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A B S T R A C T   

The boron isotope palaeo-pH/CO2 proxy is one of the key quantitative tools available to reconstruct past changes 
in the concentration of CO2 in the atmosphere. In particular, marine calcifying organisms have been shown to be 
useful archives of this proxy, enabling quantitative variations in pH/CO2 to be reconstructed throughout the 
Cenozoic. In order to provide an alternative proxy archive to the widely used planktonic foraminifera, we 
investigated the symbiont-bearing, high-Mg, shallow-dwelling, tropical large benthic foraminifera (LBF) species 
Operculina ammonoides and present a calibration of the relationship between the shell boron isotopic composition 
and seawater pH. We investigated specimens collected from both several reefs as well as grown in laboratory 
culture experiments in which pH and DIC were decoupled from each other, measuring newly-formed chambers 
using laser-ablation as a sample introduction technique. Based on our laboratory culture samples, the resulting 
linear relationship between the in situ boron isotopic composition of aqueous borate ion (B(OH)4

− ) and the shells 
of O. ammonoides is characterised by a gradient of 0.38+0.12

− 0.10. In contrast, the boron isotopic composition of the 
field collected samples displays a near 1:1 relationship with B(OH)4

− . We suggest that the shallow slope of the 
laboratory culture regression is the result of the difference between their micro-environment carbonate chem
istry and that of the surrounding seawater driven by a pH dependence of the relative rates of calcification and 
photosynthesis. Based on a model of the effect of these processes on the diffusive boundary layer, we show that 
this effect is expected in laboratory culture experiments free from micro-turbulence, but not in the foraminifer’s 
natural environment. As such, we demonstrate the utility of these organisms as proxy archive, while also 
highlighting how laboratory experimental design has the potential to drive important changes in the micro- 
environment and resulting shell chemistry of organisms of this size. Given that the genus Operculina origi
nated in the late Palaeocene, this work paves the way towards deep-time palaeo-pH/CO2 reconstructions using 
foraminifer species which have a very closely related modern representative.   

1. Introduction 

Understanding the climate of Earth’s geological past is key to 

characterising the broad features of warm climate states (Masson-Del
motte et al., 2021) and is also an important method of assessing state of 
the art model performance (e.g. Tierney et al., 2020). During the 
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Cenozoic (66 Ma to present), the climate evolved from a hothouse, with 
global temperature ~15 ◦C higher than pre-industrial during the early 
Eocene (Inglis et al., 2020), to an ice-house world ultimately charac
terised by bipolar ice sheets in the past ~3.2 Myr (Zachos et al., 2008). 
This long-term change was punctuated by a number of climatic events, 
the study of which is key to understanding the complex relationship 
between climate, greenhouse gas concentrations, the biosphere, and 
surface processes (e. g. Westerhold et al., 2020). In addition, accurate 
and precise reconstructions of past changes in CO2 are a prerequisite of 
constraining climate sensitivity from palaeo data (e.g. Anagnostou et al., 
2016), with direct relevance to better understanding the likely magni
tude of future global warming (PALAEOSENS, 2012). Within the scope 
of these broad aims, a key quantitative methodology for reconstructing 
CO2 beyond the ice-core records is based on the boron isotopic 
composition of marine biogenic calcite (Sanyal et al., 1995; Hönisch 
et al., 2009; Rae, 2018; CenCO2PIP et al., 2023). 

The boron isotope proxy is based upon the pH-dependent aqueous 
speciation of boron, with boric acid (B(OH)3) and borate ion (B(OH)4

− ) 
dominating at low and high pH, respectively (Dickson, 1990). Being a 
light element, there is a large fractionation in the boron isotopic 
composition between these two species at low temperature, as they are 
characterised by a substantial difference in bond lengths between the B 
and OH group (Branson, 2018a). As a result, the boron isotopic 
composition of both species changes in tandem with their proportions in 
solution, which in-turn is dominantly driven by pH given that boric acid 
is weakly dissociative. If B(OH)4

− is the only, or dominant, species 
incorporated into CaCO3, then the boron isotopic composition of the 
mineral should scale with the pH of the solution from which it was 
precipitated. In the case of marine calcifiers (especially foraminifera) it 
was initially hypothesised that only B(OH)4

− is incorporated into their 
calcite shell (Hemming and Hanson, 1992), as appears to be broadly the 
case for biogenic aragonite (Trotter et al., 2011; Anagnostou et al., 2012; 
McCulloch et al., 2017; Gagnon et al., 2021). However, many studies 
have since shown that there are significant kinetic and/or vital effects on 
boron incorporation into the shells of calcitic marine organisms (Zeebe 
et al., 2003; Hönisch et al., 2003; Foster, 2008; Rollion-Bard and Erez, 
2010; Henehan et al., 2013, 2016). For these reasons, the application of 
the proxy to the fossil record generally requires the development of 
empirical calibrations, which account for the “vital effects” resulting 
from the biological process of calcification or kinetic processes involved 
in mineral growth (Sanyal et al., 1996; Henehan et al., 2013). 

Here, we focus on Operculina ammonoides, a high-Mg calcite large 
benthic foraminifera (LBF) of the family Nummulitidae (Cotton et al., 
2020). These foraminifera are symbiont bearing, shallow water tropical 
reef dwellers favouring oligotrophic conditions and a sandy substrate 
(Renema and Troelstra, 2001), that typically live at depths of 10–70 m 
(Hohenegger et al., 1999; Renema, 2002; Oron et al., 2018). These 
foraminifera do not yet have a boron isotope-pH calibration, and the 
advantages of working with these LBF are that i) their large size facili
tates multiple geochemical measurements on the same individual 
specimens (e.g. δ11B and major/trace element composition) and ii) the 
nummulitid foraminifera have a lineage extending back to the late 
Palaeocene, for example, the genus Operculina (or Neoassilina, see 
Holzmann et al., 2022) originated in the early Eocene (Hottinger, 1977). 
In addition, previous work has demonstrated that Eocene and modern 
representatives of this group are characterised by a similar shell (trace) 
element composition (Evans et al., 2013), suggesting that the bio
mineralisation strategy and related vital effects between the modern and 
fossil representatives of this family are very similar. As such, the cali
bration presented here is likely to be applicable to deep-time (Palae
ogene) samples with a degree of confidence that may be difficult to 
obtain in some other foraminifera groups. 

Here, we analysed Operculina ammonoides grown in a laboratory 
culture experiment in which aspects of seawater carbonate chemistry 
were varied independently of each other, i.e. varying DIC at constant 
pH, and vice versa. Samples of the same species were also collected from 

a number of reefs in the Indo-Pacific to compare boron incorporation in 
this species in its natural environment to the controlled laboratory 
setting. 

We use laser ablation as a sampling technique coupled to a multi- 
collector inductively coupled plasma mass spectrometer (LA-MC- 
ICPMS) to generate a calibration of the relationship between the boron 
isotopic composition of foraminifera and seawater carbonate/boron 
chemistry. The relatively large test size of LBF (compared to planktonic 
or smaller benthic foraminifera) also makes these an ideal target for in 
situ elemental and isotopic measurements (Evans et al., 2015; Van Dijk 
et al., 2017). 

2. Materials and methods 

2.1. Laboratory culture experiments 

Specimens of Operculina ammonoides were collected from the North 
Beach in the Gulf of Eilat in 2018. Bulk sediment containing abundant 
foraminifera was collected at a water depth of ~22 m, following which 
the bulk sample was transferred to the Institute of Earth Sciences at the 
Hebrew University of Jerusalem. Live foraminifera were identified as 
those that climbed on vertical glass slides placed in the sediments. Live 
foraminifera were sieved to retain specimens with uniform size (exper
iment HH6: 350–475 µm; HH7: 475–690 µm). 

Before transfer to the experimental culture vessels, the foraminifera 
were placed in jars filled with seawater from the Gulf of Eilat with 40 μM 
calcein for five days (Erez, 2003; Evans et al., 2015; Hauzer et al., 2018). 
This membrane impermeable fluorescent dye enables chambers 
precipitated during the experimental period to be identified, as those 
grown in the jars before transfer to experimental seawaters will incor
porate the dye, while the chambers grown during the experiment will 
not (Fig. 1a). 

In addition, all culture seawaters were isotopically labelled with 74 
nM 135Ba (93%) to provide another means of unambiguously dis
tinguishing newly precipitated chambers from those formed prior to 
collection (Evans et al., 2016). The low concentration of Ba in seawater 
(<10 µmol/mol) and the low natural abundance of 135Ba (natural 
135Ba/138Ba of 0.0919; Rosman and Taylor, 1997) enabled a small in
crease in the seawater [Ba2+] to achieve an order of magnitude differ
ence between the natural and experimental seawater 135Ba/138Ba; the 
culture seawater was characterised by a 135Ba/138Ba of ~1. Because 
each experiment was spiked individually, there were small differences in 
the seawater 135Ba/138Ba between the experiments (between 0.7 and 
1.2, see Figure S1). Once prepared, these seawater reservoirs were 
stored in airtight foil-lined inflatable bags to prevent re-equilibration of 
the carbonate system with the atmosphere. 

The incubation of foraminifera was conducted in sealed glass jars 
containing 120 mL of experimental seawater. The cultured foraminifera 
experienced a 12 h dark-light cycles with an average of 40 µM photons/ 
m2/s from both natural and fluorescent light (Hauzer et al., 2021; typical 
variability of photon density within the laboratory can be seen in the 
supplementary materials of Evans et al. (2015)). The foraminifera were 
fed with 50 µL of frozen algae Isochrysis, diluted in seawater to ~0.1 g/L, 
after each water exchange (Hauzer et al., 2021). 

Two main sets of experiments (HH6 and HH7) were conducted in 
which the concentration of dissolved inorganic carbon (DIC) and pH 
were decoupled from each other (Hauzer, 2022). To investigate the 
control of pH on the incorporation of boron and boron isotopes in 
O. ammonoides, in the first of these experiment sets (HH6) pH was varied 
at near constant DIC from ~7.4 to ~8.4 (Table 1) by changing the 
alkalinity of natural Gulf of Eilat seawater via HCl or NaOH addition 
(DIC = 2200 ± 119 μmol/kgsw, 2SD of the experimental means). Salinity 
was unmodified at 40.65 on the practical scale. In addition, within the 
HH6 experimental set, two experiments were conducted at an elevated 
Ca2+ concentration ([Ca2+

SW]; 13.7 and 17.7 mmol/kgsw respectively) and 
lower than natural pH, to explore the potential influence of past changes 
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in [Ca2+
SW] on O. ammonoides δ11B. Around 50 individuals of 

O. ammonoides were used per experiment. In contrast, the experiment set 
HH7 was designed to evaluate the possible control of seawater DIC on 
boron incorporation in O. ammonoides by keeping the pH constant 
(pHNBS = 7.90 ± 0.28, 2SD of the experimental means) and varying DIC 
concentration between 825 and 2460 μmol/kgsw. The seawater used for 
HH7 was adjusted to a salinity of 37 by diluting seawater from the Gulf 
of Eilat with deionised water. For this set of experiments, around 80 
individuals of O. ammonoides were placed into each culture. 

