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Abstract

The boron to calcium ratio (B/Ca) in biogenic CaCOj is being increasingly utilized as a proxy for past ocean carbonate
chemistry. However, B/Ca of cultured and core-top foraminifers show dependence on multiple physicochemical seawater
properties and only a few of those have been inorganically tested for their impacts. Accordingly, our understanding of the
controls on foraminiferal B/Ca and thus how to interpret B/Ca in fossil shells is incomplete. To gain a clearer understanding
of the B incorporation mechanism, we performed inorganic calcite precipitation experiments using a pH-stat system. As pre-
viously reported, we confirm that B/Ca in calcite increases with both fluid pH and total B concentration (denoted as [Br],
where [Bt] = [B(OH);]+ [B(OH)3]). We provide the first evidence that B/Ca also increases with the concentration of total
dissolved inorganic carbon (DIC) and calcium ion. With the exception of the [Bt] experiments, these chemical manipulations
were accompanied by an increase in calcite saturation, and accordingly precipitation rate (denoted as R). But when pH and
[Ca®"] were jointly varied at a fixed saturation level to maintain relatively constant R at different pH and [Ca®>"] combinations,
B/Ca was insensitive to both pH and [Ca®"] changes. These experimental results unequivocally suggest kinetic effects related
to R on B/Ca. Furthermore, with a suite of chemical manipulations we found that the B/Ca variability is explicable by just R
and the [Bt]/[DIC] ratio in the parent fluids. This observation was particularly robust for relatively rapidly precipitated
samples, whereas for relatively slowly precipitated samples, it was somewhat ambiguous whether the [Br]/[DIC] or
[B(OH)3 J/[HCO3 ] ratio provides a better fit to the experimental data. Nonetheless, our experimental results can be considered
as indirect evidence for incorporation of both B(OH); and B(OH)j; into calcite. We propose a simple mathematical expression
to describe the mode of B incorporation into synthetic calcite that depends only on the fluid [B1])/[DIC] ratio and the precip-
itation rate R. This novel finding has important implications for future calibrations and applications of the B/Ca proxy as well
as the 3''B paleo-pH proxy.
© 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION to as climate sensitivity, which depends on the background

climate state and an intricate balance of numerous feedback

The change in the Earth’s surface temperature per mechanisms operating on various timescales (Rohling et al.,
doubling of the atmospheric CO, concentration is referred 2012; Zeebe, 2013). Climate sensitivity derived from contin-

uous paleotemperature and paleo-CO, reconstruction is of
crucial importance to reliably predict future climate change
from anthropogenic CO, emissions. Ancient atmosphere
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only up to the last ~800 Kyr (Liithi et al., 2008). One way
to unravel CO, variations further back in time is to con-
strain ocean carbonate chemistry using pH estimates
derived from stable boron isotopes (5''B) of planktonic
foraminiferal shells archived in marine sediments (Spivack
et al., 1993; Sanyal et al., 1995, 1996; Pearson and
Palmer, 2000; Honisch and Hemming, 2005; Foster, 2008;
Honisch et al., 2009; Bartoli et al., 2011; Sanyal et al.,
1997). Another potentially useful proxy to constrain ocean
carbonate chemistry is the boron to calcium ratio (B/Ca) in
foraminiferal shells. Relative to 8''B measurements, B/Ca
measurements are typically less demanding in terms of sam-
ple size requirement and analytical time (Honisch et al.,
2007; Rae et al., 2011; Yu et al.,, 2013; Penman et al.,
2014). In addition, B/Ca analysis using inductively coupled
plasma-mass spectrometer (ICP-MS) allows simultaneous
measurement of an array of other element to calcium ratios
on the same sample, including temperature-sensitive Mg/Ca
ratios. This proxy may therefore have the potential to gen-
erate temporally and spatially high resolution paleo-CO,
reconstructions to better characterize climate sensitivity.

Based on core-top calibrations of the B distribution
coefficient “Kp” (see below) against seawater temperature,
several studies reproduced glacial-interglacial CO, fluctua-
tions comparable to ice core records based on B/Ca of
planktonic foraminifers (Yu et al., 2007, 2013). Moreover,
a recent study of a Pacific deep sea core by Penman et al.
(2014) indicated an abrupt decrease in both B/Ca and
3"'B of planktonic foraminifers in concert with the charac-
teristic 3-49%, negative carbon isotope (3'*C) excursion of
the Paleocene-Eocene Thermal Maximum (~56 Myr:
Kennett and Stott, 1991; Zachos et al., 2001). The records
were interpreted as evidence for an ocean acidification epi-
sode in response to massive carbon input into the ocean—
atmosphere system, which is consistent with sedimentolog-
ical and modeling constraints (Zachos et al., 2005; Zeebe
et al., 2009; Uchikawa and Zeebe, 2010). For benthic fora-
minifers, core-top data provide robust calibration against
A[CO3"], where A[CO3 ]=[CO3 Iy sim — [CO3 ™ Isanuration
(Yu and Elderfield, 2007; Brown et al., 2011; Rae et al.,
2011; Raitzsch et al., 2011; Yu et al., 2013). Since the pio-
neering down-core application by Yu and Elderfield
(2007), this calibration has been utilized to assess the effi-
ciency of physical and biogeochemical carbon transport
between the atmosphere and deep ocean reservoir over gla-
cial-interglacial timescales (Rickaby et al., 2010; Yu et al.,
2010; Doss and Marchitto, 2013; Yu et al., 2013; Yu
et al., 2014). Though these studies showcased remarkable
potential, precise controls on the B/Ca proxy are still under
debate. Allen and Honisch (2012) argued that the apparent
relationship between Kp and temperature may be due to the
natural co-variation of temperature with carbonate chemis-
try and other environmental parameters. In addition, B/Ca
of planktonic foraminifers from core-top and culture stud-
ies show varying degrees of apparent species-specific depen-
dence on multiple physicochemical parameters and possibly
kinetic effects related to growth rates (Sanyal et al., 1996;
Wara et al., 2003; Ni et al., 2007; Foster, 2008; Allen
et al., 2011, 2012; Yu et al., 2013).

The difficulties in filling such gaps in understanding arise
from several reasons. Firstly, many of the physicochemical
parameters co-vary in seawater, making it challenging to
isolate the individual influence of a given parameter. For
instance, a shift in seawater pH usually causes simultaneous
changes in the speciation of dissolved B and dissolved inor-
ganic carbon (DIC) species, CaCOj; saturation state, and
precipitation rate (R). Secondly, the chemistry of the fluid
reservoir for calcification often deviates from ambient sea-
water due to biological processes carried out by the fora-
minifers and/or algal symbionts (Rink et al., 1998; Bentov
et al., 2009; de Nooijer et al., 2009), which are collectively
called vital effects. Honisch et al. (2003) observed a clear
dependence of 8''B of symbiont-bearing Orbulina universa
on light availability, which modulates the net photosynthe-
sis/respiration balance. This in turn alters carbonate and B
chemistry of the microenvironment surrounding the calcify-
ing shell (Rink et al., 1998; Wolf-Gladrow et al., 1999;
Zeebe et al., 2003).

These impediments can be minimized in carefully con-
trolled inorganic experiments. There are a few cases where
measurements of B contents are reported for CaCOj3; syn-
thesized from B-bearing fluids (Kitano et al., 1978;
Hemming et al., 1995; Hobbs and Reardon, 1999; Sanyal
et al., 2000; He et al., 2013; Gabitov et al., 2014b), and
the relevant results indicate that B contents in CaCOs
increase with pH and total B concentration (denoted as
[Bt], where [Bt] = [B(OH);3]+ [B(OH)4]) of the parent flu-
ids. Nevertheless, these two variables alone are insufficient
to disentangle the intertwined dissolved B chemistry and
carbonate chemistry parameters and to explicitly identify
what ultimately governs B/Ca in CaCOs. The objective of
the present study is to perform laboratory experiments to
advance our understanding of the B incorporation mecha-
nism and the fundamental basis of the B/Ca proxy. To this
end, we performed a suite of inorganic calcite precipitation
experiments based on a seeded overgrowth technique using
a pH-stat system. Unlike previous studies, we systemati-
cally varied pH, [By], [DIC] (where [DIC]=[COxq)]+
[HCO3]+ [CO37)), and [Ca®'] in our experiments.

