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Abstract Boron (B) isotopes are widely used in the Earth sciences to trace processes ranging from slab
recycling in the mantle to changes in ocean pH and atmospheric CO,. Boron isotope analysis is increasingly
achieved by multi-collector inductively coupled plasma mass spectrometry, which requires separation of B from
the sample matrix. Traditional column chromatography methods for this separation have a well-established
track record but are time consuming and prone to contamination from airborne blank. Here, we present an
extensive array of tests that establish a novel method for B purification using a batch method. We discuss the key
controls and limitations on sample loading, matrix removal and B elution including sample volume, ionic
strength, buffer to acid ratio and elution volume, all of which may also help optimize column-based methods.
We find consistent, low procedural blanks of 10 + 16 pg and excellent reproducibility: 10 ng NIST RM 8301
foram [8301f] yields 14.58 £+ 0.11%o 2SD n = 15; 2.5 ng 8301f yields 14.60 + 0.19%0 2SD, n = 31; and overall
long term 2SD on n = 218 samples pooling different sample sizes yields 14.62 + 0.21%o 2SD. This method also
offers significant advantages in throughput, allowing the processing of 24 samples in ~5 hr. This boron batch
method thus provides a fast, reproducible, low-blank method for purification of boron for high precision
isotopic analyses.

1. Introduction

Boron (B) isotopes are increasingly used in the Earth Sciences, with applications including reconstruction of
ocean pH and atmospheric CO, (e.g., Foster & Rae, 2016; Honisch et al., 2019; Vengosh et al., 1991), tracking of
biomineralization fluid chemistry in calcifiers (e.g., Allison et al., 2018; Gagnon et al., 2021), tracing of processes
surrounding subduction and slab recycling (e.g., De Hoog & Savov, 2017), wastewater management, and
weathering (Ercolani et al., 2019; Kloppmann et al., 2008; Muttik et al., 2011; Wei et al., 2015). Despite this, the
wider application and resolution of B isotopes as a geochemical tool is limited by the time consuming nature and
exacting requirements of current laboratory procedures. Early studies measured 8''B by thermal ionization mass
spectrometry (TIMS, Hemming & Hanson, 1994; Zeininger & Heumann, 1983) which is typically achieved
without chemical purification (Foster et al., 2013), but with limits on accuracy and sample throughput. The
development of multi-collector inductively coupled plasma mass spectrometry (MC-ICPMS) techniques for 3''B
analysis has helped improve reproducibility between laboratories (Gutjahr et al., 2020; Stewart et al., 2021) but
requires the separation of B from its CaCO; matrix to avoid the impact of matrix-induced variability on analysis.
Several different approaches to this have been explored, including microsublimation (Misra et al., 2014) and a
batch method for large samples (>40 ppm, Douville et al., 2010; Lécuyer et al., 2002), with column chroma-
tography being the most widely used method (Foster, 2008; Lemarchand et al., 2002; McCulloch et al., 2014).
Boron purification is typically achieved using a gravimetric microcolumn filled with Amberlite IRA-743 resin
(Lemarchand et al., 2002). This resin binds borate ion (B(OH),") but not boric acid (B(OH);) allowing the loading
of B onto the resin at high pH as B(OH),", removal of the sample matrix with sequential washes, before collection
of the B in weak nitric acid.

Boron column chromatography has allowed for the successful measurement of B by MC-ICPMS, in turn leading
to a rapid expansion of B isotope geochemistry. However, the column method has several drawbacks: hand-
making columns leads to heterogeneities between them, hampering reproducibility; processing samples by col-
umns can be time consuming, typically taking 8—12 hr to process 12—16 samples; and the open-topped nature of a
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Figure 1. (a) Structure of the N-methylglucamine functional group in Amberlite IRA-743 resin. (b) Proposed tetradentate
complex formed between Borate ion (B(OH), ) and the N-methylglucamine group in Amberlite IRA-743 resin.
R = polystyrene chain (after Yoshimura et al., 1998).

column and long exposure time makes the method blank-sensitive, requiring exacting clean laboratory conditions
and risking large blank correction on small samples (Kubota et al., 2021).

Here, we present a batch method for B separation using the same general purification chemistry, but in a
centrifuge tube, allowing for greater control on the time of interaction between resin and solution, and with the
potential for less airborne contamination due to its closed top. We test a wide array of controls on B purification
using this method, identifying key operating parameters, and find some significant advantages, including faster
throughput and lower procedural blank.

1.1. Resin Chemistry

Before discussing the batch method in detail, we briefly review aspects of amberlite resin chemistry given its
central role in the chemical separation of B from its matrix. Amberlite resin is synthesized by animating a
chloromethylated styrene-divinylbenzene copolymer (CSDC), itself an anion resin (Popat et al., 1988; Xiao
etal., 2003), and is formed of a polystyrene backbone with an N-methylglucamine functional group. This group is
able to bind with borate ions in a tetradentate complex (Figure 1b, Yoshimura et al., 1998) but does not bind with
boric acid, allowing for the binding of B at high pH, removal of the sample matrix, and B collection at low pH as
the bound borate ion is converted to boric acid.

