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ABSTRACT

When using the boron isotopic composition (81B) of marine carbonates as a seawater pH proxy, it is
assumed that only the tetrahedral borate ion is incorporated into the growing carbonate crystals and
that no boron isotope fractionation occurs during uptake. However, the 1B of the calcium carbonate
from most modern foraminifera shells or corals skeletons is not the same as the 8'B of seawater borate,
which depends on pH, an observation commonly attributed to vital effects. In this study, we combined
previously published high-field "B MAS NMR and new §!'B measurements on the same synthetic calcite
and aragonite samples precipitated inorganically under controlled environments to avoid vital effects.
Our results indicate that the main controlling factors of §1'B are the solution pH and the mineralogy
of the precipitated carbonate mineral, whereas the aqueous boron concentration of the solution, CaCO3
precipitation rate and the presence or absence of growth seeds all appear to have negligible influence. In
aragonite, the NMR data show that boron coordination is tetrahedral (BOy4), in addition, its 1B is equal
to that of aqueous borate, thus confirming the paleo-pH hypothesis. In contrast, both trigonal BO3 and
tetrahedral BO4 are present in calcite, and its §''B values are higher than that of aqueous borate and are
less sensitive to solution pH variations compared to §'1B in aragonite. These observations are interpreted
in calcite as a reflection of the incorporation of decreasing amounts of boric acid with increasing pH.
Moreover, the fraction of BOs measured by NMR in calcite is higher than that inferred from §1'B which
indicates a coordination change from BO4 to BO3 upon boron incorporation in the solid. Overall, this
study shows that although the observed differences in §'1B between inorganic and biological aragonite
are compatible with a pH increase at calcification sites, the B speciation and isotope composition of
biological calcites call for a more complex mechanism of boron incorporation.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Honisch and Hemming, 2005; Foster, 2008; Paris et al., 2010;
Douville et al., 2010; Rae et al., 2011). The boron paleo-pH the-

Understanding how the acidity of the oceans has evolved
through geological time is a major challenge in earth sciences.
Knowledge of past ocean pH is required to constrain the sec-
ular evolution of atmospheric pCO, and explore the links be-
tween CO; and climate. Two decades ago, boron isotopes ratios
(11B/19B, expressed as §'!B in %) in marine carbonates were pro-
posed as a proxy for use in reconstructing the oceanic paleo-pH
(Vengosh et al,, 1991; Hemming and Hanson, 1992), and many
studies have applied this promising proxy since that time (e.g.,
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ory relies on large isotope fractionation between the two aqueous
boron species in seawater, i.e., boric acid B(OH); and borate ion
B(OH);~, and on the relative distribution of these two species
as a function of pH. The two species are related to pH by the
boric acid dissociation constant, the apparent value of which in
seawater (S = 35%o, T =25°C) is K*p = 10786 (Dickson, 1990).
The isotope fractionation between B(OH); and B(OH);~ favors
enrichment of light isotopes (1°B) in the borate ions and is ap-
proximately 27%0 in seawater at 25°C (Klochko et al., 2006;
Nir et al.,, 2015). As a result, if only borate ions are incorpo-
rated in the carbonate crystals that form from seawater and their
incorporation occurs without isotopic fractionation, as generally
hypothesized, the §''B of marine carbonates (mainly foraminifera
and corals) should record the pH of seawater from which they
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were formed (Hemming and Hanson, 1992). This pH value can be
calculated according to the equation:

8]1BSW _ 511BC
o3_4 3“BC — (S”BSW +1000- (a3.4 — 1)
(1)

where the subscripts sw and ¢ denote seawater and carbonate, re-
spectively.

However, in apparent contradiction with these assumptions,
most of the 5§''B measured in calcium carbonates from modern
calcifying organisms are shifted toward higher values compared
with the §''B of the borate ion in seawater. Culture experiments
of foraminifera and corals show that although a relationship does
exist between the 8B of the carbonate skeleton and seawater
pH, universal correlation does not exist between the measured
511B and the solution pH. Each species appears to require a spe-
cific calibration (e.g., Honisch et al., 2004; Trotter et al, 2011;
Anagnostou et al., 2012; Henehan et al., 2013). The most frequently
invoked reason for these high §''B values and for the species
dependency is the increase of pH at the calcification sites due
to such species-specific vital effects as photosynthesis or proton-
cation exchange reactions (Honisch et al., 2003; Rollion-Bard and
Erez, 2010). The influence of pH elevation on §!'B at the cal-
cification sites has been further demonstrated by the micron-
scale variability of §11B in foraminifera and in L. pertusa deep-sea
coral, as evidenced by SIMS measurements (Blamart et al., 2007;
Rollion-Bard and Erez, 2010). Recently, boron coordination in bio-
genic calcium carbonate has been investigated using ''B Magic
Angle Spinning Nuclear Magnetic Resonance (!'B MAS NMR), and
it has been shown that boron can exist in either a trigonal (BO3) or
tetrahedral form (BO4). For example, the micro-scale spatial vari-
ability of 8'1B in L. pertusa coral has been attributed to variations
in proportions of BO3 and BO4 incorporation (as measured by 1B
MAS NMR) detected in the various microstructure zones of the
coral (Rollion-Bard et al,, 2011a). The presence of BOs3 in the bio-
genic carbonates of corals and foraminifera (Klochko et al., 2009;
Rollion-Bard et al., 2011a; Branson et al., 2015) challenges the
assumption of preferential uptake of borate ion by calcium car-
bonates on which the boron pH proxy is based. In this respect,
although co-precipitation and adsorption are distinct processes,
previous studies have shown that both boric acid and the borate
ion were adsorbed onto humic acids (Lemarchand et al., 2005) and
iron or manganese oxides (Lemarchand et al.,, 2007) from experi-
mental solutions. The §''B of sorbed boron was found to be pH
dependent and controlled by the speciation of boron both in the
solution and by the different complexes formed at the solid sur-
face.

