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Abstract 12 

 13 

 The boron isotope paleo-pH/CO2 proxy is one of the key quantitative tools available to 14 

reconstruct past changes in atmospheric CO2 concentration. Marine calcifiers have proven to be 15 

useful archives of this proxy to reconstruct variations in pH/CO2 throughout the Cenozoic. In order 16 

to provide an alternative proxy carrier to the widely used planktonic foraminifera, we utilize used 17 

the symbiont-bearing, high-Mg, shallow-dwelling, tropical benthic species Operculina ammonoides 18 

(larger benthic foraminifera, LBF) and present a calibration of the relationship between pH and its 19 

boron isotopic composition, expressed as δ11B. We investigated specimens both live-collected from 20 

several reefs as well as from laboratory culture experiments in which pH and DIC were decoupled 21 

from each other. Our data were generated using laser-ablation as sample introduction technique. 22 

Based on laboratory culture samples, our resulting linear relationship between the in-situ boron 23 

isotopic composition of aqueous borate ion (B(OH)4
-) and the shells of O. ammonoides gives a 24 

gradient of 0.38-0.10
+0.12. In contrast, the boron isotopic composition of the live-collected samples in 25 

the field displays a near 1:1 relationship with B(OH)4
-. We suggest that this discrepancy, and the 26 

shallow slope of the laboratory culture regression, results from the difference between the carbonate 27 

chemistries in their respective micro-environments and surrounding seawater, driven by a pH 28 

dependence of the relative rates of calcification and photosynthesis. Based on a model of the effect 29 

of these processes on the diffusive boundary layer, we show that this effect is expected in laboratory 30 

culture experiments free from micro-turbulence, but not in the foraminifer’s natural environment. 31 

As such, we demonstrate the utility of these organisms as proxy carrier, while also highlighting how 32 

laboratory experimental design has the potential to drive important changes in the micro-33 

environment of organisms of this size. Given that the genus Operculina originated in the late 34 

Paleocene, this work paves the way towards deep-time paleo-pH/CO2 reconstructions using larger 35 

foraminifera. 36 

 37 

Keywords: Boron isotopes, LA-MC-ICPMS, foraminifera, pH proxy, laboratory calibration.   38 
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 39 

1. Introduction: 40 

 41 

 Understanding the climate of Earth’s geological past is key in characterising the broad 42 

features of warm climate states (Poloczanska et al., 2018) and represents an important method of 43 

assessing state of the art model performance (Tierney et al., 2020). During the Cenozoic (66 Ma to 44 

present), the climate evolved from a hothouse, with global temperature ~15°C higher than pre-45 

industrial during the early Eocene (Inglis et al., 2020), to an ice-house world, ultimately 46 

characterised by bipolar ice sheets in the past 3.3 Myrs (Zachos et al., 2001). This long-term change 47 

was punctuated by a number of climatic events, the study of which is key to understanding the 48 

complex relationship between climate, greenhouse gas concentrations, the biosphere and Earth’s 49 

surface processes (e. g. Westerhold et al., 2020).  50 

Accurate and precise reconstructions of past changes in CO2 are a prerequisite for 51 

constraining climate sensitivity from paleo-data (e.g. Anagnostou et al., 2016), with direct relevance 52 

to better understanding the likely magnitude of future global warming (PALAEOSENS, 2012). 53 

Within the scope of these broad aims, a key quantitative methodology for reconstructing CO2 54 

beyond the ice-core records is based on the boron isotopic composition of marine biogenic calcite 55 

(Sanyal et al., 1995; Hönisch et al., 2009; Rae, 2018). 56 

 The boron isotope proxy is based upon the pH-dependent aqueous speciation of boron, with 57 

boric acid (B(OH)3) and borate ion (B(OH)4
-) dominating at low and high pH, respectively 58 

(Dickson, 1990). Being a light element, there is a large fractionation in the boron isotopic 59 

composition between these two species at low temperature, as they are characterised by a 60 

substantial difference in bond lengths between the B and OH group (Branson, 2018a). As a result, 61 

the boron isotopic compositions of both species changes in tandem with their proportions in 62 

solution, which in-turn is dominantly driven by pH, given that boric acid is weakly dissociative. If 63 

B(OH)4
- is the only, or dominant, species incorporated into CaCO3, then the boron isotopic 64 

composition of the mineral should scale with the pH of the solution from which it was precipitated. 65 

In the case of marine calcifiers (especially foraminifera) it was initially hypothesised that only 66 

B(OH)4
- is incorporated into their calcite shell (Hemming and Hanson, 1992), as appears to be 67 

broadly the case for aragonite (Trotter et al., 2011; Anagnostou et al., 2012; McCulloch et al., 2017; 68 

Gagnon et al., 2021). However, many studies have since shown that there are significant kinetic 69 

and/or vital effects on boron incorporation into the shell of calcitic marine organisms (Zeebe et al., 70 

2003; Hönisch et al., 2003; Foster, 2008; Rollion-Bard and Erez, 2010; Henehan et al., 2013, 2016). 71 



4 

For these reasons, the application of the proxy to the fossil record generally requires the 72 

development of empirical calibrations, which account for the “vital effects” resulting from the 73 

biological process of calcification or kinetic processes involved in mineral growth (Sanyal et al., 74 

1996; Henehan et al., 2013). 75 

 Here, we focus on Operculina ammonoides, a high-Mg calcite larger benthic foraminifera 76 

(LBF) of the family Nummulitidae (Cotton et al., 2020). These foraminifera are symbiont bearing, 77 

shallow water tropical reef dwellers favouring oligotrophic conditions and a sandy substrate 78 

(Renema and Troelstra, 2001) that typically live at depths of 10 to 70 m (Hohenegger et al., 1999; 79 

Renema, 2002; Oron et al., 2018). The advantages of working with these LBF are that i) their large 80 

size facilitates multiple geochemical measurements on the same individual specimens (e.g. δ11B and 81 

major/minor/trace elements) and ii) the nummulitid foraminifera have a lineage extending back to 82 

the late Paleocene, for example, the genus Operculina originated in the early Eocene (Hottinger, 83 

1977). Recent molecular work by Holzmann et al. (2022) suggested the reclassification of O. 84 

ammonoides to the new genus Neoassilina, however this is not currently in common use and if this 85 

is the case Neoassilina would also be closely related to Operculina both extinct and extant.. It is 86 

worth noting that some species of Operculina and Assilinan from the fossil record are so similar 87 

that their affinity is not determined and genus Operculina and Assilina are used interchangeably or 88 

alongside one another (Hottinger, 1977; Özcan et al., 2019). Previous work has demonstrated that 89 

Eocene and modern representatives of this group are characterised by a similar shell (trace) element 90 

composition (Evans et al., 2013), suggesting that the biomineralisation strategy and related vital 91 

effects between the modern and fossil representatives of this family are very similar. As such, the 92 

calibration presented here (see below) may be applicable to deep-time (Paleogene) samples with a 93 

degree of confidence that may be difficult to obtain in some other foraminifera groups. 94 

 Here, we analysed Operculina ammonoides grown in a laboratory culture experiment in 95 

which aspects of seawater carbonate chemistry were varied independently of each other, i.e. varying 96 

DIC at constant pH, and vice versa. Samples of the same species were also collected from a number 97 

of reefs in the Indo-Pacific to compare the boron isotopic composition of this species in its natural 98 

environment to that of the controlled laboratory setting. 99 

 We used laser ablation as an analytical technique coupled to a multi-collector inductively 100 

coupled plasma mass spectrometer (LA-MC-ICPMS) to generate a calibration of the relationship 101 

between the boron isotopic composition of foraminifera and seawater carbonate/boron chemistry. 102 

The relatively large test size of LBF (compared to planktonic or smaller benthic foraminifera) also 103 

makes these an ideal target for in-situ elemental and isotopic measurements (Evans et al., 2015; Van 104 

Dijk et al., 2017). 105 
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 106 

2. Materials and methods: 107 

2.1 Laboratory culture experiments 108 

 109 

 Specimens of Operculina ammonoides were collected from the North Beach in the Gulf of 110 

Eilat, Israel in 2018. Bulk sediment containing abundant foraminifera was collected at a water depth 111 

of around 22 m, following which the bulk sample was transferred to the Institute of Earth Sciences 112 

at the Hebrew University of Jerusalem. Live foraminifera were identified as those that climbed on 113 

vertical glass slides. The live foraminifera were sieved to retain specimens with uniform size (HH6: 114 

350-475 µm and HH7: 475-690 µm).  115 

 Before transfer to the experimental seawaters, the foraminifera were placed in jars filled 116 

with seawater from the Gulf of Eilat with 40 μM calcein for five days (Erez, 2003; Evans et al., 117 

2015; Hauzer et al., 2018). This membrane impermeable fluorescent dye enables chambers 118 

precipitated during the experimental period to be identified, as those grown in the jars before 119 

transfer to experimental seawaters will incorporate the dye, while the chambers grown during the 120 

experiment will not (Figure 1a).  121 

 In addition, all culture seawaters were isotopically labelled with 74 nM 135Ba (93%) to 122 

provide another means of unambiguously distinguishing newly precipitated chambers from those 123 

formed prior to collection (Evans et al., 2016). The low concentration of Ba in seawater (<10 124 

µmol/mol) and the low natural abundance of 135Ba (natural 135Ba/138Ba of 0.0919; Rosman and 125 

Taylor, 1997) enabled a small increase in the seawater [Ba2+] to achieve an order of magnitude 126 

difference between the natural and experimental seawater 135Ba/138Ba; the culture seawater was 127 

characterised by a 135Ba/138Ba of ~1. Because each experiment was spiked individually, there were 128 

small differences in the seawater 135Ba/138Ba between the experiments (between 0.7 and 1.2, see 129 

Fig. S1). Once prepared, these seawater reservoirs were stored in airtight foil-lined inflatable bags 130 

to prevent re-equilibration of the carbonate system with the atmosphere.  131 

 The incubation of foraminifera was conducted in glass jars containing 120 mL of 132 

experimental seawater. The cultured foraminifera experienced a 12 hours dark-light cycles, with 133 

around 40 µM photons m-2 s-1, with both natural and fluorescent light. The foraminifera were fed 134 

with 50 µL of frozen algae Isochrysis after each water exchange.  135 

 Two main sets of experiments (HH6 and HH7) were conducted in which the concentration 136 

of dissolved inorganic carbon (DIC) and pH were decoupled from each other (Hauzer, 2022). To 137 
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investigate the control of pH on the incorporation of boron and boron isotopes in O. ammonoides, in 138 

the first of these experiment sets (HH6) pH was varied at near constant DIC from ~7.4 to ~8.4 139 

