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A B S T R A C T

Boron isotope (δ11B) analysis using bulk foraminifera samples is a widely used method to reconstruct paleo sea
water pH conditions. Although, these analyses exhibit high analytical precision, short term information is lost
due to the pooling of tests with distinct and diverse boron isotope signatures resulting in average values for the
time interval encompassed in the sample. Here we present and assess the analysis of δ11B of individual for-
aminifera by means of Laser Ablation Multi-Collector Inductively Coupled Plasma Mass Spectrometry (LA-MC-
ICP-MS) to obtain seasonal variability patterns and to test the limits of precision of LA-MC-ICP-MS on the
planktonic foraminifera Orbulina universa. The results show that relative seasonal differences (of ∼11‰) can be
captured from either uncleaned or cleaned individual O. universa tests with an average precision of± 2.9‰ (2
SE). The δ11B variability among foraminifera representing the same season is on average 7.4‰ (2 SD) irre-
spective of cleaning state. With our approach, analyses on oxidatively cleaned O. universa do not require the use
of a matrix matched standard to obtain B isotope values in the range of those expected for solution multi-
specimen analyses. Our results are useful for considering the potential spread caused by foraminifera vital effects
and for obtaining information of seasonal ranges of pH and possible bias related to seasonality hidden within
conventional solution based δ11B analyses.

1. Introduction

The isotopic composition of boron in marine carbonate is a useful
tool for reconstructing past ocean pH, an important variable needed for
calculating paleo-pCO2 (e.g., Hemming and Hanson, 1992; Hönisch
et al., 2009; Foster and Rae, 2016). Boron has two stable isotopes 10B
(19.9% abundance) and 11B (80.1% abundance). Due to its approx.
14–20 Ma residence time in seawater (Spivack and Edmond, 1987;
Lemarchand et al., 2000, 2002), boron is considered to be homo-
geneously distributed throughout the oceans with an isotopic ratio of
39.61 ± 0.04‰ (2 SE). Boron in seawater is predominantly present in
two forms; tetrahedrally coordinated borate [B(OH)4−] and trigonally
coordinated boric acid [B(OH)3]. The relative abundance of these spe-
cies varies with water pH (Zeebe and Wolf-Gladrow, 2001). The ratio of
10B and 11B in borate ion [B(OH)4−], reported in δ-notation relative to
NIST-SRM951, is given by the relationship:
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where pK*B describes the dissociation equilibrium between boric acid
and borate ion in seawater (Dickson, 1990), δ11Bsw is the seawater
boron isotopic composition, αB is the equilibrium constant for boron
isotope fractionation between boric acid and borate ion in seawater
(1.0272, Klochko et al., 2006; Nir et al., 2015). Assuming borate ion is
preferentially incorporated into carbonate (e.g., Hemming and Hanson,
1992), the δ11B composition of marine carbonates can be used to cal-
culate the pH of the solution from which the mineral precipitated.
However, δ11B ratios in marine biogenic carbonates, specifically for-
aminifera, are often different from that of inorganic carbonates forming
under the same pH conditions. This is because of processes related to
biological calcification - often referred to as “vital effect” (e.g., Hönisch
et al., 2003; Zeebe et al., 2003; Noireaux et al., 2015; Martínez-Botí
et al., 2015; Henehan et al., 2016; Farmer et al., 2019). Therefore,
species-specific relationships are developed between seawater borate

https://doi.org/10.1016/j.chemgeo.2019.119351
Received 14 March 2019; Received in revised form 22 October 2019; Accepted 27 October 2019

⁎ Corresponding author at: Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge, Cambridgeshire, CB2 3EQ, United Kingdom.
E-mail address: dm807@cam.ac.uk (D. Mayk).