Under the conditions that a typical dissolved and buffered carbonate sample is loaded onto the resin at (pH ~6),
some B is complexed by calcium (CaH,BO;"), magnesium (MgH,BO;") and sodium (NaH,BO;). The con-
centration of these complexes increases with increasing pH (Figure 2c¢). However, this is a relatively minor
component, and as free borate is drawn down and loaded onto the resin, the remainder will re-speciate.

2. Methods

Boron isotope measurements for this study were made by MC-ICPMS on the Neptune Plus in the St Andrews
isotope Geochemistry laboratories (STAiG) at the University of St Andrews. Mass spectrometry procedures
generally follow Foster (2008) and Rae et al. (2011), but with the addition of a small volume of concentrated HF
to samples, standards and blanks to yield a solution of 0.3 M to aid washout (Misra et al., 2014; Zeebe &
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Figure 2. The impact of changing pH on B speciation and the isotopic composition of those species. (a) Speciation of boric acid (B(OH);, red) and borate ion (B(OH),,~,
blue) at differing pH. (b) 8''B of boric acid and borate ion at differing pH with a total composition of 20%o. (c) Partitioning of boron into boric acid (B(OH)3, red), borate
ion (B(OH),’, blue), and B complexed by calcium (CaH2B03+, orange), magnesium (MgH2B03+, green) and sodium (NaH,BO;, yellow), under conditions typical for a
dissolved planktic foraminiferal sample that has been buffered for sample loading at differing pH, calculated in PHREEQC. (d) 8''B of boric acid and borate ion in
solution (dashed red and blue lines, respectively) as borate ion is removed from the solution onto the resin during sample loading (solid blue line represents cumulative
loaded borate) using a sample composition of 20%o. Black dashed lines indicate that the pH samples are loaded at (pH 6) and the pH resin is preconditioned to (pH 8.5).

Rae, 2020), 10" Q resistors to minimize the influence of thermal noise from the Faraday cup current amplifiers
(Lloyd et al., 2018), and a low flow (~35 pl/min) self-aspirating nebulizer to enable sample analyses in triplicate.
The reproducibility of this mass spectrometric method was assessed using boric acid standards analyzed as
dummy samples that span the range of concentrations examined in this study (see Figure 3). Following Rae
etal. (2011), we fit these data with an equation made up of two exponential terms, using exponents of —1 and —0.5
to represent the influences of amplifier noise and counting statistics, plus a constant representing inaccuracies in
sample standard bracketing (or “flicker”’; see John & Adkins, 2010). This fit is used to characterize the uncertainty
arising from MC-ICPMS measurement on the analyses within this study. We note that this does not necessarily
provide a full measure of reproducibility, which should include potential influences from sample purification and
procedural blanks under typical operating conditions. However, as many of the tests presented here are designed
to push the purification process to explore its limits, application of reproducibility based on typical operating
conditions may in some cases be inappropriate, so we opt for this simple instrumental measure of uncertainty for
consistency.

All sample purification and handling was carried out in a laminar flow hood within a class 100 clean lab equipped
throughout with boron-free filters. All reagents used were of a high purity, using B-free water (MilliQ,
18.2 MQecm at 25°C), Teflon-distilled HNOj, and super pure HF (ROMIL SpA). Ammonium acetate buffer was
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Figure 3. (a) 8''B offset of a boric acid standard measured (BIGD) relative to the long-term average (14.77%o) at different
concentrations. (b) Reproducibility of BIGD at different concentrations and fit were used to characterize uncertainty.

made to yield 1.4 M ammonium hydroxide and 1.2 M acetic acid, before being cleaned by a batch method to
remove B (see Supporting Information S1 for full details). Any carbonate standards and samples used were
cleaned prior to dissolution using clay removal and oxidative cleaning steps described in Rae et al. (2011),
developed from Barker et al. (2003), and dissolved in a combination of 100 pl MilliQ and 20-300 pl HNO;, with a
small (~15%) split analyzed for trace elements on an Agilent 8900 ICP-QQQ. Some samples were purified for B
using a regular gravity column procedure following Foster (2008) and a peri-pump column method (Xu
et al., 2024) for comparison with our batch method.

To separate B from its matrix using the batch method, 1.5 ml centrifuge tubes are filled with 100 pl precleaned
Amberlite IRA-743 resin crushed and sieved to 63—125 pm (for full details of resin preparation and cleaning see
SI). All solutions are pipetted onto the resin, vortexed to ensure resin is in suspension, allowed to settle, and then
centrifuged to ensure resin is at the bottom before pipetting off the supernatant solution (Figure 4). The resin is
cleaned at the beginning of the procedure with 3 X 1 m10.5 M HNO; steps and 2 X 1 ml MilliQ steps. The resin is
then preconditioned with 100 pl of a pH 8.5 ammonium acetate buffer before the sample is loaded buffered to pH
6 at aratio of 1.5:1 buffer:acid with an ammonium acetate buffer. The matrix is washed off with 6 X 500 pl MilliQ
washes, before the B is collected in 500 pl 0.5 M HNOj. Prior to storage, the resin is recleaned with 3 X 1 ml 0.5 M
HNO; steps and 2 X 1 ml MilliQ steps, with brief vortexing at each step, and then stored in MilliQ. For a step by
step procedure see the SI.

