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Abstract 20 

In this study, we combined high resolution Transmission Electron Microscopy (TEM) bright field and High-Angle 

Annular Dark-Field Scanning TEM imaging with nanoscale Secondary Ion Mass Spectrometry (NanoSIMS) 

analyses of Rosalina sp. foraminifer cells cultured in 33S-labeled seawater to understand the origin of sulfur in the 

test and the cytoplasm, its interaction with the ultrastructure of the test and the co-distribution of sulfur with 

phosphorus, calcium and magnesium. Cells that lived in 33SO4-labeled seawater revealed that at least 1/4  of the 25 

sulfur observed in the cytoplasm comes from seawater sulfate incorporated during the duration of the growth 

experiment. Our observations reveal a global co-occurrence of S and Mg within the last two chambers of the test, 

that all appear more concentrated in two areas, mostly near the Primary Organic Sheet (POS) and in the Outer 

Calcitic Layer (OCL) that corresponds to the calcite added during the growth of the last chamber. Less crystalline 

grains can be found in the S and Mg-richest part of the POS and within OCLs. We interpret these grains as a non-30 

crystalline phase likely containing Amorphous Calcium Carbonate (ACC) and organic matter, formed or 

assembled at the sites of calcification, revealing a complex interplay between S, Mg and Ca. Labeled sulfur is also 

found within smaller vesicles in the cytoplasm and represents overall 10 to 25 % of the sulfur we observe. Though 

we cannot confirm the occurrence of an assimilatory pathway for sulfur in foraminifera, the clear presence of 

seawater sulfate in the cell demonstrates that sulfate is involved in many aspects of foraminifer biological activity, 35 

in close association with Ca-transportation, Mg distribution, and likely with ACC formation and its evolution to 

calcite. 
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1. Introduction 

Sulfate (SO4
2-) is the second most abundant anion in the modern ocean, (~28 mmol L-1), though its concentration 

fluctuated massively over Earth’s history (e.g. Timofeeff et al., 2001; Horita et al., 2002; Crowe et al., 2014; 

Fakhraee et al., 2018; LaFlamme et al., 2021). Sulfur has four stable isotopes (32S, 33S, 34S and 36S) and the sulfur 60 

isotopic ratio of the most abundant isotopes is homogeneous in the modern ocean (δ34Ssw≈21‰) (Craddock et al., 

2008; Paris et al., 2013; Rees et al., 1978; Tostevin et al., 2014), where δ34S=[(34S/32S 
sample/34S/32S 

reference)-1]. 

Sulfate plays a major role in anoxic sediments, where microbial sulfate reduction (MSR) is the most important 

anaerobic pathway through which organic matter is remineralized (Berner and Canfield, 1989; Canfield and 

Raiswell, 1999; Claypool et al., 1980; Paytan et al., 1998; Present et al., 2020; Rennie et al., 2018) . As a result, 65 

variations of δ34Ssw over time can help to constrain changes in the sulfur cycle and its links with the carbon and 

oxygen cycles. Among the available proxies to reconstruct δ34Ssw, Carbonate Associated Sulfate (CAS) has become 

an increasingly popular archive to investigate the Phanerozoic and the Precambrian (e.g. Burdett et al., 1989; 

Ohkouchi et al., 1999; Kah et al., 2004; Osburn et al., 2015; Gomes et al., 2016; Present et al., 2020), and even the 

Archean (Paris et al., 2014b, 2020).  70 

The use of sulfur isotope ratios measured in CAS extracted from biogenic carbonates has sparked the debate of 

the nature of the phase bearing sulfur in biogenic calcite (e.g. Cuif et al., 2003; Dauphin et al., 2003, 2005, 2013; 

Cusack et al., 2008; Richardson et al., 2019b). CAS is sulfate inorganically incorporated within the crystal lattice 

of calcium carbonates (Fernández-Díaz et al., 2010; Kampschulte et al., 2001; Paris et al., 2014a). Over the last 

decades, sulfur isotopes from CAS from inorganic and most biogenic carbonates have been shown to display small 75 

fractionations (-1 to +4 ‰) from the fluid from which they grew (Barkan et al., 2020; Bryant et al., 2023; Paris et 

al., 2014a; Rennie et al., 2018; Thaler et al., 2023), and small scale variability (≈ 1-3 ‰) can be found, in 

brachiopods shells or coral skeletons (He et al., 2024; Present et al., 2015). However, sulfur is common in organic 

matter as well (Oae, 2012), and, in biocalcifying rotaliid foraminifera, its global isotopic signature is distinct from 

that of the sulfate directly incorporated into calcite (e.g. Thaler et al., 2023). Knowing sulfur location, speciation 80 

and origin is indeed important to better understand the CAS archive, including CAS from calcitic foraminifer tests, 

that are one of the most used archive for reconstructions of paleoenvironmental conditions (e.g. Rennie et al., 

2018; The Cenozoic CO2 Proxy Integration Project (CenCO2PIP) Consortium et al., 2023). In addition, sulfur 

speciation may impact how the original signal is preserved during diagenesis (Richardson et al., 2021).  

More generally, sulfate is a critical anion in biogenic calcite formation for three reasons. First, sulfate plays a role 85 

in the precipitation of calcite vs. aragonite (Bots et al; 2011, Barkan et al., 2020): at high sulfate concentrations, 

such as in modern seawater, calcite precipitation is inhibited. Second, the physiological activity of foraminifera 

requires sulfate, as shown by the death of benthic foraminifera cultivated in sulfate-free or -poor artificial seawater 

(Thaler et al. 2023). This is coherent with the need for sulfur in organic matter, but other reasons could explain the 

need for sulfate, such as sulfate assimilation. In eukaryotes, the presence of a sulfate reduction pathway, generally 90 

assumed to be restricted to photosynthetic cells (Patron et al., 2008; Schiff, 1980), though  intracellular assimilatory 

sulfate reduction has been proposed to occur in foraminfera (Jauffrais et al., 2019; LeKieffre et al., 2022; Nomaki 

et al., 2016). Thus, reduced sulfur could be provided by food or through seawater sulfate reduction. Third, sulfur 

also occurs as sulfate in organic matter in the test. Sulfate enriched glycosaminoglycans, which are complex 

polysaccharide molecules constituted of a sequence of amino sugars that are covalently attached to proteins, are 95 
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thought to act as a template for biomineralization (Angell, 1967; Bé et al., 1979; Dauphin et al., 2008; Falini et al., 

1996; Hemleben et al., 1986; Langer, 1992; Spero, 1998; Weiner and Erez, 1984).  

Such processes may occur also in Rotaliida, the most diversified order of biocalcifying foraminifera in the ocean 

and includes both benthic and planktic species. The distribution of sulfur in their tests, like many other elements 

such as P and Mg, is characterized by well-documented banding structures at the micron or sub-micron scales, 100 

(van Dijk et al., 2019a; Eggins et al., 2004; Fehrenbacher et al., 2017; Geerken et al., 2019; Glock et al., 2019; 

Lemelle et al., 2020; Paris et al., 2014a), which appears to be linked to the multi-layered growth of the test. The 

initial stage is the formation of a precursor layer, which is proposed to act as an organic template and has been 

named primary organic membrane, sheet or zone (POM, POS or POZ; Bé et al., 1979; Erez, 2003; Hemleben et 

al., 1977, 1986; Lemelle et al., 2020; Nagai et al., 2018; de Nooijer et al., 2014; Tyszka et al., 2021). The 105 

subsequent stage of wall growth is a bi-directional precipitation of two calcite layers on both side of the POS. The 

inner calcitic layer (ICL) is precipitated between the inner organic layer (IOL) and the POS, while the outer calcitic 

layer (OCL) is precipitated between the POS and the outer organic layer (OOL). In the end, the multi-layer nature 

of the wall results from the successive additions of new chambers, with a new OCL covering the entire test each 

time that a new chamber is added. Yet, the meaning of this banding depends on the elements investigated. 110 

On the one hand, sulfur and magnesium (co-)bandings are usually interpreted as associated to the inorganic calcium 

carbonate phase of the test rather than to organic matter (van Dijk et al., 2017; Lorens and Bender, 1980; Paris et 

al., 2014a; Richardson et al., 2019a; Spero et al., 2015a; Tanaka et al., 2019). Accordingly, Mg has been shown to 

be solely inorganically substituted for Ca within the calcite mineral lattice, despite changes in Mg/Ca ratio 

(Branson et al., 2013). On the other hand, shared S and P banding has also been documented and interpreted as 115 

reflecting variations in organic matter (OM) within the test, as their distribution patterns closely resemble those 

observed for organic-rich regions (e.g., Glock et al., 2019; Geerken et al., 2019). Thus, sulfur would reveal the 

organic linings, consistent with the presence of organically bound sulfate within the organic matter in the test, as 

well as S-containing amino acids (Dauphin et al., 2013; Richardson et al., 2019b) and the role of sulfated molecules 

in biomineralization. 120 

However, this classical view (P, N and S track organic matter, Mg variations are purely inorganic) has been 

partially challenged over the years. Sulfate, like Mg, is inorganically incorporated in calcite (Busenberg and 

Plummer, 1985; Kontrec et al., 2004), though high concentration of sulfate – similarly to Mg – inhibits calcite and 

favors aragonite precipitation (Barkan et al., 2020; Bots et al., 2011). Even though the need for low sulfate to 

facilitate calcite precipitation could suggest that foraminifera would try to exclude sulfate from the site of 125 

biomineralization, the occurrence of inorganic sulfate in biogenic calcite implies that sulfate is still present in the 

calcifying fluid (van Dijk et al., 2017; Erez, 2003; Paris et al., 2014a; Richardson et al., 2019a; Thaler et al., 2023). 

Phosphate also is inorganically included in calcite lattice. Even at low phosphate concentrations (few tens of µmol 

L-1), inorganic experiments show that phosphate can be adsorbed on the surface of the mineral, incorporated into 

the growing crystal, or precipitated as calcium-phosphate (House and Donaldson, 1986; Plant and House, 2002; 130 

Ren et al., 2021). In addition, phosphate ions are also known to inhibit calcite formation (Burton and Walter, 1990; 

House, 1987; Lin and Singer, 2006), they share thus one more point with magnesium and sulfate. Magnesium, S 

and P can all be inorganically included in calcium carbonate, and so can nitrate (Gabitov et al., 2026; Hofmann et 

al., 2016; Kontrec et al., 2004). Finally, enrichment of Mg (and Na) in the POS of Orbulina universa has been 

interpreted as a contribution of organically-carried Mg (Branson et al., 2016), showing that Mg might not be purely 135 
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inorganically present in the test, suggesting that all three elements can also be associated to another phase than 

calcite. 