The water in the experimental jars was exchanged every ten days 
with seawater from the reservoirs. Before the exchange, the pH and 
alkalinity of both the culture jars and reservoirs was measured and used 
to calculate the population growth rates of the foraminifera via alka
linity depletion (Segev and Erez, 2006; Oron et al., 2020) as well as to 
calculate the rest of the carbonate system (i.e. DIC, HCO3

–, CO3
2– con

centrations and Ωcalcite) using the Python version of CO2SYS (Lewis and 

Wallace, 1998; Humphreys et al., 2022). Details of the constants used to 
do so as well as error propagation are given in section 2.4. The culture 
jars were kept at a constant temperature of 25◦C (±0.2 ◦C) by placing 
them into a water bath controlled by simultaneous cooling and heating 
(e.g. Evans et al., 2015). After 60 days, the experiment ended, and the 
foraminifera were rinsed with deionised water, after which they were 
dried and stored for later analysis. Before geochemical analysis, the 
samples were treated overnight with a dilute NaOCl solution (1.5 %) to 
remove organic material and rinsed several times with deionised water 
(Evans et al., 2015; Hauzer et al., 2021). Finally, a further series of 
ethanol and deionised water (18.2 MΩ cm) cleaning steps, 1x and 2x 
respectively, including 30 s ultrasonication were performed a few days 
before laser ablation analysis at the Frankfurt Isotope and Element 
Research Center (FIERCE) laboratories to remove any residual surface 
contaminations. 

Fig. 1. Example boron and barium isotope analysis of cultured Operculina ammonoides using LA-MC-ICPMS. (a) Fluorescent microscope picture of a cultured 
O. ammonoides illustrating the use of calcein to identify chambers precipitated in the laboratory. The low fluorescence chambers (top) are those grown during the 
culture experiment. The direction of the laser ablation analyses is depicted by arrows. (b) Two examples of a time resolved laser ablation analysis. The dashed vertical 
black lines depict the locations at which the data was trimmed in the case of these specific samples. Both analyses were performed on cultured foraminifera using a 
laser spot size of 40 µm, a repetition rate of 6 Hz and a fluence of 6 J/cm2. The analysis on top is an example of a stable signal with no chamber breakage whilst the 
bottom shows a chamber breakthrough after around 29 s of laser drilling. Drilling depth was estimated using an ablation rate of 200 nm/pulse at 6 Hz, 6 J/cm2 

(Griffiths et al., 2013). (c) Example use of 135Ba/138Ba to unambiguously identify material grown in laboratory culture, plotted against δ11B at an adjacent locations 
in the shell (the Ba isotope analyses were laterally offset by ~ 20 μm from the boron isotope analyses, see text for details). The vertical dashed line delineates the cut- 
off point representing a value 10 % lower than the culture 135Ba/138Ba endmember. The green data points are those that are within uncertainty of the cut-off point, 
considered to have come from material grown under the experimental conditions. 

Table 1 
Measured and calculated chemistry of the culture jars for Operculina ammonoides. The jar pH and alkalinity were both measured, but the weighted pH and alkalinity 
were calculated (see text). Carbonate parameters were calculated using PyCO2SYS and the weighted pH and alkalinity used as inputs. The reported uncertainty for the 
saturation state of calcite (Ωcalcite) is the median (50th percentile) with lower/upper percentiles corresponding to 2 SD. This was reported instead of a normal 2 SD 
because the resulting MC dataset is not normally distributed (see text).  

Sample Jar pH 
(NBS) 
Mean 

Jar pH 
(NBS) 
2 SD 

Jar TAlk 
(µEq/kg) 
Mean 

Jar TAlk 
(µEq/kg) 
2 SD 

pHW 

(NBS) 
Mean 

pHW 

(NBS) 
2 SE 

TAlkW 

(µEq/kg) 
Mean 

TAlkW 

(µEq/kg) 
2 SE 

DIC 
(µmol/kg) 
Mean 

DIC 
(µmol/kg) 
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  

D. Coenen et al.                                                                                                                                                                                                                                 



Geochimica et Cosmochimica Acta 378 (2024) 217–233

220

2.2. Laboratory culture carbonate chemistry calculations 

While the carbonate chemistry conditions in both the culture jars and 
seawater reservoirs was highly controlled (Hauzer, 2022), some drift 
occurred in both cases because of calcification/photosynthesis/respira
tion of the foraminifera, and could be a result of a small amount of 
leakage or possible bacterial growth in the reservoirs. As such, the pH 
and DIC drifted by an average of 0.37 and 206 μmol/kgsw respectively 
over the course of the experiment in the culture jars (see Table 1 and 
Fig. S2a). To account for this drift, bulk population growth rate curves 
were calculated using the alkalinity depletion method (e.g. Hauzer et al., 
2018), following which, these curves were used to generate weighted 
averages of pH and DIC. This approach weights the average measure
ments towards the portions of the experiment in which the overall 
growth rate was highest, and assumes that portions of the experiment 
with greater bulk calcification rates are more likely to be included in our 
spatially-resolved measurements. Two other methodologies of average 
calculations, and the sensitivity of our results to them, are explored in 
the supplementary materials. 

Previous work has demonstrated that, when culturing LBF, the 
resulting individual specimen calcification rates may vary greatly within 
the population (Hauzer et al., 2021). Some specimens may live longer 
than others, some may calcify mainly at the beginning of the experi
ment, while others may continue to calcify at a broadly constant rate 
irrespective of changes in the bulk population growth rate measured by 
alkalinity depletion. The question becomes: given a drift in pH and DIC 
with time, are the analysed chambers more likely to come from the part 
of the experiment when the overall population growth rate was higher? 
If so, a growth-rate weighted average might be more appropriate. Since 
we randomly selected specimens with at least one chamber precipitated 
in culture on the basis of calcein labelling, we consider it likely that we 
analysed foraminifera that stopped calcifying part-way through the 
experiment, such that average values of the seawater carbonate chem
istry weighted to the population growth rates are likely to be the most 
appropriate characterisation of the conditions that the foraminifera 
experienced to relate seawater and shell geochemical data. 

Specifically, we derived the fraction of the total growth that took 
place between each water exchange and used this to calculate weighted 
average and weighted standard error (following Gatz and Smith, 1995) 
of pH and total alkalinity (see Table 1). However, we note that none of 
our main conclusions are sensitive to this data treatment and all possible 
alternative averages of measured pH and total alkalinity used for the 
experiment are also explored in the supplementary materials. 

2.3. Field-collected samples 

As palaeoenvironmental reconstructions always use samples living 
and calcifying from naturally variable seawater, we additionally 
included field collected samples in an attempt to constrain the degree to 
which our culture experiments capture the salient features of the proxy 
and degree of unexplained variance in the calibration outside of a 
controlled environment (McClelland et al., 2021). Here, we analysed 
Operculina ammonoides or Operculina sp. samples collected from six 
different reefs in the Indo-Pacific, specifically the northernmost Red Sea, 
the Great Barrier Reef, and three reefs in Indonesia, namely the Sper
monde archipelago, Kepulauan Seribu and Berau shelf (Table 3; see 
Evans et al., 2013; Renema, 2002, and references therein). Foraminifera 
were sampled and picked live from the sediments. Since the physical 
properties and chemical composition of the seawater were not measured 
at the time of collection (Renema, 2002; Renema et al., 2013), seawater 
measurements were taken from a mixture of literature values, moni
toring stations and new in-situ measurements, discussed in more details 
in the supplementary materials. We also explored, in the supplementary 
materials, the use of a global seawater chemistry dataset (Gregor and 
Gruber, 2021) to compensate for the lack of direct seawater measure
ments for these sites, but find that it is not ideally suited to our purposes 

because of the regional-scale variability in seawater carbonate chemis
try characteristic of shallow marine environments. 

2.4. Carbon and boron system calculations 

The carbonate system was determined from measured pHNBS and 
total alkalinity using CO2SYS for the carbonate system calculations, 
including the concentration of calcium where this was experimentally 
modified (see below), silicate (0.3 μmol/kgsw), and phosphate (0.05 
μmol/kgsw). The equilibrium constants K1 and K2 were taken from 
Lueker et al. (2000). These are recommended by Dickson (2007) and in 
addition, Raimondi et al. (2019) demonstrated the best internal con
sistency when reconstructing DIC from pH and total alkalinity when 
these constants are used. 

Uncertainty was propagated via a Monte Carlo approach calling 
CO2SYS 105 times with random pH and total alkalinity values sampled 
from their uncertainty bounds (similar to Williams et al., 2017; Rai
mondi et al., 2019), assuming a normal distribution in both cases. The 
non-linear relationship between pH and other the carbon system pa
rameters means that the resulting Monte Carlo dataset is not normally 
distributed when pH is the dominant source of uncertainty (Lauvset and 
Gruber, 2014; Orr et al., 2018). Each simulated parameter was indi
vidually screened by testing their normality with D’Agostino’s K- 
squared test (D’Agostino and Pearson (1973); using the Python imple
mentation in SciPy − Virtanen et al. (2020)). An example of parameter 
normality screening can be found in the supplementary materials 
(Figure S7). In the case of a normally distributed parameter, the median 
and 2 SD are reported, otherwise, the median, 2.5th and 97.5th percen
tiles are reported (Tables 1–3). 

