Fluorine incorporation into calcite, aragonite and
vaterite CaCQOgs: Computational chemistry insights and
geochemistry implications

Xiaolei Feng®P, Zvi Steiner®”* Simon A. T. Redfernd*

@ Institute for Disaster Management and Reconstruction, Sichuan University - Hong Kong
Polytechnic University, Chengdu, 610207, China
b Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge, CB2
SEQ, UK
¢GEOMAR Helmholtz Centre for Ocean Research, Kiel, 24105 Germany
4 Asian School of the Environment, Nanyang Technological University, 639798 Singapore

Abstract

The abundant occurrence of calcium carbonate minerals in marine sediments
and their high fluorine content suggests that fluorine is a good candidate for re-
constructing paleoceanographic parameters. However, the potential of fluorine
as a paleoproxy had hardly been explored, and fundamental insights into the
behaviour of fluorine in biogenic carbonates and marine sediments is required.
A first-principles modelling approach is used here to analyse the incorporation
mechanisms of fluorine into crystalline calcium carbonates. We compute F in-
corporation into the CaCQOj lattice via a number of mechanisms, but concentrate
on comparison of the energetics of the two easiest substitution mechanisms: re-
placing one oxygen atom within the carbonate group to form a (CO3F)~ group
as against a substitution involving replacement of the COg3 group by two fluorine
ions to form a CaFy defect. These incorporation mechanisms are fundamentally
different from that of iodine into calcium carbonates, where a carbon atom is
replaced. Our simulations suggest that the substitution of CO?))_ by Fg_ is
the most favoured and that fluorine is preferentially incorporated into the three

naturally-occurring polymorphs of calcium carbonate in the order vaterite g
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aragonite > calcite. These results explain the previously-reported preponder-
ance of fluorine in aragonite corals, and lend support to the use of F/Ca as a
proxy for ocean pCOs.

Keywords: first-principles, fluorine, calcium carbonates, F/Ca ratios, marine

chemistry

1. INTRODUCTION

Halogens play a number of important roles in the Earth system, both in
Earth’s ecosystems as well as a key component of many geochemical processes
at Earth’s surface. For example, they are a major constituent of the oceans, but
in addition volcanic emissions of halogens are frequently considerable. Fluorine
is unique among the halogens as it is the only such element that is preferentially
enriched in Earth’s mantle over seawater. The main sink for fluorine in the
modern ocean is as an impurity in biogenic calcium carbonates (CaCO3) and
its enrichment in CaCO3 exceeds chlorine by a factor of 10° .
Fluorine concentrations in biogenic aragonites vary between 500 to 1600 ppm

(Ramos et al., [2005; [Tanaka & Ohde| [2010; Tanaka et al.| [2013]), making it

one of the most abundant impurities in this carbonate mineral phase. Biogenic
low-magnesium calcites typically contain 75 to 600 ppm fluorine
[1993; Rosenthal & Boylel [1993), and the fluorine content of biogenic calcites
increases as a function of the magnesium content of the calcite (Ohde & Kitano,
[1980) (Kendrickl 2018).

The distinction between the F/Ca ratios of the various CaCO3 polymorphs,
and the large differences between the F/Ca ratio of calcium carbonates and
other common fluorine-containing minerals (e.g. fluorapatite and fluorite), sug-
gests the potential of using fluorine concentrations in seawater and CaCQOg shells
to understand past and present ocean environments. This potential has indeed
been successfully realised in studies of mineral precipitation and dissolution oc-

curring during early diagenesis in shallow marine sediments (Green & Aller]

2001; Rude & Aller, |1991)). In theory, seawater concentrations of fluorine can
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also be used in studies of global biogeochemistry. For example, [Steiner et al.
(2014} [2018) demonstrated how variations in seawater concentrations of stron-
tium and calcium can be used to quantify the contributions of coral reefs and
pelagic plankton to the CaCOg cycle of the Red Sea, based on the tendencies of
various groups of calcareous organisms to incorporate strontium into their skele-
tons. Since fluorine concentrations also vary between skeletons precipitated by
different groups of organisms, measurements of seawater concentrations of flu-
orine can be used to improve our understanding of the marine CaCOg cycle of
the modern ocean and, for example, monitor the effects of ocean acidification
on various groups of organisms.

