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Abstract 30	

 31	
Boron isotope ratios – as measured in marine calcium carbonate – are an established 32	

tracer of past seawater and calcifying fluid pH, and thus a powerful tool for probing marine 33	
calcifier physiology and reconstructing past atmospheric CO2 levels. For such applications, 34	
understanding the inorganic baseline upon which foraminiferal vital effects or coral pH 35	
upregulation are superimposed should be an important prerequisite. Yet, investigations 36	
into boron isotope fractionation in synthetic CaCO3 polymorphs have often reported 37	
variable and even conflicting results, implying our understanding of the pathways of boron 38	
incorporation into calcium carbonate is incomplete. Here we address this topic with 39	
experimental data from synthetic calcite and aragonite precipitated across a range of pH in 40	
the presence of both Mg and Ca. We observe coherent patterns in B/Ca and Na/Ca ratios 41	
that, we suggest, point to paired substitution of Na and B into the carbonate lattice to 42	
achieve local charge balance. In addition, we confirm the results of previous studies that the 43	
boron isotope composition of inorganic aragonite precipitates closely reflects that of 44	
aqueous borate ion, but that inorganic calcites display a higher degree of scatter, and 45	
diverge from the boron isotope composition of aqueous borate ion at low pH. With 46	
reference to the simultaneous incorporation of other trace and minor elements, we put 47	
forward possible explanations for the observed variability in the concentration and isotopic 48	
composition of boron in synthetic CaCO3. In particular, we highlight the potential 49	
importance of interface electrostatics in driving variability in our own and published 50	
synthetic carbonate datasets. Importantly for palaeo-reconstruction, however, these 51	
electrostatic effects are unlikely to play as important a role during natural precipitation of 52	
biogenic carbonates.  53	
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 57	

1. Introduction 58	

The boron isotope-pH proxy, as applied to fossil and modern biogenic carbonates 59	

such as foraminifera and corals, is increasingly used to reconstruct both past ocean pH and 60	

atmospheric CO2 levels (e.g. Penman et al., 2014; Martínez-Botí et al., 2015; Anagnostou et 61	



al., 2016; Babila et al., 2018; Henehan et al., 2020) and to provide key insights into the 62	

processes controlling biomineralisation (e.g. McCulloch et al., 2012). Aside from the 63	

demonstrable ability of the proxy to reproduce past CO2 levels recorded in ice cores (e.g. 64	

Chalk et al., 2017) and its capacity to reconstruct the carbonate chemistry of the calcifying 65	

fluid in stony corals (e.g. Holcomb et al., 2014; Gagnon et al., 2021), its widespread adoption 66	

(at least initially) was fuelled by its strong mechanistic basis, rooted in straightforward 67	

inorganic aqueous geochemistry. This mechanistic basis, and its refinement through time, 68	

is extensively detailed elsewhere (e.g. Hemming and Hanson, 1992; Foster and Rae, 2016; 69	

Rae, 2018; Hönisch et al., 2019), but can be briefly summarised as follows: i) boron dissolved 70	

in seawater speciates primarily between tetrahydroxyborate, or borate ion (B(OH)4
-), and 71	

boric acid (B(OH)3) according to ambient pH, ii) there is a well-defined boron isotope 72	

fractionation associated with this speciation, iii) the charged borate ion is predominantly 73	

incorporated into the CaCO3 crystal structure without isotopic fractionation, and thus iv) the 74	

isotopic composition (and perhaps concentration) of boron in carbonates should reflect the 75	

changing isotopic composition (and abundance) of aqueous borate ion with changing 76	

seawater pH. While this conceptual basis was initially supported by the similarity of the δ11B 77	

of marine biogenic carbonates to that of borate ion (Hemming and Hanson, 1992), 78	

subsequent research has found that while the δ11B of experimentally-precipitated synthetic 79	

aragonite does closely match that of aqueous borate ion (Noireaux et al., 2015), no synthetic 80	

calcites precipitated to date (Sanyal et al., 2000; Noireaux et al., 2015; Kaczmarek et al., 2016a; 81	

Farmer et al., 2019) show as high a sensitivity of δ11B to pH as would be predicted for 82	

aqueous borate ion using current estimates of the isotope fractionation between aqueous 83	

borate ion and boric acid (Klochko et al., 2006; Nir et al., 2015). Further, inorganically-84	

precipitated calcite tends to mainly, but not exclusively  (e.g see datapoint classified as an 85	

outlier by Noireaux et al., 2015) record δ11B that is higher than the δ11B of ambient borate 86	

ion (δ11Bborate). While deviations from the aqueous conceptual basis of the proxy in biogenic 87	



carbonates can often be attributed to physiological processes that decouple chemical 88	

conditions of CaCO3 precipitation from bulk seawater chemistry, such as variable pH up-89	

regulation in corals (e.g. Venn et al., 2013) or microenvironment alteration in foraminifera 90	

(e.g. Hönisch et al., 2003), inorganically-precipitated CaCO3 is not subject to such vital effects, 91	

and as such the variability of results from synthetic carbonates challenges our current 92	

understanding. Furthermore, the reason why boron isotope incorporation behaviour should 93	

be so strongly dependent on polymorph is not fully understood.  94	

One potential mechanism by which inorganic carbonates may be elevated relative 95	

to ambient borate ion is the incorporation of some amount of boric acid (which is 96	

isotopically heavier than borate ion). Since the isotopic fractionation between boric acid and 97	

borate ion is large (~26-27.2‰; Klochko et al., 2006; Nir et al., 2015), any potential 98	

contribution from boric acid in ancient calcites that was non-systematic would impede 99	

attempts to resolve past changes in ocean pH using the boron isotope composition of 100	

marine carbonate. Incorporation of both aqueous boron species has often been inferred 101	

based on nuclear magnetic resonance (NMR) studies showing boron in carbonates may be 102	

trigonally or tetrahedrally coordinated (e.g. Sen et al., 1994; Klochko et al., 2009; Mavromatis 103	

et al., 2015; Noireaux et al., 2015). Since aqueous boric acid is trigonally-coordinated, some 104	

have cited this trigonal coordination in carbonate as evidence of boric acid inclusion (e.g. 105	

Klochko et al., 2009; Cusack et al., 2015; Noireaux et al., 2015; Balan et al., 2016). However, 106	

the proportion of trigonal boron observed in carbonates correlates very poorly with 107	

measured elevation of δ11B relative to borate ion (Branson et al., 2015; Noireaux et al., 2015), 108	

cautioning against directly equating NMR coordination to the original aqueous boron 109	

species that was incorporated (see also Sen et al., 1994).  110	

An alternative line of argument for inclusion of both aqueous species in calcite 111	

comes from improved goodness-of-fit in observed synthetic calcites (but not aragonites; 112	

Holcomb et al., 2016) when boron partitioning is parameterised by λB (λB = B/Cacarbonate / 113	



([B]solution/[Dissolved Inorganic Carbon]solution)) rather than via aqueous borate concentration 114	

alone (e.g. Uchikawa et al., 2015). Indeed, Branson (2018), and subsequently Farmer et al. 115	

(2019), have had considerable success in explaining some (but not all) published boron 116	

isotope data from synthetic carbonates within a surface kinetic modelling (SKM) framework 117	

(building on DePaolo, 2011), involving both major aqueous boron species. In this model, the 118	

boron isotope composition of the precipitated mineral is determined by the balance 119	

between detachment and attachment rates of either species to the growing crystal face. 120	

Differences in boron isotope composition between experimental calcites and aragonites 121	

can thus be explained via a slower detachment rate of trigonal boric acid from the growing 122	

calcite face, and thus a greater propensity for retention of this isotopically-heavy species in 123	

the crystal lattice. This model can explain variability across the wide range of experimental 124	

treatments (pH, [DIC], [Ca2+], and [B]) of Uchikawa et al. (2015; 2017), as well as much, if not 125	

all, published data from elsewhere (Mavromatis et al., 2015; Noireaux et al., 2015; Kaczmarek 126	

et al., 2016a). While the SKM approach clearly appears to be very promising, there are 127	

outstanding questions that would benefit from the provision of more experimental data. 128	

For instance, it is not yet possible to conclusively distinguish whether published data are 129	

better explained via the Surface Entrapment Model (SEMO, where impurities in a surface 130	

boundary layer are trapped by rapid crystal overgrowth; Watson, 2004) or the SKM model. 131	

Also, intriguingly, structure in the residuals between SKM model predictions and 132	

experimental observations points to the existence of an as-yet-unidentified process that is 133	

not parameterised in the model, perhaps linked to a secondary control on the availability of 134	

binding sites (Farmer et al., 2019). Additionally, adsorption experiments by Saldi et al. (2018) 135	

found little support for adsorption of trigonally coordinated boric acid to the calcite surface, 136	

which would make it difficult to envisage attachment rates of boric acid ever exceeding 137	

those of detachment, as the SKM would require. More fundamentally perhaps, the observed 138	

isotopic fractionations during adsorption of borate ion (Saldi et al., 2018) and modelled 139	



equilibrium fractionation between the solid carbonate and aqueous boron phases (Balan et 140	

al., 2016; Balan et al., 2018) call into question some of the fundamental assumptions of the 141	

SKM model and indeed of the boron isotope proxy in general.  142	

To address these outstanding questions, we present new δ11B data from experimentally-143	

precipitated synthetic calcite and aragonite, measured via multicollector inductively-144	

coupled plasma mass spectrometry (MC-ICPMS). These precipitates, grown without seed 145	

material at seawater-like ionic strength (I = 0.7 mol/kg) in the presence of Mg, expand the 146	

range of pH (~7.4 – 9.4) covered by previous published data. Careful monitoring of the  147	

oxygen isotope compositions of precipitates and parent water show they were formed at 148	

(or close to) oxygen isotope equilibrium with parent water (see Kim et al., 2014). Since B 149	

isotopic equilibrium is reached before O isotope equilibrium (Zeebe et al., 2001), a lack of 150	

non-equilibrium isotope effects for O isotopes should suggest a corresponding lack for B. 151	

