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Abstract The boron isotope ratio (8''B) of planktonic foraminifera is a robust proxy for determining
oceanic pH and inferring atmospheric pCO, during the Cenozoic. However, measuring 8''B in these small and
low [B] samples (3—16 ppm) is challenging, as a precision below 0.8%o (2SD) is required, equivalent to ~0.1 pH
units, which reflects the scale of anthropogenic acidification or glacial/interglacial alternations. Moreover,
uncertainties in paleoclimate reconstructions from biocarbonates are due to biomineralization processes,
requiring species-specific calibrations of the pH-5''B relationship to account for the so-called “vital effect.”
While such calibrations exist for many species, the influence of foraminiferal size on 8''B remains poorly
studied. We measured 8''B of Globigerina bulloides (80-190 tests, 3-5 ppm [B]), for three different size
fractions (250-315, 315-400, and >400 pm), collected from the upper part of a core from the Chilean Margin.
We validated a novel analytical method combining microdistillation for B purification and micro-direct
injection (u-dDIHEN) to the Multi-Collector Inductively Coupled Plasma Mass Spectrometer for accurate and
precise (0.1-0.5%o, 2SD) 8''B analysis of the smallest samples (only 1-2 ng B in solution). This approach
injects only 10 pL of solution, producing short injection peaks that minimize blank effects through transient
signal processing, thereby improving paleo-pH reconstructions from small-sized foraminifera. Our results show
no size-dependent variations in 8''B of symbiont-barren G. bulloides, confirming that its microenvironment is
primarily influenced by respiration and calcification. This contrasts with symbiont-bearing species, where 8''B
varies with symbiont density due to photosynthetic activity.

Plain Language Summary The boron isotope ratio (*'B/'°B) in biocarbonates, CaCO5 minerals
produced by certain groups of marine organisms, reflects the seawater pH in which they formed, allowing for the
reconstruction of atmospheric CO, level, closely linked to ocean pH, over the last 65 million years. Such
reconstructions rely on pristine and single-species calcitic shells of planktonic foraminifera, unicellular
eukaryotic microorganisms living in the ocean subsurface. However, B isotope ratio (3''B) analysis is
challenging, especially for these tiny, boron-poor samples, and requires advanced protocols to minimize
uncertainties, crucial for precise paleoclimatic reconstitutions. Additionally, seawater pH calculations from
boron isotope ratios in these biocarbonates account for slight changes within the microenvironment pH induced
by the species-dependent mechanisms of shell formation. Our study focused on Globigerina bulloides, the
planktonic foraminifera species with the lowest boron concentration, to test whether their boron isotope ratios
are size-dependent. We developed, tested, and validated breakthrough &''B measurements with only half the
sample mass typically needed, while maintaining or even improving accuracy and precision. Our findings show
no size effect on the boron isotope ratio of the symbiont-barren G. bulloides, unlike some other species for
which the microenvironment pH gradually increases with symbiotic algae density through photosynthetic CO,
consumption.

1. Introduction

The boron isotope ratio of marine biogenic carbonates is usually used to infer the pH of seawater for paleo-
ceanographic reconstructions (e.g., Alves et al., 2024; Foster, 2008; Hemming & Hanson, 1992; Henehan
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etal.,2013,2016; Pearson & Palmer, 2000; Rae etal., 2011; Raitzsch etal., 2018; Sanyal et al., 1996, 2001; Tarique
etal., 2023; Vengosh et al., 1991). The basis of the 8' 'B-pH proxy relies on the constant equilibrium fractionation
of 27.2 £ 0.6%0 (Klochko et al., 2006; Nir et al., 2015) between the two dissolved boron species: the trigonal weak
acid B(OH); and its conjugated base, the tetrahedral borate anion B(OH), (Dickson, 1990; Roy etal., 1993). As the
dissociation constant of this acid/base couple (pKy of 8.60, at 25°C, atmospheric pressure, 35 psu; Dickson, 1990)
is close to the oceanic pH (~8.1), small fluctuations in seawater pH lead to significant variations in the relative
abundances of boric acid and borate anion. Conversely, the total boron content and the isotopic composition of the
ocean remain invariant, displaying a modern concentration of 4.68 + 0.01 ppm and a 8''B, value of
39.61 + 0.20%o (Foster et al., 2010; Lee et al., 2010). Given that borate ions are preferentially incorporated as a
substitute of the carbonate ion into the calcium carbonate lattice of many marine biogenic carbonates (Balan
et al., 2016; Branson et al., 2015; Cusack et al., 2015; Hemming & Hanson, 1992; Noireaux et al., 2015; Rollion-
Bard et al., 2011; Sen et al., 1994; Vengosh et al., 1991), the pH of the fluid from which the carbonate has
precipitated can therefore be deduced by mass balance (with known oceanic B concentration and 8''Bg,,) from the
measured 3''B of the carbonate (Hemming & Hanson, 1992). Another advantage of using this proxy is that boron
has a long residence time in the ocean, estimated at 14 Myr (Lemarchand, Gaillardet, Lewin, & Allégre, 2002).
“Vital effects,” that is, the observed differences between the inorganic elemental and isotopic compositions of a
carbonate precipitated from seawater and the compositions of biogenic carbonates (Urey et al., 1951), must
nevertheless be accounted for. Calcification processes in foraminifera heavily rely on the modification of the
seawater composition at the site of calcification to favor carbonate precipitation (e.g., de Nooijer et al., 2014;
Erez, 2003; Nehrke et al., 2013). This change has an impact on the concentrations of Ca*" and CO%‘ at the
calcification site, either taken up directly from seawater and/or by a selective removal of the other ions except Ca®*
and CO%‘, a strong pH gradient and/or a transmembrane ion transport (Bentov et al., 2009; de Nooijer et al., 2014;
Erez, 2003; Rollion-Bard & Erez, 2010; Toyofuku et al., 2017). Species-specific calibrations of the 8! leoratc (ie.,
PH)-8""B_, honare relationship, necessary to take these “vital effects” into account, are based on either sediment
coretop samples, foraminifera cultures, or water column sampling (e.g., Foster, 2008; Guillermic et al., 2020;
Henehan et al., 2013; Martinez-Boti, Marino, et al., 2015; Rae et al., 2011; Raitzsch et al., 2018). The deviation of
the 8''B_urponate 10 8" 'Bporae relationships from the 1:1 line signifies the different physiological mechanisms that
create the calcifying fluid with a pH different from that of seawater (Chalk & Rollion-Bard, 2025; de Nooijer
etal., 2009; Erez, 2003; Jgrgensen et al., 1985; Rae, 2018; Rollion-Bard & Erez, 2010; Toyofuku et al., 2017). The
calcifying fluid pH is mainly modified by Ca/proton pumps, and then altered by symbiont photosynthesis, when
present, and by respiration and calcification (de Nooijer et al., 2014; Erez, 2003; Henehan et al., 2013, 2016;
Honisch et al., 2003; Nehrke et al., 2013; Toyofuku et al., 2017; Zeebe et al., 2003). Ontogenetic variations also
influence 8''B in the symbiont-bearing planktonic foraminifera Globigerinoides ruber and Trilobatus sacculifer,
with 8''B increasing with shell size due to a higher symbiont density (Henehan et al., 2013, 2016; Honisch
et al., 2021; Honisch & Hemming, 2004). As a result, the size fraction of these species must be uniform and ho-
mogenized across paleoclimatic and paleoceanographic studies to ensure comparability. In contrast, this size effect
on 8''B in other species of planktonic foraminifera remains poorly studied.