Chemical Geology 531 (2020) 119351

Available online 28 October 2019
0009-2541/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2019.119351
https://doi.org/10.1016/j.chemgeo.2019.119351
mailto:dm807@cam.ac.uk
https://doi.org/10.1016/j.chemgeo.2019.119351
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2019.119351&domain=pdf


and foraminiferal δ11B. For O. universa this relationship is described by
Henehan et al., 2016 as:

δ11Bborate = (δ11Bforaminifera + (2.49±9.01)) / (1.02±0.50)

Boron isotope analyses on MC-ICP-MS of foraminifera are typically
carried out on multi-specimen samples, comprised of several individual
foraminifera shells (tests) that are cracked and cleaned together (e.g.,
Sanyal et al., 2001; Foster, 2008; Rae et al., 2011). Although this pro-
cedure produces precise results, it requires pooling of 100–200 in-
dividuals (for planktonic foraminifera) and boron purification through
column chemistry. When multiple individuals are combined to obtain
one value, temporal resolution is lost in the process. Recent advances in
the methodology of isotope analysis in foraminifera make it possible to
analyse the isotopic composition of individual foraminifera (e.g., Ford
et al., 2015; Pracht et al., 2018; Sadekov et al., 2019; Standish et al.,
2019) opening a new field of research questions that can be addressed,
such as investigation of the variability within and among individual
foraminifera. This may provide new insight into short timescale varia-
bility (representing the life span of an individual specimen) and help to
understand the process of isotope incorporation during calcification.
Analyses of single foraminifera have been primarily focused on isotopes
and elemental ratios of major constituents of the carbonate tests (e.g.,
oxygen; Metcalfe et al., 2019, and Mg/Ca; Eggins et al., 2003, 2004,
Ford et al., 2015). Marine carbonates often contain 1–100 ppm boron
(Vengosh et al., 1991), therefore, δ11B analysis in single foraminifera is
challenging; only a few studies reporting δ11B in single foraminifera
have been published (e.g., Kaczmarek et al., 2015; Sadekov et al., 2019;
Standish et al., 2019). In this study, we present a novel approach to
analyse δ11B in individual foraminifera by LA-MC-ICP-MS, with the goal
to decipher intra-individual and seasonal variability of δ11B recorded in
foraminifera, and test the method’s applicability for palaeoceano-
graphic research.

2. Material and procedures

2.1. Environmental setting

Orbulina universa (size fraction: 500–600 μm, est. shell weight:
40–60 μg (Allen et al., 2011)), were picked from sinking particulate
matter collected using McLean Mark VII-W sediment traps equipped
with a 0.5 m2 funnel opening deployed in the Santa Barbara Basin, CA
(Thunell, 1998). Sinking particulate matter including the foraminifera
was collected every ∼15 days. Sample bottles were buffered and poi-
soned with sodium azide solution prior to deployment. To investigate
seasonal variability samples were assigned one of two groups. The fall
group (32 individuals) consisted of samples collected from October to
December 2013, the spring group (19 individuals) included samples
collected from March to May 2014. The mean surface seawater pH
(total scale) at the collection site was 8.02, with a range of up to 0.07
during the growing period of the foraminifera, representing 15 days
prior to collection start date and through the 15 days of collection. We
assumed that each O. universa either was fully grown or started to grow
at the time of the trap deployment (see Supplement). The short-term pH
variability within the region of the sediment traps deployment can be
up to 0.7 pH (Hofmann and Washburn, 2018), with a total high fre-
quency variability of 4.7‰ among sediment traps (Supplemental Data).
Observed seasonal pH values at the site translate to a mean of 16.6‰
δ11Bborate.

2.2. Cleaning methods

To test the effect of cleaning on the spread of the δ11B data among
groups, two commonly used cleaning methods were applied sequen-
tially on the same samples that were previously analysed without any
cleaning; labelled as cleaning-I and cleaning-II, respectively.

2.2.1. Cleaning-I
A set of specimens were retrieved from the ablation cell (spring

n = 19, fall n = 12). Each test was individually cleaned using a
cleaning procedure modified after Glock et al., 2016; 2019. This
cleaning treatment aimed at removing impurities from the foraminifera,
including trapped particles and labile organics.

Each foraminifera specimen was bathed in ∼500 μL of ethanol
(ROTIPURAN ≥ 99,8%, p.a.) and ultrasonicated for 20 s. This was re-
peated three times, after which the procedure was repeated for another
three times using Milli-Q water to remove any ethanol residue from the
foraminifera. Following, 350 μL of oxidative solution (0.3% H2O2 in
0.1 M NaOH) was added to each foraminifer, and bathed at 80 °C for
40 min, ensuring that air bubbles were released frequently. Each for-
aminifer was then removed from its solution using a 63 μm sieve and
Milli-Q water. Finally, each specimen was rinsed with ethanol before
being transferred to a new adhesive pad for re-analysis.