Boron isotope measurements are coupled with measurements of other trace and minor 152	

element-Ca ratios, to place observed isotopic fractionations within a broader framework 153	

that also considers other interacting and/or competing ions.  Finally, we also include the 154	

results of a reanalysis of the calcite precipitates of Sanyal et al. (2000) via MC-ICPMS, allowing 155	

greater ease of comparison with newer data, without necessitating consideration of 156	

possible analytical offsets in negative thermal ionisation mass spectrometry (NTIMS) data 157	

(e.g. Hönisch et al., 2003; Foster et al., 2013; Farmer et al., 2016). 158	

 159	

2. Methods 160	

2.1 CaCO3 precipitation via the Constant Addition Method 161	

Methodology for calcite or aragonite precipitation largely followed Kim et al. (2014), 162	

with the addition of B ([B]= 7.9 mmol/kgw) in the growth medium. Starting experimental 163	

solutions for CaCO3 precipitation experiments were prepared gravimetrically using 164	

deionized water (18.2 MΩ cm) and ACS grade B(OH)3, NaCl and NaHCO3 and/or Na2CO3, 165	



dependent on the intended starting pH of the experimental solution (all at I =~ 0.7 166	

mol/kgw). To ensure oxygen isotope equilibrium between the DIC species and water, 167	

solutions were left to equilibrate for a minimum of 7 days in a temperature-controlled water 168	

bath at 25 ± 0.01°C. Immediately prior to beginning each synthesis experiment, ACS grade 169	

MgCl2·6H2O and CaCl2·2H2O were added to these isotopically-equilibrated starting solutions 170	

(see Table 1 for details). The ratio of [Mg] to [Ca] differed according to the desired polymorph 171	

in each experiment (Morse et al., 2007): aragonite was precipitated at a solution Mg:Ca of 172	

4:1, but in order to precipitate calcite, solution Mg:Ca was lowered to 0.13:1. The addition of 173	

the hydrated chloride salts had no detectable influence on the oxygen isotopic composition 174	

of the growth medium, due to their relatively low concentrations. Starting solutions were 175	

then held in an airtight Teflon reaction chamber at 25.04 ± 0.03 °C (aragonite) or 25.00 ± 0.04 176	

˚C (calcite).  177	

Precipitation of CaCO3 began with the constant addition of two titrants (also of I = 0.7 178	

mol/kgw), the first a NaCl and NaHCO3 and/or Na2CO3 solution, the second a CaCl2·2H2O, 179	

B(OH)3, and NaCl solution (see Table 1). Both were prepared with deionized water from the 180	

same batch as that used in the starting solution to ensure consistency of δ18OH2O. After 181	

nucleation, which is spontaneous and involves no seed material, precipitation rate and 182	

solution pH were paced by the steady rate of injection of two titrants (at 0.5 ml hr-1). Because 183	

these experiments were carried out in sealed reaction vessels without a Ca electrode, exact 184	

timing of nucleation is not known. Based on prior experience during the development of 185	

the constant addition method (Kim et al., 2006; Kim et al., 2014), however, nucleation occurs 186	

soon after titration begins (at latest 24-48 hours). The composition of titrants was designed 187	

to keep pH stable during precipitation experiments, but where adjustments were necessary, 188	

1% HCl was added. Precipitation lasted between 67 and 627 hours from the onset of 189	

titration, depending on the experiment, yielding between 42 and 389 mg of CaCO3 (Table 190	

1). The pH of the growth medium was measured daily, using an NBS-calibrated 191	



potentiometric electrode. Within-run pH variability for experiments at medium-range pHs 192	

(~ 8.5 - 9) was often less than 0.1 pH units (at 2 sd), but was considerably larger for some low-193	

pH experiments (up to 0.28 units, 2sd), as shown in Supp. Fig. 1. However, since this 194	

variability during the experiment is averaged out in the carbonate sample that is ultimately 195	

analysed, we take two standard error on the mean pH as our uncertainty. Note, for input to 196	

PHREEQC, these NBS pH values were converted to MacInnes convention pH (Nir et al., 2014). 197	

Aliquots of the growth medium were taken for boron and oxygen isotope analysis at the 198	

beginning and end of each precipitation experiment, with samples for boron filtered 199	

through a 0.45 μm Millipore Durapore® syringe filter to remove any suspended crystalline 200	

material, and subsequently stored in acid-cleaned high-density polyethylene bottles. Upon 201	

collection of water samples, the remaining precipitation medium was run through a vacuum 202	

filtration system using 0.45 μm Durapore® membrane filters to isolate the suspended 203	

crystals. These were thoroughly rinsed with 2 L of 18.2 MΩ Milli-Q water to remove residue 204	

from the growth media, followed by ultra-pure methanol to remove water that might later 205	

interact with the carbonate, and oven-dried at ~ 70 °C overnight before weighing. 206	

Mineralogy of samples was screened using X-ray diffraction (XRD), with all experimental 207	

carbonates analysed here (with the possible exception of sample iMH15) found to consist of 208	

purely one polymorph (at least within the resolution of the technique). All measured XRD 209	

spectra are provided in Supplementary Appendix 2.   210	

2.2 Oxygen isotope analysis  211	

Oxygen isotope compositions of calcium carbonate samples were determined using a 212	

VG OPTIMA isotope ratio mass spectrometer at McMaster University, equipped with an 213	

ISOCARB automated common acid bath at 90 °C, with a 1σ uncertainty on δ18O 214	

measurements of ± 0.08 ‰. The measured δ18O values of acid-liberated CO2 (δ18OCO2(ACID)) 215	

from two reference materials (NBS 18 and NBS 19) at 90 °C were fitted against the δ18OCO2(ACID) 216	



value of 17.48 ‰ (NBS 18) and 39.19 ‰ (NBS 19). The measured δ18OCO2(ACID) value from each 217	

sample was then normalized using the relationship obtained above, and the acid 218	

fractionation factor of 1.0163 for aragonite or 1.01030 for calcite at 25 °C (Kim et al., 2007) 219	

was used to calculate the oxygen isotope composition of synthetic aragonite (δ18OAragontie) or 220	

calcite (δ18OCalcite).   221	

For oxygen isotope analysis of water samples, a modified CO2-H2O equilibration 222	

technique (Epstein and Mayeda, 1953) was employed using a Gas Bench II headspace 223	

autosampler and a Thermo Finnigan DeltaPlus XP Isotope Ratio Mass Spectrometer (IRMS) 224	

at McMaster University. Exetainer® glass vials were flushed and filled with a 0.2% CO2 and 225	

99.8% He mixture with a double needle at a flow of 100 ml min-1. 0.2 ml of water sample was 226	

injected into each glass vial, allowing ≥27 hr to equilibrate at 25 ±0.1 °C before the CO2 in 227	

the headspace was analyzed by IRMS. Samples were analyzed in duplicate with in-house 228	

water standards MRSI-STD-W1 and MRSI-STD-W2 (δ18O = -0.58 ‰ and -28.08 ‰ 229	

respectively). Uncertainty on water δ18O measurements is ± 0.05 ‰ (1s). 230	

2.3 Boron isotope analysis 231	

All boron isotope analyses were carried out at the University of Southampton (UoS), 232	

using multi-collector inductively-coupled plasma mass spectrometry (MC-ICPMS), following 233	

Foster (2008) and Henehan et al. (2013). As is critical for inorganic precipitation experiments 234	

such as these, sample precipitates were cleaned thoroughly to ensure complete removal of 235	

any boron that may have adhered to the mineral surface from the experimental medium. 236	

Specifically, having been rinsed with 2 L of MilliQ water before drying and transportation, 237	

carbonate samples were then rinsed five times with ~500 μL of boron- free MilliQ water, 238	

ultrasonicated (30 s) and centrifuged (4 mins). Each time, supernatant was extracted, 239	

acidified, and analysed for B/Ca on a Thermo X-Series II Quadropole ICPMS to verify the 240	

efficiency of rinsing, and to ensure the analysed carbonate was free of adsorbed B (see Supp. 241	



Fig. 2). Carbonate samples were then transferred to Teflon centrifuge tubes, subjected to a 242	

weak acid leach (0.0005M HNO3) to remove any adsorbed contaminants, rinsed three times 243	

more to remove the weak acid, and finally dissolved via stepwise addition of 0.5M HNO3. For 244	

each sample, a 20 µl aliquot of dissolved material was taken for trace and minor element/Ca 245	

ratio analysis (see Section 2.4). Samples of the experimental medium were acidified with 246	

HNO3 and ultrasonicated prior to analysis to ensure any possible precipitates were 247	

redissolved. Subsequently, separation of B from matrix prior to analysis via ion 248	

chromatography followed Henehan et al. (2013).  249	

Analytical uncertainty was estimated with reference to repeat analyses of JCp-1 coral 250	

aragonite standard (Okai et al., 2002) measured at UoS on 1011 Ω amplifiers, using the 251	

relationship between 2σ external reproducibility and 11B signal intensity from Henehan et 252	

al. (2013). Typical long-term reproducibility was < 0.23‰ (2sd) for 20 ng B and < 0.33‰ 253	

(2sd) for 4 ng B. 254	

2.4 Trace and Minor Element/Ca ratios 255	

Trace and minor element/Ca ratios were measured on an aliquot of the same dissolved 256	

sample material as was analysed for boron isotope ratios, using a Thermo Element ICP-MS 257	

at UoS. Measurement methods are detailed in Henehan et al. (2015).  Reproducibility of 258	

element/Ca ratio measurements was gauged by repeat measurement of three in-house 259	

consistency standards (B/Ca ratios of 197, 496, and 32 µmol/mol, respectively) with these 260	

sample runs, and was 6% for B/Ca, 1% for Na/Ca and 2% for Mg/Ca (all at 2 sd).	261	

