figure 5a; [START_REF] Ghosh | 13 C-18 O bonds in carbonate minerals: A new kind of paleothermometer[END_REF][START_REF] Dennis | Clumped isotope thermometry of carbonatites as an indicator of diagenetic alteration[END_REF][START_REF] Zaarur | A revised calibration of the clumped isotope thermometer[END_REF][START_REF] Defliese | Compositional and temperature effects of phosphoric acid fractionation on Δ 47 analysis and implications for discrepant calibrations[END_REF][START_REF] Kele | Temperature dependence of oxygen-and clumped isotope fractionation in carbonates: a study of travertines and tufas in the 6-95 °C temperature range[END_REF][START_REF] Kluge | Laboratory calibration of the calcium carbonate clumped isotope thermometer in the 25-250 °C temperature range[END_REF][START_REF] Tripati | Beyond temperature: Clumped isotope signatures in dissolved inorganic carbon species and the influence of solution chemistry on carbonate mineral composition[END_REF][START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF] or to the inter-laboratory universal calibration for all carbonate minerals (Eq. 3 in Bonifacie et al., 2017 that compiles 103 mean ∆ 47 data from seven different laboratories and with proper error propagation) (see section 4.3.2 for more details). We can therefore infer that coccolith calcite is not only barren of interspecies vital effects, but also that these phytoplanktonic biominerals, at least for the three investigated species, faithfully record the temperature of calcification in their Δ 47 composition (ie., without vital effects overprint). It may remain rather speculative that all coccolith species lack a Δ 47 vital effect. Nevertheless, as the three species exhibiting the largest oxygen and carbon isotope vital effects have similar (and close to equilibrium Δ 47 composition), the hypothesis of the lack of Δ 47 vital effect in all coccolithophores appears to be a reasonable assumption.

Comparison with previous ∆ 47 calibrations

In this section, we compare our coccolith data with previously-reported ∆ 47 data in literature. To this aim, we focus on the individual data rather than on the determined ∆ 47 -T calibration equations because it has been recently highlighted that either a small size of sample population and/or a narrow range of investigated temperatures could strongly influence the slopes and intercepts of the ∆ 47 -T calibration equations [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF][START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF]. This caveat has been put forward as a likely cause of discrepancies between discrete ∆ 47 -T calibration equations (as discussed in the following discussion), thus hampering rigorous comparison of the temperature estimates obtained from discrete ∆ 47 -T calibrations. To circumvent this problem, it has recently been suggested that universal ∆ 47 -T calibration based on a large dataset from different laboratories should be used to standardize ∆ 47 -derived temperature estimates determined in different studies/laboratories [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF][START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF]. As a result, in the following discussion and in Figure 5, we first underline the excellent consistency of coccolith ∆ 47 data both with previously published discrete data points and with the inter-laboratory composite calibration for all carbonates (compiling 103 mean ∆ 47 data from seven different laboratories with proper error propagation; Eq. 3 in [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF]. Then, as no vital effect on ∆ 47 values is expressed in coccolith calcites, we recommend that determination of SSTs from sedimentary coccoliths ∆ 47 data is made via application of this standardized (inter-laboratory) calibration.

Taken collectively, coccolith calcites have indeed ∆ 47 values consistent with most of previously reported data (Figure 5). It is worth pointing that our ∆ 47 data on laboratory-cultured coccolith calcite fall in the center of the spread of these previous ∆ 47 data, either for inorganic calcite (Figure 5a; [START_REF] Ghosh | 13 C-18 O bonds in carbonate minerals: A new kind of paleothermometer[END_REF][START_REF] Dennis | Clumped isotope thermometry of carbonatites as an indicator of diagenetic alteration[END_REF][START_REF] Zaarur | A revised calibration of the clumped isotope thermometer[END_REF][START_REF] Defliese | Compositional and temperature effects of phosphoric acid fractionation on Δ 47 analysis and implications for discrepant calibrations[END_REF][START_REF] Kele | Temperature dependence of oxygen-and clumped isotope fractionation in carbonates: a study of travertines and tufas in the 6-95 °C temperature range[END_REF][START_REF] Kluge | Laboratory calibration of the calcium carbonate clumped isotope thermometer in the 25-250 °C temperature range[END_REF][START_REF] Tripati | Beyond temperature: Clumped isotope signatures in dissolved inorganic carbon species and the influence of solution chemistry on carbonate mineral composition[END_REF][START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF] or for a larger dataset from biogenic or inorganic carbonates regardless of their mineralogies and chemistries (all data being reported in the CDES frame) (Figure 5b; [START_REF] Henkes | Carbonate clumped isotope compositions of modern marine mollusk and brachiopod shells[END_REF][START_REF] Came | Clumped isotope signatures in modern brachiopod carbonate[END_REF][START_REF] Douglas | Pronounced zonal heterogeneity in Eocene southern high-latitude sea surface temperatures[END_REF][START_REF] Fernandez | Siderite « clumped » isotope thermometry: A new paleoclimate proxy for humid continental environments[END_REF][START_REF] Wacker | Empirical calibration of the clumped isotope paleothermometer using calcites of various origins[END_REF][START_REF] Spooner | Clumped isotope composition of cold-water corals: A role for vital effects?[END_REF][START_REF] Wacker | Clumped isotope thermometry of carbonate-bearing apatite: Revised sample pre-treatment, acid digestion, and temperature calibration[END_REF][START_REF] Winkelstern | Calibration of dolomite clumped isotope thermometry[END_REF][START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF][START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF]. It is also apparent that our coccolith data are consistent, when the respective uncertainties are considered, with the two coccolith samples measured by [START_REF] Tripati | 13 C-18 O isotope signatures and "clumped isotope" thermometry in foraminifera and coccoliths[END_REF]. Figure 5 also highlights that even if they originate from three different coccolith species, our laboratory-precipitated coccoliths show, for a given temperature, only a small dispersion of ∆ 47 values compared to most available data (Figure 5a andb). Appreciable dispersion of ∆ 47 data is apparent on the cold-water corals, the only biomineralizing organisms exhibiting ∆ 47 vital effects thus far [START_REF] Spooner | Clumped isotope composition of cold-water corals: A role for vital effects?[END_REF].

