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The isotopic ratio and concentration of B in foraminiferal calcite appear to reflect the pH and bicarbonate 
concentration of seawater. The use of B as a chemical proxy tracer has the potential to transform our 
understanding of the global carbon cycle, and ocean acidification processes. However, discrepancies 
between the theory underpinning the B proxies, and mineralogical observations of B coordination in 
biomineral carbonates call the basis of these proxies into question. Here, we use synchrotron X-ray 
spectromicroscopy to show that B is hosted solely as trigonal BO3 in the calcite test of Amphistegina 
lessonii, and that B concentration exhibits banding at the micron length scale. In contrast to previous 
results, our observation of trigonal B agrees with the predictions of the theoretical mechanism behind 
B palaeoproxies. These data strengthen the use of B for producing palaeo-pH records. The observation 
of systematic B heterogeneity, however, highlights the complexity of foraminiferal biomineralisation, 
implying that B incorporation is modulated by biological or crystal growth processes.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The mineral tests of foraminifera, a ubiquitous group of marine 
protozoa, record the physical and chemical state of the oceans in 
which they grow (Lea, 2003). These carbonate archives of ocean 
chemistry may be preserved in marine sediments for millions of 
years, providing detailed environmental records key to our under-
standing of past, present and future climate changes (Elderfield 
et al., 2006; Lea, 2003). The isotopic ratio and concentration of 
B in foraminiferal calcite appear to reflect the pH and bicarbon-
ate concentration of seawater, respectively (Allen et al., 2012;
Hemming and Hanson, 1992; Yu et al., 2007), and are impor-
tant for our understanding of the ocean carbon system, and ocean 
acidification processes (Raven et al., 2005). However, discrepancies 
between the theory underpinning the B proxies (Hemming and 
Hanson, 1992) and experimental observations of B coordination 
(Klochko et al., 2009; Rollion-Bard et al., 2011; Sen et al., 1994)
in carbonates undermine our confidence in these important prox-
ies.
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Boron in seawater exists in a pH-dependent equilibrium be-
tween two aqueous species: the neutral, trigonal planar B(OH)3, 
and the larger anionic, tetrahedral B(OH)−4 (Hershey et al., 1986). 
The greater bond strength of B(OH)3 leads to a partitioning of 
heavy 11B in the trigonal species, following the principles of 
equilibrium isotope fractionation (Hemming and Hanson, 1992;
Urey, 1947). This drives a pH-dependent shift in the δ11Bi of 
each species. Marine carbonate minerals incorporate trace amounts 
of B, which endows them with the ability to record the state 
of the seawater B equilibrium, and consequently the pH and 
carbonate chemistry of seawater (Hemming and Hanson, 1992;
Yu et al., 2007). The ability of a carbonate mineral to retain the 
state of the seawater B equilibrium hinges on the sole uptake of 
a single B species from seawater. Based on the B isotopic com-
position of biomineral and inorganic carbonates relative to the 
seawater they were produced in, the B palaeoproxies assume the 
sole incorporation of seawater B(OH)−4 into foraminiferal calcite 
(Hemming and Hanson, 1992; Ruiz-Agudo et al., 2012). However, 
pH-sensitive offsets exist in the δ11B of carbonates that confound 
this ideal relationship. These offsets could either be driven by some 
aspect of the biomineralisation process, or by the concomitant up-
take of B(OH)3 alongside B(OH)−4 into the growing calcite. If an 
unknown proportion of B(OH)3 is incorporated alongside B(OH)−4 , 
it renders the proxy data uninterpretable, as numerous crystal 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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growth and biological parameters would influence the partitioning 
of B species into the mineral. Many calibration studies support the 
notion that only borate is incorporated (Allen et al., 2012; Henehan 
et al., 2013; Rae et al., 2011; Sanyal et al., 2001), but recent nuclear 
magnetic resonance (NMR) studies suggest that a mixture of both 
B species is hosted in carbonate biominerals (Klochko et al., 2009;
Rollion-Bard et al., 2011). This is at odds with the assumption of 
incorporation of a single aqueous B species, and raises questions 
over the suitability of B as a palaeoproxy element. Here, we ap-
ply nano-scale X-ray spectromicroscopy techniques to address the 
fundamental uncertainties surrounding the incorporation of B into 
biomineral calcite, by conducting a nano-scale mineralogical inves-
tigation of the distribution and chemical coordination of B, at a 
length-scale relevant to biomineralisation processes.

