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Abstract

The ratio of boron to calcium (B/Ca) in marine biogenic carbonates has been proposed as a proxy for properties of sea-
water carbonate chemistry. Applying this proxy to planktic foraminifera residing in the surface seawater largely in equilibrium
with the atmosphere may provide a valuable handle on past atmospheric CO2 concentrations. However, precise controls on
B/Ca in planktic foraminifera remain enigmatic because it has been shown to depend on multiple physicochemical seawater
properties. To help establish a firm inorganic basis for interpreting the B/Ca records, we examined the effect of a suite of
chemical parameters ([Ca2+], pH, [DIC], salinity and [PO4

3�]) on B/Ca in inorganic calcite precipitated in artificial seawater.
These parameters were primarily varied individually while keeping all others constant, but we also tested the influence of pH
and [DIC] at a constant calcite precipitation rate (R) by concurrent [Ca2+] adjustments. In the simple [Ca2+], pH and [DIC]
experiments, both R and B/Ca increased with these parameters. In the pH–[Ca2+] and [DIC]–[Ca2+] experiments at constant
R, on the other hand, B/Ca was invariant at different pH and decreased with [DIC], respectively. These patterns agree with the
behavior of solution [BTotal/DIC] ratio such that, at a fixed [BTotal], it is independent of pH but decreases with [DIC]. Based on
these results, R and [BTotal/DIC] ratio appear to be the primary controls on B/Ca in inorganic calcite, suggesting that both
B(OH)4

� and B(OH)3 are possibly involved in B incorporation. Moreover, B/Ca modestly increased with salinity and [PO4
3�].

Inorganic calcite precipitated at higher R and in the presence of oxyanions such as SO4
2� and PO4

3� in growth solutions often
undergoes surface roughening due to formation of crystallographic defects, vacancies and, occasionally, amorphous/hydrous
CaCO3. These non-lattice sites may provide additional space for B, particularly B(OH)3. Consequently, besides the macro-
scopic influence of R and bulk solution chemistry, molecular-scale processes associated with calcite nucleation can be an
important consideration for B incorporation, especially in complex ionic solutions. Lastly, the covariance of B/Ca with
[DIC] and salinity observed here qualitatively agrees with those in planktic foraminifers. It follows that their impact on for-
aminiferal B/Ca is partly inorganically driven, which may explain why the effect is evident across different species.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Marine carbonates (CaCO3) are known to incorporate
various elements dissolved in seawater. These elements
may occupy non-lattice sites or fully substitute for Ca2+

https://doi.org/10.1016/j.gca.2017.09.016
mailto:uchikawa@hawaii.edu
https://doi.org/10.1016/j.gca.2017.09.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2017.09.016&domain=pdf


292 J. Uchikawa et al. /Geochimica et Cosmochimica Acta 218 (2017) 291–307
or CO3
2� positions in the CaCO3 lattice, thereby influencing

the fundamental mineral properties such as solubility
(Morse and Mackenzie, 1990; Morse et al., 2007). Their
incorporation typically depends on the physicochemical
state of seawater. Hence, quantification of trace elements
in carbonate fossils (e.g., foraminiferal tests) has become
an indispensable practice in paleoceanography for probing
Earth’s geochemical, climatic and environmental history
(see reviews by Lea, 1999; Henderson, 2002; Katz et al.,
2010).

Boron (B) is one such element that has gained much
interest in recent years, despite its low concentrations of
�100 ppm at most in biogenic CaCO3 (Vengosh et al.,
1991; Hemming and Hanson, 1992). This stems from the
prospect that B abundance in CaCO3 (measured as the
B/Ca ratio) could be a useful proxy for ocean carbonate
chemistry and, to a greater extent, from the use of B iso-
topes (d11B) as a pH proxy. The paleoceanographic utility
of these B-based proxies is rooted in the B speciation in sea-
water and a proposed model of B incorporation into
CaCO3. Dissolved B in seawater mainly exists as boric acid
(B(OH)3) and borate ion (B(OH)4

�), and their relative con-
centration within the total dissolved B ([BTotal] � [B(OH)3]
+ [B(OH)4

�]) depends on pH (Fig. 1a). Due to a constant
isotopic offset, the d11B of both B(OH)3 and B(OH)4

� also
Fig. 1. pH-induced shift in the distribution (Panel a) and isotopic
composition (Panel b) of B(OH)3 and B(OH)4

� at T = 25 �C and
S = 35 psu. The system presented here is constrained for modern
seawater condition of [BTotal] = 416 lmol/kg and d11BSeawater =
+39.61‰ using pKB

* = 8.60 and 11�10aB3-B4 = 1.0272 (Dickson
et al., 2007; Foster et al., 2010; Klochko et al., 2006).
change predictably with pH (Zeebe and Wolf-Gladrow,
2001; Klochko et al., 2006; Foster et al., 2010; Foster and
Rae, 2016: see Fig. 1b). Based on broad similarity between
the d11B of modern marine CaCO3 and that of seawater
B(OH)4

� (Vengosh et al., 1991; Hemming and Hanson,
1992), it was proposed that, as opposed to the neutral
B(OH)3, the charged B(OH)4

� is ultimately substituted with
CO3

2� in the CaCO3 lattice (Hemming and Hanson, 1992;
Hemming et al., 1995) as follows:

CaCO3 þ BðOHÞ�4 ! CaðHBO3Þ þHCO�
3 þH2O ð1Þ

for which a distribution coefficient KD based on measurable
terms (Yu et al., 2007) can be expressed as:

KD ¼ ðB=CaÞCaCO3=½BðOHÞ�4 =HCO�
3 �Solution ð2Þ

Although there are some complications (see a review by
Foster and Rae, 2016), a growing number of successive
studies, by and large, continue to show reasonable covari-
ance between the d11B of CaCO3 of various origins and
the d11B of B(OH)4

� and thereby pH (e.g., Henehan et al.,
2016; Rae et al., 2011; Hönisch et al., 2004; Reynaud
et al., 2004; Trotter et al., 2011; Penman et al., 2013;
Farmer et al., 2015, 2016; Sanyal et al., 2000).

Because B abundance in CaCO3 increases with [B(OH)4
�]

(Kitano et al., 1978), a straightforward interpretation of
Eq. (1) implies, as is the case for d11B, B/Ca in CaCO3

should analogously depend on pH due to the interplay
between [B(OH)4

�] and pH (Fig. 1a). Indeed, the pH depen-
dence was confirmed in inorganic calcite (Sanyal et al.,
2000; He et al., 2013) and cultured planktic foraminifers
(Orbulina universa, Globigerinoides ruber and Globigeri-

noides sacculifer) (Sanyal et al., 1996; Allen et al., 2011,
2012; Henehan et al., 2015; Holland et al., 2017; Haynes
et al., 2017). However, new data from recent inorganic
experiments have revealed a more complicated picture.
For instance, our research group demonstrated that B/Ca
in inorganic calcite increases not only with pH but also with
[DIC] (dissolved inorganic carbon, where [DIC] = [CO2(aq)]
+ [HCO3

�] + [CO3
2�]) and [Ca2+] (Uchikawa et al., 2015).

Elevating pH, [DIC] and [Ca2+] all leads to higher satura-
tion and generally more rapid precipitation. Hence, these
results collectively point to kinetic effects associated with
calcite precipitation rate (denoted as R), which is consistent
with independent experimental results by others (Gabitov
et al., 2014; Mavromatis et al., 2015; Kaczmarek et al.,
2016). In that study, we additionally grew calcite at two
pH values while holding R constant by concurrent [Ca2+]
adjustments. The pH dependence was not observed in this
case, as the samples yielded virtually identical B/Ca despite
the difference in pH (and thus [B(OH)4

�]). This raised a
concern that the pH dependence is not necessarily governed
by [B(OH)4

�], thereby challenging our perception of how the
B/Ca proxy should work from a theoretical standpoint
(Eq. (1)). However, because we used simple NaCl–CaCl2–
B(OH)3–Na2CO3 solutions, whether the results would be
directly applicable to calcite precipitated in seawater is still
an open question.