To circumvent the complexity induced by vital effects, the
first step towards understanding boron incorporation mechanisms
is the precipitation of inorganic carbonates with boron. Several
authors have performed inorganic boron co-precipitation experi-
ments with calcite or aragonite, but their results are contradictory.
For example, the §11B values of calcite crystals grown by Sanyal et
al. (2000) are shifted toward lower values (2-3%o) compared with
the 8'1B values of the carbonate crystals (calcite, aragonite, high
Mg-calcite) grown by Hemming et al. (1995). These conflicting
results call for a better understanding of the mechanisms that con-
trol §1B in inorganic calcium carbonates over a wide range of pH
and crystallization rates. In the current study, we analyzed a sub-
set of the calcite and aragonite samples synthesized in Mavromatis
et al. (2015), which covers a large range of pH values (pH 7 to
9.4), boron aqueous concentrations (0.4 mM to 20 mM) and CaCOs3
precipitation rates (2.3 x 10~8 mol/m?2/s to 6.8 x 10~% mol/m?/s).
These samples were obtained by controlled boron co-precipitation
with CaCO3 using a method successfully developed to investigate

pH= pK*p — log<

magnesium isotope fractionation (Mavromatis et al., 2013). The
boron partition coefficients between solution and solids and 1B
MAS NMR spectra were previously published in Mavromatis et al.
(2015). In this work, the boron speciation and isotope ratios in the
precipitated carbonates were characterized using high-resolution
1B MAS NMR and MC-ICP-MS analyses, respectively.

This study shows that the mechanisms of boron co-precipitation
are different in aragonite and in calcite, thus highlighting a strong
crystallographic control on boron isotope fractionation. Although
the §11B values measured in aragonite agree well with those of
aqueous borate §'1B in solution, §''B measured in calcite is shifted
compared with the expected §!'B of aqueous borate. In calcite, the
dependence on solution pH of §'1B is weaker than in aragonite.
Isotopic data suggest the incorporation of both trigonal and tetra-
hedral boron into calcite.

2. Materials and methods
2.1. Experimental set-up

Boron co-precipitation with calcite and aragonite was per-
formed using mixed flow reactors as described in Mavromatis et al.
(2015). Precipitation occurred in a thermally-controlled 1 L sealed
beaker in which pCO; and pH were held constant by continu-
ous pumping of two inlet solutions and bubbling of a N,/CO;
gas mixture of known composition. A Teflon stir bar rotating at
120-150 rpm ensured the homogeneity of the reactive solution.
The precipitation rate could be modified by changing the reactant
concentrations in the inlet solutions and/or the pumping flow rate.
All experiments were performed at 25°C (+£0.5°C) in a 0.1 M or
0.2 M NaCl solution for 10 to 14 days. At the beginning of the
experiment, 500 mL of a NaCl/H3BO3 solution were introduced to
the reactor and allowed to equilibrate with the pCO, of the ex-
periment. The simultaneous pumping of the two input solutions
(i.e., a CaCl, solution and a Na;CO3/H3B03 mixed solution) induced
CaCOs precipitation. The concentrations of the CaCl, and Na;CO3
solutions ranged from 0.05 M to 0.1 M depending on the precipita-
tion rate and the requested pH. The boric acid concentration in the
inlet solution was equal to double that initially present in the re-
actor. The precipitation experiments were performed with a boron
concentration in the reactor (parent solution) between 0.4 mM and
20 mM (Table S1). Both seeded and unseeded experiments were
performed for calcite precipitation. Before the seeded experiments
began, the calcite seeds (inorganic boron-free synthetic calcite)
were allowed to equilibrate with the initial solution for 24 h. Arag-
onite was precipitated in unseeded experiments only. Precipitation
of aragonite was induced by the presence of 0.025 M MgCl,. The
reactor solution was sampled each day to maintain constant the
volume of the reactor (within 4%) and to measure the evolution of
boron, calcium and alkalinity concentrations and §!1B. The pH was
measured in situ. At the end of an experiment, the entire solution
was filtered through a 0.22-um cellulose acetate Millipore filter,
and the solids were rinsed twice with Milli-Q water and dried at
room temperature. The XRD measurements indicate that the pre-
cipitate recovered at the end of each run consisted of a single
CaCOs3 polymorph, aragonite or calcite (Mavromatis et al., 2015).
The surface areas of the solids were determined by multi-point
krypton adsorption according to the BET method. CaCOs; growth
rates at steady state were deduced from the balance between in-
let and outlet calcium in the reactor during a given period of time,
divided by the solids surface area (Mavromatis et al., 2015).

2.2. Analytical procedure
2.2.1. Major elements and pH

The calcium concentrations were measured by flame Atomic
Absorption Spectroscopy (AAS) using a Perkin Elmer AAnalyst
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400 instrument with an uncertainty of +1% and a detection limit
of 7 x 10~7 M. Alkalinity was determined following a standard
HCI titration procedure using an automatic Schott TitroLine al-
pha TA10plus titrator with an uncertainty of +2% and a detection
limit of 5 x 10~7 M. The pH was measured in situ using a Met-
tler Toledo combined electrode calibrated on the activity scale with
NIST buffers (pH = 4.006, 6.865 and 9.183 at 25 °C). Differences in
liquid-junction potentials between NIST buffers and experimental
solutions never exceeded 1 mV, as calculated using data reported
by Bates (1973). The precision of the pH measurements was +0.02
units (1 mV), and the pH variation during each precipitation ex-
periment was less than 0.05 pH units.