The reasons behind the observed dispersion of ∆ 47 calibration data in inorganic carbonates (that can reach up to 60 ppm) have been extensively discussed over the past four years and tentatively attributed to the following influences or combination thereof: i/ various methods used for mineral precipitation (e.g. [START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF]; ii/ structure or composition of the analyzed mineral (e.g. [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF]; iii/ means of data acquisition, including the temperature of phosphoric acid used to digest the carbonates, sample size, phosphoric acid preparation, methods for CO 2 gas purification (e.g. [START_REF] Henkes | Carbonate clumped isotope compositions of modern marine mollusk and brachiopod shells[END_REF][START_REF] Wacker | Clumped isotope analysis of carbonates: comparison of two different acid digestion techniques[END_REF][START_REF] Defliese | Compositional and temperature effects of phosphoric acid fractionation on Δ 47 analysis and implications for discrepant calibrations[END_REF][START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF][START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF]; or iv/ a posteriori data processing, including the choice of appropriate parameters accounting for the 17 O interferences in d 13 C determination (e.g., parameters from [START_REF] Santrock | Isotopic analyses based on the mass spectrum of carbon dioxide[END_REF][START_REF] Brand | Correction for the 17 O interference in δ 13 C measurements when analyzing CO 2 with stable isotope mass spectrometry (IUPAC Technical Report)[END_REF], and/or the stability/accuracy of the frames constructed to correct raw ∆ 47 values from the effects of non-linearity and fragmentation/recombination in the mass spectrometer (e.g., when insufficient or unsuitable equilibrated CO 2 standards were run concurrently with the samples, the retrospective, or indirect, projection of data into the absolute CDES with Tertiary Transfer Functions (TTF) is a source of unquantifiable errors) (e.g., [START_REF] Schauer | Choice of 17 O correction affects clumped isotope (Δ 47 ) values of CO 2 measured with mass spectrometry[END_REF][START_REF] Daëron | Absolute isotopic abundance ratios and the accuracy of Δ 47 measurements[END_REF][START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF][START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF]. Recent studies suggest that this observed wide dispersion of ∆ 47 calibration data is unlikely to result from mineral precipitation procedures [START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF], acid digestion temperature [START_REF] Defliese | Compositional and temperature effects of phosphoric acid fractionation on Δ 47 analysis and implications for discrepant calibrations[END_REF][START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF] or the mineralogy/structure of the analyzed carbonate [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF], leaving phosphoric acid preparation, CO 2 gas purification and/or data reduction methods (i.e., the construction of the EGL and ETF correction frames and/or 17 O corrections) as candidates for the discrepancies among reported calibrations. Thus, Figure 5b only shows data directly acquired into the absolute reference frame -that is constructed with a sufficient number of equilibrated CO 2 standards with absolute ∆ 47 values known from theoretical calculations [START_REF] Wang | Equilibrium thermodynamics of multiply substituted isotopologues of molecular gases[END_REF] and ran concurrently to unknown samples. Importantly, it is striking that the additional recent data from [START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF] on inorganic calcites corrected from the 17 O interferences with the Brand et al. ( 2010) parameters (56 mean ∆ 47 data) are falling within the 95% confidence interval envelop of the inter-laboratory universal calibration (calculated with 103 mean ∆ 47 values and proper error propagation by [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF] and also within the uncertainties of all other data plotted in Fig. 5, while the later datasets were likely all 17 O corrected using the [START_REF] Santrock | Isotopic analyses based on the mass spectrum of carbon dioxide[END_REF] parameters. As importantly, the absolute values of the slope and intercept of the composite calibration by [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF] are unchanged if these 56 new ∆ 47 data from [START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF] were added to the calculation -note that the same is true when the 11 mean ∆ 47 values obtained here on coccoliths are added to the calibration calculation. These observations reinforce our suggestion that the inter-laboratory universal ∆ 47 -T calibration defined by (Eq.3) in [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF] can be used to alleviate possible discrepancies resulting from various methods ran for both data acquisition and treatment, and ultimately standardize temperature estimates from different laboratories. We thus recommend the use of this equation for reconstructing accurate and standardized (inter-laboratory) SSTs based on ∆ 47 data from diagenetically-screened sedimentary coccoliths.