2.2.2. Cleaning-II
As many of the foraminifera cleaned using the above procedure

(Cleaning-I) as possible were removed from the adhesive pad (spring
n = 10, fall n = 9) following the second LA-MC-ICP-MS analysis. The
tests were then individually cleaned following a different oxidative
cleaning approach (Barker et al., 2003; Rae et al., 2011; Henehan et al.,
2013).

The foraminifera were carefully cracked open under a microscope
using a fine needle. 250 μL of oxidative solution (1% H2O2 in 0.1 M
NH4OH) was added to each foraminifer. Note: This is the same amount
conventionally used to clean ∼100–200 O. universa individuals from
sediment trap and tow samples (Henehan et al., 2016), therefore it
represents at least 100x more oxidative solution per individual for-
aminifer. Here too a water bath at 80 °C was employed, but for a total
time of 15 min, with each sample ultrasonicated for a few seconds every
5 min to release trapped bubbles. Bubbling activity (related to CO2

production from organic matter oxidation) dissipated after the first
5 min, which indicated the near completion of the oxidative reaction.
Following, the foraminifera tests were rinsed three times with Milli-Q
water. Once dried, the foraminifera were individually transferred onto
another adhesive pad, with the internal part of the test facing up for the
third analysis.

2.3. LA-MC-ICP-MS analyses

Measurements were carried out at GEOMAR, Helmholtz Centre of
Ocean Research in Kiel, Germany using an ESI New Wave Research
UP193FX excimer laser, operating at 193 nm, connected to a Thermo
Fisher (former VG) Axiom MC-ICP-MS. Both 10B and 11B were collected
by electron multipliers and 12C by a Faraday cup, using low mass re-
solution (∼400 Res) for maximum sensitivity. Before analyses, samples
were rinsed during sieving (125 μm sieve) with unbuffered deionized
water, dried in an oven at 40 °C and mounted on a self-adhesive pad
without any further treatment. The order in which the foraminifera
were analysed was randomized to avoid bias, and samples were as-
signed to one of two groups of equal size (A and B). Prior to analyses
different spot sizes and laser fluences were tested to maximize signal
intensity and to limit the ablation area, so that multiple measurements
on the foraminifera tests could be performed. The optimal setting was
drilling spots of 75 μm with a fluence of ∼1.8 J cm−2 and an ablation
rate of 10 Hz (laser shots per second). Most foraminifer tests were stable
enough to withstand a constant ablation of> 300 shots on a single
point using this configuration. Therefore, an ablation-time of 30 s for
each ablation spot was chosen. Uncleaned and cleaned-I samples were
ablated from the outside, while, the cleaned-II samples were cracked
open and ablated from the inside out. The carrier gas was a 1:1 argon/
helium mixture at a total flow rate of 1.64 l min-1. The ICP-MS was
tuned for best boron signal intensity while maintaining plasma ro-
bustness, identified using the “normalized Ar index” (NAI) approach

D. Mayk, et al. Chemical Geology 531 (2020) 119351

2



(Fietzke and Frische, 2016) throughout all measurement sessions
(Table 1).

To quantify the internal variability within each group and the re-
lative difference between groups, NIST610 soda-lime glass standard
was used, applying the empirically determined offset of -0.55‰ be-
tween NIST610 and boric acid standard NBS951 (Fietzke et al., 2010).
To realize the full potential of our method, the analytical strategy for
cleaned-II samples was modified. Carbonate standards JCp-1 and JCt-1
were included into the measurement procedure of the cleaned-II sam-
ples to confirm accuracy of our δ11B LA-MC-ICP-MS data. JCt-1, a giant
clam calcite standard was measured alongside the foraminifer samples
as an unknown, resulting in a mean δ11B value of 15.9‰±1.8 (2 SD,
n = 37). This value is in good accord with published bulk JCt-1 data
(16.3‰±0.6 (2SD), Gutjahr et al., 2014). This, in addition to the
absence of interferences (Fig. S4), we considered as evidence that there
is no need for a matrix matched standard to obtain accurate δ11B using
our method, further supported by our longterm (>3 yrs) mean δ11B for
JCp-1 of 24.0 ± 1.0‰ (2 SD) which is consistent with reported values
(24.3 ± 0.4 (2 SD) Gutjahr et al., 2014).