This method is capable of producing data with <0.2%o0 2SD reproducibility. However, to achieve this, it is critical
to operate within a certain parameter space. The batch method developed here works for a range of sample ionic
strengths, volumes and concentrations. In the following sections, we detail the key sensitivity tests which
determined these viable parameter spaces. The majority of these tests use NIST RM 8301 foram (8301f), which
has a B/Ca of ~140 pmol/mol and minor and trace element composition similar to foraminiferal carbonate. 8301f
has presented analytical challenges in previous studies (see discussion in Stewart et al., 2021), making it a good

remove
supernatant

=

suspend
resin

centrifuge

Figure 4. Schematic overview of batch procedure. Solutions are added to 100 pl of Amberlite IRA-743 resin in a 1.5 ml
centrifuge tube, which is then vortexed to suspend the resin in the solution, allowed to mostly settle (~1 min for a <200 pl
solution, 2-3 min for a >200 pl solution), centrifuged for 60 s at 13,000 rpm to ensure all resin is at the bottom and the
supernatant removed to allow the next solution to be pipetted in.
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Figure 5. NIST 8301f loaded at a range of pHs and sizes (mass of B indicated in key) both without (a) and with (b) preconditioning with a pH 8.5 buffer. Raising the pH a
sample is loaded at (a) combats the negative offset seen in the batch method compared to columns and published standard values. The same effect can be seen when
preconditioning a pH 8.5 buffer and loading the sample buffered to pH 6 (b). Dark red line is no offset from long-term average 8''B (14.62%o), error bars are 2SD based

on machine uncertainty (see methods).
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Figure 6. Influence of sample volume on 8''B for NIST 8301f using 25 pl
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test for the robustness of an analytical method. In addition, we test several other carbonate standards, seawater,
and a wide variety of foraminiferal samples, which were split and also analyzed following the well-established
column-based procedure.

3. Key Sensitivity Tests
3.1. Sample Load and Preconditioning pH

To optimize the binding of B to the resin, we experimented with different pH conditions during sample loading.
Amberlite IRA-743 resin has a high affinity for borate and loads B most effectively at high pH, where more B is
present as borate. The amino group present in the Amberlite IRA-743 structure (Figure 1) raises the pH of the
resin relative to the solution, which results in the highest affinity for B at a pH,
pH
samples at pH 9 is unfavorable, as there is a risk of carbonate precipitate

solution Of 9, which is equivalent to a

11.5 (Yoshimura et al., 1998). However, loading dissolved carbonate

resin

formation, which is a potential source of &''B fractionation and B loss.
Additionally, there is the potential for the formation of ion hydroxides (i.e.,

Ca(OH),, Mg(OH),, Fe(OH),) from the dissolved sample, which are subse-
quently retained by the resin, inhibiting B binding (Aggarwal &
Palmer, 1995). For this reason, column procedures have typically buffered
samples to pH ~6 prior to loading (Foster, 2008), high enough to notably
increase the borate proportion and the resin's affinity for B, but low enough to
avoid precipitate formation.

100

200

: - r ) When a sample is loaded at a pH comparable to columns (pH 6-7), we
300 400 500 600

observe a negative offset 3''B in standards purified using the batch proced-

Sample volume (pl) ure, which is seen more strongly for larger samples (Figure 5a), and indicates

r T T T T T 1 incomplete loading (Figure 2d). Raising the load pH to 8.5 in the batch

4 8 ,12 ) 16 20 24 method combats this negative offset (Figure 5a), though is not our preferred
solution/resin

solution due to the precipitation risks mentioned above. The same effect can
be attained instead by preconditioning the resin with a pH 8.5 buffer prior to

resin volume. Solution volume to resin volume ratio is shown underneath as sample loading, removing this solution, and then loading the sample buffered
a secondary axis. NIST 8301f at several concentrations (for details see to pH 6 (Figure 5b). We tested a range of pH for the pre-load buffer to test for