2.5 Aqueous boron and carbonate speciation calculations  262	

  Since the parameterization of pK*
B (the equilibrium constant between boric acid and 263	

borate ion in solution) typically used in boron isotope-pH reconstructions (Dickson, 1990a) 264	

is based on ‘normal’ seawater chemistry, it is not applicable to the Na-Ca-Mg-Cl solutions 265	

used here. Approaches taken to address this issue in previous studies have varied and may 266	



contribute to the variability observed between studies. Kaczmarek et al. (2016a) and 267	

Noireaux et al. (2015) used the MINTEQA2 database, within the framework of PHREEQC 268	

(Parkhurst and Appelo, 2013) to calculate aqueous speciation. While this database uses the 269	

Davies equations (Davies, 1938) to extend Debye–Hückel parameters to higher ionic 270	

strengths than their original derivations, these equations are still not intended for use at 271	

ionic strengths greater than ~ 0.5 M.  Consequently, while for the low ionic strength growth 272	

media (0.1 - 0.2 M) of Noireaux et al. this should not introduce significant error, for the higher 273	

ionic strength experiments of Kaczmarek et al. this database is not suitable. The MyAMI 274	

model (Hain et al., 2015), itself developed from the MIAMI Ionic Interaction Model (Millero 275	

and Pierrot, 1998), can be used to calculate pK*
B and carbonate equilibrium constants for 276	

palaeo-seawater with different [Ca] and [Mg], but at unusual ionic strengths and solution 277	

chemistries far removed from seawater it produces values of pK*
B that diverge significantly 278	

from experimentally determined values (Farmer et al., 2019). Instead, Farmer et al. (2019) 279	

used the Pitzer database (pitzer.dat) implemented within PHREEQC (Parkhurst and Appelo, 280	

2013) because the output pK*
B values best fit measured observations across a range of 281	

experimental solution chemistries, notwithstanding some divergences between calculated 282	

and observed pK*
B values in artificial seawater. Following these authors, we also use the 283	

Pitzer database here, but we note that when one accounts for the fact that empirical artificial 284	

seawater pK*
B values (Dickson, 1990a) are reported on the total scale, and calculation of pK*

B 285	

from speciation in PHREEQC is based on the free scale (or more specifically, MacInnes 286	

convention pH; Nir et al., 2014), the fit between Pitzer-calculated pK*
B and empirical pK*

B (Fig. 287	

1) is in fact even better than was reported by Farmer et al. (2019). 288	



Figure 1: Values of pK*
B calculated by the Pitzer database within PHREEQC (Parkhurst and Appelo, 289	

2013) agree well with empirical observations across a broad range of ionic strengths (0 - 6.15 M) 290	
in KCl solutions (Dickson, 1990b), NaCl solutions (Owen and King, 1943; Hershey et al., 1986), Na-291	
Mg-Cl and Na-Ca-Cl solutions (Hershey et al., 1986), and even artificial seawater, once corrected 292	
from total scale (Dickson, 1990a). Since our solution chemistries (Na-Mg-Ca-B-Cl) are 293	
intermediate between those of Hershey et al. (1986) and Dickson (1990a), the Pitzer database 294	
can be considered appropriate for use here, as well as in recalculation of published data.   295	

 Our speciation calculations use concentrations of ions in precipitation media, as 296	

determined both from gravimetric measurements of starting reagents and titrants, and from 297	

gravimetric (mass of dried CaCO3) and geochemical (from measured Na/Ca, B/Ca and Mg/Ca 298	

ratios in CaCO3) quantification of ions removed in precipitates over the course of the 299	

experiments. These concentrations are given in Supplementary Table 1. Although the 300	

concentrations of some ions (e.g. Na, B) varied somewhat through each of our precipitation 301	

experiments, the resultant change in δ11Bborate due to these variations was less than 0.1 ‰. 302	

Nonetheless for our study and for the study of Kaczmarek et al. (2016a) we incorporate 303	

uncertainty in calculated pK*
B and Saturation Index (SI; SI = log10((Ionic Activity 304	

Product)/(Polymorph solubility constant Ksp)) due to changing major ion concentrations, 305	
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along with variability in growth medium pH and uncertainty in growth medium δ11B, via a 306	

Monte Carlo approach. Specifically, 2,000 simulated datasets were generated within a 307	

uniform distribution between starting major ion concentrations and their corresponding 308	

concentrations at the end of each experiment (accounting for solute loss into the 309	

precipitates), and from normal distributions within pH and δ11Bsolution uncertainty. Speciation 310	

was then calculated for each Monte Carlo solution using the PhreeqPy implementation of 311	

PHREEQC in Python (https://phreeqpy.com), which is in turn facilitated by IPhreeqc 312	

(Charlton and Parkhurst, 2011a), and boron isotope calculations calculated with reference 313	

to absolute isotope ratios (Rae, 2018) using modified formulations of code used by Farmer 314	

et al. (2019) and made available by O. Branson (https://github.com/oscarbranson).  315	

 316	

2.6 Quantifying precipitation rate  317	

 Published experimental data (Uchikawa et al., 2015; Kaczmarek et al., 2016a; Uchikawa 318	

et al., 2017) have highlighted the importance of precipitation rate (R) in controlling boron 319	

incorporation. While we have no Brunauer–Emmett–Teller (BET)-based estimate of surface-320	

area normalised precipitation rate for our experiments, we can calculate a number of other 321	

(albeit imperfect) indicators of precipitation rate that can be compared to geochemical 322	

results. Amongst these, estimates of bulk precipitation rate (i.e., mass of carbonate 323	

precipitated per hour) should be most indicative of the crystal-scale growth rate, even if 324	

other factors relating to crystal form likely make this an imperfect proxy. Indeed, in studies 325	

where area-normalised precipitation rate is available, this correlates reasonably well with 326	

the bulk precipitation rate metric we use here (Supp. Fig. 3). Other possible indicators of 327	

crystal-scale growth rate include SI, which should strongly influence precipitation rate 328	

(Zhang and Nancollas, 1998). However, since in our experiments growth medium Mg 329	

concentrations varied, potentially variable retardation effects on (particularly calcite) crystal 330	

growth (e.g. Berner, 1975; Nielsen et al., 2016) between experiments mean using SI as a 331	



proxy for precipitation rate may also not be straightforward. Indeed, we note that for our 332	

experiments, precipitation rate in mg hr-1 is negatively correlated with pH and SI (Supp. Fig. 333	

4). For this same reason, it is not possible to use the relationship between observed R and SI 334	

from Uchikawa et al. (2015; 2017) to estimate surface area-normalised growth rate following 335	

Farmer et al. (2019), as their experimental solutions did not contain Mg. Furthermore, their 336	

relationship based on calcite precipitation experiments is likely not applicable to our 337	

aragonites. Alternatively, others have noted the influence of [Ca2+]/[CO3
2-] as a primary 338	

control on calcite growth rate when saturation is otherwise held roughly constant (Nehrke 339	

et al., 2007; van der Weijden and van der Weijden, 2014), and ability of the CaCO3 340	

product/sum ratio to predict growth rate of Mg-rich amorphous CaCO3 (ACC) when Ω varies 341	

(Evans et al., 2020) and so we consider these here as other possible indicators of crystal 342	

growth rates in our experiments (noting that both correlate well with bulk precipitation rate, 343	

our preferred metric; Supp. Fig. 5).  344	

 345	

2.7 Reanalysis of Sanyal et al. (2000) carbonates 346	

For information regarding the precipitation experiments of Sanyal et al. (2000), we refer 347	

the reader to the original publication. Although not stated by Sanyal et al. (2000), the 348	

artificial seawater used in their study followed the recipe of Kester et al. (1967), but with the 349	

omission of Mg, and some alteration of [Ca] to moderate precipitation rates (J. Bijma, pers. 350	

comm.).  Records of the exact values of [Ca] are no longer available, and thus in the absence 351	

of better estimates we assume seawater [Ca] in speciation calculations here, with the proviso 352	

that these values are likely inaccurate. MC-ICPMS and ICPMS analyses were carried out at the 353	

University of Bristol, following the methods of Foster (2008), and with uncertainty on these 354	

data  being two standard deviations of four replicate measurements. B/Ca ratios in the first 355	

three rinse steps were measured to assess efficacy of cleaning, before a subsequent weak 356	

acid leach and three further Milli-Q leaches. While after three rinses B/Ca ratios in the rinse 357	



solutions levelled off somewhat, we cannot be certain that these rinses were sufficient (see 358	

Supplementary Appendix A for full discussion). Hence, given this uncertainty, and that 359	

surrounding [Ca] in the growth media, we refrain from over-interpreting these data in this 360	

study. 361	

 362	

3 Results 363	

3.1 Experimental conditions and equilibrium fractionation 364	

Details of conditions during each precipitation experiment, along with masses of 365	

resultant precipitate and precipitation rates, are given in Table 1.  For further details of the 366	

evolution of growth medium chemistry, see the Supplementary Table 1. Precipitation rates 367	

based on total mass precipitated range from 0.11 to 1.58 mg/hr for aragonites, and 0.15 to 368	

0.73 mg/hr for calcites. The observed oxygen isotope fractionation of synthetic aragonites 369	

(1000lnαaragonite-water) ranges between 28.80 and 29.15 ‰ (Table 2), within analytical 370	

uncertainty of the published estimate of 28.87 ± 0.13 ‰ at the same ionic strength of I = 371	

~0.7 mol/kg reported by Kim et al. (2014). Calcite samples are however systematically offset 372	

by ~ 0.5 - 0.7 ‰ (i.e. beyond combined 2σ analytical uncertainty of 0.19 ‰) from the 373	

equilibrium calcite-water fractionation proposed by Kim and O’Neil (1997) using not only a 374	

different technique of carbonate precipitation – where supersaturation of the precipitation 375	

medium was reached by bubbling N2 gas to forcibly degas CO2 – but also a much lower ionic 376	

strength. This offset is not strongly correlated with pH or SI, or [Ca]/[DIC] in either aragonite 377	

or calcite precipitation experiments (see Supp. Fig. 6).   378	

 379	

3.2 Trace element ratios 380	

Minor (Na, Mg, Sr) and trace (B, Mn, Cd, Ba, U, Nd, Al) element-Ca ratios are listed in Table 381	

