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Abstract

The presence of bromine as a trace-element in calcium carbonate speleothems constitutes a useful proxy of past volcanic
activity, thus helping to provide input parameters for climate model simulations and risk assessment. However, the chemical
nature of bromine-containing impurities in the calcium carbonate phases forming speleothems is not understood, which limits
interpretation of experimental measurements on speleothems. We present here a computer simulation study, based on quan-
tum mechanical calculations, of the incorporation of bromine as BrO3 oxyanions in CaCOj; polymorphs calcite and arago-
nite. We discuss how the relative distributions of bromate oxyanions and charge-compensating alkali-metal cations are
determined by the interplay between an impurity binding effect (which is stronger for aragonite than for calcite, and changes
in the order Li < Na < K) and a configurational entropic effect that tends to disassociate the impurities. For concentrations
above parts-per-million, bromate impurities can be expected to be paired, in nearest-neighbour configurations, with the com-
pensating cations. Bromate substitution, compensated by sodium or potassium cations, is predicted to be metastable with
respect to phase separation of the impurities as solid NaBrO3z or KBrOj; phases, respectively, but the solubility limits of BrO3
in calcite and aragonite are still higher than those calculated for tetrahedral oxyanions (SO4)*~ and (MoQ,4)*~ that are used as
alternative volcanic records in speleothems.
© 2022 Elsevier Ltd. All rights reserved.

Keywords: Calcium carbonate; Calcite; Aragonite; Bromate

1. INTRODUCTION

Volcanic eruptions impact local and global climates
(Robock, 2000; Zielinski, 2000; Sigl et al., 2013). They have
been shown to significantly disrupt transfer of solar radia-
tion, leading to a cooling effect that can affect large areas
of the planet for several years and possibly even for decades
(Minnis et al., 1993; Robock and Free, 1995). Recent
research efforts have attempted to build accurate recon-
structions of volcanic activity spanning millennia, to under-
stand the historical impact of these significant geological
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events on global climate. Though instrumental and histori-
cal records of volcanic activity exist for a few centuries,
obtaining information on volcanic eruptions further back
in time requires analysis of naturally occurring archives to
reveal the explosive history of volcanoes. Ice-cores
(Zielinski et al., 1994; Yalcin et al., 2007; Severi et al.,
2012), tree rings (McCarroll and Loader, 2004) and marine
sediments (Voelker, 2002) are all well-established records of
past volcanic activity, because they provide a naturally
undisturbed environment in which geochemical tracers
and tephra layers may be preserved over long timescales.
Proxies contained within these geological archives, such
as trace-element concentrations (Hartland et al., 2012)
and 5'%0 isotopic composition (Marshall et al., 2009) have
been used to derive valuable information about past climate
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and compositions of the atmosphere. Speleothems are
another example of such an archive, which have shown
increasing promise as paleovolcanic records in recent years
(Finch et al., 2001; Fairchild and Treble, 2009; Badertscher
et al., 2014; Unal-Imer et al., 2015). Speleothems have two
key advantages over ice-cores as archives for paleoclimate
research. The first is that speleothem formation is not
linked to the low temperatures associated with high lati-
tudes. This is important as many of the most explosive vol-
canoes are in the tropics and subtropics and, thus, far away
from the polar ice cores. The second advantage is that the
uranium-thorium dating technique is well established for
calcium carbonates, meaning that accurate speleothem dat-
ing is relatively straightforward (Dorale et al., 2004; St
Pierre et al., 2009). Calcite is the most stable calcium car-
bonate phase over long geological timescales, and it com-
prises the majority of speleothems. Aragonite is meta-
stable under some geochemical conditions, and forms spe-
leothems in some rarer cases (Given and Wilkinson, 1985;
Railsback et al., 1994; De Choudens-Sanchez and
Gonzalez, 2009).