Supporting Information S2) was diluted with additional 0.5 M HNO;,
ammonium acetate buffer and MilliQ in a ratio roughly proportional to a
typical foraminiferal sample (1:1:2 acid:MilliQ:buffer). Loading large total
sample volumes negatively fractionates the measured 8''B. Dark red line is

any influence (e.g., due to residual high pH pre-load buffer causing precipitate
formation) and found no trend in 8''B for the pH range tested (6-9) for large
benthic (C. wuellerstorfi) and planktic (O. universa) foraminiferal samples

no offset from long-term average 5''B (14.62%o), error bars are 2SD based (Figure S1 in Supporting Information S1), suggesting no influence from

on machine uncertainty (see methods).
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Figure 7. The effect of changing the volume ratio of the sample solution relative to the resin on sample loading, as a function of (a) buffer/acid ratio and (b) ionic
strength. Dark red line is no offset from long-term average 5''B (14.62%o), error bars are 2SD based on machine uncertainty (see methods). In all cases sample loading is
facilitated by a lower solution to resin volume ratio; negative 8''B offsets, indicating incomplete sample loading, are observed as the relative solution volume rises. The
nature of this relationship is also modulated by buffer to acid ratio (symbols and labeled lines in (a)) and by ionic strength (symbols and labeled lines in (b)), with ionic
strength given here as the volume of acid and buffer divided by the total sample volume. Sample loading is facilitated by higher buffer/acid ratios, allowing the same
volume of solution to be loaded with a smaller volume of resin, and in samples with lower ionic strength. The buffer/acid ratio was held constant at 2:1 for the

experiments in (b).

carbonate or hydroxide precipitation across this preconditioning pH range and for the types of samples measured
here.

3.2. Sample Volume, Buffer to Acid Ratio, and Ionic Strength

Boron content can vary significantly in samples analyzed for 8''B, leading to a range of sample volumes to attain
a given mass of boron for analysis. While using the same resin volume as a column (25 pl, Foster, 2008) yielded
excellent results for small volumes of standards with relatively high B concentrations (Figure 6), it did not
perform as well for more diluted, larger volume samples, which are more representative of a typical foraminiferal
sample. In these cases the measured 8''B is negatively offset relative to published values (Figure 6), again
suggesting some loss of B due to incomplete loading.

This sample volume offset can be combatted by increasing resin volume, provided the volume of preconditioning
buffer is scaled accordingly to ensure the full resin volume pH is sufficiently elevated. However, the relationship

15.4 15.4 -
a. b.
15.2 15.2 A
15.0 15.0 A e
S
14.8 148 sy T s o EEwTT
— - _ — T ST
146 S 16 T T
@ @ FO==i=rg
b 144 o 144 48
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14.0 04 volume volume
14.0 O 350 50 pl 7:1
o 600u 100p  6:1
13.8 13.8 A © 350l 100 pl 3.5:1
13.6 T T T T T T " 13.6 T T T T T T d
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Figure 8. Influence of loading time on large volume samples. Mixing of solution and resin was tested by either (a) vortexing briefly (~3-5 s) every 5 min or

(b) constantly for periods of 1-140 min for a range of sample and resin volumes. Symbols represent the different sample and resin volumes: red circles 350 pl sample
volume 50 pl resin volume, orange diamonds 600 pl sample volume 100 pl resin volume, blue diamonds 350 pl sample volume 100 pl resin volume. Dark red line is no
offset from long-term average 8''B (14.62%o), error bars are 2SD based on instrumental uncertainty (see methods). Data in (a) are negatively offset due to incomplete
loading, a result of their high solution to resin ratio. Increasing the interaction time between resin and solution by increasing the mixing time helps partially decrease this
offset, but increasing mixing time is not able to fully compensate for too low a solution to resin ratio. Continuous vortexing (b) rapidly achieves full mixing and
equilibration for samples with a low, optimized solution to resin ratio, but overly extensive continuous vortexing can lead to loss of light boron and positively offset
8''B. Our optimized method uses 1 min of continuous vortexing.
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a. g0 - between sample volume, resin volume and the §''B offset between measured

0] @ MilliQ wash and published values for NIST 8301f can als'o be influenced by other factors.

volume (pl) In the column procedure, samples are typically buffered to pH 6 by the

1000 addition of a 1.4 M ammonium hydroxide and 1.2 M acetic acid buffer, with 2

& 500 volumes of buffer added per volume of 0.5 M HNOj; that was used in sample

300 dissolution (Foster, 2008). However, we found that changing this buffer/acid

—©-200 ratio for the batch method changes the gradient of the sample/resin ratio

150 versus 8''B offset relationship (Figure 7a). Lower buffer to acid ratios lead to

increased gradients between sample/resin volume and 8''B offset, so for the

same volumes of solution and resin, a greater offset will be seen. In other

words, complete loading is enabled by the combination of high resin to

wash number sample volumes, promoting interaction between active sites on the resin and

b. &0 - borate ions, and high buffer to acid volumes, leading to higher pH and greater

abundance of borate. However, there are drawbacks of both excessive resin

and buffer volumes. As detailed in Section 3.5, increasing the resin volume

resin requires an increase in the elution volume, resulting in dilution of B in the

volume solutions used for analysis (as the volatile nature of B precludes concentration