Measuring &''B of foraminifera is also challenging due to their small size and low boron concentration. More-
over, the species-specific approach, essential to obtain high fidelity records of paleo-pH, restricts sample size
availability. The analysis of cultured samples, which is a critical requirement for the application of this proxy, also
requires high precision on tiny masses of CaCOj, while only small and fragmented specimens are often preserved
during key climatic intervals. The range of B concentration reported in the literature for planktonic foraminifera is
40-60 pmol/mol for Globigerina bulloides and 80—120 pmol/mol for G. ruber, which implies that approximately
400 specimens and 100 specimens, respectively, need to be collected for one bulk sample (~2-20 ng B;
Rae, 2018). Benthic foraminifera have an elevated boron concentration (100-250 pmol/mol), and given that they
are generally heavier, 2-20 individual tests can provide sufficient material for the analysis. However, the
application of benthic foraminifera is generally limited by their low absolute abundance in sediments (Rae
etal., 2011; Raitzsch et al., 2011, 2020). The necessity to clean foraminifera samples of organic matter, clays and
oxide contaminants, which interfere with elemental and isotopic analysis, leads to an additional loss of more than
30% of the sample mass through its partial dissolution (Barker et al., 2003). This fraction can be even higher if a
reductive cleaning step is operated after the oxidative cleaning to ensure oxide removal (Pang et al., 2020; Yu
et al., 2007). The reduction in sample mass during shell cleaning procedures must therefore be accounted for
during sample preparation to ensure reliable 8''B measurements and also the determination of major, minor, and
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trace element concentrations. In particular, the Mg/Ca ratio is used to estimate seawater temperature, which in
turn allows for more accurate determination of the boric acid dissociation constant, a parameter primarily
dependent on temperature and, to a lesser extent, on salinity and pressure (e.g., Gutjahr et al., 2017; Henehan
et al., 2019; Martinez-Boti, Foster, et al., 2015; Raitzsch et al., 2018). The pH variations observed for ocean
acidification during the Anthropocene or during glacial/interglacial transitions are about 0.1-0.15 pH units
(Caldeira & Wickett, 2003; Honisch & Hemming, 2005; Orr et al., 2005; Sanyal et al., 1995), whereas pH
oscillated only between 7.5 and 8.2 over the last 300 Myr (Honisch et al., 2012). Therefore, the precision required
on the 5''B measurements must be better than +0.8%o, corresponding to ~0.1 pH units. They are particularly
challenging for such small-sized samples with low B concentrations, necessitating rigorous control of chemistry
blanks during boron extraction and mass spectrometry measurements. This is especially critical given the inherent
difficulties in purifying and analyzing boron on ICP-MS, including its volatility in an acid medium, stickiness,
large instrumental mass fractionation, and poor ionization (Foster, 2008; Louvat et al., 2011, 2014; McCulloch
et al., 2014; Rehkédmper et al., 2001).

In this study, we investigated the ontogenetic variability of 8''B within the planktonic foraminifera species
G. bulloides, originating from the top of a marine sediment core and sieved at different sizes. First, this application
allowed us to test and validate the analytical protocol developed at the Institut de physique du globe de Paris
(IPGP) to precisely and accurately measure 8''B of small amounts of marine biogenic carbonates at low B
concentration (Buisson et al., 2021; Louvat et al., 2019). Second, we successfully implemented for the first time in
carbonate solutions with low boron content a new approach consisting of small volume injection loops and the
generation of transient signals on MC-ICP-MS.

2. Material and Methods

2.1. Analytical Background

Bulk 6''B analysis of carbonate samples with MC-ICP-MS (Multi-Collector Inductively Coupled Plasma Mass
Spectrometer) has been developed since the early 2000s, and its use has become widespread in laboratories
(Foster, 2008; Foster et al., 2018; Lécuyer et al., 2002; Louvat et al., 2011; McCulloch et al., 2014; Rae
etal., 2011). These analyses are preceded by the dissolution of the samples and extraction of the boron, typically
performed using ion exchange chromatography (Hemming & Hanson, 1994; Kiss, 1988; Lemarchand, Gaillardet,
Gopel, & Manhes, 2002; Paris et al., 2010). MC-ICP-MS has gradually supplanted the Thermal Ionization Mass
Spectrometer (Positive TIMS, Gaillardet & Allegre, 1995; Ishikawa & Nagaishi, 2011; Wei et al., 2009, and
Negative TIMS, Clarkson et al., 2015; Foster et al., 2006, 2013; Hemming & Hanson, 1992, 1994; Honisch
et al., 2004; Vengosh et al., 1989) thanks to higher ionization yields, a more stable mass bias and higher analysis
throughput. Subsequently, analytical improvements over the last decade in MC-ICP-MS have allowed the precise
measurement of 8''B in small carbonates samples with low B concentration thanks to strategies preventing the
memory effect of boron in ICP-MS, such as different introduction systems, rinse solution or addition of gaseous
ammonia (Chanakya & Misra, 2022; Foster et al., 2013; Foster, 2008; Louvat et al., 2014; Misra, Owen
et al., 2014; Rae et al., 2011; Raitzsch et al., 2018; Trudgill et al., 2024; Figure 1).

The last upgrades on MC-ICP-MS have reached their apogee with a precision of 0.2%o (2SD) for carbonate
samples containing only 2.5-3 ng of boron, thanks to the 10> Q resistors as amplifiers linked to Faraday cups
(Lloyd et al., 2018; Trudgill et al., 2024; Figure 1). They improve the signal/noise ratio by a factor of 10 and
therefore enable the measurements of smaller low-current ion beams (Lloyd et al., 2018). Furthermore, the fast
and low-blank batch method for B purification, combined with a low-flow nebulizer (~35 pL.min_l) and the
addition of HF to facilitate the washout, allowed 8''B analysis on a low volume of sample with small B con-
centrations (500 pL, 2.5-10 ng, Trudgill et al., 2024). IPGP reported precisions of 0.1%c on plasma MC-ICP-MS
for pure boric acid solutions and samples with boron mass higher than 20 ng and 0.2%o for ~20 ng B in carbonate
samples (Louvat et al., 2014; Figure 1), using an automated direct injection nebulizer allowing a higher sensitivity
and shorter washout times (d-DIHEN, Louvat et al., 2011, 2014). This sample introduction system has
been recently miniaturized (p-dDIHEN, Louvat et al., 2019) to reduce the amount of solution consumed to
240 pL for triplicate 3''B measurements of one sample during a standard-sample bracketing sequence (SSB).
This new p-dDIHEN device, combined with the low-blank microdistillation (or microsublimation) technique to
extract boron from the carbonate matrix (Gaillardet et al., 2001; Misra, Owen et al., 2014; Raitzsch et al., 2018;
Wang et al., 2010) and 10"® Q resistors as amplifiers (Lloyd et al., 2018), has been successfully tested for biogenic
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Figure 1. Precision (2SD) for one sample reported in the literature and this study versus the minimum mass of boron analyzed
using a range of analytical techniques: Positive (PTIMS, Ishikawa & Nagaishi, 2011), Negative (NTIMS, Foster et al., 2013)
and Total Evaporation Negative (TE-N, Foster et al., 2006) Thermal Ionization Mass Spectrometer (TIMS), High-Resolution
(HR, Misra, Owen et al., 2014), Triple Quad (TQ, Chanakya & Misra, 2022) and Multi-Collector (MC, Buisson et al., 2021;
Foster, 2008; Lloyd et al., 2018; Louvat et al., 2014; Rae et al., 201 1; Raitzsch et al., 2018; Trudgill et al., 2024) Inductively
Coupled Plasma Mass Spectrometer (ICP-MS). Specific features of some analyses have been detailed, for the introduction
system (direct injection d-DIHEN and p-dDIHEN, respectively, with a 10 pL and a 50 pL sample loop) and the ion detection
(Secondary Multipliers Electrons SEM and Faraday cups with 10" © resistors as amplifiers).

carbonate samples. It displayed a 2SD precision of 0.2%o for 2.5 ng of boron and 0.5%¢ for sample solutions
containing only 1 ng (Buisson et al., 2021; Figure 1). The pd-DIHEN introduction device enabled further
reduction of the quantity of solution consumed for a triplicate analysis down to ~80 pL, leading to a new
calculation strategy based on transient signal measurements never used so far for boron isotopes in solution
(Louvat et al., 2019). This analytical approach aims to minimize the required sample amount while increasing the
number of chemical analyses possible on the same sample.