2. THEORETICAL BACKGROUND

Dissolved B in solutions exists as trigonally-coordinated
B(OH); and tetrahedrally-coordinated B(OH); . Their rela-
tive abundance is pH-sensitive such that B(OH); dominates
at lower pH while B(OH); dominates at higher pH
(Fig. 1A):

B(OH), + H,0 < B(OH); + H* (1)

Due to the differences in molecular geometries and
vibrational frequencies, B(OH)s is more enriched in ''B iso-
topes relative to B(OH); (Kakihana et al., 1977; Liu and
Tossell, 2005; Zeebe, 2005; Klochko et al., 2006). This
results in a constant 8!'B offset of 27.2%, between B(OH);
and B(OH); at equilibrium (Klochko et al., 2006). Given
that the 3''B value of By in modern seawater is constant
at 39.69%, (Foster et al., 2012), the isotopic compositions
of B(OH); and B(OH); are also a function of pH
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Fig. 1. Concentration (Panel A) and 8''B (Panel B) of B(OH); and B(OH); as a function of pH at temperature = 25 °C and salinity = 35
(practical salinity units). The chemical and isotopic system are calculated for the typical seawater concentration and the modern 8''B value of
Bt (416 pmol/kg and 39.61%,) using pKp = 8.60 and equilibrium B(OH);-B(OH); isotope fractionation factor of 1.0272 (Dickson et al., 2007;
Klochko et al., 2006; Foster et al., 2010). (Panel C) Empirical 3''"B—pH relationships of synthetic and biogenic CaCOj5 juxtaposed against
predicted 8!'B values of B(OH); as a function of pH. Original pH data are adjusted to the seawater scale here if necessary. Data source:
Inorganic calcite (Sanyal et al., 2000), Orbulina universa (Sanyal et al., 1996), Globigerinoides sacculifer (Sanyal et al., 2001), Globigerinoides
ruber (Henehan et al., 2013), Acropora nobilis and Porites cylindrica (Honisch et al., 2004).

(Fig. 1B). Vengosh et al. (1991) and Hemming and Hanson
(1992) showed that 3''B values of modern marine carbon-
ates fall within a relatively narrow range that is similar to
the 5''B values of B(OH); in seawater. They hence postu-
lated that B(OH); is primarily incorporated into carbon-
ates. Close agreement between 3''B values of biogenic
and synthetic CaCOj3 and those of B(OH)4 has been veri-
fied in subsequent culture and inorganic experiments
(Sanyal et al., 1996, 2000, 2001; Honisch et al., 2004;
Henehan et al., 2013), which is summarized in Fig. 1C. Fur-
thermore, it has been experimentally demonstrated that B
contents in synthetic CaCO; increase with solution pH
and [Br] (Hemming et al., 1995; Sanyal et al., 2000; He
et al., 2013). Raising [Bt] at a constant pH (Hemming
et al., 1995) causes both [B(OH);] and [B(OH); ] to increase,
whereas raising pH at a constant [Br] (Sanyal et al., 2000;
He et al., 2013) causes only [B(OH)s] to increase but
[B(OH);] to decrease. These results have been considered
as the key supporting evidence for selective B incorporation
via B(OH);.

Hemming and Hanson (1992) hypothesized that B incor-
poration in CaCO; can be summarized as:

CaCO; + B(OH), — Ca(HBO;) + HCO; + H,0 2)

For the substitution reaction, the fluid-CaCO5 B distri-
bution coefficient “Kp” may be expressed as (Hemming
and Hanson, 1992; Yu et al., 2007):

([HB?%’])
€07 ] caco, . (B/Ca)c,co, 3)

U, (),

Wara et al. (2003) and Yu et al. (2007) noted a covari-
ance in planktonic foraminiferal B/Ca and Mg/Ca ratios
in their core-top dataset, which fueled the attempts to cali-
brate K against seawater temperatures. If the correlation
between Kp and temperature were robust, it follows that
seawater [B(OH); )J/[HCO53] ratios could be derived from
paired B/Ca and Mg/Ca measurements by ICP-MS. The
[B(OH); JTHCO3] ratios could then be used to constrain
the ocean CO, system with an additional carbonate chem-
istry parameter such as alkalinity or pH (e.g., Yu et al.,
2007, 2013; Foster, 2008). However, temperature variations
imposed hardly any influence on Kj, for cultured planktonic
foraminifers (Allen et al., 2012). Moreover, O. universa cul-
tured under a constant temperature resulted in variable K,
values in pH, [Bt] and salinity manipulations (Sanyal et al.,
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1996; Allen et al., 2011). This suggests that factors besides
temperature may also influence B incorporation and K.
Allen and Honisch (2012) also argued that the correlation
between Kp and temperature based on core-top calibrations
potentially reflects a mathematical artifact driven by the
denominator (Eq. (3)), and cautioned the down-core
applications.

The mode of B incorporation described in Eq. (2)
(Hemming and Hanson, 1992) implies initial adsorption
of B(OH); onto the CaCOj; surfaces and subsequent substi-
tution of the CO3~ anion groups in CaCO; with HBO3™,
which requires a tetrahedral to trigonal coordination
change. But this view is controversial. Using "B MAS
NMR spectroscopy, Sen et al. (1994) reported that B in cal-
cite and aragonite exists in trigonal and tetrahedral form,
respectively. This suggests that aragonite should be more
compatible with B as no coordination change is required,
which seems to agree with generally higher B contents in
aragonite than in calcite (Hemming and Hanson, 1992;
Sinclair et al., 1998; Allison et al., 2010). However,
Klochko et al. (2009) later published contrasting evidence
of nearly equal abundance of trigonal and tetrahedral B
in calcite and aragonite. Tossell (2006) and Klochko et al.
(2009) argued that the detection of purely trigonal B in cal-
cite by Sen et al. (1994) can be due to a miscounting of ''B
MAS NMR spectra of the B(OH),CO3 as B(OH);. Ruiz-
Agudo et al. (2012) performed nano-scale observations
using atomic force microscopy and argued that B may
reside in non-lattice (defect) sites in calcite under certain cir-
cumstances. They also commented that the balance between
the rate of CaCOs; precipitation and of B coordination
change may be an important factor. They argued there
would be sufficient time for coordination change at slower
growth rates, which should enhance the stability and over-
all B contents in CaCOj3. However, recent experimental evi-
dence suggests the opposite. Gabitov et al. (2014b)
synthesized calcite using a free drift technique where crystal
growth rate varied over time. The resultant crystals had
internal B heterogeneity in such a way that B abundances
increase with linear growth rates in different crystal
sections.

<«— TitrantFlow +«—

In summary, extensive research in recent years has gen-
erated intriguing yet in some cases conflicting discoveries.
The available evidence points to the need of additional
dimensions in the present theoretical framework of the
B/Ca proxy proposed by Hemming and Hanson (1992),
for which a better understanding of the crucial abiotic fac-
tors for B incorporation is required.

3. METHODS

3.1. Experimental set-up and seeded CaCO; overgrowth
technique

Fig. 2 shows the pH-stat system used in this study. The
air-tight acrylic reaction chamber has ports for titrant input
and calcite seed addition. The chamber immersed in a 25 °C
water bath was connected to a titrator system via a pH elec-
trode (Thermo Scientific #8165BNWP), which was cali-
brated by NIST pH buffers before each experiment. The
titrator system received voltage readings from the electrode
every second and logged pH (NBS scale) by averaging the
signals over a 10 s-interval. The system was set to dose
titrants through a gas-impermeable tube upon a 0.01 unit
of pH deviation from assigned values. Titrants (0.3 M
NaOH and *C-spiked Na,COj; solutions; see below) were
prepared and sealed into 15 mL HDPE serum vials under
N, atmosphere in a glove-bag.

The seeded calcite overgrowth technique was modified
from Sanyal et al. (2000) and Zeebe and Sanyal (2002). A
key feature of this technique is that the parent fluids were
saturated with respect to calcite, yet the extent of saturation
was insufficient to trigger spontaneous nucleation unless the
seeds were introduced. The seeds provided the reactive sur-
faces for new CaCOj; to nucleate and grow. In essence, the
role of the seeds here is analogous to that of foraminiferal
organic matrices in providing initial nucleation templates
for calcification (also see Zeebe and Sanyal, 2002). The
overgrowth technique has key practical merits. The miner-
alogy of the seeds typically determines that of the over-
growth. For example, calcite seeds induce calcite
overgrowth (and so does aragonite) regardless of the fluid

Temperature pH Electrode

Controller l i

N, Gas

Air-tight
Titrant
Reservoir

l Computer

Magnetic
Stirrer

Auto
Titrator
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Fig. 2. Illustration of the experimental set-up.
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chemistry such as the presence/concentration of Mg*" (e.g.,
Romanek et al., 1992; Zeebe and Sanyal, 2002). This is cru-
cial as B seems to have distinct compatibility with synthetic
calcite and aragonite (Kitano et al., 1978; Hemming et al.,
1995). We used 10-micron calcite seeds (Sigma—Aldrich
#310034), which (1) contained no other CaCO; poly-
morphs, (2) were essentially free of B (B/Ca=1.01 &
1.65 umol/mol, 1o S.D., n=75), and (3) were isotopically
homogeneous (8'3C = —18.59 +0.07%,, 880 =—-21.10 +
0.04%,, 16 S.D., n=75).