2. Methodology

We characterise the coordination of B in the benthic symbiont-
bearing foraminifera Amphistegina lessonii using Near-Edge X-ray 
Absorption Fine Structure (NEXAFS). Specimens were cultured in 
an elevated (10× ambient) B medium (at the Alfred-Wegener-
Institute Helmholtz-Centre for Polar and Marine Research) to raise 
B concentration above the detection limit of the instrument. Test 
cross-sections were prepared using a focused ion beam (FIB), and 
analysed using a scanning transmission x-ray microscope (STXM) 
at beamline 11.0.2 of the ALS synchrotron (Berkeley, CA).

2.1. Foraminifera culturing

Amphistegina lessonii specimens were obtained from a study by 
Kaczmarek et al. (2014). Juvenile specimens were transferred into 
modified filtered North Sea Water (NSW) containing 4.17 mM B 
(approximately 10× ambient), with the pH titrated back to 8.1 
(ambient). Specimens were incubated at 25 ◦C in a 12/12 light/dark 
light cycle (light: 100–150 μmol photons m2 s−1) for three months. 
Every three days the foraminifera were fed with concentrated, ster-
ilised Dunaliella salina algae, and the NSW was replaced. After three 
months, specimens were bleached in diluted NaOCl:H2O (1:3) for 
6 h, rinsed four times in deionised water, and dried at 50 ◦C for 
12 h. Three A. lessonii cultured in two carbonate ion concentra-
tions were analysed in this study, with B/Ca of 5.23 ± 1.06 and 
2.95 ± 0.53 mmol/mol B/Ca (treatments pH8.1160 and pH8.1260

of Kaczmarek et al., 2014). The specimens produced qualitatively 
identical results (Fig. S1), although the lower B specimens were 
closer to the detection limit of the instrument, and produced lower 
quality data than those presented here.

2.2. Sample preparation

Thin-sections for STXM analysis were prepared using a Helios 
Nanolab focused ion beam (FIB) instrument, following a modi-
fied method after Branson et al. (2013). The milling process dif-
fered in that the beam energy was reduced throughout the milling 
process, to minimise sample surface damage. This was necessary 
because the lower energy of the B K-edge (cf. the Mg K-edge, 
studied in Branson et al., 2013) necessitated a thinner section, 
where surface damage became an important consideration. Our 
FIB sample preparation method was measured by TEM to pro-
duce 7.5 nm of amorphous damaged material on each side of the 
sample (Fig. S2); more than predicted by studies of crystalline sil-
ica (Gao et al., 2004; McCaffrey et al., 2001). All STXM analyses 
were performed on sections between 100–700 nm thick, so this 
damaged layer comprised 2.1–15% of the analysed material. This 
will reduce the B signal from foraminiferal calcite, but 85–97.9% of 
the signal will still be produced by pristine foraminiferal calcite. 
Previous studies have obtained meaningful STXM and TEM data 
from FIB-prepared biogenic calcite samples (Benzerara et al., 2011;
Branson et al., 2013; Kudo et al., 2010; Obst et al., 2009), and un-
focused ion milling instruments have been used previously to thin 
calcite samples for B analysis (Rollion-Bard et al., 2011), suggest-
ing that this damaged layer will have insignificant impact on our 
results.

2.3. STXM data acquisition

Data acquisition followed a similar method to Branson et al.
(2013). The STXM branch of beamline 11.0.2 at the ALS (Bluhm 
et al., 2006) has an energy resolution of 0.1 eV, and a spatial reso-
lution of approximately 45 nm (40 nm zone plate) at the B and Mg 
K-edges. This allowed the extraction NEXAFS spectra from specific, 
sub-micron regions in the test to examine atomic coordination. The 
NEXAFS spectrum measures the absorption of X-rays at and above 
(to +150 eV) the ionisation energy (or ‘absorption edge’) of an el-
ement. The energy of an absorption edge is determined by the 
electronic structure of the element, allowing us to target specific 
elements of interest within a material. We examined the ‘K-edge’ 
for B and Mg, at approximately 194 eV and 1314 eV, respectively, 
which results from the excitation of s-shell electrons.