2.2. Foraminifera Samples

The sample material is from the sediment core PS97/122-1 (Lamy, 2016), collected along the Chilean
margin (54.10°S, 74.91°W), at a water depth of 2,558 m for a length of 10.77 m. '*C measurements of G. bulloides
samples performed at the Alfred-Wegener-Institut (AWI, Bremerhaven, Germany) revealed that the depths
1-2 cm, 18-19 cm, 25-26 cm, were 1450 % 80, 7446 + 83 and 9276 + 124 years old, respectively, which is pretty
consistent with the preliminary estimate of the sedimentation rate at ~3 cm/kyr for the whole Holocene. Each
sample, taken every centimeter, was freeze-dried, wet sieved at 63 pm and dried in an oven at 40°C for two to
three days. For this study, we used samples from the upper part of the core, between 7 and 38 cm, placing this pool
of samples in the Holocene, dry-sieved into size fractions of >400 pm, 315-400 pm and 250-315 pm. Thereafter,
we handpicked under an optical microscope only well-preserved shells of the shallow-dwelling planktonic
foraminifera G. bulloides (~80-190 shells per sample), living in temperate to subpolar water and upwelling
zones (Schiebel & Hemleben, 2017). In parallel, four G. bulloides samples of the size fraction 315-400 pm (19-20,
21-22, 25-26 and 29-30 cm) were independently analyzed at the AWI for their boron isotopes following the
analytical protocol described in Raitzsch et al. (2018).

2.3. Reagents, Material and Labware

The foraminifera cleaning, dissolution, boron extraction and the preparation of standards and reference materials
were carried out with supra-pure chemical reagents, distilled nitric acid HNO5; (DST1000 device, Savillex, Eden
Prairie, MN, USA) and Milli-Q (MQ) water (resistivity >18 MQ cm and Q-pod with 0.22 pm Millipak Express
filter, Millipore, Burlington, MA, USA), in an over-pressured and air-filtered clean room with boron-free H14
HEPA filters (Megacell III, AAF, Vincennes, France). All the Eppendorf vials (for foraminifera cleaning) and
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0.5 mL polypropylene tubes (for 8''B analysis in transient mode) were boiled in 3 N HCl in a Teflon jar at 95°C,
then rinsed with MQ water and soaked in 0.5 N HNOj;. The Savillex fin legged conical teflon vials were boiled in
3 N HNOs; and then rinsed as described above. The polypropylene (PP) tubes for the MC-ICP-MS measurements
in static mode were filled with 0.5 N HNO; for a few days. After the acid treatments, all the labware was rinsed
with MQ water and dried at room temperature. The pipette tips were washed just before use by pipetting three
times 0.5 N HNO; and then MQ water.

2.4. Foraminifera Cleaning

The picked foraminifera were cleaned following a protocol adapted from Barker et al. (2003) and Rae
et al. (2011). They were initially gently cracked between two clean glass slides under a binocular to open the
foraminifera test chambers. The shell fragments were then transferred to 500 pL. Eppendorf vials with MQ water.
The samples were rinsed and ultrasonicated 6—8 times with MQ water until no clay residue was visible. The
organic matter was then oxidized with 0.1 N NaH,OH buffered-1% H,0O, in a hot water bath at 80°C. They were
immediately rinsed three times with MQ water and transferred to 1.5 mL Eppendorf vials for leaching with
0.0005 N HNO; to remove any adsorbed contaminants. They were finally rinsed again with MQ water and
gradually (drop by drop) dissolved with 0.5 N HNOj; for a final ~100-200 pL solution and ultimately stocked in a
Teflon vial.

The reductive cleaning step with ammonia-ammonium acetate buffer, citric acid and hydrazine for ferroman-
ganese oxy-hydroxides removal is delicate as it decreases the Mg/Ca ratio of the foraminifera through partial
dissolution (Barker et al., 2003; Pang et al., 2020; Yu et al., 2007) without impacting the B/Ca ratio and 8''B value
(Misra, Greaves et al., 2014; Misra, Owen et al., 2014; Yu et al., 2007). In the context of paleo-pH reconstructions,
because we generally need the Mg/Ca ratio to deduce the seawater temperature and then calculate the acid boric/
borate dissociation constant, we have chosen to omit the reductive cleaning. To check the efficiency of the
cleaning protocol, Al/Ca and Mn/Ca ratios have been measured with a Quadrupole Inductively Coupled Plasma
Mass Spectrometer (ICP-QMS, Agilent 7900) at IPGP, following a protocol adapted from Yu et al. (2005). A
small aliquot of the solution samples (few pL) was diluted in 5 mL of HNOj; 0.5 N. The final solution was then
introduced into the plasma spray of the ICP-MS with a p-nebulizer, and the addition of He in a collision cell
allowed for the reduction of polyatomic interferences.

2.5. Boron Isotope Analysis in Static Mode

The whole protocol for boron purification and isotope ratio measurement is fully described in Louvat et al. (2019)
and Buisson et al. (2021). Briefly, boron was separated from the carbonate matrix by microdistillation (Buisson
et al., 2021; Gaillardet et al., 2001; Misra, Owen et al., 2014; Raitzsch et al., 2018; Wang et al., 2010). A 50 pL.
droplet of the dissolved carbonate sample was loaded on the cap of a pre-cleaned 5 mL Savillex Teflon fin legged
conical vial. The vial was rapidly and tightly closed, then coated in an aluminum foil entirely except for the upper
tip, and placed (still upside down) on a hotplate for 24 hr at 95°C (see Figure 1 in Buisson et al., 2021). Vials were
then carefully removed from the hot plate, flipped and allowed to cool for 15 min. The distillate (recovered in the
vial bottom) was finally diluted with 450 pL of MQ water for a final HNO; concentration at 0.05 N, the chosen
medium for 8''B analysis (Louvat et al., 2011, 2014). The 0.5 mL final solution was transferred to 5 mL pro-
pylene tubes for immediate analysis.

The 8''B measurements were carried out at low mass resolution (m/Am = 400) on a MC-ICP-MS Neptune
(ThermoScientific, MA, USA) at IPGP. The instrument was customized for small signals, combining Jet sampler
and X skimmer cones, and two 10" Q resistors as amplifiers for Faraday cups H3 (''B signal) and L3 (‘°B signal).
The solutions were introduced into the plasma with a fully automated direct injection nebulizer (d-DIHEN,
Analab, Strasbourg, France; Louvat et al., 2011, 2014) in flow injection analysis mode, and supplied by a gas
displacement pump (GDP, ESI, USA), the whole system constituting the p-dDIHEN set-up (Louvat et al., 2019).
Briefly, a 50 pL sample loop of the FAST valve (ESI, USA) is filled with the sample, standard or reference
material solution and then driven to the nebulizer with a 0.05 N HNO; carrier solution from the GDP, pushed by
an argon pressure regulated with a micro-mass-flowmeter (El Flow, Bronkhorst, France). In the present study, the
GDP liquid flow rate was set at 2530 pL min~" in order to achieve a stable signal plateau lasting ~100 s for each
injection peak, allowing measurement of the ''B/'°B ratio in 12 cycles of 8 s (Louvat et al., 2019). Prior to the
!B analysis, B concentration was measured to match within +5% the concentrations of the sample, standard and
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reference material solutions. For each sample, the average boron isotope ratio and its associated repeatability
(2SD) were calculated from five 8''B values (background corrected) obtained after three successive sample-
standard bracketing measurements (Buisson et al., 2021; Louvat et al., 2014), consuming in total only 240 pL
of solution. Boron isotope ratios are reported as 8''B in %o, relative to the boric acid international standard
reference NIST SRM 951 (USA; Catanzaro et al., 1970):

(IIB/IOB)
sample or reference material
8''B = ( P =1

(HB/IOB)NIST SRM 951

) x 1000. )

Purified sample solutions contained between ~1.6 ppb (0.8 ng) and ~6.9 ppb (3.45 ng) of boron, corresponding to
!B signals between ~20 and ~100 mV. The procedural blank was 12 + 4 pg (1SD, n = 4), representing ~1.5% of
the B content for the less concentrated sample. The boric acid reference material ERM-AE121 (BAM, Germany;
Vogl & Rosner, 2011) was systematically measured at the same concentration as the samples (1.6-6.9 ppb) to
check the quality of the 8'"B measurements, while the carbonate reference material MVS-1 (GEOMAR, Kiel,
Germany, Jurikova et al., 2019) was purified together with the G. bulloides samples to additionally validate the
5''B determinations on a carbonate matrix.