In this regard, we try to understand the trajectory of sulfur from seawater sulfate to its incorporation into calcite, 

as well as the co-distribution of S, P and Mg and the combined roles of those elements in the structuration of the 

test. The hypothesis is that inorganic sulfate in the test (CAS) as well as the sulfate groups associated with organic 140 

molecules come directly from seawater, in which case they could be expected to both have similar isotopic ratios. 

By contrast, whether it comes directly from food or through assimilatory sulfate reduction if it occurs in the cell, 

reduced sulfur in organic matter is most likely isotopically different. 

To achieve this, we cultivated a Rosalina sp. rotaliid benthic foraminifer in artificial seawater in different 

conditions, including seawater enriched in the rare sulfur isotope 33S or seawater with natural isotope abundances 145 

but feeding the foraminifera using 33S-enriched algae. We applied a new protocol for chemically fixing the 

foraminifera in order to preserve simultaneously the cytoplasm and the test. We then used Nanoscale Secondary 

Ion Mass Spectrometer (NanoSIMS) to image the distribution of sulfur isotopes in the cell and the growing 

structure of the foraminiferal test wall at the nanoscale, as well as P and Mg distribution. Combined with high 

resolution Transmission Electronic Microscopy (TEM) bright field and Scanning Transmission Electronic 150 

Microscopy (STEM) high-angle annular dark-field (HAADF) imaging of Focused Ion Beam (FIB) produced 

lamellas, this strategy illuminated the sites within cytoplasm and the test where sulfur was preferentially 

incorporated from seawater and its association to Mg and P distribution.  

2. Material and methods 

2.1 Foraminiferal strain 155 

Benthic foraminifera were grown at the free-living protist collection facility (collection group: Biological 

Resources of Living and Cryopreserved Cells; Collection of Unicellular Eukaryotes) at the Muséum national 

d'Histoire naturelle (MNHN, Paris, France). We used the rotaliid benthic foraminifer strain For1C1 (MNHN-CEU-

2016-0075, Rosalina sp.), initially isolated from the top layer of sediments collected off Banyuls (Mediterranean 

French coast) in 2006 and adapted to in vitro cell culture. The For1C1 strain can be assigned to the Rosalina 160 

d'Orbigny, 1826 genus because it exhibits the typical morphological characteristics described for this genus 

(Loeblich and Tappan, 1987). We will thus refer to it as Rosalina sp. Further details can be found in the 

supplementary material and SEM views are provided in Thaler et al. (2023). 

 

 165 

2.2 Culture in artificial seawater and 33S labeling  

The foraminifera were maintained through asexual reproduction in 90 mm-diameter Petri dishes in natural 

seawater (NSW) and fed with Chlorogonium sp. (strain MNHN-CEU-2016-0001), a freshwater microalga. We 

grew the algae under medium light intensity at 25°C in Basal Bold medium. They were then suspended in 0.22 

µm filtered pH 8.2 NSW after 3 steps of rinsing with NSW. The cultures for this study were performed similarly 170 

to the cultures described by Thaler et al. (2023). The NSW was stored in a cold room at least for a month and was 

then filtered through 0.22 µm filters. The pH (NBS scale) was adjusted to 8.2 through addition of NaOH and/or 
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HCl, before use. Petri dishes were maintained at 22°C using a Memmert IPP 110 plus incubator equipped with 

cold white light modules (5,500 K). The light followed a 12h day-12h night schedule. The 34S/32S sulfur isotope 

ratio of the artificial seawater (ASW) sulfate has been measured at δ34SASW = 0.1 ± 0.2 ‰ (Thaler et al., 2023). 175 

Though not explicitly measured, we estimate that δ33SASW ≈ 0 ± 0.2 ‰ because ASW most likely follows 33S 

natural abundance. 

Some individuals of the foraminiferal strain For1C1 were transferred to 0.22 µm filtered ASW prepared following 

Kester et al. (1967). ASW has a total salinity of 35.06 g L-1, and the concentrations of the main ions are as follows 

(in mmol L-1): Cl- 543.9, Na+ 467.3, SO4
2- 28.2, Mg2+ 53.1, Ca2+ 9.9, K+ 10.0, HCO3

- 2.3, Br- 0.8, H3BO3 0.4, Sr2+ 180 

0.1, F- 0.1. ASW was then left to equilibrate with the atmosphere for 2 to 3 hours and the pH was adjusted to 8.2 

using NaOH and HCl. Different experiments were carried out in which the specimens were cultured in enriched 

33S-ASW solutions containing either the natural average ocean sulfate concentration (28.16 mmol L-1) or a double 

sulfate concentration (56.32 mmol L-1). The foraminifera were left in the ASW enriched in 33S for different 

durations (see Table 1). Specimen Fa5B was grown in ASW without labeled sulfur but fed with algae that were 185 

grown in 33S enriched solution, then abundantly rinsed to avoid transferring free 33SO4 to the growth medium of 

the foraminifer. Samples were then cultured for 2 to 5 days in 33S-ASW seawater with a total sulfate concentration 

of 28.16 mmol L-1, including 1.41 mmol L-1 of Na33SO4, which results in a δ33S of the culture media of 

approximately 7030 ‰. 

 190 

Table 1 Description of the different experiments/specimens analyzed by NanoSIMS. 

Strain Specimen Sample 
Sulfate 

(mmol L-1) 
Duration  Fixed  

chamber 

analyzed 

Labeling 

Rosalina sp. 

Banyuls 

(For1C1) 

A1 

(juvenile) 

A1n-1 28.16 2 days no n-1 Sulfate 

A1n 28.16 2 days no n Sulfate 

F5(2)B 

(adult) 

F5(2)B1 56.32 5 days yes n-1 Sulfate 

F5(2)B3 56.32 5 days yes n-3+n-5/6 Sulfate 

F2A2 (adult) F2A2 n 28.16 2 days yes n Sulfate  

Fa5B (adult) Fa5B1 28.16 5 days yes n-1 Food 

 

We selected foraminifera that were still alive at the end of the experiment, as evidenced by pseudopodial activity. 

Juvenile individual A1 was observed forming chambers n and n-1 in the culture medium enriched in 33S (Fig. 1). 

Adult individuals F5(2)B, F2A2 and Fa5B were selected amongst different adult specimens after the labelling 195 

experiment and were not observed to form new chambers. Given their adult life stage, these foraminifera were less 

likely to produce new chambers; however this possibility cannot be completely ruled out yet. 

2.3 Chemical cell fixation 

Most protocols for chemically fixing foraminiferal cells involves dissolving their calcium carbonate shells using 

EDTA (Ethylenediaminetetraacetic acid; Le Kieffre et al., 2018). Here, we present a new fixation protocol that 200 

preserves both the cytoplasm and the test. Living specimens were transferred into 2 mm diameter silicon molds. 

Following a protocol established for marine organisms, seawater was replaced with a Sörensen-sucrose phosphate 

buffer solution containing 0.1 M phosphate at pH 7.5, 0.6 M sucrose, 1 mM CaCl2, 2.5% glutaraldehyde and 1% 

formaldehyde (Kopp et al., 2015). The specimens were left to soak in this solution for 24 hours at room temperature 

then washed with three repeated baths of Milli-Q water, which was made basic to pH 9 with NH4OH. This process 205 

removes all free ions and small molecules present in the cell (Ayache, 2010). Cells were then dehydrated using a 
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graded series of ethanol solutions (50%, 70%, 90% and 100%). Finally, they were embedded in Spurr epoxy resin 

in four successive 1-hour baths at room temperature: bath 1: 50% resin/50% pure ethanol; baths 2–4: 100% resin. 

The resulting molds were then placed in a vacuum oven at 60 °C overnight. 

2.4 Focused Ion Beam sections  210 

Focused ion beam (FIB) sections of thin lamellae were performed both on chemically fixed specimens (e.g., 

F5(2)B and F2A) and on non-chemically fixed specimens (e.g., A1, Fig. 1). FIB sections were produced using the 

FEI STRATA DB 235 FIB system at the Institut d’Electronique, Microélectronique et Nanotechnologie (IEMN, 

Lille, France).  

 215 

Figure 1. Figure 1. (a-d) Scanning electron microscope (SEM) views of the benthic foraminiferal species Rosalina sp. 

(For1C1 strain) from Banyuls, with locations of the focused ion beam (FIB) lamellas (rectangles). (a) Secondary electron 

(SE)-SEM micrograph of the specimen A1 (juvenile), not chemically fixed,  and  locations of the FIB lamellas in the 

final (n) and previous-to-last (n-1) chambers. (b) Backscattered electron (BSE) - SEM micrograph of the polished resin 

moulding of F5(2)B, showing the full chemically fixed adult specimen. The BSE detector was used to capture and select 220 
the chambers beneath the moulding surface for FIB lamella withdrawal: n-3, n-5/6 and n-1. (c) BSE-SEM micrograph 

of the chemically fixed, resin-included F2A2 adult specimen showing the location of the FIB lamella in chamber n. Here, 

the axial section of the specimen, at the surface of the polished moulding, provides a view of the cytoplasm inside the 

test, as well as the areas where the cytoplasm is still in contact with the inner part of the test. (d) BSE - SEM micrograph 

of the chemically fixed, resin-included Fa5-B adult specimen showing the chambers just emerging at the surface of the 225 
polished moulding and the location of the FIB lamella.  (e-g) Optical microscope views of the new chambers built by 

individual A1 during the two days of its culture in the labeled medium: (e) at the start, (f) after 24h, (g) after 48h, end 

of the labelling experiment. (e-g) Optical microscope views of the new chambers built by individual A1 during the two 

days of its culture in the labeled medium: (e) at the start, (f) after 24h, (g) after 48h, end of the labelling experiment. 