We address that issue in this study by performing a new
round of calcite precipitation experiments. To close the gap
of solution matrix between our experiments and natural
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seawater, Mg-free artificial seawater (ASW) was used here.
We mainly focused on ground-truthing the influence of pH,
[DIC] and [Ca2+] on B/Ca in inorganic calcite grown in
ASW. Data from our previous study (Uchikawa et al.,
2015) and culture experiments (Allen et al., 2011, 2012;
Howes et al., 2017; Holland et al., 2017; Haynes et al.,
2017) indicate B/Ca in inorganic and foraminiferal calcite
responds quite differently to certain chemical manipula-
tions. One possibility is that, although B/Ca in inorganic
calcite is strongly influenced by R (Gabitov et al., 2014;
Uchikawa et al., 2015; Mavromatis et al., 2015;
Kaczmarek et al., 2016), calcification and/or growth rate
may exert a negligible control on foraminiferal B/Ca
(Allen et al., 2016; Holland et al., 2017; Haynes et al.,
2017). We therefore examined the influence of pH and
[DIC] at variable and constant R. Moreover, we took
advantage of this opportunity to additionally evaluate the
effect of salinity (S) and [PO4

3�]. Allen et al. (2011, 2012)
showed that B/Ca in cultured O. universa, G. ruber and
G. sacculifer increases with S, while Henehan et al. (2015)
recently reported that B/Ca in core-top G. ruber co-varies
with S, but also with [PO4

3�]. Though still controversial
(e.g., Salmon et al., 2016; Quintana Krupinski et al.,
2017; Haynes et al., 2017), Henehan et al. (2015) argued
that the observed [PO4

3�] effect may be inorganically driven.
Our work here marks the first attempt to gauge the influ-
ence of S and [PO4

3�] on B/Ca in inorganic calcite.

2. METHODS

2.1. Overview of seeded calcite precipitation experiments

Our experimental approach is fully described in
Uchikawa et al. (2015). We grew calcite in a closed isother-
mal (25 �C) reaction vessel regulated by a titrator system.
Once chemical equilibrium was achieved, 80 mg of 10 lm
calcite seeds were introduced to initiate calcite overgrowth.
Calcite precipitation consumes alkalinity and DIC in a 2:1
molar ratio and concurrently lowers pH as Ca2+ + 2HCO3

�

? CaCO3 + CO2 + H2O (Zeebe and Wolf-Gladrow, 2001).
The titrator system was programmed to dose 0.3 M 13C-
spiked Na2CO3 solution upon a 0.01 unit of pH decline
from assigned values to maintain near-constant B and
CO2 chemistry.

The seeds were rhombohedral in shape and essentially
B-free (B/Ca = 1.01 ± 3.30 lmol/mol, ±2r S.D., n = 4),
so that B abundance in a given sample (=seeds + over-
growth) was exclusively contributed by the overgrowth
fraction. The seeds were also isotopically homogeneous
(d13C = �18.6 ± 0.07‰, d18O = �21.1 ± 0.04‰, VPDB,
±2r S.D., n = 5). By applying a known 13C-spike (d13CDIC

= +400‰) to the stock Na2CO3 solution used for ASW
(Section 2.2) and as the titrant, we quantified the fractional
abundance of the overgrowth relative to the seeds based on
d13C mass-balance (see Uchikawa et al., 2015 for details).

We chose the ‘‘seeded” precipitation method over other
‘‘non-seeded” methods for several reasons. First, the over-
growth tends to inherit the mineralogy of the seeds
(Romanek et al., 1992; Zeebe and Sanyal, 2002). This is cru-
cial, given a distinct B compatibility in calcite versus arag-
onite (Kitano et al., 1978; Hemming et al., 1995;
Mavromatis et al., 2015). Second, ASW was prepared to
a range of calcite saturation that was only sufficient for
heterogeneous nucleation onto preexisting nuclei (i.e., the
seeds), but not for homogeneous/spontaneous nucleation.
Indeed, we observed no precipitation in the absence of
seeds. It follows that the onset of precipitation coincided
with the timing of seeds addition, which enabled us to
determine the experimental duration and R (see Fig. 3 in
Uchikawa et al., 2015). This also ensured precipitation in
fully stabilized solution chemistry in our experiments,
unlike in some other experiments where precipitation may
begin freely at any undefined moment while solution chem-
istry is allowed to drift. Lastly, the seeds provided a reactive
surface over which new calcite continued to nucleate. This
conceptually resembles the templated shell growth observed
in foraminiferal calcification (e.g., Erez, 2003; de Nooijer
et al., 2014), which makes our experiments performed in
ASW highly relevant for the ongoing effort of establishing
reliable calibrations for planktic foraminiferal B/Ca (e.g.,
Yu et al., 2007; Allen et al., 2011, 2012, 2016; Henehan
et al., 2015; Haynes et al., 2017).

To estimate R, we followed the scheme described in
Uchikawa et al. (2015). Hereafter, R values are expressed
on a logarithmic scale in the unit of mol/m2/s. We assumed
that the geometry of the rhombohedral calcite seeds (see
Uchikawa et al., 2015) can be approximated to a cubical
shape (e.g., Zeebe and Sanyal, 2002) and that calcite precip-
itation was confined to the seed surface and no homoge-
neous nucleation occurred. As individual seeds grew in
size due to overgrowth, the total surface area changed
accordingly over time, which needs to be taken into account
for the area-normalized R. For example, the estimates
based on the surface area at the beginning and at the end
of the experiments reflect the upper and lower limit of R,
respectively. We used the total surface area averaged over
the entire experimental duration for the area-normalized
R, which should be considered as the ‘‘time-averaged” pre-
cipitation rate. Also, the upper and lower limits were
assigned as the error margins for R, as they surpassed the
R uncertainty originating from the d13C analytical
uncertainty.

2.2. Experimental design

We generally followed the recipe of Dickson et al. (2007)
for simplified ASW, but excluded MgCl2 addition to avoid
aragonite precipitation and the inhibiting effects of Mg2+

on calcite precipitation (Morse and Mackenzie, 1990;
Morse et al., 2007). The contribution of MgCl2 to the ionic
strength was compensated by excess NaCl, which caused
relatively high S of �40 psu in our ASW.

ASW was prepared using N2-bubbled CO2-free deion-
ized H2O as follows. First, NaCl, KCl, Na2SO4 and
B(OH)3 were dissolved in�0.8 L of H2O in a 1 L volumetric
flask, to which stock CaCl2 and HCl solution were added.
The head-space was flushed with N2 gas before mixing. In
a separate 100 mL flask, Na2CO3 solution was prepared to
a desired concentration by diluting a stock solution of
0.3 M 13C-spiked Na2CO3 under N2 atmosphere. A small
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volume of HCl was also added for pH adjustment. Then, the
Na2CO3 solution was mixed into the 1 L flask and the
final volume was properly adjusted (note that the stock
13C-labaled Na2CO3 solution represents the only DIC
source for ASW). Finally, ASW was titrated with 0.3 M
NaOH (prepared from reagent-grade NaOH and CO2-free
H2O under N2 atmosphere) to a desired pH.

In the first set of experiments, pH, [DIC] and [Ca2+]
were individually varied. We used NaOH to vary pH. For
adjusting [DIC] and [Ca2+], we varied the volume of
Na2CO3 and CaCl2 solution, respectively, to be added to
ASW. In the second set, two of these parameters were var-
ied in pairs (pH–[Ca2+] and [DIC]–[Ca2+] pairs) to main-
tain near constant R. For example, pH (or [DIC]) was
raised while lowering [Ca2+]. The pH–[Ca2+] experiments
were performed at a fixed [DIC], and the [DIC]–[Ca2+]
experiments were performed at a fixed pH. Even at a con-
stant saturation state, R can vary due to, for example, solu-
tion [Ca2+/CO3

2�] ratio (Nehrke et al., 2007). The optimum
conditions were established in test runs using the titrant
addition rate as a crude measure of R. In the third set of
experiments, the effects of S and [PO4

3�] were evaluated.
We increased/decreased the volume of H2O to dissolve
the constituent salts to modify S. PO4

3� was added to
ASW from a stock Na2HPO4 solution. We typically per-
formed three replicates for each experimental condition.
The data compiled in Table 1 represent the average and
±2r S.D. of the results obtained from the replicates, while
the individual results are available in the auxiliary material
(Table S1).