2.6. Boron Isotope Analysis in Transient Mode

As the B concentrations of the foraminifera samples were very low after microdistillation extraction (between 1.6
and 6.9 ppb), we attempted an alternative measurement strategy to increase the concentration by reducing the
sample volume consumption and consequently improving the signal/noise ratio. We used a smaller injection loop
of 10 pL instead of 50 pL and measured in transient signal mode, in place of static mode (Louvat et al., 2019).
After validation of this approach for the two reference materials ERM-AE121 (Vogl & Rosner, 2011) and MVS-1
(Jurikova et al., 2019), some of the samples were re-measured in this mode.

With such a small volume, the injection peaks do not last long enough for continuous stable signal measurements;
the ''B and '°B signals are transient, and consequently, the whole peaks were measured in 180 cycles of 1 s,
including baseline signals before and after the B peak (Figures 2a—2c). For each injection of a sample, standard or
reference material, the ''B/'°B ratio was calculated from the slope of a linear regression (using the fit linear
regression model, fitlm in MATLAB, Figures 2d and 2¢) based on 180 measurements of ''B and '°B signals,
described by the equation:

"B =(a+u,)'"B+®=xu), )

with a the slope of the linear regression representing the ''B/'°B ratio, u, the uncertainty of the slope corre-
sponding to the internal precision of the ''B/'°B ratio, b the intercept of the regression and u,, the uncertainty of
the intercept (Epov et al., 2010; Fietzke et al., 2008). Unlike the static analysis mode, transient analysis did not
require any blank correction. Given that the on-peak zero baseline (0.05 N HNOj; carrier solution, before and after
the transient peak) is included in the linear regression (Figures 2d and 2e), the slope (i.e., the 'B/'°B ratio) is then
defined by a linear function weighted between the background and the maximum intensity. The linear regression
method was proven to be more efficient for accurate and reproducible isotope ratio determination than the peak
apex, peak area integration or point by point methods (Epov et al., 2010; Guéguen et al., 2015; Rodriguez-
Gonzélez et al., 2012).

As for the static mode, an 'B/'°B ratio was determined for each B injection, and we performed quick sample-
standard bracketing measurements in triplicate for each sample or reference material following Louvat
et al. (2014). Multiple analyses of the reference solution ERM-AE121 were also regularly performed to ensure the
quality of the 8''B measurements in transient mode. Validation of the transient mode was also done with several
aliquots of 5 pL (2.5 ng B) and 10 pL (5 ng B) of the reference material MVS-1 stock solution (500 ppb; Jurikova
et al., 2019) diluted with 45 and 40 pL of HNO; 0.5 N to mimic the B amount of the foraminifera samples on the
beaker cap. MVS-1 aliquots were microdistilled and then diluted with 100 and 150 pL of 0.5 N HNOs;,
respectively, for a final B concentration of ~16.7 and ~25 ppb. From the same foraminifera solutions (after
cleaning and dissolution), we repeated the microdistillation protocol with 50 pL of the carbonate solution, but
only 150 pL of 0.5 N HNO; was added. This is why all the solutions of standards, reference materials, samples,
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Figure 2. Example of an injection peak with a 10 pL sample loop, a sample uptake rate at 25 pL.min~" and a B concentration of 5 ppb for the G. bulloides sample at the
depth 23-24 cm and the fraction 250-315 pm. (a) Signal (in V) of the '°B and ''B masses during the measurement, including background before and after the transient
signal. (b) Evolution of the "B/'°B ratio during the 180 s measurement. (¢) Zoom on the peak apex reached during the ''B/'B ratio measurement. (d) Zoom on the start
of the linear regression between ''B (V) and '°B (V), comprising the background measurement points. (e) Linear regression between the ''B and the '°B signals

(V) from the 180 measurements to determine the ''B/'°B ratio.

and the carrier solution were prepared in 0.5 N HNO; medium instead of 0.05 N HNOj; to prevent matrix effects
(Louvat et al., 2011). With the transient method, the triplicated measurement (10 pL sample loop) consumes only
80 pL, that is, ~27 pL per injection, instead of 240 pL for static mode (50 pL sample loop; Louvat et al., 2019).
This protocol allowed a significant increase in the B concentration of the sample solutions, reaching between 5
ppb (1 ng) and 25 ppb (5 ng), and in the ''B signal intensity, ranging from 70 to 350 mV.

3. Results and Discussion

In the rest of this article, we chose to consider all foraminifera samples as markers of unique environmental
conditions, the Holocene being perceived as a relatively stable climatic period compared to the Pleistocene and its
interglacial/glacial oscillations (Indermiihle et al., 1999; Kaufman & Broadman, 2023; Monnin, 2001; Monnin
et al., 2004; Schmitt et al., 2012). Therefore, to compare our data and validate our analytical protocol, we chose to
address the average of the 8''B values measured along the upper part of the core.

3.1. Cleaning Efficiency

The presence of clay and Fe-Mn oxide remaining after cleaning can be evaluated by measuring Al/Ca and Mn/Ca
ratios (Figure 3). The Mn/Ca ratio was very low for all the foraminifera sample solutions (16.7 £+ 10.8 pmol/mol,
2SD), lower than the limit of 30 pmol/mol proposed by Martin and Lea (2002) for sufficient cleaning (Figure 3b).
But most samples exhibited high Al/Ca ratios, above the “usual” threshold of 100 pmol/mol (Rae et al., 2011).
However, this ratio is not correlated with the measured 8''B (in static mode, Figure 3a), excluding a potential
impact of residual clays on the determination of 3''B (e.g., Gutjahr et al., 2017; Henehan et al., 2019; Rae
et al., 2011).
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Figure 3. Crossplots between the Al/Ca ratio (a) and Mn/Ca ratio (b) against the 8''B measured in static mode (50 pL loop)
for the G. bulloides samples to check possible remaining contamination after cleaning. The dashed line for the Al/Ca ratio is
the 100 pmol/mol threshold determined by Rae et al. (2011) and the Mn/Ca threshold of 30 pmol/mol from Martin and
Lea (2002).
3.2. 6"'B Measurements
3.2.1. 3''B Results in Static Mode
The boric acid reference material ERM-AE121 (8''B = +19.9 + 0.6%c, Vogl & Rosner, 2011) averaged at
19.47 £+ 0.32%0 (2SD, n = 13, Table 1, Figure 4) in complete agreement with the long-term IPGP value
(61 "B =19.56 + 0.17%0, 2SD, n = 90 for 200 ppb solutions, Buisson et al., 2021; Louvat et al., 2019). The slightly
higher variability in the present study (£0.32%o) is due to the measurements at very low concentrations, but is
Table 1

5""B Measurements Performed on the Certified Reference Solution ERM-AEI21 (Vogl & Rosner, 2011) and the Carbonate Reference Material MVS-1 (Jurikova
et al., 2019), Associated With the Concentration or the Amount of Boron at Which They Were Analyzed in Static Mode (50 uL Loop) or in Transient Mode (10 uL Loop)

ERM-AEI121 (19.9 £ 0.6%o0)

MVS-1 (15.95 + 0.19%o, 2SD, n = 46)

50 pL loop (static mode) 10 pL loop (transient mode)

50 pL loop (static mode)

10 pL loop (transient mode)