Because the low NAI sessions did not include carbonate standards,
we avoid comparing the δ11B composition of samples analysed using
different NAI (0.5 or 3.5). Instead we focus on the variability within
each analyses group. Nevertheless, it should be noted that our mea-
surements at NAI = 0.5 yield JCp-1 values of 22.1 ± 1.5‰ (2 SD),
indicating only a minor offset from solution analyses (Gutjahr et al.,
2014) (see Supplement for more details).

An optimized standard-sample bracketing measurement sequence
was used to correct for possible instrumental mass bias. It consisted of
500 μm long line scans on NIST610, JCp-1 and JCt-1 (JCp-1 and JCt-1
were only used with cleaning-II samples), each followed by ∼50 s of
background signal collection (no laser firing), and one selected point on
each test of the foraminifera from group A (typically ∼25 individuals),
followed by another set of standard line ablation and sampling of the
specimen in group B, concluded by another set of standard measure-
ments. After every spot ablation the background signal was collected
for 30 s. While 11B background signal intensity was typically< 1000

cps, the target 11B signal intensity for ablation data collection has been
∼100,000 cps. To achieve the later the laser spot size for JCp-1 was set
to 35 μm and for JCt-1 to 50 μm.

The sequence was repeated four times, resulting in four spots for
each foraminifer from each of the groups. Thus, standards where
measured after every ∼25 samples to ensure consistent and stable
measurement conditions. No additional drift corrections were deemed
necessary as no systematic drifts during the measurements were ob-
served.

2.4. Data processing

The 10B, 11B and 12C signal intensities, as well as signal variability,
decreased with the incremental cleaning progress (Fig. 1 A to C). Ab-
lation intervals, shown here as increased signal plateaus, lasted for 30 s.
Prior and after ablation gas blank data (no ablation) were collected. The
initial spike in the signal of the uncleaned sample (Fig. 1 A) represents
surficial contamination that was encrusted on most of the tests but was
relatively easy to ablate. In other studies (e.g., Sinclair et al., 1998) the
data collected during the first few seconds of ablation was typically
discarded, and ablation was used to clean the foraminifera before the
actual analyses. However, since the surface contamination signals in
this study are so distinct and easily identified, it was possible to remove
these data points during the data processing and thus no additional pre-
ablation was done. After the second cleaning procedure, some for-
aminifera exhibited an additional 12C secondary peak at the end of the
ablation plateau, which we attribute to the laser ablating through a very
thin individual into the adhesive pad. This secondary peak was treated
like the initial peaks and was removed from the results by the data
processing routine.

The δ11B values were computed from the raw data following a data
processing sequence applied to each individual ablation spot of every
individual specimen (see also Supplement S1):

First, boron isotope count rates were dead time corrected and sub-
sequently background corrected. This was done by subtracting the
average background intensity that was calculated from ∼30 integrated
seconds of the background collected after each spot ablation from the
respective ablation trend. Thereafter, all signals below 5000 cps for 10B,
22,000 cps for 11B and 5000,000 cps for 12C were removed to extract
the actual ablation plateau from the baseline. The 10B/11B ratios were
then calculated with a slope regression analysis (Fietzke et al., 2008)
(see Supplement for details). Since no statistically significant differ-
ences between ablation spots on the same foraminifer were observed
(e.g., Fig. 4 B), the results of all four ablation spots per individual were
pooled so that the sum of the extracted plateaus per individual for-
aminifer consisted of ∼66 data points (intensities [cps]) per for-
aminifer. Based on the counting statistics, the δ11B twofold standard
error was calculated on the processed data for each individual. For ease
of the comparative analysis, results of all analysed foraminifera col-
lected during the fall (October to December 2013, three sediment trap
collection intervals, n = 32) and those from four sediment-trap inter-
vals in the spring (March to May 2014, n = 19) were grouped together
as representatives for their respective seasons (Fig. 2 bottom).

2.5. B/C analyses

As reported above 10B, 11B and 12C were collected simultaneously.
Reported B/C ratios are based on the sum of the boron intensities di-
vided by the carbon intensity. In order to convert intensity ratios to
absolute ratios [μmol/mol] a calibration was done according to the
method reported in Wall et al., 2019. To infer B/Ca ratios from con-
verted B/C ratios we used a stochiometric ratio of C/Ca ∼ 1 as an
approximation for foraminiferal calcite.