Paleoceanographic implications

The absence of vital effects in the clumped isotope system observed in coccolith calcite for temperatures between 7 and 25 °C may stimulate further paleoceanographic studies using this proxy for oceanic paleotemperatures. Considering the inter-laboratory calibration of [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF], for a ± 5 ppm uncertainty on the average Δ 47 values, the 1SD uncertainty in sea surface temperature (SST) reconstruction would be less than ± 1.3 °C for the full range of coccolith relevant temperatures. Such uncertainties compare well to those of other paleotemperature proxies [START_REF] Lea | Elemental and Isotopic Proxies of Past Ocean Temperatures[END_REF]. It is, however, worth noting that the purity of the coccolith assemblages may represent a further complicating factor, in particular due to possible co-existence of non-coccolith or diagenetic particles in the obtained coccolith microfractions [START_REF] Drury | Exploring the potential of clumped isotope thermometry on coccolith-rich sediments as a sea surface température proxy[END_REF].

Since our data were obtained from extant species, we must discuss whether the mechanisms leading to vital effects may have operated in the ancient species encountered in the sedimentary archive. As discussed in more details in Section 4.5, carbon limitation by the coccolithophores in present-day oceans and laboratory cultures is the primary factor behind the expression of the vital effects affecting d 13 C and d 18 O coccolith compositions [START_REF] Bolton | Late Miocene threshold response of marine algae to carbon dioxide limitation[END_REF][START_REF] Hermoso | Isotopic record of Pleistocene glacial/interglacial cycles in pelagic biocarbonates : Revisiting historical data from Caribbean Sea[END_REF]Hermoso et al., 2016a;Hermoso et al., 2016b;[START_REF] Mcclelland | The origin of carbon isotope vital effects in coccolith calcite[END_REF]. Under this biogeochemical assumption, we can thus make the safe assumption that during the Meso-Cenozoic Eras, when ambient atmospheric CO 2 concentrations were much higher than present-day values [START_REF] Pagani | Marked Decline in Atmospheric Carbon Dioxide Concentrations During the Paleogene[END_REF][START_REF] Hönisch | The Geological record of ocean acidification[END_REF], the isotopic composition of ancient coccolith calcite was likely close to equilibrium conditions. As modern coccolith species lack a ∆ 47 vital effect, the inter-laboratory ∆ 47 -T calibration of [START_REF] Bonifacie | Experimental calibration of the dolomite clumped isotope thermometer from 25 to 350 °C, and implications for the temperature estimates for all (Ca, Mg, Fe) CO 3 carbonates digested at high temperature[END_REF] can therefore be applied to process ∆ 47 signatures of sedimentary coccoliths.

The geochemistry of the coccoliths in paleoceanography remains under-exploited because of the relative small sizes (2 -10 µm across) of these nannofossils compared to foraminifera that can be more easily extracted by hand-picking. Yet, coccoliths have multiple advantages over foraminifera that relate to their ecology and preservation state. Recent works have developed a mechanistic understanding of the vital effects in coccoliths and allow new paleoceanographic information to be derived from these calcareous nannofossils [START_REF] Hermoso | Coccolith-Derived Isotopic Proxies in Palaeoceanography: Where Geologists Need Biologists[END_REF][START_REF] Tremblin | Equatorial heat accumulation as a long-term trigger of permanent Antarctic ice-sheets during the Cenozoic[END_REF][START_REF] Mcclelland | The origin of carbon isotope vital effects in coccolith calcite[END_REF]. The lack of ∆ 47 vital effect for the coccolith species being examined here further indicates that measuring species-specific assemblages from sediments is not a prerequisite to generate meaningful SSTs because changes in coccolith relative abundance (themselves potentially linked to temperature change) are not likely to alter ∆ 47 -derived SSTs, conversely to the case of d 18 O values.