[B] (ppb)  8''B (%0)  2SD (%0)  [B](ppb)  &''B (%)  2SD (%) mg(ng) 8''B (%)  2SD (%) my(ng) 8B (%)  2SD (%o)
1.6 19.28 0.18 5.4 19.61 0.21 15 16.02 0.14 2.5 15.67 0.20
1.7 19.60 0.53 8.0 19.66 0.38 20 15.93 0.26 2.5 15.77 0.22
25 19.35 0.22 10.0 19.55 0.53 20 15.95 0.14 25 15.77 0.24
2.6 19.16 0.21 10.0 19.73 0.18 2.5 15.80 0.15
2.8 19.69 0.30 17.0 19.56 0.31 2.5 15.83 0.21
3.1 19.40 0.12 20.0 19.63 0.33 2.5 15.88 0.04
3.2 19.42 0.28 25.0 19.65 0.23 2.5 15.92 0.50
3.6 19.42 0.61 2.5 15.96 0.19
42 19.66 0.24 5.0 15.84 0.22
5.0 19.67 0.14 5.0 15.84 0.24
5.5 19.46 0.22 5.0 15.87 0.23
6.3 19.49 0.15 5.0 15.99 0.26
6.3 19.55 0.13 5.0 16.04 0.23
5.0 16.09 0.23
Mean 19.47 0.32 Mean 19.63 0.13 Mean 15.96 0.09 Mean 15.88 0.23
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Figure 4. Reproducibility of the 5''B measured at ~1.7-~25 ppb for the reference material ERM-AE121 according to the
boron mass consumed during a standard-sample bracketing (SSB) sequence in static mode (50 pL sample loop, 240 pL of
solution sampled) and in transient mode (10 pL sample loop, 80 pL of solution sampled). The light grey band corresponds to
the reference value, 19.9 + 0.6%¢ (Vogl & Rosner, 2011), and the dark grey band corresponds to IPGP long-term
reproducibility, 19.56 = 0.17%o (2SD, n = 90; Buisson et al., 2021; Louvat et al., 2019).

similar to the reproducibility reported in Buisson et al. (2021; 8'"'B =19.55 + 0.34%0, 2SD, n = 103) for [B] in the
solution between 1 and 50 ppb. The average 8''B value for the carbonate reference material MVS-1 was
15.96 £ 0.09%0 (2SD, n = 3, Table 1), in full agreement with the reference value of 15.95 & 0.19%o0 (2SD, n = 46,
Jurikova et al., 2019).

Picking at least 400 individual G. bulloides shells per sample is usually recommended for providing enough boron
to analyze (e.g., Martinez-Boti, Marino, et al., 2015). Our samples contained half as many shells (Table 2), and the
measurements were therefore carried out on solutions with very low [B]. In static mode, G. bulloides &''B ranged
between 14.30 and 15.83%o with an average of 15.25 £+ 1.06%o (2SD, n = 12) for the 250-315 pm fraction. The
two other fractions have very similar values, with an average of 15.79 + 0.57%o (2SD, n = 13, between 15.12 and
16.10%o) for the 315-400 pm and 15.74 + 0.17%o (2SD, n = 2) for the >400 pm size fraction (Table 2, Figure 5);
this is in agreement within uncertainties with measurements carried out at AWI in Bremerhaven (Germany) on the
same core samples (15.89 £ 0.32%o, 2SD, n = 4, Table 2, Figure 5).

Three 250-315 pm samples have 8''B values lower than the other samples from the same upper part of the core
(stars in Table 2, purple box in Figure 5) and all of them had the lowest B concentrations measured in sample
solutions (1.6—1.7 ppb, i.e., 0.80-0.85 ng B). Furthermore, one 250-315 pm sample at 2.5 ppb and one 315-
400 pm sample with the lowest concentration for this fraction (2.6 ppb) show in the same way lower 8''B values
than the rest of the sample pools (stars in Table 2, purple box in Figure 5). The latter is, in addition, 1% lower than
the 8''B value of AWI at the same depth (25-26 cm, Table 2). They clearly appear as outliers, being lower or
equivalent to the median — 1.5*IQR (interquartile range, i.e., 15.10%o) for the whole data set. This is in line with
our previous observations that the protocol coupling the p-dDIHEN setup and the microdistillation has a threshold
at 1-2 ppb (0.5-1.0 ng B) where the measurement quality starts to worsen (Buisson et al., 2021). This phe-
nomenon is mainly due to very low signal intensities (leading to poorer measurement statistics) and a greater
influence of boron memory effect, contamination during the dilution steps and/or residual matrix effects, all
contributing to lower &''B values. Procedural blanks are notably enriched in '°B (Louvat et al., 2014). It is,
however, noteworthy that some other &''B values around 2.3-2.5 ppb for the 250-315 pm fraction agree, in
contrast, with measurements performed at higher concentrations (Table 2, Figure 5). Impacts of a poor cleaning
can be ruled out as low 8''B values do not translate into systematic high Al/Ca and Mn/Ca ratios (Figure 3). As
there were no analytical issues, this difference in 8''B values for samples measured at this very low level of [B]
could be due to a slight contamination through the instrumental B memory effect or B evaporation from the
opened vials (Buisson et al., 2021). The >400 pm and 315-400 pm fractions globally gathered more material
than the 250-315 pm fractions (with probably less loss during cleaning, Table 2) and consequently were less
concerned by these aforementioned effects (concentrations after microdistillation: 2.6—6.9 ppb for >400 pm and
315-400 pm and 1.6-4.2 ppb for 250-315 pm). These preliminary results shed light on the validity of the
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Table 2

5''B Results Obtained in Static (50 uL) and Transient (10 uL) Mode for Three Different Size Fractions at IPGP for G. bulloides Samples From the Upper Part of the
Core PS97/122-1

G.bulloides samples 50 pL loop (static mode) 10 pL loop (transient mode)  AWI measurements Al/Ca Mn/Ca
Depth (cm) Fraction (um) Tests [B] (ppb) 8''B (%0) 2SD (%0) [B](ppb) 8''B (%0) 2SD (%0) &''B(%0) 2SD (%c)  (umol/mol) (pmol/mol)
15-16 250-315 150 3.1 15.37 0.47 11.7 15.68 0.33 125 10
17-18 250-315 150 1.6 14.52* 0.34 164 19
19-20 250-315 150 2.5 14.52* 0.57 10.7 15.63 0.36 203 18
21-22 250-315 150 3.6 15.41 0.28 653 14
23-24 250-315 150 1.7 15.01* 0.42 5.4 15.76 0.32 230 13
25-26" 250-315 150 1.6 14.30* 0.31 6.6 16.10 0.52 216 15
27-28 250-315 150 2.4 15.52 0.64 10.9 15.92 0.17 319 14
29-30 250-315 150 35 15.78 0.15 11.3 15.62 0.30 129 13
31-32 250-315 150 23 15.53 0.33 196 17
33-34 250-315 150 2.5 15.61 0.33 7.7 15.56 0.23 174 16
35-36 250-315 150 3.0 15.55 0.21 696 16
37-38 250-315 150 42 15.83 0.30 12.1 15.31 0.46 324 16
7-8 315-400 190 6.8 16.01 0.26 23.7 15.92 0.18 78 26
11-12 315-400 190 6.7 15.89 0.22 22.8 16.15 0.16 272 30
15-16 315-400 185 6.7 15.99 0.08 232 15.40 0.15 386 13
17-18 315-400 120 5.5 15.80 0.36 27.1 15.76 0.16 98 16
19-20 315-400 190 45 15.84 0.54 18.4 15.46 0.19 15.91 0.25 105 14
21-22 315-400 150 5.0 15.57 0.42 18.0 15.54 0.16 15.67 0.25 224 15
23-24 315-400 190 3.1 15.75 0.23 10.0 16.10 0.46 163 13
25-26" 315-400 150 2.6 15.12% 0.20 10.5 16.09 0.28 16.06 0.46 158 23
27-28 315-400 190 2.8 15.76 0.27 11.1 16.24 0.11 134 12
29-30 315-400 150 3.8 15.33 0.50 18.7 15.86 0.29 15.92 0.25 183 13
31-32 315-400 190 4.6 16.10 0.23 26.5 16.24 0.27 43 14
33-34 315-400 150 6.4 16.03 0.31 21.7 16.12 0.21 92 16
35-36 315-400 190 27.2 16.15 0.34 351 15
37-38 315-400 180 6.9 16.08 0.28 24.0 16.09 0.22 133 15
7-8 >400 100 6.0 15.68 0.18 20.1 15.68 0.19 5071 34
11-12 >400 80 6.4 15.80 0.30 24.1 15.57 0.19 179 16