2.2.2. Boron isotope and concentration measurements

Prior to §''B measurements, boron was chemically separated
from the solid or the solution to obtain a final solution contain-
ing only boron in a diluted nitric acid solution (HNO3 = 0.05 M).
The extraction procedures were slightly different for solids and
for aqueous solutions. Typically for solids, 5 mg to 20 mg of cal-
cium carbonate was dissolved in 0.5 M HNOs and ultrasonicated
for 30 min in a closed Teflon beaker. Boron was extracted us-
ing two-step separation chemistry. The solution was first loaded
on a 300-uL DIONEX AG 50-X8 cation-exchange column to re-
move the calcium matrix. Next, the pH of the solution was ad-
justed to 8-9 with a pre-distilled ammonia solution. The solution
was subsequently loaded on a chromatography column that con-
tained 10 pL of the boron-specific Amberlite IRA 743 resin. The
detailed procedure steps for these columns can be found in Louvat
et al. (2010). To extract boron from the precipitation solution, only
the 10-uL Amberlite IRA 743 column was used because a notably
small amount of solution was required (approximately 50 pL) to
reach the boron amount for isotope measurements. The §'1B were
measured by bracketing with the NIST 951 standard solution on
a MC-ICP-MS Neptune using a d-DIHEN (demountable-Direct In-
jection High Efficiency Nebulization) sample introduction system.
The detailed bracketing technique and the d-DIHEN automation
set-up specifically designed to measure the §!1B are described in
Louvat et al. (2010, 2014). The long-term reproducibility of our
measurements is 0.2%o (two standard deviations, 20 ), as estimated
based on two-year measurements of boron in-house enriched stan-
dard (SE43). The accuracy of our method for carbonates was esti-
mated by measuring coral sample COM-4, for which we found a
value of 24.6 + 0.3%0 (n = 4), consistent with the previous mea-
surements from Louvat et al. (2010) and by participating to an
inter-laboratory comparison of 8B in marine CaCO3 (Foster et al.,
2013). Most solid samples were measured at least twice (after two
independent dissolutions followed by boron extraction). The §!11B
of the solution was —0.8 £ 0.4%o, and its variation during one
experiment was less than 0.3%c. The total blank of the chemical
procedure was 0.24 ng (n =9) and was thus considered negligible
compared to the amount of boron analyzed (50 ng to 200 ng of
boron). Boron concentrations were determined either directly by
MC-ICP-MS after the chemical separation detailed above or by a
Horiba Jobin Yvon Ultima2 ICP-OES over a concentration range of
1.5-46.7 x 10~ M with an uncertainty of <2%. The reproducibility
of boron concentrations was 3% for solutions and +8% for solid
phases.

2.3. Speciation calculations

Aqueous speciation and the saturation state §2 of the reacting
solution with respect to calcite and aragonite were calculated us-
ing the PHREEQC software together with its MINTEQA2 database
(Parkhurst and Appelo, 2013). This model calculates the activ-
ity coefficients of free aqueous ions and charged complexes us-
ing the Davies equation. The value for the boric acid hydrolysis

constant was taken from Baes and Mesmer (1976). The values of
the formation constants for MgB(OH)4™ and CaB(OH)4* ion pairs
were taken from the NIST database (Martell et al., 2004), whereas
that for the NaB(OH)4° ion pair was taken from Pokrovski et al.
(1995). Table S2, which reports the calculated boron aqueous spe-
ciation in our experimental solutions, shows that the proportion of
CaB(OH)4™* is always negligible (<0.8%), whereas NaB(OH)4° rep-
resents up to 2% and 7.7% of total B in the 0.1 M and 0.2 M NacCl
solutions, respectively. Depending on pH, the MgB(OH);" ion pair
represents between 1% and 9% of total B in aragonite-forming solu-
tions. Additionally, we note that similar boron aqueous speciation
is obtained using the Pitzer module implemented in PHREEQC ex-
cept for NaB(OH)4°, which is not identified in the Pitzer specific
interaction approach (see Table S2).

3. Results
3.1. Boron isotope composition and speciation in carbonates

In aragonite samples, the §''B values range from —25.0%o to
—14.7%0 and exhibit !B depletion compared with the parent solu-
tion (§1'B = —0.8 + 0.3%o). Aragonite shows a systematic increase
in 8'1B with increasing pH (Fig. 1a). Calcite samples show a lower
range of §'1B with values between —17.5%0 to —11.0%, and are
also depleted in 1'B compared with the parent solution (Fig. 1b).
As in aragonite, the §!'B in calcite also increases with pH (except
for the experiment conducted at pH 9.39, Fig. 1), but at a given
pH, the 8B are much higher than in aragonite. For example, at
pH 8.3, calcite is enriched in !B by approximately 7%c compared
with aragonite. The calcite precipitated at pH 9.39 is an outlier that
will not be taken in account in the following discussion. The §'!B
of this sample lies much lower that the general trend of the other
calcites and has a larger uncertainty on its §!'B. This could be du
to some experimental problems, for example at this high pH, the
precipitation starts before the complete homogenization of the so-
lution.

The SEM imaging of a few samples (Fig. 3 in Mavromatis et
al., 2015) did not permit detection of fluid inclusions, which could
have accounted for these high §!1B values in calcite. Furthermore,
the 1B increase when pH rises from 7.5 to 8.9 is much smaller
in calcite (+6.5%0) than in aragonite (+10.3%c). Our data clearly
confirm that the solution pH controls the variations of §!'B in
aragonite and calcite, but the nature of the carbonate polymorph
exerts a primary control both on the magnitude of the boron iso-
tope fractionation between the calcium carbonate and the parent
solution and on the slope of the §'B increase with pH.