Samples were mounted on aluminium STXM sample holders, 
which suspended the samples in free space in the X-ray beam. 
Powder reference materials were applied to X-ray transparent Sil-
son™ 100 nm Si3N4 TEM windows for analysis. The sample cham-
ber was evacuated to 40 Pa and flooded with He to 34–50 kPa 
to minimise X-ray absorption in air. Transmitted X-rays were col-
lected using a scintillation counter, operating in pulse counting 
mode (Bluhm et al., 2006).

STXM images were taken after a rough NEXAFS spectrum was 
recorded to precisely locate the absorption edge of B or Mg in the 
sample. Samples were analysed following a standard procedure: 
a low-magnification image was taken at the B K-edge to identify 
interesting patterns in the sample, and smaller regions of interest 
were imaged at higher magnification, and across the target NEXAFS 
energy range. All images contained an off-sample region for back-
ground (I0) normalisation and conversion to optical density (OD). 
The maximum optical density in any spectra was 2.03, below the 
level where saturation effects are seen on this beamline (above 
2.4–2.6). NEXAFS spectra were extracted from image stacks by av-
eraging over the pixels in a region of interest. For the reference 
materials, if the quality of a single spectrum was poor extra spec-
tra were collected, and data summed to improve quality, effectively 
increasing the pixel count time.

2.4. STXM data processing and analysis

The position of the absorption edge is influenced by the elec-
tronic structure of B, defined by the nearest-neighbour atomic en-
vironment (i.e. what elements the B is bonded to, and how they 
are arranged), and the post-edge features are determined by mul-
tiple scattering interactions with the next-nearest-neighbours (the 
atoms bonded to the nearest-neighbours). The features of a NEX-
AFS B-spectrum are determined by the coordination of the atom: 
the number, arrangement, species and coordination of its nearest-
neighbour atoms – everything that influences the local electronic 
environment around the atom of interest. The NEXAFS spectra are 
particularly sensitive to distinguishing between the coordination 
states of elements – i.e. between B(OH)3 and B(OH)−4 , which is the 
focus of our study. In generating Mg maps, we also analysed the 
Mg K-edge at approximately 1314 eV. The positions of the trigonal 
and tetrahedral B peaks reported in the literature (Fleet and Liu, 
2001; Fleet and Muthupari, 2000, 1999) were confirmed through 
the analysis of danburite (BO4) and boric acid (BO3; Fig. S3). Peak 
windows identified from these materials were used in generating 
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Fig. 1. The mean foraminiferal B spectrum. Only trigonal B was detected in 
foraminiferal calcite, as indicated by the presence of a strong peak in the trigonal, 
and no peak in the tetrahedral absorption energy range. The detection threshold 
for tetrahedral B can be calculated from signal/noise ratios to be 14.9%, thus it is 
possible to determine that at least 85.1% of B in foraminiferal calcite is in trigonal 
form.

the B peak maps in Fig. 1. Maps were created following the meth-
ods of Branson et al. (2013).

The main data format used in the study was spectral image 
stacks. An image stack represents a 3D volume of data with spa-
tial x and y dimensions, and a z energy dimension: each pixel 
in x and y contains a NEXAFS spectrum. Image stacks were col-
lected with a dwell time of 20 ms pixel−1 at 162 discrete en-
ergies, resulting in a cumulative X-ray exposure time of 3.24 s
per stack. Combined with the size of the imaged region, this led 
to collection times of 6–8 h per stack. Before analysis, image 
stacks were corrected for sample drift using the ‘StackReg’ plu-
gin in the Fiji image analysis package (Schindelin et al., 2012;
Thevenaz et al., 1998). Aligned image stacks were then imported 
into the R environment (R Core Team, 2012; RStudio, 2013) for 
all remaining processing and analysis. During import, image stacks 
were normalised to I0, and converted to OD (− log(absorption/I0)) 
before all analysis.

At low energies NEXAFS spectra are complicated by high-order 
absorption edges of other elements, and their multiple scatter-
ing effects. Combined with the heterogeneity of foraminifera test 
chemistry, each pixel in an image stack has a subtly different 
background signal beyond the measured I0, caused by unknown 
variations in chemistry. To overcome this, the spectrum from each 
xy pixel in an image stack was independently corrected following 
the methods of Fleet and Muthupari (2000), who were able to ad-
equately remove significant variations in spectra background from 
low-B samples. Their correction involved two steps: 1) subtract a 
linear background based on the pre-edge region, which is assumed 
to be zero in NEXAFS studies, and 2) subtract a second linear back-
ground from the region above peak ‘A’, based on the data points 
at the base of peak ‘A’ (just above 194.5 eV) to the post-spectrum 
region 20 eV above this (Fig. S4). This method removed the major-
ity of the background signal, leaving easily-comparable, distinct B 
NEXAFS peaks. Following this correction, peak-intensity maps and 
spectra were extracted from regions of interest in the sample.