2.3. Solution chemistry

The pH electrode was calibrated using NBS buffers (at
pH 4, 7, 9.18 and 10) due to their range that encompassed
our experimental pH range and commercial availability. As
described elsewhere (e.g., Zeebe and Wolf-Gladrow, 2001),
however, the NBS buffers are inappropriate for measuring
samples with high ionic strength such as seawater. Seawater
pH is commonly measured on the total scale, for which tris-
HCl buffer prepared in synthetic seawater to S = 35 psu is
used for calibration (Nemzer and Dickson, 2005; Dickson
et al., 2007). At T = 25 �C, the reference pH of the tris-
HCl buffer on the total scale is 8.0936 (Nemzer and
Dickson, 2005). Using our NBS-calibrated electrode, pH
of the Dickson-certified tris-HCl buffer was 8.2202 (higher
than the reference pHTotal value by 0.1266).

We used the CO2SYS program (van Heuven et al., 2009)
to constrain the CO2 chemistry in ASW. Instead of the
DOE-recommended stoichiometric dissociation constants
(Dickson et al., 2007), we used K1

*, K2
*, KW

* , KB
* and

KHSO4�* derived from the MyAMI model (Hain et al.,
2015) to account for the absence of Mg2+ and variable
[Ca2+] in our ASW. By default, concentrations of F�, BTotal

and SO4
2� are tied to S in the CO2SYS. But [BTotal] and

[SO4
2�] was not necessarily tied to S in our ASW due to

how it was prepared and chemically manipulated. We mod-
ified the program to directly load experimental [BTotal] and
[SO4

2�] and to set [F�] = 0. These modifications regarding
F� and SO4

2� were important for the conversion of pH
scales by CO2SYS (see Zeebe and Wolf-Gladrow, 2001).
We chose pH and [DIC] as the input parameters, because
these represent the parameters we directly controlled and
because the chemistry of ASW was forced by these param-
eters. The resulting CO2SYS-derived pH on the total scale
was consistently lower than the experimental pH measured
on the NBS scale by �0.142 units. For our purposes, this is
in acceptable agreement with the pH offset of 0.1266
recorded by our pH probe calibrated on the NBS scale
(see above). Finally, we followed the algorithm of Zeebe
and Wolf-Gladrow (2001) to constrain B chemistry from
experimental [BTotal], MyAMI KB

* and the CO2SYS-
corrected pH.

2.4. Analytical methods

Calcite samples were analyzed for d13C and B/Ca at UC
Santa Cruz. Samples were homogenized using a mortar and
pestle, and approximately 60 lg and 300 lg were used for
d13C and B/Ca measurement, respectively.

The d13C analyses were performed on a ThermoFin-
negan MAT 253 dual-inlet isotope ratio mass spectrometer
coupled to a Kiel IV carbonate device. The d13C data in
Table S1 represent the average and ±2r S.D. from dupli-
cate measurements. The d13C reproducibility for all samples
was ±1.45‰ on average, which is poorer than the usual
measurement reproducibility on natural carbonates
(±�0.1‰). This is likely due to the extreme 13C-labelling
applied to our samples (d13CSample = +�200‰) relative to
the standards, reference gas, and natural samples routinely
measured on this instrument (roughly �10 to +10‰). How-
ever, this should not hamper the overall data quality. As
detailed in Uchikawa et al. (2015), with the 13C-spike
applied here, d13C uncertainty of ±3‰ would impose an
error of 1% in the final estimates for B/Ca in the over-
growth fraction, which is smaller than the analytical precip-
itation of B/Ca analyses.

The B/Ca analyses were performed on a Thermo Ele-
ment XR inductively coupled plasma-mass spectrometer
following the protocols specifically optimized for our calcite
samples (Uchikawa et al., 2015). Calibration was performed
by measuring a suite of standards prepared to a range of
B/Ca encompassing the B/Ca values measured in this study.
All samples were analyzed at [Ca2+] within the range of our
standards. We also analyzed a liquid consistency standard
once every 5 samples for drift correction. The long-term
precision of the B/Ca analyses based on repeat measure-
ments of the consistency standard was better than ±9%
or ±6 lmol/mol (±2r S.D.). Samples were normally
analyzed in duplicate. The average B/Ca reproducibility
for all samples was ±7.86 lmol/mol.

3. RESULTS

Titration of ASW by Na2CO3 during our experiments
counteracted the decline in pH, alkalinity (by providing
Na+) and [DIC] caused by calcite precipitation. It can also
be estimated from the d13C and B/Ca data that the total B
loss was less than 0.02% of the initial [BTotal]. Hence, we
assume our calcite samples were precipitated under nearly



Table 1
Summary of the experimental conditions and results. Chemical parameters directly manipulated in each experimental series are indicated by bold characters. Calcite precipitation rate R and B/Ca
reflect those of the overgrowth fraction in the sample (see text and Uchikawa et al., 2015 for details). All experiments were performed at T = 25 �C. The values and accompanying error margins
represent the average and ±2r S.D. of the results from replicate runs.

Exp. series Exp. Replicates pH [DIC] [HCO3
�] [CO3

2�] [BTotal] [B(OH)4
�] [Ca2+] [PO4

3�] S log10R B/Ca
n Total lmol/kg lmol/kg lmol/kg lmol/kg lmol/kg mmol/kg lmol/kg psu mol/m2/s lmol/mol

[Ca2+] Exp. A 3 8.11 2122.2 1961.7 150.2 418.6 95.1 10.3 0.0 39.91 �6.28 ± 0.09 77.14 ± 4.32
Exp. B 3 8.11 2122.4 1950.3 161.8 418.7 95.9 12.9 0.0 39.95 �6.09 ± 0.02 109.45 ± 7.23
Exp. C 3 8.11 2122.4 1937.4 174.6 418.6 97.2 15.5 0.0 40.13 �5.98 ± 0.02 130.48 ± 1.63
Exp. D 3 8.11 2121.7 1922.4 188.9 418.5 98.6 18.0 0.0 40.57 �5.91 ± 0.04 148.31 ± 5.37

pH Exp. A 3 8.11 2122.2 1961.5 150.4 418.6 95.1 10.3 0.0 39.96 �6.30 ± 0.02 70.45 ± 4.17
Exp. B 4 8.23 2122.7 1923.1 191.9 418.7 116.2 10.3 0.0 39.74 �5.94 ± 0.08 117.36 ± 10.83
Exp. C 3 8.36 2122.2 1866.1 250.5 418.6 142.6 10.3 0.0 39.74 �5.77 ± 0.06 156.65 ± 11.11

[DIC] Exp. A 3 8.11 2122.7 1962.6 149.8 418.7 95.0 10.3 0.0 39.79 �6.29 ± 0.03 66.65 ± 2.07
Exp. B 3 8.11 2547.1 2355.5 179.2 418.7 94.7 10.3 0.0 39.81 �6.12 ± 0.02 72.37 ± 7.26
Exp. C 4 8.11 2866.9 2652.9 200.0 418.9 94.4 10.3 0.0 39.54 �6.00 ± 0.05 76.29 ± 5.14

pH–[Ca2+] Exp. A 3 8.07 2122.5 1964.0 146.9 418.7 88.4 12.9 0.0 40.03 �6.29 ± 0.05 100.62 ± 9.55
Exp. B 3 8.11 2122.2 1961.5 150.5 418.6 95.1 10.3 0.0 39.97 �6.29 ± 0.06 76.52 ± 6.48
Exp. C 4 8.17 2123.4 1958.7 155.8 418.8 104.2 7.8 0.0 39.49 �6.30 ± 0.07 76.55 ± 9.44
Exp. D 3 8.30 2123.0 1930.7 185.8 418.8 127.2 5.2 0.0 39.26 �6.29 ± 0.05 72.30 ± 13.17