Fig. 2 presents an example of ''B MAS NMR spectra of cal-
cite and aragonite precipitated at pH 8.6. It can be observed that
at this pH value, boron speciation is radically different between
calcite and aragonite. In calcite, both the BO3 and BO4 forms are
present in equivalent proportions (60% BO3 and 40% BOg4), whereas
in aragonite, BO4 is largely dominant. Estimates of the BO3 and
BO4 proportions for all precipitates characterized in this study us-
ing "B MAS NMR are listed in Table 1. In aragonite, BO4 is the
dominant form at all investigated pH values, from 85% to 100%
with an average of 91% of the total boron. In contrast, in calcite,
boron speciation is highly variable with BO4 accounting for 35% to
85% of total boron (Table 1). Boron speciation in calcite or arago-
nite is not correlated with the pH of the precipitating solution or
with the concentration of boron in the solid.

3.2. Effects of the precipitation parameters on boron isotope
fractionation

Because NMR exploration requires a minimum of 12 ppm B
content in solids and because of the relatively low affinity of
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Fig. 1. "B measurements vs. pH for aragonite (a) and calcite (b). The §!'B curves for borate (plain and dotted black lines) were calculated for two ionic strengths (I =0.1 M
and I =0.2 M) using a fractionation factor a3—4 value of 1.026 £ 0.001 (Nir et al., 2015), and the borate concentrations were obtained from PHREEQC modeling (see Method
section). The grey area indicates the error associated with the o34 value for a I =0.1 M precipitation solution. In Fig. 1b, the curves with black circles (plain for I=0.1 M,
dotted for I = 0.2 M) display a fit of the data corresponding to the incorporation of both boric acid and borate with no isotopic fractionation (deduced from Fig. 6). The grey
line denotes the model fitted for borate incorporation with an isotopic fractionation factor o4-c, of 0.993 (or +7.3%o). The results shown in this figure cover the entire range
of experimental conditions of the current study (precipitation rates, boron concentrations, experiments with and without seeds).
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Fig. 2. "B MAS NMR spectra of aragonite and calcite at pH 8.6. (Vrr = 272.8 MHz,
MAS speed = 20 kHz). Data from Mavromatis et al. (2015).

boron for carbonates, we performed precipitation experiments
with boron concentrations in solution ranging from that of seawa-
ter (0.45 mM) up to 20 mM. This range allowed us to test the in-
fluence of B concentration in solution on the measured §''B of car-
bonates (Figs. 3a, 3b). For the range of B concentrations explored in
this study at a constant pH, we observe no systematic §''B varia-
tion with B concentration, neither for aragonite nor for calcite. Be-
cause the precipitation rate has been shown to affect the isotopic
composition of divalent metal traces co-precipitated with calcite
or aragonite (i.e., Sr2t, Tang et al., 2008; Ba*t, Von Allmen et al.,
2010; Mg?t, Mavromatis et al., 2013), we conducted our experi-
ments at various precipitation rates (Figs. 3¢, 3d). Surface normal-

Table 1

Proportion of trigonal boron (BOs) and tetrahedral (BO4) boron measured by ''B
MAS NMR in calcite and aragonite samples. Numbers in parentheses denote the
uncertainties (in %); n.d. = not determined. Data are reported from Mavromatis et
al. (2015).

N° Mineralogy pH rate BOs3 (%) BO4 (%)
mol/m?/s

8 Calcite 7.52 3.2E-06 65 (£20) 35 (£20)
111 Calcite 7.99 6.8E—06 15 (£10) 85 (£10)
12 Calcite 8.34 2.9E-06 60 (+10) 40 (+£10)
46 Calcite 8.64 3.4E—-06 60 (£15) 40 (£15)
85 Calcite 8.88 6.6E—06 23 (£20) 77 (£20)

9 Aragonite 7.58 n.d. 15 (£5) 85 (+5)
27 Aragonite 8.61 1.1E-06 0 (£5) 100 (£5)

87 Aragonite 8.88 8.5E—07 13 (£5) 87 (£5)

ized precipitation rates were varied from 2.3 x 1078 mol/m?/s to
6.8 x 1078 mol/m? /s, which covers the range of reported precipi-
tation rates for biogenic calcite and aragonite (Gussone et al., 2005;
McCulloch et al., 2012). Fig. 3 shows that the precipitation rate
does not induce any systematic variations of the §''B of calcite
and aragonite, although it was shown that the amount of incor-
porated boron increases with the precipitation rate in the same
samples (Mavromatis et al., 2015).

We also compared the impact of precipitation on calcite ho-
mogeneous nucleation (unseeded runs) and heterogeneous nucle-
ation (with seeds). The surface-normalized precipitation rate of
calcite obtained in the presence of seed material is approximately
two orders of magnitude lower compared with experiments per-
formed without seeds (Table S1). This situation likely results from
the need to overcome the energy barrier that inhibits CaCO3 nu-
cleation and from the higher solution saturation states required
to initiate precipitation in unseeded runs (e.g., Dandurand et al.,
1982). However, it can be observed in Fig. 4 that at a given pH,
the calcite §11B values are the same (within uncertainties) for the
unseeded and seeded experiments. This result demonstrates that
homogeneous and heterogeneous nucleation runs are both suitable
for characterizing boron isotope fractionation between calcite and
solution.
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Fig. 3. Influence of the aqueous boron concentration and the precipitation rate on the boron isotopic composition of aragonites (a and c) and calcites (b and d). The pH values
of the experiments are shown in the grey color scale. The range of precipitation rates of biogenic carbonates (Gussone et al., 2005; McCulloch et al., 2012) and the boron

concentration in seawater are added for comparison.

