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Abstract

Growth pathways of calcium (Ca) phosphate minerals are still under debate, but non-classical growth pathways, which
encompass any mode of growth involving attachment of primary particles instead of monomer ions, are currently thought
to dominate over classical mechanisms under a wide range of growth conditions. Cation desolvation during ion-by-ion growth
is associated with the preferential uptake of isotopically light Ca in Ca-bearing phases, so the Ca isotope composition of Ca-
bearing minerals can help to elucidate the dominant growth mechanism. Here, we combine stable Ca isotope analysis with
mineralogical characterization and nanoscale imaging of growth features to determine for the first time the rate-dependent
Ca isotope fractionation during seeded growth of hydroxyapatite (HAP) involving an octacalcium phosphate (OCP) precur-
sor. Our data reveal that growth rates are strongly attenuated by pH, and that Ca isotope fractionation between the solid and
growth solution is independent of growth rate between 1.9 x 10™° and 2.8 x 1078 mol Cam~2s~'. Moreover, nanoscale
images of surface topography reveal direct deposition of primary particles on the HAP seed surface following sustained
growth, providing visual evidence of a non-classical growth pathway. Together, these findings support the hypothesis that
hydroxyapatite growth is dominantly non-classical. The process of cluster nucleation from the bulk solution and attachment
of these clusters to the seeded HAP apparently does not involve a significant kinetic isotope effect, which implies that abio-
genically formed Ca-phosphates likely preserve the Ca isotope composition of the fluid from which the crystals originated.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION has significantly increased P levels in surface waters leading

to widespread eutrophication (ie., Daniel et al., 1998;

Phosphorous (P) has been classified as a critical non-
renewable resource (Elser and Bennett, 2011) and is a lim-
iting nutrient in marine environments (i.e., Tyrell, 1999;
Elser et al., 2007). But over recent decades human activity
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Conley et al., 2009). Phosphate availability in marine
ecosystems is determined by weathering of P-bearing rocks
(Filippelli, 2008) and subsequent burial in sediments lead-
ing to the formation of phosphorite deposits, which are typ-
ically solid solutions of carbonated fluor- (Ca;o(POy4)sF>)
and hydroxy- (Ca;o(PO4)s(OH),) apatite end-members
(Jahnke et al., 1983; Van Cappellen and Berner, 1989;
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Ruttenberg and Berner, 1993; Gunnars et al.,, 2004;
Oxmann and Schwendenmann, 2014). Indeed, the apatite
group of minerals includes the most stable, abundant, and
biogeochemically essential Ca-phosphate phases (cf. Wang
and Nancollas, 2008). Among the apatite group, hydroxya-
patite (HAP) is of particular interest in material, biomedi-
cal, and environmental sciences (Dorozhkin, 2009;
Hughes and Rakovan, 2015), because it forms vertebrate
skeleton and tooth enamel (Fulmer et al., 1992, Palmer
et al., 2008) and is an effective phase for the remediation
of heavy metals (Seaman et al., 2001; Conca and Wright,
2006; Lammers et al., 2017) and radionuclides (Arey
et al., 1998; Simon et al., 2008). Despite the critical role
apatites play in the environment, formation pathways are
debated (cf. Christoffersen et al., 1996; Christoffersen
et al., 1998b; Onuma and Ito, 1998; Li et al., 2016a), and
mechanistic models for the growth of apatite solid solutions
are lacking. Better understanding of HAP growth mecha-
nisms and corresponding stable isotope signatures in natu-
ral aqueous fluids are required to facilitate the development
of predictive models of P fluxes in a variety of biogeochem-
ical contexts both past and present, ranging from phospho-
rite formation to excess phosphorous mitigation and
nutrient recovery and reuse.

In the geological context, apatite minerals regulate the
formation of phosphorite deposits, control nutrient phos-
phate availability, and provide an important proxy for past
ocean chemistry (ie., Guidry and Mackenzie, 2003;
Filippelli, 2008; Hinojosa et al., 2012). The formation of
authigenic apatite in marine sediments plays a key role in
regulating nutrient orthophosphate availability and the
marine cycling of P over geologic timescales (Guidry and
Mackenzie, 2000; Ruttenberg, 2003; Filippelli, 2011), as it
accounts for 50% of the global P burial (Ruttenberg,
2003). While it is clear that the pathways of apatite growth
and formation are controlled by the fluid supersaturation
with respect to different Ca-phosphate phases (i.e., Wang
and Nancollas, 2008), it is unknown whether authigenic
apatite forms directly from supersaturated pore waters
(Van Cappellen and Berner, 1989) or via a precursor octa-
calcium phosphate (OCP) phase (Jahnke et al., 1983;
Gunnars et al., 2004; Oxmann and Schwendenmann,
2014). Developing an accurate reconstruction of the marine
P cycle through geologic time will require a better under-
standing of the kinetic factors controlling apatite mineral-
ization. Despite decades of research on the kinetics and
mechanisms governing apatite growth processes, there is
still limited consensus on the dominant growth pathway
for these Ca-phosphate phases.

Both classical (Nancollas and Koutsoukos, 1980;
Christoffersen and Christoffersen, 1992; Christoffersen
et al., 1998a, 1998b; Li et al., 2016a) and non-classical
(e.g., Onuma et al., 1995, 1996; Onuma, and Ito 1998;
Kanzaki et al., 2001; Wang et al., 2012; Habraken et al.,
2013; De Yoreo et al., 2015; Li et al., 2016a) mechanisms
have been proposed to explain observed HAP growth kinet-
ics. Classical crystal growth is characterized by the attach-
ment of ionic monomers to active growth sites, especially
steps and kinks, on the crystal surface (cf. De Yoreo
et al., 2015) and can occur at very low supersaturation

due to the presence of defects that terminate at the crystal
surface (Burton et al., 1951). This mechanism is supported
by evidence from bulk crystallization experiments that
HAP growth may be rate-limited by the dehydration of
Ca®" ions and by water hydrolysis during incorporation
of OH™ into the crystal (Christoffersen and
Christoffersen, 1992; Christoffersen et al., 1998a, 1998b).
The feasibility of this mechanism has also been confirmed
by visual evidence of classical growth features (i.e., spiral
hillocks) at the HAP {100} surface (Li et al., 2016a). At
higher supersaturations, however, the free energy barrier
to nucleation becomes sufficiently low to enable formation
of primary particles that can aggregate or deposit on the
growth surface (Niederberger and Colfen, 2006), leading
to non-classical crystallization by particle attachment
(CPA). Several classes of geochemically important miner-
als, including metal oxides, sulfides, and phosphates, have
been shown to grow via CPA under certain conditions
(Onuma et al., 1995; Onuma and Ito, 1998; Onuma, 2006;
Habraken et al., 2013; De Yoreo et al., 2015).