Previous studies of B NEXAFS have revealed the transforma-
tion of tetrahedral B to trigonal B to a depth of 6 nm from the 
surface of B-containing samples (Kasrai et al., 1998; Fleet and 
Muthupari, 2000; Fleet and Liu, 2001). Should such effects pervade 
our samples to greater depths they would bias our measurements 
against the detection of tetrahedral B. However, these surface-
specific effects are unlikely be an important factor in our samples 
for three reasons. First, the surface modification has only been ob-
served in the top 6 nm of B-bearing minerals (Kasrai et al., 1998;
Fleet and Liu, 2001), which corresponds to the amorphous FIB-
damaged region on our sample surface. Second, our measurements 
were performed in transmission mode on ‘bulk’ samples between 
100–700 nm thick: equal to or exceeding the penetration depth of 
‘bulk’ measurements of the previous studies (110 nm; Kasrai et al., 
1998; Fleet and Liu, 2001), where B coordination transformation 
was not observed. Finally, measurements of tetrahedral B bearing-
danburite (Fig. S3), known to be prone to surface alteration from 
previous studies (Kasrai et al., 1998; Fleet and Liu, 2001), revealed 
no trigonal B, despite data being taken from a grain fringe thin-
ner than our foraminiferal samples. Combined with the low X-ray 
exposure times (no more than a total of 30 s X-ray exposure at 
each point in the sample during our data collections) compared 
to previous studies, these factors combine to demonstrate that 
beam-induced B coordination transformations are not a significant 
feature in our experiments.

3. Results

The diagnostic trigonal B peak (∼194 eV) was present in each 
xy pixel of the sample. The tetrahedral B peak (∼198 eV) was 
not observed anywhere in the sample. A mean sample spectrum 
highlights the sole presence of trigonal B in the foraminiferal cal-
cite (Fig. 1). Based on the signal/noise ratio (S/N) of the trigonal 
B peak, it is possible to estimate the theoretical detection limit 
of tetrahedral B, assuming similar peak widths and using a stan-
dard peak detection threshold of 3N (99.7% confidence), following 
3/(3 + (S/Ntrigonal)), where S is the maximum mean peak intensity 
of the trigonal peak after normalisation, and N is the standard de-
viation of the background adjacent to the trigonal peak (i.e. the 
noise). The S/N for the trigonal peak (Fig. 1) is 17.11, giving a 
tetrahedral B detection threshold of 14.9%. Thus it is possible to 
determine with 99.7% confidence that 85.1% of B in foraminiferal 
calcite is in trigonal form. However, this figure represents a con-
servative estimate of the amount of trigonal B, and with a less 
stringent peak detection threshold our estimate of % trigonal B 
increases (89.5% trigonal with 95% confidence, and 94.5% trigonal 
with 68% confidence). The lack of any suggestion of a peak within 
energy range over which tetrahedral B appears (Fig. 1), however, 
implies a complete absence of tetrahedral B in foraminiferal cal-
cite.

The intensity of the peak corresponding to trigonal B var-
ied within the sample, revealing a banded intensity pattern typ-
ical of trace element heterogeneity in symbiont-bearing hyaline 
foraminifera (Fig. 2; Sadekov et al., 2005). However, when com-
pared to an Mg map, a systematic offset between B and Mg bands 
became evident (Fig. 3).

4. Discussion

Here, we conclusively demonstrate that B is solely hosted in a 
trigonal coordination in the calcite shell of the benthic foraminifera 
Amphistegina lessonii (Fig. 1). Using Scanning Transmission X-ray 
Microscopy (STXM) we were able to simultaneously identify the 
spatial distribution and coordination of B within a microscopic 
wafer of foraminiferal calcite, at sub-micron spatial resolution. This 
technique adds a fine spatial aspect to the examination of B coor-
dination, absent from previous studies. Our result is inconsistent 
with recent NMR data from foraminiferal calcite, which reported 
∼46% tetrahedral B (Klochko et al., 2009), but is in agreement with 
the first NMR study performed on carbonate minerals, which re-
ported 80–100% trigonal B in calcite (Sen et al., 1994).