The general expression of CaCO; precipitation may be
written as:

Ca* + 2HCO; « CaCO; + CO, + H,0 (4)

Precipitation of CaCO; thus lowers fluid pH and con-
currently lowers alkalinity and [DIC] in 2:1 ratio. These
changes were balanced by the Na,COj titrant to maintain
the carbonate chemistry at near-constant state. It should
be noted that the stock Na,CO; solutions for the titrant
and parent fluids were '*C-spiked to 8"*Cyppp = +400%,
or +606.89,. New layers of calcite overgrowth thus
acquired B as well as highly '*C-enriched signature from
the parent fluids. We used the 3'>C constraint to calculate
B/Ca in the overgrowth fraction (see below). In theory,
the overgrowth fraction can be quantified by simply weigh-
ing the final sample yield and initial seed mass (e.g., Sanyal
et al., 2000). However, we encountered sporadic accidental
spill and loss of material during filtration in our preliminary
experiments. The '*C-spike provided an independent and
more consistent constraint for the overgrowth fraction even
upon mishandling during filtration.

3.2. Experimental procedures

Solutions (1 L) of NaCl-CaCl,-B(OH);-Na,CO; were
used as the parent fluids. We used Milli-Q ultra-pure deion-
ized H,O that was continuously bubbled with N, gas in
advance (i.e., CO,-free H,O) for the parent fluids. We also
avoided the use of borosilicate glassware to minimize the
risk of B contamination (Green et al., 1976).

The parent fluids were prepared as follows. First, NaCl
and B(OH); were dissolved in ~850 mL of HO ina 1L
plastic volumetric flask, to which 1 M CaCl, and a small
amount of 1 M HCI stock solutions were added. After
purging the headspace with N, and mixing, the solution
was kept in the water bath overnight. In a separate
100 mL plastic volumetric flask, Na,COj3 solution was pre-
pared to a desired [DIC] by diluting the *C-spiked 0.3 M
Na,CO; stock solutions in a N-filled glove-bag. A small
amount of HCI was also added for pH adjustment. Second,
the latter solution was mixed into the former solution and
the final volume was brought up to 1 L by H,O. The mix-
ture was sealed into the reaction chamber and kept in the
water bath for 1 h. Then the parent fluid was titrated with
0.3 M NaOH to a desired pH and allowed to equilibrate
for ~2 h (Fig. 3A and B).

Once the solution pH was fully stabilized (i.e., chemically
equilibrated), the titrant was switched from NaOH to the
13C-spiked 0.3 M Na,COj5 solution. After monitoring the
pH for additional 10 min, 80 mg of the seeds were

introduced to initiate calcite overgrowth (Fig. 3A and B).
The progress of the overgrowth was monitored by the vol-
ume of titrant addition. Experiments were normally termi-
nated after nearly doubling of calcite in mass due to the
overgrowth. The samples were collected onto 0.2 pm mem-
brane filters and rinsed rigorously with H,O. They were sub-
sequently dried at 65 °C, weighed for the total mass, and
stored until 8'*C and B/Ca measurements. After each exper-
iment, the chamber was cleaned with non-abrasive sponge,
soaked in 10% HCI and thoroughly rinsed with H»O.

We systematically modified pH, [By], [DIC]and [Ca®"] of
the parent fluids (Table 1). The rational for each set of exper-
iments is as follows. The pH and [Bt] variation experiments
were conducted to further validate previously reported B/Ca
dependence on these parameters in inorganic and foraminif-
eral calcite (Hemming et al., 1995; Sanyal et al., 1996; Hobbs
and Reardon, 1999; Sanyal et al., 2000; Allen et al., 2011,
2012; He et al., 2013). The pH variation experiments were
repeated at three different [Bt] for comparison with Sanyal
et al. (2000) and He et al. (2013), who performed analogous
pH variation experiments at relatively high [Byt]. The [DIC]
variation experiments were designed to test if the negative
correlation between [DIC] and B/Ca of cultured planktonic
foraminifer Globigerinoides sacculifer (Allen et al., 2012)
can be similarly observed in inorganic calcite. The [Ca® " ]var-
iation experiments were intended to assess the effect of pre-
cipitation rate on B incorporation in calcite, as changing
[Ca®"] exerts significant control on calcite saturation and
precipitation rate but negligible changes in the DIC and B
speciation. Finally, we performed an additional set of exper-
iments where pH and [Ca>t]were jointly varied at a fixed cal-
cite saturation in order to maintain a relatively constant
precipitation rate R at two different pH and [Ca®*]combina-
tions. Individual experiments were typically repeated in trip-
licate. Chemical manipulations for the experimental series
and their effects on fluid chemistry with respect to the control
are summarized in Table 1.

We used the aqueous geochemical model PHREEQC
(Parkhurst and Appelo, 1999) in conjunction with
WATEQ4 thermodynamic database (Ball and Nordstrom,
1991) to constrain fluid chemistry and calcite saturation
index (SIcgzeire), Which is defined as:

Slcareire = log,,Q/Ksp (5)

where O is Ca®" and CO3~ ion activity product and Kgp is
the thermodynamic calcite solubility product (=105 at
25°C: Plummer and Busenberg, 1982). A more practical
measure of calcite saturation for oceanographic practices
would be the saturation state Qcgjeite, Which is defined as
the quotient of in-situ total Ca*" and CO3~ concentration
divided by the stoichiometric solubility product Kgp.
Because Kgsp depends on solution chemistry, if we are to
report Qcaicite properly, Ksp values that are specific to indi-
vidual experimental conditions need to be determined inde-
pendently. This is the reason why Slc, values are
reported here. The PHREEQC program derives activity
coeflicients by the Davies equation. The dissociation con-
stants for dissolved B and DIC species in WATEQ4 are
from Mesmer et al. (1972) and Plummer and Busenberg
(1982), respectively. See Table S1 (Supplementary materi-



176 J. Uchikawa et al./ Geochimica et Cosmochimica Acta 150 (2015) 171-191

8.55
‘T, | Equilibration Phase
m
I
o
« pH Adjustment
Phase (A)
8.45—. : : :
-200 -100 0 100
Time ( min)
3500
: 3000 -
= 2500 T Equilibration Phase
i
8 2000
°
< 1500
)
c
G 1000
e .
500 « pH Adjustment |
Phase (B)
o L L L L
=200 -100 0 100

Time ( min)

pH (NBS)

Titrant Added (uL )

8.51

8.505

8.5

8.495

(C)
8.49

20 30 40 50
Time ( min)

1000

800

600

400

200 ‘ ‘
20 30 40 50

Time ( min)

Fig. 3. Typical titration sequence of the parent fluid preparation (black) and overgrowth experiment (blue). Experiment 6C is used as an
example here. (Panels A and B) During the preparation, parent fluid was titrated with NaOH to a desired pH value and subsequently
equilibrated for ~2 h. Time zero marks the seed addition and the start of the calcite overgrowth phase, during which the system was titrated
with 13C-spiked Na,COs. (Panels C and D) Close-up view of the red rectangle shown in Panels A and B. Calcite precipitation lowers pH, total
alkalinity and [DIC] of the parent fluid (Eq. (4)). These were compensated for by Na,COjs titrant. A minor “jump” in the titrant dosing log at
~100 min (Panel B) indicates a lag-time, during which the internal 2 mL titrant reservoir had to be refilled from the external reservoir (see
Fig. 2). This jump does not indicate a sudden change in the pacing of titrant addition. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

als) for detailed information on fluid chemistry for all
experiments.

3.3. Mass balance calculations

We employed the following double mass-balance equa-
tions to calculate B/Ca in the calcite overgrowth:

613CSample = (,fOG) X (513C0G) + (1 _fOG) X (813CSeeds) (6)
(B/Ca)Samp]e = (.fOG) X ((B/Ca’)OG) + (1 7fOG) X ((B/Ca)Seeds) (7)

where fog refers to the overgrowth mass fraction with
respect to the final (total) sample mass. The 3'*Cog value
in Eq. (6) can be derived from the '*C-spike of the stock
Na,COj; solutions and carbon isotope fractionation factor
between calcite and DIC (gcacite-prc). HCO3 was by far
the most dominant DIC species in the parent fluids. We
thus applied the fractionation factor of ECaleite HCO; = 1.
0 4+ 0.2%, by Romanek et al. (1992), which is largely inde-
pendent of temperature and precipitation rate R. The
313Cog value can be calculated as +401.4%, and 608.4%,
for the '*C-spike of +400%, and +606.8%,. Eq. (6) can then
be solved for foG, which feeds into Eq. (7) to solve for B/Ca
in the overgrowth fraction denoted as (B/Ca)og.

Due to pH-dependent DIC speciation, the 5'*C value of
HCO3 (8" Cpco,) within the DIC pool of a given isotopic
composition can vary by a few 9%, (see Fig. 3.2.14 in
Zeebe and Wolf-Gladrow, 2001). For the pH range between
8 and 9, which encompasses all of our experiments, the
8"Chco, value may vary by ~1%, at most. Thus, we
assigned an uncertainty of £19%, in the 3'°Cog estimates
for the error propagation. But this factor is fairly insignifi-
cant. The mass-balance equations show that, even if €caicite-
pic value varies by as much as 43%,, the (B/Ca)og error
can be contained within 1% for the '*C-spike applied here
(see Fig. S1 in Supplementary materials).