Nanoscale imaging of active HAP growth using in-situ
Atomic Force Microscopy (AFM) has shown that classical
growth and non-classical particle attachment can occur
simultaneously, but the attachment of primary particles
likely dominates the overall HAP growth over a wide range
of supersaturations (Onuma et al., 1995; Li et al., 2016a).
Several additional indirect lines of evidence support a
CPA growth pathway for HAP. Step heights on the active
growth surface (~0.8 nm) exceed the molecular unit width
of 0.24 nm for PO3~ (Onuma et al., 1995, 1996), and the
kinetic coefficient for growth unit attachment to steps
(i.e., the step kinetic coefficient, fii;) under physiological
conditions (pH 7.4) is ~100 times smaller than for similar
ionic minerals (Onuma, 2006). Primary particles of uniform
size between 0.7 and 1.0 nm have been identified by both
dynamic light scattering and AFM in HAP-
supersaturated solution experiments (Onuma and Ito,
1998; Wang et al., 2012), and ab initio calculations identi-
fied stable isomers of the proposed growth unit, “Posner’s
cluster,” which is also ~0.8 nm in diameter (Posner and
Betts, 1975; Onuma and Ito, 1998; Kanzaki et al., 2001;
Yin and Stott, 2003; Li et al., 2016a). In addition, HAP
growth is known to involve the formation of precursor
phases, including octacalcium  phosphate (OCP;
Cag(HPO4)2(PO4)4.5H20), brushite (CaHPO42HzO,
Johnsson and Nancollas, 1992; Wang and Nancollas,
2008) and in some cases amorphous Ca-phosphate
(ACP; CaHy(PO),.nHO, n = 3-4.5; Wang and Nancollas,
2008) at very high supersaturations (Habraken et al.,
2013). In natural systems, the dominance of a non-
classical pathway is evidenced by the fact that growth of
HAP appears not to occur at all in solutions that are super-
saturated with respect to HAP but undersaturated with
respect to OCP (Jahnke et al., 1983; Van Cappellen and
Berner, 1989; Koutsoukos, 1998; House, 1999; Gunnars
et al., 2004; Rokidi et al., 2011).

Although these studies present a compelling case for a
dominantly non-classical crystal growth mechanism for
HAP, none of this evidence can conclusively rule out the
importance of direct ion attachment to the growth surface
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and the overall growth rate. Stable Ca isotopes can be used
as tracers of molecular phenomenology if the processes con-
trolling kinetic isotope fractionation are understood. The
attachment of Ca”" ions during surface-controlled mineral
growth is associated with a kinetic isotope effect that is
thought to arise due to the faster rate of dissociative metal
ion desolvation of the light isotopologue (Hofmann et al.,
2012; Colla et al., 2013). This phenomenon leads to the
preferential uptake of lighter isotopes of Ca during
classical growth of calcite, generating a rate-dependent
range in solid-aqueous fractionation factors (A44/ OCa,r=
5 OCagong — 5 40Caﬂuid) between —0.5%0 and —2%o
(Skulan and DePaolo, 1999; Gussone et al., 2003;
DePaolo, 2004; Lemarchand et al., 2004; Tang et al., 2008).

Although the kinetic isotope effect associated with classi-
cal HAP precipitation has not been directly determined, we
assume that both the rate dependence and preferential incor-
poration of the isotopically light Ca are indicative of a clas-
sical growth process that is rate limited by dissociative
metal desolvation, as evidenced in the Ca-minerals calcite
and gypsum (Nielsen et al., 2012; Harouaka et al., 2017).
Non-classical growth of Ca phosphate minerals, on the other
hand, is thought to be controlled by the formation, assembly,
and deposition of Ca orthophosphate ion pairs and pre-
nucleation clusters, especially Ca(HPO4)‘3‘7 (Habraken
etal., 2013). In this case, stable isotope fractionation between
aqueous solution and the precipitating solid is unlikely to be
rate limited by Ca desolvation, but rather by equilibrium
aqueous speciation if complex formation and dissociation
are rapid relative to aggregation. Rate-dependent isotope
fractionation may occur if diffusive transport of either free
Ca®" aquo-complexes or Ca orthophosphate complexes is
rate-limiting; however, the magnitude of this effect is likely
to be small compared to kinetic isotope fractionation arising
from dissociative Ca desolvation (Bourg et al., 2010;
Hofmann et al., 2012). Early measurements of the Ca isotope
budget in vertebrates suggested a characteristic A*¥*0Ca cof
—1%o arising from skeletal HAP biomineralization (Skulan
and DePaolo, 1999), which is similar to the Ca isotope frac-
tionation signature observed during calcite growth. How-
ever, Ca isotope fractionation during the growth of
synthetic Ca-phosphate minerals in the absence of vital
effects has not been previously studied.

Here, we combine nanoscale AFM imaging with mea-
surements of the Ca isotope fractionation factor
(A44/40Cas_f) over a range of Ca-phosphate growth rates
to investigate the dominant mechanism of HAP growth.
Seeded constant-composition precipitation experiments
were performed under varied aqueous supersaturation at
circum-neutral pH in stirred a mixed-flow reactor. Solid
precipitates were analyzed for mineralogy and elemental
and Ca isotope composition. The elemental concentrations
of the effluent from the stirred mixed-flow reactor were used
to determine precipitation rates. Overgrowth on the HAP
seed material was imaged ex-situ using AFM to character-
ize growth features. Combing results from all these analyt-
ical techniques, our approach aims to improve the
understanding of HAP formation mechanisms and associ-
ated stable Ca isotope effects in biological, geological, and
engineered systems.

2. MATERIALS AND METHODS
2.1. Synthesis of HAP seed material

A well-crystallized HAP seed material was synthesized
using the aqueous phase method adapted from
Koutsopoulos (2002) followed by molten salt recrystalliza-
tion at high temperature (cf. Tas, 2001). For the aqueous
synthesis, we prepared 500 ml of 0.3 M H3;PO, from an
85% phosphoric acid stock solution (Sigma Aldrich) and
500 ml of 0.5M Ca(NOs), in double deionized water
(DDI, 18mQ system). Both solutions were purged with N,
and their pHs were brought above 10 by adding 1 M
KOH before starting the synthesis. The synthesis was car-
ried out at a flow rate of ~1.5 mL min~" under continuous
stirring and N,-purging. During the synthesis, the pH of the
mixed solution was kept between 9 and 10 by manual addi-
tion of KOH. After both solutions were completely added,
the synthesized HAP crystals were filtered and washed with
DDI water. The synthesized nano-sized HAP crystals were
then recrystallized to generate pm-sized HAP crystals in a
molten salt solution of K,SO, following the procedure
reported by Tas (2001). Briefly, the nano-sized HAP was
mixed well with K,SO,4 at a 1.6:1 weight ratio of K,SO,
to HAP using mortar and pestle. The resulting mixture
was placed in an alumina crucible and calcined at 1190 °C
for 5 h and removed to cool. Once cooled, the HAP crystals
were separated by repeatedly suspending the salt mixture
in DDI water until specific conductance did not exceed
2.4 pS/cm.

2.2. Calcium phosphate growth experiments

Growth experiments were conducted in a stirred mixed-
flow reactor (UHP-43, Cole Parmer) with a fluid reservoir
of 70 ml (Fig. 1). The top and bottom of the reactor were
closed by caps with O-rings. Separate Ca- and (T¢, solu-
tion) P-bearing (Tp solution) influent solution were pumped
into the top of the reactor via a Y-connector (Fig. 1). To
ensure continuous mixing of the reservoir fluid and the
HAP seed material, the reactor was equipped with a PTFE
stir bar attached to the top cap of the reactor vessel. The
reactor effluent flowed through a 0.45 uM nitrocellulose fil-
ter and glass fiber filter at the bottom of the reactor.