During geological time interval characterized by greenhouse conditions (e.g. the Cretaceous and the Early Paleogene), global seawater d 18 O values remained relatively constant through time [START_REF] Cramer | Ocean overturning since the late Cretaceous: Inferences from a new benthic foraminiferal isotope compilation[END_REF]. Thus, generating ∆ 47 analyses can complement traditional geochemical tools used in paleoceanography and increase the accuracy of reconstructed temperatures. In contrast, during geological periods characterized by fluctuations in the volume of ice-caps, the reconstruction of sea surface temperatures from either foraminifera or coccoliths may be further complicated by coeval changes in seawater d 18 O values. ∆ 47 measurements can contribute disentangling the combination of the two factors dictating calcite d 18 O values (that is temperature and d 18 O values of seawater), and thus, access to true sea surface temperature and seawater oxygen isotopic compositions. Paired measurements of d 18 O and ∆ 47 values have recently been undertaken in the geological record on various carbonates across the Eocene -Oligocene climate transition [START_REF] Petersen | Antarctic ice growth before and after the Eocene-Oligocene Transition: New estimates from clumped isotope paleothermometry[END_REF] to estimate the Antartic ice growth or during the late Ordovician -early Silurian glaciation [START_REF] Finnegan | The magnitude and duration of Late Ordovician-Early Silurian glaciation[END_REF] to estimate the magnitude and the duration of the glaciation. For the coccoliths, this approach requires that the oxygen isotope vital effect in coccoliths can be constrained by another means, such as the emerging "paleo-physiological" approach (e.g., Hermoso et al., 2016a).

Constraints on the carbon and oxygen vital effects in coccolith calcite

In coccolithophores, large isotopic (d 18 O and d 13 C) departures of their biominerals from inorganic condition are known and are primarily attributed to intracellular calcification and the carbon limitation faced by marine microalgae [START_REF] Hermoso | Coccolith-Derived Isotopic Proxies in Palaeoceanography: Where Geologists Need Biologists[END_REF]. However, the coccoliths do not exhibit ∆ 47 vital effects. This intriguing feature has already been reported in other calcifying organisms such as brachiopods, foraminifera or some cold water corals [START_REF] Tripati | 13 C-18 O isotope signatures and "clumped isotope" thermometry in foraminifera and coccoliths[END_REF][START_REF] Thiagarajan | Carbonate clumped isotope thermometry of deep-sea corals and implications for vital effects[END_REF][START_REF] Grauel | Calibration and application of the "clumped isotope" thermometer to foraminifera for high-resolution climate reconstructions[END_REF][START_REF] Henkes | Carbonate clumped isotope compositions of modern marine mollusk and brachiopod shells[END_REF][START_REF] Came | Clumped isotope signatures in modern brachiopod carbonate[END_REF]. Recent research has established that the vital effects affecting coccolith biominerals depends on the dynamics of the internal DIC pool, thus the rate of consumption of the carbon resource from assimilation (mostly in the form of aqueous CO 2 ) to calcification (ultimately in the form of carbonate ions) in the coccolith vesicle [START_REF] Hermoso | Coccolith-Derived Isotopic Proxies in Palaeoceanography: Where Geologists Need Biologists[END_REF]Hermoso et al., 2016a;Hermoso et al., 2016b;[START_REF] Mcclelland | The origin of carbon isotope vital effects in coccolith calcite[END_REF]. As such, the origin of d 18 O and d 13 C vital effects in coccolith calcite are the likely result of a variety of isotopic processes including: i/ an isotopic disequilibrium of the DIC system in the coccolith vesicle at time of calcification (discussed in the following sections 4.5.1. and 4.5.2), ii/ a kinetic effect related to calcification itself (section 4.5.3) or iii/ a combination of the two [START_REF] Ziveri | Stable isotope "vital effects" in coccolith calcite[END_REF][START_REF] Rickaby | Perturbing phytoplankton: Response and isotopic fractionation with changing carbonate chemistry in two coccolithophore species[END_REF][START_REF] Bolton | Late Miocene threshold response of marine algae to carbon dioxide limitation[END_REF][START_REF] Hermoso | Constraints on the vital effect in coccolithophore and dinoflagellate calcite by oxygen isotopic modification of seawater[END_REF]Hermoso et al., 2016b). These hypotheses are tested hereafter in light of our novel ∆ 47 data and current knowledge on the carbonate clumped isotope system (see recent publications of [START_REF] Tripati | Beyond temperature: Clumped isotope signatures in dissolved inorganic carbon species and the influence of solution chemistry on carbonate mineral composition[END_REF]Watkins and[START_REF] Watkins | A process-based model for non-equilibrium clumped isotope effects in carbonates[END_REF]. The following sections of the discussion consist of a comparison between species in terms of their respective ∆ 47 , d 18 O and d 13 C signatures. Existing constraints on the inorganic (abiogenic) reference and calcification rates for the coccolith biomineralizing system remains poor and as such prevent us to strictly discuss the magnitude of the vital effects. Thus, differential vital effects can be discussed using the [START_REF] Kim | Equilibrium and nonequilibrium oxygen isotope effects in synthetic carbonates[END_REF] inorganic framework.