3.4. Analytical methods

Aliquots of the samples for the 8'C and B/Ca measure-
ments were homogenized using a mortar and pestle. The
mortar and pestle were cleaned with methanol before/after
each sample to avoid cross-contamination. Approximately
60 ng and 300 pg of the homogenized samples were ana-
lyzed for 8'3C and B/Ca, respectively.

The 8'3C analyses were performed at the UC Santa Cruz
(UCSC) Stable Isotope Laboratory on a ThermoFinnegan



Table 1

A summary of chemical manipulations and consequent changes in the distributions of the dissolved B and DIC species as well as calcite saturation index relative to the control.

Control

Experimental series

pH Exp.

pH Exp. @ 5 x [Brlcu

pH Exp. @ 10 x [Brlcu

B Exp.
DIC Exp.
Ca Exp.

pH & Ca Exp.

pH [DIC] [Bt] [Ca®!] Calcite

(NBS scale) (nmol/kg) (nmol/kg) (umol/kg) Sat. Index

8.25 2393 432 3851 0.54

Varied parameter(s) Constant parameters B speciation DIC speciation Calcite Sat. Index

pH [By] [DIC] [Ca**] Varies Varies Varies
pH = 8.0, 8.37, 8.5 & 8.65.

pH & [By] [By] [DIC] [Ca"] Varies Varies Varies
pH =8.25, 8.5 & 8.75
@ [Bt]= 2184 umol/kg

pH & [Br] [Br] [DIC] [Ca*'] Varies Varies Varies
pH = 8.0, 8.25, 8.5 & 8.75
@ [Bt] = 4317 pmol/kg

[Bt] pH [DIC] [Ca*"] Varies ~Control ~Control
[Bt]= 864, 2184 & 4317 umol/kg

[DIC] pH [Br] [Ca®"] ~Control Varies Varies
[DIC] = 1795, 3589 & 4787 umol/kg

[Ca®™] pH [Br] [DIC] ~Control ~Control Varies
[Ca®"] = 4817, 5778 & 7706 pmol/kg

pH & [Ca®"] [Bt] [DIC] Varies Varies ~Control

@ pH = 8.37 & [Ca®"] = 2978 umol/kg
@ pH = 8.0 & [Ca®*] = 6796 ymol/kg
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MAT 253 dual-inlet isotope ratio mass spectrometer cou-
pled to a Kiel IV carbonate device. Reproducibility of the
313C analysis was +3.2%, on average (1 S.D. of the dupli-
cate runs for all samples), which is much higher than the
usual reproducibility reported for carbonate standards
(16 S.D. = ~+0.1%,). This lower precision is likely due to
the fact that our synthetic calcite samples were extremely
enriched in '>C relative to the standards, reference gas,
and natural samples (5'°C = —10 to +109%,) routinely mea-
sured on this instrument. Using standard dual-inlet tech-
niques, isotopic ratio measurement alternates between
sample gas and reference gas, which has a natural (non-
enriched) 313C value. Small amounts (<1% of sample size)
of sample-reference gas mixing may occur over these cycles.
This mixing within the dual inlet sample introduction sys-
tem is tolerable if samples and reference gas have similar
313C values, however, when they differ by ~2009%, as in this
study, even a small amount of mixing (especially if it is var-
iable) may have a significant negative effect on precision.
Precision could likely be improved by measuring samples
relative to a reference gas that is more similar to samples
(~2009%,). However, the reduced precision we encountered
does not compromise the reliability in the final estimates
for (B/Ca)og, which is dominated by the uncertainty in
the B/Ca analysis. As described above, 513C error of
~3%, would impose only 1% of error in (B/Ca)og
(Fig. S1). Analysis of non-enriched standards immediately
after '*C-spiked samples showed no sample-to-sample
memory effect from sample handling, sample dissolution
and CO, separation in the Kiel device, or 813C measure-
ment in the mass spectrometer.

The B/Ca analyses were performed at the UCSC Marine
Analytical Laboratory on a Thermo Element XR ICP-MS
following the methods of Brown et al. (2011). Homogenized
samples were dissolved in 800 uL. of 0.075 N HNO; pre-
pared with Optima-grade acid and B-clean Milli-Q H,O
(produced using Q-gard B purification pack). Blanks were
measured every 5 samples (and more frequently for samples
with high B contents, see below) on the same HNO; used to
dissolve the samples. B blank reduction and consistency
was achieved by long take-up and washout times (30 s
and 40 s, respectively) as well as injecting NH; gas into
the spray chamber at 5 mL/min, a technique developed to
reduce B blanks by raising spray chamber droplet pH to
convert B(OH); into non-volatile B(OH); (Al-Ammar
et al., 1999; Foster, 2008). Calibration was performed by
measuring a suite of standards prepared with Certi-Prep
elemental standards mixed to a range of B/Ca ratios, and
diluted on the day of each analytical session to varying
[Ca®*]across the range of 40-200 ppm. No effect of varying
[Ca”®"] on calibration was detected, and all samples were
run at a [Ca?"] within the range of our standards. A liquid
consistency standard was run every 5 samples to monitor
and correct for in-run drift.

The methods of Brown et al. (2011) are optimized for
natural foraminiferal samples, which typically have B/Ca
of 30-200 umol/mol. Yet, some of our samples had much
higher B contents up to ~1500 umol/mol, which required
us to establish a new set of standards and a careful control

on the sample/blank sequence for ICP-MS runs. New stan-
dards were mixed to produce calibration curves (B/
Ca = 500, 1000 and 2000 umol/mol) that encompassed the
range of pre-determined sample B/Ca values from prelimin-
ary runs. The relationship between measured and known B/
Ca remained linear across the range measured. A significant
B memory effect was observed following the measurements
of samples with high B contents (>~500 umol/mol). This
was dealt with by two strategies. First, where reasonable
predictions could be made from experimental conditions
(e.g., samples synthesized at elevated [Br] and/or pH were
expected to have higher B/Ca), the sequence of an analyti-
cal run was ordered so that the samples predicted to have
relatively low B/Ca were measured before the ones with
higher B contents. Second, all samples predicted to have
B/Ca higher than ~500 pmol/mol were bracketed by 2 or
in some cases 3 blanks (essentially adding 4 min of washout
time per blank) to ensure that the blank immediately pre-
ceding each sample measurement was within background
levels.

Sample B/Ca values are based on a single measurement.
The long-term precision of the B/Ca analysis was deter-
mined by repetitive measurements of the consistency stan-
dard, found to be #+2.2% or =+1.6 umol/mol (l¢ S.D.,
n = 46) during the course of several analytical sessions over
more than a year. Repeat analyses of two samples demon-
strated similar variance to that of the consistency standard
(Sample 1A: average B/Ca = 629 umol/mol, 1o S.D.=
12.8 pmol/mol or 2.2%, n =6, and Sample 17C: average
B/Ca = 76.2 umol/mol, 1o S.D.= 1.9 umol/mol or 2.5%,
n=11), confirming that the precision of consistency stan-
dard measurements is representative of the external preci-
sion on samples. The larger of the percentage (2.2%) or
the absolute value (4:1.6 umol/mol) was assigned as the
B/Ca analytical uncertainty for all samples.

As a test for the presence of surface-adsorbed B or other
contaminants not removed by post-filtration rinsing, sev-
eral samples across a range of B/Ca were cleaned using
the trace-metal foraminiferal cleaning procedures of
Barker et al. (2003), which involves several sonication and
rinsing steps in methanol and B-free Milli-Q as well as an
oxidative and reductive step. Comparison of B/Ca results
between cleaned and un-cleaned aliquots show that they fall
about a 1:1 line (Fig. S2), suggesting that the post-filtration
rinsing of the samples is sufficient to remove all surface-
adsorbed B that is not fully incorporated into calcite. We
hence did not apply the cleaning step for all B/Ca measure-
ments. Some non-systematic scatter is observed in compar-
ison of cleaned and un-cleaned samples (Fig. S2). This is
probably due to the very high sample loss (50-90%) during
cleaning of inorganic calcites, which have a very fine grain
size and slow settling velocities.

The uncertainty for the calculated (B/Ca)og values rep-
resents 20 standard deviation (95% confidence interval), for
which the uncertainties associated with the 5'°C and B/Ca
analyses on the samples and initial calcite seeds (see above)
as well as the uncertainty of +1%, on the 8'*Cog estimates
due to the pH effect (see Section 3.3) were propagated. The
B/Ca values reported hereafter refer to the (B/Ca)og. As
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the margin of error for the average B/Ca value for a given
experiment, we report lg standard deviation based on the
results from replicate experiments (usually n = 3).

4. RESULTS

All experimental data are listed in Table S1 (Supplemen-
tary materials). Inspections by X-ray diffraction and scan-
ning electron microscopy reveal that samples collected
after the overgrowth phase retained the original calcite min-
eralogy and rhombohedral crystal structure of the starting
seeds (Fig. S3). The estimates for the overgrowth mass frac-
tion by 5'*C mass-balance and by weighing agreed within
+5% (Fig. S4). The mass of the overgrowth was typically
on the order of 65-95 mg, accounting for 45-55% of the
total mass of the samples (i.e., doubling of the initial seed
mass).