For each experiment, we ensured that ionic strength, the
concentration and activity of the Ca®" ions and phosphate
species, and the saturation index maintained a steady-state.
Influent solutions were prepared using reagent grade
CaNO; (BioXtra, 99%, Sigma Aldrich) and KH,PO,
(99.99% trace metal grade, Sigma Aldrich) in DDI water.
All experiments were performed at a fixed ionic strength
of 0.1 M by adding KNOj; to the T, solution. The exper-
iments were conducted at pH values ranging from of 6.5
to 7.1 as pH controls aqueous orthophosphate speciation
(Fig. 2) and supersaturation with respect to various
Ca-phosphate phases (Table 1). The pH of the solutions
was adjusted accordingly using 1 M KOH (99.97% trace
metal grade, Sigma Aldrich) and measured with a Thermo
Orion Versa Star Pro pH meter equipped with a Beckman
Coulter pH electrode (accuracy of +0.01). The electrode
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Peristaltic pump
Rate: 0.32 ml min-!

Tygon tubing

Tedlar® bags

thermostated water bath
(25°C)

Fluid reservoir (70ml) |

0.45um nitrocellulose filter c [—Stirrer
+ 0O o w Q]
glass fiber filter o © Seeded HAP
0 O o4

O-ring « Effluent
(Mixed Te, +Tp)

Magnetic stirrer

Fig. 1. Schematic of the experimental setup showing the stirred mixed-flow reactor (right) and Tca + Tp solutions (water bath at 25 °C)

supply imposed by a peristaltic pump.

HaPO,4 | HPO,%

10-2 - — .
C;)') 6 CaHPO4°
X 10°6F .
B H3PO4O
£
© 1079 Pt = 2
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Fig. 2. Aqueous dissolved inorganic P species.

was calibrated using buffer solutions of pH 4, 7 and 10.
Both T¢, and Tp solutions were purged with N, and each
solution was transferred to 5 L Tedlar bags (Sigma Aldrich)
to prevent exchange of the solutions with atmospheric CO,
during the experiment. The Tedlar bags with the solutions
were stored in a thermostated water bath at 25 °C. To ini-
tiate crystal growth, 0.2 +0.02 g of HAP seed material
was added to the mixed-flow reactor. The crystal growth
was sustained by continuously adding T, and Tp solutions
in a 1:1 ratio to the reactor vessel at constant flow rate of
0.32 ml min~" using a peristaltic pump. The effluent (mixed
Tca + Tp) was collected over a period of one day (24 h) or
two weeks in 15 ml centrifuge tubes over the first 24 h via a
fraction collector (Pharmacia LBK Fraction Collector
FRAC 200) in 15min intervals and then manually in
500 ml Nalgene bottles every 24 h. The pH, Ca and P con-
centrations of the effluent were periodically measured to
ensure steady-state conditions in each experiment. The
effluent was acidified with concentrated HNO; to stop fur-
ther nucleation and precipitation of the Ca-phosphates

outside the reactor. After completion of the experiment
(24 h or 2 weeks), the final solids were recovered from the
reactor, dried at 60 °C for 48 h and weighed to confirm
an increase in mass relative to the initial HAP seed material.
Final masses are not a reliable indicator of total growth and
are not reported, because not all um-size HAP material
could be recovered from the reactors.

2.3. Characterization of precipitated HAP solids

Bulk solid phase mineralogy of seed HAP and solid
material precipitated in the reactor was determined using
powder X-ray diffraction (XRD), Fourier-transform infra-
red spectroscopy (FT-IR), and by measurement of major
elemental composition of the precipitated solids. XRD
analyses were carried out using PANalytical X’Pert Pro
diffractometer equipped with alpha Co Ka radiation source
at 40 kV and 40 mA, step scanning from 3 to 100° 2 Theta
and a step size of 0.017°. All XRD spectra were
background-corrected and analyzed using PANalytical’s
X’Pert HighScore Plus software, which is based on the pro-
file refinement method by Rietveld (1969).

FT-IR spectra (Thermo Nicolet 6700) were obtained by
mixing about 10 mg HAP with 1 g of powdered potassium
bromide. Using a Mini Arbor KBr desktop pellet press the
mixture was compressed to a pellet for 30 seconds or until
transparent. The infrared scanning was performed in absor-
bance mode at mid-infrared range of 4000 and 400 cm™"
with a resolution of 4cm™'. For the 1-day experiments
(CaP-4 and 5), XRD and FT-IR analysis were not con-
ducted as the amount of growth was very small and thus
solid overgrowth mineralogy was most likely superimposed
by the HAP seed material.

The surface topography and nanoscale growth features
of the seed material and precipitated overgrowth were char-
acterized by ex-situ AFM performed on a Multimode-8
(Bruker AXS, Co). For the AFM technique, solids were



Table 1

Concentrations of Ca and P input solution, initial pH and average pH, saturation state (logQ) with respect to HAP and OCP, initial amount of HAP as seed material, mass of solids after
experiments and duration of the experiment. All experiments were performed at a total ionic strength of 100 mM using KNOj. Growth rates are determined from the Ca isotope double spike

concentrations given in Table 2.

Exp. pH Ca P logQ logQ Rate Rate HAP Rate OCP Ca:P XRD FT-IR bands Duration
steady- (X107 M)* (x107*M) HAP" OCP° (molCam *s™') (mol HAP  (mol OCP (mol/mol mineralogy (days)
state m~2 s’l) m~2 s’l) overgrowth)

[+ err.] [£ err.] [+ err.] [+ err.]

CaP-1 694 1.90+0.07 1.06 8.18 2.46 2.0x 1077 4.0 x 10710 1.36 +0.06 HAP, OCP  3600-3200, 1103, 1022, 902, 14
+0.04 +0.67 +04  [1.02x 1077 [5.5x 10719 602, 560

CaP2  7.07 1.06+0.02 0.63 6.24 -093  1.93x10°° 3.9 %1071 1.77 £0.29 HAP 3600-3200, 1100, 914, 902, 13
+0.03 +064 +06 [59x107' [5.4 x 10719 628, 602, 563

CaP-3 697 127+0.03 073 5.97 -0.97 2.64x107° 53 %1071 1.38 +0.07 HAP 3600-3200, 1238, 1100, 902, 14
+0.04 +056 +05 [5.9x107' 632, 602, 559

CaP-4 659  4.08 8.55 4.28 1.56 x 1078 1.9%107° nd nd nd 1

+053 +04 [24x1077 [3.4 x 10719

CaP-5 653 2874024 1.70 7.47 2.43 1.64 x 1078 2.1x107° nd nd nd 1
+0.12 +09 +1.0 [1.8x1077] [3.5x 10719

CaP-6 680 2.65+029 145 6.72 1.08 2.76 x 1078 3.5%x107° 1.40 £0.23 HAP, OCP  3600-3200, 1103, 1026, 902, 13
+0.18 +064 +07 [14x1077 [3.3x 10719 602, 563

CaP-7  6.69 2.63+0.19 1.62 7.50 2.21 2.05x 1078 2.6x107° 1.63 4+ 0.39 HAP, OCP  3600-3200, 1103, 1022, 902, 15
+0.22 +070 +08 [1.38x1077] [3.4 x 10719 602, 559

CaP-8 659 2354+0.15 143 6.75 1.16 1.82 x 1078 23x107° 1.2740.28 HAP, OCP  3600-3200, 1103, 1022, 902, 14
+0.13 +088 +1.0 [1.34x1077] [3.3 x 10719 602, 559

Seeded 1.65 4 0.29 HAP 3568, 1049, 980, 602, 559

HAP

* Derived from double-spike Ca isotope.
b Ksp for HAP = 3.98 x 10~ after Wang and Nancollas (2008).
¢ Ksp for OCP = 2.51 x 10~%7 after Wang and Nancollas (2008).