4. Discussion
4.1. Boron aqueous speciation and isotopic composition of boron species

To properly interpret the previously described experimental re-
sults, the speciation of aqueous boron and the §'!B of the different
species must be known. In seawater, most studies on boron iso-
topes consider that boron is present as two main species, i.e., boric
acid (B(OH)3) and borate ion (B(OH)4~). The boric acid apparent
hydrolysis constant determined at 25°C in seawater by Dickson
(1990) is generally used to calculate boron aqueous speciation.
Recently, Nir et al. (2015) used the Specific Ion Interaction the-
ory (Pitzer, 1973), which recognizes the formation of MgB(OH)4*
and CaB(OH)4* ion pairs, to calculate boron speciation in solu-
tions of several salinities. Because the precipitation experiments
of the current study were performed in NaCl solutions of much
lower ionic strengths than that of seawater (from 0.1 M to 0.2 M),
the formation of the borate ion pairs must be explicitly taken
into account (see the Methods section and Table S2). The value
of the isotopic fractionation factor between boric acid and borate
(hereafter denoted «3-4) has been the subject of debates, but it is
now well constrained, and the value of a3_4 =1.0272 + 0.0006 at
25°C as determined by Klochko et al. (2006) in synthetic seawa-
ter (I =0.7 M) is currently the most frequently used for paleo-pH
reconstructions. Two other values were determined in the same
study in 0.6 M KCl (a3-4 = 1.0250 4 0.0005) and pure water
(a3-4 = 1.0308 4 0.0023). Recently, Nir et al. (2015) used a re-
verse 0smosis membrane to separate boric acid and found o3_4 =
1.026 +0.001 (¢ =26.0 & 1.0%0) in solutions of various salinities.
In Fig. 1a, b, using the a3_4 of Nir et al. (2015), we plotted the
expected 8!'B of aqueous borate as a function of pH calculated
as the sum of the free borate and the Mg, Ca and Na borate ion
pairs. In the absence of literature data, we assumed that the Mg-,
Ca-, Na-borate ion pairs in solution exhibit the same isotope frac-
tionation as the free borate ion with respect to boric acid. This
assumption is justified by the fact that boron is tetrahedral in
the ion pairs with Ca, Na and Mg and is supported by the sim-
ilarity (within errors) of the ws_4 values determined in seawater,
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Fig. 4. Comparison of §'1B in calcites precipitated with or without seeds. Each point
is the comparison between §''B of two calcites precipitated at approximately the
same pH value, one experiment performed with seed and one without seed. The
number next to each symbol corresponds to the pH of the experiment.

0.6 M KCI and other more diluted solutions (Klochko et al., 2006;
Nir et al., 2015). It can be observed in Fig. S1 that taking into ac-
count the Mg ion pairing in aragonite parent solutions results in a
slight increase (up to 1.5%0 at pH 9) of the §!1B for aqueous borate
compared with that of the calcite experiments.

4.2. Comparison of boron isotopic fractionation with previous inorganic
precipitation experiments

Several previously published experiments investigated the inor-
ganic co-precipitation of boron in calcite and aragonite. The 51'B
of calcite and aragonite measured in our study are compared with
811B obtained by Hemming et al. (1995) and Sanyal et al. (2000)
in a plot of 8'1Bcacoz—81'Bsor, (the 8B difference between car-
bonate and parent solution) vs. §1'B4=811B, (the §1'B difference
between aqueous borate and parent solution) calculated for each
parent solution (Fig. 5). Similar to our results, Mg-free calcites from
Hemming et al. (1995) and Sanyal et al. (2000) are enriched in 1B
compared with the aqueous borate, showing that this offset exists
despite the different compositions of the parent solution among
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Fig. 5. Comparison between the present §''B of inorganic carbonates and published
values. The experiments from Sanyal et al. (2000) and from Hemming et al. (1995)
were precipitated in solutions of different isotope composition and different com-
positions. The isotope fractionation is thus plotted as the difference between §''B
measured in carbonates and the 5''B in the parent solution (8'"Bcacoz-8'"Bsop).
The 8''B of borate was calculated for each experiment (using a3—4 from Nir et al.,
2015) and expressed as the difference between the §''B of borate and the §''B of
the parent solution (8''B4—581"Bsg)).

the three studies (CaCl,-NH3Cl with Mg for aragonite precipita-
tion in Hemming et al. (1995), Mg-free seawater in Sanyal et al.
(2000), NaCl-CaCl, with Mg for aragonite in the current study).
However, control of §''B by the nature of the precipitated CaCO3
polymorphs that is evidenced in the current study was not de-
tected in the study of Hemming et al. (1995). Several explanations
are possible for these contrasting results. First, Hemming et al.
(1995) only performed two experiments, one leading to the precip-
itation of a pure Mg-free calcite and the other producing a mix of
aragonite and high-Mg calcite. It is thus possible that the measured
S11B of this latter mixture was not representative of pure aragonite
or pure high-Mg calcite end-members. Second, the precipitation
protocol used by these authors was a free-drift technique, lead-
ing to large differences between the initial and the final pH (up to
3 pH units). Sanyal et al. (2000) argued that in such a set-up, a pH
gradient could be responsible for the shift in §1'B between their
precipitated calcites and those of Hemming et al. (1995). A +2
to +4%o offset is also observed between our results and those of
Sanyal et al. (2000) for calcite. Honisch et al. (2003) previously ob-
served a constant +2.7%o offset between their measurements and
those from Sanyal et al. (1996). They attributed this shift to analyt-
ical issues potentially related to the TIMS technique and to matrix
effects between standards and samples. Similar causes may explain
the discrepancy between our measurements and those from Sanyal
et al. (2000), although the composition of the precipitation solution
composition may also play a role.

4.3. Mechanism of boron incorporation into aragonite

The rather distinct boron speciation and §!''B in calcite and
aragonite suggests that the boron incorporation mechanisms are
different. In Fig. 1a, we plotted the measured §!'B of precipitated
aragonite as a function of pH as well as the §'1B of aqueous bo-
rate (calculated as explained in Section 4.1). Except for two points
(pH 8.41 and 8.44), which are slightly shifted to higher §!!B, our
aragonite 811B values perfectly fall on the curve describing aque-
ous borate isotope composition as a function of pH. This agreement
strongly supports the preferential incorporation of borate in arag-
onite without any isotope fractionation. This result validates the
hypothesis of the paleo-pH boron proxy.