. by sample dry-down). The ionic strength (here proxied by the volume of acid

o 50 and buffer divided by the total volume of the sample) also has an effect on the

relationship between sample volume, resin volume and the 8''B offset, where

a sample with a lower ionic strength requires less resin to achieve full loading

than a sample with a higher ionic strength (Figure 7b). This is similar to the

wash number

Figure 9. Ca (mg) in Milli-Q washes. (a) At different wash volumes (in pl)
and (b) For different resin volumes with the same wash volume (150 pl).
Note that a significant proportion of the Ca is removed when the load is
removed (not shown here), which will be greater the smaller the resin
volume.
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Figure 10. 5''B with increased total Milli-Q wash volume using 100 pl resin
volume. When larger total wash volumes are used, 8''B is offset negatively
from the long-term average (14.62%o). For equivalent total wash volumes,
this offset tends to be larger for a greater total number of washes. Note that
the typical procedure uses a total wash volume of 3,000 pl (6 X 500 pl,
indicated by gray bar). Dark red line is no offset from long-term average
8"'B (14.62%o), error bars are 2SD based on machine uncertainty (see
methods).

results of Lemarchand et al. (2002), who showed that high ionic strength
inhibits the fixation of B onto the resin.

To address these issues, we increased the resin volume in the batch method
from 25 to 100 pl, scaling the volume of the pH 8.5 buffer used to precon-
dition the resin to 100 pl accordingly, and used a 1.5:1 ratio of buffer to
dissolution acid. This allows a sample of up to 350 pl total volume (e.g.,
consisting of 100 pl MilliQ, 100 pl 0.5 M HNO; and 150 pl pH 6 ammonium
acetate buffer) to load to completion. Increasing the resin volume to 100 pl
requires an increase in the elution volume to 500 pl 0.5 M HNO; (see Sec-
tion 3.5), as the elution volume required is roughly proportional to the resin
volume. For samples above this total volume, a larger resin volume is likely
necessary. Alternatively, a large volume sample may be split between two
batch tubes, ensuring that the volume loaded onto each individual batch tube
remains below 350 pl, and the B from both batch tubes was collected in the
same eluant—eluting one with 500 ul 0.5 M HNO3, then taking that same acid
to elute the second.

3.3. Loading Time

Load efficiency can, to an extent, be influenced by the time for interaction
between the resin and sample during sample loading. We explored a range of
loading times assisted by a vortexor to ensure thorough mixing and interac-
tion between solution and resin, either vortexing continuously or vortexing
briefly (~3-5 s) until the resin was in suspension every 5 min. Note that some
of these tests were carried out at higher than optimal ratios of sample solution
to resin volume (see Section 3.2), which reduces the efficiency of sample-
resin interaction, and thus provides a harder test for loading optimization.
A trend is seen with increasing loading/vortexing time with both techniques.
For the high sample volume to resin volume tests in Figure 8a, 3''B data are
offset light due to incomplete loading (see also Figure 7), but the size of this
offset is reduced by repeated mixings every 5 min. Complete loading can be
efficiently achieved with continuous mixing, with accurate values attained
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Figure 11. Impact of elution volume on 8''B. All tests use a 50 pl resin volume. Different symbol colors refer to the volume of individual elution steps. (a) 8''B of each
elution fraction; initial B eluted is isotopically heavy, and the last B to be eluted is isotopically light. (b) [B] eluted in each elution fraction. c. Cumulative 8''B with
elution volume; the first B to be eluted is isotopically heavy but reaches the long-term average 8''B (14.62%o) after 450 ul 0.5 M HNO;. d. Cumulative [B] eluted with
increasing elution volume. The dark red line in panels (a and c) is no offset from the long-term average 8''B (14.62%o), error bars are 2SD based on machine uncertainty
(see methods). The red line in panels (b and d) indicates the concentration loaded.

within 1 min provided the solution to resin volume is optimized (Figure 8b). We note however that continuous
vortexing for more extended periods results in a slight increase in 5''B, eventually leading to values heavier than
the long-term averages and the published value for NIST 8301f (Figure 8, Stewart et al., 2021). This indicates that
excessive vortexing may lead to loss of light B driving the measured 8''B isotopically heavy. One potential
explanation could be that the increased shaking time promotes the evaporation of boric acid via microdroplet
formation and heating, with preferential loss of lighter '°B boric acid. Hence samples are loaded for 1 min of
constant vortexing, which minimizes the chance of volatile boron loss and achieves complete sample loading
provided the solution/resin ratio is optimized.