1LT-65T (8107) 1+ B0V BIWIYOOWSO) 19 BOIWIYI0ID) / [& 10 SUI[[IYIS 3

6SC
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mounted on a metal disc using thermal wax (Quick-Stick
135, Electron Microscopy Sciences). Ex-situ AFM images
were collected on the {100} face at the quantitative nano-
mechanical mode (peak-force QNM). For all AFM images,
we used a silicon nitride cantilever (SNL-10) with a spring
constant of 0.35 N/m and a radius of the tip curvature of
2 mm. Crystal morphology and particle size estimates were
imaged using scanning electron microscopy (SEM, Hitachi
TM-1000, operating at 15 kV acceleration voltage) on HAP
solids mounted on carbon-adhesive tape.

Bulk elemental compositions of Ca and P in the final
solids were determined by completely digesting 20 mg of
the recovered solid material in 2ml of concentrated
HNOj. When solid material was visibly dissolved, 18 ml
of DDI water were added and Ca and P concentrations
were measured using inductively coupled plasma-optical
emission spectroscopy (ICP-OES; see below). As this mate-
rial includes both seeded HAP and overgrowth, the Ca/P
ratio of overgrowth material was determined by subtracting
the seed composition from the bulk solid.

2.4. Ca concentration and isotope analysis of fluid and solids

Dissolved Ca and P in the reactor effluent were mea-
sured by ICP-OES (Perkin Elmer 5300 DV) equipped with
GemCone nebulizer and cyclonic spray chamber. All sam-
ples were diluted (1:50) in 2% HNO;. Solutions for five-
point calibration were gravimetrically prepared in 2%
HNO; from certified single element ICP Certipur standards
(Merck Millipore). The prepared standard solutions ranged
between 1-6 mg L' for Ca and 0.5-3mg L' for P. For
data quality assurance, we used an internal standard (scan-
dium 5mgL™") and analyzed a quality control standard
(Ca, 4mgL™'; P, 2mg L") after every 10 samples with
an acceptance criterion of £10%. The relative uncertainties
were 7.8% for Ca and 5.5% for P based on repeated check
standard measurements (n = 12).

The Ca isotope ratios and precise elemental Ca concen-
trations were measured with Finnigan TRITON thermal
ionization mass spectrometer (TIMS). For Ca isotope
analysis, we used the double spike method (**Ca + *3Ca).
Calcium separation was performed with Ca-specific DGA
resin (Eichrom) using 250-300 pl resin volume (Horwitz
et al., 2005). The columns were rinsed with 1 mL of each
DDI water, 3N HNO;, deionized H,O, 6 N HCI and
DDI water followed by a final 0.5 mL rinse with 3N
HNO;. The spiked sample re-dissolved in 100 pL 3 N
HNOj; was loaded on the column and subsequently rinsed
with 100, 300 and 500 uL of 3 N HNOs;. In the last step,
1.5 mL of DDI water was stepwise added to elute Ca from
the column. The purified Ca sample was loaded on zone-
refined Re double filaments. All Ca isotope ratios are
expressed in the delta notation as 5*40Cq (%o) relative to
bulk silicate earth (BSE) with a **Ca/*’Ca value of
0.0212035:

44 40
S0y ( Ca/ Ca)sample

% 1000, (1)
40
<44Ca / Ca)BSE

The NIST SRM 915a reference material was analyzed
several times for each sample turret and used to determine
external errors on 0*4°Ca on samples measured during the
study period. The NIST SRM915a is with an average value
of —1.00%¢ (n = 21) within the range of previously reported
values (Gussone et al., 2003; Amini et al., 2009; Holmden
et al., 2012). The external 2c reproducibility of §*40Cq
for NIST SRM915a was +0.18%o (n = 21), and the analyt-
ical uncertainty on the double spike Ca concentration is
estimated to be 1%. The external 2o reproducibility for
5*%Ca based on replicate sample measurements was
0.15%0 (n = 13).

2.5. Determination of growth rate and AY40Cq_, as function
of supersaturation

To calculate the chemical speciation of the initial bulk
solutions we used PHREEQC (version 3.1.7-9213) and
the llnl.dat database originated from thermo.com.V8.
R6.230. Supersaturation was calculated as:

Scap = log(IAP/K ) 2)

where IAP is the ion activity product and Ky is the solubil-
ity constant for HAP equal to 3.98 x 107> for the reaction
Cas(PO,);(OH) —» 5 Ca*" +3 PO3~+OH~ (Wang and
Nancollas, 2008) or for OCP equal to 2.51 x 10~°7 for
the reaction CagH,(PO.).5H,O — 8 Ca’" +6 PO3™ + 2-
H"™ + 5 H,O (Fernandez et al., 1999).

Ca-phosphate growth rates cast in terms of net Ca
uptake (Rc,, mol Ca s™!) were calculated,

Rey = (Czo - czx) x 0 (3)

where ¢, represents the molar concentration of Ca in the
influent solution and ¢,, is the mean Ca concentration of
the fluid reservoir effluent at all sampling points taken
24 h or more into the experimental period under flow rate
0 (L s7'), using Ca concentrations determined from the
double spike method. Surface area normalized growth rates
are reported assuming a constant value of specific surface
area equal to that of the seed material added at the begin-
ning of the experiments (0.672 m*/g); however, for the high
supersaturation experiments we expect this to significantly
underestimate the true reactive surface area due to crystal
nucleation.

The Ca isotope composition of the overgrowth material
was determined from the §***°Ca of the HAP seed material
and the collected final solids, which is a mixture of the seed
plus precipitates formed during the experiment. The
fraction of final solids precipitated during each experiment
(fprecip) Was determined from the total moles of Ca precipi-
tated in an experiment of duration At (myec;, = ReAt),

N
f precip — — (4)

Nprecip + Nyeed

The Ca isotope composition of the precipitate
(544/ 40Caprecip) was determined from Eq. (1) using the calcu-
lated solid Ca isotope ratio of the precipitate,
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(“ca /40Ca)plmp = {(44&1 /44Ca>mmple — (1= )

x (MCa/ 44Ca)s ]/f,,m.,-p ()

eed

The Ca isotope fractionation factor between the solid
and aqueous solution during growth (A44/40Cas_f) was
calculated as the difference between the precipitated
material and the Ca isotope composition of the reactor
effluent (644/ 40Caaq,eff),

44/40 44/40 44/40
A / C(lsff =0 / Caprecip -4 / Caaq,eff (6)

An alternative value of the Ca isotope fractionation
factor was calculated based on the difference in the aqueous
5**%Ca in the influent and the effluent solutions

(A44/ “Caguiq). Formal error propagation was used to
determine the uncertainty on the growth rate, 5 4OCapreCip,
and A%/ 4OCa, ¢ values.