[DIC]–[Ca2+] Exp. A 3 8.11 2122.4 1961.8 150.3 418.7 95.1 10.3 0.0 39.93 �6.28 ± 0.05 70.08 ± 3.54
Exp. B 3 8.11 2548.6 2375.9 160.2 418.9 93.2 7.3 0.0 39.27 �6.30 ± 0.04 43.34 ± 7.27
Exp. C 2 8.11 2867.2 2680.0 173.3 418.9 92.8 6.0 0.0 39.44 �6.28 ± 0.04 33.95 ± 10.59

Salinity Exp. A 3 8.11 2053.0 1904.7 138.2 405.0 90.6 10.0 0.0 38.60 �6.34 ± 0.06 75.75 ± 8.72
Exp. B 2 8.11 2122.7 1962.6 149.8 418.7 95.0 10.3 0.0 39.84 �6.24 ± 0.05 97.23 ± 2.87
Exp. C 2 8.11 2186.8 2015.3 161.0 431.4 98.9 10.6 0.0 41.02 �6.20 ± 0.03 111.50 ± 25.26

[PO4
3�] Exp. A 3 8.11 2122.3 1961.7 150.3 418.6 95.1 10.3 0.0 39.94 �6.28 ± 0.06 70.02 ± 3.83

Exp. B 2 8.11 2123.2 1963.5 149.4 418.8 94.9 10.3 0.5 39.72 �6.32 ± 0.06 88.54 ± 1.92
Exp. C 2 8.11 2123.0 1963.0 149.6 418.8 95.0 10.3 1.0 39.75 �6.38 ± 0.04 99.64 ± 18.55
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constant CO2 and B chemistry. In contrast, Ca2+ was not
replenished in our experiments. Based on stoichiometric
calculations, Ca2+ drawdown was contained within 15%
of the initial [Ca2+] (but, for the most part, within �9%).
Nonetheless, we observed negligible change in the pace of
titrant addition over the course of experimental duration,
which implies R remained fairly constant during the exper-
iments despite Ca2+ drawdown.

When individually varied, elevating [Ca2+], pH and
[DIC] all caused both R and B/Ca to increase (Fig. 2).
But, in the paired pH–[Ca2+] and [DIC]–[Ca2+] experi-
ments, varying pH or [DIC] was paired with concurrent
[Ca2+] adjustments. With this approach, precipitation
occurred at nearly identical R at different pH and [DIC]
(Fig. 3, a & c). The pH–[Ca2+] experiments were performed
at four different pH values. The B/Ca results between pH
Fig. 2. Impact of the individual manipulations of pH, [DIC] and [Ca2+] o
varied while holding the others constant.
8.11 and 8.30 were indistinguishable at �75 lmol/mol
within the experimental reproducibility. However, the
experiments at pH 8.07 (Exp. A: see Table 1) resulted in
anomalously higher B/Ca of �100 lmol/mol (Fig. 3b).
The B/Ca results from the [DIC]–[Ca2+] experiments show
a straightforward decreasing trend with [DIC], where B/Ca
decreased by �40 lmol/mol over the entire [DIC] range
(Fig. 3d). Some of the S and [PO4

3�] experiments were only
duplicated (other experiments featuring pH, [DIC] and
[Ca2+] manipulations were typically triplicated), which
resulted in relatively large experimental B/Ca uncertainty
(Fig. 4b and d). Still, the current dataset demonstrates nota-
ble trends. The effect of S was tested from 38.6 to 41.0 psu.
Within this relatively narrow range, there was an almost
negligible increase in R, whereas B/Ca increased by
�40 lmol/mol. In the case of PO4

3� additions up to
n R and B/Ca. In these experiments, only one of the parameters was



Fig. 3. Comparison of the results from the simple pH and [DIC] experiments (upward and downward triangles, respectively) to those from the
paired pH–[Ca2+] and [DIC]–[Ca2+] experiments (circles and diamonds, respectively). For the pH–[Ca2+] experiments, [DIC] was held
constant. For the [DIC]–[Ca2+] experiments, pH was held constant.
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1 lmol/kg, while R marginally decreased, B/Ca increased
by �30 lmol/mol.

Most of the experiments for the present study was per-
formed at pH and [DIC] reasonably close to Uchikawa
et al. (2015), however, [Ca2+] was roughly three times
higher in this study. Nevertheless, calcite precipitation gen-
erally proceeded at slower rates, for instance, in comparable
pH or [DIC] experiments. This presumably reflects a CO3

2�

deficit relative to Ca2+ (e.g., Nehrke et al., 2007) and/or
inhibitions on calcite nucleation caused by various pro-
cesses in ASW (e.g., ion paring) and on the calcite surface
(e.g., kink blocking) due to higher ionic strength and the
presence of a more complex mixture of ionic species in
ASW. Also, compared to the Uchikawa et al. (2015) exper-
iments performed at [BTotal] = 432 lmol/kg, calcite samples
produced in this study had consistently higher B/Ca at a
given R (Fig. 5) despite slightly lower [BTotal] of
�419 lmol/kg in ASW (except for the S experiments:
Table 1).

4. DISCUSSION

4.1. [Ca2+] results and kinetic effects on B/Ca

In response to a roughly 80% increase in [Ca2+] from the
baseline concentration of �10 mmol/kg, R increased from
�6.28 to �5.91 (Fig. 2a). This is not as extensive as the
changes in R due to pH manipulations (Fig. 2c). Calcite
precipitation proceeds as Ca2+ and CO3

2� alternatingly
attach to growth kinks to form Ca–CO3 subunits, which
eventually coalesce to become a part of the new lattice.
Since an equal proportion of Ca2+ and CO3

2� is required,
the optimum growth condition can be anticipated when
they are available in similar abundance (e.g., Nehrke
et al., 2007). In the baseline experiment (Exp. A in the
[Ca2+] series: Table 1), [Ca2+] was set at the modern seawa-
ter concentration of �10.3 mmol/kg. In contrast, [DIC] was
set at 2.1 mmol/kg and CO3

2� accounted for only 7.1% of
the total DIC pool at pH 8.11 (i.e., [CO3

2�] � 0.15 mmol/
kg). Given very high [Ca2+/CO3

2�], the bottleneck for calcite
nucleation was set by the CO3

2� availability to growth
kinks, not by overwhelmingly more abundant Ca2+. This
is likely the primary reason why we observed a moderate
increase in R in the [Ca2+] experiments.

As shown in Fig. 2b, B/Ca in calcite increased with
[Ca2+]. Although other parameters were unaltered, [Ca2+]
manipulations automatically influenced the B and DIC spe-
ciation due to inherent dependence of the dissociation con-
stants on [Ca2+] (Hain et al., 2015). But these changes are
too insignificant to account for the increase in B/Ca with
[Ca2+]. The results from the [Ca2+] experiments conse-
quently point to kinetic effects driven by precipitation rate
R on B/Ca in inorganic calcite, as we proposed in
Uchikawa et al. (2015). Kaczmarek et al. (2016) also



Fig. 4. Summary of the effect of salinity (S) and [PO4
3�] manipulations on R and B/Ca.

Fig. 5. Comparison of B/Ca as a function of R from Uchikawa et al. (2015) and this study. While fairly simplified and more dilute solutions
prepared from NaCl–CaCl2–B(OH)3–Na2CO3 were used in Uchikawa et al. (2015), this study employed Mg-free ASW prepared from NaCl–
KCl–Na2SO4–CaCl2–B(OH)3–Na2CO3. The experiments were performed at constant [BTotal] of �419 lmol/kg. For the Uchikawa et al. (2015)
data, only the results from the experiments performed at the baseline [BTotal] of 432 lmol/kg are compiled here. Note that, despite slightly
lower [BTotal], the B/Ca results from this study are consistently higher than those from Uchikawa et al. (2015) at a given R.
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applied [Ca2+] manipulations and observed a clear depen-
dence of B/Ca in inorganic calcite on R. Other studies have
similarly provided evidence for the dependence of B incor-
poration on R (Gabitov et al., 2014; Mavromatis et al.,
2015). These studies relied on distinct precipitation tech-
niques and growth solutions. Hence, we argue that
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kinetic effects on B incorporation is universal in inorganic
systems.