The values of pKB* and δ11BB(OH)4- were calculated using the Python 
package cbsyst (Branson, 2018b) containing a fast implementation of 
MyAMI, which incorporates the pairing effects of Ca2+ and Mg2+ on the 
carbonate system equilibrium constants (Hain et al., 2015, 2018), and 
carbon/boron system simulation following CO2SYS. The use of MyAMI 
was especially relevant for the experiments HH6-5 and HH6-6 (Table 1) 
as they were both characterised by a higher Ca2+ concentration than 
natural seawater, which changed KB* by ~1 and 3% respectively. We 
used a boron species fractionation factor (αB) value of 1.027 ± 0.0006 
(Klochko et al., 2006) and δ11B of seawater = 39.61 ± 0.04 ‰ (Foster 
et al., 2010). Similarly to other carbon system parameters, 105 Monte 
Carlo simulations of the boron system were generated from pH data as 
well as temperature, salinity, δ11Bsw and αB. 

To explore whether speciation controls the incorporation of boron in 
Operculina ammonoides, we used PHREEQC (Parkhurst and Appelo, 
2013) to calculate the concentration of the CaB(OH)4

+ and MgB(OH)4
+

ion pairs in the experimental and natural seawaters, as well as activity 
coefficients of the carbonate and boron species. We used the pitzer 
database which is more suitable for application to solutions with higher 
ionic strength like seawater (I ≈ 0.7) (Farmer et al., 2019; Henehan 
et al., 2022; Nir et al., 2015). We followed the recommendations of Nir 
et al. (2015) and applied an offset of 0.19 to the pH total scale to 
compensate the MacInnes assumption used in PHREEQC, so the culture 
pHNBS measurements were first converted to the total scale using 
CO2SYS from which the offset was then applied. The ionic composition 
of seawater was scaled with salinity (following Millero (2005) and Lee 
et al. (2010) for boron) except for calcium in the case that this was 
experimentally modified; in these cases the calculated total concentra
tion was used. To calculate uncertainty of the simulations, a Monte Carlo 
approach was taken by performing 105 simulations with randomly 
sampled pHtot, alkalinity, temperature, and salinity. The reported values 
are the median and 2.5th/97.5th percentiles. Similarly to Farmer et al. 
(2019), we observe an offset between pKB* calculated using PHREEQC 
and CO2SYS/cbsyst, ranging from 0.088 to 0.093. 
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2.5. Boron isotope and B/Ca analytical details 

2.5.1. Laser-ablation MC-ICPMS boron isotope analytical methodology 
All boron isotopic measurements were performed using the LA-MC- 

ICPMS setup at the Frankfurt Isotope and Element Research Center 
(FIERCE) at Goethe University Frankfurt, following the methodology 
outlined in Evans et al. (2021). This consists of a RESOlution M− 50 LR 
193nm ArF laser ablation system (Applied Spectra, formely Resonetics; 
Müller et al. (2009)) connected to a Neptune plus MC-ICPMS (Thermo- 
Fisher Scientific). The RESOlution LR is equipped with the large two- 
volume Laurin Technic S-155 ablation cell. He was used as the main 
cell gas, with the Ar sample gas from the ICPMS admixed into the top of 
the inner cell funnel. N2 was added downstream of the ablation cell to 
improve sensitivity (Lin et al., 2014), see Table S1 for details. Nylon-6 
tubing was used throughout (Evans and Müller, 2018). 

To distinguish between the chambers grown under the experimental 
conditions (in 135Ba-enriched seawater) from those already present, the 
135Ba/138Ba of the foraminifera marginal cord was measured prior to the 
boron isotopic measurements. While the barium isotope ratio would 
ideally have been measured at an identical location as the boron isotopic 
measurement, this would not have been possible without either peak 
hopping or loss of material caused by ablating the same location more 
than once. Instead, 135Ba/138Ba measurements were made as close as 
possible to the δ11B measurements with a smaller laser beam. 

For the boron isotopic measurements, the faraday cups were ar
ranged to simultaneously measure 10B (L3) and 11B (H4) as well as to 
monitor the Ca interference that is present across the mass range 10–11 
on the Neptune (Sadekov et al., 2019; Standish et al., 2019; Evans et al., 
2021). Specifically, we measured the elevated baseline that results from 
the ablation of Ca-rich materials at m/z 10.035 (L2, cf. 10.089 in Evans 
et al., 2021) and 9.979 (L4), although we ultimately only use the former 
in correcting the measurements. All the measurements were performed 
at low mass resolution, with 1013 Ω resistors installed on all four cups. 

All gas flows and mass spectrometer parameters were optimised 
daily, see Table S1 for more details. Tuning was carried out by ablating 
NIST SRM612 with a 90 μm spot at 6 Hz repetition rate and ~6 J/cm2 

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

Instrumental mass bias was corrected using sample-standard brack
eting with NIST SRM612 as the primary standard. The matrix interfer
ence present on 10B when ablating samples with a Ca matrix on the 
Neptune plus was corrected by determining the relationship between the 
inaccuracy in the NIST SRM612-standardised δ11B (the difference be
tween measured δ11B and accepted δ11B value) and 11B/10.035 (pro
portional to B/Ca) for three well characterised carbonate standards, and 
applying this relationship to all samples (Standish et al., 2019; Evans 
et al., 2021). The three pressed powder pellet carbonate reference ma
terials used here were: JCt-1 (Tridacna gigas) and JCp-1 (Porites sp.), 

both prepared by Dr Edmund Hathorne (GEOMAR) with δ11B equal to 
16.39 ± 0.60 ‰ and 24.36 ± 0.45 ‰ respectively (2SD of interlabor
atory means, Gutjahr et al. (2020)), and MACS-3 (USGS synthetic 
calcite) with a δ11B value of − 0.57 ± 0.11 ‰ (2SD of three solution 
measurements; Standish et al. (2019)). The secondary standards were 
randomly distributed throughout the analysis sequence and analysed in 
an identical way to the samples, with at least 15 of each within a typical 
12-hour session. All boron isotope analysis were carried out with a 
~1.049 s integration time for 40 s drilling/spot analysis, with all sam
ples and standard measurements bracketed by 20 s of gas blank analysis. 

Reproducibility and accuracy were assessed using three secondary 
standards: the UWC-1 and UWC-3 marble standards, initially developed 
for SIMS oxygen isotope analysis (Edwards and Valley, 1998; Graham 
et al., 1998) and an in-house calcite standard (DE-B) which is a inorganic 
blue calcite acquired from an mineral dealership. The boron isotopic 
composition of UWC-1 was characterised by Standish et al. (2019); δ11B 
= 7.77 ± 0.89 ‰. However, to our knowledge, no solution-based mea
surement is available for UWC-3 and our in-house standard DE-B had not 
previously been assessed. To address this, and report accuracy and 
precision across more than one standard not utilised in our data pro
cessing, we determined the composition of both materials independently 
of our laser-ablation methodology using solution-MC-ICPMS (see Sec. 
2.5.2). DE-B is characterised by an average value of − 0.02±0.41 ‰ (n =
20), while UWC-3 δ11B = 20.25±0.08 ‰ (2σ, n = 2). 

When comparing the intermediate precision (2SD variance in inter- 
session mean measured values within one laboratory) of measured 
δ11B from the three external calcite standards (UWC-1, UWC-3, DE-B) 
from 41 laser ablation sessions (days) with solution-MC-ICPMS mea
surements, we observe a 1:1 relationship (Fig. S8), with an average 
overall difference of 0.89±0.38 ‰ (2SD). The individual intermediate 
precision difference between laser ablation and solution derived values 
are as follows: UWC-1: +0.86±0.31 ‰ (2SE), UWC-3: +0.72±0.27 ‰ 
and DE-B: +1.09±0.16 ‰. Given that the majority of these measure
ments are within the combined uncertainty of the two techniques, we do 
not apply an accuracy correction to the laser ablation data. 

Given the fragility of the cultured Operculina ammonoides samples, 
specimens were mounted vertically to ablate the marginal cord (Fig. 1a) 
by carefully placing them onto a pressure sensitive adhesive. The mar
ginal cord of the cultured samples was thin (<50 μm), so a 40×40 μm 
square spot size was the largest that could be used. 

Following the data processing procedure described above and in 
detail in Evans et al. (2021), each analysis was individually screened to 
discard erroneous measurements or those in which the marginal cord 
was almost immediately broken, using the 11B voltage and raw 11B/10B, 
as well as images from the laser ablation camera system collected during 
analysis (Fig. 1b). 

Table 2 
The measured boron isotopic composition of cultured Operculina ammonoides. δ11BB(OH)4- was calculated using a Monte Carlo approach and used the weighted car
bonate parameters as inputs (see text). The uncertainty of δ11BB(OH)4- is reported as percentiles of the 105 Monte Carlo simulated values.  

Sample pHW 

(Total) 
Mean 

pHW 

(Total) 
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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2.5.2. Solution-MC-ICPMS analytical methodology 
Solution MC-ICPMS analysis of the two standards without previous 

measurements was carried out in the St Andrews Isotope Geochemistry 
laboratories (STAiG) of the University of St Andrews, UK. Several grains 
of DE-B, separated from two different crushed hand samples (DE-B1 and 
DE-B2), and two grains of UWC-3 were selected and powdered to give 
~1–2 mg aliquots for boron isotope analysis. Unlike laser ablation 
analysis, it is common practice to perform chemical pre-cleaning of 
samples prior to solution analysis. The possible impact of this pre- 
cleaning on the boron isotopic composition of these inorganic calcites 
was tested by further splitting each sample into two halve and per
forming the pre-cleaning step on one of them. The first halves of each 
aliquot went through a full cleaning procedure designed for biogenic 
carbonates from sediments involving clay removal rinses with boron- 
free deionised water (18.2 MΩ cm) and an oxidative cleaning step 
using 1 % H2O2 buffered with 0.1 M NH4OH at 80 ◦C, before dissolution 
in 0.5 M HNO3 (e.g. Barker et al. (2003); Jurikova et al. (2019)). The 
second half was rinsed twice with boron-free deionised water (18.2 MΩ 
cm) and dissolved with the aid of ultrasonication in 0.5 M HNO3. 

Prior to boron isotope analyses, boron was purified from the CaCO3 
matrix using boron-specific anion exchange resin, Amberlite IRA 743, 
crushed and sieved to 63–106 µm. Dissolved DE-B and UWC-3 aliquots 
were processed alongside RM NIST 8301 Foram (Stewart et al., 2021) 
and total procedural blanks (TPBs). Purified boron solutions were spiked 
with HF to aid boron wash out and measured in an 0.5 M HNO3 plus 0.3 
M HF matrix (Zeebe and Rae, 2020) on a Thermo Scientific Neptune Plus 
MC-ICPMS equipped with a HF-resistant sample introduction kit and 
1013 Ω resistors. Instrumental mass bias was corrected by standard 
sample-bracketing with a 10 µg/g NIST SRM 951 solution. The average 
δ11B for RM NIST 8301 Foram was 14.61 ± 0.19 ‰ (2SD, n = 4) and the 
TPBs were <7 pg B, negligible against the typical sample size of ~ 5 ng 
B. 