3. RESULTS

3.1. Mineralogy and nanoscale surface structure of
precipitated calcium phosphates

The bulk elemental compositions of the final solids were
determined to provide a first order constraint on the over-
growth mineralogy. The Ca/P ratios of the final solids are
lower than those of the input fluid and the seeded HAP
(Ca/P = 1.65 £ 0.29), suggesting the precipitation of either
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Fig. 3. XRD pattern of the seeded HAP and the final HAP phases after 13—15 days growth experiments. Lower panel shows the typical XRD
peaks for HAP (black), OCP (red) and brushite (green). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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OCP or Ca-deficient HAP. Formation of an admixture of
OCP and HAP is supported by our XRD results. All final
solids contain the dominant HAP reflections at 10.8, 31.8,
32.2 and 32.9° (Fig. 3; JCPDS 09-0432), originating at least
in part from the seed material added to the reactor. OCP
formation occurs in the experiments CaP-6, 7 and 8 where
X-ray diffraction of final solids (Fig. 3) show the character-
istic reflection of OCP at 4.7° {100} (JCPDS 26-1056). The
absence of the typical OCP peak for the final solids from
the experiments CaP-1, 2 and 3, which are undersaturated
with respect to OCP (Table 1), supports the formation of
predominantly HAP.

The FT-IR spectra of the final solids show modified
bands compared to the seed material (Table 1 and Fig. 4).
Consistent with our XRD observations, we do not detect
the distinctive peak band for brushite (985 cmfl) or amor-
phous calcium phosphates (ACP; singular band for P—O
bonds at 600-560 cm™") for any of the final solids. Small

additional bands at ~1100 and 1238 cm ™" for the final solid
suggest the incorporation of small amounts of CO3~ or
HPO; .

There are distinct differences in morphology of the final
solids and the seeded HAP (Figs. 5-7). The SEM images
indicate that the final solids include particles much smaller
in size (sub-um) than the hexagonal pm-sized HAP seed
material (Fig. 5). High resolution surface features of ex-
situ AFM images show the direct deposition of nuclei on
the growth surface (Fig. 6b-h). Measured transects of relief
heights for the final solids correlate with aqueous supersat-
uration with respect to HAP (Fig. 6), even when OCP
growth is observed (Fig. 2). Relief heights and roughness
vary between 8 and 25 nm and 6.2 and 7.7 nm, respectively
(Fig. 7). For the experiment with the highest supersatura-
tion (logQocp = 4.3 and logQuap = 8.6; CaP-4; Table 1),
we observe the largest 3-D structural features with heights
of ~25-36 nm (Fig. 6b). In contrast, surface features with
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Fig. 4. FTIR spectra of precipitated calcium phosphate and seed material.
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Fig. 7. Change in surface morphology expressed as average relief
heights (nm) as a function of supersaturation (log(Q)). The relief
heights are derived from the transect present in Fig. 2b-h. Error
bars for x-axis represent the absolute error on log(Q) derived from
minimum and maximum Ca and P concentrations. Error bars of y-
axis represent the deviation (1-sigma) from the height measure-
ments in Fig. 2.

only 8-9 nm in heights occur at the lowest growth rates
(2.6 x 107 mol Cam~2s~"; CaP-3).

3.2. Precipitation kinetics

For the experiments conducted at steady-state pH of ~7,
we only observe the formation of HAP, while experiments
with pH values ranging between 6.5 and 6.9 also show
the formation of the precursor phase OCP (Table 1). The
fastest growth rates accompanied with OCP formation
occurs at the lowest steady-state pH value (Table 1). For
the experiments with formation of OCP (CaP-4 to
CaP-8), the growth rates range between 1.6 x 10~° and
2.8 x 1078 mol Cam™2s~". For the two experiments with
predominant formation of Ca-deficient HAP as supported
by our XRD data (CaP-2 and 3), the growth rates are 1.9
and 2.6 x 1072 mol Cam™2s™!, which are up to one-
order of magnitude slower than observed for OCP growth
(Table 1). For experiment CaP-1 we have several lines of
evidence to assume that only HAP is formed although the
growth solution is supersaturated in respect to OCP
(logQocp = 2.46). First, the slow growth rate of
2 x 107" mol Cam~2s™! is within in the range of growth
rates observed for HAP in our study. Secondly, the XRD
pattern for CaP-1 lacks the characteristic {100} peak for
OCP (Fig. 3).

3.3. Ca isotope data and A44'40Cas_f

The results of Ca isotopic composition of the bulk solu-
tion and final solids are listed in Table 2. The Ca isotopic
composition of the bulk solution in the fluid reactor
(544/ 40Ca =0.31 4 0.16%0, 15) shows no significant varia-
tion over the duration of the experiment and is isotopically
identical to the Ca influent solution (644/ 40Ca =025

4+ 0.24%o0). During the relative short residence time (~4 h)
of the bulk solution in the reactor, only 0.7 to 12 mol %
Ca is removed from the bulk solution by the formation of
Ca-phosphates. Thus, potential isotopic shifts are difficult
to detect in the bulk solution because of the slow growth
rates of 1078 to 10" mol Cam 2s™! (0.003 to 0.05 mol
Ca s~ ! in the fluid reservoir). The mean Ca isotopic compo-
sition of the final solids (5**#°Ca = 0.23 4 0.12%0) is nearly
identical to Ca isotopic composition of the seeded HAP
(6*4°Ca = 0.23 + 0.22%0) and is also statistically identical
to the bulk solution (6*/*°Ca =0.31 & 0.16%0, p = 0.19).
Based on these average solid and solution values, we esti-
mate a Ca isotope fractionation factor between the solid
and aqueous solution for synthetic HAP and/or OCP to
be A**0Cag = —0.08 + 0.21%o0 (10).

The A*/ 40Ca, ¢ values determined from the final solids
range between —0.94 + 1.97%0 and 0.84 4 2.08%0 (2c) for
HAP and —0.73 4+ 3.06%0 and 0.74 £ 3.00%¢ (2c) for the
OCP overgrowth, with an average value of
A**0Ca = 0.00 & 0.69%o (15; Fig. 8 and Table 3). These
large ranges are characteristic of the shortest duration
(experiments CaP-4 and CaP-5) and slowest growth rate
experiments (experiments CaP-1 through -3), which have
large magnitude uncertainty due to the very small amount
of overgrowth material precipitated relative to the total
seed. Based on the §*/*°Ca values of the bulk solution,
the calculated A44/40Cas_f vary between —3.1 £ 2.1%0 and
0.40 £0.78%¢ (2o0; Fig. 8 and Table 3). The large
uncertainties on our fluid-derived A*4°Cag, data for the
HAP overgrowth are due the extremely small shift in Ca
concentrations relative to the initial bulk solution. This
results in errors associated with slower growth experiments
that are much larger than the analytical uncertainty on
(344/40Casmple (i.e., £0.2%0, 20 internal reproducibility).
Thus, in future even longer experiments (>15 days) may
help to improve the uncertainties on A*40Cq for extremely
slow growth rate experiments. Although there are large
apparent offsets in the measured fractionation factors from
the average value of A44/40Cas_f: —0.08 +£0.21%0 (1o
Fig. 8), we believe this is an artifact of the large propagated
uncertainties on the individual experiments and does not
reflect real variability in the fractionation factor.