Major volcanic eruptions affect the chemical composi-
tion of the atmosphere and pedosphere (soil layers). Ele-
ments such as sulphur, molybdenum and bromine are
known to be in high relative abundance following an erup-
tion, and these may eventually become incorporated as
impurities into the structures of speleothems. However, lit-
tle is known about the chemical nature of these species in
speleothem carbonate minerals. Recent computer mod-
elling research by our group has considered the thermody-
namics of sulphate and molybdate incorporation in
speleothem minerals, finding that bulk lattice incorporation
of these oxyanions is thermodynamically unfavourable,
owing to significant elastic strain on the crystal caused by
the large, tetrahedral anion geometries (Midgley et al.,
2020), and that surfaces (or more accurately, the mineral—
water interface) provide a more favourable environment
for hosting the oxyanion impurities, especially in the pres-
ence of surface defects (Midgley et al., 2021).

Here, we extend our computational studies to the inves-
tigation of bromine incorporation in calcite and aragonite.
Badertscher et al. (2014) have argued that bromine is prob-
ably the most effective speleothem-based paleovolcanic
proxy among those investigated so far. Its fast leaching
through soil layers made it detectable in speleothems found
in the Sofular cave, within +/- 1-2 years of the Minoan
eruption that occurred in Northern Turkey at around
1621 BCE (Friedrich et al., 2006). Very little is known
about how bromine incorporates in calcium carbonate min-
erals. Elevated quantities of bromine in the form of hypo-
bromite (BrO™) are dumped into the local environment
following a major volcanic eruption (Bobrowski et al.,
2003; Theys et al., 2009; Hormann et al., 2013). Hypo-
bromite has been shown to play a critical role in tropo-
spheric and stratospheric chemistry, with ozone depletion
known to be a significant environmental consequence of
this species if airborne. Its stability with respect to oxida-
tion to bromate is low under most conditions (Engel and
Perlmutter-Hayman, 1953; Lee and Lister, 1971). It is
therefore reasonable to assume that incorporation of bro-

mine in speleothems occurs in the form of the monovalent
anion bromate, (BrO3)~, in analogy with the incorporation
of iodine as iodate, (IO3)~, in calcium carbonate minerals
(Podder et al., 2017; Feng and Redfern, 2018; Kerisit
et al., 2018).

Bromate has a trigonal pyramidal geometry due to the
presence of a lone pair, and therefore it is not an ideal fit
to substitute the trigonal planar carbonate (CO3™) anion.
However, its flatter shape in comparison with that of tetra-
hedral oxyanions sulphate (SO4)>~ and molybdate
(MoO,)*~ may allow easier lattice substitution. The chem-
istry of the aliovalent bromate/carbonate substitution is dif-
ferent from that of the isovalent molybdate/carbonate or
sulphate/carbonate substitutions, and the charge compen-
sating mechanisms can be expected to play a significant role
in the thermodynamics of bromate incorporation. Kerisit
et al. (2018) indeed found that, in the case of iodate substi-
tution in calcite, there is an energetic preference for the
compensating cation (H™ or Na™ in their study) to be near
the iodate impurity. The ease of incorporation also depends
on the host carbonate phase, and Feng and Redfern (2018)
found that iodate can incorporate into crystalline bulk cal-
cium carbonate with increasing difficulty in the order vater-
ite, calcite and aragonite, following the relative density of
these phases.

In this work we use first principles simulation techniques
to investigate for the first time the incorporation of bromate
in calcite and aragonite (as the phases most interesting for
our understanding of speleothems), and the relative distri-
bution of bromate oxyanions and compensating cations in
both phases. We will report the thermodynamic parameters
describing the ease of incorporation in each case, both with
respect to isolated ions and to competing phases. We will
discuss the impurity distribution problem in terms of two
thermodynamic driving forces: the binding energy between
the two oppositely charged impurity defects that tends to
keep the impurities paired, and the configurational entropy
effects that favour unpaired impurities at low concentra-
tions. We will also discuss the geochemical implications of
our findings.