We used a recently developed FIB section protocol (Aléon-Toppani et al., 2021), which enables the use of the 230 

same FIB preparation for both NanoSIMS and Transmission Electron Microscopy (TEM) analyses. Briefly, 1 µm-

thick platinum (Pt) deposit was used to shield the zones of interest. A 30 kV Ga-ion beam was used to cut 1 µm-

a supprimé: 

a supprimé: SEM pictures of Rosalina sp. benthic foraminifera, 

Banyuls (For1C1 strain) showing the locations of the FIB 235 
lamellas (rectangles): (a) in last (n) and penultimate (n-1) 

chambers of the A1 specimen (juvenile); (b) in chambers n-3, n-

5/6 and n-1 of the F5(2)B specimen (adult); (c) in chamber n of 

the F2A2 specimen and (d) in foraminifer Fa5-B. 
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thick lamellae perpendicular to the surface of the test, revealing its growth structure and transition with the 240 

cytoplasm.  The Ga-ion beam current was chosen to minimize degradation of the FIB sections. The lamellae were 

then extracted and sputter damaged material was cleaned using a low-voltage, grazing-incidence Ga ion beam (5 

kV). Finally, the lamellae were mounted on 1–2 µm Pt bridges, deposited in the FIB-SEM, on discoidal polished 

Al sample mounts that are well adapted for NanoSIMS analyses. After NanoSIMS analyses, the lamellae were 

recovered from the Pt bridge using the Ga beam and mounted on a TEM grid. The top surface of the FIB section 245 

was gently cleaned of NanoSIMS damage using a low-intensity Ga beam ranging from 300 pA to 1 nA. To enable 

TEM analysis, part of the lamellae that includes the entire growth structure of the wall and transition with the 

cytoplasm was thinned down to 100 nm. 

2.5 NanoSIMS analyses 

NanoSIMS analyses were performed using the Cameca NanoSIMS 50 at the Institut de Minéralogie, de Physique 250 

des Matériaux et de Cosmochimie (IMPMC, Paris, France) on FIB sections mounted on Al sample mounts (see 

section 2.3) and coated with 20 nm gold. Analyses were performed in negative secondary ion mode using a 16 

keV, Cs+ primary ion beam of 0.5 to 1 pA, ensuring a spatial resolution of 100 to 150 nm. Using entrance and 

aperture slits ES3 and AS2, respectively, the mass resolving power was adjusted to ensure complete separation of 

polyatomic interferences, including 32SH- and 33SH- at masses 33 and 34, respectively. Phosphorus and sulfur were 255 

measured as atomic ions (31P-, 32S–, 33S–, 34S–) and nitrogen, magnesium and calcium were measured as polyatomic 

ions at masses 26, 40 and 56 (12C14N–, 24Mg16O- and 40Ca16O-, respectively) to allow measurements at the same 

time as P and S isotopes. Secondary ions were collected in a combined multicollection-peak jumping mode with 

12C14N-, 31P-, 33S-, 24Mg16O- and 40Ca16O- measured simultaneously on electron multipliers (EM) 1 to 5, 

respectively, and 32S- and 34S- measured simultaneously with EM2 and EM3 using a second magnetic field value.  260 

To achieve sputtering equilibrium and surface cleaning before each analysis, the areas were pre-sputtered for 15 

minutes with a 10 pA beam with a raster adapted to the acquired image size. Analyses consisted in series of 10 to 

15 successive image planes with raster ranging from 7  7 µm to 10  10 µm for images of the tests and 100 to 

143 image planes with raster ranging from 10  10 µm to 20  20 µm for images of both tests and fixed cells. 

All image planes are 256  256 pixels with a dwell time of 3000 µs/pixel. The total duration of individual analyses 265 

varied from ~ 47 minutes to ~ 8 hours and 6 maps were acquired on four different foraminifera specimens.  

In the following, elemental results are shown as raw ratios normalized either to CaO- or CN-. Although the relative 

sensitivity factors required to determine absolute concentrations were not measured due to the lack of appropriate 

standards for carbonate-organic mixtures, secondary ion intensity ratios were used to account more accurately for 

variations of these instrumental mass biases, thus allowing the determination and study of relative variations of 270 

the intensities of Mg and S in the carbonate matrix. Secondary ion intensities are reported in total number of counts 

(cts) over the course of an analysis. 

34S/32S and 33S/32S ratios are presented as δ values uncorrected for instrumental mass fractionation (IMF), again 

due to the lack of appropriate standard for its proper determination in carbonate-organic mixture. The 34S/32S ratio 

was used as a internal reference for each acquisition to ensure that this IMF remained negligible within uncertainty 275 

and to monitor the stability and reproducibility over the duration of the analytical session. S isotopic ratios are 

reported in ‰, where δ3xS = (3xS/32S)sample/(3xS/32S)V-CDT-1. V-CDT is the international Vienna Canyon Diablo 

Troilite standard. Because the main source of uncertainty is by far counting statistics within regions of interest 
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(ROI) of variable sizes extracted from the images by image processing, reported errors correspond to counting 

statistics and are controlled by secondary ion intensities of the minor isotopes.  280 

Images were corrected for detector dead time (44 ns) and lateral drift during analysis. Data from ROIs within 

images and intensity profiles were extracted from bulk images with summed individual cycle planes using the 

LIMAGE software (© L. Nittler). 

2.6 Electron Microscope analyses  

Scanning electron microscope (SEM) images of foraminifera in secondary electron (SE) and backscattered 285 

electron (BSE) modes have been taken at the Electron Microscopy Platform (PtME) of the Muséum national 

d’Histoire naturelle (MNHN, Paris, France) using a Hitachi SU3500 environmental SEM (Fig. 1). High resolution 

Transmission Electron Microscope (TEM) bright field and high-angle annular dark-field (HAADF) Scanning 

Transmission Electron Microscope (STEM) imaging of FIB lamellas were performed on a spherical aberration-

corrected JEOL ARM 200 F microscope operating with a cold Field-emission Electron Gun (FEG) at 200 kV at 290 

the Advanced Electron Microscopy Platform, Materials and Quantum Phenomena Laboratory (MPQ, Paris, 

France). For the HAADF-STEM imaging the length of the camera was of 80 mm. The TEM views were produced 

on the exact same section on which NanoSIMS observations were performed, following a recently developed 

protocol (Aléon-Toppani et al., 2021). TEM views provided here are obtained with a 5° tilt. Additional views with 

-5° and 0° tilts are available as supplementary figure Fig. S1.  295 

3. Results 

3.1 Electron Microscope observations of the test wall microstructure 

Both bright field TEM and HAADF-STEM observations reveal the multi-layer growth microstructure of the 

chamber wall of a Rosalina sp. specimen remarkably well in the FIB lamella F5(2)B1, which was cut perpendicular 

to the surface of chamber n-1 (Fig. 2). The dark color of the layers in the bright-field TEM image (Fig. 2a) suggests 300 

that they are crystalline because they are in diffraction position and correspond to the inner (ICL) and outer (OCL) 

calcitic layers. Furthermore, the orientation of the darker and lighter grey zones changes preferentially between 

the two outer calcitic layers. Notably, there is a lateral alternance of white, light grey and dark grey oblique zones, 

especially in the main calcitic layer of the chamber (OCLn-1). We count two additional OCL, one that we identify 

as OCLn and another, much thinner one. We interpret it as being associated to the onset of the building of a new 305 

chamber, possibly interrupted as the foraminifera was transferred to the labeled medium. This OCL will be labeled 

n+1. The TEM bright field oblique white zones correspond to the darkest oblique zone in the STEM images and 

reveal a non-crystalline, less dense nature similar to that of the organic layers (IOL, POS, OOL).  

The white zones that draw irregular lines in Figure 2a are interpreted as non-crystalline structures for three reasons. 

First, the portion of the FIB lamella analyzed by TEM is homogeneous in thickness, thus changes in brightness 310 

cannot be explained by a change in thickness of the sample. Second, brighter areas in bright field TEM views are 

explained by less dense and/or less crystalline structures. Third, changing the tilt of the section does not modify 

the brightness of those zones (Fig. S1), which is best interpreted as amorphous/non crystalline structures. In 

contrast, the dark zones show that the material is crystalline, with different orientations because the level of 

darkness changes with a modification of the tilt (Fig. S1). HAADF imaging supplements the information provided 315 
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by TEM. The level of darkness in the image of Figure 2b can indicate the average density and chemical 

composition of the structures, with darker areas indicating “lighter”, less dense material and lighter areas indicating 

denser material with a heavier chemical composition. Thus, the four almost continuous layers that appear white in 320 

the TEM bright-field view (Fig. 2a) and black in the HAADF-STEM view (Fig. 2b) are characterized by non-

crystalline, less dense and composed out of lighter elements and likely correspond to the IOL, POS and OOL of 

the chamber n-1, as well as the OOLn and OOLn+1. The POS is found alongside coarse, block-like 

amorphous/organic phases (see Fig. 2c and d). Overall, these images clearly show the addition of a new OCLn, 

and the inner wall IOLn-1-ICLn-1-POS-OCLn-1-OOLn-1-OCLn-OOLn-OCLn+1-OOLn+1 microstructure (Fig. 2a,b). 325 

Furthermore, the shades of grey within the OCLs (darker or lighter) in bright-field TEM views mostly reflects 

crystal orientation within the polycrystalline structure of the test. In the STEM image (Fig. 2b), the calcitic layers 

appear homogeneous, indicating homogeneous density, which could support the interpretation of the bright field 

TEM shades as reflecting crystal orientation. At high resolution, the outer calcitic layers reveal a nanogranular 

structure. This structure appears darker in the STEM image (Fig. 2j) and brighter in the TEM images (Figs. 2h and 330 

2i) than the grey background. This suggests that these “nanogranules” are less dense, lighter and less crystalline 

than the surrounding calcite.  