Note. The number of shells picked per sample, B concentration after microdistillation, Al/Ca and Mn/Ca ratios to check the potential contaminations and 8''B values for
four exactly same depths determined at AWI following the protocol of Raitzsch et al. (2018) are also displayed. The dagger indicates the age of the 25-26 cm sample,
9276 + 124 years, from “C measurements (the 18—19 cm sample, not measured here, exhibit an age of 7446 + 83 years) whereas the stars symbolized discarded 5''B
values in the discussion part (see main text).

analytical protocol developed in Buisson et al. (2021) to measure boron isotopes in low [B] planktonic forami-
nifera samples. Nevertheless, for future studies using this method, we advise to measure samples with at least 3
ppb after the cleaning and microdistillation steps, corresponding to 1.5 ng B.

3.2.2. §"'B Results in Transient Mode

In transient mode, the multiple analyses of the reference solution ERM-AE121 (Vogl & Rosner, 2011) and of the
carbonate reference material MVS-1 (Jurikova et al., 2019), at low B concentrations (5-25 ppb) and B masses
(2.5-5 ng) respectively to imitate the concentration range of the foraminifera solution samples, yielded 5''B
average values of 19.63 + 0.13%o (2SD, n = 7, Table 1, Figure 4) and 15.88 + 0.23%0 (2SD, n = 14, Table 1,
Figure 6), in full agreement with their reference values (19.9 = 0.6%0 and 15.95 = 0.19%0, 2SD, n = 46).
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Figure 5. 5''B of the G. bulloides samples measured in static mode (50 uL loop) plotted against 1/B (in ng™"') after the
microdistillation purification (Table 2). The solid and dotted black lines correspond to the mean and reproducibility,
15.74 £ 0.46%0 (2SD, n = 22), obtained from the three size fractions combined and without the five outlier values (see main
text), surrounded by the dotted purple rectangle and with an accentuated black outline. Results of four samples from the same
upper part of the core at the 315-400 pm size fraction (Table 2) measured in the AWI laboratory are also shown, following
the analytical protocol described in Raitzsch et al. (2018). All measured at a concentration of 4 ppb, they are arbitrarily placed

in the dotted orange rectangle.

8""B,ys., = 15-88 + 0.23 %o (28D, n=14)
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Figure 6. Reproducibility of 8''B analyses (15.88 + 0.23%o, 2SD, n = 14) achieved in transient mode (10 pL loop) on the
carbonate reference material MVS-1 (Jurikova et al., 2019) compared to the reference value of 15.95 £ 0.19%o (2SD, n = 46)
represented by the dashed and solid black lines. The statistical parameters are expressed as box plots in blue, with the median
in red. 2.5 (left box plot) and 5 ng (right box plot) of boron were loaded on the cap of the beaker for the microdistillation
separation, for, respectively, a final solution of 16.7 ppb (final volume of 150 pL) and 25 ppb (final volume of 200 pL), a total

boron consumption during a SSB of 1.3 and 2 ng and a boron mass consumed per injection of 450 and 670 pg.
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Figure 7. (a) Crossplot between the 8''B of G. bulloides measured in static mode with a 50 uL sample loop and the 5''B
measured in transient mode with a 10 pL sample loop. The color code provides the B concentration at which the samples have
been measured for the static mode (Table 2). The dark grey band represents the 0.25%o envelope around the 1:1 line, whereas
the pink bands define our measurements envelope from the static mode without the outliers (Table 2, 15.74 + 0.46%o, 2SD,
n = 22). (b) Difference between 8''B measurements of G. bulloides in static and transient mode against 1/B (in ng_') after
the microdistillation purification (Table 2) for the three size fractions. The grey band corresponds to a 0.25%¢ envelope
centered on the zero black line. The outliers (stars in Table 2) are highlighted with the darker outlines in panels (a) and (b),
and the dotted purple rectangle in panel (b).

Especially, 8''B values of MVS-1 aliquots displayed excellent individual 2SD repeatability, between 0.04 and
0.26%o (with one exception at 0.50%o, Table 1, Figure 6), for only 1.3 and 2 ng B consumed during a triplicate
SSB analysis, that is, 450 and 670 pg per injection, respectively. This transient method led to a threefold reduction
in the total volume consumed, a threefold increase in the sample solutions [B], and a decrease in memory effect
due to the smaller volumes injected. These results emphasize that the matrix acidity (0.05 or 0.5 N) and the 10'* Q
resistors as amplifiers (much slower than the 10" Q resistors) did not alter the analysis quality in the transient
mode.

The average 8''B of the foraminifera samples measured in transient mode was 15.94 + 0.58%0 (2SD, n = 14,
between 15.40 and 16.24%o) for the 315-400 pm fractions and 15.63 + 0.15%0 (2SD, n = 2) for the 400-315 pm
fractions, analytically indistinguishable from the static mode values (Table 2, Figure 7). Compared to the static
mode, &''B reproducibility for the 125-250 pm fraction was improved. Four of the five samples with low [B] that
were outliers in the static mode were measured in the average range with the transient mode (15.70 £ 0.48%o,
2SD, n = 8), in good agreement with the other sample size fractions (Table 2, Figure 7a). Moreover, these
measurements with transient signals allow us to attest the accuracy of the 8''B values at 2.4 and 2.5 ppb
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(250-315 pm fraction, 29-30 and 33-34 cm), called into question in static mode (Table 2, Figures 5 and 7). By
extension, the 5''B value at 2.3 ppb (250-315 pm fraction, 31-32 cm, Table 2) is then considered accurate,
although no other measurements have been able to confirm this, as it is very close to the 8''B values obtained at
the same concentration and validated with the transient mode. Altogether, the transient 8''B measurement
approach (with the 10 pL sample loop of the p-dDIHEN) shows an excellent agreement with the traditional
method (e.g., AWI measurements) and the static mode (above 3 ppb), but additionally offers the possibility to
measure samples with very low B concentrations at higher precision and accuracy (Figure 7) thanks to the
threefold reduction in required sample volume and therefore a threefold increase in boron concentration. In the
end, considering the lowest concentrations measured in transient mode (5.4-6.6 ppb, 1.1-1.3 ng B in 200 pL), this
analytical development corresponds to a very low level of boron analyzed of 400 pg (80 pL for a sample standard
bracketing in triplicate, i.e., ~125 pg of boron per injection), for 2SD reproducibilities reaching 0.32 and 0.52%o
(2SD, Table 2, Figure 1). This method, therefore, provides data for samples with low B content, with the added
advantage of not requiring background correction.

3.3. Comparison With §''B From Other G. bulloides Calibrations

We echo that the pool of samples studied here reflects a relatively stable climatic period in the Holocene, and the
relative stability has more or less lasted throughout the Holocene (£1°C for the global surface temperature, 260—
280 ppm for pCO2; Kaufman & Broadman, 2023; Liu et al., 2014). Consequently, there was no significant change
in carbonate chemistry and temperature during the studied interval of time. However, a part of the measured
variability in our samples could likely be due to bioturbation, difference in the calcification depth or natural
variability (e.g., Lamy et al., 2010; Moreno et al., 2010), with probable seasonal changes in hydrographic pa-
rameters associated with foraminiferal fluxes throughout the studied time period (Guillermic et al., 2020; Raitzsch
et al., 2018). On the other hand, the observed &''B discrepancy in this paper is small, and its association with
uncertainties for such low B-concentrated samples perfectly reflects the classical reproducibilities, standard
deviations and divergences between laboratories (Foster et al., 2013; Gutjahr et al., 2021).