Table 1
Instrument and laser settings that were used for the boron isotope measurement
on individual foraminifera. Uncleaned and cleaned-I samples measured under
(1) intermediately hot plasma conditions (NAI∼0.5, ThO/Th<0.02), cleaned-
II samples measured under (2) hot plasma conditions (NAI ∼3.5, ThO/
Th<0.001).

AXIOM MC-ICP-MS

Cool gas 17.5 l min−1

Auxilary gas 0.9 l min−1

Sample gas 0.82 l min-1 He / 0.82 l min-1 Ar (1)
1.15 l min-1 Ar (2)

RF power 1000 W (1)
1120 W (2)

Reflected power 1-2 W
Accelerating voltage 4980 V
Cones RAC 19 & RAC 705
Resolution ∼ 400
Laser ablation settings for samples
Spot size 75 μm
Fluence ∼ 1.8 J cm−2

Repetition rate 10 Hz
Ablation time 30 s
Scan mode Spot analysis (300 shots)
Laser ablation settings for NIST610
Spot size 25 μm
Fluence ∼ 1.8 J cm−2

Repetition rate 5 Hz
Scan speed 10 μm s−1

Wash out 2 s
Scan mode Line analysis (500 μm in length with 15 μm space between

lines) for constant intensity
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2.6. Statistics

Normality of the data, where applicable, was confirmed using the
Shapiro-Wilk (Shapiro and Wilk, 1965) test as well as a visual inspec-
tion by QQ-plots. Before statistical tests were performed, clear outliers
encompassing unusually light δ11B values were removed from the da-
taset (two data points from the cleaned-I spring samples, one data point
from the cleaned-II spring and fall samples [see Fig. 2 bottom]). These
outliers were identified by (1) their deviation from the normal dis-
tribution in QQ-plots and (2) their distance from their respective dis-
tribution’s median being larger than 1.5 times inter-quartile range. The
effect of the different cleaning methods on intra group (grouped sam-
ples from one season; e.g., spring or fall) variance was tested using F-
tests. Two-sample T-tests were used to test for significant offsets be-
tween seasons within each cleaning treatment. Before the T-test, unity
of variance of the seasons within each cleaning treatment was con-
firmed by F-tests. To test if cleaning had an effect on the offset between
seasons, data were normalized by subtracting the means of each fall
group from the associated spring group. This way a one-way ANOVA
could be run including all fall groups to test for differences between
their means. Thereafter, a Tukey HSD posthoc test was carried out to

test which spring groups are significantly different and thus have a
different offset to their corresponding fall group. All statistical analyses
were carried out in R v.3.5.2 (R Core Team, 2018).

3. Results

In Fig. 2 we show the seasonal and intra seasonal variability of the
analysed foraminifera samples for each cleaning treatment. The average
precision with which δ11B was analysed within a single O. universa
was± 2.9‰ (2 SE). Although two different NAI settings were used to
analyse uncleaned, cleaned-I and cleaned-II foraminifera, respectively,
within each NAI setting and within each treatment, seasonal data were
run at random, and therefore their relative δ11B variability is a robust
feature (i.e. not dependent on day and sequence of running). Ad-
ditionally, within the low NAI the relation between boron concentra-
tion and δ11B of the foraminifera follows the opposite trend than would
be expected from a mass bias effect (see Supplement for details) as
reported in Sadekov et al., 2019 and Standish et al., 2019. This suggests
that the δ11B variations within each session are not driven by matrix
effects within the low NAI settings and hence represent a real signature
(i.e. likely not necessitating matrix effect corrections).