4.2. Ground-truthing the pH dependence of B/Ca

We showed in Uchikawa et al. (2015) that, if constant R
at different pH can be managed, B/Ca becomes independent
of pH. This finding posed a major question to the theoret-
ical ground of the B/Ca proxy (Eq. (1)). However, in fair-
ness, the reliability of these particular results was
somewhat compromised by very low total B count in the
samples (sample B/Ca below 10 lmol/mol). We circum-
vented this problem by running our experiments longer to
increase the relative contribution of the overgrowth fraction
and thus the total B content in the pH–[Ca2+] samples
(B/Ca in those samples typically ranged 35–40 lmol/mol).

Broadly speaking, the B/Ca results from the experiments
involving pH manipulations display the same trends
revealed in Uchikawa et al. (2015). As opposed to the
strong pH dependence of B/Ca when R freely co-varied
with pH, when R was held constant, B/Ca was indistin-
guishable between pH 8.11 and 8.30 within the experimen-
tal uncertainty (Fig. 3a and b). Since these trends are
equally evident in fairly simplified solutions (Uchikawa
et al., 2015) and in more complex ASW (this study), they
are robust and reproducible irrespective of the difference
in the solution matrix. Regardless of whether [Ca2+] was
held constant or varied, in both the pH and pH–[Ca2+]
experiments, raising pH inevitably caused an increase in
[B(OH)4

�] (Table 1). If the pH dependence is ultimately gov-
erned by [B(OH)4

�] (Sanyal et al., 2000; He et al., 2013),
then we would expect an increase in B/Ca with pH even
in the pH–[Ca2+] experiments. But this was clearly not
the case. Therefore, our data suggest that the previously
recognized pH dependence of B/Ca in inorganic calcite
(Sanyal et al., 2000; He et al., 2013) is largely due to kinetic
effects associated with R.

An obvious exception to the general agreement between
this study and Uchikawa et al. (2015) discussed above is the
pH–[Ca2+] experiment at pH 8.07 (Exp. A: see Table 1 and
Fig. 3b). In contrast to�75 lmol/mol of B/Ca for the rest of
the pH–[Ca2+] experiments (Exp. B � D: Table 1), Exp. A
resulted in anomalously higher B/Ca of �100 lmol/mol.
The experiment was triplicated and reproducible
(B/Ca = 100.62 ± 9.55 lmol/mol at R = �6.29 ± 0.05,
±2r S.D.), which makes it difficult to simply disregard this
data point as an outlier. Examining whether or not B/Ca
would further increase at lower pH in the pH–[Ca2+] exper-
iments such that the Exp. A data represent a part of a trend
ultimately requires additional experiments at lower pH.
However, this would be challenging because over 10 mmol
of Ca2+ is already present in ASW at the baseline condition.
Nehrke et al. (2007) observed a substantial decline in calcite
growth rate as solution [Ca2+/CO3

2�] ratio progressively
deviates from unity in both negative and positive direction.
We would predict that our approach to elevate [Ca2+] in
order to compensate for a decline in R due to lowering of
pH should become more ineffective at lower pH as
[Ca2+/CO3

2�] becomes excessively large. We note that
Exp. A may be a potentially important observation (e.g.,
Section 4.4), however, in the lack of further confirmation at
lower pH, this data will not be discussed further in this paper.

4.3. Competition between DIC and B species

We previously documented that B/Ca increases with
[DIC] (Uchikawa et al., 2015). Due to a concurrent increase
in R, we argued that the increase in B/Ca with [DIC] largely
reflects kinetic effects. In contrast, an opposite trend was
revealed in culture studies (Allen et al., 2012; Howes
et al., 2017; Holland et al., 2017; Haynes et al., 2017), where
B/Ca decreased with [DIC] in both O. universa and
G. sacculifer under similar [DIC] manipulations. This was
interpreted by the authors as evidence for competition
between B and DIC species during incorporation into
CaCO3. This is in line with a recent theoretical study by
Balan et al. (2016), who argued that B is fully integrated
as the structural component in the calcite lattice in
exchange of CO3

2�. If the proposed competition theory is
largely an inorganically driven process, it may be likewise
in effect during inorganic calcite precipitation. Even so,
however, such a signal would be overprinted by kinetic
effects if R freely co-varies with [DIC]. To test this, we per-
formed two contrasting [DIC] experiments: the simple
[DIC] manipulation experiments at variable R and the
paired [DIC]–[Ca2+] experiments at roughly constant R.

Because [DIC] was elevated at a constant pH of 8.17,
much of the additional DIC partitioned into the HCO3

�

pool and caused only a fractional increase in [CO3
2�]

(Table 1). For that reason, the observed increase in R (from
�6.28 to �5.99) with [DIC] was relatively small. Similarly,
B/Ca increased only marginally by �10 lmol/mol. These
changes in R and B/Ca are smaller in magnitude compared
to the results from the [DIC] experiments of Uchikawa
et al. (2015), which reflects the fact that we applied more
conservative [DIC] manipulations here (only up to +35%
increase) than previously (up to +100%). Nonetheless, we
confirmed the positive correlations of both R and B/Ca
with [DIC]. In the [DIC]–[Ca2+] experiments, we applied
the same levels of [DIC] manipulations (+20% and +35%)
but concurrently reduced [Ca2+] to hold R constant in order
to eliminate kinetic effects (Fig. 3c, diamonds). In this case,
B/Ca systematically decreased with an increase in [DIC]
(Fig. 3d, diamonds), in agreement with cultured planktic
foraminifers (Allen et al., 2012; Howes et al., 2017;
Holland et al., 2017; Haynes et al., 2017). These results sup-
port the competition between B and DIC species during
incorporation into calcite.

4.4. Synthesis of the [Ca2+], pH and [DIC] results and the

primary controls on B/Ca in inorganic calcite

In this study, B/Ca in inorganic calcite increased with
[Ca2+], pH and [DIC], when these parameters were individ-
ually increased. Importantly, these B/Ca increases were
accompanied by concomitant increase in R. More critically,
if calcite was forced to precipitate at constant R at different
pH and [DIC], B/Ca no longer increased with these param-
eters (Fig. 3). These results are consistent with Uchikawa
et al. (2015), where we highlighted the importance of kinetic



Fig. 6. Comparison of concentration ratios as a function of pH at a constant [DIC] (Panels a, c & e) and as a function of [DIC] at a constant
pH (Panels b, d & f) at a fixed [BTotal]. (Panels a & b) [BTotal/DIC] versus [B(OH)4

�/DIC]. (Panels c & d) [BTotal/HCO3
�] versus [B(OH)4

�/
HCO3

�]. (Panels e & f) [BTotal/CO3
2�] versus [B(OH)4

�/CO3
2�]. Note that, [BTotal/DIC] remains constant at different pH (Panel a. solid red line),

whereas [B(OH)4
�/CO3

2�] actually decreases with pH as clearly shown in the inset (Panel e: dashed blue curve). The CO2 and B chemistry
shown here are calculated from the DOE-recommended constants (Dickson et al., 2007) using the algorithm of Zeebe and Wolf-Gladrow
(2001) for the modern seawater [BTotal] of 416 lmol/kg. We arbitrarily set [DIC] = 2100 lmol/kg (Panels a, c and e) and pH = 8.1 (Panels b, d
and f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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effects associated with R on B incorporation. Also, given
additional experimental evidence (Gabitov et al., 2014;
Mavromatis et al., 2015; Kaczmarek et al., 2016), it is unde-
niable at this stage that R imposes a major control on B/Ca
in inorganic calcite.
It is also clear that B/Ca variability cannot be compre-
hensively explained by R alone (Fig. 5), which suggests
there must be additional chemical controls. Hemming and
colleagues originally proposed substitutions of CO3

2� in
the calcite lattice by B(OH)4

� (Eq. (1)), for which the distri-
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bution coefficient KD (Eq. (2)) was defined. This expression
points to [B(OH)4

�/HCO3
�] as the key chemical control.