2 and Supplementary Table 2. Note however that of these elements, only Na, Mg, and B were 382	

intentionally and quantifiably added to the growth media; other elements could only have 383	



been introduced as impurities in original reagents, or via contamination from experimental 384	

apparatus. We provide these data in the supplement for posterity, but since it is inadvisable 385	

to over-interpret the distribution of elements whose concentrations in the experimental 386	

fluid were not controlled, we do not discuss these further. Observed Na/Ca ratios in 387	

aragonites ranged from 9 – 32 mmol/mol, compared to only 2 – 8 mmol/mol in calcites, 388	

confirming a higher affinity for Na in aragonite observed elsewhere (Kitano et al., 1975). B/Ca 389	

ratios are also similarly higher in aragonite (350 - 1852 µmol/mol) than calcite (107 – 315 390	

µmol/mol), in agreement with previous studies (e.g. Furst et al., 1976; Kitano et al., 1978; 391	

Noireaux et al., 2015). Conversely, despite higher aqueous [Mg] in aragonite growth media, 392	

Mg/Ca ratios were often higher in calcites (2.6 - 5.1 mmol/mol) than aragonites (0.9 – 6.0 393	

mmol/mol), as observed elsewhere (e.g. Berner, 1975).  394	

B/Ca ratios (Fig. 2a) and elemental partitioning (expressed here as λB, defined above, Fig 395	

2b) are significantly positively linearly correlated with experimental pH for both aragonite 396	

(R2
B/Ca = 0.29, R2

λB = 0.39) and calcite (R2
B/Ca = 0.74, R2

λB = 0.73). Na/Ca ratios are similarly 397	

positively correlated with pH (Fig. 2d) in both aragonite (R2
Na/Ca = 0.67) and calcite (R2

Na/Ca = 398	

0.93). However, when one accounts for the considerable range in growth medium Na/Ca, 399	

partitioning of Na (i.e. DElement: Element/Casolid / Element/Casolution) into the solid form is in fact 400	

lower when pH is higher (Fig. 2e). Mg/Ca (Fig. 2g) shows little response to pH in calcites, but 401	

when changing solution [Mg] between experiments is accounted for (DMg; Fig 2h, i), there is 402	

an evident increase in Mg partitioning into aragonite at higher pH/SI. Because in our 403	

experiments calculated SI was linearly correlated with pH (R2
calc

 = 0.60, pcalc = 0.01; R2
arag=0.50, 404	

parag < 0.01; Supp. Fig. 7), similar trends for each element are seen against SI (Fig 2 c, f, i), 405	

although in most cases the correlations are weaker than for pH.  406	



 407	
Figure 2: The observed response of B, Na and Mg incorporation to changes in the carbonate 408	
system. Both B/Ca (panel a) and Na/Ca (panel d) ratios increase with pH in both aragonites (blue 409	
squares) and calcites (red circles). Because B/DIC did not vary significantly in the experiments, 410	
this is equally evident in λB values (λB = B/Cacarbonate / ([B]solution/[DIC]solution)), shown in panel e. By 411	
contrast, because Na/Ca ratios in the growth medium vary considerably, pH appears to promote 412	
Na incorporation when plotted as raw Na/Ca ratios (panel d), but in fact partitioning of Na into 413	
the solid form (DNa) is lower when pH is higher (panel e). Regression fits shown are based on the 414	
median slope and intercept of 2000 Monte Carlo datasets sampled within normal distributions 415	
of uncertainty around x and y variables, and stated statistics are the median R2 and p-values of 416	
these Monte Carlo fits. The aragonite fits in panels g-i are exceptions to this: these are least-417	
squares exponential fits through the central tendencies of the data, as linear fits resulted in 418	
considerably worse goodness-of-fit. For these fits, meaningful p-values could not be calculated. 419	
The form of regression fit applied was chosen to maximise R2. See Supp. Fig 8 for panel h plotted 420	
on a linear scale, and Supp Fig. 9 for a version of this Figure also including remeasured values of 421	
calcites from Sanyal et al. (2000).  422	

While these relationships highlight the predominant control of the carbonate system on 423	

boron incorporation, there is clearly considerable residual variability around these 424	

relationships, with individual aragonite precipitate B/Ca values varying by ~1000 µmol/mol 425	

even within very similar low pH treatments. Note that the strength of the carbonate system 426	
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control on B/Ca is not any more significant when plotted against calculated [B(OH)4
-]/[HCO3

-427	

], [B(OH)4
-]/[DIC] or [B(OH)4

-]/[CO3
2-]0.5, and so we plot against pH as the least derived (and 428	

hence least uncertain) parameter here (see Supp. Fig. 10 for alternative parameterisations). 429	

Similarly, we cannot discern whether there is any better fit between λB (plotted here 430	

following Uchikawa et al. (2015)) or [B(OH)4
-]/[DIC], although it is perhaps notable that our 431	

calcites and those remeasured values of Sanyal et al. (2000) fall on a similar trend when 432	

[B(OH)4
-]/[DIC] is used (Supp. Fig. 10). Given published experimental data point to 433	

precipitation rate (R) being important in controlling boron incorporation  434	

(Uchikawa et al., 2015; Kaczmarek et al., 2016a; Uchikawa et al., 2017), one might predict 435	

residual variation from a relationship with the carbonate system in our experiments to be 436	

correlated with precipitation rate. Despite this, although our metrics for precipitation rate 437	

(bulk precipitation rate, SI, or [Ca]/[CO3
2-]) may be imperfect substitutes for BET-based 438	

surface-area normalised precipitation rate (as we discuss in Section 2.6), it is striking that 439	

there is no correlation between any of these growth-rate metrics and residual variability 440	

from our observed B/Ca-pH relationship (Fig. 3a-d). Neither is there any correlation with the 441	

ratio of growth-inhibiting Mg to carbonate ion (Fig. 3e), the boron concentration of the 442	

solution (which might induce disproportional increase in B incorporation; Allen and 443	

Hönisch, 2012) (Fig. 3f), the ionic strength of the solution (which might enhance B 444	

incorporation; e.g. Kitano et al., 1978) (Fig. 3g), or ([Ca2+]*[CO3
2-])/([Ca2+]+[CO3

2-]), found to be 445	

a useful predictor of ACC precipitation rate by Evans et al. (2020) (Fig. 3h). Finally, there is no 446	

correlation between residual B/Ca variability and the degree to which these carbonate 447	

samples diverged from oxygen isotope equilibrium (Supp. Fig. 11), which again suggests 448	

kinetics are not the dominant factor dictating B incorporation in our experiments. 449	



Figure 3: Residual variability from the B/Ca-pH relationship observed in Fig. 2a against 450	
experimental solution and measurement parameters. As in Fig. 2, calcites are shown as red 451	
circles, and aragonites as blue squares. No correlations are observed between a) solution 452	
Saturation Index (note aragonites plotted against SIarag, calcites vs. SIcalc), b) precipitation rate 453	
parameterized as mass of carbonate grown per hour, c) precipitation rate based on the 454	
relationship between SI and R following Farmer et al. (2019), d) Calcium to carbonate ion ratio, 455	
e) Mg concentrations relative to carbonate ion, f) total boron concentration in solution, g) ionic 456	
strength or h) CaCO3 product over sum. 457	
 458	
Despite there being little correlation between residual B/Ca and experimental parameters, 459	

there is a strong correlation, consistent across both polymorphs (R2
Calc = 0.74; R2

Arag = 0.64), 460	

between B/Ca and Na/Ca (Fig. 4a), which in the case of aragonite is much stronger than the 461	

relationship between either element and any carbonate system or saturation parameter. 462	

This apparent importance of Na/Ca is also evident in strong correlations between residual 463	

B/Ca variability around the pH trend and Na/Ca, particularly in aragonite (Fig. 4b). When 464	

such a consistent B/Ca-Na/Ca relationship is observed across both polymorphs, without an 465	

evident causal driver among solution chemistry parameters, one might infer some artefact 466	

of analysis or sample preparation. However, our sample cleaning protocol was consistent 467	

across all samples, and variability does not correspond to different analytical or sample 468	

preparation batches. Furthermore, there is little support for inaccuracy of matrix matching 469	

between sample and standard during ICPMS analysis (which may bias measurements of 470	

B/Ca; Yu et al., 2005) introducing significant residual variability in B/Ca (Supp. Fig. 12).  471	
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Figure 4: a) Measured B/Ca vs. Na/Ca ratios in calcites (red circles) and aragonites (blue squares). 473	
R-squared values for calcites, aragonites and both polymorphs together are higher than, or 474	
comparable to, correlations with any aqueous chemical parameters. Additionally, slopes of 475	
linear regressions plotted through either dataset (red and blue lines) are indistinguishable and 476	
can be equally well fit with a relationship through both polymorphs (purple line, equation inset). 477	
To visualise this another way, in aragonites, as shown in panel b, residual B/Ca around the pH 478	
relationship shown in Fig. 2 is strongly correlated with Na/Ca ratios for low and medium pH 479	
experiments. At higher pH, an outlier (marked in lighter blue brackets) means that this 480	
relationship is not significant (dashed blue line), but when this outlier is removed the relationship 481	
between residual B/Ca and Na/Ca is strong for all other datapoints (light blue). For calcites (panel 482	
c), the magnitude of residual B/Ca and Na/Ca variability is much lower, and no statistically 483	
significant relationships are observed, although regression lines through both low and medium 484	
pH calcites are strongly positive, as in aragonites.  485	
 486	

3.3 Boron isotopes 487	

Boron isotope compositions of experimental solutions and precipitates are given in 488	

Table 2. We observed no difference outside of analytical uncertainty in solution δ11B 489	

between experiments, and no systematic drift in δ11B within individual experiments (Table 490	