Changes in carbonate chemistry from CaCOs; precipita-
tion (Eq. (4)) were compensated for by titration with
Na,CO;. But this was not the case for Ca>" drawdown.
Calculations suggest that roughly 10-25% of Ca®* had to
be withdrawn from the parent fluids to yield ~80 mg of cal-
cite overgrowth (the loss was ~20% for the majority of the
experiments conducted at [Ca>"] equal to that of the con-
trol), however, we observed hardly any change in the pace
of titrant addition over the course of each experiment (see
Fig. 3 for example). This implies that a relatively constant
precipitation rate R was maintained despite Ca’" draw-
down during an experiment. It is likely that the negative
impact of continuous Ca®" depletion on R was mitigated
by concurrent increase in the surface area of calcite crystals
over the course of each experiment (see below).

We report R on a logarithmic scale in the unit of mol/
m?/s using the quantity of calcite overgrowth (based on
13C mass-balance) precipitated during the experimental
duration. Assuming cubic shape of individual crystals and
calcite density of 2.7 x 10° g/m>, the surface area of the
10-micron seeds per unit mass can be estimated as is
6/(10 x 1075 m)/(2.7 x 10° g/m?) = 0.22 m%*/g (Zeebe and
Sanyal, 2002). It follows that the total surface area pro-
vided by 80 mg of calcite seeds at the beginning of the
experiments is 0.018 m>. But this value changes with time
as the individual crystals grow in size due to the over-
growth. For example, the total surface area will increase
to 0.028 m”> upon doubling in the mass of calcite crystals
(i.e., fog =0.5). This leads to log;oR variations of 0.01—
0.02 for a given amount of overgrowth and experimental
duration. We used the average total surface area over the
course of the experiments, hence the R values reported here
indicate the time-averaged rates. The uncertainty for the
logio R values represents 20 standard deviation, which is
based on the 8'3C analytical uncertainty as well as 419,
of uncertainty in the 8'*Cog estimates (see Section 3.3).
The margin of error for the average log;o R value for a
given experiment is given as lo standard deviation based
on the results from replicate experiments.

Calculated log;y R varied from —6.59 to —5.15, generally
in accordance with SIc,.ie (Fig. S5). Consequently, we
observed positive correlations between R and pH, [DIC]
and [Ca?*] when everything else besides these parameters

was held constant (Fig. 4A, B, D and E). In contrast, the
relation between R and [Bt] was not so systematic
(Fig. 4C). A doubling in [Bt] from the control
([Bt]cur = 432 pmol/kg) resulted in subtle increase in log;q
R from —5.72 +£0.03 to —5.58 £ 0.04, yet further increase
in [Br]to 2184 and 4317 umol/kg caused log;o R to decrease
(—5.62 £ 0.02 and —5.81 +0.03). A similar response of R
to [By] variations was documented at pH 8.5 based on
the samples from three sets of the pH variation experiments
performed at [Br]lcut, SX[Btlcw and 10X [Br]cys. In the last
set of experiments where pH and [Ca®"] were jointly varied
at a fixed Sl relatively constant R was achieved at two
pH and [Ca®"] combinations (see Fig. 4E and F).

Fig. 5 displays the effect of chemical manipulations on
B/Ca. Six replicate experiments were made for the control.
The average B/Ca for the control was 28.4 & 7.5 pmol/mol.
Calcite precipitated from the parent fluids adjusted to pH
8.00 was essentially B-free (B/Ca = 0.8 & 0.3 umol/mol,
Fig. 5A). In contrast, B/Ca increased systematically when
the fluid pH was raised. As shown in Fig. 5B, an increasing
trend in B/Ca with pH was also evident at elevated [Bt]lev-
els (at 5X[Bt]cur and 10X[Br]cw), although the increase in
B/Ca for a given pH change was more strongly pronounced
at higher [Bt]. In the experiments where [Bt] was varied at a
constant pH of 8.25, B/Ca was positively correlated with
[Bt] (Fig. 5C). But notably, the increasing trend gradually
leveled out at higher [Br]. By and large, a similar asymp-
totic profile was found for the covariance between B/Ca
and [DIC] (Fig. 5D). Raising [DIC] by 50% from the con-
trol caused a substantial increase in B/Ca by 71.8 umol/
mol on average. However, in response to an additional
50% increase in [DIC], B/Ca only increased by 20.0 umol/
mol on average. In case of a 25% reduction in [DIC] from
the control, B/Ca were largely invariant from the control.
A robust positive correlation was found for B/Ca and
[Ca”"] (Fig. 5E). For the joint [Ca>"}-pH variation experi-
ments, relatively constant R was maintained at two different
[Ca’"] and pH combinations at a fixed saturation. In the
first set, [Ca®"] and pH was set at 6796 umol/kg and 8.00,
respectively (SIcyreie = 0.55, logigR = —5.9440.03). In
the second set, pH was raised to 8.37 while [Ca®"] was
reduced to 2978 umol/kg  (Slcueie =0.55,  logio-
R=-6.0240.02, see Fig. 5E and F). The average B/Ca
for these experiments was 14.6 + 3.1 and 19.4 + 5.6 umol/
mol, respectively. When these parameters were separately
manipulated, B/Ca co-varied with [Ca’'] and pH
(Fig. 5A and E). However, the effects on B/Ca vanished
when [Ca>"] and pH were jointly varied (Fig. 5A, E and F).

5. DISCUSSION
5.1. Comparison with previous inorganic experiments

We observed an increase in B contents in calcite with
[Bt], which is consistent with previous experiments
(Kitano et al., 1978; Hemming et al., 1995; Hobbs and
Reardon, 1999, see Fig. 6A). In Kitano et al. (1978), calcite
precipitation was induced by CO, degassing from B-bearing
fluids. Hemming et al. (1995) synthesized calcite using a
free-drift technique where saturation was gradually raised
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Fig. 4. Changes in calcite precipitation rate R (in mol/m?/s) due to chemical manipulations tested in this study (see Table 1 for a summary of
the chemical manipulations). The error-bars represent 2¢ standard deviation (see text for detail). The error-bars were typically much smaller

than the size of data symbols.

by diffusion of CO, and NH; from decomposition of
(NH4),CO3 in a closed chamber. Hobbs and Reardon
(1999) studied B uptake during the transformation of meta-
stable vaterite and aragonite precursors into calcite. Irre-
spective of the experimental methods, these studies
demonstrated that B contents in calcite depend on [Bt] in
solution. Interestingly however, the increasing B/Ca trend
gradually tapered off at higher [By] (>~2500 pmol/kg) in

our study. Such asymptotic response is unlike the mono-
tonic increase shown by Hemming et al. (1995) and
Hobbs and Reardon (1999). Importantly, we also observed
a reduction in logjoR from —5.58 +0.04 to —5.81 +£0.03
corresponding to an increase in [Bt] from 864 to
4317 pmol/kg (compare Panel C in Figs. 4 and 5). As we
will explain in the following sections, the reduction in R
at higher [Bt] appears to be a critical factor for the asymp-
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Fig. 5. The effect of chemical manipulations on B contents in calcite overgrowth (see Table 1 for a summary of the chemical manipulations).
The error-bars represent 2¢ standard deviation for the B/Ca values (see text for detail).

totic behavior of B/Ca in our dataset. However, since pre-
cipitation rates were not reported in the earlier studies, it is
difficult to comment on whether R similarly played a critical
role in the previously observed monotonic increase in B/Ca
with [Br]in Hemming et al. (1995) and Hobbs and Reardon
(1999).

Fig. 6B compares the results of our pH variation exper-
iments to those of Sanyal et al. (2000) and He et al. (2013).