 

Figure 2. TEM bright field (a,c,d,e,g,h,i) and HAADF-STEM (b,f,j) images from the FIB of foraminifer F5(2)B  

(chamber n-1, sample F5(2)B1) taken after NanoSIMS analysis. (a) The global view of the FIB section shows amorphous 335 
areas (white) and crystallized zones (dark grey to darker grey) within the test. (b) In HAADF-STEM view, they 
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correspond to less (dark) and more (grey) dense areas, respectively, with lighter (dark) and heavier (grey) chemical 

composition. Oblique dotted lines are additional structures found within the OCLn. The very thin most external OCL 

is the final chamber that the foraminifer started building right before it was transferred (OCLn+1) with the most external 

OOL (OOLn+1), that is only partially preserved along the test. The white dotted lines likely correspond to amorphous -340 
less dense oblique structures that are comparable to the different OLs, while the grey dotted line correspond to a TEM 

bright field structure that is not found within the HAADF image. The dense material at the base of the test (b) 

corresponds to the Pt deposited during the preparation of the FIB. In TEM bright field images, the IOLn-1, POS, OOLn-

1 and OOLn are recognizable by white discontinuous layers that appear black in HAADF-STEM images. (c,d) Close up 

view of the POS, with a focus on the area rich in white amorphous blobs, indicated by a yellow arrow, (e,f) detail of 345 
OOLn; showing the organic-less dense OOL itself, as well as the base of one of the oblique structures from within OCLn-

1 (g)close-up view of the cell-test transition highlighting the IOL; (h-j) detail of the nanogranular structure in the calcitic 

layers, here OCLn-1. Green arrowheads points towards an example of nanograin in the calcitic structure at different 

scales, fuchsia arrowheads point towards similar nanograins on the edge of the organic lining.  This sample is the same 

as in Figs. 3 to 6. 350 

 

3.2 Distribution of P, Mg and S in the test 

NanoSIMS maps reveal the distribution of natural and isotopically labeled sulfur, enabling us to compare the 

distribution of sulfur to that of organic matter, calcium carbonate, and Mg/Ca banding across the microstructure 

of the test's wall growth. Using Ca (40Ca16O) and CN (12C14N) maps, we are first able to distinguish the test mainly 355 

composed by calcium carbonate, thus, by definition, rich in Ca, from the cellular organic matter rich in CN (Fig. 

3, supplementary figures S2 and S3). In this regard, the FIB lamella across foraminifer F5(2)B reveals the most 

distinct S/Ca, P/Ca and Mg/Ca distributions that follow the microstructure of the test (Figs. 3, 4). A pronounced 

banding is observed, characterized by thin bands with high Mg/Ca, P/Ca and S/Ca ratios in the inner and outer 

parts of the test, separated by a broader band characterized by lower ratios. The FIB section is surrounded by two 360 

thick layers of platinum deposits, one of them constituting the dark (Fig. 2a) or white (Fig; 2b) layered area at the 

base of the FIB. The layers can be seen in the SEM view (Fig. 3f). The FIB was performed on chamber n-1, whose 

cytoplasmic content could have retracted during the fixation process, creating a gap. The cutting process during 

FIB extraction likely pulverized some of the cellular material attached to the test, which was then redeposited in 

the gap between the wall and the cytoplasmic material, where it mixed with platinum. These layers are thus an 365 

artefact of the FIB lamella preparation process and are excluded from further interpretation. 
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Figure 3. 12C14N (a), 40Ca16O (b), 24Mg16O/40Ca16O (c), 32S/40Ca16O (d) and 31P/40Ca16O (e) maps across the FIB section 

(f) chamber n-1 of foraminifer F5(2)B (sample F5(2)B1), cultured in doubled sulfate concentration seawater. Open 370 
white rectangles indicate the location of the profiles from figure 4. The orange square in (f) indicates the location of the 

superposition between the NanoSIMS mapping and the TEM-STEM views (Fig. 5). MgO/CaO, S/CaO and P/CaO are 

represented only for the test. A mask was applied to avoid divergence due to the low CaO emission in the cell. Note that 

for P/CaO and S/CaO, the color scale is represented for the log of these ratios. Green arrows = platinum deposits; blue 

arrow = test. 375 

Cross plots of element distribution within the test allow to better understand this repartition (Fig. 4, Table S1). We 

observe three trends in S/CaO vs. CN/CaO distribution (Fig. 4a). Trend A (yellow circles, Fig. 4) corresponds to 

the strongest P, S and Mg enrichments in relation to CN. While S/CaO and MgO/CaO values remain higher than 

1 or 0.15 cts/cts, respectively, P/CaO ratios go all the way down to zero, suggesting that, unlike P, S and Mg have 

a background occurrence. Points defining trend A are in OCLn-1 and OCLn, including OOLn-1 and OOLn. Trend B 380 

(orange circles, Fig. 4) is even more P-and S-enriched compared to Trend A. However the highest values are not 

systematically reached in all profiles, and trend B is most clearly visible in profiles 2 and 3, compared to profiles 

1 and 4 (Fig. 4 j-l;  S6; S7). Trend B corresponds to the enrichments of P, S and Mg across the POS. Finally, trend 

C (blue circles, Fig. 4) suggests an N-rich component where P, S and Mg remain at moderate levels. CN/CaO 

ratios become extremely high. Trend C occurs only on the edges of the test (see Fig. S6; S7 and Table S1) and 385 

could be either characteristic of IOL n-1 and OCLn+1 or due to an artificial decrease of the CaO signal and increase 

of the CN signal as the end of the test is reached and the beam overlaps the CN-rich deposits. The non-zero beam 

size leads to an averaging across the major matrix change from calcite to cytoplasm, where S, P, Mg/Ca and Ca/CN 

values appear high (e.g. Fig. 8, Fig. S6). As a result, in the following, we will consider only measurements with 

CN/CaO values below 40, P/CaO below 1 and S/CaO below 5. Values above those thresholds are found only on 390 

the edge of the tests with the extension of trend C.  
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Figure 4. Cross plots of elemental distribution across the test combining 4 profiles across the F5(2)B1 section, with three 

indicative trends A, B and C. Purple numbers indicate the transition between the trends. Only values corresponding to 

CN/CaO<40 cps/cps are chosen as values above this threshold correspond to the extension of trend C, likely affected by 

edge effects. Ratios are given in cps/cps and provide the relative distribution of elements but not absolute values. 400 
Location and full datasets of the profiles are shown in Fig. 3 and Fig. S6, respectively. (a-i) The color code is based on 

those trends (see Fig. S7 and Table S1) Black lines are linear regression with the R2 coefficient indicated close to them. 

(a-f) elements are normalized to CaO. (g-l) elements are normalized to CN. (j-l) points from trend B are individualized 

by profiles to show the different individual trends and their different P-enrichment on top of Mg, S and P shared 

enrichments.  405 

 

Finally, when normalized to CN and not to CaO, the covariations of S and P become obscure, and appear even 

anti-correlated within the points that follow trend A, suggesting that OM is not the common carrier of the two 

elements at least in this trend (Fig. 4i).  
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Figure 5. Combination of bright field TEM images from figure 2 with elemental maps and profiles showing the 

distribution of elements and elemental ratios across the wall of the chamber n-1 of foraminifer F5(2)B. The yellow arrow 

points to the same non crystalline blob as in figure 2. The rectangle with solid black lines indicates the location of profil e 415 
1 (same profile 1 as in Fig. S5 and S6, profile location shown Fig. 3), used to trace P/CaO, P/CN, S/CaO, S/CN, MgO/CaO 

and CN/CaO. The grey dotted lines indicate successions of darker TEM bright-field zones that make the transition from 

P, S and Mg-rich areas to P, S and Mg-poor areas.  

Mg/CaO, S/CaO and P/CaO distributions across the growth structure of the wall of chamber n-1 of Rosalina sp. 

F5(2)B share common trends (Fig. 4, 5. Table 2). It should be noted first that structures smaller than the beam size 420 

(100-150 µm) cannot be distinguished and that values close to the edge are affected by the averaging across the 

beam surface, as mentioned previously. Overall, the outer calcitic layer deposited during the formation of the 

chamber selected for the FIB (OCLn-1) has the lowest concentration in all three elements. Contrastingly, all three 

ratios are higher in both ICLn-1 and the outer calcitic layer deposited while the following chamber was formed by 

the foraminifer (OCLn). NanoSIMS resolution does not allow us to investigate the composition of OCLn+1 whose 425 

width is about the same as the beam size.  
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Ratios to Ca P vs Mg P vs CN S vs Mg S vs CN CN vs. Mg S vs P 

trend A 0.34 0.82 0.53 0.87 0.50 0.85 

trend B 0.34 0.50 0.47 0.74 0.73 0.89 

trend B prof. 1 0.91 0.07 0.90 0.83 0.21 0.38 

trend B prof. 2 0.71 0.74 0.80 0.90 0.9 0.93 

trend B prof. 3 0.79 0.30 0.90 0.57 0.68 0.91 

trend B prof. 4 0.90 0.55 0.60 0.86 0.75 0.95 

trend C 0.44 0.56 0.23 0.73 0.24 0.50 

trend A+C 0.58 0.44 0.67 0.43 0.50 0.85 

 

Table 2 individual correlations within each trend identified in Figure 4. In red, R²<0.5, in orange, R² between 0.6 and 

0.75 and in green, R²>0.8. 

Phosphorus reveals four enriched bands. Both P/CaO and P/CN ratios indicate the same pattern and allows to track 

the POS zone, as well as OCLn, both enriched in this element. Both edges however, including the IOL and the 435 

OOLn+1, appear excessively high in P/CaO and low in P/CN, which could be due to edge effect related to the beam 

size. As marked by the yellow arrows in figures 2 and 5, within the POS, and all the way inside the wall, the less 

crystalline areas are associated with the highest concentrations in phosphorus. The dashed lines in figure 5 reveal 

three darker areas that mark the limit of a P-rich zone that corresponds to some of the blobs visible in the POS, 

similar to the one pointed by the yellow arrow (Figs. 2, 5). These areas are highly enriched in P and delineate zones 440 

that extend beyond the POS. These darker areas are not discernable in the HAADF-STEM view, suggesting that 

they are of identical density to the surrounding less dark areas. We interpret the level of gray as a possible 

difference of crystal orientation within the OCL.  

Co-bandings of sulfur and magnesium, as well as of S and P (or other elements assumed to reflect the presence of 

organic matter, such as N), have been documented in foraminifera (Paris et al., 2014b; Glock et al., 2019; van Dijk 445 

et al., 2019; Geerken et al., 2019; Lemelle et al., 2020). However, in detail, the relationships between the bands 

are variable. S-bands and P-bands tend to be sharper than Mg-bands in profiles across tests of the benthic 

foraminifer Amphistegina lessonii and Ammonia tepida (Geerken et al., 2019), while S-bands appear broader than 

Mg-bands in the planktic foraminifer Orbulina universa (Paris et al., 2014a). In the last chamber of the planktic 

foraminifer Globorotalia menardii, the S- and Mg-bands are very well correlated and comparable in width, though 450 

S follows a pattern that is hybrid between P and Mg, with enrichments of all three elements in the POS (Lemelle 

et al. 2020). In the planktonic species Uvigerina striata, cleaning removes a diffuse and patchy organic matter 

from the test (Glock et al., 2019). Interestingly, despite the absence of cleaning, we do not observe such a patchy 

distribution in the samples. Here, S also displays a behavior that is hybrid between P and Mg distributions, with 

the same general organization. P and S follow a sharp band in the POS, while Mg is broader. Contrastingly, only 455 

P follows such a sharp pattern between the OOLs, while both Mg and S peaks tend to be more extended into the 

rest of the test. Here, 33S enrichment is observed only in OCLn-1, near the POS. 