2). Therefore, for calculating aqueous δ11Bborate and interpreting our data we assume a value 491	

of -14.34 ± 0.03 ‰ (2se), which is the mean and two standard errors of our solution 492	

measurements (n = 31). Measured carbonate δ11B values range from -18.85 to -38.53 ‰. To 493	

aid comparison of our experimental data with other experimental data and data from 494	

natural carbonates, we normalise all carbonate data to a natural seawater δ11B of 39.61 ± 495	

0.04 ‰ (Foster et al., 2010), using the approach for dealing with modified seawater outlined 496	

by Zeebe and Wolf-Gladrow (2001). Since [Mg] and [Ca] (and hence pK*B) varied between 497	

our experiments, and between published experiments, δ11BCaCO3 is plotted as a function of 498	

δ11Bborate in Fig. 5 rather than pH, alongside our new measurements of Sanyal et al. (2000)’s 499	
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precipitates, existing published data from Noireaux et al. (2015), Kaczmarek et al. (2016a) 500	

and Farmer et al. (2019). Our new measurements of Sanyal et al. (2000)’s carbonates are 501	

broadly similar to the original NTIMS data at high pH, but diverge at low pH, giving a pH 502	

sensitivity (i.e. a slope) that is much closer to aqueous borate than previous data suggested 503	

(0.99 vs. 0.83; Fig. 5 and Supplementary Appendix), with the aforementioned caveat that we 504	

cannot confirm the efficacy of our rinses.  For our own carbonates, as documented by 505	

Noireaux et al. (2015) over a more limited range in solution pH, we observe that δ11Baragonite 506	

closely follows that of δ11Bborate, but that δ11Bcalcite diverges progressively from δ11Bborate as pH 507	

decreases, with a slope (i.e. a pH sensitivity) of considerably less than unity (m=~0.5).  That 508	

said, our calcite data sit closer to the δ11Bborate line than other previous inorganic calcite 509	

precipitates (Fig. 5). Also similar to Noireaux et al. (2015), we observe a slope that is slightly 510	

less than 1 for the fit between δ11Baragonite vs. δ11Bborate calculated from an equilibrium 511	

fractionation factor between boric acid and borate (aB, sometimes denoted 11-10KB) of 1.0272 512	

(Klochko et al., 2006; see Fig. 5a), and a slightly better fit with the 1:1 line for an aB of 1.026 513	

(Nir et al., 2015; see Fig. 5b). Indeed, to quantitatively determine the best fit of aB to the 514	

combined body of aragonite data from Noireaux et al. (2015) and our aragonite data 515	

(accounting for uncertainty in each datapoint), we used SciPy.optimization (SciPy 1.0 516	

Contributors et al., 2020), and derive an aB of 1.02607: strikingly similar to that proposed 517	

independently by Nir et al. (2015).  518	



 519	

Figure 5: Boron isotope measurements in calcites (red circles) and aragonites (blue squares) from 520	
our study, normalised to a natural seawater value of 39.61 ‰ (Foster et al., 2010) and plotted 521	
against δ11Bborate calculated according to an aB of 1.0272 (panel a; Klochko et al., 2006) and 1.026 522	
(panel b; Nir et al., 2015). In panels c and d, our data (in claret) are shown in the context of data 523	
from  Noireaux et al. (2015; blue), Kaczmarek et al. (2016a; gold) and Farmer et al. (2019; green), 524	
as well as the remeasured calcites from Sanyal et al. (2000; grey). Calculated values plotted here 525	
use the ‘pitzer.dat’ database in PHREEQC (Charlton and Parkhurst, 2011b). Error bars on 526	
δ11Bcarbonate are Monte Carlo propagated 95% confidence intervals, incorporating uncertainty 527	
from measurement and uncertainty in experimental fluid δ11B during the experiment. Error bars 528	
on δ11Bborate are Monte Carlo propagated 95% confidence intervals, incorporating uncertainty 529	
from drift in pH and experimental fluid chemistry (and hence pK*

B) during the experiment. 530	
Regression lines plotted, and their 1 and 2 s confidence intervals (lightly and darkly shaded 531	
regions respectively), are constructed using a Monte Carlo ‘wild bootstrap’ approach (Liu, 1988; 532	
Mammen, 1993), where predictor variables are fixed and the regression t-statistic is resampled 533	
instead, an approach which is better suited to small datasets (Cameron et al., 2008; Imbens and 534	
Kolesar, 2012).    535	
 536	
 537	
 538	
 539	

15 20 25 30 35
δ11Bborate (Klochko) ‰

15

20

25

30

35
δ1
1 B
m
ea
s (

‰
, n

or
m

al
is

ed
 to

 δ
11

B s
w

=3
9.

61
)

y=0.98x + 0.92

y=0.49x + 11.90

a. our data, α=1.0272

this study, Calcite
this study, Aragonite

15 20 25 30 35
δ11Bborate (Nir) ‰

15

20

25

30

35 δ
11B

m
eas  (‰

, norm
alised to δ

11B
sw =39.61)

y=1.03x + -0
.83

y=0.51x + 11.04

b. our data, α=1.026

this study, Calcite
this study, Aragonite

15 20 25 30 35

δ11Bborate (Klochko) ‰

15

20

25

30

35

δ1
1 B
m
ea
s (

‰
, n

or
m

al
is

ed
 to

 δ
11

B s
w

=3
9.

61
) c. all data, α=1.0272

15 20 25 30 35

δ11Bborate (Nir) ‰

15

20

25

30

35 δ
11B

m
eas  (‰

, norm
alised to δ

11B
sw =39.61)

d. all data, α=1.026

Noireaux et al., Calcite
Noireaux et al., Aragonite

Kaczmarek et al., Calcite
Farmer et al., Calcite

Sanyal et al. (remeasured), Calcite
this study, Calcite

this study, Aragonite



4 Discussion 540	

4.1 Elemental partitioning: Na and Mg 541	

The reduction in Na partitioning into both calcite and aragonite we observe with 542	

increasing pH (Fig. 2) is counter to the observations of Busenberg and Plummer (1985), who 543	

precipitated synthetic calcites from Na-Ca-S-K-Cl solutions with the stated aim of 544	

investigating the link between growth rate and Na incorporation. Their study revealed a 545	

similarly positive correlation between Na incorporation and pH, but in their study Na 546	

partitioning (DNa) also increased with pH or SI. We also see a positive trend in DNa with pH, 547	

albeit to a lesser extent, in the remeasured calcites of Sanyal et al. (2000) (Supp. Fig. 13).  548	

Busenberg and Plummer (1985) concluded that the incorporation of Na a) followed a 549	

Freundlich isotherm (indicative of adsorption behaviour, rather than straightforward Nernst 550	

partitioning), b) increased with growth rate (R2= 0.25, p = 0.04), c) was linked to the number 551	

of defect sites in the calcite structure, and d) itself increases the lattice spacing of the calcite. 552	

These latter two observations are supported by subsequent research which reproduced a 553	

rate effect on Na partitioning (Mucci, 1988) and demonstrated that Na is hosted in 554	

substitutional defect sites, not interstitial sites (Yoshimura et al., 2017). The decrease in DNa 555	

we observe with pH and SI could therefore simply be a result of lower bulk precipitation 556	

rates (in mg/hr) in our higher pH/SI calcite and aragonite experiments (Supp. Fig. 4), in 557	

contrast to a strongly positive correlation (R2=0.79, p<0.01) between pH and precipitation 558	

rate in Busenberg and Plummer’s experiments. However, if this implies that our bulk 559	

precipitation rate estimates are indeed an accurate proxy for crystal-surface-scale 560	

precipitation rate, this has implications for our boron incorporation/isotope data (discussed 561	

later). Additionally, we note that Füger et al. (2019) observed a similar negative trend in Na 562	

partitioning with pH, which they attributed not to changing precipitation rate, but a lower 563	

prevalence of HCO3
- ion to be incorporated into the CaCO3 lattice to balance the 564	

incorporation of monovalent Na+. This effect would not be apparent in the experiments of 565	



Busenberg and Plummer (1985), because their experimental pH never reached values high 566	

enough for carbonate speciation to begin to move from HCO3
- to CO3

2-. It is unlikely, then, 567	

that Na partitioning is a straightforward reflection of precipitation rate alone.  568	

In the case of Mg, we see little change in partitioning in calcite with pH or SI, but we 569	

observe higher DMg with higher pH/more saturated conditions in aragonites (Figs. 2h,j). 570	

However, in light of inconsistent responses of Mg partitioning to precipitation rate in 571	

published aragonite precipitation experiments (Gabitov et al., 2008; Mavromatis et al., 2013), 572	

it is similarly difficult to infer anything about precipitation rate in our experiments from this 573	

finding. 574	

4.2 Elemental Partitioning: B 575	

We observe a strong carbonate system control on B incorporation into both calcites 576	

and aragonites, concordant with the fundamentals of the boron isotope and B/Ca palaeo-577	

proxies, although there is considerable B/Ca variability evident around these relationships 578	

(Fig. 3).  While we explore any potential aqueous chemical conditions that could have 579	

secondarily influenced carbonate B incorporation (Fig. 3), given that within each pH 580	

treatment there was relatively little variability in solution chemistry but considerable 581	

variability in B/Ca (and Na/Ca), it follows that no obvious correlations arise. Instead, B 582	

incorporation exhibits apparently stochastic variability around a predominant carbonate 583	

system control within our dataset, variability which is particularly evident in aragonites. This 584	

variability, without apparent correlation with any of our (albeit perhaps imperfect) 585	

measured growth rate indicators (Fig. 3), would not be expected if incorporation rigidly 586	

follows the surface kinetic model of Branson (2018) with a set rate of attachment and 587	

detachment for both aqueous boron species at any given mineralogy and solution 588	

chemistry. Indeed, in our dataset, the highest bulk precipitation rates correspond to lower 589	

λB values (Supp. Fig. 14). It may well be that our experimental carbonates were more highly 590	

influenced by the same secondary control on B incorporation that drives the residual 591	



unexplained variability in λB observed by Farmer et al. (2019), which these authors suggested 592	

may be linked to some other control on binding site availability.  593	

One such control on binding site availability, indicated by the close correlation we 594	

observed across both calcites and aragonites between Na enrichment and B enrichment 595	