No significant difference between uncleaned and cleaned values 
were observed for DE-B with average δ11B values of − 0.18 ± 0.32 ‰ 
(2SD, n = 10) for DE-B1 and 0.14 ± 0.19 ‰ (2SD, n = 10) for DE-B2, 
such that an overall average value of − 0.02 ± 0.41 ‰ was used for 
the DE-B calcite in-house standard when comparing to LA-MC-ICPMS 
data. In addition, pieces of the MACS-3 pressed pellet used in the 
FIERCE laboratory were also measured after the aforementioned treat
ment. The resulting solution measured value is − 1.22 ± 0.20 ‰ (2σ). 

2.5.3. LA-MC-ICPMS barium isotope analytical methodology 
The 135Ba/138Ba composition of the cultured foraminifera was 

measured close to the ablation pits of the δ11B measurements as 
described above. The Faraday cups were arranged to simultaneously 
measure 135Ba (L2) and 138Ba (H2). The large difference in 135Ba/138Ba 
(~10 times higher) between culture and non-culture material in the 
experiments reported here allowed for a smaller spot size of 15×15 μm 
and shorter analysis (5 s). No mass bias correction or standardisation 
was applied to the data, because we are here interested in order-of- 
magnitude-scale changes in the barium isotopic composition of the 
shells. Nonetheless, repeat analysis of the JCp (pressed pellet) reference 
material measured under the same conditions yielded a measured 
135Ba/138Ba = 0.0899 + 0.0120 (2SD), such that these non-standardised 
measurements are demonstrably sufficiently accurate and precise to 
determine the large variability in isotopic composition characteristic of 
the samples studied here. The same repetition rate (6 Hz) and fluence (6 
J/cm2) as for the δ11B measurements were used. The resulting 
135Ba/138Ba were matched to the closest boron isotope ablation pit in 
order to determine which boron isotope measurements should retained 
or discarded based on their artificially-high or natural 135Ba/138Ba ratio. 

2.5.4. LA-SF-ICPMS B/Ca determination 
To determine whether B/Ca can be accurately characterised using 

the 11B/10.035 ratio obtained during the isotopic analysis, trace element 
analysis for B/Ca measurements was performed on the same samples Ta
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using a Thermo-Scientific Element XR SF-ICPMS in the FIERCE labora
tories, connected to the same laser ablation system (see Table S2). 
Tuning was performed daily by ablating NIST SRM612 with a 60 μm 
laser beam and 6 Hz repetition rate, with a typical sensitivity of >6x106 

cps of 238U under these conditions, while maintaining ThO+/Th+ < 1 %, 
U/Th = 0.94 – 0.97 and m/z 44/22 < 2 % (to monitor doubly-charged 
ion production). The marginal cord of the samples was ablated using a 
50 μm spot and a repetition rate of 3 Hz, with the “squid” signal 
smoothing device added downstream of the ablation cell to obtain a 
stable signal (Müller et al., 2009). B/Ca ratios were quantified using 
standard procedures (Heinrich et al., 2003), with 43Ca as an internal 
standard and NIST SRM610 as the external calibration standard (using 
the NIST SRM610 [B] value of Jochum et al. (2011)). Data reduction was 
performed using an in-house Matlab script (Evans and Müller, 2018), 
with the details of trace element data reduction described elsewhere 
(Evans et al., 2015; Nambiar et al., 2023). Accuracy of three secondary 
standards, namely GOR-128G, JCt-1 and MACS-3 (Jochum et al., 2005, 
2019; Hathorne et al., 2013) was ~4%, ~3% and ~2% respectively. 

3. Results 

3.1. Boron isotope calibration 

All results are displayed in Figs. 2-4 and Tables 1-3. The measured 
boron isotopic composition of the cultured Operculina ammonoides 
ranges between 16.1 ‰ (HH6-1, lowest pH experiment) and 19.5 ‰ 
(HH6-4, highest pH experiment) (Table 2). Most of the samples have a 
boron isotope value heavier than the boron isotopic composition of in 
situ B(OH)4

− , with a greater offset at lower pH. 
The resulting boron isotope calibration of the cultured samples is 

plotted in Fig. 2 as a regression between measured δ11BCaCO3 and 

calculated δ11BB(OH)4-, based on the physical and chemical properties of 
the water in which the foraminifera grew (Section 2.4). Once a rela
tionship between measured δ11BCaCO3 and calculated in situ δ11BB(OH)4- is 
derived, it allows for the conversion of future measurements into esti
mates of in situ δ11BB(OH)4- which in turn can be used to estimate the in 
situ pH (Foster et al., 2012). 

As a result of non-linearities in the carbonate system (Section 2.4), 
the calculated δ11BB(OH)4- values of all experimental seawaters are not 
normally distributed. As such, we determine the best-fit linear regres
sion through the data using a Monte Carlo approach by performing 
linear regressions through 105 randomly generated δ11BCaCO3 (within 
their uncertainty bounds) and δ11BB(OH)4-, the latter derived as reported 
above. Since the uncertainties in δ11BB(OH)4- are not normally distrib
uted, neither are the resulting gradients and intercepts such that we 
report the median and 2.5th and 97.5th percentiles (Eq. (1). 

δ11BB(OH)−4
=

δ11BCaCO3 −
(
11.71+1.47

− 1.88
)

0.38+0.12
− 0.10

(1)  

Based on a simple least-square regression (OLS), the goodness of fit 
statistics are as follows: R2 = 0.76, Root Mean Square Error (RMSE) is 
0.37 ‰ and p=0.0002. With a gradient lower than one (0.38) in borate 
space, the boron isotopic calibration of cultured O. ammonoides appears 
to be buffered against external pH, given that this is the only major 
control on δ11BB(OH)4- in these experiments. The alternative seawater 
carbonate chemistry calculation discussed in section 2.2, yield similar 
gradient and intercept values, albeit with a reduced goodness of fit 
(Fig. S3). The weighted pH of the experimental jars is also a good pre
dictor of δ11BCaCO3 in our experiments (Fig. 2b), with a non-linear lo
gistic fit yielding the following statistics: R2 = 0.75, RMSE = 0.38 ‰ and 
p = 0.002. While we do find a negative relationship between DIC and 

Fig. 2. Boron isotope calibration of Operculina ammonoides. (a) Regression between the measured δ11BCaCO3 and calculated in situ δ11BB(OH)4-. Uncertainties are 2 SE 
in the case of δ11BCaCO3 and 2.5th and 97.5th percentiles of the Monte Carlo derived δ11BB(OH)4- (see text for details). The linear regression through the culture data 
was performed using a Monte Carlo approach by fitting a line through data points randomly sampled from their uncertainty boundaries 105 times (blue regression). 
The statistics for this regression are displayed in blue in the bottom right corner. The pink regression, similarly calculated as above, is fitted through the field 
collected samples. The statistics for this regression are displayed in pink in the bottom right corner. The displayed confidence region of the regression is the 16th/84th 

(~1SD) and 2.5th/97.5th (~2SD) percentiles of the predicted δ11BCaCO3. (b) Logistic regression of δ11BCaCO3 against weighted pH measurements. (c) Regression of 
δ11BCaCO3 against the weighted DIC of jars. 
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δ11BCaCO3, the DIC concentration in the growth media does not appear to 
have a significant influence on the δ11B composition of cultured 
O. ammonoides, a simple OLS yields the following statistics: R2 = 0.04, 
RMSE = 0.74 ‰, p = 0.52 (Fig. 2c). 

The field collected specimens are characterised by measured 
δ11BCaCO3 values ranging between 16.1 ‰ to 18.5 ‰ (Fig. 2, pink tri
angles) and their associated calculated in situ δ11BB(OH)4- range from 16.3 
‰ to 18.45 ‰. These samples have a notably different trend of boron 
isotopic composition compared to the cultured specimens as most seem 
to lie within uncertainty of the borate line. The linear regression per
formed using a Monte Carlo approach similar to that of the culture 
samples yields the following equation: 

δ11BB(OH)−4
=

δ11BCaCO3 −
(
3.89+6.43

− 8.50
)

0.78+0.49
− 0.37

(2)  

Based on a simple least-square regression, the goodness of fit statistics 
are as follows: R2 = 0.74, Root Mean Square Error (RMSE) is 0.43 ‰, and 
p=0.03. With a gradient within uncertainty of the borate line 
(0.78+0.49

− 0.37), the calcite δ11B of field collected O. ammonoides appears to 
be more pH sensitive compared to the cultured specimens. 

3.2. Comparison to other key proxy archives 

With a gradient of 0.38+0.12
− 0.10 the calibration of cultured Operculina 

ammonoides appears to have one of the shallowest slopes when 
compared to previously published calibrations (Fig. 3). Although most 
of the previously published culture calibrations are less pH sensitive 
than B(OH)4

− : Amphistegina lobifera (0.59 ± 0.28, Rollion-Bard and Erez, 

2010), Orbulina universa (0.77 ± 0.07, Sanyal et al., 1996), Trilobatus 
sacculifer (0.83 ± 0.07, Sanyal et al., 2001), Globigerinoides ruber (0.60 

± 0.08, Henehan et al., 2013), only the calibration of A. lobifera has a 
gradient within uncertainty to that of cultured O. ammonoides. 

However, previous calibration of field collected specimens appear to 
be characterised by a δ11BB(OH)4- – δ11BCaCO3 gradient closer to 1: 
Orbulina universa (0.95 ± 0.17, Henehan et al., 2016), Globigerina bul
loides (1.07 ± 0.25, Martínez-Botí et al., 2015) and the epifaunal deep 
benthic foraminifera Cibicidoides wuellerstorfi, Cibicidoides mundulus and 
Planulina ariminensis (Rae et al., 2011) which all lie on or in close vicinity 
to the boron isotopic composition of B(OH)4

− . In the case of 
O. ammonoides, we also observe a steeper slope in field collected versus 
laboratory cultured specimens, with all samples falling within uncer
tainty of δ11BB(OH)4-. 