The NMR data show that BO4 is by far the dominant species in
aragonite and that the small amount of BO3 is not correlated with

the solution pH (Table 1). Assuming that aqueous boric acid and
the borate ion are both incorporated into the crystal lattice with-
out any isotope fractionation, it is possible to calculate the fraction
of aqueous boric acid required (BOs.;so) to account for the shift
between our measured §''B value of aragonite and the §''B of bo-
rate:

81 ! Baragonite = BO03.1500 1 Bhoric + (1 — BOB—ISO)‘S] ! Bhorate (2)

where §'1Byorate and 811Bposic are the boron isotopic ratios of bo-
rate ion and boric acid in solution, respectively.

The values of BO3so range between 0% and 0.1% for all sam-
ples between pH 7.58 and pH 8.88, based on Eq. (2) using §'!Bpogic
and 8"Bporace €nd-members. Comparatively, BO3.nmr, the propor-
tions of BO3 measured by "B MAS NMR (Table 1) are 15 =+ 5%
at pH 758 and 13 £ 5% at pH 8.88. If such high BOs propor-
tions were representative of boric acid incorporated in aragonite,
then according to Eq. (2), the resulting §'1B of aragonite would be
higher than what is actually measured. The inconsistency between
BO3.nmr and BOs_so implies that trigonal boron detected by 1B
MAS NMR does not directly derives from aqueous boric acid but is
due to coordination change.

In agreement with Klochko et al. (2009), we suggest that the
small proportions of measured BO3 derive from aqueous tetra-
hedral boron that underwent a coordination change with no iso-
tope fractionation during or after its incorporation in the aragonite
lattice. From the solution to the aragonite lattice, the change of
coordination therefore does not appear to induce any observable
isotope fractionation. A similar conclusion was previously reached
by Sen and Stebbins (1994) and Klochko et al. (2009). This surpris-
ing result might indicate that tetrahedral boron is not in contact
with the parent solution when it undergoes a change in coordina-
tion.

As mentioned previously, two aragonite samples display slightly
higher §'1B than the borate curve. It is possible that despite all of
our careful samples washing, a small amount of the parent solu-
tion remained at the solids surface, resulting in an increased 511B.
The incorporation of another boron species, i.e., boric acid or the
fractionation of the borate ion during incorporation, is unlikely to
explain this shift because these two samples were precipitated un-
der similar conditions as the others (ionic strength and the same
boron concentrations).

4.4. Mechanism of boron incorporation into calcite

In calcite, our results call for a strikingly different behavior of
boron isotopes during co-precipitation (Fig. 1b and Fig. 2; Table 1).
At all pH values (except at pH 9.39), the measured §''B of cal-
cite is significantly enriched in ''B compared with aqueous borate
(Fig. 1b) and therefore does not fit the expected 8''B of borate in
solution. This result demonstrates that boron is not incorporated
into calcite according to the hypothesis of exclusive aqueous borate
incorporation with no isotope fractionation. Relative to aragonite,
the NMR spectra show more significant proportions of BO3 in the
crystal lattice, but these proportions do not show any relationship
with pH (Table 1). As a consequence, the proportion of BO3 and
BO4 measured by NMR cannot reflect the proportions of aqueous
boric acid and borate ion incorporated into the carbonate.

To interpret the results from Fig. 1b, we first consider the in-
corporation of borate into calcite with a constant isotope frac-
tionation. The §''B of aqueous borate was first calculated for the
calcite parent solution using a o3-4 of 1.026 + 0.001 (see Sec-
tion 4.1). Next, a constant isotope fractionation a4.c was applied
to aqueous borate during its incorporation into the crystal lat-
tice (gray curve on Fig. 1b). Although a value of ag4.c = 0.993 (or
A'By.c &~ 4+7.3%0) explains the highest number of data points, it
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portions of BO3 determined by NMR (BO3.xwr) and by 1B in the solid, (BOs.iso),
assuming no isotopic fractionation of boric acid or borate ion. The diagonal is indi-
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fails to explain the values measured at pH > 8.5 (Fig. 1b). Con-
versely, a fractionation of +5%0 could account for the results at
high pH values but fails to reproduce the low pH values (not
shown). Hence, at least two different fractionation values for bo-
rate would be required to explain our calcite data assuming only
aqueous borate is incorporated. Such situation would occur if bo-
rate exists in two different forms (two complexes or ion pairs
with distinct isotope fractionation) whose relative proportions de-
pend on pH. In the absence of any evidence for the existence of
such complexes and because the magnitude of the change of co-
ordination is not correlated with pH, we consider the alternative
explanation that boric acid is incorporated in addition to borate
into calcite. If we assume that boric acid and borate are incor-
porated into the crystal lattice with no isotope fractionation, it is
possible to calculate the proportions of aqueous boric acid BOs.jso
that are incorporated into calcite (Eq. (2) applied to calcite). Calcu-
lated values of BO3_[sp in calcite range from 17% to 43% and appear
to be linearly correlated with the fraction of boric acid in solution
(Fig. 6). The decrease of the fraction of boric acid incorporated into
calcite with increasing pH is thus related to the abundance of boric
acid in solution. This model satisfactorily reproduces the measured
calcite §1'B at high pH and the decrease in the sensitivity of the
811B vs. pH relationship (Fig. 1b).