The figure shows that B/Ca increases with pH in all exper-
imental studies. In our case, the pH experiments were per-
formed at three different [Bt] ([Brlcw = 432,
SX[BT]Ctrl = 2184, and 10><[BT]Ctrl =4317 ;,Lmol/kg) In
Sanyal et al. (2000) and He et al. (2013), [Br] was set at
~6846 and ~4160 pmol/kg, respectively, which are roughly
16.5 and 10 times higher than the typical [By] in seawater
(~416 umol/kg; Dickson et al., 2007). Note that one set
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Fig. 6. Comparison of our experimental results with previous inorganic studies. (Panel A) [Bt] variation experiments. The results from
Hemming et al. (1995) and Hobbs and Reardon (1999) generally show a monotonic increase in B/Ca with [Bt], whereas our results rather
show an asymptotic increase. The pH was maintained at 8.25 in our [Bt] variation experiments, at 8.0 in Hemming et al. (1995) and between
9.0 and 9.1 in Hobbs and Reardon (1999). (Panel B) pH variation experiments. The results compiled here demonstrate a clear pH dependence
of B/Ca. Our experiments at 10x[Br]cy1 and those by He et al. (2013) were performed at nearly identical [By], however, the latter study
documented generally higher B/Ca values that are more comparable to Sanyal et al. (2000) presumably due to the difference in [Ca*"]. The
experimental conditions for the compiled studies are as follows: [Bt] = ~6846 umol/kg and [Ca>"] = ~10.3 mmol/kg (Sanyal et al., 2000);
[Br] = ~4160 pmol/kg and [Ca®"] = ~51.5 mmol/kg (He et al., 2013); and [B] =432, 2184 and 4317 pmol/kg and [Ca,,]= ~3.9 mmol/kg

(this study).

of our experiments were performed at [Bt] relatively com-
parable to He et al. (2013) ([Br]= 4317 umol/kg versus
~4160 pmol/kg). However, their B/Ca values are markedly
higher than our data at given pH levels (except for at pH
8.75), and more comparable to Sanyal et al. (2000), despite
a major difference in [Bt]. This is inconsistent with the
dependence of B/Ca on [Br] (Fig. 6A). The discrepancy
can be explained by the positive correlation between B/Ca
and [Ca®"] (Fig. 5E, also see below). In our case and
Sanyal et al. (2000), calcite precipitation was mediated by
the seeds. Because He et al. (2013) did not utilize seeds in
their experiments, they were presumably forced to elevate
[Ca”>"] to overcome the kinetic barrier for the calcite nucle-
ation by raising Slcueie. In their case, [Ca®'] was
51.4mmol/kg (~5x the typical seawater [Ca’'] of
~10.3 mmol/kg; Dickson et al., 2007), which is significantly
higher than [Ca®"]used in our experiments and Sanyal et al.
(2000) (~3.9 and ~10.3 mmol/kg, respectively).

5.2. Influence of [Ca**] on B/Ca

Intuitively, one may expect a decrease in B/Ca in
response to an increase in fluid [Ca®'] because the fluid
B/Ca ratio decreases (all other parameters held constant).
In contrast, we observed a clear increase in B/Ca with
[Ca?"] (Fig. 5E). It has been cautioned that the B/Ca proxy
may be prone to significant uncertainty due to secular
changes in seawater [Br], particularly when applied to deep

times (Lemarchand et al., 2002; Simon et al., 2006). But the
observed [Ca®"] effect suggests secular changes in seawater
[Ca®*] (Horita et al., 2002; Tyrrell and Zeebe, 2004) may
represent an additional complication to interpret B/Ca
records, if the effect is also applicable to foraminifera.
Changing [Ca®"] in the parent fluids had a negligible
impact on the relative distribution of the dissolved B and
DIC species, yet, it substantially altered Slc,.e and R.
The observed increase in B/Ca with [Ca*"] can be driven
by [Ca®"] change itself, or alternatively it may be related
to R rather than [Ca®']. To clarify this issue, we performed
a set of experiments where both [Ca®>] and pH were varied
at a fixed SI¢yeie» Which resulted in largely invariant B/Ca
(Fig. 5E). The total range of [Ca®'] variation in the joint
[Ca*"}-pH experiments was 3818 pmol/kg, whereas it was
3855 pmol/kg for the simple [Ca®*] variation experiments,
which resulted in a ~160 pmol/mol of increase in B/Ca
(Fig. 5E). If raising [Ca®*] itself were ultimately responsible
for the increase in B/Ca, we would expect to see a notable
change in B/Ca for the joint [Ca?" }-pH experiments too.
But this was not the case. These results imply that the
[Ca”"] effect on B/Ca is a manifestation of kinetic effects
related to precipitation rate R. It is also important to notice
that the pH effect on B/Ca likewise is absent in the joint
[Ca® }-pH experiments (Fig. 5F). This strongly suggests
that the pH dependence of B/Ca demonstrated here and
previously (see Fig. 6B) is in part, and potentially signifi-
cantly, driven by kinetic effects related to R (see below).
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5.3. Kinetic effects on boron incorporation into calcite

Kinetic effects on the incorporation of divalent alkaline
earth metals (Mg?", Sr**, Ba®", etc.) into CaCO; poly-
morphs have been extensively studied (e.g., Lorens, 1981;
Mucci, 1986; Tesoriero and Pankow, 1996; Tang et al.,
2008a; Gabitov et al., 2014a). But comparatively less is
known about kinetic effects for B incorporation. Hobbs
and Reardon (1999) quantified B contents in calcite trans-
formed from initially B-free vaterite and aragonite precur-
sors in B-bearing solutions saturated with respect to those
precursors. The calculated calcite saturation state for the
vaterite- and aragonite-saturated solutions were 3.2 and
1.5, respectively. Their results depict greater B contents in
the calcite transformed from vaterite. Although the rates
of calcite formation (or polymorphic transformation) were
not explicitly measured, they argued that calcite crystals
likely formed more rapidly from vaterite than from arago-
nite due to the difference in the calcite saturation state for
the solutions saturated with respect to those metastable pre-
cursors. Hobbs and Reardon (1999) thus attributed kinetic
effects as the dominant control for the difference in B con-
tents. Gabitov et al. (2014b) synthesized calcite based on a
CO, and NHj; diffusion technique similar to Hemming et al.
(1995). They additionally applied sequential injection of
rare earth elements over the course of experiments to esti-
mate specific crystal growth rates. Their results reveal a
strong covariance between B contents and specific linear
growth rates in distinct crystal regions.

It is important to note that all of the chemical manipu-
lations tested here caused changes in Sl and/or R
(Fig. 4), which implicitly suggests that the B/Ca variability
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in our dataset is to some extent controlled by kinetic effects
related to R. But other factors must also be involved, as the
B/Ca variability in our dataset cannot be comprehensively
explained by R alone (Fig. 7). Kinetic effects on the incor-
poration of certain cations in CaCOj are typically visual-
ized by plotting the distribution coeflicients
Kyme = (Me/Ca)CaCO}/([Me}/[CaH])Fluid against R, where
Me stands for metals such as Sr and Mg. This expression
is also denoted frequently as Dy (e.g., Mucci, 1986;
Tang et al., 2008a; Gabitov et al., 2014a). Our B/Ca data
can be analogously expressed as Kg = (B/Ca)caicie/([Br)/
[Ca’ Dpwia and plotted against R. This approach also
enables us to directly compare our results to Gabitov
et al. (2014b) in the same reference frame. Fig. 8 illustrates
the consistency between our results and those by Gabitov
et al. (2014b) for the overlapping range of R.

Gabitov et al. (2014b) referred to the growth entrapment
model (GEM) by Watson (2004) to explain the kinetic
enrichment of B at higher linear calcite growth rate (V).
GEM posits that the extent of element enrichment and its
deviation from the equilibrium depend on the competition
between V and the diffusivity of the elements within the out-
ermost regions of the growing crystals. The diffusion acts to
eliminate the elements in excess in the surface reactive lay-
ers. Thus, higher crystal growth rates would promote ele-
ment entrapment, whereas less entrapment occurs at
slower growth rates. Element diffusivity in the surface reac-
tive layers (Dg) and the degree of element enrichment in the
surface reactive layers relative to the crystal interior that is
assumed to be in equilibrium (denoted as the surface enrich-
ment factor F) represent two critical parameters of the
GEM. The overall composition of the crystal shifts from
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Fig. 7. (Panel A) Relationship between B/Ca and calcite precipitation rate R. The figure shows that B/Ca is not a simple function of R,
implying the presence of additional chemical control(s) on B incorporation in calcite. The error-bars are based on the 20 standard deviations
for the log;o R and B/Ca values. The log;o R error-bars were on the order of 0.01 and were masked by the symbols (Panel B) A close-up view of

Panel A.
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Fig. 8. Comparison of our experimental results with those from Gabitov et al. (2014b). The B/Ca data from both studies are reported here as
K = (B/Ca)catcite/ ((Br)/[Ca® Drwiq and plotted against precipitation rate R.

the equilibrium to the enriched signature (dictated by F)
with an increase in linear crystal growth rate V. The transi-
tion pattern from the equilibrium to the enriched signature
as a function of V is typically manifested as a sigmoid
curve, and the overall shape of the curvature depends on
Dg (see Fig. 4 in Gabitov, 2013). Previous GEM simula-
tions show good agreement with experimentally derived
correlations between J and the abundance of certain alka-
line earth metals and stable isotopes in synthetic CaCO;
(Watson, 2004; Gaetani and Cohen, 2006; Tang et al.,
2008a, 2008b; Gabitov, 2013; Gabitov et al., 2014a).
Gabitov et al. (2014b) also found a good agreement
between the GEM simulations and the trend of B enrich-
ment with V. Although such a mechanism of surface
entrapment is certainly possible, the model-data agreement
in Gabitov et al. (2014b) has to be taken with caution
because it appears to be partly aided by the optimization
of Dg for B in their GEM runs. Despite it being a highly
sensitive parameter, Dg is poorly constrained and typically
needs to be estimated or optimized somewhat arbitrarily.
Moreover, Gabitov et al. (2014b) relied on the experimental
results of Hemming et al. (1995) to derive the F value of
28.1 for B. However, it is uncertain if the equilibrium and
maximum B entrapment were faithfully reflected by these
experimental data.