(Table 1) by changing the alkalinity of natural Gulf of Eilat seawater via HCl or NaOH addition 140 

(DIC = 2200 ± 119 μmol/kgsw, 2SD variation between the experimental means). Salinity was 141 

unmodified at 40.65. In addition, two experiments were conducted at an elevated Ca2+ concentration 142 

([Ca2+
sw]; 13.7 and 17.7 mmol/mol respectively) and lower than natural pH, to explore the potential 143 

influence of past changes in [Ca2+
sw] on O. ammonoides δ11B. Around 50 individuals of O. 144 

ammonoides were used per experiment. In contrast, the experiment set HH7 was designed to 145 

evaluate the possible control of seawater DIC on boron incorporation in O. ammonoides by keeping 146 

the pH constant (pHNBS = 7.90 ± 0.28, 2SD variation between the experimental means) and varying 147 

DIC concentration between 825 and 2460 μmol/kgsw. The seawater used for HH7 was adjusted to a 148 

salinity of 37 by diluting seawater from the Gulf of Eilat with deionised water. For this set of 149 

experiments, around 80 individuals of O. ammonoides were used for each experiment.  150 

 The water of the experimental jars was exchanged every ten days with seawater from the 151 

reservoirs. Before the exchange, the pH and alkalinity of both the culture jars and reservoirs were 152 

measured and were used to calculate the population growth rates of the foraminifera via alkalinity 153 

depletion (Segev and Erez, 2006; Oron et al., 2020) as well as to calculate the rest of the carbonate 154 

system (i.e. DIC, HCO3
-, CO3

2- and Ωc) using the Python version of CO2SYS (Lewis and Wallace, 155 

1998; Humphreys et al., 2020). Details of the constants used to do so as well as error propagation 156 

are given in section 2.4. The culture jars were kept at a constant temperature of 25°C (±0.2°C) by 157 

placing them into a water bath controlled by simultaneous cooling and heating (e.g. Evans et al., 158 

2015). After 60 days, the experiment ended by washing the foraminifera with deionised water, after 159 

which they were dried and stored for later analysis. Before geochemical analysis, the samples were 160 

treated overnight with NaOCl to remove organic material and rinsed several times with deionised 161 

water. Finally, a further series of ethanol and Milli-Q (18.2 MΩ) cleaning steps, one and two steps 162 

respectively including 30s ultrasonication were performed a few days before laser ablation analysis 163 

at the Frankfurt Isotope and Element Research Center (FIERCE) laboratories to remove any 164 

residual surface contaminants. 165 

2.2 Laboratory culture carbonate chemistry calculations 166 

 167 

 While every attempt was made to maintain constant carbonate chemistry conditions in both 168 

the culture jars and seawater reservoirs (Hauzer, 2022), some drift occurred in both cases as a result 169 

of calcification/photosynthesis/respiration of the foraminifera, and as a result of a small amount of 170 
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leakage or possible bacterial growth in the reservoirs. As such, the pH and DIC drifted by an 171 

average of 0.37 and 206 μmol/kgsw respectively over the course of the experiment in the culture jars 172 

(see Table 1 and Fig. S2a). Three different methodologies were used to explore the sensitivity of our 173 

results to this variation/drift: 174 

1 Simple means of all carbonate system measurements from the culture jars were calculated. 175 

This assumes that any drift in the seawater reservoirs must be included in the culture jar 176 

measurements.  177 

2 Averages of the average between the pairs of culture jar and seawater reservoir 178 

measurements were calculated. This accounts for the fact that the foraminifera modify the 179 

carbonate chemistry of the seawater in the culture jars, e.g. via calcification. As such, the 180 

average conditions experienced by the foraminifera may be best reflected by the midpoint of 181 

the measurements in the jars and reservoirs.  182 

3 Bulk population growth rate curves were calculated using the alkalinity depletion method 183 

(e.g. Hauzer et al., 2018), following which these curves were used to generate weighted 184 

averages of pH and DIC. This weights the reported measurements towards the portions of 185 

the experiment in which the overall growth rate was highest. This method was applied to 186 

both the culture jar measurements (method 1 above) and the average of the paired culture jar 187 

and seawater reservoir measurements (method 2).  188 

 189 

 It is not immediately clear which of the above methods is most appropriate when 190 

interpreting geochemical data. Previous work has demonstrated that, when culturing LBF, the 191 

resulting individual specimen calcification rates may vary greatly within the population (Hauzer et 192 

al., 2021). Some may live longer than others or some may calcify mainly at the beginning of the 193 

experiment, others may continue to calcify at a broadly constant rate irrespective of changes in the 194 

bulk population growth rate measured by alkalinity depletion. The question becomes: given a drift 195 

in pH/DIC with time, are the analysed chambers more likely to come from the part of the 196 

experiment when the overall population growth rate was higher? If so, a growth-rate weighted 197 

average might be appropriate. Since we selected specimens with at least one chamber precipitated 198 

in culture on the basis of calcein labelling, we consider it likely that we analysed foraminifera that 199 

stopped calcifying part-way through the experiment, such that average values of the seawater 200 

carbonate chemistry weighted to the population growth rates are likely to be the most appropriate 201 

characterisation of the conditions that the foraminifera experienced. 202 

 Specifically, we derived weights through time using the proportion of total growth that had 203 

taken place at the point of each water exchange and used this as a weight to calculate weighted 204 
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average and weighted standard error (following Gatz and Smith, 1995) of pH and total alkalinity 205 

(see Table 1). However, we note that none of our main conclusions are sensitive to this data 206 

treatment and all possible alternative averages of measured pH and total alkalinity used for the 207 

experiment are also explored in the supplementary materials. 208 

2.3 Field-collected samples 209 

 210 

 As paleoenvironmental reconstructions always use natural samples, we additionally included 211 

samples not grown in culture to constrain the natural variability of the proxy outside of the 212 

controlled environment (McClelland et al., 2021). Here, we analysed Operculina ammonoides 213 

samples collected from six different reefs in the Indo-Pacific, specifically the northernmost Red 214 

Sea, the Great Barrier Reef and three locations in Indonesia (see Evans et al., 2013; Renema, 2002, 215 

and references therein). The physical properties and chemical composition of surrounding seawater 216 

were not measured at the time of collection (Renema, 2002; Renema et al., 2013), therefore global 217 

ocean datasets were used instead, detailed below. Given that not all foraminifera were alive at the 218 

moment of collection, an average of the carbonate system parameters needs to be derived in order to 219 

encapsulate natural variability. 220 

 The updated dataset from Gregor and Gruber (2021) was used for pH and alkalinity with 221 

temperature data taken from OISSTv2.1, and salinity data from SODAv3.4.2. The reported values 222 

(Table 3) are the mean and 2SD of the dataset between 1990 and 2002 (144 months). The sample 223 

SSO7G14 from the Great Barrier Reef was collected live in 2012 (Renema et al., 2013) so a yearly 224 

average between 2010 and 2012 was taken instead. Gregor and Gruber (2021) note that the scarcity 225 

of reliable data before 1990 means that older results should be interpreted with care, so we decided 226 

to only sample data from 1990 to 2002, which in any case almost certainly encompasses the interval 227 

in which these foraminifera lived. We note that some regions of interest (especially Indonesia) have 228 

only a few measurements in the desired time interval and rely mainly on the trained machine 229 

learning algorithms of Gregor and Gruber (2021) to fill the gaps. Seawater pH was measured near 230 

islands in the Spermonde Archipelago near Makassar (Sulawesi, Indonesia) in close proximity to 231 

the sample sites of KKE30 and BBX49a, the values of which differ by ~0.20 and ~0.16, 232 

respectively, from the datasets of Gregor and Gruber (2021), resulting in a difference in calculated 233 

δ11BB(OH)4- of 2.02 and 1.63 ‰ respectively. The implications of this discrepancy will be further 234 

discussed in section 4.1. 235 

 Although temperature has a relatively minor effect on δ11BB(OH)4- compared to pH (Foster 236 

and Rae, 2016; Zeebe and Wolf-Gladrow, 2001), it is important for the accuracy of the 237 
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reconstruction. Similarly to pH, the temperature dataset of OISST is designed for the open ocean as 238 

it is based on a combination of satellite, ship and buoy data (Huang et al., 2021). That is why we 239 

opted for previously reported mean annual temperature instead wherever possible (Evans et al., 240 

2013). 241 

2.4 Carbon and boron system calculations 242 

 243 

 The carbonate system was determined from measured pHNBS and total alkalinity using 244 

CO2SYS for the carbonate system calculations, including the concentration of calcium where this 245 

was experimentally modified (see below), silicate (0.3 μmol/kgsw) and phosphate (0.05 μmol/kgsw). 246 

The equilibrium constants K1 and K2 were taken from Lueker et al. (2000). These are recommended 247 

by Dickson et al. (2007) and in addition, Raimondi et al. (2019) demonstrated the best internal 248 

consistency when reconstructing DIC from pH and total alkalinity when these constants are used. 249 

 Uncertainty was propagated via a Monte Carlo approach calling CO2SYS 105 times with 250 

random pH and total alkalinity values sampled from their uncertainty bounds (similar to Williams et 251 

al., 2017 and Raimondi et al., 2019), assuming a normal distribution in both cases. The non-linear 252 

relationship between pH and other constituents of the carbon system, when pH is the dominant 253 

uncertainty source in a sample, the resulting Monte Carlo dataset are not normally distributed 254 

(Lauvset and Gruber, 2014; Orr et al., 2018). Each simulated parameter was individually screened 255 

by testing their normality with D’Agostino’s K-squared test (D’Agostino and Pearson, 1973 - used 256 

with Python implementation in SciPy - Virtanen et al., 2020). Example of parameter screening can 257 

be found in the supplementary materials (Figure S4). In the case of a normally distributed 258 

parameter, the median and 2SD are reported, otherwise, the median, 2.5th and 97.5th percentiles are 259 

reported (Tables 1-3). 260 

 The values of pKb
* and δ11BB(OH)4- were calculated using the Python package cbsyst 261 