4. DISCUSSION

4.1. Mineralogy and nanoscale surface structure support non-
classical growth

Both FT-IR and XRD observations confirm the for-
mation of non-stoichiometric apatites and/or OCP on
the seeded HAP (Table 1 and Figs. 3 and 4). Although
the main IR peaks at 560 and 602cm™! are typical of
crystalline HAP (Gadaleta et al., 1996; Berzina-Cimdina
and Borodajenko, 2012; Drouet, 2013), attachment of
clusters with lower crystallinity leads to broader IR
bands. For instance, enlarged OH™ bands between 3600
and 3200 cm™' for the final solids are caused by particle
attachment of multi-ion complexes (De Yoreo et al.,
2015), forming low crystallinity clusters associated with
water molecules (Drouet, 2013). As peaks of phosphate
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Table 2
Ca isotope composition (5*/*°Ca) of reactive fluid and solids.
Experiment Sample type Time (h) Ca concentration (mM)* F¥0Cy (%0) 420 err. (%o) Number of analyses
CaP-1 Fluid 0 1.86 0.1 0.42 2
Fluid 13 1.82 0.6 0.23 2
Fluid 78 1.82 0.12 - 1
Fluid 318 1.81 —0.01 - 1
Solid - - 0.07 0.18 2
CaP-2 Fluid 0 0.98 0.28 0.19 4
Fluid 8 0.98 0.30 - 1
Fluid 24 0.98 0.27 0.28 3
Fluid 266 0.93 0.17 0.16 1
Solid - - 0.34 0.30 2
CaP-3 Fluid 0 1.2 0.21
Fluid 9 1.16 0.28 0.01 2
Fluid 220 1.13 0.30 0.14 3
Solid - - 0.36 0.18 3
CaP-4 Fluid 0 4.49 0.33 - 1
Fluid 24 4.08 0.28 - 1
Solid - - 0.17 0.04 2
CaP-5 Fluid 0 3.68 0.19 - 1
Fluid 24 3.26 0.60 - 1
Solid - - 0.33 0.34 4
CaP-6 Fluid 0 2.96 0.44 -
Fluid 0.7 2.31 0.27 - 1
Fluid 9.1 2.12 0.41 0.24 4
Fluid 52 2.02 0.14 - 1
Fluid 244 1.99 0.45 0.19 3
Solid - - 0.11 0.09 3
CaP-7 Fluid 0 2.86 0.26 - 1
Fluid 9 2.32 0.32 - 1
Fluid 378 2.32 0.23 0.14 4
Solid - - 0.28 - 1
CaP-8 Fluid 0 2.93 0.26 0.04 2
Fluid 9 2.48 0.52 -
Fluid 311 247 0.38 0.1 2
Solid - - 0.14 0.16 3
Seed material Solid - - 0.23 0.22 4
SRM 915a - - - —1.00 0.18 21

& Derived from double-spike Ca isotope.

species change with varying pH (Gadaleta et al., 1996;
Fig. 2), absorbance at 1020 and 1038, 1112 and
1127cm™" can be identified as PO3~ in non-
stoichiometric apatite (OCP or brushite) while peaks at
960, 1030, 1055, 1075, 1096 and 1116 cm ™! are character-
istic peaks of stoichiometric HAP. For the final solids, we
observe more pronounced absorbance bands at 1112 and
1020 cm™" than for the seeded HAP suggesting the
formation of non-stoichiometric HAP or OCP with
preferential attachment of structural non-apatitic PO3~
(Gadaleta et al.,, 1996). The formation of brushite or
amorphous Ca-phosphates (ACP) can be ruled out based
on X-ray diffraction data. Brushite typically exhibits
diffraction peaks at 11.6° and 20.6° (RRUFF R070554)
and the formation of ACP is characterized by a diffusive
broad peak between 27° and 37° (Posner and Betts, 1975;

Sauer and Wuthier, 1988; Gadaleta et al., 1996;
Dorozhkin, 2009; Jiang et al., 2017). Thus, we conclude
that the precipitates are Ca-deficient and are most likely
formed of non-stoichiometric HAP or OCP rather than
other Ca-phosphates such as brushite or ACP.

The results of this study show that pH strongly influ-
ences growth kinetics and whether HAP growth proceeds
by a precursor-mediated pathway. As the studied pH values
for all experiments were above pH 6.5, the predominant
phases are OCP and HAP. This is agreement with previous
observations that the formation of HAP is either preceded
by OCP (pH < 6.9; Nancollas and Koutsoukos, 1980; Van
Kemenade and Bruyn, 1987; Wang and Nancollas, 2008) or
dominated by the formation of Ca-deficient HAP at pH ~ 7
(Fulmer, 1992). Based on the steady-state pH (~4 h), we
also assume that the aqueous solutions have also reached
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Fig. 8. Measured Ca isotope fractionation (A44/40Cas_f) as a
function of growth rate (mol Cam 2s™') compared with model
curves representing classical crystal growth. Measured values are
derived from the measured §**4°Ca of the fluids (circles) and final
solids (squares) listed in Table 2. Filled symbols represent
A*¥0Ca ¢ data for experiments with predominantly OCP over-
growth, while open symbols represent HAP overgrowth. Model
curves are calculated assuming various back reaction rates and
kinetic endmember fractionation factors oy = 0.998 (A) and 0.996
(B). Error bars are propagated based on the uncertainties of the
measured fluid Ca concentrations (+1%) and S*0Ca values
(£0.1%o, 10).

chemical equilibrium in terms of aqueous calcium and
orthophosphate speciation.

The co-occurrence of OCP and HAP phases is ubiqui-
tous during synthetic growth of Ca-phosphates due to the
structural similarity between HAP and OCP, which consists
of alternating domains of HAP and of structural water
(Zhan et al., 2005; Pompe et al., 2015). As a result, these
phases can form lamellar mixtures and easily undergo epi-
taxial growth (Brown et al., 1962; Fernandez et al., 2003).
Stoichiometric HAP has an atomic Ca/P ratio of 1.67 with
39% (weight) of Ca, 18.5% P and 3.38% of OH, but is often
Ca-depleted (cf. Fulmer et al., 1992), while pure OCP has a
lower Ca/P ratio of 1.33. The precipitation of HAP has
long been thought to involve formation of a precursor
phase, usually OCP (Wang and Nancollas, 2008; Onuma
and Sugiura, 2015; Pompe et al., 2015; Li et al., 2016a),
although amorphous Ca-phosphate (ACP; Habraken

Growth rates (R mol Ca m?s~') and their errors and calculated Ca fractionation factors A (A44/ 40Ca) and A*40Cq errors. The A¥*°Cay (solid) are calculated on differences in §**/4Ca between

the solid and aqueous solution during growth. The A*4Cq values (fluid) are based on the differences in the aqueous 5*40Ca of the influent and effluent solutions.