Despite the promising prospect fluorine offers for marine sciences and pa-
leoceanographic studies, alongside the fact that the fluorine concentrations in
CaCOg3 shells are relatively high, the application of fluorine concentrations as
indicators in environmental studies is very limited at present. The main reason
for this is that the mechanism by which fluorine is incorporated into CaCOg
is relatively poorly understood and there are no reliable predictions of how
the incorporation of fluorine should change with varying environmental condi-
tions. This problem is exemplified by the fact that there is no experimental
evidence to show any correlation between the fluorine content of, for example,
foraminiferal tests and the surface salinity and temperature of seas in which
they grow. Instead, fluorine contents seem to vary according to the preferred
depth of calcification of individual foraminifera species (Opdyke et al., [1993;
Rosenthal & Boylel [1993; Rosenthal et al., [1997). A recent study of laboratory-
cultured benthic foraminifera suggests that the carbonate ion concentration of
the growth medium is the only environmental parameter that co-varies with the
fluorine content of foraminifera shells [Roepert et al.| (2019).

Though we cannot rule out the possibility of surface adsorption and intersti-
tial site incorporation, there are solid lines of experimental evidence to suggest
that the structural incorporation of fluorine into the crystallographic lattice sites
of carbonates is dominant, but the incorporation mechanism is unclear and has

been the subject of some debate. For example, |(Carpenter| (1969) suggested
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that fluorine is primarily incorporated into the calcium carbonate crystal struc-
ture, and the form in which the fluorine is present is unresolved. The data from
Rosenthal & Boyle| (1993) support the notion that fluorine occupies lattice sites,
although the nature of this substitution and its fundamental controls were not
specified. |(Ohde & Kitanol| (1980) and Kitano & Okumura, (1973)) suggested that
the incorporation of fluorine into high-Mg calcites might be coupled with the
co-precipitation of Mg, while Ichikuni (1979) suggested that the incorporation
of fluorine into the crystalline structure of aragonite occurs by substitution of a

carbonate ion by two fluorine ions during crystal growth:
CaCOj3(s) + 2F~ (aq) = CaFy(s) + CO3 (aq) (1)

This substitution balances the charge of the substituting anions and was termed
a "CaFy” substitution. It should be understood, however, that it is not a
substitution of fluorite itself, somehow incorporated into the calcium carbonate
structure. Rather, the reaction following equation (1| involves the replacement
of one CO3~ oxy-anion in the carbonate structure by two F~ anions. The
relatively high partition coefficient of fluorine in aragonite (0.54-1.26) suggests
that fluorine is likely to be incorporated into aragonite (and possibly other
carbonate polymorphs) via some such mechanism, although other simpler ionic
substitutions cannot be ruled out.

Here, we provide a systematic exploration and examination of potential
mechanisms of fluorine substitution into the three common biomineral poly-
morphs of calcium carbonate, namely calcite, aragonite and vaterite. We use
first-principles quantum mechanical ab initio structure calculations to obtain
the structural and thermodynamic properties of fluorine-bearing carbonates and
to explore the mechanism by which the main polymorphs of CaCO3 might in-
corporate fluorine. Our calculations correspond to conditions of zero pressure
and temperature, in common with previous such investigations of carbonates
(e.g. |Archer et al| (2003])), but are the first step in providing insights into the
ground state thermodynamic properties of competing trace element incorpora-

tion mechanisms.
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2. COMPUTATIONAL MODELS AND METHODS

2.1. Starting structures of CaCOs

Three common polymorphs of calcium carbonate, CaCOgs, namely calcite,
aragonite and vaterite, are all considered in this work. The starting structures
for the computational work on calcite, aragonite and vaterite were those crys-
tallising in space groups R3c, Pnma, and Cec respectively. The structures of
R3c calcite and Pnma aragonite are well-known and indeed were among the
first to be identified in the early history of X-ray crystallographic studies. We
used the structures from |Grafl (1961) and |De Villiers (1971) as starting points
for our calculations. The structure of vaterite is much-debated as it appears
to occur in a number of competing metastable polymorphs, and we therefore
did not use any of the experimentally-derived structures. We choose, instead,
the theoretically calculated C'c structure, containing 12 formula units of CaCOj3
per unit cell (Demichelis et al.l [2013)), for the convenience of making a supercell

containing the same number of atoms for all three polymorphs.