Disequilibrium in the oxygen isotope system

It has been proposed that relatively high d 18 O values of E. huxleyi can be explained as a result of the contribution of aqueous CO 2 to the internal DIC pool [START_REF] Hermoso | Constraints on the vital effect in coccolithophore and dinoflagellate calcite by oxygen isotopic modification of seawater[END_REF]Hermoso et al., 2016b). Predominant acquisition of aqueous CO 2 relative to other DIC ionic species is a contrasting feature to other calcifying systems such as the foraminifera or bivalves that perform vacuolization of seawater, and as such, mainly source HCO 3 -from the external environment, as it is the dominant DIC species at oceanic pH values (McConnaughey, 1989). In coccolith calcite, non-equilibrium oxygen isotope composition may arise if calcification occurs prior to full re-equilibration of the CO 2 -derived DIC pool with the oxygen atoms of the surrounding water molecules [START_REF] Hermoso | Constraints on the vital effect in coccolithophore and dinoflagellate calcite by oxygen isotopic modification of seawater[END_REF]. Since cultured coccoliths do not exhibit vital effect in ∆ 47 values, this prime observation requires either that: i/ the rate of isotopic re-equilibration between CO 2 , DIC and water molecules is different for the d 18 O and ∆ 47 systems; or that ii/ aqueous CO 2 has a ∆ 47 signature similar to other ionic DIC species. However, these two hypotheses seem unlikely for two reasons: Firstly, Affek (2013) and [START_REF] Clog | Kinetics of CO 2 (g)-H 2 O(1) isotopic exchange, including mass 47 isotopologues[END_REF] suggested a similar time of re-equilibration between CO 2 and water for both the oxygen and clumped isotope systems. Second, aqueous CO 2 has a ∆ 47 signature extremely different from both inorganic carbonates (offset by + 0.280‰ at 25 °C although this value is for gaseous CO 2, according to [START_REF] Wang | Equilibrium thermodynamics of multiply substituted isotopologues of molecular gases[END_REF] and also from the other ionic DIC species (Figure 6). Thus, the isotopic contribution of the CO 2 legacy to the DIC pool (and ultimately in the composition of the carbonate) should also be observed in ∆ 47 values, which is not the case in the present study. It therefore appears that the available clumped isotope data does not support the hypothesis of a CO 2 source accounting for the species of the "heavy group".

It has also been proposed that the contribution of CO 3 2-present in the DIC pool (depleted in 18 O) could account for relatively lighter oxygen isotope composition with respect to the inorganic reference, as observed for Calcidiscus leptoporus [START_REF] Ziveri | A universal carbonate ion effect on stable oxygen isotope ratios in unicellular planktonic calcifying organisms[END_REF]. In light of current knowledge on the ∆ 47 systematics, preferential incorporation of CO 3 2-ions during the carbonate formation should lead to more negative ∆ 47 signatures compared to inorganic carbonate signatures. Distinct offsets between CO 3 2-and inorganic reference are currently reported in literature. This figure is either quantified at -0.023 or -0.056‰ at 25 °C, according to theoretical or experimental studies, respectively [START_REF] Hill | Theoretical constraints on the effects of pH, salinity, and temperature on clumped isotope signatures of dissolved inorganic carbon species and precipitating carbonate minerals[END_REF][START_REF] Tripati | Beyond temperature: Clumped isotope signatures in dissolved inorganic carbon species and the influence of solution chemistry on carbonate mineral composition[END_REF]; Figure 6). Current uncertainty in the ∆ 47 composition of CO 3 2-ions does not allow a conclusive assessment of this hypothesis accounting for the relatively low d 18 O composition of C. leptoporus. More accurate ∆ 47 values of CO 3 2-are required to further explore the isotopic mechanism at play in coccoliths of the "isotopic light group".

Relative contribution of bicarbonate and carbonate ions to the isotopic composition of calcite

A second possible hypothesis to explain relative 18 O enrichment observed for E. huxleyi is an isotopic signature from the intracellular HCO 3 -that is actively pumped from the cytosol to the coccolith vesicle where calcification takes place [START_REF] Brownlee | Coccolithophore biomineralization: New questions, new answers[END_REF]. HCO 3 -ions have indeed an oxygen isotope composition higher by 6.5‰ relative to CO 3 2-at 25 °C [START_REF] Beck | Experimental studies of oxygen isotope fractionation in the carbonic acid system at 15°, 25°, and 40 °C[END_REF]. In the coccolith vesicle, HCO 3 -is ultimately converted into CO 3 2-to allow calcification [START_REF] Brownlee | Coccolithophore biomineralization: New questions, new answers[END_REF]. If calcification occurs before the CO 3 2-ions have reached full isotopic equilibrium within the DIC/H 2 O system, coccolith may still bear 18 O excess inherited from the heavier composition of HCO 3 -. Biocarbonate ions have a ∆ 47 isotopic signature close to inorganic calcite (difference between 0.011 and 0.017‰ between HCO 3 -and inorganic calcite at 25 °C, depending on the authors, Figure 6). Therefore, such a HCO 3 -footprint would only slightly raise calcite ∆ 47 signature and such an isotopic effect would be undetectable.