To compare our data with the existing G. bulloides calibrations, we calculated the 8''B value of the seawater
borate at the sampling location conditions with the following relationship (Foster & Rae, 2016):

8''Byy, + (8''Byy, — ep) * 107KaPH

11 _
) BBorale - 1+ ap IOPKE_PH

3)

We first determined pH at the sampling site. Total modern alkalinity and atmospheric CO, are the two parameters
of the oceanic carbonate system used to resolve the other parameters (Zeebe & Wolf-Gladrow, 2001). The total
alkalinity (TA, 2270 = 8 pmol/kg, 2SD) was obtained from the nearest available location to PS97/122-1 in the
GLODAPv2.2023 data set (Lauvset et al., 2024) through Ocean Data View (ODT, Schlitzer, 2015). The estimate
of pCO, during the Holocene comes from Antarctic ice cores (Kohler et al., 2017), set at 270 = 10 ppm (2SD)
with an annual mean disequilibrium at the core site of ~+6 ppm (Takahashi et al., 2009). These data were then
combined with the annual temperature (7.29 £ 2.16°C, 2SD), annual salinity (33.84 + 0.21 psu, 2SD) from the
World Ocean Atlas 2023 (WOA23, Reagan et al., 2024) and pressure (0 bar, G. bulloides living mainly above the
thermocline in the first 60 m of depths, Schiebel & Hemleben, 2017), parameters also needed to establish the
thermodynamic constants for the oceanic carbon and boron systems.

This allowed us to calculate the pH using the CO2SYSv3 program for MATLAB (8.180 = 0.014, total scale;
Sharp et al., 2023), with the dissociation constants for the carbonate system from Lueker et al. (2000). The
dissociation constant of boric acid, pKz*, was derived from the equation of Dickson (1990), whereas the boron
isotope fractionation factor between boric acid and borate anion (ap) is taken as 1.0272 £+ 0.0006 (Klochko
et al., 2006), ez as (az — 1)*1000 and the constant SHBSW of seawater as 39.61 = 0.20%0 (2SD, Foster
et al., 2010). The final calculated 8''Bg, e is 17.10 £ 0.35%0 (2SD), obtained with 1000 Monte-Carlo
simulations.

For each size fraction, all 5!'B measurements (static and transient modes, and the four AWI data) were averaged,
except for the values of the outliers defined above (Table 3). The 250-315 pm fraction exhibits a value of
15.64 £ 0.37%0 (2SD, n = 11), the 315-400 pm 15.93 + 0.38%0 (2SD, n = 14) and the >400 pm 15.68 £ 0.44%.
(n = 2). These 8''B values fit in the linear regression of the species-specific 8" Bgyrae-0" B putioides Calibration
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Table 3

Average 5''B per Depth for the Three Different Size Fractions 250-315, 315-400 and >400 um of G. bulloides Samples
From the Upper Part of the Core PS97/122-1, Compiling the §'' B Results From the Static and Transient Mode Measurement
Method Achieved at IPGP and From the AWI Laboratory, Without the Outliers Marked by Stars in Table 2

G. bulloides sample 250-315 pm fraction 315400 pm fraction >400 pm fraction
Depth (cm) 5"'B (%o0) U (%0) 5"'B (%o) U (%0) 5"'B (%o) U (%o)
7-8 15.96 0.32 15.68 0.27
11-12 16.02 0.28 15.69 0.35
15-16 15.52 0.57 15.70 0.17

17-18 15.78 0.39

19-20 15.63 0.36 15.73 0.62

21-22 15.41 0.28 15.59 0.51

23-24 15.76 0.32 15.92 0.52

25-26 16.10 0.52 16.07 0.54

27-28 15.72 0.66 16.00 0.29

29-30 15.70 0.34 15.70 0.63

31-32 15.53 0.33 16.17 0.36

33-34 15.59 0.40 16.07 0.37

35-36 15.55 0.21 16.15 0.34

37-38 15.57 0.55 16.08 0.36

Mean 15.64 0.37 15.93 0.38 15.68 0.44
Note. The final uncertainties have been calculated as U = \/ 2SDZic + 28D ncien + 2SDAw; for each depth as well as for

the >400 pm size fraction average, whereas for the 250-315 pm and 315-400 pm size fraction average the 2 standard deviation
was calculated.

(Figure 8, Martinez-Boti, Marino, et al., 2015; Raitzsch et al., 2018), with ~2.5—~4.5 times fewer shells than the
study of Martinez-Boti, Marino, et al. (2015, 450-600 vs. 150-190 shells, Table 2). This further validates our
analytical protocol to measure 8''B of foraminifera samples at very low B concentration.

3.4. Biomineralization Impact and Ontogenetic Variability for ''B in G. bulloides

As well as validating our measurement method for low [B] foraminifera samples, this series of G. bulloides samples
allows us to investigate potential biomineralization and size effects on the 8!'B values for this foraminifera species.
The 8''B average for the 250-315 pm fraction (15.64 + 0.37%o, Table 3) is within errors identical to the value for
the 315-400 pm fraction (15.93 £ 0.38%0, Table 3). Furthermore, we can also observe this lack of size effect
individually at each depth of the upper part of the core, showing that the 8''B difference within uncertainties is
negligible with the same maximum discrepancy of ~0.25-0.30%o (Figure 9). This range also perfectly reflects the
classical reproducibility's standard deviation and divergences between laboratories (Foster et al., 2013; Gutjahr
et al., 2021). Moreover, no clear trend emerges with depth (Figure 9b), with an average of 15.79 + 0.45%o for the
whole pool of samples. Nevertheless, only two foraminifera samples from the >400 pm fraction were measured,
limiting a firm conclusion on the absence of size effect for foraminifera between 250 and >400 pm.

Size effects for geochemical proxies such as 8'°C, §'%0, §''B, B/Ca, Mg/Ca or Sr/Ca have been widely docu-
mented for planktonic foraminifera, illustrating the complexity of biomineralization processes (Friedrich
et al., 2012; Henehan et al., 2013; Honisch & Hemming, 2004; Kroon & Darling, 1995; Ni et al., 2007; Osborne
et al., 2020; Peeters et al., 2002). Specifically, 613C, 8'%0 and Mg/Ca offsets between size fractions for
G. bulloides are caused by combined environmental and metabolic conditions such as depth habitat, vertical
migration, seasonality or ontogeny (and without the influence of symbionts). These conditions thus play a role in
temperature, 613CDIC, carbonate chemistry of seawater, precipitation rate or metabolism reactions (metabolic
CO,, food source) during calcification processes (e.g., Friedrich et al., 2012; Jonkers et al., 2013; Kroon &
Darling, 1995; Peeters et al., 2002; Spero & Lea, 1996).
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Figure 8. Comparison of the 8''B measured in G. bulloides planktonic foraminifera against the 5''B of the borate in the
ambient seawater, calculated from the carbonate chemistry of the sampling location, with in panel (a) the global compilation
and (b) a zoom on our G. bulloides measurements. The mean of the different fraction sizes is reported with their associated
8""Byarer s Well as the mean value measured at the AWI (see text for more details). The literature data come from Martinez-
Boti, Marino, et al. (2015; yellow inverted triangles, 250-300 pm, 300-355 pm and 355-400 pm) and Raitzsch et al. (2018;
orange triangles, 315-355 pm). The black dashed line corresponds to the calibration proposed for this species, 8" "B p.uioides =
1.09 (£0.65)*3" lma‘e —3.58 (£11.77) from Raitzsch et al. (2018) and the black line, the 1:1 line.