Kinetically controlled B enrichment could also be
explained by the surface kinetic model (SKM) by
DePaolo (2011). The SKM considers mineral dissolution
as the removal mechanism for the entrapped elements
and/or stable isotopes in the surface reactive layers. In a
sense, the SKM is similar to the GEM, yet the extent of

element/isotope partitioning is viewed as a result of a com-
petition between precipitation rate R and the molecular
exchange at the solid—fluid interface through dissolution-
reprecipitation cycles. The formulation of the SKM consists
of the ratio of the net to gross precipitation rate as well as
the element distribution coefficient at the equilibrium (for
extremely slow R) and at the kinetic maximum (for extre-
mely rapid R). SKM simulations also showed consistency
with R-dependent enrichment of Sr, Mn and '°O and
40Ca (over 80 and **Ca, respectively) in synthetic calcite
(DePaolo, 2011). However, like GEM, the ability of the
SKM can be compromised by how the distribution coeffi-
cient at the equilibrium and kinetic maximum are defined,
which is still largely unknown for B.

Nielsen et al. (2013) proposed a microscopic kinetic
model, where the effect of R on the Sr and Mg partitioning
in calcite as well as their inhibitory effect on R are simulta-
neously explained by ionic interactions at active growth
kinks. This is an interesting consideration for our [Br]
experiments, for which we observed a general decrease in
R and an asymptotic increase in B/Ca with an increase in
[Br] (see Panel C in Fig. 4 and in Fig. 5). Certain dissolved
constituents such as Mg>" in solution are known to retard
CaCOs; precipitation (Davis et al., 2000; Zeebe and Sanyal,
2002, also see references therein) by blocking the growth
kinks and by increasing the mineral solubility via lattice dis-
tortion. For anions, Mucci (1986) found that precipitation
rate of magnesian calcite decreases with an increase in
[PO3"]. Furthermore, the PO3~ inhibitory effect was more
evident at lower mineral saturation. Mucci (1986) postu-
lated that the outermost regions of the crystals were
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exposed to the fluid for a longer duration at lower satura-
tion before they were buried under newly forming layers.
This promoted more interactions with PO3~ at the growth
kinks and steps. The decreasing trend in R with [Br]
revealed in this study may also indicate the inhibitory effect
by B at growth kinks and steps. Ruiz-Agudo et al. (2012)
observed that presence of B leads to roughening and distor-
tion of the growing steps on the {10 1 4} calcite crystal sur-
face, which further supports an inhibitory effect by B. The
asymptotic increase in B/Ca with [Bt] (Fig. 5C) may hence
reflect kinetic suppression, where lowering of R from the
inhibitory effect by B led to less B incorporation (e.g.,
Watson, 2004; DePaolo, 2011).

5.4. Mode of boron incorporation

The plot of Ky = (B/Ca)caicite/([Br)/[Ca* Dpmia versus
logigpR shows notable scatter in the domain where
logio R > —5.5 or so (Fig. 8). This implies that data param-
eterization as Ky does not fully capture the chemical
controls on B/Ca. A key issue is that, unlike cations (Sr”,
Mg?", etc.), most likely B is not replacing Ca position in
CaCOj;. Consequently, rather than Ca>", DIC species either
as specific ions (Hemming and Hanson, 1992) or as a whole
(Allen et al., 2011, 2012) should be considered for B
incorporation in CaCO;. Hemming and Hanson (1992)
proposed the fluid-calcite B distribution coefficient Kp
(Eq. (3)). But because the applicability of K is still ques-
tionable (e.g., Allen and Honisch, 2012), we also considered
a number of “apparent” B partition coefficients:

B/Ca)

B(OH)4 __ ( CaCO3

dpic = —[B(OH)4] (8)
[HCO; +C0%] Fluid

JBT (B/ Ca)CaC03 )

HCO3 — 7 N\
( By] >

[HCO;] Fluid

BT (B/ Ca)CaC03

DIC —
( [Br] )
HCO; +CO2~
[ 3 TC0s ] Fluid

Note that these apparent B partition coefficients are differ-
ent from the traditional distribution coefficients and do not
represent stoichiometrically-balanced elementary reactions
(such as Kp, see Egs. (2) and (3)). As the measure of the
effectiveness of these expressions (Egs. (3) and (8)—(10)) in
explaining the B/Ca variability, we employed * values
obtained from the least squares fitting of the dataset to a
basic exponential function y = 4 - e™!°#0R  where 4 and m
are coefficients optimized for the best fit to the data (the val-
ues of 4 and m are listed in Table S2 in Supplementary
materials). Note that similar exponential dependence of
Ky for Mg and Sr on log R have been experimentally dem-
onstrated (e.g., Mucci, 1986; Tang et al., 2008a).

In Fig. 9A, the traditional B distribution coefficient Kp
(Hemming and Hanson, 1992: Eq. (3)) is plotted against
logio R. But this clearly fails to resolve the data scatter for
logio R > —5.5 (Fig. 9). The use of /lg(féH)“ (Eq. (8)) similarly
fails to reduce the scatter at log,o R > —5.5 (Fig. 9B). The 12
values for K and A”]};(I%H>4 are 0.79 and 0.81, respectively. But

(10)

a more convergent picture emerges if the B/Ca data are
expressed as /lgTCO3 (* =0.88, see Eq. (9) and Fig. 9C) or
as ABlc (r* = 0.89, see Eq. (10) and Fig. 9D). In our experi-
ments, HCO3 was the most abundant DIC species in the
parent fluids, whereas CO3~ typically accounted for 10%
of the DIC pool at most. Thus, parameterization using
[HCO3 + CO3 ]as opposed to [HCO3 Jexerts minor control
on the overall data distribution (compare Panels A vs B and
C vs D in Fig. 9). However, the use of [HCO3; + CO3~ ] may
be theoretically more appropriate because CaCOj3 can be
derived from both HCO; and CO3~ (Wolthers et al.,
2012). This requires further testing at higher pH levels, where
CO3~ becomes more abundant. Also note that the [HCO3
+C0% ] term in AN and Bl can be simplified as
[DIC] in our experimental conditions as well as in most of
the oceanic environments (Zeebe and Wolf-Gladrow, 2001)
and certainly in the calcification microenvironment of mar-
ine organisms (Rink et al., 1998; Al-Horani et al., 2003;
Rollion-Bard et al., 2003; Bentov et al., 2009; de Nooijer
et al., 2009). In summary, this assessment corroborates that
the B/Ca variability caused by a suite of chemical manipula-
tions tested here can be explained by only R and the
[Br)/[DIC] ratio of the parent fluids. Involvement of the
latter parameter can be considered as indirect evidence for
B incorporation not just via B(OH); (Hemming and
Hanson, 1992) but also via B(OH)s.

The mathematical expression for the exponential curve
shown in Fig. 9D is:

j'g{c — 4. em-logwR (11)

where 4 = 511,112 and m = 3.76 (+* = 0.89, see Table S2).
From the definition of the apparent partition coefficient
JBI- (Eq. (10)) and assuming [HCO3 + CO3~]~ [DIC],
this expression can be rearranged to:

B/ o) = (i) 4R (12)

where b (=1/log.10 ~ 0.43) is a conversion factor for
rescaling log;o R into log. R to derive the equation. This B
incorporation model reiterates that B/Ca values are con-
trolled by the fluid [Bt]/[DIC] ratio and precipitation rate
R. 1t is important to note that the [Bt}/[DIC] ratio is con-
stant when varying pH, for instance. However, R varies
with pH due to the changes in [CO3~] and the degree of cal-
cite saturation. The model proposed here therefore implies
that the dependence of B/Ca on pH documented by Sanyal
et al. (2000) and He et al. (2013) (Fig. 6B) was not con-
trolled by the consequential changes in [B(OH)s ], but by
the precipitation rate R, which changes with pH (unfortu-
nately R values were not reported in their publication). This
view is supported by our results from pH variation, [Ca®*]
variation and joint pH-[Ca®'] variation experiments
(Fig. 5E and F). In our joint pH-[Ca®"] experiments, B/
Ca remains essentially constant despite a large increase in
pH and [B(OH); ] (Fig. 5F).