2.2. Super-cells of CaCOs3

The incorporation of fluorine into pure calcium carbonate is treated as an im-
purity substitutional defect. Calculations were carried out with periodic bound-
ary conditions. Such computational methods demand a balance between having
a set of atoms (the simulation box) that is large enough such that the local
strains associated with the incorporation of a defect are insignificant at its
boundaries, with the constraint that the simulation box needs to be compu-
tational tractable in the context that the computational cost can scale as N3,
where N is the number of atoms. Thus, in order to have a simulation box large
enough that periodically repeating fluorine substitutional defects are sufficiently
distant that interactions between them are insignificant, a super-cell containing
24 formula units of CaCO3 (120 atoms) was constructed for each of the poly-
morphs. We found that a simulation box (the super-cell) containing 120 atoms

was large enough to accommodate any local structural distortion induced by
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the fluorine, within its periodic boundaries, thus allowing us to model impurity
incorporation without periodic boundary effects playing a role.

In the case of calcite, a super-cell was chosen that corresponds to four con-
ventional hexagonal unit cells. The super-cell was, therefore, constructed as
2a x 2b x ¢ where a, b, and c are the unit cell parameters of the hexagonal
setting of the calcite R3c unit cell. For aragonite, the simulation box again con-
tained 120 atoms and was comprised of a super-cell six times the volume of the
conventional aragonite unit cell, constructed as 2a x 3b x ¢, where a, b, and ¢ are
the unit cell parameters of the orthorhombic Pnma unit cell of aragonite. For
vaterite, the simulation box was twice the volume of the conventional vaterite
unit cell, with a super-cell constructed as a x 2b x ¢, with a, b, and ¢ being the

cell parameters of the monoclinic C'c unit cell of vaterite.

2.3. Structure of fluorine-bearing CaCOs

The periodic models of fluorine-bearing CaCOg3 were built, for structural
optimisation, by introducing one fluorine atom into the CaCOg supercell and
substituting one atom out, in three different substitution mechanisms. The
first involved the substitution of a fluorine atom for calcium (Ca-site), onto the
large octahedral site. The second corresponds to the substitution of fluorine for
carbon (C-site), as a FO3 replacing the carbonate group, as observed in the case
of iodine substitution (Podder et al., 2017} |Feng & Redfern, [2018)). The third
involved the substitution of a fluorine atom for oxygen atom (O-site), forming
(CO2F)~ groups. In each case the modified structures correspond to an average
site occupancy of around 4% substitution of fluorine onto the site. In addition,
we tested the ”CaFy” incorporation mechanism by introducing two fluorines
into the structure and substituting this pair of F~ anions for a CO?,)_ group,
with an initial starting configuration in which each fluorine was placed at the
position of one of the three oxygens previously occupied in the carbonate group
that had been removed. The substituted structures are constructed without
imposing any symmetry restrictions, by starting from a set of atomic positions

equivalent to the host phase but with the symmetry then reduced to P1, and
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thus optimised under no symmetry restrictions, which means the full system
geometry is relaxed. In many cases, there is more than one way to do the
substitution, and all the structures reported here correspond to those with the

lowest energies, having tested each option.

2.4. Structural optimisation

The energetics and physical properties of pure carbonates and fluorine-
substituted phases were calculated using first-principles methods based on den-
sity functional theory, using periodic boundary conditions. Calculations are per-
formed employing the Vienna ab initio simulation package (Kresse & Furthmiller,
1996)). A kinetic energy cut-off of 520 eV was chosen after testing to ensure that
it was large enough to arrive at converged reliable energies to less than 1 meV.
Monkhorst-Pack meshes for Brillouin zone sampling were selected with a res-
olution of 0.3 A=! (see Supplementary Materials, Fig. S1). The generalised
gradient approximation (Perdew et al.| [1992)) in the scheme of the Perdew-
Burke-Enzerhoff (Perdew et al. [1996)) pseudo-potentials was used, alongside
projected-augmented-wave (PAW) potentials (Perdew et all (1992 {1996 for
electron-ion interactions. PAW potentials with 3s23p%4s2,2s22p?, 25%2p*, and
2522p° electrons as valence electrons were adopted for the Ca, C, O and F
atoms respectively.