3.3. B/Ca 

The B/Ca ratio is shown as a function of various aspects of calcite, 
seawater carbonate, and seawater boron chemistry to explore the 
possible influences on boron incorporation in Operculina ammonoides in 
Fig. 4. The measured B/Ca of cultured O. ammonoides ranges between 
211 and 454 μmol/mol (lowest and highest pH experiment, respec
tively). These concentrations are significantly higher than most plank
tonic foraminifera species (40–110 μmol/mol for a range of planktonic 
species, see Henehan et al. (2016) and references therein) and deep 
benthic foraminifera (120 to 200 μmol/mol, Rae et al., 2011) but close 
to other symbiont-bearing benthic foraminifera (Amphistegina lessonii 
and Aphistegina lobifera, 70–590 μmol/mol; Levi et al. (2019)). We focus 
mainly on the possible relationship to [B(OH)4

− ], since this is likely to be 
the dominant form of dissolved boron incorporated in the foraminifer’s 
shell and therefore one of the main controls on the shell B/Ca (e.g. 
Hemming and Hanson, (1992); Klochko et al., (2009); Branson et al., 
(2015)). However, because B(OH)4

− competes with CO3
2– or HCO3

– for the 
anion position in the lattice, controls on B/Ca may be best described by 
some combination of B(OH)4

− and either DIC, HCO3
– or CO3

2– (Allen et al., 
2011; Foster, 2008; Haynes et al., 2017; Yu et al., 2007; Yu and Elder
field, 2007). Therefore we also explore the degree to which combined 
aspects of the seawater carbonate and boron systems can explain vari
ations in O. ammonoides B/Ca. 

We observe very limited residual variance between the linear 
regression model and data for the measured B/Ca and δ11BCaCO3 when 
including the field collected samples (Fig. 4a, R2 = 0.77, RSE= 0.38 ‰, p 
= 2⋅10− 6), with two noticeable outliers, discussed in section 4.1. When 
only considering the cultured O. ammonoides, we find that this is reduced 
even further (R2 = 0.91, RSE= 0.24 ‰, p = 7⋅10− 6). The weighted jar pH 
and the calculated [B(OH)4

− ] (Fig. 4b and c) can also explain a large 
portion of the variance in the B/Ca data, with B/Ca characterised by a 
tighter relationship with [B(OH)4

− ] than pH. The B/Ca of O. ammonoides 
is also characterised by a significant linear relationship with [B(OH)4

− ]/ 
[DIC] (R2 = 0.62, RSE = 0.038 mmol/mol, p = 0.004). However, the B/ 
Ca values from the constant pH, variable DIC experiment (Fig. 4d, or
ange squares) behave differently to the variable pH and [Ca2+]SW ex
periments. The regression against [B(OH)4

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

− ]/[HCO3
–] since HCO3

– represents between 84% (pHNBS =

8.32) and 95% (pHNBS = 7.49) of the total DIC. These results point to
wards a possible similarity on how O. ammonoides incorporates B 
compared to the planktonic foraminifera given that it has been shown 
that the amount of boron incorporated in the shell of planktonic species 
is best described by a [B(OH)4

− ]/carbonate chemistry ratio (Allen et al., 
2011, 2016; Haynes et al., 2017). One notable difference is that no 
significant relationship between measured B/Ca and seawater DIC or 
[Ca2+

SW] is observed in the case of cultured O. ammonoides (Fig. S10), 
unlike planktonic foraminifera which have been shown in most cases to 
scale negatively with seawater DIC and (in some cases) positively with 
[Ca2+] (Haynes et al., 2017). Although the [B(OH)4

− ]/[CO3
2–] ratio has 

Fig. 3. Comparison of the Operculina ammonoides boron isotope calibration 
presented here to other foraminifera calibrations. In situ seawater δ11BB(OH)4- 
was calculated for the Amphistegina lobifera laboratory experiments using the 
information available in Rollion-Bard and Erez (2010), plotted against 
δ11BCaCO3 based on the average and 2SE of all SIMS analysis available for a 
given experiment. The linear regression fit and statistics are all calculated using 
the Monte Carlo approach of this study (see text) such that the regression 
confidence intervals shown here may differ from those originally reported. The 
first letter of the legend refers to the calibration approach for each study, open 
symbol and F for the field samples while a closed symbol and the letter “C” 
represents calibrations based on laboratory cultured foraminifera. 
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also been proposed as a controlling factor for B incorporation in 
planktonic foraminifera (Howes et al., 2017), its predictive power when 
considering planktonic foraminifera shell data seems mixed when pH 
and DIC are decoupled (Allen et al., 2012; Haynes et al., 2017). This 
variable ability of various carbonate system parameters to explain B 
incorporation in O. ammonoides also seems to be the case since the 
regression of B/Ca against [B(OH)4

− ]/[CO3
2–] is not significant (R2 =

0.023, p = 0.6) when considering both the variable pH and variable DIC 
experiments. However, when considering the variable DIC experiment 
alone (HH7), with a wider range of [CO3

2–] (45 and 157 μmol/mol), a 
more significant positive trend becomes apparent (Fig. 4e, starred 

statistics; R2 = 0.63, RSE = 0.018 mmol/mol, p = 0.06). 
The results of the PHREEQC-derived ion pair calculations are shown 

in Fig. 4f-i. This analysis shows that there is a significant relationship 
between B/Ca and the MgB(OH)4

+ (Fig. 4g) and CaB(OH)4
+ (Fig. 4h) ion 

pairs (R2 = 0.67, p = 0.001, and R2 = 0.74, p = 0.0004 respectively). The 
calculated CaB(OH)4

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

− (Fig. 4c), mainly because the ex
periments in which [Ca2+

SW] was varied (HH6-5 and HH6-6, green di
amonds in Fig. 4) have a higher [CaB(OH)4

+], bringing those two data 
points closer to the x-axis value of the other experiments with similar B/ 
Ca. Similarly, when comparing [B(OH)4

− ]/[DIC] to the activity ratio of 

Fig. 4. The relationship between Operculina ammonoides B/Ca and different aspects of the seawater carbon/boron system. (a) The regression of δ11BCaCO3 and 
measured B/Ca is characterised by a significant linear relationship, hinting towards a common underlying driving factor. The field collected specimens (pink tri
angles) were included in the regression. (b) Regression of B/Ca against the weighted pH of the culture jars. (c-e) Regression of B/Ca against different aspects of the 
seawater carbonate and boron system calculated using PyCO2SYS. The regression between B/Ca and [B(OH)4

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

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

− ]/ 
[CO3

2–](e) and statistics quoted in that panel only includes data from the DIC experiment (orange squares). The dotted lines represent the 95 % CI of the OLS fit. Linear 
regression statistics including the field collected samples are available in the supplementary materials (Fig. S9). 
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{CaB(OH)4
+}/{HCO3

–}, the trend remains nearly identical, but the fitting 
statistics are slightly improved since the {CaB(OH)4

+} values of the 
higher [Ca2+

SW] experiments bring those two point closer to others, whilst 
the rest of the dataset is uniformly transformed (Fig. 4f). The regression 
between B/Ca and the activity of B(OH)4

− (Fig. 4i) is very similar to that 
alternatively using the total concentration of B(OH)4

− (Fig. 4c), sug
gesting that minor differences in the boron activity coefficients between 
the experiments cannot explain a substantial portion of the variance in 
the data, although we note that regressions based on borate ion pairs/ 
carbon system ratios or Ca2+-borate ion pair alone do result in lower 
degrees of unexplained variance in the regressions. 

4. Discussion 

4.1. Boron incorporation in Operculina ammonoides 

Our results show that, the incorporation of boron into Operculina 
ammonoides is dominantly driven by the carbonate system, with δ11B 
principally dependent on pH and the overall B/Ca dataset most closely 
correlated to B(OH)4

− or a borate-containing ion pair (Fig. 4). 
Specifically, O. ammonoides B/Ca is most tightly correlated with the 

calculated CaB(OH)4
+ ion pair concentration of seawater (R2 = 0.75, 

MSE = 31 µmol/mol, p = 6⋅10− 4; Fig. 4h), though we note that CaB 
(OH)4

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

+ and total B(OH)4
− (Fig. 4g and c). Indeed, the slightly 

improved fit based on CaB(OH)4
+ or CaB(OH)4

+/HCO3
– may well not 

imply mechanistic involvement of the Ca ion pair, since all experiments 
except HH6-5 and HH6-6 had the same [Ca2+

SW], and these two experi
ments were also conducted at slightly different average pH (green di
amonds on Fig. 4). We note that Henehan et al. (2022) hypothesised that 
positively charged CaB(OH)4

+ and MgB(OH)4
+ ion pairs could migrate 

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

− (Branson, 2018a), which warrants further 
study. However, as in the case of the CaB(OH)4

+ ion pair, we cannot 
robustly assess the potential involvement of the MgB(OH)4

+ in boron 
incorporation because [Mg2+

SW] was similar in all experiments, such that 
the regression statistics when comparing B/Ca against [MgB(OH)4

+] and 
[B(OH)4

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

− ]. 
In addition, it has been hypothesized that the NaB(OH)4 ion pair may 

play an important role in boron incorporation into calcite (Mavromatis 
et al., 2021). However, to our knowledge, no pitzer parameter exists for 
the NaB(OH)4 ion pair, although a dissociation constant is available for 
the Minteq.v4 PHREEQC database (Pokrovski et al., 1995), which is 
intended for solutions with lower ionic strength (I<0.5; Allison et al. 
(1991)). Consequently, we did not explore the possibility of NaB(OH)4 
as a driver of boron incorporation for O. ammonoides. Irrespective, there 
were no substantial changes in [Na+SW] in our experiments, and unlike 
[Ca2+

SW] and [Mg2+
SW], [Na+SW] varied by no more than a few percent during 

the Cenozoic (Zeebe and Tyrrell, 2019), such that explaining forami
niferal B/Ca as a function of [NaB(OH)4] rather than [B(OH)4] makes 
little practical difference. Indeed, a NaB(OH)4-B/Ca regression through 
our experimental data would almost certainly appear similar to [B 
(OH)4

− ] versus B/Ca (Fig. 4c), which means that we cannot identify the 
importance or otherwise of this ion pair on foraminiferal boron uptake. 