(Branson, 2018b) containing a fast implementation of MyAMI, which incorporates the pairing 262 

effects of Ca and Mg on different equilibrium constants (Hain et al., 2015, 2018), and carbon/boron 263 

system simulation following CO2SYS. The use of MyAMI was especially relevant for the 264 

experiments HH6-5 and HH6-6 (Table 1) as they were both characterised by a higher Ca2+ 265 

concentration than natural seawater, which changed KB
* by ~1 and 3% respectively. We used a 266 

boron species fractionation factor (αB) value of 1.027 ± 0.0006 (Klochko et al., 2006). The value 267 

used for the δ11B of seawater was 39.61 ± 0.04 ‰ (Foster et al., 2010). Similarly to other carbon 268 

system parameters, 105 Monte Carlo simulations of the boron system were generated from pH data 269 

as well as temperature, salinity, δ11Bsw and αB.  270 
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 To explore whether speciation controls the incorporation of boron in Operculina 271 

ammonoides, we used the PHREEQC model (Parkhurst and Appelo, 2013) to calculate the 272 

concentration of CaB(OH)4
+ and MgB(OH)4

+ ion pairs in the experimental and natural seawaters, as 273 

well as activity coefficients of the carbonate and boron species. We used the PITZER database 274 

which is more suitable for application to solutions with higher ionic strength like seawater (I ~0.7) 275 

(Farmer et al., 2019; Henehan et al., 2021; Nir et al., 2015). We followed the recommendations of 276 

Nir et al. (2015) and applied an offset of 0.19 to the pH total scale to compensate the Macinnes 277 

assumption used in PHREEQC, so the culture pHNBS measurements were first converted to the total 278 

scale using CO2SYS to then apply the offset. The ionic composition of seawater was scaled with 279 

salinity (following Millero, 2005; and following Lee et al., 2010 for boron) except for calcium 280 

(which was taken from culture solution measurement). For the uncertainty of the simulations, a 281 

Monte Carlo approach was used by performing 104 simulations with randomly sampled pHtot, 282 

alkalinity, temperature and salinity. The reported values are the median and 2.5th/97.5th percentiles. 283 

Similarly to Farmer et al. (2019), we observe an offset between pKb
* calculated using PHREEQC 284 

and CO2SYS/cbsyst, ranging from 0.088 to 0.093.   285 

  286 

2.5 Boron isotope and B/Ca analytical details 287 

 288 

 All boron isotopic measurements were performed using the LA-MC-ICPMS setup at the 289 

Frankfurt Isotope and Element Research Center (FIERCE) at Goethe University Frankfurt, 290 

following the methodology outlined in Evans et al. (2021). In brief, a RESOlution LR 193nm ArF 291 

laser ablation system (Applied Spectra, formerly Resonetics (Müller et al., 2009)) was connected to 292 

a Neptune Plus MC-ICPMS (Thermo-Fisher Scientific). The RESOlution LR is equipped with the 293 

two-volume Laurin Technic S-155 laser ablation cell. It was used with Helium as the main cell gas, 294 

with the Ar sample gas from the MC-ICPMS admixed into the top of the inner cell funnel. N2 was 295 

added downstream of the ablation cell to improve sensitivity (Lin et al., 2014). Nylon-6 tubing was 296 

used throughout as it ensures lower-B background (Evans and Müller, 2018). 297 

 To distinguish between the chambers grown in the controlled environment (in 135Ba-298 

enriched seawater (Evans et al., 2016)) from those which did not, the 135Ba/138Ba of the foraminifera 299 

marginal cord was measured alongside the boron isotopic measurements. Ideally, the barium 300 

isotopic ratio would have been measured on the same spot as the boron isotopic measurement. 301 

However, this could not have been done without peak hopping and concomitant loss of depth 302 
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resolution of the measurement. Instead, 135Ba/138Ba measurements were made separately and 303 

immediately adjacent to the δ11B measurements (see below).  304 

  For the boron isotopic measurements, the Faraday cups were arranged to simultaneously 305 

measure 10B (L3) and 11B (H4) as well as to monitor the Ca interference that is present across the 306 

mass range 10-11 on the Neptune (Sadekov et al., 2019; Standish et al., 2019; Evans et al., 2021). 307 

Specifically, we measured the elevated baseline that results from the ablation of Ca-rich materials at 308 

m/z 10.035 (L2, cf. 10.089 in Evans et al., 2021) and 9.979 (L4), although we ultimately only use 309 

the former in correcting the measurements. All the measurements were done at low mass resolution, 310 

with 1013 Ω resistors installed on all four cups. 311 

 All gas flows and mass spectrometer parameters were optimised daily. Tuning was carried 312 

out by ablating NIST SRM612 with a 90 μm spot at 6 Hz repetition rate and ~6 J/cm2 fluence to 313 

achieve a sensitivity between 3-4 V.g/mg and a background measurement on 11B between 0.5 to 1 314 

mV. 315 

 Instrumental mass bias was corrected using sample-standard bracketing with NIST SRM612 316 

as a primary standard. The matrix interference present on 10B when ablating samples with a Ca 317 

matrix on the Neptune plus was empirically corrected by analysing three well characterised 318 

carbonate standards and using the relationship between their δ11B inaccuracy (difference between 319 

measured δ11B and accepted δ11B value) and 11B/10.035 (proportional to B/Ca) for all samples 320 

(Standish et al., 2019; Evans et al., 2021). The three pressed powder pellet carbonate reference 321 

materials used here were: JCt-1 (Tridacna gigas) and JCp-1 (Porites sp.), both prepared by Dr 322 

Edmund Hathorne (GEOMAR) with δ11B equal to 16.39 ± 0.60 ‰ and 24.36 ± 0.45 ‰ respectively 323 

(2SD of interlaboratory means (Gutjahr et al., 2020), and MACS-3 (USGS synthetic calcite) with a 324 

δ11B value of -0.57 ± 0.11 ‰ (2SD of three solution measurements, Standish et al., 2019). The 325 

secondary standards were randomly distributed throughout the analysis sequence, analysed in an 326 

identical way to the samples, with at least 15 of each within a typical 12-hour session. All boron 327 

isotope analysis were carried out with a ~1.049 s integration time for 40 s drilling/spot analysis, 328 

with all samples and standard measurements bracketed by 20 s of gas blank analysis.  329 

 Given the fragility of the cultured Operculina ammonoides samples, specimens were 330 

mounted vertically to ablate the marginal cord (Fig 1a) by carefully placing them onto a pressure 331 

sensitive adhesive. The marginal cord of the cultured samples was thin (<50 μm), so a 40x40 μm 332 

square spot size was the largest that could be used.   333 

 Following the data processing procedure described above and in detail in Evans et al. 334 

(2021), each analysis was individually screened to discard erroneous measurements or those in 335 
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which the marginal cord was almost immediately broken, using the 11B voltage and raw 11B/10B, as 336 

well as images from the laser ablation camera system collected during analysis.   337 

 Reproducibility and accuracy were assessed using three secondary standards: the UWC-1 338 

and UWC-3 marble standards, initially developed for SIMS oxygen isotope analysis (Edwards and 339 

Valley, 1998; Graham and Wada, 1998) and an in-house calcite standard (DE-B) which is an 340 

inorganic blue calcite acquired from a mineral dealership. UWC-1 has three reported solution-based 341 

measurement of δ11B (7.77 ± 0.89 ‰, compiled in Standish et al., 2019). However, to our 342 

knowledge, no solution-based measurement was available for UWC-3 and DE-B.  To address this, 343 

the boron isotopic composition of these two materials was determined via solution MC-ICPMS 344 

analysis  in the St Andrews Isotope Geochemistry laboratories (STAiG) of the University of St 345 

Andrews, UK. Several grains of DE-B, separated from two different hand-crushed samples (DE-B1 346 

and DE-B2), and two grains of UWC-3 were selected and powdered to give approximately ~1-2 mg 347 

aliquots for boron isotope analysis. Unlike laser ablation analysis, it is common practice to perform 348 

chemical pre-cleaning of samples prior to solution analysis. The possible impact of this pre-cleaning 349 

on δ11B was tested by further splitting each sample into halves and performing the pre-cleaning step 350 

on one of them. The first half of each aliquot went through a full cleaning procedure designed for 351 

biogenic carbonates from sediments involving clay removal rinses with boron-free Milli-Q (18.2 352 

MΩ) and an oxidative cleaning step using 1% H2O2 buffered with 0.1 M NH4OH at 80 °C, before 353 

dissolution in 0.5 M HNO3 (e.g. Barker et al. (2003); Jurikova et al. (2019)). The second half was 354 

rinsed twice with boron-free ultra-pure water (Milli-Q, 18.2 MΩ) and dissolved with the aid of 355 

ultrasonication in 0.5 M HNO3.  356 

 Prior to boron isotope analyses, boron was purified from the CaCO3 matrix using boron-357 

specific anion exchange resin, Amberlite IRA 743, crushed and sieved to 63–106 µm. Dissolved 358 

blue calcite and UWC-3 aliquots were processed alongside RM NIST 8301 Foram (Stewart et al., 359 

2021) and total procedural blanks (TPBs). Purified boron solutions were spiked with HF to aid 360 

boron wash out and measured in a 0.5 M HNO3 + 0.3 M HF matrix (Zeebe and Rae, 2020) on a 361 

Thermo Scientific Neptune Plus MC-ICPMS equipped with a HF-resistant sample introduction kit 362 

and 1013 Ω resistors. Instrumental mass bias was corrected by standard sample-bracketing with a 10 363 

ppb NIST SRM 951 solution. The average δ11B for RM NIST 8301 Foram was 14.61 ± 0.19 ‰ 364 

(2SD, n = 4) and the TPBs were <7 pg B, negligible against the typical sample size of ~ 5 ng B. 365 

 No significant difference between uncleaned and cleaned values were observed giving the 366 

average δ11B of -0.18 ± 0.32 ‰ (2SD, n = 10) for DE-B1, 0.14 ± 0.19 ‰ (2SD, n = 10) for DE-B2, 367 

so an average value of -0.02 ± 0.41 ‰ was used for the DE-B calcite in-house standard. UWC-3 368 

yielded a value of 20.25 ± 0.08 ‰ (2SD, n = 2).  369 
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 When comparing the intermediate precision of measured δ11B from the three external calcite 370 

standards (UWC-1, UWC-3, DE-B) from 41 laser ablation sessions (days) with solution-MC-371 