Table 3

Ca phosphate R (mol Cam 2s') Err R (mol Cam>s~!) Fraction overgrowth (%) AYH0Ca (solid) =+lo err. A0Ca (solid) A 440400y (fluid) +lo err. A¥0Cy (fluid)

Exp.

nd

nd

0.99

—0.94

0.84
0.65

1.02 x 10~° 14.3

1.99 x 107°

CaP-1 HAP
CaP-2 HAP
CaP-3 HAP
CaP-4 OCP

0.39
0.30
0.10

1.1

0.40

1.0
0.74

5.92 x 10710 13.0

1.93 x 10~°

—0.84
—0.32

-3.1

18.1

8.9
9.1

5.90 x 10710

2.64 x 107°

1.5
1.5
0.18
0.19
0.21

-0.73
0.74

238 x 10~

1.56 x 1078

1.83x 107°

1.64 x 1078

CaP-5 OCP

0.11
0.22
0.21

—0.48
0.11

-0.32
0.08

276 x 1078 1.37 x 107° 68.2

CaP-6 OCP

2.05x 1078 1.38 x 10~° 64.7

CaP-7 OCP

—0.77

—0.30

1.34 x 107° 60.3

1.82 x 1078

CaP-8 OCP
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et al., 2013), brushite (Barone et al. 1976; Wang and
Nancollas, 2008), and tricalcium phosphate (TCP, Cas
(POy),) precursors have also been observed. Subsequent
transformation from OCP to thermodynamically favorable
HAP can occur by solid-state hydrolysis with loss of phos-
phate (Brown et al., 1962; Zhan et al., 2005; Pompe et al.,
2015), meaning recrystallization need not reset the Ca iso-
topic composition of the solid phase.

Observed structural features on the final solids using
AFM imaging provide strong evidence that polynuclear
growth is the dominant growth mechanism over a wide
range of supersaturations (Fig. 6). Our observations are
consistent with prior in-situ AFM growth experiments for
HAP (Onuma, 1995, 1996; Li et al., 2016a), indicating clus-
ter attachment to the seed material. Pre-existing particles of
1-2 nm heights at the {100} face of the initial seeded HAP
(Fig. 6a) are identical to the surface morphology observa-
tions by Li et al. (2016a). These features are similar in size
to Posner’s clusters (0.95 nm; Posner and Betts, 1975;
Kanzaki et al., 2001), which have been proposed as stable
growth units for the non-classical growth mechanism
(Kanzaki et al., 2001; Gebauer and Coélfen, 2011; Wang
et al., 2012; Habraken et al., 2013).

Regardless of the mineralogy of the overgrowth mate-
rial, precipitation is dominated by cluster deposition on
the seeded HAP. In experiments CaP-4 and -8, step-like fea-
tures are apparent, but step heights are greater than the
molecular unit width of PO3~ (Fig. 6e-h), also suggesting
cluster attachment (Onuma et al., 1995, 1996). In experi-
ments CaP-2 and -3, which were undersaturated with
respect to OCP, the surface growth features indicate that
direct cluster deposition on terraces is the dominant growth
pathway (Fig. 6c-d). Although in-situ AFM images of
HAP growth have captured features of classical spiral
growth during short-duration experiments, this mechanism
was not thought to contribute significantly to the overall
growth (Li et al., 2016a). We find no evidence of spiral
growth from our ex-situ AFM images, possibly because
any spiral growth features have been superimposed by
nano-cluster attachment over the duration of the experi-
ments (24 h or 15 days). Moreover, the presence of spiral
or step growth features is not sufficient to rule out a non-
classical growth pathway, as the very low step kinetic coef-
ficients observed on HAP are consistent with attachment of
clusters and not monomer ions along the step (Onuma and
[to, 1998).

4.2. Ca isotope data support non-classical (polynuclear)
growth

The surface area normalized Ca-phosphate growth rates
calculated assuming constant specific surface area exhibit
slower growth rates for HAP than for OCP formation rel-
ative to the solution supersaturation. The observation of
faster growth rates and OCP formation occurring at lower
pH is consistent with previous studies (cf. Wang and
Nancollas, 2008). However, these surface area normalized
growth rates represent maximum values, because it is likely
that the surface area increased throughout the experiment
as seen in the SEM images (Fig. 2). As we also did not

precipitate sufficient material over the course of the experi-
ments, we were not able to quantify changes in surface area
using the BET method. However, material precipitated
under similar growth conditions, albeit with a much higher
surface area seed material (35 m>/g) were found to have
final specific surface areas ranging from 23 to 28 m%/g
(Christoffersen and Christoffersen, 1992). Thus, at a maxi-
mum, we estimate these surface area normalized rates to
be 42-fold too high. The rates of non-classical growth pro-
cesses should be largely independent of the surface area of
the seed material, because growth is controlled by nucle-
ation and aggregation phenomena, and thus our calculated
growth rates should reflect qualitative trends.

The absence of a kinetic isotope effect as evidenced by
the aggregate Ca isotope data supports the hypothesis that
the growth of Ca-phosphates (HAP and OCP) is controlled
by a non-classical growth mechanism, involving attachment
and deposition of nano-clusters, whose formation dynamics
are likely controlled by ion and cluster transport and not
surface reaction. During surface-reaction controlled growth
of Ca-phosphates and other Ca-mineral phases, the precip-
itation rate is expected to be controlled by the dynamics of
Ca desolvation at active growth sites on the mineral surface
(cf. Christoffersen et al., 1996; Casey and Rustad, 2007;
Hofmann et al., 2012; Colla et al., 2013; Harouaka et al.,
2017). If the attachment of single Ca>' ions is growth
rate-limiting, the lighter isotope of Ca is expected to be
preferentially incorporated in the Ca-phosphates causing
the A**Ca to vary systematically with supersaturation,
as observed for ion-by-ion growth of calcite (DePaolo
et al., 2011). The magnitude of kinetic isotope fractionation
arising from Ca desolvation during surface reaction can be
estimated based on a limited number of variables: net pre-
cipitation rate (R,), reverse reaction rate (R,), and kinetic
and equilibrium end-member fractionation factors (o and
®eg; DePaolo et al., 2011).

Making reasonable assumptions about the end-member
fractionation factors for Ca derived from calcite growth
experiments and molecular simulations (o= 0.996 or
0.998 and o.q = 1.000; DePaolo et al., 2011; Hofmann
et al., 2012; Nielsen et al, 2012), we determined the expected
Ca isotope fractionation factor as a function of growth rate
for a wide range of back reaction rates (Fig. 8a—b). We find
that we must assume an unreasonably high value of Ry, at
pH 7 (ie, Ry > 107%* mol Cam 25! for o= 0.996 and
Ry >107%" mol Cam—2s~! for oy =0.998) to a fractiona-
tion factor that is sufficiently small to explain the results
of the fast growth rate experiment CaP-6 (A44/40Cas_f:
~0.32 4 0.18%0; R, =2.8 x 10 ®*mol Cam*s™"). Even if
we assume a much higher specific surface area of 28 m%/g
for this experiment, the required Ry, has to be either
greater than 108 mol Cam™2s™! for ap of 0.996 (ie.,
A¥OCy = —4.0%o) or greater than 10~%*mol Cam 2 s~
for o 0f 0.998 (i.e., A OCayr= —2.0%0), respectively. The
maximum feasible value for Ry, can be determined by the
dissolution rate of the mineral at infinite undersaturation
at the pH of interest (DePaolo, 2011). A reasonable esti-
mate for the maximum HAP dissolution rates at circum-
neutral pH is two orders of magnitude lower than required
2.3 x 107" mol Cam™2s™! (Valsami-Jones et al., 1998; pH
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6.7). To our knowledge there are no OCP dissolution rates
available in the relevant pH range, but even at lower pH,
OCP dissolution is only a factor of ~1.2 greater than that
of HAP (Wang and Nancollas, 2008). We conclude that
the measured Ca isotope data are inconsistent with a classi-
cal growth process in which dissociative desolvation of Ca
ions at the surface are the rate-limiting mechanism.