3.4. Washes

In order to remove the calcium carbonate matrix from the sample, a series of Milli-Q washes is used after the B is
loaded onto the resin. For columns, these washes are directed around the column's interior in order to rinse down
the sides, and the time the process takes is determined by the flow rate of the column and the total number and
volume of washes. For the batch, a small volume wash will take roughly the same time as a large volume wash,
and the time the process takes is determined by the number of times a solution is pipetted on and off the resin.
Hence, a smaller number of larger volume washes are advantageous to the batch compared to columns. The Ca
content of the washes shows the extent of matrix removal and was used to determine that 6 X 500 pl Milli-Q
washes remove the matrix as effectively as 11 X 150 pl washes (Figure 9). It should be noted that for a
smaller resin volume, a smaller number of washes can be used (Figure 9b), and that with a very large total wash
volume, B begins to be washed off the resin too, leading to negatively offset 5''B (Figure 10) as the initial B loss
from the resin is isotopically heavy. Additionally, the total number of washes and the volume of washes is not a
direct 1:1 relationship thus 11 X 150 pl washes will remove the matrix equivalently to 10 X 200 pl washes,
9 % 300 pl washes, 6 X 500 pl washes or 5 X 1 ml washes.
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300 1 3.5. Elution Time and Volume
250 4 During elution, the pH of the solution and resin is lowered by the addition of
— 0.5 M HNOs;. This converts the B on the resin from B(OH),~ to B(OH);_ If
& 2007 this reaction is not taken to completion, the measured 8''B will be fraction-
% 150 ated isotopically heavy due to some B(OH),~ (which is isotopically relatively
= light) remaining adhered to the resin (Figures 2 and 11). During column
g 1001 chromatography, elution is achieved by a series of sequential HNO; steps to
. ensure that eluted B is efficiently transported through the column volume for
o H collection. In contrast, for the batch method, eluting in a single step achieves
0/ + the same result and is more time efficient. Eluting the resin sequentially in 50,
Batch Columns 100, 150, 200, and 450 pl steps shows that the first B collected is isotopically
heavy and the final B released is isotopically light (Figure 11). The volume of
Figure 12. Comparison of Total procedural blank (TPB) size through the elution acid required to take this reaction to completion is likely related to the
batch method (n = 262) and columns (n = 103) between January 2019 and resin volume: 50 pl resin can be eluted in 450 pl (and likely in smaller vol-

May 2021 in the STAIG lab. Batch TPBs are lower and have a more
consistent size than column TPBs, though some of the larger column blanks
were likely driven by problems with resin contamination.

umes, though as this is the minimum volume for our triple-replicate MC-
ICPMS method, we have not explored these smaller elution volumes in
detail); our finalized procedure with 100 pl resin uses 500 pl of elution acid
(§ X the resin volume). Eluting in one step is preferable both for time efficiency and because it means any residual
boron (e.g., in the resin pore space) is not isotopically different from the B collected. This has the additional
benefit of making the procedure more robust to user differences, as it reduces any sensitivity to the amount of
solution left behind on top of the resin and in the pore space.

Elution is a quick process. We tested this by vortexing samples every 5 min for up to 45 min and found no trend
between 8''B and time interacted with eluting acid (Figure S2 in Supporting Information S1). In the current
procedure, resin is vortexed until it is suspended in the eluant and then centrifuged.

3.6. Additional Tests

The steps described above give the key parameters for this procedure. However in developing the method we also
tested a range of additional factors, which we report below.

3.6.1. High pH Cleaning Step

Total procedural blanks (TPBs) through the batch method are low and consistent. In the same time period at St
Andrews, TPBs were typically below 20 pg through the batch method compared to values ~20-200 pg through
columns, though some of these higher column tpbs may have been driven by anomalous resin contamination
problems (Figure 12). We found that batch TPBs may further be reduced using a high pH cleaning step at the start
of the procedure prior to the resin cleaning stage. Earlier work suggested that at a solution pH of 10, any B species

a. 401 b.040 4
35 -
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£25 0204
[} 8
220 [ oM < 0.10 A
315 Y ---0.01M =
S 4 5
4 > ~©--0025M 000 gy
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o —g%eoe—
-0.20 r : : : .
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wash number
EDTA concentration (M)

Figure 13. Impact of adding EDTA to the sample loading stage at different concentrations on matrix removal (a) and
measured 5''B (b). (a) [Ca] in MilliQ washes for different concentrations of EDTA. All washes with 500 pl MilliQ. b. 5''B
for NIST 8301f were measured with different concentrations of EDTA. To achieve full matrix removal with these volumes of
EDTA, a total wash volume of 5,000 pl was used (10 X 500 pl washes), including for the 0 EDTA sample. This results in an
isotopically light offset, so standards here normalized to the 8301f run with OM EDTA (dark red line). Addition of EDTA
then adds a second positive offset. All concentrations of EDTA show a positive offset compared to standards run without
EDTA. Error bars are 2SD based on machine uncertainty (see methods).
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Figure 14. Potential interaction of other elements with Amberlite IRA-743 resin. (a) Trace elements were measured before and after sample loading (with the after value
measured in the removed sample) for four standards with a range of compositions. Figure shows the percentage difference between these measurements, representing
the proportion of each element loaded onto resin (and/or sticking to the tube). Bars are averages for all standards and error bars show +2SD. (b) Range of elemental
concentrations in synthetic standards tested, which represent a wide range of carbonates (foraminifera, coccolithophores, corals and limestones).