Although we show that [B(OH)4
− ] or related ion pairs of the culture 

seawater appears to be the best predictor of the overall B/Ca dataset of 
the cultured O. ammonoides, it is worth noting that the constant pH 
variable DIC experiment (HH7, orange squares) shows a noticeably 
different trend when regressing their measured B/Ca against [B(OH)4

− ]/ 
DIC (Fig. 4d), given that this metric has been extensively considered in 
previous studies. As such, although O. ammonoides appears to be char
acterised by a different sensitivity to DIC and [B(OH)4

− ]/DIC compared 
to planktonic foraminifera, in which this parameter has been considered 
as a major control on boron incorporation into shell calcite (Allen et al., 
2012; Henehan et al., 2015; Haynes et al., 2017, 2019), [B(OH)4

− ]/DIC 

could nonetheless represent an important control on boron incorpora
tion in O. ammonoides, albeit less so than [B(OH)4

− ] and related ion pairs. 
The correlation between the measured δ11B and measured B/Ca of a 

set of foraminifera can also provide information on the incorporation of 
B into the foraminifer’s shell (Branson, 2018a). Indeed, if the isotopic 
composition scales with the concentration within the shell, it suggests 
that similar processes control both the shell boron concentration and 
isotopic fractionation. It has been suggested that B(OH)4

− is the main 
form of B being sampled and incorporated in the lattice (Hemming and 
Hanson, 1992; Klochko et al., 2009), although this remains to be studied 
in detail for most species (Branson et al., 2015). However, if both δ11B 
and B/Ca increase as pH increases (Fig. 2b and 4b), and both strongly 
correlate with each other (Fig. 4a), it suggests, at the very least, that a 
substantial portion of the boron incorporated into the foraminifer’s 
lattice is derived from B(OH)4

− . Moreover, the fact that there is less 
unexplained variance in a regression between shell B/Ca and δ11B 
compared to δ11BCaCO3 – δ11BB(OH)4- suggests that the additional unex
plained variance in the latter case is derived from the measurement of 
seawater parameters (e.g. differential boundary layer versus bulk 
seawater carbonate chemistry, discussed in detail below). 

The measured B/Ca of the field collected specimens fall within the 
range of the cultured O. ammonoides (ranging from 200 (SER) to 393 
μmol/mol (SSO7G14)). However, when comparing their measured B/Ca 
with δ11B measurements, not all samples fall within the observed close 
fit of the culture experiments, with two noticeable outliers (Fig. 4a). 
Given that the boron isotope and trace element measurements were not 
performed on the same specimens, but on the same sample population, it 
is possible that geochemical heterogeneity within the sample population 
is a source of bias in some cases, especially for samples from environ
ments characterised by intra/interannual variability. 

Overall, the B/Ca and δ11B data strongly suggest that [B(OH)4
− ] or a 

closely related parameter controls boron incorporation into this species 
both in the field and in laboratory cultures (Fig. 4). Given that is the 
case, in the next section we explore why our laboratory culture cali
bration of the relationship between δ11BCaCO3 and δ11BB(OH)4- is char
acterised by a much shallower slope and more positive δ11BCaCO3 values 
than samples collected from the field. 

4.2. Low pH sensitivity of cultured Operculina ammonoides 

The laboratory culture gradient of the relationship between 
measured δ11BCaCO3 and in situ δ11BB(OH)4- is substantially lower than 1 
(Fig. 2a), unlike the field collected samples which appear to be char
acterised by a relationship with a gradient within uncertainty of 1 
(Fig. 2a), indicating that that some process other than bulk seawater pH 
influences the boron isotopic composition of cultured Operculina 
ammonoides (Although the trend between measured δ11BCaCO3 and δ11BB 

(OH)4- for the field collected samples is less well constrained compared to 
the culture sample set as discussed in section 2.3). This has been 
observed in other culture calibrations of both benthic and planktonic 
symbiont bearing foraminifera (Rollion-Bard and Erez, 2010; Henehan 
et al., 2013). One hypothesis to explain this discrepancy was proposed 
by Hönisch et al., (2019) in which a temperature dependent boron 
fractionation factor (αB) would result in a shallower slope in the field 
collected calibration, thus matching the generally shallower slope of 
culture experiments. In order to explore this, we performed a correction 
using the equation in section 2.4.8 in Hönisch et al. (2019) and found a 
maximum difference in δ11BB(OH)4- of ~− 0.31 ‰ for the highest tem
perature samples, see Fig. S14. However, the magnitude of this potential 
source of offset alone cannot explain the apparent trend difference be
tween the field collected and cultured O. ammonoides. 

It has been previously shown that symbiont bearing planktonic 
foraminifera do alter their micro-environment considerably via a com
bination of calcification, respiration and photosynthesis (Jørgensen 
et al., 1985; Rink et al., 1998; Erez, 2003; Köhler-Rink and Kühl, 2005; 
Glas et al., 2012b). On one hand calcification and respiration acidifies 
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the surrounding micro-environment of the calcifying organism, also 
known as the diffusive boundary layer (DBL) (Wolf-Gladrow et al., 1999; 
Zeebe and Wolf-Gladrow, 2001; Erez, 2003; Glas et al., 2012b, a; 
Toyofuku et al., 2017), whereas photosynthesis by the symbionts con
sumes CO2, raising the microenvironment pH (Erez, 2003; Glas et al., 
2012a). In general, there is a net increase in pH in the DBL during the 
day since photosynthesis prevails over the acidifying effects of calcifi
cation and respiration (Rink et al., 1998; Köhler-Rink and Kühl, 2000, 
2005; Oron et al., 2020). During the night, calcification and respiration 
continues while photosynthesis does not take place, leaving a net 
decrease in the pH of the DBL relative to bulk seawater. Since the rate of 
photosynthesis in cultured O. ammonoides is not impacted by changing 
pH or DIC (Oron et al., 2020), the pH increase during the day is rela
tively constant at different surrounding pH and DIC concentrations. In 
contrast, calcification rates decrease at lower seawater pH (Oron et al., 
2020), such that, taken together, it is expected that the net pH elevation 
in the DBL of cultured O. ammonoides increases as seawater pH 
decreases. 

This effect may be exacerbated in our experiments because the size of 
the DBL of the cultured O. ammonoides may have been larger compared 
to field collected specimens since there was no water flow in the jars 
(Köhler-Rink and Kühl, 2000; Glas et al., 2012a; Toyofuku et al., 2017). 
This is supported by the experimental DBL measurements of Köhler-Rink 
and Kühl (2000), who showed that the size of the DBL of three LBF 
species (including a hyaline foraminifer) increased by a factor of four 
(from ~100 to ~400 μm) when there was no water flow, with an in
crease in DBL pH of ~0.2 between surrounding seawater and the fora
minifer’s surface when no flow was present. If O. ammonoides cultured in 
this way do indeed have a larger DBL than field collected samples, and if 
the seawater within the DBL is more alkaline at lower seawater pH as a 
result of a lower calcification rate under these conditions, then this 
might act as a strong dampening mechanism against changes in sur
rounding pH which could in turn explain the shallower gradient 
observed in the boron isotope calibration. 

Oron et al. (2020) showed that O. ammonoides calcifies substantially 
more during the day than at night. Specifically, cultured O. ammonoides 
calcified 29 ± 7 % less on average in the dark. This means that around 
two thirds of the test of O. ammonoides should reflect calcification under 
light conditions, where photosynthesis results in a higher DBL pH, such 
that δ11BB(OH)4- in the boundary layer is more positive than that of the 
surrounding δ11BB(OH)4- especially at lower seawater pH values when 
calcification is inhibited relative to photosynthesis. 

The reduced size of the DBL by water flow/turbulence could explain 
why the field collected specimens appear to be more sensitive to pH, as 
their microenvironment chemistry is controlled to a lesser extent by 
fluxes from the organism and more by the composition of the sur
rounding seawater. The lower DBL thickness would then mean that field 
collected O. ammonoides would sample seawater with physical and 
chemical properties much closer to that of their bulk environment. 
Although planktonic foraminifera have a different physiology, previous 
work seems to point towards this phenomenon. Indeed, most calibra
tions based on field collected specimens appear to be characterised by 
δ11BB(OH)4--δ11BCaCO3 gradients of ~1, while most culture calibrations 
have a shallower slope (including of the same species, where data exists; 
Fig. 3). Rae (2018) suggested that in some instances, such as the culture 
calibration of Orbulina universa of Sanyal et al. (1996), part of the offset 
to lower δ11B at higher pH in cultures may be explained by a simple 
assumption of calcification as a function Ωc, which has a wide range in 
some culture experiments (e.g. ~1.5–20 in Sanyal et al. (1996)) 
compared to surface ocean waters (~4–7; e.g. Ridgwell, (2005)). This, in 
combination with the DBL diffusion effect described above, could drive 
the pH and δ11BB(OH)4- of the cultured micro-environment much lower 
than seawater at high pH, which would explain the greater deviation 
between the measured δ11BCaCO3 and δ11BB(OH)4- of samples cultured at 
higher pH in the experiments of Sanyal et al. (1996). This shows that 
although some boron isotope pH calibrations of cultured foraminifera 

display a lower than expected pH sensitivity in the absence of any vital 
effects, they can record faithfully δ11BB(OH)4-, but rather that of a more or 
less heavily altered micro-environment which may not be applicable to 
field collected specimens. 

It is for these reasons that, in the next section, we model the DBL of 
O. ammonoides to explore in detail the possible factors which would 
result in the observed shallower calibration slope of cultured specimens 
compared to the near 1:1 relationship that characterises the field 
collected samples. 

4.3. Micro-environment modelling 

We postulated in the previous section that a likely driver for the 
observed shallow gradient between the measured δ11B of cultured 
O. ammonoides and the calculated δ11BB(OH)4- of the seawater in which 
they grew is related to a larger than natural diffuse boundary layer (DBL) 
originating from the quiescent conditions of the laboratory culture. 
Although nummulitids (including Operculina ammonoides) are most 
abundant between depths of 10–40 m, which is typically characterised 
by a relatively low flow rate compared to the surface (< 0.1 m/s water 
flow) (Hansen and Buchardt, 1977; Hohenegger et al., 1999; Renema, 
2002). The presence of a water flow, even if very low (< 1 cm/s), has 
been shown to significantly reduce the size of the DBL on some LBF 
(Köhler-Rink and Kühl, 2000). Conversely, a lack of flow would result in 
a larger DBL (Rink et al., 1998; Köhler-Rink and Kühl, 2000; Glas et al., 
2012a). During our culture experiment, the seawater of the culture jars 
was quiescent in between water changes which we performed every 10 
days, potentially resulting in conditions resulting in a larger than natural 
DBL. Since we did not use micro-sensors to measure the seawater 
chemistry at the surface of the shell of the cultured O. ammonoides but 
only measured bulk seawater chemistry from the culture jars, we instead 
opted to use a DBL model to explore the effects of a larger than natural 
DBL on the δ11BB(OH)4- at the surface of the shell on a population scale. 