Finally, the coincidence between the different structures of the test and the composition is actually revealed through 

the superposition of TEM and NanoSIMS images. They reveal that the different OOL are associated to transition 

between chemical compositions more than they are associated to local maxima or minima. Overall, the comparison 460 

between the different results underline that NanoSIMS observations are more sensitive to chemical changes than 

to structures (as exemplified by OOLs or P/CaO maxima not associated with any change in density or diffraction 

in HAADF-STEM and bright-field TEM views, Fig. 5).  
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Figure 6. Superposition of the TEM view and the P/CaO map (a) and synthetic summary of the observations (b). In 465 
blue, information from the NanoSIMS analyses. The size of the letters reflects the relative abundance of the elements; 

trends A and B are from Fig. 4. White and gray reflect the TEM observations. The white lines are the POS associated 

with amorphous blobs as well as the OLs and the levels of gray from the CLs, reflecting the change of orientation from 

one side and the other of OOLn-1. The numbers represent the different endmembers from figure 5. They are explicated 

in panel (c).  (c) schematic view of the different trends (letters), drawn as mixing lines between two endmembers 470 
(numbers): schematically, A=1+2, B=3+5, C=4+6. 

 

3.3 Element distribution in the cytoplasm 

Cytoplasm that remains attached to the test (see for instance Figs S4 and S5) displays heterogeneities in the 

distribution of elements. NanoSIMS images of the FIB lamella of the chamber (n-3) of the specimen F5(2)B and 475 

of the last chamber (n) of the specimen F2A (Fig. 7) reveal a notable degree of heterogeneity in the distribution of 

Ca, P, Mg and S in the cytoplasm. The cytoplasm contains areas that are strongly enriched in sulfur ( 33S) (white 

arrows, Fig. 7d-e, 7j-i), which seems to correlate with relatively high sulfur (32S) values in the final chamber (n) 

of the F2A specimen (Fig. 7k). Some large vesicles appear 'empty', because the original liquid or soluble 

components inside the vesicles were most likely removed during the chemical fixation and the embedding in the 480 

epoxy resin. Some other large vesicles contain granular structures that are enriched in P, Ca and Mg (Fig. 7b,c,f 

green arrow) or in Ca and 33S (Fig. 7i,j red arrow). Other smaller vesicle-like structures are rich in Mg, P and Ca 
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(Fig. 7b, 7c and 7f, green arrow), or contain P, Ca, Mg and S (Fig. 7h,k,l, magenta arrows). The 2-3 µm Ca-rich 485 

vesicle near the IOL of the last chamber of the FA2A specimen (Fig. 7g-k), though not enriched in sulfur (Fig. 

7k), contains 33S (Fig. 7j). Unlike the previously described structures, it does not contain phosphorus or Mg. 

Another vesicle right below this vesicle, of the same size, though devoid of calcium, also shows heterogeneous 

33S distribution. 

 490 

Figure 7. 14C12N, 31P/14C12N, 40Ca16O/14C12N, δ33S (‰), 32S/14C12N and 24Mg16O/14C12N maps in the cytoplasm and test of 

chambers n-3 from foraminifer F5(2)B (a-f) and chamber n-1 from foraminifer F2A2 (g-l). A mask has been applied 

over the tests. The green arrow points to irregular P, Ca, Mg-rich 2 µm structures also enriched in 33S, magenta arrows 

to ~0.5 µm grains rich in P, Mg, Ca and S, with 33S enrichment. White arrowheads point to small (0.5-1µm) structures 

enriched in sulfur and 33S and grey arrowheads follow a succession of Mg-rich grains. Inside the cell of F2A2, P-rich 495 
and S-poor grains can be observed, while S is enriched in between those grains. The red arrow points to a ~3-µm vesicle 
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with Ca rich grains on the side close to test and 33S rich on the other side. Position of the images with respect to the 

complete specimen are given in Fig. 1.  

The CN, P and S maps enable us to trace a continuous layer, likely the inner organic layer (IOL), at the transition 500 

between the interior of the test and the endoplasm (the cytoplasm inside the cell) (Figs. 7a,b,e,g,h,k). However, 

the composition contrast at the test-cytoplasm interface needs to be considered with the greatest care because of 

the obvious matrix change. Throughout the cytoplasm, vesicles-like structures of different sizes are present. The 

inside of these vesicles can be grouped in three categories: seemingly “empty” (most likely because of the chemical 

fixation), enriched in P, Ca, Mg and moderately in S (green arrows in Fig. 7) or rich in Ca only, though unevenly 505 

(red arrow in Fig. 7). We also observe that Ca is often associated to P enrichment in the cytoplasm, but also with 

Mg (specimens F5(2)B and F2A2n Fig. 7 and individual Fa5B1 in Fig. 8). Such mutual Ca and P enrichments 

could be only analytical artifacts due to our protocol, not originally designed to observe the distribution of those 

elements within the cytoplasm. The use of the Sorensen -phosphate solution is likely to generate calcium phosphate 

precipitation, thus casting doubt on the meaning of Ca and P co-occurrence in our observations (Ayache, 2010; 510 

Docampo, 2023; Ingrid et al., 2025; Miranda et al., 2000), though we also note occurrence of phosphate 

independent of calcium as well as the opposite. Cryo-fixation would be more suited for the observation of small 

or soluble molecules (Ayache, 2010). It has enabled the observation of P-rich structures in Ammonia veneta and 

Bolivina spissa (Glock et al., 2025). In B. spissa, they were interpreted as granules of Ca polyphosphates. In A. 

veneta, P was found to accumulate in vesicles 0.5–2.0 µm in diameter, not unlike the size of what can be observed 515 

in the cell of F5(2)B3 (Fig. 7 a-f) or F2A2 (Fig. 7 g-l). Structures of similar size have been described and interpreted 

as either acidocalcisomes or autophagosomes (Glock et al., 2025; Goodenough et al., 2019). Autophagosomes 

accumulate Ca-polyphosphates and are described as irregular in shape (Docampo and Moreno, 2011; Glock et al., 

2025). They could correspond to the less regular structures observed in F5(2)B3 (green arrow). Acidocalcisomes 

are membrane-enclosed organelles, close to 0.5 µm in size, that accumulate granular phosphate and inorganic 520 

polyphosphate gels, as well as calcium as ACP (Amorphous Calcium Phosphate), magnesium and metals. 

Regardless of their actual nature, these organelles could thus contain ACP (Fig. 10), which is less soluble at [Ca]>1 

mmol/L at pH 7 (Tung and Eichmiller, 2004) the conditions of the Sörensen-phosphate buffer solution, and thus 

potentially left intact by our protocol. 

 525 

Images taken for specimen Fa5B (Fig. 8) reveal the path of sulfur from food through the trajectory of 33S ingested 

with algae (reaching ratios of ~5%) along with unlabeled sulfur with natural δ33S ratios within error (lower than 

~100‰). The images reveal that in that case, labeled sulfur occurs as small grains within the cytoplasm, often 

enriched in Mg (grey arrowheads), but not systematically (blue arrowheads) and not highly enriched in Ca. This 

labeled sulfur is not found in the test, which did not grow during the culture experiment. 530 
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Figure 8. Log 31P, δ34S(‰) 40Ca16O/14C12N, Log32S, δ33S(‰) and 24Mg16O/14C12N maps in the cytoplasm and test of 

chamber n-1 from foraminifer Fa5B1 (a-f). A mask has been applied over the test in maps 8c and 8f. Grey arrowhead 

point to P, S, 33S and Mg rich granules while blue arrowhead point to S and 33S rich only granules. For a direct 

comparison, a similar color scale have been applied to 33S and 34S images. 535 

 

3.4 Sulfur isotope ratio values and incorporation of 33S in the test 

We produced maps of 32S, 33S and 34S and analyzed isotope ratios (Fig. 9). Measured uncorrected δ34S values range 

from to -13 ± 11 ‰ (1SD) to -1 ± 14 ‰ in calcite, while they range from -9 ± 8 ‰ to 13 ± 11 ‰ in organic matter, 

in the range of natural abundances. The δ34S values we measured for sulfur present in the test are very close to that 540 

of the artificial seawater in which the foraminifera grew (δ34SASW = 0.1 ‰, Thaler et al., 2023). Small differences 

may arise, but the analytical reproducibility (roughly ±8‰) and the absence of suitable reference materials do not 

allow us to investigate them. This confirms nonetheless that the instrumental mass fractionation (IMF) is likely 

small, within uncertainties; and that the corresponding correction can be neglected in the examination of 33S 

values that change widely because of the artificially increased amount of 33S. The similar values between organic 545 

matter and calcite also indicates that matrix-related instrumental effects can be neglected in the following in regard 

to the observed variations and uncertainties. Clear variations of 33S values are observed, from 174 ± 28 to 5556 

± 68 ‰ in the test and from 1827 ± 44 to 3072 ± 36 ‰ in organic matter (Table 3). The values cannot be explained 

by a fractionation of such magnitude, which furthermore should have affected the 34S/32S ratios even more strongly. 

Whereas the values of δ34S are similar in organic matter and calcite within errors, δ33S values differ between these 550 

two components, with no systematic tendency. Instead, the observed values reflect a mixing between isotopically 

labeled (~7030 ‰) and non-labeled (~0 ‰) sulfur. We also note that the higher the δ33S is in calcite, the higher it 

is also in organic matter.  

 

 555 
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Table 3. Summary of the average measured uncorrected δ34S and aδ33S values of the test and organic matter (OM) of 

the samples analyzed only for FIB section of tests only. 

FIB image δ34S test δ34S OM δ33S test δ33S OM 

A1(n-1) 20 -9 ± 6 -9 ± 6 5193 ± 70 2478 ± 23 

A1(n) 21 -11 ± 11 -9 ± 8 5556 ± 68 3072 ± 36 

F5(2)B1 23 -13 ± 12 13 ± 11 174 ± 28 1827 ± 44 

 

 560 

Figure 9. CaO (cts), δ33S (‰) and δ34S (‰) maps across the walls of foraminifer A1 chamber n-1 (a,b,c) and n (d,e,f) 

and the wall of chamber n-1 of foraminifer F5(2)B (g,h,i). The dotted lines represent the limit between the test and the 

organic matter. Note that similar color scales have been applied to 33S and 34S images for direct comparison. 