Table 1

Summary of Example Resins, Preconditioning Buffers, Samples, and Elution

Volumes

Resin volume (pl)

Preconditioning buffer volume (pl)

Max sample volume (pl)

Minimum elution volume (pl)

Total
MilliQ

0.5 M HNO,

Buffer

25
25
82.5
25
25
325
<450

50 100
50 100
175 350
50 100
50 100
75 150
<450 500

Note. Acid volume is the 0.5 M HNO; used for carbonate sample dissolution.
MilliQ is also used during sample dissolution to avoid leaching residual
silicate material. Buffer volume is calculated at a buffer:acid volume ratio

of 1.5:1.

interacting with the resin is converted to borate ion with the presence of B as
boric acid being very unlikely (Aggarwal & Palmer, 1995; Xiao et al., 2003).
This may be leveraged to remove recalcitrant B bound to the resin in other
forms, which may slowly leach off and lead to increased TPBs. To test this,
we added ultrapure ammonium hydroxide (NH,OH) to B-free MilliQ until it
reached a pH of 10. This pH elevated MilliQ was included as a high pH
cleaning step prior to the resin-cleaning stage. We then carried out the full
batch procedure, including resin-cleaning, “loading” (in this case of an acid-
MQ-buffer dummy sample), matrix removal, and elution. TPBs from batch
tubes receiving this treatment were on average ~2.5 times lower than those
which did not (5 pg B with a high pH wash compared to 13 pg B without).
This suggests that there may be a small amount of recalcitrant B bound to the
resin, perhaps not as borate ions. The addition of a high pH cleaning step,
which converts any residual boron to borate ion, allows B to be more
effectively washed off the resin during subsequent acid washes. As blanks are
typically low for the batch method this is not part of our routine procedure but
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Table 2
Long-Term Averages and Variability for Boric Acids, and Synthetic and Natural Carbonate Standards Measured at the
University of St Andrews, Compared to Published Values

B/Ca Our long term Published
Standard  pmol/mol Average 2SD n Average 2SD n Reference
Boric acids (non-purified) AE121 n/a 19.63 0.15 504 19.9 0.6 22 Vogl and Rosner (2012)
19.71 0.07 39 Stewart et al. (2021)
BIGD n/a 1477 0.19 209 14.76 0.30 45 Foster et al. (2013)
Synthetic carbonates NIST 8301f 139 14.62 021 218 1451 0.17 82 Stewart et al. (2021)
NIST 8301c 528 2425 021 31 2417 0.17 83 Stewart et al. (2021)
Natural carbonates JCP-1 460 2440 0.36 9 2425 0.22 103 Gutjahr et al. (2020)
JCT-1 191 1626 0.16 10 16.24 0.38 108 Gutjahr et al. (2020)
STG-F1 59 1629 021 11 1625 0.26 8 Xu et al. (2024)

Note. Boric acid values listed have not undergone purification, so don't provide a test of the batch method, but are included to
help illustrate measurement accuracy. Studies providing reference 5''B values are listed; JCP-1 and JCT-1B/Ca ratios are
taken from Hathorne et al. (2013). These average and standard deviation values are made up of analyses of different sample
sizes, so don't necessarily reflect the optimal uncertainties achievable at larger sample size—see Figure 15. Published 2SD for
synthetic and natural carbonates represent the 2SD on the averages from labs in the interlaboratory comparison, rather than
2SD on the individual measurements.

may prove useful when measuring small samples where procedural blank correction contributes a large part of the
uncertainty.

3.6.2. Ca-Complexing Agents

Some groups use a cation column, prior to B purification with an Amberlite IRA-743 column, in order to remove
some of the major cations from the sample prior to loading (Lemarchand et al., 2002; McCulloch et al., 2014).
This reduces the chances of CaCO; precipitation/ion hydroxide formation and/or the interaction between cations
and the resin. As an alternative, we tested the addition of various Ca-complexing agents to the buffer during
loading (EDTA, citric acid, BAPTA) to reduce the activity of Ca®>*—the major ion in the dissolved carbonate
solution—and thus its potential for interaction with B or the resin. Complexing agents were added to the buffer for
these tests, with the solutions made up using the same ammonium hydroxide concentration and pH as the typical
buffer, and having the complexing agents replace some of the acetic acid. We found that the presence of these
complexing agents required a larger number of washes to sufficiently remove the matrix (Figure 13a). This large
number of washes is impractical as it starts to wash off B (Figure 10), fractionating the sample isotopically light.
For EDTA and citric acid we also found standards were offset heavy relative to standards run with our typical
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Figure 15. 8''B offset of a synthetic standard (NIST 8301f), which has been through chemistry relative to the long term
average at different concentrations (14.62%o). Error bars are 2SD based on machine uncertainty (see methods). Dashed lines
represent +0.1 and 0.2%o.
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a. 19 ammonium acetate buffer (Figure 13b), likely due to some interaction be-
08 tween the complexing agent and B. Given these drawbacks, and as no benefits
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Figure 16. Measured 5''B after B separation by the batch method compared
with measured 8''B through columns for a range of natural and synthetic
carbonates. (a) Difference between 6''B measured by batch and columns
plotted against sample B/Ca for a range of natural and synthetic standards.
Synthetic standards are doped with NIST 951 to give a known &''B with a
variety of matrix compositions. Natural carbonates are measured where
possible with columns and the batch method on the same dissolved solution
(for details see Supporting Information S2). (b) Difference between 5''B
measured by batch and columns plotted against measured column 5''B
value. (c) Cross plot of 8''B measured using the batch and column methods.
Column values are from this study and Gutjahr et al. (2020). Dark red line is
no offset from column &' IB, error bars are 2SD based on instrumental
uncertainty for batch 8''B and column values measured on the same solution
as part of this study (see methods). When comparing to an average column
value for a standard or sample, uncertainty for the column value is the 2SD
on replicates of that sample (see Supporting Information S2 for details).

were seen in the types of samples tested here, Ca-complexing agents are not
included in the final procedure.