The early NMR study identified tetrahedrally-coordinated B 
in aragonite, and trigonally coordinated B in calcite (Sen et al., 
1994). Sen et al. (1994) observed a coordination change during 
an aragonite–calcite phase transition, indicating that the atomic 
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Fig. 2. The distribution of B in foraminiferal calcite, mapped using the intensity of 
the trigonal B peak (Fig. 1). Peak height is sensitive to B concentration and crystal-
lite orientation, but given that no consistent patterns of crystallite orientation were 
observed in these specimens, concentration will be the main contributor to this 
pattern.

structure of the carbonate polymorphs dictates the coordina-
tion state of B in the mineral. Our B coordination data adhere 
to this crystal structure-coordination link, revealing trigonal B 
in foraminiferal calcite (Fig. 1), although precise details of this 
structure-coordination link are unknown.

The combination of these early NMR data, and the narrow range 
of B isotope values across a diverse range of carbonate miner-
als led to the proposal of a general model of B incorporation in 
calcite, which underpinned development of the B proxies. This 
model assumes B(OH)−4 is attracted to a growth surface where it 
is either directly incorporated (in aragonite), or de-hydroxylated 
to a trigonal BO3−

3 form during incorporation into calcite (Hem-
ming et al., 1995, 1998). The carbonate mineral thus retains the 
δ11B of seawater B(OH)−4 , and a B concentration that reflects the 
B(OH)−4 /HCO−

3 ratio of seawater (Hemming and Hanson, 1992;
Yu et al., 2007), in a coordination state determined by the struc-
ture of the host mineral. This is consistent with the observed 
lower partitioning of B into calcite than into aragonite (Hemming 
et al., 1995), associated with the additional energy barrier to de-
hydroxylation during incorporation into calcite.

Recent NMR studies of coral aragonite, foraminiferal calcite and 
inorganic carbonates appear to suggest a much more complex pic-
ture of B incorporation (Klochko et al., 2009; Rollion-Bard et al., 
2011): highly variable proportions of trigonal and tetrahedral B 
were apparent between samples, with no clear trends as a func-
tion of mineral polymorph, origin or any other factor. This lack of 
a consistency in coordination environment calls into question the 
model of B incorporation in carbonates which has emerged from 
multiple lines of evidence (Hemming and Hanson, 1992; Hemming 
et al., 1995, 1998; Sen et al., 1994). Without a clear model of 
B incorporation in carbonates, palaeo-pH records based on the B 
Fig. 3. The relative distribution of Mg and B in foraminiferal calcite. (A) A relative 
distribution map based on normalised pixel intensity histograms, such that if the 
distribution of Mg and B were perfectly matched the whole image would be white. 
(B) The mean normalised B and Mg peak intensities along the direction of growth 
(x) from the shaded region of interest marked in (A). A cyclic, systematic offset 
between B and Mg is evident, with peak B concentration occurring after the Mg 
maximum. This pattern remained similar if the region of interest was shifted in y.

palaeoproxies are reduced to a purely empirical correlation, and 
become much harder to understand and interpret.

The lack of any systematic coordination trend in recent NMR 
data either imply that B is indeed incorporated in multiple states 
in calcite and aragonite (in disagreement with our data, and pre-
viously published NMR data; Sen et al., 1994), or that varying 
amounts of B are hosted in one or more secondary phases in the 
samples: for example in some interstitial mineral phase, in organic 
compounds, or in clay particles. NMR techniques average the signal 
from bulk samples, and in the case of these experiments, required 
hundreds of mg of powdered material. Given the relatively low 
concentration of B in carbonates, a single particle of a high-B im-
purity in the sample would be enough to introduce random offsets 
in the resulting coordination data, even in the face of the best pos-
sible cleaning methods.

Our STXM data allow us to directly address this question, bring-
ing a nano-scale spatial selectivity to our investigation of B co-
ordination. Any secondary phase or contaminant particle could 
be identified, and excluded (although none were observed in our 
microscopic sample). Our analyses revealed no tetrahedral B any-
where in the foraminiferal calcite, supporting the earliest NMR 
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study (Sen et al., 1994). Foraminiferal calcite is known to be com-
positionally heterogeneous throughout the foraminiferal test. Ex-
amination of a region that encapsulates the entire range of compo-
sitional heterogeneity can therefore be considered to be represen-
tative of the entire structure. Our sample, though very small, con-
tained a representative range of heterogeneity. The observation of 
persistently homogeneous B coordination across our specimen can 
therefore be confidently extrapolated to the entire foraminiferal 
test.