As shown on Fig. 7, the proportions of boric acid given by NMR
(BOs.nMmr) are significantly higher than those derived from Eq. (2)
(BOs3.1s0), assuming no isotope fractionation during incorporation.
This result suggests that a significant proportion of calcite boron
has undergone a change from tetrahedral to trigonal coordination
during its incorporation into the lattice (similar to aragonite). In
this case, the boron coordination change was not accompanied by
an isotopic fractionation. Such a change of coordination of borate
without isotopic fractionation can be understood if the coordina-
tion change occurs when boron is isolated from the solution. It
has been previously invoked to explain the NMR and isotopic data
on boron inorganically co-precipitated with calcite at pH =8 (Sen
and Stebbins, 1994). Such a coordination change was also pro-
posed from NMR investigations in biological coral and foraminifera
carbonates in both aragonite and calcite (Klochko et al., 2009;
Branson et al., 2015). The absence of a direct relationship be-
tween the proportion of estimated aqueous boric acid incorporated
into calcite (pH dependent) and the proportion measured in cal-
cite by NMR together with the decrease of the BOs; proportions
in the lattice from 60% to 15% when calcite precipitation rate
increases from 2.9 x 107% mol/m2/s to 6.8 x 10~% mol/m?2/s at
similar pH values (Table 1) suggest that the amplitude of B co-
ordination change decreases with calcite growth rate. The faster
the calcite grows, the less time is available for boron to change
its coordination and the more tetrahedral B can be incorporated
in the solid (Ruiz-Agudo et al., 2012). However, as suggested by
the ab initio calculations of the §!'B of trigonal corner-sharing B-
carbonate complexes (Tossell, 2006), it cannot be ruled out that
calcite trigonal boron incorporated in the solid could be isotopi-
cally lighter than aqueous boric acid. Fractionation between aque-
ous boric acid and incorporated trigonal boron would imply that
the proportions of boric acid incorporated should be even higher,
which would lower the fraction of BO3 in calcite derived from bo-
rate undergoing a coordination reduction upon incorporation into
the lattice.

This conceptual model is consistent with the following assump-
tions: 1) the preferential incorporation of borate in CaCO3 growth
sites for both calcite and aragonite and 2) the existence of an
energy barrier for tetrahedral boron to enter the calcite lattice,
leading to a reduction of B coordination number. This energy bar-
rier hampers B uptake in calcite and explains the smaller boron
concentrations observed in this mineral compared with aragonite
(Table S1; Sen and Stebbins, 1994; Mavromatis et al., 2015). In a
parallel study, Mavromatis et al. (2015) showed that the rate at
which calcite and aragonite were precipitated exerts major control
on the B partition coefficient in these two carbonates. The impact
of precipitation rate on the boron partition coefficient in calcite
was confirmed in recent inorganic experiments by Gabitov et al.
(2014) and Uchikawa et al. (2015). However, calcite and aragonite
boron isotopic compositions were not observed to depend on the
solid precipitation rates investigated in the current study and pH
remains the major control on the boron isotope composition of the
aragonite and calcite.

4.5. Comparison with biological carbonates

Since the pioneering papers of Vengosh et al. (1991) and
Hemming and Hanson (1992), a large number of studies have an-
alyzed 8B in biogenic carbonates to determine the paleo-pH of
the ocean. Corals (surface and deep sea) and foraminifera (plank-
tonic and benthic), both aragonitic and calcitic, were mostly used
for this purpose. A number of calibration curves between seawater
pH and the §''B of the carbonates shells were constructed based
on culture experiments under controlled conditions. These data do
show a dependency of 8B with culture pH but are often offset
toward higher §''B compared with the theoretical curve of bo-
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et al. (2013).

rate ion in solution (e.g., Honisch et al., 2004; Krief et al., 2010;
Henehan et al., 2013) and their !B is often less sensitive to pH
than the aqueous borate ion (e.g., Honisch et al., 2004). Although a
small number of species has been investigated so far, the data call
for clear “vital” effects. The main vital effect that has been invoked
to explain why biogenic carbonates are more enriched in !B than
borate in solution is an increase of the fluid pH at the calcification
sites of corals (e.g., Rollion-Bard et al., 2011b; Trotter et al., 2011;
Anagnostou et al., 2012) and foraminifera (e.g., Rollion-Bard and
Erez, 2010). This hypothesis is confirmed by in situ measurements
of pH using microelectrodes, both in foraminifera (e.g., Jorgensen
et al.,, 1985) and in corals (e.g., Venn et al.,, 2013).

Although our results from inorganic experiments cannot be di-
rectly used to interpret §''B measured in biogenic carbonates, they
are interesting for comparison with the results of culture experi-
ments. The most striking difference between the published data
on biogenic carbonate and the result of this study on inorgani-
cally precipitated carbonates is the opposite §!'B behavior with
respect to the mineral phase. Although the inorganic data of this
study show a larger fractionation of boron isotopes in aragonite
compared with calcite (at all pH values), the reverse is observed in
biogenic carbonates. Nevertheless, our results confirm that any bio-
logically driven increase of pH at the calcification site of aragonitic
organisms will result in an increased §''B compared with the §1B
of seawater borate. Based on our data, we deduce that aragonite
corals should increase their internal pH by ~1 pH unit at the site
of calcification if all parameters are held constant. This observation
is confirmed by direct measurements of pH in the subcalicoblastic
medium (Venn et al., 2013). In contrast, a simple calcifying mecha-
nism in which the only difference between biogenic and inorganic
calcite is a local pH increase cannot explain §''B in biogenic calcite
(Fig. 8). This shows that differences in boron aqueous speciation
and growth mechanisms between biogenic and inorganic carbon-
ates could play an important role in the §'B value of carbonates
and in its dependency on pH. For example, extracellular exudates
produced by the organisms (e.g., Gower and Tirrell, 1998) could
form strong complexes with aqueous borate. Aqueous borate is
known to form strong complexes with aliphatic and aromatic car-
boxylic acids or phenols and these complexes are fractionated to-
ward heavier values than aqueous borate ion (Lemarchand, 2005).
This could make aqueous borate and thus precipitating CaCO3 en-
riched in "B compared to CaCOs formed in organic-free solutions.