ICPMS measurements, we observe a near 1:1 relationship, with an average overall difference of ~ 372 

0.89 ± 0.38‰ (2SD). The individual intermediate precision difference between laser ablation and 373 

solution derived values are as follow: UWC-1: 0.86 ± 0.31 ‰ (2SE), UWC-3: 0.72 ± 0.27 ‰ and 374 

DE-B: 1.09 ± 0.16 ‰ (Fig. S5).  375 

 The 135Ba/138Ba composition of the cultured foraminifera was measured close to the ablation 376 

pits of the δ11B measurements. The Faraday cups were arranged to simultaneously measure 135Ba 377 

(L2) and 138Ba (H2). The large difference in 135Ba/138Ba (~10 times higher) between culture and 378 

non-culture material allowed for a smaller spot size of 15x15 μm and shorter analysis (5 s). The 379 

same repetition rate (6 Hz) and fluence (6 J/cm2) as for the δ11B measurements were used. The 380 

resulting 135Ba/138Ba were then associated with the closest boron isotope ablation to distinguish 381 

calcite precipitated during culture from that precipitated in the wild.  382 

 To determine whether B/Ca can be accurately characterised using the 11B/10.035 ratio 383 

obtained during the isotopic analysis, trace element analysis for B/Ca measurements was performed 384 

on the same samples using a Thermo-Scientific ELEMENT XR SF-ICPMS at FIERCE, connected 385 

to the same laser ablation system (see Table S2). Tuning was performed daily by ablating NIST 386 

SRM612 at 6 Hz and 60 μm spot size to achieve a sensitivity of >6x106 cps of 238U, ThO+/Th+  < 387 

1%, Th/U?????? and m/z 44/22 < 2% (to monitor doubly-charged ion production). The marginal 388 

cord of the samples was ablated using a 50 μm spot at 3 Hz repetition rate, with the “squid” signal 389 

smoothing device added downstream of the ablation cell to obtain a stable signal (Müller et al., 390 

2009). B/Ca ratios were determined using 43Ca as an internal standard (Heinrich et al., 2003) and 391 

NIST SRM610 as an external standard using the value of Jochum et al. (2011). Data reduction was 392 

done using an in-house Matlab script (Evans and Müller, 2018). Accuracy of three secondary 393 

standards, namely GOR-128G, JCt-1 and MACS-3  (Jochum et al., 2005, 2019; Hathorne et al., 394 

2013) was measured for each session. Typical accuracies for these secondary standards are ~4%, 395 

~3% and ~2% respectively. 396 
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 397 

Figure 1: Example boron and barium isotope analysis of cultured Operculina ammonoides using LA-MC-398 
ICPMS. (a) Fluorescent microscope picture of a cultured O. ammonoides illustrating the use of calcein to 399 
identify chambers precipitated in the laboratory. The low fluorescence chambers (top) are those grown 400 
during the culture experiment. The direction of the laser ablation analysis are depicted by arrows. (b) 401 
Example of a time resolved laser ablation analysis. The dashed vertical black lines depict the locations at 402 
which the data was trimmed in the case of this specific sample. The drilling depth was estimated using an 403 
ablation rate of 200nm/pulse at 6 J.cm-2. (c) Example of using 135Ba/138Ba to unambiguously identify material 404 
grown in laboratory culture, plotted against δ11B at a similar location in the shell (the Ba isotopic analyses 405 
were laterally offset by ~20 μm from the boron isotope analyses). The vertical dashed line represents the cut-406 
off point representing a value 10% lower than the culture 135Ba/138Ba  end member. The green data points are 407 
those that are within uncertainty of the cut-off points, considered to have come from material grown in 408 
controlled environment. 409 

3. Results: 410 

3.1 Boron isotope calibration 411 

 All results are displayed in Figures xx-yy and Tables x-y. The measured boron isotopic 412 

composition of the cultured Operculina ammonoides ranges between 16.09 ‰ (HH6-1, lowest pH 413 

experiment) and 19.45‰ (HH6-4, highest pH experiment) (Table 2). Most of the samples have a 414 

boron isotopic value heavier than the boron isotopic composition of in-situ aqueous B(OH)4
-, with a 415 

greater offset at lower pH. The resulting boron isotope calibration of the cultured samples is plotted 416 

in Fig. 2 as a regression between measured δ11BCaCO3 and calculated δ11BB(OH)4-, based on physical 417 

and chemical properties of the water in which the foraminifera grew (Section 2.4; Henehan et al., 418 

2013). Once a relationship between measured δ11BCaCO3 and calculated in-situ δ11BB(OH)4- is derived, 419 

it allows for the conversion of future measurements into estimates of in-situ δ11BB(OH)4- which in 420 

turn can be used to estimate the in-situ pH. 421 

 As a result of non-linearities in the carbonate system (Section 2.4), the calculated δ11BB(OH)4-  422 

values are not normally distributed. Given that, to our knowledge, no linear regression algorithm 423 

available is able to take this kind of uncertainty into account, we determine the best-fit linear 424 

regression through the data using a Monte Carlo approach by performing linear regressions through 425 

105 randomly generated δ11BCaCO3 (within their uncertainty bounds) and δ11BB(OH)4-, the latter 426 
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derived as reported above. Since the uncertainties in δ11BB(OH)4- are not normally distributed, neither 427 

are the resulting gradients and intercepts and the resulting values are thus the median and the lower 428 

and upper bounds are the 2.5th and 97.5th percentiles (eq. 1).  429 

 430 

   𝛿11𝐵𝐵(𝑂𝐻)4− =
𝛿11𝐵𝐶𝑎𝐶𝑂3−(11.71−1.88

+1.47)

0.38−0.10
+0.12      (Eq. 1) 431 

 432 

 Based on a simple least-square regression, the goodness of fit statistics are as follows: R2 = 433 

0.83, Root Mean Square Error (RMSE) is 0.34 ‰ and p = 0.0001. With a gradient lower than one 434 

(0.38) in borate space, the boron isotopic calibration of cultured O. ammonoides appears to be less 435 

pH sensitive than B(OH)4
-. The DIC concentration in the growth media does not appear to have a 436 

significant influence on the δ11B composition of cultured O. ammonoides, a simple ordinary least 437 

squares (OLS) regression between DIC and δ11B yields the following statistics: R2 = 0.04, RMSE = 438 

0.74 ‰, p = 0.52 (Fig. 2c). The weighted pH of experimental jars appears to be more significant 439 

than DIC to explain the trend in δ11BCaCO3 (Fig. 2b). A non-linear logistic fit yields the following 440 

statistics: R2 = 0.75 and RMSE = 0.38 ‰. 441 

 The wild specimens are characterised by measured δ11BCaCO3 values ranging between 15.46 442 

‰ to 18.86 ‰ (Fig. 2, pink triangles) and their associated calculated in-situ δ11BB(OH)4- range from 443 

16.25 ‰ to 19.08 ‰. These samples have a notably different, steeper trend of boron isotopic 444 

composition compared to the cultured specimens, and most seem to lie within uncertainty of the 445 

borate line (5 of 6 datapoints used). There are notable exceptions to this, especially the lowest 446 

δ11BCaCO3 sample (SER, Table 2), which has a very different δ11BB(OH)4- value. It is considered as an 447 

outlier with a Cooks distance of 0.64. Otherwise, a forced linear fit with a gradient of 1 appears to 448 

be within uncertainty of the borate line. 449 

 450 
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 451 

Figure 2: Boron isotope calibration of Operculina ammonoides. (a) Regression between the measured 452 

δ11BCaCO3 and calculated in-situ δ11BB(OH)4-. Uncertainties are 2SE in the case of δ11BCaCO3 and 2.5th and 453 

97.5th percentiles of the Monte Carlo derived  δ11BB(OH)4- (see text for details). The linear regression through 454 

the culture data was performed using a Monte Carlo approach by fitting a line through 105 data points 455 

randomly sampled from their uncertainty boundaries (blue regression). The displayed confidence region of 456 

the regression is the 16th / 84th (~1SD) and 2.5th / 97.5th (~2SD) percentiles of the predicted δ11BCaCO3. The 457 

pink regression is fitted through the field samples with a forced slope of 1. (b) Logistic regression of δ11BCaCO3 458 

against weighted pH measurements. The p value was not reported because p values cannot be calculated on 459 

non-linear regressions. (c) Regression of δ11BCaCO3 against DIC of jars. 460 

 461 

3.2 Comparison to other key proxy carriers 462 

 463 

 With a gradient of 0.38-0.10
+0.12 the calibration of cultured Operculina ammonoides appears 464 

to be one of the boron isotopic calibration of marine calcifiers with the shallowest slope when 465 

compared to previously published calibrations (Fig. 3). Although most of the previously published 466 

culture calibrations are less pH sensitive than B(OH)4
-: Amphistegina lobifera (0.59 ± 0.28, Rollion-467 

Bard and Erez, 2010), Orbulina universa (0.77 ± 0.07, Sanyal et al., 1996), Trilobatus sacculifer 468 

(0.83 ± 0.07, Sanyal et al., 2001), Globigerinoides ruber (0.60 ± 0.08, Henehan et al., 2013), only 469 

the calibration of A. lobifera has a gradient within uncertainty to that of cultured O. ammonoides.  470 
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 However, previous calibrations of wild foraminfera specimens appear to be as pH sensitive 471 

as B(OH)4
-: Orbulina universa (0.95 ± 0.17, Henehan et al., 2016), Globigerina bulloides (1.07 ± 472 

0.25, Martínez-Botí et al., 2015) and the epifaunal deep benthic foraminifera Cibicidoides 473 

wuellerstorfi, Cibicidoides mundulus and Planulina ariminensis (Rae et al., 2011) which all lie on 474 

or in close vicinity to the boron isotopic composition of B(OH)4
-. We also observe a similar trend 475 

when comparing the boron isotopic composition of cultured to wild O. ammonoides as they have a 476 

measured δ11BCaCO3 closer to their estimated δ11BB(OH)4-, except for the samples PD28 and SER.   477 
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 478 

 479 
Figure 3: Comparison of the Operculina ammonoides boron isotope calibration presented here to previous 480 
studies. In-situ seawater δ11BB(OH)4- was calculated for the Amphistegina lobifera laboratory experiments 481 
using the information available in Rollion-Bard and Erez (2010) and the plotted δ11BCaCO3 is the average and 482 
2SD of each spot data. The linear regression fit and statistics are all calculated using a Monte Carlo 483 
approach, displayed uncertainty are thus different to the respective reported values. The first letter of the 484 
legend represents the origin the foraminifera used for the study, C = cultured and W = wild. 485 
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 486 