The spatial element of our technique reveals a further trend, 
which could only be hinted at in past studies (Allen et al., 2011;
Hathorne et al., 2009). We observe the systematic banding of B 
concentration, normal to the direction of shell growth (Fig. 2). Fur-
thermore, this pattern is distinct from the well-documented band-
ing of calcite-bound Mg (Branson et al., 2013) in foraminiferal cal-
cite (Branson et al., 2013; Eggins et al., 2003; Erez, 2003; Hathorne 
et al., 2009; Sadekov et al., 2005), and appears to be systematically 
asynchronous (Fig. 3A). We measured both Mg and B X-ray edge 
spectra for the same area of shell, and found that the Mg con-
centration maxima are consistently separated from the peaks in B 
concentration by approximately 1–1.5 μm (Fig. 3B). Previous laser 
ablation mass spectrometry (LA-ICPMS) studies (Allen et al., 2011;
Hathorne et al., 2009) observed various trends in B and Mg con-
centration at lower spatial resolution, although LA-ICPMS suffers 
from inherent data ‘smoothing’, which may have masked the fine 
scale trends we present here.

Asynchronous banding patterns in foraminiferal calcite could 
be actively driven by the biological mechanisms that regulate cal-
cification, or caused by passive chemical phenomena that can 
lead to oscillatory zoning in growing crystals. On the biological 
side, the pattern could result from changes in B(OH)−4 concen-
tration driven by fluctuations in calcification site pH (Glas et al., 
2012), or by a decoupling of the cation and anion transport 
mechanisms that regulate Mg and B concentrations (as implied 
in Nehrke et al., 2013). Both these mechanisms would lead to 
fluctuations in the bulk fluid chemistry at the calcification site 
throughout mineralisation. Either of the two main theories describ-
ing foraminiferal ion transport (vacuolisation: Bentov et al., 2009;
Erez, 2003; and trans-membrane transport: Nehrke et al., 2013) 
could provide the necessary conditions to vary B concentration or 
vary pH in the whole calcification environment. Biological mech-
anisms have recently been shown to influence foraminiferal B/Ca 
(Babila et al., 2014).

Oscillatory trace element zoning can also arise spontaneously 
in chemically continuous solutions, through fine-scale interactions 
in the boundary layer immediately surrounding the calcite growth 
surface. Banding can arise through self-organisation of impuri-
ties to minimise the strain they induce in the crystal structure, 
by cyclic variations in the boundary layer, driven by the rela-
tive diffusion rates of protons and the constituent crystal ions, 
or by coupled substitution or inhibition interactions between dif-
ferent trace elements (Bryksina et al., 2006; Wang and Merino, 
1992). The possible extent of these effects depends on the mineral 
growth mechanism employed in foraminifera, which remains un-
known. The variation in B concentration, whether caused by fluc-
tuations in the calcification environment driven by biological ion 
transport mechanisms, or by purely chemical oscillatory zoning, 
serves to demonstrate a poorly-understood complexity underlying 
foraminiferal calcification. This has implications for all proxies de-
rived from these carbonate climate archives.

The B proxies (δ11B and B/Ca) have the potential to provide 
a record of the entire ocean carbonate system throughout Earth 
history. However, these proxies require the sole incorporation of 
tetrahedral B(OH)−4 from seawater, which has thus far been miss-
ing in the literature. Our data demonstrate the sole presence of 
trigonal B in foraminiferal calcite. Intuitively, this does not support 
the sole incorporation of B(OH)−4 , but our results are predicted by 
the chemical theory behind the B proxies (Hemming and Hanson, 
1992), and the kinetics of B attachment in a growing calcite crys-
tal (Ruiz-Agudo et al., 2012). This theoretical framework describes 
the re-coordination of tetrahedral B(OH)−4 to trigonal HBO2−

3 dur-
ing incorporation into the growing mineral. Our coordination data 
uphold the underlying theory behind the B palaeoproxies, and give 
a new confidence to the interpretation of B records of past ocean 
carbonate chemistry. This helps validate their use as a tool to un-
derstand ocean carbonate chemistry, and the effects of ocean acid-
ification.
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