4. Discussion  

4.1 Control of sulfur occurrence at the sites of biocalcification 565 

Interpretation of δ33S of the test depends primarily on the amount of calcite grown in labeled seawater. In most 

experiments, chambers formed before the foraminifera was transferred to the labeled seawater and the tests show 

little to virtually no 33S enrichment (e.g., Fig 7d,j or 9h). Labeled sulfur, thus initially introduced as sulfate, can be 

found within the test, as well as within the organic matter of the last two chambers of specimen A1, which grew 

in labeled seawater (Fig. 9b,e, Table 3). The high values of 33S (~5300 ‰ in average) in both chambers suggests 570 
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that ≈3/4 of the sulfur in the test comes from seawater sulfate, which was taken up during the precipitation of the 

test from the calcification fluid derived from labeled 33S seawater. Though some of the remaining sulfur is likely 

to be unlabeled organic sulfur, this number is a low estimate of the sulfur from seawater sulfate present in the test 

because chamber n-1 is slightly less enriched (δ33S ≈ 5190 ‰) than the last chamber (δ33S ≈5560‰). The difference 575 

between the two chambers could suggest that more labeled sulfate is incorporated in the last chamber, after the 

individual spent more time in labeled seawater. Thus, part of the incorporated sulfur could have been previously 

stored in the cell, and/or comes from the unlabeled food. However, the homogeneity of δ33S values, that reveal no 

correlation with organic banding in the test, suggests that less than ¼ of the sulfur is ultimately sourced from food. 

We have no observational evidence that F5(2)B or F2A2 grew chambers in the labeled medium, and the NanoSIMS 580 

images of the wall of the penultimate chamber of F5(2)B (Fig. 9h) shows no massive 33S enrichment such as the 

one found in A1, which supports the idea that the chambers we observe here were grown in the unlabeled medium. 

Yet, the organic matter on the inner side of the test of these cells contains 33S, more than  the test (Table 3). 

However, as previously explained, the cytoplasmic remains have been significantly altered during the FIB process 

and to the very least homogenized. Thus, the sulfur data from Fig. 9 must be considered extremely cautiously for 585 

the organic matter. Modest 33S enrichments can be found locally within the test of specimen F5(2)B (Fig. 5b, Fig. 

S7), sometimes along OOLn-1 and OOLn, sometimes close to the POS, and within the cytoplasm of other samples 

(Fig. 7d,j; Fig. 8e). Seawater sulfate is thus somehow added by the cell during the duration of the experiment in 

previously formed chambers, both in the cytoplasm and the test.  

Our observations shed new light on the tight control of sulfate in the cell. Rotaliid foraminifera are not only able 590 

to precipitate calcium carbonate but also to control its composition and mineralogy. Three non-mutually exclusive 

processes have been described for charged ion transport to the site of biomineralization: seawater leak, 

transmembrane transport and seawater vacuolization (e.g. Erez, 2003; Bentov et al., 2009; Nehrke et al., 2013).  

The biomineralization site is isolated from seawater through an extension of the pseudopodial network, part of the 

cytoskeleton, that extends out of the test of the foraminifera (Erez, 2003). This site of calcification has been 595 

suggested to be possibly open to external seawater at times, generating direct leaks of seawater to the site of 

biomineralization, (Nagai et al., 2018; Nehrke et al., 2013). As a result, seawater Ca, Mg and sulfate, but also 

inorganic phosphate and nitrate ions, would make it directly to the calcification site. Such a leak could also explain 

the rapid incorporation of 33S-labeled sulfate in the test. If the leak evolves in time (Nagai et al., 2018), the highest 

level of incorporation of external seawater ions would occur during the formation of the POS and incipient calcite. 600 

In contrast, the transport of Ca through the cell membranes, the TMT (trans-membrane transport), would be very 

selective and only calcium would be expected to be delivered the site of biomineralization. Documented in 

coccolithophorids, TMT occurs in foraminifera as well (Gussone et al., 2006; Langer et al., 2006, 2009; Nehrke et 

al., 2013). Yet, foraminiferal calcite tends to be richer in trace elements, which would require a combination with 

direct incorporation of seawater (e.g. Nagai et al., 2018). 605 

Another way to bring ions to the site of calcification is through the transport of seawater isolated in a portion of 

the membrane that detaches from the rest of the membrane and forms a vacuole full of seawater. The vacuole is 

transported all the way to the site of calcification as its pH and concentration in Ca, Dissolved Inorganic Carbon 

(DIC) and Mg are modified (Bentov et al., 2009; Bentov and Erez, 2006; Dellinger et al., 2018; Erez, 2003; 

Rollion-Bard and Erez, 2010; Weiner and Addadi, 2011). Vacuoles would also bring sulfate and magnesium, 610 

which would explain the rapid incorporation of 33S into the test, and could carry nitrate and phosphate as well. In 
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addition to transport as ions, Ca and DIC may be possibly transported as (high-Mg) amorphous calcium carbonate 

(Mg-ACC) granules (de Noojier et al., 2009; Dubicka et al. 2023, 2025).  

In any case, the active transport of sulfate across the cytoplasmic membrane is necessary to explain the moderate 

but significant incorporation of sulfate inside the cytoplasm. If vesicular transport is the main way ions are brought 615 

to the site of calcification, sulfate from seawater may enter the cell, from external or vacuolized seawater, via 

transmembrane proteins, possibly of the sulfate permease (SulP) group. Though to our knowledge these proteins 

have not yet been identified in foraminifera, they belong to a large, ubiquitous family of proteins found in all 

kingdoms of life (Piłsyk and Paszewski, 2009). Many of these proteins function by SO4
2-:H+ symport, but SO4

2-

:HCO3
-, or more generally, anion:anion antiport has been reported for several homologues (Piłsyk and Paszewski 620 

2009). Such SulPs could enable the transport of sulfate across membranes, from the seawater to the cytosol, 

coherent with the global presence of 33S in the cytoplasm and the organic matter (Fig. 7, 8, 10). If the presence of 

SulP antiport were to be confirmed, export of sulfate from the vacuoles could contribute to the increase of pH and 

DIC as the seawater evolves, suggesting that the sulfate remaining in the vacuole would be delivered to the test 

and that the removed sulfate would remain in the cytoplasm. However, we cannot access the occurrence of 33S or 625 

the elemental composition of the vesicles that would have contained seawater or modified seawater. They now 

may be part of the vesicles that appear “empty”, because the liquid inside them would have been lost during the 

chemical fixation. The process indeed removes all free ions and small molecules from the cytosol or from within 

the vacuoles and organelles. We are thus unable to identify possible seawater vacuoles and provide further 

information on the SWV model. Future work should employ cryo-fixation and cryo nanoSIMS techniques to 630 

elucidate the function of vacuoles in the transport of seawater sufate within the cytoplasm (via SulPs) and at the 

calcification site. 
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Figure 10. Schematic view of possible trajectories for labeled sulfur in the cell and co-occurrence with Mg, P and Ca. 

SulP = sulfate permease. SWL = seawater leak. TMT = trans-membrane transport. SWV=seawater vacuolization. 

ACC=Amorphous Calcium Carbonate. ACP=Amorphous Calcium Phosphate. a = vesicle containing Ca as ACC on one 650 
side and 33S on the other. b=possible autophagosome. c=electron opaque body or fibrillar vesicle. d=possible 

acidocalcisome. In green, possible pathways for labeled sulfate. In pink, observed location of elements by NanoSIMS. 

In dark and light blue, possible SulP paths for protons and HCO3
-. Sulfate crosses membranes through SulP channels 

together with protons, contributing to increase the Ca/Mg and the CO3/SO4 ratios of the vesicles as the composition of 

the fluid increases. Some of these vesicles might be associated to ACC formation. In the cytoplasm, labeled sulfur may 655 
be stored as sulfate in fibrillar vesicles or electron opaque bodies, and possibly reduced and/or incorporated as sulfate 

in organic molecules such as sulfated glycosaminoglicans. In the mineral part of the test, labeled sulfur delivered to the 

site of biomineralization is most likely included as Carbonate Associated Sulfate. 

4.2 Sulfur and sulfate assimilation 

Our protocol enables us the investigate the occurrence of labeled sulfur in the cell (Fig. 7). The cytoplasm visible 660 

in the chemically fixed specimens, or the cellular material that remained attached to the test, is systematically 

enriched in 33S. The δ33S values imply a mixing of ~1/3 labeled and ~2/3 non-labeled sulfur (Table 3, Fig. 7). 

Higher labeled sulfur concentration occurs when the chamber effectively grew in the labeled artificial seawater. 

Organic matter close to the test displays average δ33S values between 1800 and 3000 ‰ (Table 3), which indicates 

that ~1/4 of the sulfur comes from labeled sulfate and was thus taken from seawater during the duration of the 665 

experiment. For specimens F5(2)B3 and F2A2 (Fig. 7), for which the cell has been preserved and analyzed, we 

found average δ33S values of 1932  ±36 (2σ) and 529  ±6 (2σ). This would correspond to ~1/4 and ~7% of sulfur 

that originates from sulfate taken from seawater during the experiment. The higher incorporation of seawater 
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sulfate here might reflect the fact that F5(2)B3 was cultivated at twice the sulfate concentration of F2A2 (Thaler 670 

et al., 2023).  

In those experiments, the labeled sulfur is necessarily initially introduced in the cell as a free sulfate ion but the 

chemical fixation process applied to the cells removes small molecules and ions from the cell, such as ATP and 

free sulfate. Consequently, any remaining observable sulfur is thus either complexed or protein-bound. In 

consequence, our estimates of the relative proportion of seawater sulfate-sulfur in the cell could be underestimated. 675 

Regardless of this partial loss of information, labeled sulfate is present in the cytoplasm, where it is transported 

and incorporated in less than two to five days (the duration of culture in the labeled medium), despite the provision 

of unlabeled food. Such an addition of seawater sulfate is coherent with its important physiological roles. Sulfate 

is one of the most important anions in cells and plays a key role in maintaining ionic homeostasis and other vital 

functions, and therefore is considered as an essential macronutrient (Piłsyk and Paszewski, 2009).  680 

When labeled sulfur comes from food, we observe 33S only in small grains within the cytoplasm. We also observe 

a lot of sulfur enrichment that is not labeled (Fig. 8). The labeled sulfur is found in grains that are always rich in 

phosphate and often in Mg, though most P-rich grains are independent from sulfur. An interpretation would be 

that sulfur from food travels through the cell in vacuoles that are not digested instantanteously, and that after 5 

days, not all non-labeled food had been digested.  685 

In our experiment, there are thus at least two sources of sulfur: sulfate pumped from seawater and dietary sulfur. 