Alternatively, B-organic complexes in which B-O bonds lengths are
longer than in aqueous borate will lead to a !°B enrichment of
CaCO3 compared to inorganic CaCOs.

On the other hand, a possible insight on complex calcifying
processes could be provided from octocorals that produce calcite
instead of aragonite. In the calcite-precipitating coral Corallium sp.,
McCulloch et al. (2012) showed that §''B resembles the borate
curve of seawater. Although the calcifying mechanism of this or-
ganism is still not fully understood, a recent study evidenced the
presence of an extracellular protein (called ECMP-67) that drives
the precipitation of calcite instead of aragonite not only in the
L. crassum octocoral but also in inorganic experiments that should
have otherwise resulted in aragonite precipitation (Rahman et al.,
2011). Investigation of the effect of such a protein that offers an al-
ternative to the internal pH increase effect that is usually invoked
to explain natural 8''B data could provide a better understanding
of both the calcifying mechanisms and the impact of boron aque-
ous speciation in biological organisms.

By showing that inorganic calcite can be enriched in 1B due to
the incorporation of boric acid from the solution, our experiments
suggest that boric acid is likely to be incorporated into the crystal
during the biological precipitations of carbonates. This incorpora-
tion could thus contribute (in addition to such other mechanisms
as a local pH increase and change in B speciation) to the high
811B values observed in biogenic carbonates. This conclusion was
reached by Rollion-Bard et al. (2011a) based on ion microprobe
511B measurements coupled with boron speciation data in Lophelia
pertusa deep-sea coral.

The result of our NMR measurements in inorganic calcite and
aragonite also differs significantly from those in biological calcite
and aragonite. Unlike our study, Klochko et al. (2009) found no ev-
idence of dependency of boron coordination on crystal structure
and observed similar proportions of both BO3 and BO4 in the cal-
cite and aragonite of modern foraminifera and corals, respectively.
Although their results are compatible with a change of coordina-
tion during B uptake, it appears that in addition to a pH increase
at aragonite growth sites, aqueous boric acid could be incorporated
to account for the high BO3 proportions in the coral and for a por-
tion of the 811B offset. The second possibility is that the extent of
the change of coordination could be higher in biological aragonite,
perhaps in relation to the coral precipitation rate. Finally, based on
synchrotron X-ray spectrometry, Branson et al. (2015) evidenced
the sole presence of trigonal boron in the calcite of Amphistegina
lessonii foraminifera, again showing that a coordination change ex-
ists but that the controls on B speciation in biogenic calcite still
remain to be identified.

5. Conclusions

The proposed mechanisms of boron incorporation into inor-
ganic calcite and aragonite inferred from the current study are
shown in Fig. 9. In inorganic aragonite, boron incorporation is con-
sistent with the preferential incorporation of borate without iso-
tope fractionation. In the solid, a marginal change of coordination
from BO4 to BO3 occurs but does not influence the §!'B of arago-
nite. In calcite, even if the possibility of the incorporation of borate
only with an isotopic fractionation is not entirely ruled out, the
incorporation of both boric acid and borate with no isotope frac-
tionation gives a satisfactory description of our experimental data.
The fraction of boric acid directly incorporated in calcite is corre-
lated to the fractions of aqueous boric acid, which decrease from
30% to 15% when the solution pH is raised from 7.5 to 8.9. De-
spite the uncertainties in the exact structure and stoichiometry of
the boron species attached to the carbonate surface and incorpo-
rated in the lattice, our data clearly indicate a strong control of
the crystal structure on the boron isotopic fractionation between
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Fig. 9. Conceptual model of boron incorporation in aragonite and calcite suggested
from both isotopic and NMR data. In aragonite, aqueous borate is the only species
incorporated with no isotope fractionation (a4-c = 1). A change of coordination ex-
plains the small amount of BOs in the solid. In calcite, both aqueous borate and
boric acid are incorporated assuming no fractionation between solution and solid
(aa-c =1 and a3-c = 1). The difference between the proportions of trigonal boron
incorporated in the solid calculated by isotope mass budget (BOs.iso, Eq. (2)) or
measured by NMR implies that a coordination change from tetrahedral to trigonal
species occurs in calcite and preferentially at low precipitation rate.

the solution and calcium carbonates. We show that the mechanism
controlling B incorporation in inorganic CaCO3 is much simpler for
aragonite than for calcite, and in aragonite, §!'B is more sensitive
to solution pH variations than in calcite.

Overall, the current study of boron inorganic co-precipitation
with calcite and aragonite, which is the first study to use cou-
pled "B MAS NMR and isotopic data over a wide range of solution
pH and CaCOs precipitation rates, clearly demonstrates crystallo-
graphic control of boron isotopic composition in calcium carbon-
ates in addition to the expected control by the pH of the parent
solution. This study has implications on the paleo-pH proxy un-
derstanding because our results showed that boron incorporation
in aragonite follows the hypothesis of borate incorporation used
to reconstruct ocean paleo-acidities, as proposed by Hemming
and Hanson (1992), while calcite does not follow this hypothe-
sis. In calcite, the boron isotope composition remains dependent
on pH and thus suitable for pH reconstructions, although it ap-
pears less sensitive to pH than in aragonite, a feature observed
in biogenic carbonates as well. Although pH increase in biogenic
carbonates may explain the §!'B in biogenic aragonite compared
to inorganic aragonite, specific vital effects, like the excretion of

boron-complexing organic exudates, probably control the §''B of
biogenic calcite. Importantly, this study highlights the possibility of
direct incorporation of significant amounts of boric acid in biogenic
carbonates. The accurate use of calcite 5B for paleo-pH recon-
structions will require further theoretical and experimental work
to characterize the exact mechanisms of B incorporation and iso-
tope fractionation in this mineral.
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