For boron isotopic compositions, the slight deviation, positive or negative, between the &''B of the seawater
B(OH), and the 8''B of planktonic foraminifera samples highlights that the incorporation of the tetrahedral
borate anion is not the sole mechanism governing 8''B during the species-specific biomineralization (with
different slope/intercept combinations for calibrations; Foster, 2008; Guillermic et al., 2020; Henehan et al., 2013,
2016; Martinez-Boti, Marino, et al., 2015; Raitzsch et al., 2018; Sanyal et al., 2001). The uniqueness of the
tetrahedral coordination has been challenged from the start with multiple pieces of evidence of some trigonal
coordination in calcite (Branson et al., 2015; Noireaux et al., 2015; Rollion-Bard et al., 2011; Sen et al., 1994;
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Figure 9. (a) Crossplot between the averaged G. bulloides 8''B values (Table 3) of the size fraction 315-400 pm and the size
fraction 250-315 pm (purple circle) or >400 pm (turquoise diamond). The orange band characterize the 0.25%0 envelope
around the 1:1 line. (b) Averaged G. bulloides 8''B for the three size fractions 250-315, 315-400 and >400 pm according to
the depth at which they were sampled in the core PS97/122-1.

Uchikawa et al., 2015). As "B-enriched boric acid incorporation seems unlikely, with 8''B values that

calcite
should be much higher than those observed, this trigonal form must instead result from a re-coordination of the
tetrahedral borate (Balan et al., 2016; Hemming et al., 1995; Klochko et al., 2009; Rae, 2018). For G. bulloides
species, as well as for some other planktonic foraminifera, 8''B is lower than the seawater 8''B,,,. that should
have been incorporated (Guillermic et al., 2020; Henehan et al., 2016; Martinez-Boti, Marino, et al., 2015;
Raitzsch et al., 2018; Yu et al., 2013). Some kinetic isotopic effects (Pagani et al., 2005) can be ruled out as the
equilibration time for boron isotopes between B(OH), and B(OH); is 3—4 times faster than the growth rate of
marine biogenic carbonates (Zeebe et al., 2001). The difference between the seawater 8''B,,, .. and the 8''B_ i
value for planktonic foraminifera would then arise from manipulating the calcifying fluid before the calcite
precipitation. Indeed, it has been observed that many foraminifera increase the pH of the calcifying fluid isolated
from seawater to promote the CaCO; precipitation. A pH elevation of up to 9 was observed from direct pH
measurements or deduced from the &''B_,.;. of some foraminifera species (Bentov et al., 2009; de Nooijer
et al., 2009; Erez, 2003; Jgrgensen et al., 1985; Nehrke et al., 2013; Rollion-Bard & Erez, 2010). However, this
significant rise of pH does not necessarily result in a high 8''B_, ., as this latter stays close to the seawater
8"'Byorae (Figure 8; e.g., Henehan et al., 2013, 2016; Raitzsch et al., 2018). Furthermore, an increase in the pH of
the calcifying fluid cannot explain the lower 8''B_,.. values than the seawater 8''B,, .. in G. bulloides

(Figure 8).

The most plausible cause for lower 8''B values in G. bulloides would then rely on modifications of the fora-
miniferal microenvironment, a region (diffusive boundary layer) where nutrients, oxygen and dissolved carbon
species are transported by diffusion with strong gradients (Kohler-Rink & Kiihl, 2000, 2005; Rink et al., 1998).
Short equilibrium time and diffusion of the dissolved carbon species make this layer around the foraminifera very
sensitive to physiological processes (Honisch et al., 2003, 2021; Zeebe et al., 1999, 2003), like symbiont
photosynthesis (CO, + H,O = CH,0 + 0,), respiration (CH,O + O, = CO, + H,0) and calcification (Ca** +
2HCO3; = CaCO; + CO, + H,0 or Ca’t + CO%‘ = CaCOs;). According to the predominant symbiont and
biological process, the effect on the local pH and foraminifera &''B can be both ways. Symbiont-bearing species
such as G. ruber and T. sacculifer thus exhibit a microenvironment slightly basified (0.1-0.3 pH unit) compared
to surrounding seawater due to the photosynthetic activities of the symbiotic dinoflagellate, raising consequently
the 5''B of the precipitated shell (Foster, 2008; Guillermic et al., 2020; Henehan et al., 2013, 2016; Raitzsch
et al., 2018). Conversely, for symbiont-barren foraminifera such as Neogloboquadrina pachyderma, Neo-
globoquadrina dutertrei or G. bulloides, the microenvironment pH decreases due to calcification and respiration,
leading to a 8''B i lower than the seawater 8' "By, (Figure 8, Guillermic et al., 2020; Martinez-Boti,
Marino, et al., 2015; Raitzsch et al., 2018; Yu et al., 2013).

calcite
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Size effects have been reported for G. ruber and T. sacculifer, 8''B,,.;.. increasing with the size in conjunction
with the increasing density of symbionts around larger shells (Henehan et al., 2013, 2016; Honisch et al., 2021;
Honisch & Hemming, 2004). For G. bulloides, the lack of symbionts and the absence of this physiological in-
fluence (Henehan et al., 2013, 2016; Martinez-Boti, Marino, et al., 2015) mean no relationship between 8''B and
the size of foraminifera shells, consistent with our observations in this study. Interestingly, the same observations
apply for the B/Ca ratio, with higher B/Ca in larger size fractions for G. ruber (Babila et al., 2014), but no
difference for G. bulloides (Osborne et al., 2020). This finding supports the reliability of 5''B measurements
across a range of ontogenetic stages, enhancing the utility of small-sized specimens in paleo-pH reconstructions.

4. Conclusion

The protocol for the determination of ' 'B on marine biogenic carbonates with low B concentrations, coupling the
p-dDIHEN setup for the direct injection of small volumes of samples into the MC-ICP-MS and the boron pu-
rification by microdistillation (Buisson et al., 2021), was applied here to foraminifera samples of G. bulloides
from the upper 7-38 cm of a sediment core sampled on the Chilean margin. This species has the lowest B
concentration among planktonic foraminifera. In this study, only half (~100-200) of the usual number of fora-
minifera was picked for three different shell sizes to address the ontogenetic 8''B variations. The MC-ICP-MS
measurements in transient mode, with a 10 pL sample injection loop, yielded repeatable 5''B data, comparable to
the conventional measurements performed in another laboratory (AWI) and in static mode (50 uL loop) for
sample solutions with [B] > 3 ppb. This again assesses the validity of these transient signal analyses for very low
sample volumes. Below 3 ppb, 5''B measurements in static mode are, however, impacted by higher relative blank
contribution. Measurements in transient signal mode, with a threefold lowering of the injected sample volume and
consequently a threefold increase of solution sample [B], allowed for even more accurate &''B values compared
to the static mode below this 3 ppb threshold (1.5 ng B), with down to 400 pg of boron per injection (5 ppb
solution, ~1 ng B) for 2SD reproducibilities reaching 0.3%.. This is the lowest amount of boron ever analyzed for
such precision on bulk carbonate samples with MC-ICP-MS. The 8''B values of the G. bulloides foraminifera
samples from this study matched with the known 8''Bg,.-0"'Be puiioides Calibrations (Martinez-Boti, Marino,
etal., 2015; Raitzsch et al., 2018), validating our 8''B measurements on low-B containing samples. The three size
fractions (250-315 pm, 315-400 pm and >400 pm) of the symbiont-barren G. bulloides showed no significant
variations of 8''B. This lack of variation, directly linked to the microenvironment pH of G. bulloides, is explained
by the absence of symbionts for these species.

The precise and accurate triplicated 8''B determination in transient mode with only 1 ng of B and 80 pL of sample
solution paves the way towards smaller samples and widens possible geochemical applications. This protocol
could, for example, be helpful to improve knowledge on biomineralization processes of larger organisms such as
corals, brachiopods, or mollusks by subsampling different parts of their structures without the significant un-
certainties of in situ analysis (SIMS, LA-MC-ICP-MS) or to study inter-shell variability for benthic foraminifera
by analyzing only one individual. Being able to multiply and/or diversify analyses for samples as small as
planktonic foraminifera finally offers the opportunity to bring more constraints on the paleoclimatic and pale-
oceanographic reconstructions. But the transient signal method can also be adapted to other low-boron archives
such as mollusks or diatom frustules, broadening the applicability of high-resolution 8''B analysis across
paleoclimate archives.
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