Modelling the micro-environment of calcifying organisms has pre
viously shed light on laboratory culture pH – δ11B calibrations to show 
that, in some cases, it is the boron isotopic composition of B(OH)4

− in the 
organism’s micro-environment altered by life processes that is recorded 
(Zeebe et al., 2003; Rae, 2018). Thus, we aim to use a previously pub
lished DBL model to explore how specimens of O. ammonoides living in 
their natural habitat might have a physically and chemically distinct 
micro-environment compared to specimens cultured within a labora
tory, and how this difference could explain the observed shallower 
gradient of the cultured O. ammonoides. We stress that we use this model 
to determine whether the offsets that we observe between δ11BCaCO3 and 
in situ δ11BB(OH)4- are of the magnitude that we might expect given a pH- 
dependent change in calcification rate, rather than to constrain the 
necessary rates of these processes and/or DBL thickness required to 
explain the details of our dataset. The model employed here was 
developed by Wolf-Gladrow et al. (1999), and later updated by Zeebe 
et al. (2003) to include boron isotopes. This model requires the 
following inputs: foraminifer geometry, seawater physical and chemical 
parameters (temperature, salinity, pH, alkalinity or DIC) and carbon 
fluxes at the surface of the foraminifer, appropriate values of which were 
determined using the available data for this species and measurement of 
the laboratory culture parameters (see supplementary materials for a 
more detailed explanation of the derivation of those parameters). 

For the purposes of the model, it was assumed that all fluxes took 
place directly at the surface of the shell, but we acknowledge this as a 
caveat because the chemistry alteration due to the presence of photo
symbionts in O. ammonoides may remain internal; this potential issue is 
discussed in more detail below. 

The diffusion–reaction model allows the different fluxes to be 
selectively added or removed to study their individual and combined 
impact on the seawater chemistry of the DBL (Fig. 5). Fig. 5a shows the 
reconstructed pH at the surface of the foraminifera both from the dif
fusion–reaction model and the measured boron isotopes (assuming 
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δ11BCaCO3 = δ11BB(OH)4-) as a function of mean culture jar pH experi
enced by the foraminifera (weighted average of pH). Foraminifera from 
all experiments but that conducted at the highest pH (HH6-4: pHT ≈

8.20) are characterised by a boron isotopic composition indicative of a 
pH significantly higher than surrounding seawater. The estimated sur
face pH from the measured δ11B of the shell of these experiments are 
closer to the photosynthesis driven modelled micro-environment. 
Inversely, the higher pH experiment (HH6-4: pHT ≈ 8.20) appears to 
record a micro-environment pH closer to a modelled DBL dominated by 
calcification. A similar observation was made by Rae (2018) when 
modelling the micro-environment δ11BB(OH)4- of the cultured O. universa 
of Sanyal et al. (1996) who suggested that the higher pH experiments 
were characterised by δ11BCaCO3 close to modelled δ11BB(OH)4- when 
scaling calcification with Ωcalcite. Nonetheless, we note that the recon
structed DBL pH of the lower pH experiments, using the calculated 
average fluxes, is not within the uncertainty of the modelled pH, 
possible reasons for which are discussed in detail below. 

By varying the size of the DBL and keeping the carbon fluxes and the 
geometry constant, we can investigate how the pH of seawater at the 
surface of the foraminifera responds to an increasingly reaction-driven 
flux of carbon at the surface. As an example, Fig. 5b shows the varia
tion of the gradient of linear regression between reconstructed DBL pH 
and pH of a culture medium (as illustrated in Fig. 5a) as a function of 
DBL size under different carbon flux scenarios. A difference in the 
gradient of the regression between a calcification only and P-R only 
scenario becomes noticeable beyond a DBL size of few hundred µm, after 
which the difference increases until it reaches a pseudo-plateau 
(Fig. 5b). To understand why this is, consider the case of the lowest 
pH experiment (HH6-1), which has a calculated average P-R rate of 
~3.32 nmol C/h/individual, greater than the average calcification rate 
of ~0.81 nmol C/h/individual. In this case, the consumption of CO2 
outweighs its release in the DBL such that the pH at the surface of the 
foraminifer is higher than the surrounding seawater. When the DBL is 
larger, the surface of the cultured foraminifera would be more depleted 
in CO2, but because diffusion happens more slowly than the flux of 
carbon at the surface, the main CO2 source would be from the re- 

equilibration of CO3
2– to HCO3

–, which consumes a proton and in
creases pH. Inversely, when the DBL is smaller, CO2 readily diffuses to 
replenish the surface layer, and thus the surface pH increase is less 
pronounced. In the case of the highest pH experiment (HH6-4), the 
estimated photosynthesis minus respiration rate of ~3.32 nmol C/h/ 
individual is close to the calculated average rate of calcification (~3.57 
nmol C/h/individual). As such, unlike the low-pH experiment HH6-1, 
there is a net release of CO2 in the DBL and the seawater at the sur
face of the foraminifera will be more acidic. This explains why, when 
combining all the fluxes (pink squares), the resulting surface pH of the 
DBL is close to the surrounding seawater pH, since the fluxes broadly 
cancel out. Beyond a certain DBL size, the changes in micro-environment 
pH plateau as the DBL becomes increasingly reaction driven rather than 
diffusion dominated, ultimately becoming insensitive to DBL thickness 
at width >1000 µm. 

If the P-R is doubled (Fig. 5a, green diamonds), the simulated pH of 
the DBL, using the previously mentioned assumptions and parameters, 
lies within the uncertainty of the calculated DBL pH using the δ11B 
measurements. Although it is worth noting that this is only the case for 
the variable pH experiments (HH6) as we consider our estimates of P-R 
to be unrealistic in the case of the variable DIC experiments (HH7), see 
Figure S12. Because the calculated P-R rates are only an average of over 
30 days, the actual fluxes during the day might be higher, hinting to
wards a photosynthesis driven DBL for our experiments. 

We again stress that we use the model to investigate the likely di
rection of pH modification in the DBL rather than the precise details of 
our experiments, such that the details of the results of the diffusion–
reaction model of the micro-environment presented here should be 
viewed within the context of a number of caveats and simplifying 
assumptions:  

• The model describes the chemistry of seawater in the DBL for fluxes 
averaged over a period of weeks, such that it is important to note that 
the model cannot capture the variability of these fluxes through time. 
For example, calcification is likely not a continuous process like 
respiration but a discrete event lasting a few hours every few days 

Fig. 5. Modelled and estimated pH of the microenvironment of Operculina ammonoides. (a) Estimated DBL pH as a function of weighted jar pH. pH reconstructed 
using δ11BCaCO3 was made using the assumption of δ11BCaCO3 = δ11BB(OH)4- (see text). The calculation was performed using the Monte Carlo-simulated δ11BB(OH)4- 
converted to pH using the calculated pKB* and equation 5.10 from Rae (2018). The displayed points are the median of the Monte Carlo datasets and the uncertainties 
are the 2.5th and 97.5th percentiles. The different coloured squares represent the modelled pH of the DBL at the surface of the foraminifera, see legend (P =
photosynthesis, R = respiration, C = calcification). In green, the fluxes at the surface were modelled considering only the balance between photosynthesis and 
respiration, in orange, only calcification and in pink, all three processes. The green diamonds represent model simulations in which the P-R carbon flux is doubled. All 
fluxes were estimated using the culture jars chemistry (see text). An OLS regression was calculated for each set of simulations, with 1 and 2SD confidence intervals of 
the fit displayed by the shaded regions. A DBL size of 1000 µm was used for the model. (b) Gradient of the OLS fit between modelled micro-environment pH and the 
bulk pH of the culturing medium as a function of DBL size (i.e. the sensitivity of the slope of the regression shown in panel a to the choice of DBL thickness). The 
fluxes were kept the same as in panel (a) and only the size of the DBL was changed. The colours of the lines follow the same colour code as panel (a). (c) Modelled 
gradients of the OLS fit between DBL pH and bulk pH as a function of DBL size and P-R flux. The P-R flux is displayed as a multiplicative factor, one being the 
calculated P-R rate based on jar chemistry measurements, two being twice the calculated flux, etc. For this plot, only the pH experiment HH6-1 to 4 were used for the 
model simulations. 
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(Erez, 2003; Glas et al., 2012b), the timing of which is difficult to 
constrain on a population level. This could mean that during a 
calcification event, the decrease in DBL pH would be stronger and 
thus record a boron isotopic composition lower than predicted, 
although a comparison of the calculated DBL pH from δ11BCaCO3 to 
the model does not support this (Fig. 5). In addition, we note that 
genus Operculina is likely similar to other hyaline tropical benthic 
species in that it probably possesses an internal carbon pool and 
vacuolises seawater (ter Kuile and Erez, 1987; Erez, 2003; Bentov 
et al., 2009; de Nooijer et al., 2009; Evans et al., 2018a). This means 
that the process of chamber formation could be decoupled from the 
time at which seawater is vacuolised from around the organism. 
While there is evidence for light enhanced calcification (Erez, 2003; 
Oron et al., 2020) and respiration (Erez, 2003), hinting towards 
enhanced metabolic activity during the day, we cannot quantify their 
respective effects on the incorporation of boron in O. ammonoides. 

• Hyaline foraminifera posses a dense pseudopodia network in prox
imity to their shell surface that is involved in feeding, respiration, 
movement, chamber formation, and excretion (Erez, 2003). In per
forming these functions, pseudopodia likely also alter the micro- 
environment of the LBF, which we cannot quantify.  

• The pseudopodia are also responsible for the process of seawater 
vacuolisation by the foraminifera, such that this species may sample 
seawater that is not adjacent to the shell surface (Erez, 2003; Bentov 
et al., 2009).  

• The pH of the vacuolised seawater is likely modified (increased) 
before it reaches the site of calcification (de Nooijer et al., 2008, 
2009; Bentov et al., 2009). However, the boron isotopic composition 
recorded by O. ammonoides (and other foraminifera) broadly falls 
within a few permil of δ11BB(OH)4- at their respective seawater pH 
(see Fig. 4) and not at around 25 or 30 ‰ which would be the δ11BB 

(OH)4- of the alkalinised vacuoles or calcifying fluid (pH ≈ 9). It has 
been hypothesised that membrane-permeable boric acid facilitates 
isotopic equilibrium between the calcifying fluid with the sur
rounding seawater (Gagnon et al., 2021). If this is indeed the case the 
shell would still record the DBL δ11BB(OH)4-.  