This is consistent with the positive correlation between
B/Ca of cultured planktic foraminifers and seawater
[B(OH)4

�/HCO3
�] (Allen et al., 2011, 2012; Henehan et al.,

2015; Howes et al., 2017; Holland et al., 2017; Haynes
et al., 2017). Due to the dominance of HCO3

� in the total
DIC pool, however, a covariance between B/Ca and
[B(OH)4

�/DIC] was also evident in those culture data. If
[BTotal] is fixed, both ratios decrease with [DIC] at a con-
stant pH yet increase with pH at a constant [DIC]
(Fig. 6a–d). In our [DIC]–[Ca2+] experiments, we observed
a decrease in B/Ca with [DIC] (Fig. 3d, diamonds). This is
compatible with [B(OH)4

�/HCO3
�] and/or [B(OH)4

�/DIC]
being the primary control. But in the pH–[Ca2+] experi-
ments, B/Ca was independent of pH (Fig. 3b, circles, but
ignoring Exp. A at pH 8.07: see Section 4.2). This is not

compatible with either of the above ratios being the primary
chemical control. On the contrary, [BTotal]/[DIC] decreases
with [DIC] at a fixed pH but remains constant with an
increase in pH (Fig. 6a and b), which are consistent with
our results from both the pH–[Ca2+] and [DIC]–[Ca2+]
experiments. Hence, as we initially proposed in Uchikawa
et al. (2015), R and [BTotal/DIC] appear to be the primary
controls on B/Ca in inorganic calcite. The latter parameter
implies that B incorporation into calcite involves not only
B(OH)4

� but also B(OH)3.
Meanwhile, Holcomb et al. (2016) argued [B(OH)4

�] and
[CO3

2�] are crucial for B/Ca in inorganic aragonite. In
Uchikawa et al. (2015), we did not explicitly consider
CO3

2� (i.e., [B(OH)4
�/CO3

2�] versus [BTotal/CO3
2�]) mainly

because the CO3
2� contribution in the total DIC pool was

fairly small (below 10%) for most of the experiments. But
Holcomb et al. (2016) pointed out that [B(OH)4

�/CO3
2�] is

as equally effective as [BTotal/DIC] in explaining the B/Ca
variability against R in the data presented in Uchikawa
et al. (2015) (r2 = 0.8851 versus 0.8885, respectively). While
it is difficult to decide if exponential (e.g., Uchikawa et al.,
2015) or linear fit would be appropriate due to relatively
narrow R range for the new data presented here,
[B(OH)4

�/CO3
2�] and [BTotal/DIC] again appear to be

equally strong in explaining the B/Ca variability
(Fig. 7d and e). Yet, at a fixed [BTotal], [B(OH)4

�/CO3
2�]

decreases with both [DIC] (at a constant pH) and pH (at
a constant [DIC]) as shown in Fig. 6e and f. The latter trend
disagrees with the results from the pH–[Ca2+] experiments
(Fig. 3b, circles), where B/Ca was invariant at different
pH values (although Exp. A at pH 8.07 may be an impor-
tant consideration if it can be further validated: see Sec-
tion 4.2). Moreover, d11B values of the samples from the
pH variation experiments performed in Uchikawa et al.
(2015) were higher than d11B of B(OH)4

� by at least �4‰
(Farmer et al., 2016). Independent experimental data by
others (Sanyal et al., 2000; Noireaux et al., 2015) similarly
show a few‰ of 11B enrichment in inorganic calcite relative
to B(OH)4

� (see Fig. 3 in Farmer et al., 2016). Although this
is a controversial subject and other processes could be cer-
tainly responsible (see a review by Foster and Rae, 2016),
these d11B data are in line with the possibility of B(OH)3
contribution in addition to B(OH)4

�. In summary, the
combination of our direct experimental evidence (the
pH–[Ca2+] and [DIC]–[Ca2+] results: see Figs. 3 and 6)
and the lines of discussion presented here provide a support
for R and [BTotal/DIC] being the primary controls for B/Ca
in inorganic calcite, both in simple (Uchikawa et al., 2015)
and more complex ionic solutions (this study).

In Uchikawa et al. (2015), we found that the considera-
tion of [BTotal] over [B(OH)4

�] becomes progressively more
important in explaining the B/Ca variability at higher R

(above �5.5: see Fig. 9 in Uchikawa et al., 2015). We sug-
gested there that both aqueous B(OH)4

� and B(OH)3 may
come into contact with the calcite surface, however,
B(OH)4

� will be attached more firmly due to its charge
(e.g., Hemming and Hanson, 1992). Thus, under slow pre-
cipitation, B(OH)3 is likely detached from the surface and
only B(OH)4

� will be incorporated (e.g., Hemming and
Hanson, 1992), whereas B(OH)3 may be trapped in the
CaCO3 matrix before detachment upon rapid precipitation
(e.g., Watson, 2004; DePaolo, 2011). Our new data from
this study unfortunately fell short of the R threshold of
�5.5. Nevertheless, the partition coefficients based on
[BTotal] continue to provide better fits, especially at higher
R (Fig. 7). This finding pairs well with a recent theoretical
work of Balan et al. (2016), who suggested the possibility
of multiple incorporation pathways in calcite. They argued
that both B(OH)4

� and B(OH)3 can be incorporated into the
calcite lattice as partly deprotonated trigonal BO2(OH)2�

after proper coordination change and/or deprotonation
steps. They further argued that aqueous B(OH)3 may also
be directly integrated into non-lattice sites upon rapid pre-
cipitation involving the formation of disordered (i.e.,
hydrous/amorphous) CaCO3. In their classic paper,
Hemming et al. (1995) also postulated that B could occupy
both the structural sites and crystallographic defects. The
abundance of defects and lattice deformation in CaCO3

are known to increase with R, especially in complex ionic
solutions (Paquette and Reeder, 1995; Xu et al., 2016;
Yoshimura et al., 2017). Hence, this incorporation pathway
involving B(OH)3 may be of particular relevance to our
experimental data.

4.5. The effect of S and PO4
3� on B/Ca in inorganic calcite

S and [PO4
3�] were varied over a relatively narrow range

(38.6–41.0 psu and 0–1 lmol/kg, respectively: Table 1), over
which B/Ca roughly increased by 35 lmol/mol with S and by
30 lmol/mol with [PO4

3�] (Fig. 4). To the best of our knowl-
edge, these results provide the first confirmation that the S

and [PO4
3�] effect revealed in planktic foraminiferal B/Ca

from culture and core-top studies (Allen et al., 2011, 2012;
Henehan et al., 2015) likewise influence B/Ca in inorganic
calcite. Unlike in the [Ca2+], pH and [DIC] experiments,
the increase in B/Ca with S and [PO4

3�] were not accompa-
nied by a robust increase inR (compare Figs. 2 and 4).While
R increased only subtly with S, R slightly decreased with
[PO4

3�], presumably due to the inhibitory effect of PO4
3� on

CaCO3 precipitation (Mucci, 1986; Burton and Walter,
1990; Dove and Hochella, 1993; Lin and Singer, 2006).
Therefore, the increase in B/Ca with S and [PO4

3�] cannot
be attributed to kinetic effects.
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Fig. 7. Comparative assessment of partition coefficients (k) as a function of R. (Panel a) kB4HCO3 = (B/Ca)/[B(OH)4
�/HCO3

�], which is same as
the distribution coefficient KD (Eq. (2)). (Panel b) kBTHCO3� = (B/Ca)/[BTotal/HCO3

�]. (Panel c) kB4DIC = (B/Ca)/[B(OH)4
�/DIC]. (Panel d) kBTDIC =

(B/Ca)/[BTotal/DIC]. (Panel e) kB4CO32� = (B/Ca)/[B(OH)4
�/CO3

2�]. (Panel f) kBTCO32� = (B/Ca)/[BTotal/CO3
2�]. For data legend, refer to Fig. 5.