We checked one set of F' defect calculations against the energies of the pure
(F-free) system to confirm whether dispersion corrections are required. The re-
sults of the three sets of calculations are listed in the Supplementary Materials
(Table S1). Focusing on the O-site substitution, for example, we get the results
as in Table S2, which demonstrate influence of dispersion corrections on our
observations and we find it does not impact the relative enthalpy differences
seen. With or without dispersion correction we still see that the relative en-
thalpies of vaterite < aragonite < calcite for the (CO2F)~ group substitution
are not affected and the introduction of dispersion corrections does not change
our conclusions.

Note that the calculations do not assume the oxidation state of the halogen
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Table 1: Energy increases (relative to pure components) due to fluorine incorporation in

CaCOs, calculated according to reactions and [5| Units are kJ/mol (CaCOs3).

phase Ca-site substitution FOjz defect COsF defect CaFy defect
calcite 42.13 40.47 13.22 -12.08
aragonite 41.37 39.09 7.57 -14.59
vaterite 35.82 32.53 5.56 -15.08

or other elements, but simply find the lowest enthalpy configuration based on the
pseudo-potential model. Atomic relaxations were terminated when the change
of the total energy per atom converged to within 1 meV per atom. All the
calculations were conducted at ambient pressure and 0 K, which provides an in-
sight into the ground state energies of the competing incorporation mechanisms.
Crystal structures were plotted using VESTA, a programme for 3D visualisation

of crystal structures and volumetric data (Momma & Izumi, 2011]).

3. RESULTS

8.1. Enthalpies of fluorine-doped calcium carbonates

Using the relaxed structures as a starting point, the properties of fluorine-
doped equivalents have been calculated either by introducing one fluorine atom
into each of the supercells in the three substitution mechanisms specified by
reactions and [ below, or by introducing two fluorine atoms in place of the
a carbonate group, following reaction From the results of the calculations
of energies, at zero temperature and pressure, of each of the relaxed structures
fluorine-free and fluorine-bearing calcium carbonate structures, combined with
the energies for elemental Ca, C, O and F under the same conditions, the ener-
gies associated with substitutional fluorine incorporation were determined. The
following substitution schemes for all the three polymorphs (calcite, aragonite
and vaterite) of CaCOgs explain where the F is placed in the structure of cal-

cite (it is important to understand that these equations are merely intended to
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explain where the F is placed in the structure of calcite, and do not necessarily

represent realistic substitution reactions):

24Ca(CO3) + F = CaasF(CO3)24 + Ca (2)
24Ca(CO3) + F = Cag4(CO3)23(FO3) + C (3)
24Ca(CO3) + F = Cag4(CO3)23(CO2F) + O (4)
24Ca(CO3) + F» = Cag3(CO3)23(Caks) + CO2+ O (5)

Incorporation of fluorine in calcium carbonates by the first three of these
mechanisms is associated with some charge imbalance. In our calculations we
have assumed a homogeneous electrostatic background. This corresponds to
a mean field approach and, indeed, charge compensation may occur via sub-
stitutions that act over across much larger distances than those of our mod-
elling simulation cell (including compensation at free surfaces). Given the very
large number of possible coupled substitution mechanisms we have chosen not
to attempt to explore individual potential mechanisms. The assumption of a
homogeneous electrostatic background leads to reasonable description of the
atomic-scale environment of the impurity, which is our main interest.