Fig. 1. Ablation intensity (kcps: 1000 and Mcps: 1000,000 counts per second) trends of 11 individual O. universa. [A] Ablation trends for 10B, 11B, 12C of uncleaned
O. universa. [B] Ablation trends of cleaned O. universa after first cleaning. [C] Ablation trends of cleaned O. universa after second cleaning - additional spikes in the
12C trends are due to shooting through the foraminifera and into the adhesive pad. Note: Measurement conditions for A and B differ from C (see text).
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Generally, cleaning had the effect of reducing B/Ca ratios of the
individual specimens (3–4 fold [Fig. 3]), converging to similar ratios
between seasons for the cleaning-II samples towards values reported for
O. universa based on bulk pooled foraminifera analyses (e.g., Henehan
et al., 2016; Allen et al., 2011) but had a different effect on the spring
and fall samples’ δ11B variances. Cleaning-I significantly reduced the
δ11B variance of the fall samples [F-test, F12, 27 = 5.265, p = 0.004]
but had no effect on the δ11B variance of the spring samples [F-test, F31,
55 = 1.423, p = 0.292]. Secondary cleaning-II had no effect on the
variance of the fall samples [F-test, F8, 12 = 0.304, p = 0.063] or the
spring samples [F-test, F7, 31 = 1.549, p = 0.57]. Regardless of the
cleaning treatment used, the mean of the spring and fall samples re-
mained significantly different within treatments; uncleaned [T-test, T82

= 11.662, p < 2.2 10−16], cleaning-I [T-test, T45 = 6.631, p = 3.6
10-8], cleaning-II [T-test, T17 = 5.658, p = 2.83 10-5]. The effect of
cleaning on the offset between the seasonal means was tested after
normalizing the data. A one-way ANOVA showed that cleaning influ-
enced the difference between seasonal means [ANOVA, F2, 94 = 12.78,
p = 1.23 10-5]. The seasonal difference in the cleaned-I samples is

reduced but the seasonal difference in the uncleaned and the cleaned-II
samples remained constant. To summarize: We observe a general de-
crease in B/Ca ratios with increasing cleaning effort. While δ11B appear
to become heavier, we think this observation needs further experi-
mental evidence, since our first two analytical sessions did not include
an appropriate carbonate consistency standard to prove accuracy of the
results.

After cleaning-II, the combined data for both seasons
(14.8 ± 3.1‰ (2 SE, n = 19)) is in agreement with expected O. uni-
versa δ11B data (14.4 ± 0.2‰ (2SD), based on local sea water data
using the calibration of Henehan et al., 2016). Interestingly, season
means of fall (9.5‰) and spring (20.1‰) of the cleaned-II samples
exhibit an offset of +5.7‰ (spring) and ∼ -4.9‰ (fall) from what
would be expected according to mean seawater δ11B (Fig. 2 and Sup-
plemental Data). Intra-group variance was not impacted by cleaning
treatment.

Fig. 2. Results of the δ11B analyses of the individual foraminifera reported against cleaning treatment. Error bars represent the± 2 SE. A–C show results of the
individual foraminifera. A*-C* show box plots of the δ11B values of the seasonal groups as used for the statistical comparison. D shows the expected seasonal δ11B
variability for O. universa calculated from pH measured around the sampling location in the Santa Barbara Basin. Thick black line represents the distribution median,
box extends mark quartile one and three and whiskers are within 1.5 inter-quartile range.
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4. Discussion

4.1. The effect of cleaning

Cleaning of O. universa in this study reduced the initial signal spike,
the overall signal intensity and the signal variability of 10B and 11B
(Fig. 1). We attribute this effect to the removal of boron associated with
(1) external contamination, (2) contamination within the pores (e.g.,
Glock et al., 2019) and (3) internal organic material (e.g., Eggins et al.,
2004) which is rich in boron (Fig. 3). Cleaning-I resulted in a reduced
offset between seasons, which could be due to inconsistent efficiency of
removing organics and other contaminants, or different composition of
contaminants that are season dependent. The residual contamination
was subsequently removed during cleaning-II. After cleaning-II, the
overall ablation intensities were greatly reduced which indicated re-
moval of phases enriched in boron, such as internal organic bandings
(e.g. Geerken et al., 2018, 2019), and other within-shell contaminants.
The difference between seasonal means of uncleaned and cleaned-II

samples remained constant at ∼10.5‰ on average, suggesting that
both methods are likely suitable to identify relative seasonal variations.
Notably, despite the similarity in the seasonal difference in δ11B, the
absolute δ11B values for samples of both seasonal groups increased
following cleaning-II. The cause for this difference requires further
experiments, since in this study an external quality control standard
(JCt-1) testing the accuracy of the standardization was used only in the
analyses of specimens treated using cleaning-II. Specifically, since
cleaning-II resulted in mean B/Ca and δ11B comparable to published
bulk data, this cleaning procedure should be applied in the future to
obtain the δ11B composition of skeletal foraminifera calcite.