3.3 B/Ca 487 

 488 

 The B/Ca ratio is shown as a function of various aspects of calcite, seawater carbonate and 489 

boron chemistry to explore the possible influences on boron incorporation in Operculina 490 

ammonoides. The measured B/Ca of cultured O. ammonoides ranges between 211 and 454 491 

μmol/mol (lowest and highest pH experiment, respectively). These concentrations are significantly 492 

higher than most planktonic foraminifera species (40-110 μmol/mol for a range of planktonic 493 

species, see Henehan et al., 2016 and references therein) and deep benthic foraminifera (120 to 200 494 

μmol/mol, Rae et al., 2011) but close to other LBF estimates (Amphistegina lessonii and 495 

Aphistegina lobifera, 70 – 590 μmol/mol, Levi et al., 2019). We focus mainly on the possible 496 

relationship to [B(OH)4
-], since this is likely to be the dominant form of dissolved boron 497 

incorporated in the foraminifer’s shell  and therefore one of the main controls on the shell B/Ca 498 

(e.g. Hemming and Hanson, 1992; Klochko et al., 2009; Branson et al., 2015). However, because 499 

B(OH)4
- competes with CO3

2- or HCO3
- for the anion position in the lattice, controls on B/Ca may 500 

be best described by some combination of B(OH)4
- and either DIC, HCO3

- or CO3
2- (Allen et al., 501 

2011; Foster, 2008; Haynes et al., 2017; Yu et al., 2007; Yu and Elderfield, 2007). Therefore we also 502 

explore the degree to which combined aspects of the seawater carbonate and boron systems can 503 

explain variations in O. ammonoides B/Ca. 504 

 We observe an extremely tight relationship between measured B/Ca and δ11BCaCO3 (Fig. 4a, 505 

R2 = 0.91, RSE= 0.24 ‰, p = 7·10-6). The weighted jar pH and the calculated [B(OH)4
-] (Fig. 4b 506 

and c) appear to explain a large portion of the variance in the B/Ca data, where [B(OH)4
-] shows a 507 

tighter relationship to measured B/Ca compared to pH. The B/Ca of O. ammonoides also has 508 

significant relationship with the [B(OH)4
-]/[DIC] (R2= 0.62, RSE = 0.038 mmol/mol, p = 0.004). 509 

However, the B/Ca values from the constant pH, variable DIC experiment (Fig. 4d, orange squares) 510 

behave quite differently compared to the variable pH and [Ca2+
SW] experiments. The regression 511 

against [B(OH)4
-]/[DIC] is very similar to that of [B(OH)4

-]/[HCO3
-] -since HCO3

- represents 512 

between 84% (pHNBS = 8.32) and 95% (pHNBS = 7.49) of the total DIC. This differs from planktonic 513 

foraminifera since it has been shown that the amount of boron incorporation in their shell appear to 514 

be not only sensitive to [B(OH)4
-], but also different components of the carbonate system (Allen et 515 

al., 2011, 2016; Haynes et al., 2017). The regression of B/Ca against [B(OH)4
-]/[CO3

2-] shows no 516 

significant relationship (R2 = 0.023, p = 0.6) when considering both variable pH and variable DIC 517 

experiments. However, when only considering the variable DIC experiment (HH7), with a wider 518 
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[CO3
2-] range (45 and 157 μmol/mol), a tighter positive trend appears (Fig. 4e, starred statistics; R2 519 

= 0.63, RSE = 0.018 mmol/mol, p = 0.06). 520 

 The results of the PHREEQC simulations are shown in Figure 4f-i. This analysis shows that 521 

there is a significant relationship between B/Ca and the cation pairs MgB(OH)4
+ (Fig. 4g) and 522 

CaB(OH)4
+ (Fig. 4h) (R2 = 0.67, p = 0.001, and R2 = 0.74, p = 0.0004 respectively). The calculated 523 

CaB(OH)4
+ concentration can explain more of the variance in the data compared to total B(OH)4

- 524 

(Fig. 4c), mainly because the experiments in which [Ca2+
SW] was varied (HH6-5 and HH6-6, green 525 

diamonds in Fig. 4) have a higher [CaB(OH)4
+] due to a higher [Ca2+], bringing those two data 526 

points closer to the other the value of the other experiments with similar B/Ca. Similarly, when 527 

comparing [B(OH)4
-]/[DIC] to the activity ratio of {CaB(OH)4

+}/{HCO3
-}, the trend remains nearly 528 

identical, but the fitting statistics are slightly better since the {CaB(OH)4
+} values of the higher 529 

[Ca2+
sw] experiments bring those two point closer to others, whilst the rest of the dataset remains 530 

similar (Fig. 4f). The regression between B/Ca and the activity of B(OH)4
- (Fig. 4i) is very similar 531 

to that alternatively using the bulk concentration of B(OH)4
- (Fig. 4c), suggesting that minor 532 

differences in the boron activity coefficients between the experiments cannot explain a substantial 533 

portion of the variance in the data.  534 
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 535 

Figure 4: The relationship between Operculina ammonoides B/Ca and different aspects of the seawater 536 
carbon/boron system. (a) The regression of δ11BCaCO3 and measured B/Ca is characterised by a significant 537 
linear relationship, hinting towards a common underlying driving factor. (b) Regression of B/Ca against the 538 
weighted pH of the culture jars. (c-e) Regression of B/Ca against aspects of the seawater carbonate and 539 
boron system calculated using PyCO2SYS. The regression between B/Ca and [B(OH)4

-]/[DIC], which 540 
potentially accounts for competition between carbon and boron species for the anion position in the lattice, 541 
appears slightly less significant than the concentration of [B(OH)4

-](c). (f-i) B/Ca regressions against the 542 
concentration and activity of key boron species calculated using PHREEQC. The linear regression between 543 
B/Ca and calculated [B(OH)4

-]/[CO3
2-] (e) and given statistics only includes the DIC experiment (orange 544 

squares). The dotted lines represent the 2SD of the OLS fit. Linear regression statistics including the wild 545 
samples are available in the supplementary materials (Fig. S5).  546 
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4. Discussion: 547 

4.1 Boron incorporation in Operculina ammonoides 548 

 549 

 Our results show that, the incorporation of boron into Operculina ammonoides is dominantly 550 

driven by the carbonate system, with δ11B principally dependent on pH and B/Ca most closely 551 

correlated to B(OH)4
- or a borate-containing ion pair (Fig. 4).  552 

 Specifically, O. ammonoides B/Ca is most tightly correlated with the calculated CaB(OH)4
+ 553 

ion pair concentration of seawater (R2 = 0.75, MSE = 31 µmol/mol, p = 6·10-4; Fig. 4h), though we 554 

note that CaB(OH)4
+ only results in a slightly better fit to the B/Ca data compared to MgB(OH)4

+ 555 

and total B(OH)4
- (Fig. 4g and c). Indeed, the slightly improved fit based on CaB(OH)4

+ or 556 

CaB(OH)4
+/HCO3

- may well not imply mechanistic involvement of the Ca ion pair, since this cation 557 

pair modelling only affected the two calcium experiments HH6-5 and HH6-6 which were also 558 

conducted at slightly different average pH (green diamonds on Fig. 4). We note that Henehan et al. 559 

(2022) hypothesised that positively charged CaB(OH)4
+ and MgB(OH)4

+ ion pairs could migrate 560 

towards the growing crystal surface which has a negative electrostatic potential, repelling B(OH)4
- 561 

(Branson, 2018a), and warranting further study. However, we cannot robustly assess the potential 562 

involvement of the MgB(OH)4
+ ion pair in boron incorporation because [Mg2+

sw] was similar in all 563 

experiments, such that the regression statistics when comparing B/Ca against [MgB(OH)4
+ ] and 564 

[B(OH)4
-] are nearly identical (Fig. 4g and c) as both parameters are driven by [B(OH)4

-].  565 

 It has also been hypothesized that the NaB(OH)4 ion pair may play an important role in 566 

boron incorporation into calcite (Mavromatis et al., 2021). However, to our knowledge, no pitzer 567 

parameter exists for the NaB(OH)4 ion pair, although a dissociation constant is available for the 568 

Minteq.v4 PhreeqC database (Pokrovski et al., 1995), which is intended for solutions with lower 569 

ionic strength (I<0.5, Allison et al., 1991). Consequently, we did not explore the possibility of 570 

NaB(OH)4 as a driver of boron incorporation for O. ammonoides. Irrespective, there were no 571 

substantial changes in [Na+
sw] in our experiments, and unlike [Ca2+

sw] and [Mg2+
sw], [Na+

sw] varied 572 

by no more than a few percent during the Cenozoic (Zeebe and Tyrrell, 2019). As such, a 573 

NaB(OH)4
--B/Ca regression through our experimental data would almost certainly appear similar to 574 

B(OH)4
- versus B/Ca (Fig. 4c), which means that we cannot identify the importance or otherwise of 575 

this ion pair on foraminiferal boron uptake. 576 

 The measured B/Ca of the wild specimens fall within the range of the cultured O. 577 

ammonoides values (200 μmol/mol (SER) to 393 μmol/mol (SSO7G14)), but when compared to 578 
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their respective δ11B measurements not all follow the observed tight relationship of the culture 579 

experiments (Fig. S4). This may result from the fact that not all of these natural specimens were 580 

sampled live, such that not all lived at the same time and experienced the same seawater conditions. 581 

Given that the boron isotope and trace element measurements were not performed on the same 582 

specimens, it is also possible that geochemical heterogeneity within the sample population may be a 583 

source of bias in some cases, especially for samples from particularly variable environments. For 584 

example, PD28 (Renema, 2002) and SER (Renema, 2008) were sampled in reefs close to large 585 

cities (Makassar and Jakarta, respectively). Unlike for the sample KKE30 and BBX49a which we 586 

have pH measurements from nearby islands, we do not have pH data for PD28 nor SER samples. A 587 

local anthropogenic influence coupled with the use a of a coarse-resolution dataset (Gregor and 588 

Gruber, 2021) for the seawater physical and chemical properties might be an additional substantial 589 

source of uncertainty when interpreting data from these samples which are the most notable outliers 590 