Note that data scatter can be significantly reduced if [BTotal] is selected over [B(OH)4
�] in the partition coefficients, which becomes particularly

prominent at higher R. This observation is in agreement with Uchikawa et al. (2015). All of the results from replicate experiments are
individually presented here (as we did in Fig. 9 in Uchikawa et al., 2015). Also, this figure covers only a portion of the Uchikawa et al. (2015)
data to highlight the results from the present study. For the full range of Uchikawa et al. (2015) data, see Fig. S1 in the auxiliary material.
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Our approach to raise S inevitably caused [BTotal] to
increase from 405 to 431.4 lmol/kg (Table 1), which could
be the potential driver of the S effect, given the dependence
of B/Ca on [BTotal] (Hemming et al., 1995; Uchikawa et al.,
2015). Although we did not apply direct [BTotal] manipula-
tions here, we previously observed �115 lmol/mol of B/Ca
increase per a doubling in [BTotal] from the baseline concen-
tration of 432 lmol/kg in Uchikawa et al. (2015), or a B/Ca
sensitivity of �0.27 lmol/mol per 1 lmol/kg of [BTotal]
increase. Adopting this sensitivity, a 26.4 lmol/kg of



Table 2
Comparison of the coordination and size of B species and select
anions that can be precipitated as or with calcite. Data shown here
are compiled from Greenwood and Earnshaw (1997).

Coordination Bond Length
Å

CO3
2� Planar trigonal CAO 1.28

B(OH)3 Planar trigonal BAO 1.37
B(OH)4

� Tetrahedral BAO 1.48
SO4

2� Tetrahedral SAO 1.47
PO4

3� Tetrahedral PAO 1.53
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[BTotal] increase due to S manipulations would induce only
�7 lmol/mol of B/Ca increase, which is too small com-
pared to the total increase of �35 lmol/mol (Table 1).

Kitano et al. (1978) showed that adding NaCl to growth
solutions enhances B uptake in inorganic calcite. Balan
et al. (2016) hence argued that the observed S effect on for-
aminiferal B/Ca (Allen et al., 2011, 2012; Henehan et al.,
2015) may be driven by Na+. Specifically, they argued that
coupled substitution of CO3

2� with B(OH)4
� and Ca2+ with

Na+ could resolve the charge imbalance and facilitate
B incorporation (also see Yoshimura et al., 2017). However,
note that raising [Na+] (whether by adding NaCl or increas-
ing S) likely promotes formation of Na–B(OH)4

0 ion
complex. If the incorporation takes place via free Na+

and B(OH)4
� ions, rather than Na–B(OH)4

0, then the paired
substitution scenario described above becomes question-
able. Henehan et al. (2015) similarly argued that the posi-
tive correlation between core-top G. ruber and [PO4

3�]
could be aided by the charge compensation mechanism,
where two CO3

2� are substituted by a pair of PO4
3� and

B(OH)4
� upon incorporation. In fact, analogous paired sub-

stitution into inorganic calcite does occur for trivalent
cations (e.g., Schmidt et al., 2008; Hellebrandt et al.,
2016. However, feasibility of this scenario again should be
sensitive to the exact species/forms through which
phosphate is incorporated into CaCO3. For example, if it
takes place via HPO4

2� (Burton and Walter, 1990) and/or
Ca–HPO4

0 (Lin and Singer, 2006), then phosphate would
not necessarily provide charge compensation.

What was common in the S and [PO4
3�] experiments is

an increase in SO4
2� and PO4

3� in ASW. Besides their inhi-
bitory effect on CaCO3 nucleation and precipitation, both
are known to co-precipitate with calcite by substituting
CO3

2� (Busenberg and Plummer, 1985; Vavouraki et al.,
2008; Ishikawa and Ichikuni, 1981; Mucci, 1986; Dove
and Hochella, 1993; Kontrec et al., 2004). Recall that, in
the absence of kinetic effects, an increase in [DIC] sup-
pressed B incorporation in the paired [DIC]–[Ca2+] experi-
ments (Section 4.3 and Fig. 3c and d, diamonds), most
likely due to competition between DIC and B species. If
SO4

2� and PO4
3� likewise compete with B, without notable

kinetic effects (Fig. 4a and c), B/Ca should decrease with
S (and hence [SO4

2�]) and [PO4
3�]. But this was not the case

(Fig. 4b and d). This observation implies that these anions
do not necessarily compete with B during incorporation,
presumably due to their specific site preference in the calcite
lattice (e.g., Staudt et al., 1994; Hemming et al., 1998). Also
note that, there are apparent size differences between SO4

2�

and PO4
3� and lattice-forming CO3

2� (Table 2). Accommo-
dating structurally larger SO4

2� and PO4
3� in the calcite

matrix creates significant lattice distortion. For instance,
Vavouraki et al. (2008) observed a �1 Å increase in the
height of growth steps on the surface of calcite precipitated
from SO4

2�-bearing growth solutions relative to those
grown in SO4

2�-free solutions. Busenberg and Plummer
(1985) also found greater Na+ uptake in inorganic calcite
in the presence of SO4

2� in growth solutions, which was
attributed to the defects and/or interstitial sites caused by
SO4

2� uptake into calcite. Analogously, the lattice distortion
caused by SO4

2� and PO4
3� may provide additional space for
B to occupy. In addition, calcite crystals grown in solutions
containing SO4

2� and PO4
3� tend to form rough and

irregular surfaces covered with jagged step edges, surface
vacancies and disordered CaCO3 (Dove and Hochella,
1993; Kralj et al., 2004; Vavouraki et al., 2008). These sur-
face irregularities could further facilitate B incorporation,
especially B(OH)3 that requires no charge compensation
(Balan et al., 2016: also see Section 4.4). As opposed to
the SO4

2�-free solutions used in Uchikawa et al. (2015),
ASW used here contained �28 mmol of SO4

2�. Hence, the
lattice distortion scenario could account for the higher
B/Ca in all of the experiments performed in this study rel-
ative to those performed in Uchikawa et al. (2015) (Fig. 5).
Although more experimental work is clearly needed, we
argue that, while [BTotal/DIC] and R represent the primary
controls, the presence of SO4

2� and other oxyanions (e.g.,
PO4

3�) may play ancillary roles in influencing B incorpora-
tion in inorganic calcite. Besides the bulk solution CO2 and
B chemistry as well as macroscopic R, our new results
therefore highlight the potential importance of the
molecular-scale crystallographic processes in the fluid-
calcite interface for realistic representations of B incorpora-
tion in complex ionic solutions like seawater.

4.6. Comparison of the experimental results to planktic

foraminiferal B/Ca

In sharp contrast to the apparent dependence of R and
B/Ca on [Ca2+] revealed in inorganic calcite
(Fig. 2a and b: also see Uchikawa et al., 2015;
Kaczmarek et al., 2016), Haynes et al. (2017) found no
response to [Ca2+] manipulations in either calcification
rates or B/Ca in cultured O. universa. In addition, even
the pH and [DIC] manipulations performed in the same
study resulted in only modest changes in O. universa calci-
fication rates. Allen et al. (2016) and Holland et al. (2017)
found no clear correlation between calcification rates and
B incorporation in cultured O. universa, G. sacculifer and
Globigerina bulloides across different chemical manipula-
tions. Moreover, Allen et al. (2016) and Haynes et al.
(2017) demonstrated that foraminiferal calcification rates
are a few orders of magnitude slower than the typical range
of R where kinetic effects impose a strong influence on B/Ca
in inorganic calcite (see Fig. 6 in Haynes et al., 2017). These
observations from culture studies collectively indicate that
foraminifers maintain more or less steady and very slow
calcification rates (relative to R revealed in inorganic exper-
iments) even when saturation state of the ambient seawater
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is elevated, and therefore, calcification rates impose negligi-
ble controls on foraminiferal B/Ca. However, as caveats,
we note that (1) calcification rates reported from culture
studies were averaged over several days of experimental
duration, so that instantaneous rates during the episodic
pulses of intense foraminiferal calcification can be higher
and/or more variable (Spero, 1988; Allen et al., 2016) and
that (2) calcification/growth rates could still be important
for B/Ca in foraminifers in situ (e.g., Salmon et al., 2016;
Quintana Krupinski et al., 2017).