4.2. Detection of variability within and between samples

The highest temporal and spatial resolution that could be achieved
by the method presented in this study is on the level of the individual
foraminifera, representing the life span and depth occupied by each
individual foraminifer. Intra-shell variability was too small to be

Fig. 3. δ11B vs B/Ca ratios of the group averages of the uncleaned, cleaned-I and cleaned-II samples. Black line represents linear regression through all points and
grey area represents the 95% confidence interval of the regression line.

Fig. 4. Variability in δ11B and the effect of cleaning encompassed on the different levels of examination. (A) typical internal error on a spot measurement throughout
all measurement sessions. (B) Average variability within individual O. universa. This also represents the highest possible resolution of δ11B values achieved in this
study. (C) Average variability between specimens from the same catch interval. (D) Offset between the two seasons fall and spring examined.
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resolved because even though the ablation spot-size can be small en-
ough to focus on different features, such as test chambers and their
internal bands (Eggins et al., 2004; Sadekov et al., 2005; Allen et al.,
2011; Fehrenbacher et al., 2015; Bonnin et al., 2019), analytical pre-
cision for δ11B is insufficient to resolve differences on the data-point
level (Fig. 4 B). Since the instrumental settings that were used in this
study were set to be as close as possible to the limits of the counting
statistic (Fig. 4 A), allowing us to maximize the resolution without
losing too much precision, a different sampling approach and improved
instrument architecture will be needed if we are to resolve the δ11B
composition of different internal components of each shell. Interest-
ingly, average δ11B variability of the spot measurement is not strongly
affected by the different cleaning methods employed (Fig. 4 B).

The highest temporal resolution resolved in this study is captured
among individuals from the same collection intervals (i.e., the same
sediment trap cap [Fig. 4 C]), representing changes on time scales of the
life span of the specific foraminifer (∼16 days [Faber and Be, 1987])
and would thus also be immensely useful for comparison with core top
analyses (see Supplement S2). Our data, whether uncleaned, after
cleaning-I or cleaning-II, show that any single foraminifer responds to
very specific and unique conditions (i.e., seawater pH, temperature,
food and light availability, respiration and photosynthesis rates) at the
time and location of its growth. The range of δ11B for specimens col-
lected at one location and over a period of weeks to months is 7–9‰ [2
SD]) (Fig. 2), and appears to be relatively constant within each season
and irrespective of the cleaning employed (Fig. 4 C). Short-term en-
vironmental pH variability at the sediment trap site can be as high as
0.7 pH units (Hofmann and Washburn, 2018), which translates to
∼4.7‰ Δδ11BO.universa, explaining 56–79 % of the foraminifera δ11B
variability we see. The remainder, therefore, could represent vital ef-
fects (e.g., physiology, genetics, fitness) of individual foraminifera
which is also manifested as scatter around the regression line of the
δ11B calibration (i.e. Henehan et al., 2016). It is thus not reasonable to
expect that single foraminifera analyses will become a substitute for
conventional solution multi specimen analyses which represent average
conditions experienced by the pooled individual tests. To test how
many specimen would be required by LA-MC-ICP-MS analysis to
achieve representative δ11B data at precision levels comparable to so-
lution based multi-specimen analyses we estimate the expected 2 SEM
based on the average variability observed within the groups (collection
intervals) of this study and the student-t distribution (Fig. 5). The error
estimation shows that> 30 individuals would be required to achieve a
two-fold standard error of the mean comparable to the average preci-
sion achieved on the individual foraminifer (2.9‰, 2 SE). 100 in-
dividual foraminifera would result in an estimated 2 SEM of 1.5‰ and
more than 250 specimens would be required to theoretically decrease
the error below 1‰ (2 SEM) with LA-ICP-MS. This implies that bulk
measurements would need to consider the effect of this variability
during data interpretation as well. Notably, although the seasonal and
daily pH fluctuations in the Santa Barbara Basin are likely higher than
in open ocean settings accentuating the variabilities observed, the un-
derlying systematic should be alike for any setting.