(Fig. 4). However, we stress that this is not an issue for the majority of the dataset, as most wild 591 

specimens fall close to the linear regression between the different carbonate/boron system and B/Ca 592 

of the cultured material.  593 

 Overall, the B/Ca data strongly suggest that [B(OH)4
-] or a closely related parameter 594 

controls boron incorporation into this species both in the field and in laboratory cultures (Fig. 4). 595 

Given that is the case, in the next section we explore why our laboratory culture calibration of the 596 

relationship between δ11BCaCO3 and δ11BB(OH)4- is characterised by a much shallower slope and more 597 

positive δ11BCaCO3 values than samples collected from the field.                                                                                                                                                                                                             598 

4.2 Low pH sensitivity of cultured Operculina ammonoides 599 

 600 

  The laboratory culture gradient of the relationship between measured δ11BCaCO3 and in situ  601 

δ11BB(OH)4- is substantially lower than 1 (Fig. 2a), indicating that that some process other than 602 

seawater pH influences the boron isotopic composition of Operculina ammonoides. This has been 603 

observed in other culture calibrations of both benthic and planktonic symbiont bearing foraminifera 604 

(Rollion-Bard and Erez, 2010; Henehan et al., 2013). It has been previously shown that symbiont 605 

bearing planktonic foraminifera do alter their micro-environment considerably via a combination of 606 

calcification, respiration and photosynthesis (Jørgensen et al., 1985; Rink et al., 1998; Erez, 2003; 607 

Köhler-Rink and Kühl, 2005; Glas et al., 2012b). On one hand calcification and respiration acidifies 608 

the surrounding micro-environment of the calcifying organism, also known as the diffusive 609 

boundary layer (DBL) (Wolf-Gladrow et al., 1999; Zeebe and Wolf-Gladrow, 2001; Erez, 2003; 610 

Glas et al., 2012b, a; Toyofuku et al., 2017), whereas photosynthesis by the symbionts consumes 611 
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CO2, raising the microenvironment pH (Erez, 2003; Glas et al., 2012a). In general, there is a net 612 

increase in pH in the DBL during the day since photosynthesis prevails over the acidifying effects 613 

of calcification and respiration (Rink et al., 1998; Köhler-Rink and Kühl, 2000, 2005; Oron et al., 614 

2020). During the night, calcification and respiration continues while photosynthesis is shut off, 615 

leaving a net decrease in the pH of the DBL relative to bulk seawater. Since the rate of 616 

photosynthesis in cultured O. ammonoides is not impacted by changing pH or DIC (Oron et al., 617 

2020), the pH increase during the day is relatively constant at different surrounding pH and DIC 618 

concentrations. In contrast, calcification rates decrease at lower seawater pH (Oron et al., 2020), 619 

such that, taken together, it is expected that the net pH elevation in the DBL of cultured O. 620 

ammonoides increases as seawater pH decreases. 621 

 This effect may be exacerbated in our experiments because the size of the DBL of the 622 

cultured O. ammonoides may have been larger compared to wild specimens since there was no 623 

water flow in the jars (Köhler-Rink and Kühl, 2000; Glas et al., 2012a; Toyofuku et al., 2017). 624 

Experiments from Köhler-Rink and Kühl (2000) showed that the size of the DBL of three LBF 625 

species (including a hyaline species) increased by a factor of four (from ~100 to ~400 μm) when 626 

there was no water flow, with an increase in DBL pH of ~0.2 between surrounding seawater and the 627 

foraminifer’s surface when no flow was present. In our experiments, O. ammonoides were cultured 628 

in jars with ~10 days between water exchanges, such that they potentially had an even larger DBL. 629 

If O. ammonoides cultured in this way do indeed have a comparatively larger DBL, which is more 630 

alkaline at lower seawater pH as a result of their lower calcification rate under these conditions, 631 

then this might act as a strong dampening mechanism against changes in surrounding pH which 632 

could explain the shallower gradient observed in the boron isotope calibration. 633 

 Oron et al. (2020) also showed that O. ammonoides calcifies substantially more during the 634 

day than at night. Specifically, cultured O. ammonoides calcified 29 ± 7 % less on average in the 635 

dark. This means that, ~2/3 of the test of O. ammonoides should reflect calcification under light 636 

conditions, where photosynthesis results in a higher DBL pH, such that δ11BB(OH)4-  in the boundary 637 

layer is more positive than that of the surrounding δ11BB(OH)4-  especially at lower seawater pH 638 

values when calcification is inhibited. 639 

 The reduced size of the DBL by water flow/turbulence could explain why the field collected 640 

specimens appear to be more sensitive to pH, as their microenvironment is less impacted by the 641 

rates of calcification, respiration and photosynthesis. The low DBL size would then mean that the 642 

wild O. ammonoides would sample seawater with physical and chemical properties much closer to 643 

the overall surrounding seawater and not that of a heavily altered seawater. Although planktonic 644 
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foraminifera have a different physiology, previous work seem to point towards this phenomenon. 645 

Indeed, most wild specimen calibration appear to be as pH sensitive as B(OH)4
- , with gradients of 646 

~1, while most culture calibrations appear to be less pH sensitive than B(OH)4
- (Fig. 3). Rae (2018) 647 

suggested that in some instances, such as the culture calibration of Orbulina universa of Sanyal et 648 

al., (1996), part of the offset to lower δ11B at higher pH in cultures may be explained by a simple 649 

assumption of calcification rate varying as a function of Ωcalcite, which has a wide range in some 650 

culture experiments (e.g. ~1.5 – 20 in Sanyal et al., 1996) compared to surface ocean waters (~4-7; 651 

e.g. Ridgwell 2005). This, in combination with the DBL diffusion effect described above, could 652 

drive the pH and δ11BB(OH)4- of the cultured microenvironment much lower than seawater at high 653 

pH, which would explain the greater deviation between the measured δ11BCaCO3 and δ11BB(OH)4- of 654 

samples at higher pH in Sanyal et al. (1996) experiments. This shows that although some boron 655 

isotopes pH calibrations of cultured foraminifera display a low pH sensitivity, they can record 656 

faithfully δ11BB(OH)4-, but that of a more heavily altered micro-environment, which may not be 657 

applicable to wild specimens. That is why we will explore, in the next session, a way of modelling 658 

the DBL of cultured O. ammonoides to explore possible influences which would result in a 659 

shallower calibration that we observed. 660 

4.3 Micro-environment modelling 661 

 662 

 The processes of photosynthesis, respiration and calcification create concentration gradients 663 

in O2, DIC, Ca2+ and pH between the bulk seawater and the surface of the shell (Jørgensen et al., 664 

1985; Rink et al., 1998; Köhler-Rink and Kühl, 2000, 2005; Glas et al., 2012b, a). Given the 665 

equilibrium values of the chemical reaction constants and known diffusion rates of each dissolved 666 

species, which are also dependant on the physical properties of seawater (Dickson et al., 2007), the 667 

concentration profiles of each species can be calculated as a function of distance from the surface of 668 

the foraminifera for a given rate in the three key aforementioned processes. Here, we use a 669 

diffusion-reaction model to understand the degree to which the chemistry of the seawater close to 670 

the shell surface might depend on DBL thickness in cultured Operculina ammonoides. We stress 671 

that we do so to determine whether the offsets that we observe between δ11BCaCO3 and in situ 672 

δ11BB(OH)4- are of the magnitude that we might expect given a pH-dependent change in calcification 673 

rate, rather than to constrain the necessary rates of these processes and/or DBL thickness required to 674 

explain the details of our dataset. Such a model was developed by Wolf-Gladrow et al. (1999), and 675 

later updated by Zeebe et al. (2003) to include isotopes of boron. This model requires the following 676 

inputs: foraminifera geometry, seawater physical and chemical parameters (temperature, salinity, 677 
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pH, alkalinity or DIC) and carbon fluxes at the surface of the foraminifera, appropriate values of 678 

which were determined as follows: 679 

 1. This reaction-diffusion model was designed with spherical geometry of certain planktonic 680 

foraminifera in mind (e.g. Orbulina universa). While Operculina ammonoides (and other LBF) are 681 

closer to an oblate spheroid than a sphere (Renema, 2002; Hohenegger, 2018), the specific 682 

geometry of the foraminifer matters little here as the sensitivity of DBL chemistry to the fluxes in 683 

the model mainly depends on surface area. Oron et al. (2018) measured the surface area of involute 684 

and evolute O. ammonoides from the Gulf of Eilat/Aqaba as a function of shell weight, which we 685 

couple with shell weight measurements available from all the laboratory cultured foraminifera 686 

studied here. Because the reaction-diffusion model needs a radius as input (since it assumes 687 

spherical geometry), the closest spherical area to the estimated area from weight measurement was 688 

used to calculate the radius of that hypothetical sphere to be used as the model input.  689 

  2. The key seawater parameters (i.e. pH and DIC, the latter calculated from TAlk) were 690 

taken from the weighted mean measurements of the culture jars, as these represent our best 691 

assessment of the average conditions experienced by the cultured foraminifera (see section 2.2).  692 

 3. The carbon fluxes at the surface of the foraminifera were estimated by calculating the 693 

photosynthesis, respiration and calcification rates following Oron et al. (2020). The rate of 694 

calcification was calculated using the alkalinity depletion of the culture jars (see supplements). The 695 

alkalinity depletion of the jars over the course of 30 days was converted to calcification rate using 696 

Eq. 2 of Oron et al. (2020). A one-month timespan was chosen as most growth took place in the first 697 

part of the experiments (Fig. S2d). Photosynthesis and respiration were estimated using Eq. 3 of 698 

Oron et al. (2020). This approach is based on the fact that DIC decreases when photosynthesis takes 699 

place (in the form of CO2) and increases during respiration, the balance of which will be reflected in 700 

the jar DIC over the course of 10 days. DIC drawdown via calcification was taken into account by 701 

subtracting half of the alkalinity drawdown. Unlike the spinose planktonic foraminifera, O. 702 

ammonoides (and other LBF) retain their symbionts within the cytoplasm, underneath the shell 703 

(Hansen and Buchardt, 1977). For the purposes of the model, it was assumed that all fluxes took 704 

place directly at the surface of the shell, but we acknowledge this as a caveat because the chemistry 705 

alteration due to photosymbionts in O. ammonoides should then remain internal, but this issue will 706 

be discussed further later in this section. 707 

 We applied this model to all experiments, however, the calcification and photosynthesis / 708 

respiration (P/R) rate of HH7 and HH6 differ greatly. The HH6 experiments (variable pH and 709 
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[Casw]) have an average P/R rate of 2.88 ± 0.32 nmol C/h/individual (2SD) while the HH7 710 

experiments (variable DIC) have an average P/R rate of 0.80 ± 0.79 nmol C/h/individual (2SD). 711 