This B incorporation model requires further validation
with additional inorganic experiments under various con-
ditions. For instance, it is unclear if the proposed B incor-
poration model holds for the entire R range covered in
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C) and /B¢ (Eq. (10), Panel D). The black curve in each panel represents the best-fit exponential function (y = A-¢™~, where 4 and m are
coefficients) based on least squares approach. See Table S1 in Supplemental materials for the numerical values for 4 and m. Note that data
parameterization with [Br] instead of [B(OH), ] substantially reduced the data scatter, especially for log;o R > —5.5 (Panels A and B versus

Panels C and D). For data legend, refer to Figs. 4-8.

this study. The impact of the use of [Bt] as opposed to
[B(OH)4] (in other words, /lﬁTCO3 and /BL- versus Kp
and )»E(I%H)“) is most evident for logjoR> —5.5 or so
(Fig. 9). In contrast, for log;oR < —6 or so, it is difficult
to assess whether the parameterization using [Bt] or
[B(OH)4] provides a better fit due to relatively limited
data availability (Fig. S6). It is possible that the exponen-
tial relationship between JBT. and logio R holds over the
entire R range covered in this study. This view suggests
that the B incorporation into calcite via B(OH); as well
as B(OH); occurs for both rapid and slow precipitation.
Alternatively, it is likewise possible that K, rather than
JBL- is more effective in explaining the B/Ca variability
for relatively slow precipitation (log,oR<—6 or so). It
follows that there is a potential threshold in R, below
which the primary pathway of B incorporation is via tet-
rahedrally-coordinated B(OH); as originally proposed by
Hemming and Hanson (1992). Conversely, above the
threshold, incorporation of trigonally-coordinated

B(OH); is kinetically enhanced. More slow precipitation
experiments are needed to clarify this issue. Slow precipi-
tation experiments are also crucial to define the extent of
B incorporation at thermodynamic equilibrium, for which
kinetic effects need to be eliminated. With the current
dataset it is unclear if the equilibrium partitioning was
successfully reached in this study.

Theoretical work of Tossell (2006) provides some sup-
port for B(OH); incorporation into calcite. He proposed
that B incorporation into CaCOj; follows three stages; (1)
initial adsorption of dissolved B species onto CaCOj3 sur-
faces, (2) “chemo-sorption” via B(OH),CO3 isomers and
(3) breakdown or coordination change of the isomers to
the structurally simpler form of trigonal BO; and tetrahe-
dral BOy (see Fig. 9 in Klochko et al., 2009 for illustration).
Although verification of this model requires experimental
evidence for the existence of the B(OH),COs3 isomers, he
proposed that the isomers can be derived from both
B(OH); and B(OH);:
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B(OH), + HCO; — B(OH),CO; + H,0 (13)
B(OH), + HCO; — B(OH),CO; + H,0 +OH™  (14)

His calculations show that the free energy changes for
these reactions are only marginally different, meaning that
both pathways are almost equally thermodynamically feasi-
ble. Both B(OH); and B(OH); is found to be adsorbed
onto the reactive surfaces of various clay minerals and
metal hydroxides (Su and Suarez, 1995), thus it seems rea-
sonable to assume the same happens for CaCO; surfaces.
But there can be a critical difference on how strongly
B(OH); and B(OH); are adsorbed onto the CaCOj; sur-
faces. Hemming and Hanson (1992) argued that negatively
charged B(OH); should be adsorbed more readily than
neutral B(OH)s.

Supposedly both B(OH); and B(OH); come into con-
tact with calcite surfaces, however, B(OH); may be
adsorbed more firmly due to its charge. If so, there should
be a greater chance for B(OH); to be detached from the sur-
faces before fully engaging into the chemo-sorption phase
upon slow precipitation. But when calcite is forming rap-
idly, the surface reactive layers are quickly isolated from
the surrounding fluid as they are constantly buried under
newly forming layers. In this case, adsorbed B(OH); should
have a greater chance of being trapped and incorporated
before detachment. This should increase the contribution
of B(OH)j; relative to B(OH); for the chemo-sorption and
ultimate incorporation. Also note that elimination of such
enriched signature becomes progressively ineffective as R
increases (Watson, 2004; DePaolo, 2011: see Section 5.3).
This explanation based on precipitation kinetics nicely fits
with the observed agreement between the experimental data
and the proposed B incorporation model (Eq. (12)), which
is particularly robust for higher R values (Fig. 9D).

6. CONCLUSIONS AND IMPLICATIONS

In the majority of experiments performed here, we
observed kinetic effects on B incorporation into synthetic
calcite. In previous efforts to calibrate foraminiferal B/Ca
against certain physicochemical parameters based on
core-top data or culture experiments, kinetic effects have
not been adequately considered. It is highly recommended
to determine foraminiferal calcification rates using effective
tracers such as '*C or *®Ca (e.g., Lea et al., 1995) in future
culture-based calibration studies.

Most of the B/Ca variability due to different chemical
manipulations performed here (Table 1) appears to be
explained by calcite precipitation rate R and the [Br)/
[DIC] ratio in the parent fluids. This was particularly the
case for log;g R > —5.75 or so (Fig. 9D), suggesting the pos-
sibility of kinetically controlled enhancement of B(OH)j3
incorporation on top of B(OH); in relatively fast forming
CaCOs;. In contrast, it is difficult to address the validity
of 2B (and/or Kp) for slower precipitation with confi-
dence due to the shortage of reliable data. Additional slow
precipitation experiments are required to resolve this issue.
The slow precipitation experiments would also be crucial to
better constrain the extent of equilibrium B incorporation.
Moreover, all of the experiments presented here were

performed at 25 °C, yet temperature variability may impose
additional controls on B/Ca in CaCOs. This subject is of
debate for the calibrations of planktonic foraminiferal B/
Ca (e.g., Allen et al., 2011, 2012; Allen and Honisch,
2012), which needs to be experimentally evaluated in the
future.

It is unclear if foraminifera B/Ca is directly influenced
by kinetically controlled B(OH); incorporation proposed
here. Due to large uncertainties in the surface area estimates
of structurally-complex shell surfaces, foraminiferal calcifi-
cation rates are rarely normalized to the shell surface area.
However, some estimates suggest surface area normalized
calcification rates of about 1000-4000 pmol/m>/h in plank-
tonic and benthic foraminifers (Carpenter and Lohmann,
1992; Lea et al., 1995), which translates to log;oR of
—6.56 to —5.95 in the unit of mol/m?/s. This is well below
the log;o R range where our experimental data most domi-
nantly indicated the possibility of B(OH); incorporation
into calcite (Figs. 9 and S6). One caveat is that these fora-
miniferal calcification rates were derived from -culture
experiments in which only the light availability (irradiance
level) was varied. On the contrary, pH and [DIC] variations
were applied in previous culture experiments for planktonic
foraminiferal B/Ca (Sanyal et al., 1996; Allen et al., 2011,
2012). Possibility of much higher calcification rates and
B(OH); contribution for B incorporation in response to
such chemical manipulations cannot be ruled out.

Finally, the outcome of this study also has critical impli-
cations on the theoretical framework of the 3''B paleo-pH
proxy. Although exclusive incorporation of B(OH); into
CaCO; is the first order assumption (Hemming and
Hanson, 1992), the 8!'B values of biogenic carbonates pro-
duced in pH-controlled culture experiments were found to
be enriched in ''B relative to the expected 5''B values of
B(OH); (see Fig. 1C). This has been explained in terms
of pH regulation within the calcification microenvironment
(Honisch et al., 2003; Zeebe et al., 2003; Rollion-Bard and
Erz, 2010). However, synthetic calcites produced by Sanyal
et al. (2000) also show similar positive 5''B offsets relative
to B(OH); (Fig. 1C). Klochko et al. (2009) consequently
argued that the positive offsets in the 5''B values of both
biogenic and synthetic CaCOj; can be attributed to partial
incorporation of B(OH);. Importantly, this !'B enrichment
in synthetic and biogenic CaCOj relative to B(OH); dimin-
ishes at higher pH, which is not consistent with our exper-
imental outcome. Our results support the possibility of
greater B(OH); incorporation into calcite at higher precip-
itation rates (Fig. 9D). Because SIc,.ie and R increases
with pH, one would expect greater B(OH); contribution
at higher pH. In this scenario, the positive offset in
Fig. 1C would be more strongly pronounced at higher
pH. However, this will be the case only if the original isoto-
pic compositions of B(OH); and B(OH); are faithfully pre-
served in CaCO;. Exchange of B isotopes between B(OH);3
and B(OH); is extremely rapid. For example, isotopic
equilibration between these two species comes to comple-
tion within ~125 micro-seconds (Zeebe et al., 2001). Thus
changes in the 8''B values of dissolved B species during
the adsorption onto and incorporation into CaCOj is pos-
sible due to rapid isotope exchange. Another open question
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is the possibility of preferential incorporation of light iso-
topes upon rapid precipitation. Previous inorganic studies
demonstrated that the magnitude of calcite-fluid stable Ca
and O isotope fractionation decreases with R due to prefer-
ential uptake of *°Ca and '°0 over **Ca and 'O upon rapid
precipitation (Tang et al., 2008b; Dietzel et al., 2009;
Gabitov et al., 2012; Watkins et al., 2014), which is in agree-
ment with theoretical calculations using the surface kinetic
model (DePaolo, 2011). If the uptake of '°B(OH); is simi-
larly favored over ''B(OH); at higher precipitation rates,
kinetic enhancement of B(OH); incorporation implied by
our experimental data may be compatible with the observed
decrease in the positive 3''B offset between biogenic/syn-
thetic calcites and B(OH); with pH (Fig. 1C). Measure-
ment of 8''B values of some of the samples produced in
this study will hopefully help to resolve the conundrum in
the future.
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