Results for our cleaned-II data show that the mean of both seasons’
δ11B agrees remarkably well with those expected from seawater values.
Nevertheless, the mean δ11B differs among seasons by a total of 10.6‰,
being 5.7‰ heavier in the spring and 4.9‰ lighter in the fall than
mean seawater borate, which is larger than the range expected from pH
measured in the seawater at this site (Fig. 2). As mentioned before
56–79 % of the seasonal variations can be explained by the range of pH
from short-term environmental variability. When compared to re-
presentative seawater δ11Bborate minima and maxima using the pH and
temperature time series of Hofmann and Washburn, 2018; Washburn,
2019, and Kapsenberg and Hofmann, 2016 (Fig. 2 bottom), we see that
maxima excursions towards heavier δ11Bborate in seawater may be the
driver behind the observed heavier δ11B values in the foraminifera
calcite from spring in comparison to the fall. This would suggest that

the δ11B in O. universa we capture is skewed towards the extrema rather
than representing the average δ11Bborate of the seawater, which re-
mained relatively stable throughout the time frame encompassed in this
study. Additionally, our observations may indicate season-specific off-
sets associated with “vital effects” resulting in O. universa δ11B being
shifted towards heavier values during spring (e.g. through enhanced
photosynthesis) and towards lighter values during fall (e.g. through
enhanced respiration), potentially as a function of light/energy avail-
ability and symbiont activity affecting the relative contributions of re-
spiration and photosynthesis within a foraminiferal growing environ-
ment. Without knowledge of the underlying drivers (environmental
and/or physiological) of these shifts precise pH reconstruction may be
biased by seasonality and uneven foraminifera annual abundances
(Raitzsch et al., 2018).

The question therefore remains: Which processes affect the average
δ11B obtained by combining several individuals in a multi-specimen
analysis of a sediment sample, and therefore what does the average
value measured represent? For example, seasonal or interannual
changes to the foraminifera flux of any species and/or phenotypes into
the seafloor (Thunell et al., 1983; Thunell and Reynolds, 1984), or se-
lective post burial dissolution of a sub set of tests (Berger and Parker,
1970) may all bias the results of the conventional single species multi-
specimen analysis to a particular time of year or time period which is
over-represented in the accumulating archive (Raitzsch et al., 2018),
resulting in a value that is very precise but possibly not a true average
of the environmental conditions of the time period the multi-specimen
analyses targeted. We propose that this issue could be resolved by
looking at multi-species reconstructions and refining possible inter-
pretations by considering species-specific seasonal biases.

Furthermore, our results suggest that thorough cleaning of the
samples is needed to ensure that the δ11B results produced by LA-MC-
ICP-MS are within the expected range to those obtained by multi-spe-
cimen analyses. In our study, when combining the results of all the
cleaned-II samples, a δ11B mean of 14.8 ± 3.1‰ (2 SE, n = 19) was
achieved for O. universa sediment trap samples. This result is well
within the range of expected δ11B (Fig. 2) using the seawater pH and
temperature variability at the site of collection and the multi-specimen
O. universa calibration (Henehan et al., 2016).

5. Conclusion and recommendations

In this study, we present a novel approach to analyse δ11B in in-
dividual foraminifera of the species O. universa with an average preci-
sion of± 2.9‰ (2 SE). We show that it is possible to investigate the
relative variability between individual foraminifera and between sea-
sons. δ11B consistent with expected values based on local pH mea-
surements can be obtained on oxidatively cleaned O. universa and re-
sults approach expected δ11B from multi-specimen analyses when
averaging data from multiple individuals (here, 19 specimens).
Furthermore, we observed that environmental variations in pH and
temperature describe the majority of the variability in δ11B variance
among individual foraminifera collected at different seasons, with
20–40% of the variance requiring additional processes affecting for-
aminifera δ11B, such as season dependant vital effects not resolved by
the multi-specimen calibration. This suggests that care should be taken
when combining tests to obtain average values, as these averages may
be affected by processes that can skew the test representation. We
propose that the method laid out in this study may be used to identify
biases in conventional multi-specimen analyses that could rise from un-
even accumulation of tests during different seasons and periods of high
frequency short term environmental variability. It also offers a unique
tool to quantify individual O. universa vital effects, and if enough in-
dividuals are measured may represent the environmental short-term
variability (range) of pH.
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