Kinetic effect during calcite precipitation

During the culture experiments, cell division rates can be easily measured over the course of the batch culture. In contrast, actual calcification rates of coccoliths are not constrained and only averaged values are documented in literature. Coccoliths are known to calcify in a matter of hours (Westbroeck et al., 1984;[START_REF] Taylor | Proton channels in algae: Reasons to be excited[END_REF]. We discuss whether 18 O depletion in calcite relative to equilibrium may be the result of a kinetic effect during the precipitation associated with such high calcification rates. Under the assumption that the DIC species are re-equilibrated with water molecules at time of calcification in the coccolith vesicle, a kinetic fractionation related to fast precipitation rate would theoretically decrease calcite d 18 O by favoring the light isotope [START_REF] Zeebe | CO 2 in Seawater: Equilibrium, Kinetics, Isotopes[END_REF][START_REF] Gabitov | Oxygen isotope fractionation between calcite and fluid as a function of growth rate and temperature: An in situ study[END_REF][START_REF] Watkins | The influence of kinetics on the oxygen isotope composition of calcium carbonate[END_REF] and simultaneously increase ∆ 47 values by 0.01‰ at biomineralization-relevant pH conditions [START_REF] Watkins | A process-based model for non-equilibrium clumped isotope effects in carbonates[END_REF]. If theory indeed predicts such an effect on calcite ∆ 47 values, it is however not apparent in inorganicallyprecipitated calcite. Indeed, recent studies aiming at establishing a link between precipitation rate and calcite ∆ 47 values have not reported any substantial effect, despite the large range of precipitation rate tested [START_REF] Kluge | Devils Hole paleotemperatures and implications for oxygen isotope equilibrium fractionation[END_REF][START_REF] Tang | Evaluation of kinetic effects on clumped isotope fractionation (Δ 47 ) during inorganic calcite precipitation[END_REF][START_REF] Kele | Temperature dependence of oxygen-and clumped isotope fractionation in carbonates: a study of travertines and tufas in the 6-95 °C temperature range[END_REF][START_REF] Tripati | Beyond temperature: Clumped isotope signatures in dissolved inorganic carbon species and the influence of solution chemistry on carbonate mineral composition[END_REF][START_REF] Kelson | Toward a universal carbonate clumped isotope calibration: diverse synthesis and preparatory methods suggest a single temperature relationship[END_REF]. This ambiguity in the expression of a kinetic effect in the clumped isotope system prevents us to draw a parallel between clumped and traditional oxygen isotopes for coccolith calcite. Once again, further analytical refinement would enhance existing constraints on these aspects and potentially alleviate this uncertainty.

CONCLUSIONS AND OUTLOOK

We have established a calibration of ∆ 47 compositions of coccolith materials cultured in laboratory under strict temperature control ranging from 7 to 25 °C. The calibration is based on the study of three common and geologically relevant coccolith species (Emiliania huxleyi, Coccolithus pelagicus spp. braarudii and Calcidiscus leptoporus) capturing the maximum spread of oxygen isotope vital effects reported in literature. We found that:

• The three coccolith species exhibit indistinguishable ∆ 47 values for a given growth temperature. The three ∆ 47 -T calibrations are thus indistinguishable from each other. We conclude that there is apparent vital effect in the clumped isotope system between the different coccolith species, or that, if existing, their expression is lower than resolvable by the typical precision of ∆ 47 measurements. • The ∆ 47 coccolith data are consistent with previously-reported inorganic and most biogenic data. We therefore further conclude that the coccoliths record temperature without any vital effects.

• With current knowledge of the clumped isotope systematics (i.e., processes leading to equilibrium and disequilibrium, ∆ 47 signature of the ionic DIC species, or on clumping models during the precipitation), it still remains difficult to determine the origin of the oxygen isotope vital effects with confidence and to identify at which step of DIC acquisition and mineralization the vital effects are at play. The data, however, seem to favor some hypotheses to explain oxygen and carbon vital effects in coccoliths, as a kinetic effect behind the "light group". In contrast, other biogeochemical possibilities, as the isotopic imprint of the CO 2 source as an explanation for the oxygen "heavy group", are not well supported by a comparison between Δ 47 and δ 18 O values.

The lack of vital effects in coccolith calcite confirms this micropaleontological archive as a valuable tool in geochemistry and paleoceanography for the Meso-Cenozoic to infer SSTs. The isotopic transfer function presented in the present study is not sensitive to the coccolith assemblage or change thereof over the geological record. Temperatures derived from the oxygen isotope composition of coccoliths accounting for seawater d 18 O values and suitable treatment of the vital effect requires species-specific assemblages, usually obtained from very narrow size splits typically obtained applying the technique by [START_REF] Minoletti | Separation of sedimentary micron-sized particles for palaeoceanography and calcareous nannoplankton biogeochemistry[END_REF]. In contrast, temperatures from coccolith D 47 measurements can be performed from mixed assemblages, thus shortening the duration of the microseparation process. It remains, however, essential to remove the finest fraction (< 2 µm) of sediments and as such, exclude the microcrystalline calcite particles of unknown nature and origin (micarbs) from the analyses, as they may not convey a surface water signal.