(Fig. 4a), and the coherence between residual B/Ca variability and Na/Ca (Figs. 4 b, c) is the 596	

provision of B incorporation sites via Na substitution. Na+ substitutes for Ca2+ in calcium 597	

carbonate rather than being incorporated at interstitial sites (Yoshimura et al., 2017), and 598	

thus a means to maintain charge balance in the crystal lattice is required. Paired 599	

incorporation of Na+ and B(OH)4
- in place of Ca2+ and CO3

2- may be one such mechanism. 600	

Indeed, the consistency of this relationship across both carbonate polymorphs, with an 601	

intercept close to the origin, suggests that paired incorporation of Na and B may be the 602	

primary means by which B can be incorporated into CaCO3 lattice (note, given the order of 603	

magnitude greater concentration of Na in CaCO3, it is unlikely to be the other way around). 604	

This could also be the basis by which salinity or [Na] enhances B incorporation in inorganic 605	

carbonates (Kitano et al., 1978; Uchikawa et al., 2017) and perhaps even biogenic carbonates 606	

(Allen et al., 2012). Moreover, if the incorporation of Na into defect sites distorts the CaCO3 607	

lattice structure as it grows (Busenberg and Plummer, 1985), it may follow that Na 608	

incorporation is multiplicative, with a more disordered lattice potentially enhancing further 609	

substitution of Na+ for Ca2+, and more B(OH)4
- with it. In this way, the apparent stochasticity 610	

of our B/Ca data in relation to solution chemistry, but their systematic correlation with 611	

precipitate Na/Ca, could be explained by differences in the frequency and timing of Na 612	

substitution during the nucleation or early growth of experimentally-grown CaCO3, 613	

potentially setting the regime for B incorporation thereafter.  614	

	615	

4.3  Boron isotope incorporation: aragonite vs calcite  616	

In common with previous studies, we observe relatively poor agreement between 617	



the δ11B of our synthetic calcite and aqueous δ11Bborate, considerable scatter between 618	

experimental treatments, and a slope (i.e., a pH sensitivity) that is much less than 1 (Fig. 5). 619	

In the case of aragonite, however, we observe that δ11Baragonite closely resembles that of 620	

aqueous δ11Bborate, confirming the findings of Noireaux et al. (2015) over a wider pH range 621	

(~7.4 – ~9.4). That the relationship between δ11Baragonite and aqueous δ11Bborate observed here 622	

is within uncertainty of that observed by Noireaux et al. (2015) is also significant in itself, 623	

since the solution chemistries, ionic strengths, and precipitation techniques used differ 624	

considerably between our study and this previous work. For instance, the ionic strength of 625	

our solutions was close to mean average seawater (I = 0.7 M), whereas it was considerably 626	

lower (I = 0.1-0.2 M) in the experiments of Noireaux et al,. (2015).  Therefore, we can conclude 627	

that at least in aragonites, solution chemistry appears to have little intrinsic influence on the 628	

isotopic partitioning of boron beyond its calculable effect on boron speciation, and that sole 629	

incorporation of borate ion, without fractionation during any adsorption step, is strongly 630	

implied.  With regards the value of aB, our analyses suggest that an aB of 1.026 (from Nir et 631	

al., 2015) produces a better fit with δ11Baragonite compared to the aB of 1.0272 from Klochko et 632	

al. (2006). At this stage, we cannot discern whether this supports this later estimate of the 633	

fractionation factor between aqueous borate and boric acid as being more accurate (as 634	

argued by Noireaux et al. 2015), or whether this is some aragonite-specific fractionation 635	

from aqueous borate. In practical terms for the application of the boron isotope-pH proxy, 636	

in instances where empirical calibrations are used this should not matter greatly, provided 637	

the same value of aB is used in calibration and reconstruction. However, in cases where a 638	

pH-sensitivity equal to aqueous borate is assumed, this should be borne in mind- 639	

particularly in the reconstruction of calcification fluid pH from aragonitic coral δ11Baragonite 640	

(e.g. Holcomb et al., 2014; Schoepf et al., 2017).     641	

 While the boron isotope composition of our calcite precipitates, as with previous 642	

studies, diverges significantly from that calculated for aqueous borate ion, it is notable that 643	



our precipitates fall closer to δ11Bborate than other previously published carbonate data (Fig. 644	

5). Indeed, at the upper end of the pH range of our calcite experiments (~8.6), our calcite 645	

precipitates record the δ11Bborate more or less faithfully, which speaks against the existence 646	

of a universal boron isotope fractionation during adsorption and incorporation at this pH 647	

that has been observed elsewhere (Saldi et al., 2018). Possible mechanistic reasons for this 648	

are discussed further in the next section, but we suggest that the higher ionic strength of 649	

our precipitation solutions may be key. Saldi et al. (2018) observed that the apparent 650	

magnitude of fractionation associated with adsorption onto calcite decreased with 651	

increasing ionic strength (I), although we note their estimates of the fractionation were also 652	

more uncertain with increasing I. We note that proximity in measured δ11B to aqueous 653	

δ11Bborate increases  with ionic strength, with our data and those remeasured calcites of Sanyal 654	

et al. (2000) – both precipitated at I = ~0.7 mol/kg – closest in measured δ11B to aqueous 655	

borate ion, and Kaczmarek et al. (2016b)’s calcite precipitations (I = ~0.6 mol/kg), next 656	

closest. Therefore we suggest that isotope fractionation upon adsorption of B onto calcite, 657	

while evidently large at low ionic strength (Saldi et al., 2018), is much weaker (and possibly 658	

negligible) at ionic strengths typical of seawater conditions. Our data also appear 659	

incompatible with the large structural fractionation between aqueous and solid carbonate-660	

hosted B phase advocated by Balan et al. (2016; 2018), perhaps supporting Farmer et al. 661	

(2019)’s assessment that simulations at close to thermodynamic equilibrium are likely 662	

unrepresentative of conditions at a growing mineral face. 663	

 Although the remeasured precipitates of Sanyal et al. (2000), if reliable, show a slope 664	

that is much more similar to aqueous borate than when measured via NTIMS (Fig. 5, 665	

Supplementary Appendix), and our calcite data in general fall closer to the δ11B of aqueous 666	

borate ion than previous studies, our calcites nonetheless diverge strongly from δ11Bborate at 667	

low ambient δ11Bborate (/pH), with a slope considerably less than unity (~0.49-0.51) and 668	

considerable scatter (Fig. 5). The offset between measured δ11Bcarbonate and aqueous δ11Bborate  669	



∆C-B (note we use ∆ here rather than ɛ to avoid confusion with the aqueous fractionation 670	

between borate and boric acid, ɛB) in our calcites falls roughly upon the same relationship 671	

with SI described by other published data (and as noted by Farmer et al., 2019). Specifically, 672	

∆C-B values approach δ11Bborate at high SI, and are increasingly positively offset at low SI (Fig. 673	

6a). According to the SKM model of Branson (2018), the mechanism for this trend is that 674	

rates of precipitation are faster than those of detachment of B(OH)4
- ion from the crystal face 675	

at higher SI. Conversely, precipitation rates are lower at low SI, and relatively higher 676	

detachment of B(OH)4
- leaves the bulk crystal relatively enriched in trigonal B(OH)3, whose 677	

detachment rates are lower. However, as previously discussed, unlike the data of Farmer et 678	

al. (2019), SI was if anything negatively correlated with measured bulk precipitation rate in 679	

our calcite experiments (see Supp. Fig. 4), and higher bulk precipitation rates in lower pH 680	

treatments correspond to the most elevated δ11Bcarbonate relative to aqueous δ11Bborate. 681	

Moreover, if high precipitation rate were the key in trapping B(OH)4
-, one might expect those 682	

samples that precipitated furthest from oxygen isotope equilibrium to have the smallest 683	

values of ∆C-B, but if anything those closest to Kim & O’Neil (1997)’s estimate of equilibrium 684	

fractionation most closely resemble aqueous δ11Bborate (Fig. 6b). Finally, there are reasons 685	

within the dataset of Noireaux et al. (2015) to suspect that rate may not be the primary factor 686	

at play: a) the only calcite precipitate from above pH 9 is inconsistent with such a model and 687	

b) seeded and unseeded calcites in their experiments showed different surface-area-688	

normalised precipitation rates, and yet this is not reflected in their ∆C-B.  689	



Figure 6: The offset ∆C-B between δ11B measured in calcite precipitates and the predicted δ11B of 690	
aqueous borate in their experimental growth media (assuming ɛB = 26 ‰, from Nir et al. (2015)) 691	
correlates with SI (R2 = 0.43; panel a), which is a common driver of precipitation rate. However, 692	
there is considerable scatter in the calcite data from Noireaux et al. (2015) that do not fit this 693	
relationship. It may therefore be incorrect to treat SI as a universal proxy for precipitation rate, 694	
since in our experiments SI does not correlate well with bulk precipitation rate (Supp. Fig. 4). 695	
Furthermore, one might expect the fastest rates of precipitation at high SI, and yet in our study 696	
the largest deviations from oxygen isotope equilibrium (panel b), which in the case of calcites 697	
also showed the greatest offset from the δ11B of aqueous borate, were at the lowest SI values. This 698	
is inconsistent with increasing B(OH)4-incorporation relative to B(OH)3 at high precipitation rates, 699	
advocated by Farmer et al. (2019). Data in panel b are plotted in relation to the calcite 700	
equilibrium oxygen isotope fractionation of Kim & O’Neil (1997) (red dotted line) and the 701	
aragonite equilibrium oxygen isotope fractionation of Kim et al. (2014) (blue dotted line). 702	
  703	