The combination of 33S and 34S data suggests that a significant proportion of the sulfur in the cytoplasm originates 

from food or from seawater sulfate previously stored in internal pools similar to the ones suggested for inorganic 

carbon (ten Kuile and Erez, 1987; ter Kuile and Erez, 1988). These account for at most 3/4 of the sulfur in the 

cytoplasm, even for foraminifera grown at higher sulfate concentrations (i.e., [SO4
2-] = 56.36 mmol L-1 for F5(2)B). 690 

Our observation cannot confirm the occurrence of sulfate assimilatory reduction within the cell and because either 

seawater sulfate or food could have been ingested before the labeling experiments, some uncertainty remains in 

our interpretations.  

Regardless, the presence of labeled sulfur in the cell is coherent with the fact that physiological activity of 

foraminifera, at least some benthic species, requires sulfate (Jauffrais et al., 2019; LeKieffre et al., 2022; Thaler et 695 

al., 2023) and within the cytoplasm of the cell, we observe 33S-rich granular-like structures (white arrows Fig. 7). 

Sulfur enrichments in the kleptoplastic benthic foraminifera Nonionellina labradorica, as well as in Bulimina 

marginata, Cassidulina laevigata, Haynesina germanica, Ammonia sp. and Elphidium williamsoni have also been 

proposed to occur in fibrillar vesicles or electron-opaque bodies that also contain N (both smaller than 0.5 µm) or 

unidentified structures that are 2-5 µm big (LeKieffre et al., 2022). Here, the grains are smaller than 0.5 µm and 700 

could correspond to these fibrillar vesicles or electron opaque bodies previously described (Fig. 10). However, in 

addition to the inherent limitations of our fixation method, we cannot discriminate between reduced and oxidized 

sulfur and thus we cannot use our data to support the occurrence of sulfate assimilation observed in different 

species of foraminifera (Jauffrais et al., 2019; LeKieffre et al., 2022; Nomaki et al., 2016).  

 705 

4.3 Ultrastructure of the test and element distribution: organic or inorganic banding? 

In detail, two trends can be found in the correlations between those elements within the tests (Fig. 4) with S/Ca, 

P/Ca and Mg/Ca all varying simultaneously. Trend A is found across OCLn and OCLn-1, includes the presence of 
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OOLn-1 (see figures 3 and 7) and most likely corresponds to the Mg-banding that has been thoroughly investigated 

over the years (e.g., Eggins et al., 2004; Kunioka et al., 2006; Spero et al., 2015b; Fehrenbacher et al., 2017). Mg 

is inorganically present in foraminiferal calcite (Branson et al., 2013), which is expected due to its incorporation 

as an impurity in inorganic calcite, affecting calcite solubility and stability (Alkhatib et al., 2022; Mavromatis et 715 

al., 2013; Mucci, 1987; Saulnier et al., 2012). Occurrence of sulfate as an inorganic ion is expected as well, because 

sulfate is also incorporated in inorganically precipitated calcite (Barkan et al., 2020; Busenberg and Plummer, 

1985; Fernández-Díaz et al., 2010; Goetschl et al., 2019; Kitano et al., 1975; Kontrec et al., 2004). The observed 

Mg-S covariation could be due to changes in precipitation rates, as higher rates translate into higher Mg- and SO4-

incorporation into the mineral lattice (Alkhatib et al., 2022; Barkan et al., 2020; Busenberg and Plummer, 1985; 720 

Mavromatis et al., 2013), though incorporation of sulfate reduces the possibility to incorporate magnesium 

(Goetschl et al., 2019). In this pattern, P variations could also be, at least partly, inorganically driven, as phosphate 

also is included in calcite as an impurity (House and Donaldson, 1986; Plant and House, 2002; Ren et al., 2021) 

and could track dissolved phosphate in seawater (Zhang et al., 2025). Though phosphorus is traditionally 

interpreted as reflecting the occurrence of organic matter, an unexpected observation remains that the OCLn is 725 

overall more P-enriched than the OOL themselves. Indeed, the P, S and Mg enrichment is independent from the 

white lines observed in the TEM view. 

Compared to trend A, trend B represents P, Mg and S enrichments across the POS and possibly extends into the 

OCL. It could be explained by the presence of organic matter that contains S, Mg and P. Sulfur is known to be 

present in sulfated glycosaminoglycans located in the POS (Angell, 1967; Bé et al., 1979; Dauphin et al., 2008; 730 

Hemleben et al., 1986; Spero, 1998; Weiner and Erez, 1984) and enrichment of Mg (and Na) in the POS of O. 

universa has been interpreted as a contribution of organically carried Mg (Branson et al., 2016), supporting earlier 

interpretation of an association of Mg to organic matter (Erez, 2003; Kunioka et al., 2006). In this case, trend B 

could be due to the co-occurrence of S, Mg and P in organic matter or the amorphous blobs observed in the POS 

This observation of a wide and irregular POS is consistent with previous investigations (e.g. Branson et al., 2016; 735 

Lemelle et al., 2020), though here we suggest that organic matter might not be the only common carrier. Indeed, 

the bright-field TEM views overall reveal amorphous/organic linings as thin white lines, the HAADF imaging 

reveals them as equally sharp less dense areas. Contrastingly, NanoSIMS maps follow a coherent but broader 

pattern that is not explainable by the difference of resolution between the methods (Fig. 6). Phosphorus, S and Mg 

define clearly areas broader than the white lines and the areas that are the most enriched in P, S and Mg appear 740 

centered on non-crystalline blobs within the POS (Fig. 2, 5, 6). The co-occurrence of P,S and Mg within and 

around the POS has already been demonstrated in foraminifera that have not undergone chemical fixation, 

including well preserved Quaternary fossils (Lemelle et al., 2020). 

Within the outer calcitic layers (Fig. 5, 6), locally dark areas (less crystalline or with a different orientation) are 

associated with a transition from high to low P, Mg and S levels. In between those areas are P, Mg and S-rich 745 

zones associated with brighter zones, which seem to extend into the calcitic layer. However, HAADF-STEM 

observations reveal no detectable change in density, and thus probably not a change in OM content. Instead, they 

are more consistent with changes in crystallinity and/or crystal orientation and amount of impurity in calcite rather 

than a phase change. Altogether these observations support that S and Mg, and possibly P as well, reflect a 

combination of processes that include both inorganic incorporation in calcite and presence in organic matter as 750 

well as their contribution to amorphous biomineralization pathways. Furthermore, the use of composition maps 
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without fine observations of test ultrastructure may lead to misinterpretation of S bandings as organic linings only. 

This conclusion however may not apply to the IOL that does appear to be the richest parts of the cell in both S and 

P (Fig. 8), though this is hard to properly constrain due to the obvious change in matrix from cytoplasm to test.  

Overall, our observations could support that organic sulfur in the IOL or the test is not sourced from food only. 

The lack of 33S-poor banding in the test of chambers that grew in labeled seawater also supports that dietary sulfur 760 

does not play an important role in test building (Fig. 9). In figure 8, the chamber grew before foraminifer has been 

fed with labeled algae, which could explain the lack of labeled sulfur in the test. Contrastingly, the moderate, yet 

unambiguous presence of labeled sulfur in a test not grown in labeled seawater (Fig. 4, 5) suggests that some 

seawater-sulfur, unlike dietary sulfur, is incorporated in previously built chambers, which could suggest a 

renewing of the organic matter in older chambers and/or addition of new ions within the mineral lattice once the 765 

chamber is built.  

4.4 Implication for biocalcification processes: Amorphous calcium carbonate pathway(s)?  

Non-crystalline structures within the POS or the grains of the OCL could be grains of Amorphous Calcium 

Carbonate (ACC). ACC is a family of disordered phases more or less hydrated (Cartwright et al., 2012), likely to 

occur as a transitory precursor phase in many calcifying organisms, including foraminifera (Addadi et al., 2003; 770 

Arns et al., 2022; Bentov et al., 2010; De Yoreo et al., 2015; Dubicka et al., 2023; Gilbert et al., 2022; Jørgensen 

et al., 1985; Lemelle et al., 2020; de Nooijer et al., 2014; Weiner et al., 2003). Vaterite has also been suggested as 

a precursor to foraminiferal calcite (Jacob et al., 2017).  

In addition to the presence of organic matter, the correlations between S/Ca, Mg/Ca and P/Ca in parts of the test 

(profile 2 and 3, trend B) could reflect their combination in controlling ACC formation, stability and/or ACC-775 

calcite transition. The co-occurrence of ACC and phosphorus could also be partly explained by the role of 

polyphosphate molecules, notably phospho-amino acids, that play a role in the induction of ACC formation in 

organisms such as crayfish (Bentov et al., 2010; Weiner et al., 2003). Phosphate could also occur as inorganic 

phosphate ions that can also promote the crystallization of calcite from ACC because they prevent vaterite 

formation (Zou et al., 2021). Calcium-phosphate grains could also be hypothesized to occur in the test, as a way 780 

to keep phosphate away from the growing calcite. Similarly, though Mg is likely to reduce the ability to form ACC 

at seawater Mg/Ca ratios (Evans et al., 2019), it increases the stability of ACC (Dubicka et al., 2023, 2025; Evans 

et al., 2020) and favors the formation of calcite over vaterite (Rodriguez-Blanco et al., 2012). Finally, sulfate as 

well plays many roles in controlling ACC or CaCO3 minerals that precipitate, whether calcite or aragonite but also 

vaterite (Bots et al., 2012; Fernández-Díaz et al., 2010). 785 

We thus hypothesize here that Mg and SO4
2- all contribute to ACC formation, stabilization and/or evolution, 

possibly in association with phosphaste as well, just like they do in calcite and aragonite precipitation. We also 

assume that they are all easily incorporated in ACC. For instance, Mg is incorporated in ACC twice as much as in 

calcite (Evans et al., 2020; Raz et al., 2000). The incorporation of sulfate in ACC formation is not documented 

yet, but the similarity of patterns with Mg and P could be due to the need to control them in the precipitation fluid 790 

and in the growing calcium carbonate. This could also explain why many elements, including S and Mg, are 

distributed more broadly than the POS, assuming that the stabilization of calcite implies progressive removal of 

the ionic impurities. Furthermore, the nanogranular structure we observe in the OCLs (Fig. 2), with a lower z 

(brighter STEM HAADF) and lower electron density (darker TEM) could possibly be interpreted as the occurrence 
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of small ACC grains in the test, because such small grains can be observed within the OLs (Fig. 2e) and extend 805 

into the OCLs. Alternatively, they could be fluid inclusions within the test because the transition from ACC to 

calcite that will likely occur with a dehydration and decrease of volume (Bots et al., 2012; Cartwright et al., 2012). 