Although it has been found that P/R rate in O. ammonoides are relatively constant across different 712 

seawater pH or DIC (Oron et al., 2020), the estimated P/R rates of the cultured O. ammonoides in 713 

HH7 has a high variability and is significantly lower than the estimations for the O. ammonoides in 714 

the HH6 experiment set (Fig. S8). In spite of being grown at normal seawater pH, the O. 715 

ammonoides in the HH7 experiments also did calcify significantly less than the O. ammonoides in 716 

the HH6 experiments (Fig. S8). 717 

 One of the reasons to explain why the difference in calcification rates between the two 718 

experiment sets is, as mentioned in section 2.1, the O. ammonoides sampled for the HH6 719 

experiments were sieved between the 350 and 475 µm while the O. ammonoides sampled for the 720 

HH7 experiments were sieved between 475 and 690 µm. It has been shown that the average rate of 721 

calcification of cultured O. ammonoides is inversely proportional to its size (Oron et al., 2020), and 722 

so the larger foraminifera used for the HH7 experimental had calcified less than their smaller 723 

counterpart in the HH6 experimental set. However, this would not explain why the P/R rates of the 724 

foraminifera grown in HH7 were significantly lower than those in the HH6 experiments. We note 725 

that we have no direct knowledge of whether or not calcification was a discontinuous process 726 

during these experiments, such that we can only determine an average rate of calcification; for this 727 

reason we use the model to assess the direction and approximate magnitude of likely DBL 728 

chemistry changes, but do not attempt to explain the dataset in detail using this approach. To 729 

compare our estimates of DBL pH with the boron isotopic composition of the shell, we make the 730 

simplifying assumption that only borate ion is incorporated into the calcite precipitated by this 731 

species, and that this borate ion has the isotopic composition of borate ion in the DBL. From this, 732 

we can calculate pH in the DBL from our shell δ11B values and compare it to the model output.  733 
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 734 

Figure 5: Modelled and estimated pH of Operculina ammonoides micro-environment. (a) Estimated 735 

pH of DBL as a function of weighted jar pH. The pH reconstructed using δ11BCaCO3 was made using 736 

the assumption of δ11BCaCO3 = δ11BB(OH)4- 
 (see text). The calculation was done using the Monte 737 

Carlo simulated δ11BB(OH)4- 
  and convert it to pH using the calculated pKb

* and updated equation 738 

from Rae  (2018). The displayed points are the median of the Monte Carlo datasets and the 739 

uncertainties are the 2.5th and 97.5th percentiles. The dashed line represents the 1:1 line. The 740 

different coloured squares represent the modelled pH of the DBL at the surface of the foraminifera. 741 

The key to the legend is as follows: P = photosynthesis, R = respiration, C = calcification. In green, 742 

the fluxes at the surface was modelled to only consider the balance between photosynthesis and 743 

respiration, in orange, only calcification and in pink the balance between the previous two. All 744 

fluxes were estimated using culutre jars chemistry (see text). An OLS regression was calculated for 745 

each simulation and the 1 and 2SD of the fit is displayed as the shaded region. A DBL size of 1000 746 

µm was used for the model. (b) Gradients of the OLS fit between modelled micro-environment pH 747 

and pH of culturing medium as a function of DBL size. The fluxes were kept the same as in panel (a) 748 

and only the size of the DBL was changed. The colours of the lines follow the same colour code as 749 

panel (a). 750 

 The diffusion-reaction model allows the different fluxes to be selectively added or removed 751 

to study their individual and combined impact on the seawater chemistry of the DBL (Fig. 5). 752 

Figure 5a shows the reconstructed pH at the surface of the foraminifera both from the diffusion-753 

reaction model and the measured boron isotopes (assuming δ11BCaCO3 = δ11BB(OH)4-) as a function of 754 

mean culture jar pH experienced by the foraminifera (weighted average of pH). All experiments but 755 

the highest pH experiment (HH6-4: pHT ≈ 8.20) are characterised by a boron isotopic signature 756 

indicative of a pH significantly higher than surrounding seawater. The estimated surface pH from 757 

the measured δ11B of the shell of these experiments are closer to the photosynthesis driven modelled 758 
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micro-environment. Inversely, the higher pH experiment (HH6-4: pHT ≈ 8.20) seems to record a 759 

micro-environment pH closer to a modelled DBL dominated by calcification. A similar observation 760 

was made by Rae (2018) when modelling the micro-environment δ11BB(OH)4- of the cultured 761 

Orbulina universa of Sanyal et al. (1996), finding that the higher pH experiments were 762 

characterised by δ11BCaCO3 close to modelled δ11BB(OH)4- when scaling calcification with Ωcalcite. 763 

Although we note that the reconstructed DBL pH of the lower pH experiments is not within the 764 

uncertainty to the modelled pH.  765 

 By varying the size of the DBL and keeping the carbon fluxes and the geometry constant, 766 

we can investigate how the pH of seawater at the surface of the foraminifera responds to an 767 

increasingly reaction driven flux of carbon at the surface. As an example, Figure 5b shows the 768 

variation of the gradient of linear regression between reconstructed DBL pH and pH of the culture 769 

medium (as illustrated in Fig. 5a) as a function of DBL size under different carbon flux scenario. 770 

The distinction in regression gradient between a calcification only and P/R only scenario becomes 771 

noticeable after a DBL size of few hundred µm, after which the difference increases until it reaches 772 

a pseudo-plateau (Fig. 5b). In the case of the lowest pH experiment (HH6-1), it has a calculated 773 

average P/R rate of ~3.32 nmol C/h/individual while it has a calculated average calcification rate of 774 

~0.81 nmol C/h/individual. In this case, the consumption of CO2 outweighs its release in the DBL 775 

and so the pH at the surface of the foraminifera will be higher than the surrounding seawater. When 776 

the DBL is larger, the surface of the cultured foraminifera would be more depleted in CO2, but 777 

because diffusion happens more slowly than the flux of carbon at the surface, the main CO2 source 778 

would be from the re-equilibration of HCO3
-, which would consume a proton and further increase 779 

pH. Inversely, when the DBL is smaller, CO2 readily diffuses to replenish the surface layer, and thus 780 

the surface pH increase is less pronounced. In the case of the highest pH experiment (HH6-4), it has 781 

an estimated photosynthesis rate of ~3.32 nmol C/h/individual and is close to the calculated average 782 

rate of calcification (~3.57 nmol C/h/individual). Unlike HH6-1, there is a net release of CO2 in the 783 

DBL and the seawater at the surface of the foraminifera will be more acidic. This explains why, 784 

when combining all the fluxes (pink squares), the resulting surface pH of the DBL is close to the 785 

surrounding seawater pH, since the fluxes broadly cancel out. After a certain DBL size, the changes 786 

in micro-environment pH plateau as the DBL becomes increasingly reaction driven rather than 787 

diffusion dominated, ultimately reaching a quasi-equilibrium at a size of ~1000 µm.  788 

 The diffusion-reaction model of the micro-environment presented here describes the 789 

chemistry of seawater in the DBL for fluxes averaged over a period of weeks, such that it is 790 

important to note that the model cannot capture the variability of these fluxes through time. For 791 
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example, calcification is likely not a continuous process like respiration but a discrete event lasting 792 

a few hours every few days (Erez, 2003; Glas et al., 2012b), the timing of which is difficult to 793 

constrain on a population level. This could mean that during a calcification event, the decrease in 794 

the DBL pH would be stronger and thus record a boron isotopic composition lower than predicted, 795 

although comparing the calculated DBL pH from δ11BCaCO3 to the model would not support this 796 

(Fig. 5). In addition, we note that genus Operculina is likely similar to other hyaline tropical benthic 797 

species, in that it probably possesses an internal carbon pool and vacuolises seawater (ter Kuile and 798 

Erez, 1987; Erez, 2003; Bentov et al., 2009; De Nooijer et al., 2009; Evans et al., 2018). This means 799 

that the process of chamber formation could be decoupled from the time at which seawater is 800 

vacuolised from around the organism. While there is evidence for light enhanced calcification 801 

(Erez, 2003; Oron et al., 2020) and respiration (Erez, 2003), hinting towards enhanced metabolic 802 

activity during the day, we cannot quantify their respective effects on the incorporation of boron in 803 

O. ammonoides. There is also evidence in hyaline foraminifera that the residence time of vacuolised 804 

seawater within the foraminifera can vary from less than 1 hour (during calcification) to more than 805 

48h (outside of calcification) (Bentov et al., 2009). Hyaline foraminifera are also characterised by a 806 

dense pseudopodia network in proximity to their shell surface which perform some of the life 807 

functions of the foraminifera namely feeding, respiration, movement, chamber formation and 808 

excretion (Erez, 2003). Doing this, pseudopodia also alter the micro-environment of the LBF, 809 

although we cannot quantify this modification. The pseudopodia are also responsible for some of 810 

the seawater vacuolisation by the foraminifera, which might be sampled from further away from the 811 

shell’s surface (Erez, 2003; Bentov et al., 2009). The vacuolised seawater will undergo a strong pH 812 

increase until it reaches the site of calcification (De Nooijer et al., 2008, 2009), but the boron 813 

isotopic composition recorded by O. ammonoides (and other foraminifera) usually sits closer to 814 

δ11BB(OH)4- at their respective seawater pH (see Fig. 4) and not at around 25 or 30 ‰ which would 815 

be the δ11BB(OH)4- of the alkalinised vacuoles or calcifying fluid (pH ≈ 9). It has been hypothesised 816 

that boric acid, permeating through membranes, would isotopically equilibrate the calcifying fluid 817 

with the surrounding seawater (Gagnon et al., 2021). If the calcifying fluid is isotopically 818 

equilibrated with the surrounding altered DBL, it would allow the precipitated calcite to record the 819 

δ11BB(OH)4- of the altered DBL. 820 

 Operculina ammonoides lives near the shallow reef base habitat (Hohenegger et al., 1999; 821 