Tables and Figures

Table 1. Stable isotope compositions (δ 13 C, δ 18 O and Δ 47 ) of cultured coccoliths for each individual culture residue. The Δ 13 C corresponds to the "δ 13 C carb -δ 13 C DIC " offset (the carbon isotopic composition of the coccolith and that of the dissolved inorganic carbon in the medium, respectively), and Δ 18 O corresponds to "δ 18 O carb -δ 18 O medium " (the oxygen isotopic composition of the coccolith and that of the medium, respectively). Coccolith Δ 47 values are reported in the absolute Carbon Dioxide Equilibrated Scale (defined by [START_REF] Dennis | Defining an absolute reference frame for "clumped" isotope studies of CO 2[END_REF] for acid digestion at 25 °C and 90 °C (D 47CDES25 and D 47CDES90 respectively). The ± 0.014‰ uncertainty applied on each single ∆ 47 value corresponds to the 1SD long-term external reproducibility obtained at IPGP on replicate measurements of homogeneous carbonate reference materials (with n > 300). "Av. D 47CDES " values correspond to the mean of Δ 47 measurements for a given species at a given temperature. The variability of the Δ 47 values are reported as: "± 1SD" = one standard deviation of the mean; "± 1SE" = one standard error of the mean (i.e., 1SD / Ön; that is the uncertainty considered in most of previous D 47 calibrations studies). Table 2. Parameters (slopes and intercepts) of the three ∆ 47 -1/T 2 calibrations obtained for the three species. Mentioned uncertainties correspond to the 95% confidence intervals.

Species

Figure 1. Relationship between the oxygen isotope composition of coccolith calcite expressed as the offset δ 18 O carb -δ 18 O medium with growth temperature. Each single datapoint represents one stable isotope analysis of one given culture residue. Growth temperatures are given in °C (top x axis) or using the 10 6 /T 2 notation (bottom x axis). The black line represents the composition of inorganic calcite by [START_REF] Kim | Equilibrium and nonequilibrium oxygen isotope effects in synthetic carbonates[END_REF]. The three cultured species are distributed on either side on the inorganic reference with Coccolithus braarudii calcifying at near inorganic condition (in line with previous reports; [START_REF] Ziveri | Stable isotope "vital effects" in coccolith calcite[END_REF][START_REF] Rickaby | Perturbing phytoplankton: Response and isotopic fractionation with changing carbonate chemistry in two coccolithophore species[END_REF][START_REF] Candelier | Temperature dependence of oxygen isotope fractionation in coccolith calcite: A culture and core top calibration of the genus Calcidiscus[END_REF][START_REF] Hermoso | Constraints on the vital effect in coccolithophore and dinoflagellate calcite by oxygen isotopic modification of seawater[END_REF][START_REF] Stevenson | Controls on stable strontium isotope fractionation in coccolithophores with implications for the marine Sr cycle[END_REF]. In contrast, Emiliania huxleyi and Calcidiscus leptoporus are isotopically distinct from the inorganic calcite of [START_REF] Kim | Equilibrium and nonequilibrium oxygen isotope effects in synthetic carbonates[END_REF] with the assignment of the former to an "isotopically heavy group" and the later to an "isotopically light group". The correlations between δ 18 O carb -δ 18 O medium offsets and 1/T 2 are linear fits (dashed lines) plotted with their respective 95% confidence intervals (colored envelop areas). For all the panels, the reported uncertainties on ∆ 47 data correspond to the long-term external reproducibility of ± 0.014‰ (1SD) obtained at IPGP on homogeneous carbonate reference materials and uncertainties on growth temperatures (± 0.2 °C) are smaller than the symbol size. For each investigated species, the regression lines (dashed lines) are plotted with their 95% confidence intervals (colored or grey areas). were calculated using the theoretical ∆ 63 abundance of 13 C 18 O 16 O 2 isotopologues inside the calcite lattice derived from ab-initio calculations [START_REF] Schauble | Preferential formation of 13 C-18 O bonds in carbonate minerals, estimated using first-principles lattice dynamics[END_REF] and accounting for a ∆* fractionation factor of + 0.268‰ (see text). Equilibrium δ 18 O values are from [START_REF] Kim | Equilibrium and nonequilibrium oxygen isotope effects in synthetic carbonates[END_REF]. Equilibrium δ 13 C values were obtained by adding 1‰ to the isotopic composition of the DIC, as determined by [START_REF] Romanek | Carbon isotopic fractionation in synthetic aragonite and calcite: Effects of temperature and precipitation rate[END_REF]. In both panels, each datapoint represents the average of isotopic (∆ 47 , δ 18 O and δ 13 C) measurements (n = 2 to 5) for a given species and a given temperature reported with their respective one standard deviation of the mean. The grey shaded areas represent our 1SD long-term external reproducibilities of replicated measurements on homogeneous standard materials for ∆ 47, δ 18 O and δ 13 C (± 0.014‰, ± 0.05‰ and ± 0.02‰, respectively). We observe that strong species-specific vital effects imprint the oxygen (panel a) and carbon (panel b) isotopic compositions for the three species, whereas this isotopic phenomenon is not apparent in ∆ 47 values. [START_REF] Defliese | Compositional and temperature effects of phosphoric acid fractionation on Δ 47 analysis and implications for discrepant calibrations[END_REF]. All D 47 data are also reported relative to the absolute CDES reference frame. Data are either reported as given in the publication when directly projected into CDES (that is when standards of equilibrated CO 2 with absolute Δ 47 values known from theoretical calculations -or for some studies carbonate standards with absolute ∆ 47 values previously scaled with equilibrated CO 2 gases -and run interspersed with unknown samples were used to construct the absolute CDES frame) or indirectly (retrospectively) projected using the Tertiary Transfer Functions TTF given in Table 4 of [START_REF] Dennis | Defining an absolute reference frame for "clumped" isotope studies of CO 2[END_REF]. Because the choice of Tertiary Transfer Functions to retrospectively transfer data into the absolute CDES frame is a source of unquantifiable errors (particularly when there is insufficient information about standards that were co-analyzed with the calibration samples), panel (b) only shows Δ 47 data that were directly projected into the CDES in order to filter from possible bias. In both panels, the grey curve represents the equilibrium ab initio calculations to which the fractionation factor ∆*= + 0.268‰ is added (experimentally determined by [START_REF] Guo | Isotopic fractionations associated with phosphoric acid digestion of carbonate minerals: Insights from first-principles theoretical modeling and clumped isotope measurements[END_REF] and transferred here into the absolute CDES reference frame). The white and grey histograms depict the compositions of the DIC species, whereas black histograms correspond to measured coccolith compositions in the present study. The grey zones represent the analytical precision for the oxygen and ∆ 47 measurements (± 0.05‰ and ± 0.014‰, respectively). The ∆ 47 theoretical values of DIC species are calculated from [START_REF] Wang | Equilibrium thermodynamics of multiply substituted isotopologues of molecular gases[END_REF] for CO 2 [note that the CO 2 values is for gaseous CO 2 ] and are from [START_REF] Hill | Theoretical constraints on the effects of pH, salinity, and temperature on clumped isotope signatures of dissolved inorganic carbon species and precipitating carbonate minerals[END_REF] for HCO 3 -and CO 3 2-(white histograms). ∆ 47 experimental values are from [START_REF] Tripati | Beyond temperature: Clumped isotope signatures in dissolved inorganic carbon species and the influence of solution chemistry on carbonate mineral composition[END_REF] for HCO 3 -and CO 3 2-(grey histograms).