Other possible interpretations would be that they are Mg-rich nanodomains, similar to those observed in brittlestar 

Mg calcite, associated to the transition from ACC to calcite by spinodal decomposition (Polishchuk et al., 2017; 

Seknazi et al., 2019). In the lack of precise chemical compositions of those nanograins, much smaller than the 810 

resolution of the NanoSIMS, we cannot unambiguously conclude on the nature of those structures. Their occurence 

is nonetheless highly consistent with non-classical biomineralization pathways in general, and with the presence 

of transitory ACC in particular. 

In the cytoplasm, the presence of ACC could explain the Ca-rich vesicle observed in specimen F2A2 (Fig 7i), as 

ACC is known to occur in 5-µm vesicles in A. tepida (de Nooijer et al., 2009; ) and A. lessonii, which have been 815 

suggested to be directly incorporated in the growing test Dubicka et al., 2023, 2025. We acknowledge that 

observation of ACC using our fixation protocol is unlikely because of the use of the Sörensen buffer solution. We 

have however no other interpretation to suggest for the concentration of calcium in this given vesicle. The putative 

grain of ACC (red arrow Fig. 7, Fig. 10), similar in size as observations from de Nooijer et al. (2009) or Dubicka 

et al. (2023, 2025), appears associated with S removal, as indicated by the separation between Ca and 33S. In this 820 

scenario, the intervention of SulP proteins could remove sulfate and add carbonate or remove sulfate and protons. 

The vesicle below has a similar 33S distribution and could also be interpreted as an ACC-containing vesicle, from 

which the ACC would have been removed during the fixation process. Furhthermore while our data on the 

distribution of P within the cytoplasm must be treated with caution, other published studies have demonstrated 

that foraminiferal cells contain organelles, such as acidocalcisome and autophagosome, which can store 825 

amorphous calcium phosphate and/or polyphosphate long chains in a gel or solid configuration (Glock et al., 2025; 

Goodenough et al., 2019). Thus, phosphate could be active in biomineralization processes of rotaliid foraminifera 

and play active roles as an inorganic ion, not only as a part of organic matter or ATP. This could include ACP, 

which has been demonstrated to play an important role in urchin spicule or coccolith calcite precipitation (Kahil 

et al., 2021). Taken together, our observations and previous studies could also suggest the occurrence of ACP in 830 

the test in combination to ACC, as another contributor to trend B and the P-enrichments observed in non-crystalline 

grains.  

4.5 Implications for CAS as a proxy 

Most (if not all) of the sulfate in the test comes ultimately from seawater, as supported by the 33S labeling 

experience, whether through SWV, SWL or TMTs. Such a result, associated with small fractionation during 835 

carbonate precipitation (Barkan et al., 2020) contributes to explain why foraminifera appear as robust recorder of 

seawater δ34S values (Burdett et al., 1989; Paris et al., 2014a; Rennie et al., 2018; Thaler et al., 2023). However, 

though the S/Ca ratio in foraminifera has been suggested to reflect seawater carbonate ion concentration (Boyle et 

al., 2002; van Dijk et al., 2017, 2019b), it is probably not linked to a direct precipitation from seawater itself, but 

instead might result from a complex mechanism, involving Ca-, Mg-, CO3
2- and SO4

2- control. In the absence of 840 

further constraints, and assuming that SulP are present in the cell, we could speculate that pH and DIC regulation 

necessary to calcite formation involves SO4
2-:H+ symport or SO4

2-:HCO3
-antiport SulP proteins that could alter the 

SO4/CO3 content of the precipitating material to the initial seawater, as well as the Mg/Ca ratio, more or less 
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Goodenough et al., 2019). Autophagosomes accumulate Ca-

polyphosphates and are described as irregular in shape (Docampo and 865 
Moreno, 2011; Glock et al., 2025). They could correspond to the less 

regular structures observed in F5(2)B3 (green arrow). 

Acidocalcisomes are membrane-enclosed organelles, close to 0.5 µm 
in size, that accumulate granular phosphate and inorganic 

polyphosphate gels, as well as calcium as ACP (Amorphous Calcium 870 
Phosphate), magnesium and metals. They are found in many 
organisms and contribute to Ca storage and homeostasis as well as to 

intracellular pH and osmotic regulation (Docampo et al., 2005; 

Docampo and Moreno, 2011; Goodenough et al., 2019). Regardless 
of their actual nature, these organelles could thus contain ACP (Fig. 875 
10), which is less soluble at [Ca]>1 mmol/L at pH 7 (Tung and 
Eichmiller, 2004) the conditions of the Sörensen-phosphate buffer 

solution, and thus potentially left intact by our protocol.¶

Based on its size and composition rich in Ca, P and Mg, the smallest 

vesicle in F2A2 (magenta arrow) could therefore be an 880 
acidocalcisome that was not dissolved during the protocol, but 

without a more precise morphological observation, this attribution 
remains speculative. Regardless of their actual nature, these 

organelles could thus contain ACP (Fig. 10), which is less soluble at 

[Ca]>1 mmol/L at pH 7 (Tung and Eichmiller, 2004) the conditions 885 
of the Sörensen-phosphate buffer solution, and thus potentially left 

intact by our protocol. In any case, whether or not the structures we 

observe are acidocalcisomes, autophagosomes or other types of 
organelles,  eukaryote cells, including foraminifera, contain structures 

of amorphous calcium phosphate and/or polyphosphate long chains in 890 
a gel or solid configuration (Glock et al., 2025; Goodenough et al., 

2019). ¶

The regulation and transport of Ca in the cell possibly take different 

forms, including free ions, ACC
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depending on the initial seawater pH. Furthermore, the POS in tests that grew in labeled seawater does not appear 

to correspond to lower 33S values, which suggests that the sulfate in the POS would also come from seawater, and 

not from the food. Thus, organically bound sulfate that occurs in the POS may also bear the δ34S value of seawater, 910 

unless a fractionation is shown to occur as sulfate is incorporated into sulfated glycosaminoglycans. As a result, 

the sulfur isotope signature of CAS may be unaffected by the integration of the organic matter from the test itself. 

It could, however, be modified by the integration of OM from the cytoplasm, which contains reduced sulfur with 

a distinct isotopic signature (Thaler et al., 2023). Indeed, most (dissimilatory) sulfate reducing processes tend to 

generate lower isotopic 34S/32S ratios in the reduced product, which would imply that sulfur in organic matter has 915 

a lower δ34S value than the initial sulfate available (e.g., Habicht et al., 2002; Farquhar et al., 2003; Crowe et al., 

2014; Gomes and Hurtgen, 2015; Sim et al., 2023). As a result, removal of organic matter included within the test 

may be of lesser importance for the interpretation of δ34S values than the removal of the cytoplasm.  

5. Conclusion 

Cells were cultured in 33S-labeled seawater to document the origin of sulfur in the calcitic test and the cytoplasm 920 

of the rotaliid benthic foraminifera. Cells that lived in 33S-labeled seawater revealed that at least 3/4 of the sulfur 

in the test comes from seawater sulfate. Thanks to a fixation process that gives access to both the test and the 

cytoplasm, we revealed that 33S-labeled sulfur from seawater sulfate is found within the cytoplasm and the test. In 

addition, a combination of TEM bright-field, HAADF-STEM imaging and NanoSIMS analysis highlights the 

general co-occurrence of Mg, S and P according to the ultrastructure of the test chambers. These elements appear 925 

to be concentrated in two areas, primarily near the primary organic sheet (POS) and within the last-deposited outer 

calcitic layer. Non-crystalline grains can be found in the parts of the POS that are richest in P, Mg and S, and 

within the organic calcitic layers and could contain amorphous phases such as ACC. 33S-labeled sulfur is present 

in a test that formed in seawater, indicating incorporation of seawater sulfate with calcium and carbonate ions, 

independently of the structure of the organic layers.  This sulfur could be either inorganic or organic sulfate, or 930 

even possibly reduced sulfur in association with organic matter only. However, the absence of layering in the test 

suggests that this labeled sulfur is predominantly found within calcite itself, which is the most ubiquitous phase of 

the test. Finally, µm-scale grains can be found in the cytoplasm. A Ca-rich grain, approximately 3 µm large, can 

be interpreted as ACC-containing vesicle, while smaller grains (less than 1 µm) Ca, Mg and P rich and could be 

interpreted as structures that contain calcium in association with phosphate, possibly amorphous, such as 935 

acidocalcisomes or autophagosomes, though the method we used is not suited for their observation.  

Sulfate incorporation and its occurrence at the sites of mineralization are thus most likely closely controlled by the 

cell. Such control might occur through the use of Ca2+ or alkalinity pumps, that would decrease the relative 

abundance of sulfate compared to Ca2+ or CO3
2- but could also involve active proteins, likely of the Sulfate 

permease family. Regulation of sulfate is necessary for foraminifera, possibly due to the assimilation of sulfate 940 

and to the control of the biomineral phase that precipitates. Indeed, sulfate also plays a role in precursor 

precipitation and stabilization. Together with magnesium and possibly phosphate, sulfate likely plays many roles 

in controlling ACC or the polymorphs of CaCO3 that precipitate, whether calcite, and aragonite and even vaterite. 

SulfP proteins could thus be involved in the evolution of seawater/biomineralizing fluid composition in vacuoles 

or at the sites of precipitation, to control the presence of sulfate in the POS, and the amount of sulfate in interaction 945 

with ACC or calcite. Though we cannot confirm the occurrence of an assimilatory pathway for sulfur in 
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foraminifera we investigated, the clear presence of sulfur from seawater in the cell demonstrates that sulfate is 

involved in many aspects of foraminifera biological activity, and likely with the formation and evolution of 

amorphous phases during biomineralization processes.  
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