3.6.3. Binding of Other Elements to Amberlite IRA-743 Resin

The potential for other elements to bind to the resin and hence compete with B
binding, or to release during elution and drive a matrix effect during mea-
surement could potentially lead to reproducibility issues. We tested this by
loading 4 synthetic carbonate standards with a range of compositions
(Figure 14b) and measuring their trace and rare earth element composition
before and after loading. While Amberlite IRA-743 resin is B specific, other
elements also bind to the resin during loading, most notably Mo and U,
though also some P, S, Sc, Fe, and Cu (Figure 14). Although a substantial
proportion of these elements may bind to the resin, they are typically at low
concentrations in most samples of interest, so don't present a major concern.
Amberlite IRA 743 is made by the animation of CSDC, itself an anion resin,
and it seems likely there may be some residual CSDC which may explain
some of this behavior (Popat et al., 1988; Xiao et al., 2003). Other studies
have also used the resin for Mo and V separation (Polowczyk et al., 2017) and
Se measurement (Bueno & Potin-Gautier, 2002) and the resin is also sug-
gested to bind Alkali and Alkali Earth metals (Cuscurida & Faske, 1991),
though the discrepancies between these studies and our findings here may
result from differences in loading and elution conditions, which here have
been optimized for boron.

4. Implications and Outlook

Using our optimized method, within the safe parameter space established
above (see Table 1 for summary), we obtain 8!'B within error of long-term
column values for a range of standards (Table 2), with excellent reproduc-
ibility and in some cases representing the best constrained values for these
standards. For the synthetic standard NIST 8301f, the batch method has a
long-term average of 14.62 + 0.21%o (n = 218, over 43 sessions at a range of
concentrations) or 14.58 + 0.11%¢ for 20 ppb samples (n = 15, over 2 ses-
sions), comparable to similarly sized boric acid standards (Figure 15). We
also reproduce column values for natural and synthetic carbonates over a wide
range of sample matrices and 8''B compositions, including 6 species of
planktic foraminifera, 1 species of benthic foraminifera and an in house mixed
foraminiferal standard. Synthetic standards are made to represent the
composition of a typical foraminifera, coral, coccolithophore and limestone
doped with NIST 951 giving them a known boron isotope composition. All of
these samples and standards are within error of their defined (for synthetic
standards made with NIST 951), published values or values obtained using
traditional column chromatography methods, demonstrating the method's
robustness (Figure 16).

The batch method offers several advantages over columns. In addition to
reduced procedural blanks (Figure 12), it has a faster processing time (12
batch tubes usually takes around 4 hr, whereas 12 columns take 8-10 hr) and
the potential to run more samples simultaneously (the number of batch tubes
run can easily be doubled to 24, which will take an extra hour). Removing the
need for throughflow allows the separation of B from complex matrices
which might otherwise clog a gravity column (i.e., samples with organic-rich
matrices) and allows control over the time for solution-resin interaction.
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Suspending the resin in a solution also allows for a more thorough rinse of the matrix.

Development of the batch method for B purification also has implications for column chemistry. The method
development here highlights the need for complete loading for both the batch method and columns to avoid
isotopic fractionation. Factors influencing complete sample loading in the batch method, such as ionic strength,
sample volume and buffer:acid ratio, likely also play a role in loading for columns and techniques to overcome
this such as pre-conditioning the resin with a high pH buffer may similarly aid complete loading in columns.
Likewise, mechanisms allowing for lower procedural blanks from the batch may be transferable to columns such
as a high pH wash to remove recalcitrant B during resin cleaning.

Overall, the batch method provides a simple and efficient new procedure for B purification for measurement by
MC-ICPMS. It offers significant advantages over the traditional gravity column method in both throughput and
procedural blank. Its development also highlights aspects of B wet chemistry applicable more widely; we show
that if sample loading is not taken to completion the 5''B measured will be fractionated isotopically light,
consistent with Rayleigh fractionation, and that complete sample loading requires a balance of sample volume,
resin volume, solution ionic strength, and pH. The batch method is an accurate technique for a wide variety of
samples and has the potential to improve accessibility and ease for laboratories applying the 5''B pH-proxy.

Data Availability Statement

Research data underpinning this publication is accessible on the St Andrews Research Repository at (Trudgill
et al., 2024) https://doi.org/10.17630/bb69c2f8-03fc-4b91-82b1-300bac07ac42.
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