Figure 2 .

 2 Figure2. Relationship between the carbonate clumped isotope composition of coccolith calcite and calcification temperature. All the data are reported in the CDES reference frame for acid digestion performed at 25 °C (∆ 47CDES25 in Table1). Growth temperatures are given in °C (top x axis) or using
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 3 Figure 3. Unified (coccolith-integrated) correlation between Δ 47CDES25 values and temperature. Each datapoint represents the average of all Δ 47 data obtained for a given species at a given temperature.The error bars are reported as ± 1SE for averaged Δ 47 data, following common practice. The linear fit (r 2 = 0.82) of the calibration line (dashed line) is plotted with its 95% confidence interval (grey area). The equation of the calibration is given in Eq. 2 in text.
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 4 Figure 4. Relationship between the vital effect in clumped (y-axis) and traditional carbon oxygen isotope values (x axes) expressed as the deviation of coccolith D 47 from equilibrium/inorganic conditions for the three cultures coccolith species. Theoretical equilibrium ∆ 47 values (∆ 47 equilibrium )
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 5 Figure 5. Comparison of the data from the present study with previously published Δ 47 calibration data for either inorganic calcite (panel a) or a larger dataset of biogenic carbonates or inorganic minerals with other mineralogies than calcite (panel b). All Δ 47 data correspond to averaged values

  Δ 47 reference obtained by adding the fractionation factor Δ* = + 0.268‰ to the Δ 63 theoretical predictions from Schauble et al. (2006) for calcite mineral. The dashed black line represents the inter-laboratory composite calibration of Bonifacie et al. (2017) plotted with its 95% confidence envelop (dark grey area). The pale grey area represents the 95% confidence envelop for a temperature prediction for a single Δ 47 measurement. All data plotted in this Figure were corrected from 17 O interferences with the parameters from Santrock et al. (1986) (although not explicitly specified in most cases), with the exception of the recent data from Kelson et al. (2017) correcting 17 O interferences with the parameters from Brand et al. (2010). Note that our coccolith ∆ 47 data are not significantly changed if reprocessed with 17 O correction values from Brand et al. (2010).

Figure 6 .

 6 Figure 6. Biogeochemical insights from the comparison between coccolith, equilibrium and DIC isotopic compositions (D 47 and δ 18 O). All the data presented were adjusted to a temperature of 25 °C. The d 18 O value for inorganic calcite is from Kim and O'Neil (1997). d 18 O value for CO 2 , HCO 3 and CO 3 2-(white histograms) are from Beck et al. (2005). The ∆ 47 value for inorganic calcite is derived using the theoretical ∆ 63 abundance of 13 C 18 O 16 O 2 isotopologues into calcite lattice out of
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