Renema, 2002), which are comparatively higher-energy environments compared to the quiescence 822 

of laboratory cultures. Previous experiments which introduced a unidirectional flow to the culture 823 

bath, measured a DBL thickness to be around 100 µm (vertical dashed line in Fig. 5b) in hyaline 824 
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LBF (Köhler-Rink and Kühl, 2000; Glas et al., 2012a). At this size, the diffusion reaction model 825 

predicts very modest changes compared to the bulk seawater, ranging from 0.03 units (HH6-4) to 826 

0.05 units (HH6-1) in either P/R only or calcification only scenario. This modelled non-significant 827 

alteration for wild specimens could tentatively explain their δ11BCaCO3 being closer to their 828 

calculated δ11BB(OH)4-, but it does hint to a mechanism to explain the offset that we observe between 829 

field and laboratory cultured specimens grown at similar seawater pH and the difference in the 830 

nature of their sensitivity to δ11BB(OH)4-. 831 

 In summary, the DBL diffusion-reaction model results demonstrate that carbonate chemistry 832 

in the boundary layer is strongly sensitive to the DBL thickness for fluxes relevant to Operculina 833 

ammonoides. The results are consistent with a boundary layer pH lower than ambient seawater for a 834 

likely DBL thickness in the natural environment, if calcification and/or respiration rates are higher 835 

relative to photosynthesis than those measured in the laboratory. In contrast, a thicker DBL in the 836 

laboratory coupled with a DBL dominated by photosynthesis highlights mechanistic differences 837 

between field-collected and laboratory cultured δ11BCaCO3 values at a given pH (Fig. 2), and the 838 

shallow δ11BCaCO3-δ
11BB(OH)4- slope observed in cultured specimens. 839 

5. Conclusions: 840 

 841 

 Here, we show how the use of LA-MC-ICPMS to selectively sample calcite precipitated 842 

during controlled laboratory culture experiments allows the relationship between the boron isotopic 843 

composition of the shell and pH to be calibrated for larger benthic foraminifera. We show that 844 

cultured Operculina ammonoides is characterised by a δ11BCaCO3-δ
11BB(OH)4- 

 slope substantially 845 

lower than 1. In contrast, wild-collected specimens have a measured boron isotopic composition 846 

close to their calculated in-situ B(OH)4
-. We explored this discrepancy using a previously published 847 

diffusion-reaction model (Wolf-Gladrow et al., 1999), the results of which show that cultured O. 848 

ammonoides may be characterised by a shallow δ11BCaCO3-δ
11BB(OH)4- 

 slope as a result of a strongly 849 

altered micro-environment because of a thick diffuse boundary layer in the quiescent laboratory 850 

culture conditions compared to specimens growing in the wild. Future culture studies should 851 

therefore be mindful of potential differences in the micro-environment of foraminifera between the 852 

laboratory and field, especially when interpreting geochemical data in the light of carbonate/boron 853 

seawater chemistry. In addition, B/Ca data show that boron incorporation in O. ammonoides is 854 

dominantly controlled by some aspect of seawater borate chemistry (e.g. [B(OH)4
-] or a borate ion 855 

pair). This potentially paves the way forward for coupling this information to boron isotope 856 
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measurements in order to constrain calcification site or seawater carbonate chemistry. More broadly, 857 

our results demonstrate that the nummulitid tropical shallow-dwelling foraminifera are a useful 858 

group of calcifiers for paleo-pH/CO2 reconstruction using the data presented here, especially given 859 

that some genera, such as Operculina are present throughout the majority of the Cenozoic. 860 
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Table 1: Measured and calculated chemistry of the culture baths for Operculina ammonoides. The bath pH and alkalinity were both measured, but the 878 

weighted pH bad alkalinity were calculated (see text). Carbonate parameters were calculated using pyCO2SYS and the weighted pH and alkalinity 879 

were used as inputs. The reported uncertainty for the saturation state of calcite (Ωcalcite) are the median (50th percentile) and lower/upper percentiles 880 

corresponding to 2SD. This was reported instead of a normal 2SD because the resulting MC dataset is not normally distributed (see text). 881 

Sample Bath pH 

(NBS) 

Mean 

Bath pH 

(NBS) 

2 SD 

Bath Alk 

(µEq/L) 

Mean 

Bath Alk 

(µEq/L) 

2 SD 

pHW 

(NBS) 

Mean 

pHW 

(NBS) 

2 SE 

AlkW 

(µEq/L) 

Mean 

AlkW 

(µEq/L) 

2 SE 

DIC 

(µmol/L) 

Mean 

DIC 

(µmol/L) 

2 SD 

Ωcalcite 

2.5th 

Ωcalcite 

50th 

Ωcalcite 

97.5th 

 

HH6-1 7.43 0.26 2205 21 7.49 0.15 1988 93 1964 104 0.83 1.14 1.56 

HH6-2 7.66 0.19 2350 7 7.6 0.15 2034 118 1971 127 1.08 1.5 2.07 

HH6-3 8.03 0.08 2495 14 7.89 0.24 2077 128 1903 160 1.70 2.75 4.29 

HH6-4 8.37 0.31 2929 10 8.33 0.12 2333 172 1886 172 5.48 6.71 8.09 

HH6-5 7.85 0.39 2507 22 7.74 0.16 2046 149 1937 156 1.68 2.34 3.22 

HH6-6 7.51 0.38 2348 8 7.54 0.04 2006 165 1962 165 1.75 1.98 2.24 

HH7-1 7.99 0.15 2832 12 7.95 0.12 2536 102 2334 115 2.76 3.51 4.42 

HH7-2 7.73 0.61 938 50 7.91 0.07 832 27 731 26 0.98 1.02 1.07 

HH7-3 7.84 0.38 1276 13 7.83 0.08 1130 41 1037 46 1.02 1.2 1.4 

HH7-4 7.77 0.53 1580 408 7.77 0.03 1422 58 1334 57 1.27 1.37 1.48 

HH7-5 7.99 0.34 2348 22 7.96 0.09 2084 78 1903 83 2.46 2.92 3.43 

HH7-6 8.09 0.11 2264 5 7.93 0.18 2016 154 1850 164 1.84 2.65 3.74 

  882 



 

Table 2: Resulting measured boron isotopic composition of cultured Operculina ammonoides. δ11BB(OH)4- 
 was calculated using a Monte Carlo approach 883 

and used the weighted carbonate parameters as inputs (see text). The uncertainty of δ11BB(OH)4- is reported as percentiles of the 105 Monte Carlo 884 

simulated values. 885 

Sample pHW 

(Total) 

Mean 

pHW 

(NBS) 

2 SE 

δ11BB(OH)4-  

(‰) 

50th  

δ11BB(OH)4-  

(‰) 

2.5th   

δ11BB(OH)4-  

(‰) 

97.5th  

δ11BCaCO3 

(‰) 

Mean  

δ11BCaCO3 

(‰) 

2 SE 

B/Ca 

(mmol/mol) 

Mean 

B/Ca 

(mmol/mol) 

2 SE 

HH6-1 7.35 0.15 13.63 13.19 14.2 16.09 0.62 0.21 0.03 

HH6-2 7.47 0.15 14.08 13.51 14.85 16.86 0.38 0.26 0.02 

HH6-3 7.76 0.24 15.73 14.32 17.85 17.56 0.48 0.36 0.03 

HH6-4 8.2 0.12 20.22 18.8 21.8 19.45 0.34 0.45 0.03 

HH6-5 7.61 0.16 14.77 14 15.8 17.71 0.23 0.33 0.02 

HH6-6 7.41 0.04 13.89 13.72 14.07 17.41 0.41 0.31 0.03 

HH7-1 7.81 0.12 15.98 15.14 16.99 17.55 0.25 0.28 0.02 

HH7-2 7.78 0.01 15.73 15.63 15.82 18.07 0.26 0.36 0.02 

HH7-3 7.69 0.08 15.14 14.68 15.67 17.75 0.21 0.31 0.02 

HH7-4 7.64 0.03 14.81 14.64 14.99 17.32 0.24 0.28 0.02 

HH7-5 7.82 0.08 16.05 15.43 16.75 17.19 0.27 0.28 0.01 

HH7-6 7.79 0.18 15.81 14.67 17.36 17.85 0.38 0.32 0.02 
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Table 3: Details of the field collected Operculina ammonoides. Alkalinity (TAlk), pH and temperature (T) were taken from global dataset (see text). 887 

δ11BB(OH)4- was calculated from the aforementioned parameters using a Monte Carlo approach (see text). GBR stands for Great Barrier Reef. 888 

Sample Location Lat 

(decimal 

degrees) 

Long 

(decimal 

degrees) 

pH 

(total) 

mean 

pH 

(total) 

2 SD 

TAlk 

(µmol/kg) 

Mean 

TAlk 

(umol/kg) 

2 SD 

T 

(°C) 

Mean 

T 

(°C) 

2 SD 

δ11BB(OH)

4-  

(‰) 

50th   

δ11BB(OH)4

-  

(‰) 

2.5th   

δ11BB(OH)4-  

(‰) 

97.5th   

δ11BCaCO3 

(‰) 

Mean  

δ11BCaCO3 

(‰) 

2 SE 

B/Ca 

(mmol/

mol) 

Mean 

B/Ca 

(mmol/

mol) 

2 SE 

PD28 Makassar 5.06 119.42 8.08 0.01 2208 45 29 1.2 19.09 18.79 19.39 18.01 0.28 0.25 0.02 

SSO7G14 GBR -19.73 115.22 8.09 0.03 2303 32 26.6‡ 3.5‡ 18.84 18.07 19.62 18.55 0.2 0.39 0.02 

SER Jakarta -5.51 106.56 8.06 0.03 2166 46 29‡ 0.5‡ 18.73 18.41 19.04 16.09 0.32 0.39 0.02 

Eil19 Gulf of Eilat 29.54 34.97 7.99 0.05 2486 69 21.9‡ 0.8‡ 17.19 16.69 17.72 18.00 

 

0.28 0.32 0.02 

BBX49a Celebes Sea 1.39 118.82 7.9† 0.02† 2213 53 29.2‡ 0.9‡ 17.19 16.98 17.4 17.05 0.41 0.33 0.03 

KKE30 Makassar -5.11 119.29 7.86† 0.12† 2205 66 28‡ 0.4‡ 16.65 15.73 17.75 16.84 0.22 0.27 0.01 

 889 
† pH measurement from nearby reefs 890 
‡ Temperature taken from Evans et al. (2013). 
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