Calculated enthalpies for each of the reactants and products allow us to
determine the reaction energies, at zero temperature and pressure, for each of
these schemes in each of the three CaCO3 polymorphs. The energies of these four
reactions, calculated thus, are listed in Table The energies associated with flu-
orine incorporation, as suggested by the calculation of the energies of (CO3F)~
defect and CaFs defect substituted compounds, for all three polymorphs, are
significantly lower than the energies associated with Ca-site and C-site (or, FO3
defect) fluorine substitutions. This result is very different from findings for io-

dine substitution into carbonates, where iodine is most easily accommodated
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into calcium carbonates via C-site substitution, forming an iodate oxyanion
group, 103, replacing the carbonate group (Feng & Redfernl [2018)). It has pre-
viously been seen that reaction of fluorine ions with COg to form (CO2F)~ is
energetically feasible and has been experimentally observed (Bhargava & Bala-
subramanian, [2007)), suggesting that such (CO2F)~ groups are indeed realistic
species for potential incorporation into carbonates and that they might well be
available in seawater for uptake by calcifying organisms. The substitution of
two fluorine atoms onto two oxygen positions, and removal of the entire asso-
ciated COj3 group, is, however, even more favourable in our calculations. We
find that the incorporation of this ”CaFs defect”, becomes exothermic and is
significantly lower than the enthalpy of reaction of the (COF)~ substitution
scheme for calcite, aragonite and vaterite. For both of these two lower-energy
reaction schemes we find that substitution of fluorine into vaterite is slightly
more easily accommodated than in aragonite, but that substitution of fluorine
into calcite is far more difficult, indicated by the higher enthalpy of substitution.

Our calculations give the enthalpies of each of the structures of interest,
that is, each of the tested modes of fluorine incorporation into calcite, arag-
onite and vaterite, relative to the fluorine-free equivalents. This provides the
thermodynamic baseline against which geochemical incorporation mechanisms
may be understood. Of course, each incorporation mechanism will, at elevated
temperature, be associated with a further reduction in Gibbs energy due to en-
tropic effects. Comparing the four reactions listed above we see that reactions
(Ca—F substitution) and [3| (C—F substitution) will be lower in entropy than
reactions [4| and [5| (one, or two, F atom(s) replacing oxygen in the carbonate
group, with or without removal of the remaining O and C atoms) since, for
reactions [2[ and [3| there is only one way to do the substitution, there being only
one Ca or C in the formula unit, whereas for reactions [4] and [f] there are three
ways (in each case) to replace either one or two out of three oxygen atoms in the
carbonate group. Thus, entropic effects are also likely to favour both CO5F and
CaFy defect substitution over Ca-site substitution or FO3 defects. Furthermore,

the configurational entropies associated with CO3F and CaFy substitutions are

10
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Figure 1: Minimum energy structure of calcite, with an indication of the local structure around
a fluorine-bearing defect at the position indicated by the yellow shading for the CO2F and
CaFy substitutions. The solid lines around the structure mark the bounds of the simulation

box.
expected to be similar.

3.2. Structural distortion

The incorporation of fluorine into each of the calcium carbonate polymorphs
induces local structural distortion in the lattice around the incorporated atoms
to some extent, breaking down the local symmetry of the host structures (Fig-
ures[1J2] and[3). The symmetries of the resultant structures have been analysed
and are summarised in Table[2] It is found that they are C2 for CO,F-bearing

calcite, Pm for the COsF-bearing aragonite, which is the same as was found

for iodine-substituted aragonite by |[Feng & Redfern| (2018), and P1 for CO5F-

bearing vaterite. It should be stressed that we are not suggesting that halogen

substitution at the ppm level, as seen in nature, would result in reduction of

11
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Figure 2: Minimum energy structure of aragonite, with an indication of the local structure
around a fluorine-bearing defect at the position indicated by the yellow shading for the CO2F

and CaFs substitutions. The solid lines around the structure mark the bounds of the simula-

tion box.
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a fluorine-bearing defect at the position indicated by the yellow shadings for the CO2F and
CaF2 substitutions. The solid lines around the structure mark the bounds of the simulation

box.
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Table 2: Analysis of the structural distortions of CaCOs3 phases arising from incorporation of
a CO2F defect, with a comparison to those of the CaFa - defect type incorporation and of

pure calcium carbonates.