• Our calculations assume only B(OH)4
− incorporation into calcite, 

which is not always the case in inorganic precipitation experiments 
(e.g. Noireaux et al., 2015; Henehan et al., 2022). Given that boric 
acid entrapment may be precipitation rate dependent (Branson, 
2018a), this may additionally explain the higher reconstructed DBL 
pH in our lowest seawater pH experiments. 

While these complicating factors warrant further study, 
O. ammonoides lives near the shallow reef base (Hohenegger et al., 1999; 
Renema, 2002), which is comparatively higher-energy environments 
when compared to the quiescence of laboratory cultures, such that 
possible differences in DBL thickness between specimens grown in cul
ture and natural samples should be considered when utilising empirical 
calibrations. Previous experiments which introduced a unidirectional 
flow to the culture bath measured a DBL thickness of around 100 µm in 
hyaline LBF (Köhler-Rink and Kühl, 2000; Glas et al., 2012a). At this 
size, the diffusion reaction model predicts very modest changes 
compared to the bulk seawater, ranging from 0.03 units (HH6-4) to 0.05 
units (HH6-1) in any of the calcification/photosynthesis/respiration 
scenarios. Applying this modelled non-significant DBL modification to 
field collected specimens could explain their δ11BCaCO3 falling closer to 
calculated in situ δ11BB(OH)4-, and also explains the offset that we observe 
between the calibration slope of field and laboratory cultured 
specimens. 

In summary, the DBL diffusion–reaction model results demonstrate 
that carbonate chemistry in the boundary layer is strongly sensitive to 
the DBL thickness for fluxes relevant to O. ammonoides. Specifically, a 
thicker DBL in our laboratory culture experiments coupled with a 
photosynthesis-dominated DBL chemistry highlights the potential for 
important differences between field-collected and laboratory cultured 

δ11BCaCO3 values at a given pH (Fig. 2), and potentially explains the 
shallow δ11BCaCO3-δ11BB(OH)4- slope observed in our cultured specimens 
but not in field collected samples. 

4.4. Implications for palaeo-pH reconstructions 

The previous section explored, through modelling, how a larger than 
natural DBL could create an altered seawater layer around the cultured 
LBF. This layer would then be sampled for calcification during the cul
ture experiments, such that the measured seawater parameters of the 
laboratory culture settings might not reflect the seawater used to create 
the shells of the LBF. This problem has also been observed for the well 
established and widely used planktonic foraminifera boron isotope 
calibrations (Hönisch et al., 2003; Henehan et al., 2013, 2016). 
Although the issue of the DBL chemistry resulting in a shell δ11B offset 
compared to δ11BB(OH)4- has previously only been suggested in the case 
of the free floating planktic foraminifera (e.g. Zeebe et al., 2003; 
Henehan et al., 2016), we show here that symbiont bearing benthic 
foraminifera record δ11B within uncertainty of δ11BB(OH)4- (as also pre
viously shown in deeper benthic foraminifera, Rae et al., (2011)) except 
in the case of laboratory our cultured specimens, which are influenced 
by larger than natural DBL with carbonate chemistry modified by the life 
processes of the foraminifera. We stress that this is uniquely a problem 
for carbonate system-sensitive proxies and does not, as far as we are 
aware, have any implication for the large amount of laboratory culturing 
work that has focused on the calibration of (e.g.) the majority of trace 
element ratios. 

Another important consideration when working with an empirical 
δ11B-pH calibration is its applicability to fossil samples through 
geological times. Most published foraminifera δ11B-pH empirical cali
brations (both field collected and cultured) used species that have 
evolved since the late Oligocene, for instance: Trilobatus sacculifer 
(Sanyal et al., 2001; Foster, 2008; Martínez-Botí et al., 2015), Globiger
inoides ruber (Foster, 2008; Henehan et al., 2013), Neogloboquadrina 
pachyderma (Yu et al., 2013; Henehan et al., 2016), Globigerina bulloides 
(Martínez-Botí et al., 2015), and Orbulina universa (Henehan et al., 2016) 
all originated in the late Oligocene to mid-Miocene (Kennett and Srini
vasan, 1983; Spezzaferri et al., 2018). To use calibrations that by 
implication include foraminifera vital effects beyond the time of origi
nation of the calibrated species necessitates careful consideration of 
indirect evidence of vital effects in extinct species, and is usually done by 
comparing the δ11B, δ13C, δ18O, and B/Ca of fossil foraminifera assem
blages (Edgar et al., 2015; Anagnostou et al., 2016, 2020; Henehan et al., 
2020). Because Operculina ammonoides originated in the late Palaeocene 
(Hottinger, 1977), our δ11B-pH calibration can be directly applied to 
well preserved fossil samples throughout most of the Cenozoic, without 
the need for complex assemblage analysis which induces uncertainty in 
the interpretation of the reconstructions. 

The pH (total scale) range of our culture calibration extends from ~ 
8.19 to ~ 7.35 (lowest pH experiment, HH6-1), which is similar to the 
pH of seawater reconstructed during peak high CO2 hothouse climate 
episodes during the Cenozoic (Gutjahr et al., 2017; Harper et al., 2020; 
Henehan et al., 2020; Anagnostou et al., 2020; Rae et al., 2021). Using 
this extreme as an example, we briefly explore the hypothetical impact 
of applying our laboratory versus field calibration on samples of this age. 

At its peak, the PETM was characterised by a seawater pH of ~7.4 
(Gutjahr et al., 2017; Rae et al., 2021). Assuming this would result in a 
δ11BB(OH)4- ≈ 13 ‰ (with typical seawater conditions of the mid-latitude 
Eocene ocean; temperature ≈ 28 ◦C, salinity = 35 psu, [CaSW] ≈ 17 
mmol/kg, [Mg]sw ≈ 35 mmol/kg, δ11BSW ≈ 38.5 ‰ (Evans et al., 2018b; 
Zeebe and Tyrrell, 2019; Rae et al., 2021; CenCO2PIP et al., 2023) 
following Hain et al. (2015) and Zeebe and Tyrrell (2019) for chemical 
constant modifications with seawater chemistry), using our 
O. ammonoides laboratory culture calibration (Eq. (1)) to correct for vital 
effects would result in a reconstructed δ11BB(OH)4- of ~16.65 ‰. Using 
this value and the conditions listed above, we would reconstruct a 
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seawater pH (total scale) of ~7.98, which using a conservative estimate 
of alkalinity of 2330 μmol/kg (Rae et al., 2021), would yield pCO2 of 
~554 ppmv, compared to the estimated >2000 ppmv during peak 
warmth of the early Eocene (in the case of δ11BCaCO3 = δ11BB(OH)4-). 
While this example is likely a worst-case thought experiment, as many 
calibrations are derived from field samples in which DBL thickness is not 
likely to change through time, it nonetheless serves to highlight the 
potential pitfalls of applying a laboratory boron system calibration to 
deep-time fossil samples or a modern field calibration to extinct species 
potentially characterised by differing vital effects. Given their long fossil 
record and δ11BCaCO3 within uncertainty of δ11BB(OH)4- in natural set
tings, this immediately suggests that boron isotope measurements of 
well-preserved fossil O. ammonoides from this interval would be a 
fruitful line of enquiry in confirming whether current approaches 
applied to extinct planktonic foraminifera are robust. 

Another factor that must be considered when deriving palaeo-pH/ 
CO2 reconstructions is the surface water CO2 equilibrium with the 
overlaying atmosphere (Foster and Sexton, 2014; Martínez-Botí et al., 
2015; Foster and Rae, 2016). As is also the case for regions of the open 
ocean (Takahashi et al., 2009), the surface ocean pCO2 of shallow ma
rine environments is often in disequilibrium, with some shallow reefs 
shown to be net emitters of CO2 (positive ΔpCO2; (Bates et al., 2001; Yan 
et al., 2018; Terlouw et al., 2019; Ko et al., 2024) and others the opposite 
(Shaw and McNeil, 2014; Ko et al., 2024). As in any study interpreting 
boron isotope data from fossil samples, this should be carefully 
considered before converting reconstructed δ11BB(OH)4- into pCO2. 

5. Conclusions 

Here, we show how the use of LA-MC-ICPMS to selectively sample 
calcite precipitated during controlled laboratory culture experiments 
allows the relationship between the boron isotopic composition of the 
shell and pH to be calibrated in a species of larger benthic foraminifera. 
The results of this exercise demonstrate that cultured Operculina 
ammonoides is characterised by a δ11BCaCO3-δ11BB(OH)4- slope substan
tially lower than 1. In contrast, natural specimens have a measured 
boron isotopic composition within uncertainty of calculated in situ B 
(OH)4

− . We explored this discrepancy using a previously published dif
fusion–reaction model (Wolf-Gladrow et al., 1999), the results of which 
show that cultured O. ammonoides may be characterised by a shallow 
δ11BCaCO3-δ11BB(OH)4- slope as a result of a strongly altered micro- 
environment because of a thick diffuse boundary layer in the quies
cent laboratory culture conditions compared to specimens growing in 
the wild. Future culture studies should therefore be mindful of potential 
differences in the micro-environment of foraminifera between the lab
oratory and field, especially when interpreting geochemical data in light 
of carbonate/boron seawater chemistry, although we stress that this is 
likely to be a unique problem for carbonate chemistry sensitive proxies 
(in contrast to e.g. alkali/alkaline earth metals). Our field calibration 
paves the way forward for the use of this group of foraminifera for 
palaeo-pH/CO2 reconstruction. In addition, B/Ca data show that boron 
incorporation in O. ammonoides is dominantly controlled by some aspect 
of seawater borate chemistry (e.g. [B(OH)4

− ] or a borate ion pair). This 
potentially opens up the possibility of constraining multiple aspects of 
seawater carbonate chemistry by coupling this information to boron 
isotope measurements. More broadly, our results demonstrate that the 
nummulitid tropical shallow-dwelling foraminifera are a useful group of 
calcifiers for palaeoreconstruction using the data presented here, espe
cially given that some genera, such as Operculina, are present throughout 
the majority of the Cenozoic. 
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