Under relatively constant R, B/Ca in our inorganic cal-
cite samples decreased with [DIC] (Fig. 3c and d, diamonds)
and increased with S (Fig. 4a and b). These trends are qual-
itatively consistent with the results from culture experi-
ments with O. universa, G. ruber and G. sacculifer (Allen
et al., 2011, 2012; Howes et al., 2017; Holland et al.,
2017; Haynes et al., 2017). Although the relatively narrow
[DIC] range (�2100 to �2850 lmol/kg) and high S range
(38.6–41 psu) tested in this study may hinder direct extrap-
olation of our results to those from culture experiments,
our experimental results suggest that the dependence of for-
aminiferal B/Ca on [DIC] and S may be inorganically con-
trolled to some extent, which may explain why these effects
are evident across different species.

In inorganic calcite, [BTotal/DIC] seems to be the pri-
mary chemical control on B/Ca, implying that both
B(OH)4

� and B(OH)3 are involved during incorporation
(see Section 4.4). Moreover, crystallographic defects that
are known to increase at higher R and in the presence of
oxyanions such as SO4

2� and PO4
3� could be an important

consideration, particularly for B(OH)3. In contrast, B/Ca
of cultured planktic foraminifers shows dependence to
[B(OH)4

�/HCO3
�] and/or [B(OH)4

�/DIC] most strongly
(Allen et al., 2011, 2012; Henehan et al., 2015; Howes
et al., 2017; Holland et al., 2017; Haynes et al., 2017), which
suggests negligible B(OH)3 contribution (also see Allen
et al., 2011). Then why does B(OH)3 appear to matter in
inorganic calcite but not in foraminifers?

One plausible reason is that inorganic calcite is directly
affected by the solution chemistry such as saturation state
and the presence/concentration of ions/molecules that
may influence the nucleation processes, whereas this is per-
haps unlikely in foraminifers secreting CaCO3 from internal
fluid that is chemically distinct from the ambient seawater.
For example, fluid-calcite partitioning of Mg2+ and SO4

2�

are lower in foraminiferal calcite by several orders of mag-
nitude than in inorganic calcite (e.g., Allen et al., 2016;
Mucci, 1986; Paris et al., 2014; Busenberg and Plummer,
1985), hence foraminifers have ways of discriminating these
nucleation/precipitation inhibitors that are known to cause
significant lattice deformation once situated in calcite (Erez,
2003; de Nooijer et al., 2014). The organic matrix is also
thought to play critical roles in maintaining the mineralog-
ical, compositional and architectural integrity of their shells
during calcification (Branson et al., 2016; Erez, 2003). And
as discussed before, foraminiferal calcification rates tend to
be extremely slow relative to typical ranges of R revealed in
laboratory experiments (Allen et al., 2016; Holland et al.,
2017; Haynes et al., 2017). For these reasons, the occur-
rence of crystallographic defects in foraminiferal calcite
may be limited. Moreover, as thoroughly discussed in pre-
vious B/Ca and d11B calibration studies (see a review by
Foster and Rae, 2016), the internal pH of foraminifers is
often elevated from the ambient pH. Rink et al. (1998)
demonstrated that the internal pH of O. universa can be ele-
vated up to 8.8 relative to the ambient pH of about 8.3.
Over this pH range, the fractional abundance of B(OH)3
decreases from �66% at pH 8.3 to �33% at pH 8.9
(Fig. 1a). Such highly controlled calcification possibly
leaves B(OH)4

� as the dominant source of B into foraminif-
eral calcite.

Lastly, we found B/Ca in inorganic calcite increases with
[PO4

3�] (Fig. 4d). This is at least qualitatively consistent
with a positive correlation between [PO4

3�] and B/Ca of
core-top G. ruber reported by Henehan et al. (2015)
(Fig. S2). However, the proposed PO4

3� effect on foraminif-
eral B/Ca is controversial. Recent sediment trap (Salmon
et al., 2016) and core-top (Quintana Krupinski et al.,
2017) studies provide no robust evidence of the PO4

3� effect
in G. ruber, Neogloboquadrina pachyderma and G. bulloides.
Furthermore, core-top data by Yu et al. (2013) show that
B/Ca of N. pachyderma actually decreases with [PO4

3�]
(Fig. S2). From a purely inorganic perspective, it is evident
from our data that the positive PO4

3� effect on B/Ca in inor-
ganic calcite cannot be attributed to R-driven kinetic effects
(Fig. 4c and d). However, although not in accordance with
evidence from culture experiments (Allen et al., 2016;
Holland et al., 2017; Haynes et al., 2017), field studies sug-
gest potential importance of growth/calcification rates on
B/Ca in planktic foraminifers in situ (Salmon et al., 2016;
Quintana Krupinski et al., 2017). The PO4

3� effect on fora-
miniferal B/Ca thus could be driven by growth/calcification
rates indirectly via greater food consumption (e.g.,
Henehan et al., 2015) or enhanced symbiont photosynthesis
(e.g., Howes et al., 2017; Quintana Krupinski et al., 2017) in
nutrient-rich regions. In this regard, future core-top and
field assessment should target both symbiotic and asymbi-
otic species from the same locations. Notably, Allen et al.
(2011) and Haynes et al. (2017) cultured O. universa at
the same location in southern California. While the former
study used ambient seawater, the latter used a half-and-half
mixture of ambient and nutrient-free synthetic seawater for
culturing, such that there should be 50% difference in
[PO4

3�] in theory. With no apparent B/Ca offsets between
these studies, Haynes et al. (2017) tentatively concluded
PO4

3� is unlikely to impose a major control on B/Ca. This
argument is inherently based on an assumption of negligible
interannual [PO4

3�] variability in the ambient seawater. As
cautioned by the authors, these results therefore should
not be taken as definitive evidence yet to disprove the
PO4

3� effect. Since culture experiments are clearly advanta-
geous in accentuating the isolated effect of a given parame-
ter, experiments applying direct [PO4

3�] manipulations are
warranted.

5. CONCLUSIONS

We analyzed B/Ca in inorganic calcite precipitated from
Mg-free ASW. When [Ca2+], pH and [DIC] were solely ele-
vated, both R and B/Ca increased with these parameters.



J. Uchikawa et al. /Geochimica et Cosmochimica Acta 218 (2017) 291–307 305
But when R was held constant at different pH and [DIC] by
concurrent [Ca2+] adjustments, B/Ca was invariant at dif-
ferent pH and B/Ca decreased with [DIC]. Based on these
data in conjunction with the results from previous studies
(Uchikawa et al., 2015; Gabitov et al., 2014; Mavromatis
et al., 2015; Kaczmarek et al., 2016), it is evident that R-
driven kinetic effects are universal in inorganic calcite, irre-
spective of the precipitation approach and the solution
matrix. Moreover, in accordance with Uchikawa et al.
(2015), our new data presented here demonstrate that B/
Ca in inorganic calcite is primarily controlled by R and
[BTotal/DIC], with the latter parameter being particularly
important at higher R. In addition, we report for the first
time that B/Ca increases with S and [PO4

3�]. As R barely
increased with S and actually decreased with [PO4

3�], the
B/Ca response to these parameters cannot be attributed
to kinetic effects. A recent theoretical work of Balan et al.
(2016) suggests multiple B incorporation pathways for cal-
cite. While both B(OH)4

� and B(OH)3 could be substituted
into CO3

2� sites in the lattice after coordination change and/
or deprotonation, B(OH)3 could be directly integrated into
non-lattice sites (crystallographic defects). The data demon-
strated here are collectively consistent with this notion,
given that crystallographic defects and disordered
(hydrous/amorphous) CaCO3 on the calcite surface are
more likely at higher R and in the presence of certain
oxyanions such as SO4

2� and PO4
3�. Our data further signify

the potential importance of crystallographic processes asso-
ciated with CaCO3 nucleation for B incorporation, espe-
cially in complex ionic solutions like seawater. Finally, in
the absence of kinetic effects, we observe qualitatively sim-
ilar B/Ca responses to changes in [DIC], S and [PO4

3�] in
inorganic calcite, as observed in planktic foraminifers
(though at different sensitivities). We suggest that the effect
of at least [DIC] and S on foraminiferal B/Ca could be
partly inorganically driven, which explains why different
planktic species demonstrate analogous response to these
parameters (e.g., Allen et al., 2012).
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