4.4 Possible reconciliation of disparate findings with surface zeta potential 704	

Although we demonstrate that boron incorporation into aragonite adheres to the 705	

established basis of the boron isotope proxy across a wide range of pH, the variability in 706	

boron partitioning and isotope fractionation within our calcite data and between published 707	

calcite datasets continues to pose a challenge to this paradigm. We suggest, however, that 708	

some of this variability might be explicable when one considers the surface coordination 709	

environment of the contact solution. For B, Na and Mg to be incorporated into the CaCO3 710	

lattice structure, these ions must first adsorb onto electrostatically-favourable mineral 711	

surface sites. The possible exception to this is Mg in aragonite, where adsorption behaviour 712	

is not always evident (De Groot and Duyvis, 1966; Mucci and Morse, 1983). Both Na (e.g. 713	

Busenberg and Plummer, 1985) and B (Goldberg and Forster, 1991; Saldi et al., 2018; Wang 714	



et al., 2018) follow Langmuir adsorption isotherms, suggesting adsorption is the critical first 715	

step on the pathway to their incorporation. Typically, sorption reactions are discussed in 716	

relation to a mineral’s surface charge. In the case of most metal oxides surface charge is 717	

determined by the relative concentrations of H+ and OH- ions (the ‘potential determining 718	

ions’, or PDIs) in solution (e.g. Schindler and Stumm, 1987), and thus it is pH dependent. 719	

However, surface electrostatic behaviour of CaCO3 is more complex, as free Ca2+ and CO3
2- 720	

ions (whose speciation itself may be pH dependent) are instead the principle PDIs (Foxall et 721	

al., 1979). Indeed, as summarised by Al Mahrouqi et al. (2017), varying pH while keeping pCa 722	

constant will not change the electrostatic behaviour of calcite. This, coupled with the 723	

solubility of CaCO3 in water and the fact that one of the PDIs, CO3
2-, is also sensitive to 724	

equilibration with the atmosphere, has meant that published measurements of CaCO3 725	

surface potential have often been inconsistent (see Wolthers et al., 2008; Al Mahrouqi et al., 726	

2017 for a summary).  727	

Additionally, unlike in the case of metal oxides, the effective surface charge of CaCO3 728	

in water is not in itself sensitive to pH: a well-ordered water layer exists at the interface of 729	

the mineral (Fenter et al., 2000; Fenter and Sturchio, 2004; Geissbühler et al., 2004), termed 730	

the hydrolysis layer (Stipp, 1999) or 0-plane (Heberling et al., 2011), and at this plane the 731	

charge should be weakly negative across a wide range of pH (5.5-11; Heberling et al., 2011). 732	

The parameter that controls an affinity of the carbonate surface for dissolved anions or 733	

cations in the bulk solution is therefore not the surface charge of the terminal edge of the 734	

mineral lattice, as is often discussed (e.g. Branson, 2018; Saldi et al., 2018), but the zeta 735	

potential (ζ-potential), which is defined as the electrostatic potential at the outer Helmholtz 736	

plane (OHP; the outermost plane of the Stern layer, where strongly bonded hydrated cations 737	

reside in fixed-positions coordinated with the terminal edge, see Fig. 7 for a schematic). 738	

Between the Stern layer and the bulk solution (where potential = 0 mV) lies the diffuse layer, 739	

where anions and cations are mobile, and will be repelled or attracted to the OHP according 740	



to their charge. Together, the hydrolysis layer, Stern layer (including inner and outer 741	

Helmholtz planes) and diffuse layer make up the ‘electric double layer’ or EDL (see helpful 742	

summaries in Stipp, 1999; Al Mahrouqi et al., 2017). When viewed within this framework, the 743	

steps which an ion must go through to be incorporated in the solid phase are: a) migration 744	

through the potential gradient in the diffuse layer, b) adsorption at, and lateral migration 745	

along, the Stern layer, and c) removal of the chemi-sorbed OH- and H+ at the termination of 746	

the mineral lattice in the hydrolysis plane such that the ion can finally meet its binding site 747	

and coprecipitate. Solution chemistry will likely have effects on all of these steps, but we 748	

particularly focus on the first two here.  749	

Figure 7: Schematic representation of electrostatics at the mineral face, from the first hydrolysis 750	
layer (Heberling et al., 2011), through the inner Helmholtz plane (IHP; where ions are specifically 751	
adsorbed to the mineral face), outer Helmholtz plane (OHP; where ions are non-specifically 752	
adsorbed, retaining their hydration shell), and diffuse layer, where ions are electrostatically 753	
attracted to or repulsed by the charge at the  OHP (i.e. the zeta potential), but can move around. 754	
The ratio of potential-determining ions (PDIs) Ca2+ and CO3

2- will alter the zeta potential.  755	
 756	

Considering the observed ζ-potential of a growing carbonate mineral, which is weakly 757	

negative in most natural settings (e.g. Berlin and Khabakov, 1961; Cicerone et al., 1992; Al 758	

Mahrouqi et al., 2017), rather than charge at the terminal layer of the crystal, which is 759	

typically considered to be positive (e.g. Kitano et al., 1978; Branson, 2018), the attraction and 760	

adsorption of only tetrahedrally co-ordinated B (i.e. B(OH)4
-) to carbonate minerals becomes 761	

more difficult to explain. One potential route for B(OH)4
- (and not B(OH)3; Saldi et al. (2018)) 762	
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to migrate against a gradient in electrostatic potential and adsorb at the Stern layer could 763	

be attraction as part of a complex with aqueous Ca2+ (CaB(OH)4
+) or Mg2+ (MgB(OH)4

+). These 764	

complexes can host up to 19 % of the dissolved tetrahedral B(OH)4
- within the experimental 765	

solutions examined here, as calculated using the pitzer.dat database, suggesting this is not 766	

unreasonable. Such a mechanism might also help to explain the decrease in B(OH)4
- 767	

adsorption to the calcite surface at high pH (Saldi et al., 2018), despite ζ-potential likely 768	

remaining similarly negative at higher pH, since at high pH much less B(OH)4
- ion is 769	

complexed with Ca2+ or Mg2+ in relative terms. Uncharged NaB(OH)4 ion pairs might also 770	

provide a vector for B(OH)4
- to cross this electrostatic gradient, with this ion pair either then 771	

being incorporated together by paired substitution or dissociated at the Stern layer. 772	

In the absence of other influences, the concentrations of the main PDIs (Ca2+ and CO3
2-773	

) in a solution will affect the magnitude (and perhaps sign) of the ζ-potential, by altering the 774	

coverage density of PDIs at the Stern layer. At higher concentrations of Ca2+, i.e. lower pCa, 775	

ζ-potential in carbonates gets progressively more positive (Al Mahrouqi et al., 2017), thereby 776	

reducing the potential energy needed to bring a negatively-charged ion to the OHP. Other 777	

ions in solution may also act as PDIs. Although Ca2+ and CO3
2- are the primary PDIs, Mg2+ is 778	

thought to also affect calcite ζ-potential almost, or just as strongly as Ca2+ (Cicerone et al., 779	

1992; Al Mahrouqi et al., 2017), and even Na+, often considered an indifferent ion, may act 780	

as a PDI in some settings (Al Mahrouqi et al., 2017). Others have observed that PO4
3- in 781	

solution, which has been shown to influence B incorporation (Henehan et al., 2015; 782	

Uchikawa et al., 2017), also lowers calcite ζ-potential (Douglas and Walker, 1950; 783	

Amankonah and Somasundaran, 1985). In the case of published boron-carbonate 784	

coprecipitations, most studies (ours included) have attempted to maintain roughly constant 785	

saturation (and hence precipitation rate) at low pH by compensating for the lack of aqueous 786	

CO3
2- ion with increases in [Ca2+]. Although this keeps Ω roughly constant, by altering the 787	

ratio of these important PDIs, the resultant changes in ζ-potential (and hence the ease at 788	



which positive vs. negative ions reach the OHP surface) are likely much larger than would 789	

ever be seen in natural systems.  With this in mind, plotting the residuals from the 790	

relationship between experimental calcite ∆C-B and SI (Fig. 8a) against the ratio of the key 791	

PDIs in solution yields a strong correlation (Fig. 8b), suggesting that the ratio of PDIs plays a 792	

parallel role in influencing boron incorporation, and may well be the unknown secondary 793	

control hinted at by Farmer et al. (2019). Together, SI and the ratio of PDIs can explain 73% 794	

of the variability in ∆C-B seen in experimental calcites to date (Fig. 8c), although we note that 795	

factors other than the ratio of these two PDIs can influence ζ-potential, and as such it may 796	

be that electrostatics play a role in explaining the other 27 % of observed variance. 797	

Promisingly, the PDI ratio can explain much of the variability in the calcites of Noireaux et al. 798	

(2015) that are otherwise poorly explained (Fig. 6) by an SI or precipitation rate-driven 799	

scenario (Farmer et al., 2019), without needing to discount any data points as outliers. That 800	

these data should be the most influenced by PDI ratio is consistent with expectations from 801	

the electric double layer, because ionic strength in solution determines the thickness of the 802	

diffuse layer (essentially because at higher ionic strengths there are more charged ions 803	

contained within the diffuse layer with which charge can be balanced). Generally speaking, 804	

this means that at higher ionic strengths, the ζ-potential of CaCO3 is closer to zero, and is 805	

less easily perturbed by other experimental parameters (e.g. Glover et al., 2012; Al Mahrouqi 806	

et al., 2016). Thus, the effect of changes in experimental conditions on ζ-potential are likely 807	

to be much greater for lower ionic strength experiments such as Noireaux et al. (2015)’s (I = 808	

0.1 - 0.2 M), than for conditions closer to seawater.  This phenomenon is further evidenced 809	

in the experiments of Saldi et al. (2018), where the amplitude of change in boron adsorption 810	

with carbonate system change was progressively dampened with higher ionic strength - 811	

consistent with a collapsing of the diffuse layer.  812	

 One other experimental parameter that may influence the ζ-potential of CaCO3 is the 813	

amount of mineral surface relative to experimental solution, with observed ζ-potential 814	



varying with specific surface area (e.g. Vdović, 2001). As boron and other impurities will 815	

produce more surface roughness on a growing crystal face (Dove et al., 2004; Ruiz-Agudo et 816	

al., 2012), as well as altering its surface charge (notwithstanding possible compensation in 817	

the hydrolysis plane), it is therefore conceivable that positive feedbacks might emerge 818	

between incorporation of impurities and changing ζ-potential, thus accentuating stochastic 819	

variation in element partitioning, and perhaps isotope fractionation. Relatedly, the 820	

concentration of solid grains in an experimental solution – which varies considerably 821	

between and within the experiments examined here – may also affect ζ-potential, with 822	

increasing solid-liquid ratios making ζ-potential more positive (Siffert and Fimbel, 1984; 823	