Phase Space group Volume (A?) Bond length (A)
C-F C-Oco,r C-Oco,

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

COyF-bearing calcite C2 366.3 2.08 1.26 1.29-1.30
CaFs-bearing calcite C2 381.4 - -
calcite R3c 381.5 - -

COyF-bearing aragonite Pm 223.0 2.08 1.26 1.29-1.30
CaFs-bearing aragonite P1 233.6 - -
aragonite Pnma 233.5 - -

CO2F-bearing vaterite P1 745.8 2.58 1.25 1.28-1.31
CaFy-bearing vaterite P1 775.8 - -
vaterite Cc 782.4 - -

the long-range space group symmetry of a carbonate host crystal to these sym-
metries. Rather, these represent the symmetry of the local distortion that is
to be expected around a halogen substituent atom when hosted within the ma-
trix of such a phase. It appears that, in order to accommodate fluorine atoms
by substitution of (CO3)2~ by (CO,F)~, the lattice becomes slightly smaller,
with a small reduction in molar volume. The volumes of COsF-bearing and
CaFs-bearing carbonate unit cells are give in Table [2 from which it can be seen
that the incorporation of fluorine by the CaFq-type defect occurs with almost
no change in density, or unit cell volume, in the case of calcite and aragonite,
with the two F~ anions that replace the Cng group taking up almost identical

space in the carbonate site position.

4. DISCUSSION

4.1. Structural incorporation
Experimental observations suggest that fluorine is not simply adsorbed onto

calcium carbonate surfaces, but instead is incorporated into the CaCOg crystal

14
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structure (Carpenter}, (1969). [Ichikuni| (1979) carried out further studies of the
uptake of F~ in aragonite which indicated that fluorine is associated with struc-
tural incorporation into aragonite and suggested that one (CO3)?~ is replaced
by two F~ ions, co-precipitating with Ca?* to form CaF,.

Approximately half of the fluorine in seawater occurs in the form of molecular
complexes, principally as MgF™ ion pairs. For the remainder, fluorine, due
to its high electronegativity, occurs as free anions (F~). Clearly one possible
substitution mechanism corresponds to that in which one CO?f oxy-anion in
calcium carbonate is replaced by two F~ ions, as suggested earlier by |[chikuni
(1979). Here, we have also explored other possible incorporation mechanisms.
We rule out co-precipitating with Ca?* to nucleate and grow discrete crystalline
precipitates of CaF5 since fluorite (CaF3) is undersaturated in seawater and such
a complex is unlikely to precipitate (Sillén, [1961). Secondly, the structure of
fluorite is very different from that of the calcium carbonate polymorphs, and
the mismatch in structure means that the interface energy of any precipitate
would be high, such that nucleation and growth of precipitates of fluorite would
be inhibited. Furthermore, [Ichikuni| (1979)) reported that fluoride in aragonites
precipitated from controlled aqueous solutions was homogeneously distributed,
with no indication of discrete fluorite precipitates.

In all three polymorphs (calcite, aragonite and vaterite), when we compare
a single atom of fluorine substituting onto the Ca-site, C-site or O-site, we
find that substitution of fluorine for oxygen (forming a (CO2F)~ complex) is
the most favoured. This is in contrast to the behaviour of iodine, which favours
substitution onto the C-site to form an iodate molecule in terms of incorporation
mechanism (Feng & Redfern, [2018). The formation of (CO2F)~ groups within
carbonate is not entirely surprising, in view of the earlier work of Bhargava &
Balasubramanian| (2007). It was found that, in reaction between fluorine and
carbon dioxide, fluorine anions react with COg to form (CO2F)™ groups, with
one consequence of this reaction being the distortion of the CO2 molecule away
from linearity (Bhargava & Balasubramanian, [2007)). We find a similar molec-

ular configuration in our simulations of carbonates adopting this substitution

15
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mechanism. By extending the extent of substitution from one fluorine replacing
oxygen at the carbonate group, to two fluorines replacing two carbonate oxy-
gens and removal of the remaining oxygen and carbon atoms (the mechanism
proposed by [Ichikuni| (1979)) for aragonite) we arrive at an even more favoured
fluorine incorporation mechanism. Not only does this process result in twice
the amount of fluorine incorporated per defect, the energetics of the substitu-
tion reaction, reaction [p| are significantly smaller than the other mechanisms
that we investigated.