The foregoing analysis relies on the assumption that the
kinetic end-member fractionation factor associated with Ca
ion attachment to the growth surface is similar to the value
obtained from the calcite kinetic Ca isotope effect
(DePaolo, 2011; Nielsen et al., 2012), or from bulk aqueous
solution (Hofmann et al., 2012), and that Ca ion desolva-
tion is rate limiting during classical HAP growth. If instead
another process such as hydrolysis controls the rate of clas-
sical HAP growth (cf. Christoffersen et al., 1998b), the Ca
isotope composition of HAP could be controlled by other
factors, such as face-specific equilibrium fractionation
(Haraouka et al., 2017), equilibrium aqueous speciation
(Colla et al., 2018), or molecular diffusion-controlled frac-
tionation (Bourg et al., 2010) under transport-limited
growth conditions. In the case of experiments involving
an OCP precursor, a rate limitation by hydrolysis can be
ruled out, because OH™ is not a stoichiometric constituent
of OCP. Subsequent abiogenic conversion of OCP to HAP
requires hydrolysis but is not thought to involve a
dissolution-reprecipitation step that would reset the Ca iso-
tope composition (Zhan et al., 2005). Thus, we conclude
that the absence of a clear kinetic isotope effect is consistent
with nanostructural and mineralogical evidence for the
non-classical growth of Ca-phosphates over a wide range
of supersaturations and growth rates at circumneutral
pH. This process results in particle attachment where
stochastic collision of Ca and phosphate ions in the bulk
solution lead to the spontaneous formation of nano-
clusters or multi-ion complexes, which subsequently aggre-
gate (Gebauer and Coélfen, 2011; Habraken et al., 2013).

4.3. Geological and biological implications

Our results suggest that at circum-neutral pH and ambi-
ent temperatures, Ca isotope fractionation between syn-
thetic Ca-phosphates and solution is independent of
precipitation rate and is within error of 0%o, although the
large magnitude of experimental uncertainties, especially
at the slowest growth rates, may mask a kinetic isotope
effect. Below we discuss the implications of this conclusion
in the context of apatite formation in geological and biolog-
ical systems, specifically the mechanisms governing authi-
genic phosphate formation and biocalcification and
corresponding their Ca isotopic signatures.

4.3.1. Ca phosphates in marine environments

The interpretation of our experimental data implies that
the Ca isotopic signatures of inorganically formed Ca-
phosphates (i.e., authigenic apatite) may directly reflect
the fluid composition from which the crystals are origi-
nated. As polynuclear growth for OCP seems not induce
significant Ca isotope fractionation at circum-neutral pH,
the Ca isotopic signature of the fluid is preserved in the

solid phase. The two main caveats to this conclusion are
the very large uncertainties on some of the experimental
Ca fractionation factors, and the fact that the growth solu-
tions do not mimic the composition of seawater. The pri-
mary difference between our laboratory experiments and
the growth conditions for HAP and OCP in marine sedi-
ments is that experimental growth solutions were composed
to precipitate only pure Ca-phosphates omitting elements
present in seawater (ie., Mg>", CI=, F7), which can be
incorporated in the crystal lattice and lower growth rates
or even inhibit the formation of Ca-phosphates (Salimi
et al., 1985; Van Cappellen and Berner, 1989; Gunnars
et al., 2004). Nevertheless, our data demonstrate that the
*40Ca of precursor OCP may capture the marine porewa-
ter Ca isotopic composition, because OCP formation is a
kinetic barrier to apatite precipitation in marine systems
(Gunnars et al., 2004). It has been shown that there is no
apatite precipitation until marine porewater is supersatu-
rated with respect to OCP, even if the solution is supersat-
urated with respect to HAP (Gunnars et al., 2004).

Unlike our synthetic Ca-phosphates, earlier studies indi-
cate that authigenic marine phosphate peloids are approxi-
mately 1%o lighter in 6*¥*°Ca than modern seawater, with
less than a 1% range in values attributed to changes in
the 0*/%°Ca seawater composition over time (Schmitt
et al., 2003; Soudry et al., 2004). The fact that these authi-
genic Ca phosphate minerals are isotopically light relative
to seawater is at first glance in conflict with our experimen-
tal findings. However, it is likely that this difference is attri-
butable to the fact that the Ca isotope composition of pore
water is isotopically light compared to seawater due to
equilibration with calcium carbonate minerals (cf. Fantle
and DePaolo, 2007). The precipitation from pore fluid of
authigenic Ca-phosphate peloids, which form during early
diagenesis (Riggs et al., 1997), may preserve the Ca isotope
composition of pore water that is isotopically light with
respect to seawater. Alternatively, these light isotope com-
positions could reflect isotope fractionation during the
direct formation of an isotopically light Ca-phosphate
phase. Marine phosphorites consist mainly of carbonated
fluorapatite and hydroxyapatite (Schmitt et al., 2003), and
unlike HAP, fluorapatite may precipitate by a classical
growth pathway (Liu and Nancollas, 1996). Thus, future
studies should be done to ascertain whether synthetic fluo-
rapatite precipitation is associated with Ca isotope fraction-
ation and enrichment of *°Ca in the solid phase. Taken
together, Ca isotope ratios can provide an additional con-
straint on pore fluid and (potentially) seawater chemistry
and may help to reconstruct the marine cycle P through
geologic history.

4.3.2. Biogenic apatite in biological and geological systems
The majority of phosphorite formation in marine
sedimentary environments is biologically mediated by
phosphate release from bacterial cells (Schulz and Schulz,
2005), so a direct conclusion on apatite formation in natu-
ral settings should be drawn with some caution. Calcium
isotope fractionation is known to occur during biocalcifica-
tion (Skulan et al., 1997). Thus, differences in Ca isotopic
effects between inorganically formed Ca-phosphate in our
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study compared to biogenic apatites (Skulan and DePaolo,
1999; Hinojosa et al., 2012; Li et al., 2016b) may be due to
either abiogenic growth mechanisms or physiological pro-
cesses that are not yet well understood. Generally, biomin-
eral HAP typically contains carbonate ion impurities (up to
10% in vertebrate skeletal material), and its formation is
characterized by more complex fluid composition including
functional organic molecules (Zhan et al., 2005; Wang and
Nancollas, 2008). Whether aqueous organic species or other
factors associated with microbially mediated growth can
affect the Ca isotopic composition of HAP and its precursor
phases should be addressed in future studies.

5. CONCLUSION

Our study provides several lines of evidence that polynu-
clear (cluster) growth is the dominant growth mechanism
for HAP and for its precursor phase OCP. Within the tested
range of supersaturations, direct nucleation via precursor
phases dominates over direct ion incorporation processes,
which is supported by both the absence of kinetic Ca iso-
tope fractionation (A44/ “Ca) and by the polynuclear
growth features observed in nanoscale images. The Ca iso-
topic composition of OCP and possibly HAP could be a
good proxy for fluid isotopic signature from which the
Ca-phosphates originate, but further work is required to
understand the influence of mineralogy, diagenesis, and
biologic factors on the Ca isotopic composition of the pre-
served apatite.
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