Vdović, 2001; Wang et al., 2018), and more so in calcites than aragonites (Wang et al., 2018),  824	

although it is unclear if all such observations are at equilibrium pCa (Al Mahrouqi et al., 2017). 825	

While we see no correlation between particle density (in mg/L) and residual variability 826	

around our multivariate model, we highlight this issue for consideration when designing 827	

future precipitation experiments.   828	

Considerations of ζ-potential may also help to explain the differences observed to 829	

date in boron co-precipitation behaviour between natural and synthetic calcites. Synthetic 830	

calcites show consistently more variable ζ-potential than natural or biogenic calcites (Al 831	

Mahrouqi et al., 2017, and references within), and may be positive or negative. Biogenic 832	

calcites, however, display (with few documented exceptions) weakly negative ζ-potential, 833	

Figure 8: ∆C-B – the offset between measured δ11B in calcite precipitates and predicted δ11B of 834	
aqueous borate (calculated at εB,= 26 ‰) –  correlates reasonably well with SI, as seen in other 835	
studies  (panel a), although there is significant unexplained variability – particularly visible in the 836	
data of Noireaux et al. (2015). Plotting the residuals from this relationship the ratio of PDIs in 837	
solutions, however, can explain the majority of this residual variability (panel b)- suggesting that 838	
variable ζ-potential in experimental setups may play a role in explaining observed patterns. With 839	
these two variables alone, 73% of the variance in ∆C-B can be explained (panel c). See electronic 840	
supplement for animated version of panel c.  841	

 842	



 843	



probably as a result of the presence of organic components (Cicerone et al., 1992; Vdović, 844	

2001). This more controlled, consistently negative ζ-potential might help to explain less 845	

variable boron partitioning and isotope fractionation observed in biogenic calcite (at least 846	

within a species) as compared to the considerable scatter seen in synthetic calcites.  847	

While patterns in our and others’ inorganic precipitate measurements suggest 848	

electrostatic controls on B adsorption could be a promising avenue of future research, since 849	

our experiments were not designed with this in mind, we cannot put forward a more 850	

complete framework for how this would induce the observed variability in δ11B in synthetic 851	

carbonates at this stage. However, we propose two possible models that may merit future 852	

examination. Firstly, Saldi et al. (2018) note that strong electrostatic effects within the EDL 853	

could alter the equilibrium isotopic fractionation of aqueous boron through the Stark effect 854	

(Lambert, 1996), modifying the vibrational frequencies of the adsorbed borate relative to 855	

the free borate ion. Via this scenario, stronger and more variable polarity ζ-potential in low 856	

ionic strength solutions could explain the larger and more variable values of ∆C-B seen by 857	

Noireaux et al. (2015) compared to other studies, and the relatively weaker fractionation 858	

upon adsorption with ionic strength observed by Saldi et al. (2018). Observed differences in 859	

δ11B between aragonite and calcite – with aragonite appearing to record aqueous borate 860	

assuming Nir et al. (2015)’s aqueous fractionation factor of 1.026 across a range of ionic 861	

strengths, but calcite diverging –   could then be explained by relatively weaker electrostatic 862	

forces (and correspondingly less sensitivity to ionic strength) at the face of the aragonite 863	

polymorph. Although the vast majority of published investigations into ζ-potential are 864	

motivated by industrial applications and thus have focussed on calcites, limited 865	

comparisons within broader studies do suggest aragonites and calcites show different ζ-866	

potential responses to solution chemistry (De Groot and Duyvis, 1966; Smallwood, 1977; 867	

Moulin and Roques, 2003), indicating this may be a fruitful avenue of investigation. 868	

A second, alternative scenario, involves isotopic fractionation not associated with 869	



adsorption or re-coordination of B, as is often considered (Balan et al., 2018; Saldi et al., 2018; 870	

Farmer et al., 2019), but upon detachment of B(OH)4
- from the growing crystal surface. If the 871	

ζ-potential of calcite is weakly negative under more natural distributions of PDIs, B(OH)4
- is 872	

unlikely to be electrostatically attracted to the Stern layer – and hence the growing calcite 873	

face – unless it crosses the gradient in potential in the diffuse layer as a positively charged 874	

ion pair as CaB(OH)4
+ or MgB(OH)4

+. These aqueous ion pairs at equilibrium are not thought 875	

to be strongly isotopically distinct from the free aqueous borate pool (Saldi et al., 2018). 876	

However, it is conceivable that they may enhance the likelihood of kinetic isotope 877	

fractionation if within the pool of e.g. CaB(OH)4
+, Ca11B(OH)4

+ bonds are stronger or slower 878	

to break than those of Ca10B(OH)4
+. If, while moving laterally through the Stern layer, a paired 879	

Ca2+ ion successfully makes contact with the termination of the crystal lattice, charge balance 880	

considerations mean its paired B(OH)4
- is an obstacle to incorporation. Thus either 1) the 881	

Ca2+-B(OH)4
- association must be broken, 2) the CaB(OH)4

+ pair must be detached, or 3) this 882	

boron is facilitated in the lattice, either by paired incorporation of a monovalent cation (e.g. 883	

Na+) to maintain local charge balance, or by propagation of defects in the lattice structure. 884	

If Ca11B(OH)4
+ associations are harder (or slower) to break than Ca10B(OH)4

+, then the heavier 885	

Ca11B(OH)4
+ pair is more likely to be retained long enough for either a compensating 886	

monovalent cation to arrive or for the lattice to grow around the new defect. By this model, 887	

negative ζ-potential (and potentially higher ionic strength) would mean more likelihood of 888	

Na+ being attracted to the Stern layer in sufficient quantity to remove the need for B(OH)4
- 889	

detachment (and hence fractionation). Conversely, at low pCa (more positive ζ-potential), 890	

strong attraction for the divalent negative CO3
2- may result in relative exclusion of Na+ ions 891	

close to the shear plane (and thus a greater propensity for kinetic fractionation due to 892	

differential detachment rates) and perhaps a faster rate of entrapment at the lattice front. 893	

Difference in behaviour between calcite and aragonite could then be explained by either a) 894	

more consistently negative ζ-potential in aragonite, or b) a lattice structure that is more 895	



accommodating of one or both of Na+ and B(OH)4
-. Furthermore, precipitation rate effects 896	

could also be accommodated by this model, with faster crystal growth rates meaning a 897	

greater likelihood that adsorbed B(OH)4
- is incorporated before detachment can occur.  898	

5. Conclusions: Implications for study of biogenic carbonates and the boron 899	

isotope-pH proxy 900	

In this study, we present new δ11B measurements of synthetic calcites and aragonites, 901	

precipitated in the presence of Mg and at approximately seawater-like ionic strength (~0.7 902	

mol/kg). B incorporation in both polymorphs increases with solution pH, although with 903	

considerable variability in B/Ca within similar experimental treatments, particularly in 904	

aragonites. However, a tight correlation between measured B/Ca and Na/Ca, consistent 905	

across both polymorphs, may indicate an important link between Na and B incorporation at 906	

the crystal surface. Although we cannot rule out the possibility that none of our metrics of 907	

precipitation rate (Fig. 3, Supp Fig. 3) reflect surface area-normalised growth rates at the 908	

mineral-fluid interface, we see no strong correlation between precipitation rate and boron 909	

partitioning or isotopic fractionation compared to aqueous borate ion, unlike in previous 910	

work (e.g. Farmer et al., 2019). Our aragonite precipitates – precipitated at or close to 911	

predicted oxygen isotope equilibrium (Kim et al. 2014) – support the conclusion of Noireaux 912	

et al. (2015) that aragonite records the δ11B of aqueous borate with negligible fractionation, 913	

supporting the use of the boron isotope proxy in e.g. corals for constraining calcifying fluid 914	

carbonate chemistry (e.g. McCulloch et al., 2018). In addition, we find that a value of αB of 915	

1.026 (Nir et al., 2015) is more appropriate for use, at least in aragonite. Contrastingly, while 916	

our calcite precipitates (and those of Sanyal et al. (2000), remeasured by MC-ICPMS) are 917	

closer in δ11B to borate ion than some previous studies, they still show considerable scatter 918	

and are increasingly removed from δ11Bborate at low pH. While at face value this might throw 919	

doubt on the application of the proxy in uncalibrated calcites to reconstruct ambient pH, it 920	



may be that inorganic precipitation experiments such as these may not be representative of 921	

natural conditions. Specifically, experimental designs during precipitation of synthetic 922	

calcites have likely driven variable ζ-potentials that are unrepresentative of those seen in 923	

biogenic calcites. We put forward two mechanisms by which anomalous patterns could be 924	

driven by adsorption electrostatics: either due to the Stark vibrational effect (as suggested 925	

by Saldi et al., 2018), or as a result of cation-B pairs exacerbating normally weak kinetic 926	

isotope effects. This latter mechanism could also play a role in explaining precipitation rate 927	

effects at a constant ζ-potential. While surface complexation modelling, ab initio 928	

calculations and precipitation experiments incorporating ζ-potential measurements 929	

beyond the scope of this study are required, our data nonetheless advance our 930	

understanding of boron incorporation pathways in calcium carbonate, and highlight the 931	

importance when addressing this question of considering multiple (possibly interacting) 932	

ions, rather than focussing on boron in isolation. In particular, we suggest the provision of 933	

binding sites for B(OH)4
- by Na+ substitution for Ca2+ in the CaCO3 lattice warrants further 934	

investigation.   935	
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