Our simulations demonstrate that there are significant differences between
the defect energies of the fluorine-bearing carbonate polymorphs. We find that
the energy associated with incorporation of fluorine into calcite is the greatest
of the three polymorphs, with incorporation of fluorine into aragonite and va-
terite being much more favourable (Table . We note that our discussion is
focussed entirely on thermodynamic considerations. For biogenic carbonates,
non-equilibrium effects, such as those associated with cell metabolism, may
also play significant roles in element incorporation. However, as discussed be-
low, our results, based purely on the ground state thermodynamic properties of
these structures, are reflected in observations of geochemical trends in natural
systems, underlining the importance of equilibrium as a baseline consideration.

We conclude that fluorine will partition much more strongly into aragonite
than into calcite. Comparing incorporation of fluorine into the three naturally-
occurring polymorphs of calcium carbonate (including the metastable vaterite
polymorph) we find that fluorine is expected to enter each polymorph with
relative concentrations in the the order of vaterite Z aragonite > calcite. This
finding is in agreement with the observations (on natural samples) of |Carpenter
(1969) who found that aragonites show much higher fluorine concentrations than
calcites. The relative ease with which vaterite accommodates both the COyF
and the CaF'y defect does, however, raise the possibility of biogenic incorporation
of fluorine into calcite via inheritance from a vaterite precursor. We note, for
example, that |Jacob et al.| (2017) proposed that foraminiferal calcite forms via

precursor vaterite, in the early stages of calcification. Given this, one might
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expect that the stable “daughter” calcite forming the organism’s shell may well
reflect the partitioning, under biological calcification, set by that of the parent

vaterite crystals.

4.2. Insights into ocean chemistry

The evidence of the uptake of fluorine by calcium carbonate is clear, and we
have identified the likely mechanism of uptake. The earlier observations that
aragonite is able to accommodate fluorine much more easily than calcite are
born out in our results. Furthermore, the ion exchange reaction outlined in
equation 1] is indeed confirmed as the most favourable route to incorporation.
As a consequence, our results lend further support to the idea that the fluorine
content of biogenic carbonates may be employed as a good indicator of the
partial pressure of COy (pCOs2) in the oceans, and hence of the impacts of
changes in atmospheric carbon dioxide. Since equation [1| (equivalent to reaction
in our schemes) is an exchange reaction, it implies that fluorine in carbonate
will have sensitivity to pCOg, since increases in pCOy will result in reductions
in pH and carbonate ion concentration ([CO?]) in seawater, which should
result in an increase in fluorine concentration, measured in biogenic carbonates
as F/Ca, in agreement with the results of [Roepert et al.| (2019). While we can
expect this to be the dominant control on fluorine contents in biogenic calcium
carbonates in the oceans, especially given this reaction incorporates two fluorine
atoms into the structure, we also note that reaction [ which is only slightly
more exothermic, implies F in carbonate should have some sensitivity to pOs in
seawater. This would imply an expected correlation between iodine (a redox-

sensitive geochemical tracer in biogenic carbonates) and fluorine in carbonates.

5. CONCLUSIONS

The incorporation of fluorine into all three naturally-occurring polymorphs
of calcium carbonate — calcite, aragonite and vaterite, has been investigated

via first-principles computational methods. In each case the incorporation of a
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fluorine atom is favoured most strongly as substituent of two fluorine ions for
a carbonate, forming a CaFy defect. However, substitution of one fluorine for
one oxygen in the form of (CO2F)~ groups, which causes local distortions of the
structure over a length scale of around 10 A, is also relatively easy, although not
favoured to the extent of the CaFs defect. The incorporation of fluorine into
vaterite is easiest, for all substitution mechanisms, although only marginally so
for the CaFy and (CO2F)~ defects compared with incorporation into aragonite.
Both aragonite and vaterite can, however, accommodated fluorine much more
easily than the expected uptake of fluorine into calcite. These findings are sup-
ported by the experimentally observed trends in the distribution coefficients for
fluorine into CaCQOg, which are larger for aragonite than for calcite. They are
also consistent with the earlier experimental observations of fluorine incorpora-
tion into aragonite, lending further support to the idea that F/Ca, especially in
biogenic aragonite (e.g. corals), can be used as a reliable proxy for ocean pCOs,
providing a further route for measurement of past changes in atmospheric COq

and associated paleoclimatic variations.
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