2. COMPUTATIONAL METHODS

Computer simulations within the density functional the-
ory (DFT) were performed using the VASP code (Kresse
and Furthmiiller, 1996a, b), under the generalized gradient
approximation (GGA) in the form of the PBE exchange—
correlation functional (Perdew et al., 1996). The projector
augmented wave (PAW) method (Blochl, 1994; Kresse
and Joubert, 1999) was used to describe the interaction
between valence electrons and the core. The number of
plane waves used in the basis was determined by a kinetic
energy cutoff of 520 eV, which is 30% above the
recommended value for the set of PAW potentials used,
to minimise Pulay stress errors.

Calcite has a trigonal crystal system and a space group
of R-3¢ (No. 167) (Markgraf and Reeder, 1985), and was
modelled here using a hexagonal 3 x 3 x 1 supercell (54
formula units of CaCO3) as shown in Fig. la. Aragonite
is orthorhombic with the space group Pmcn (No. 62)
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Fig. 1. Supercells of a) calcite (3 x 3 x 1) and b) aragonite (3 x 2 x 3) employed in this work. Colour code: Ca = green; C = grey; O = red.

(De Villiers, 1971), and was modelled using a 3 x 2 x 3
supercell (72 formula units; Fig. 1b). The use of relatively
large supercells is needed to maximise the distance between
each impurity and its periodic images (at least ~ 15 A apart),
as well as to explore the configurational space of relative
positions of cation and anion impurities. The symmetrically
inequivalent substitution configurations were obtained
using the methodology implemented in the Site Occupancy
Disorder program (SOD) (Grau-Crespo et al., 2007), which
has been useful before in the investigation of impurity distri-
bution in carbonate minerals (Ruiz-Hernandez et al., 2010;
Wang et al., 2011; Gonzalez-Lopez et al., 2014). Two config-
urations are equivalent if they are related by a symmetry
operator of the parent (unsubstituted) crystal structure.
Each configuration was optimised to full geometry relax-
ation in VASP, and the final energies were used for statisti-
cal analysis of the impurity distribution.

The SOD/VASP analysis elucidated the minimum
energy configuration of MBrO; in calcite and aragonite,
which was always the proximal ion-pair configuration. To
calculate the energy of CaCOs/MBrOj; substitution in cal-
cite, we computed two sets of energy values. The first we
call the ion exchange energy E..., and is the energy of
exchanging Ca®" and CO3%~ ions from the bulk calcium car-
bonate structure with M and BrO3 ions from vacuum:

AEqen = E[Ca,_1M(CO3),_,BrOs]]|
+ (E[(Ca*)y| + E[(cO1),,])
— E[Ca,(CO3),]
+ (B[] + E[(BrO7),,,)) (1)

where E[Ca,_M(CO;),.BrOs] is the energy of the calcium
carbonate supercell containing one (M" + BrO3) substitu-
tion, E[Ca,(COs3),]is the energy of the pure calcium carbon-
ate supercell, E[(M " )eas] and E[(BrO3)g,s)/ E[(CO%‘)gas] are
the energies of the isolated ions. This analysis allows for

comparison between cation substitutions within the same
carbonate phase, and comparison of the same cation substi-
tution between carbonate phases. As the exchange energies
Eoxn are calculated with respect to the arbitrary reference
of ions in vacuum, the absolute values of these energies
carry no physical meaning. The purpose of calculating Eexcn
in this way is to provide a common reference point for com-
parison of energies between the systems examined. To cal-
culate Ca®" + CO%~ and M' + BrOj3 as isolated ions in
vacuum, within the context our periodic DFT calculations,
we obtained the energy of maximally separated ion pairs in
supercells of increasing size and extrapolated the result to
the limit of an infinitely large cell. Details and plots of
the procedure are given in the Supporting Information.

To assess the stability of bromate species in the calcium
carbonate phases, we also calculated the solution energies,
E,,1, which are relative to the thermodynamic competing
phase (sodium bromate or potassium bromate):

AEsol = E[Ca,,,lM(CO3),HBrO3] — (I’l — I)E[CaCOﬂ

— E[MBrO;] 2)

where E[CaCOs] is the energy per formula unit of the pure
calcium carbonate, and E{MBrOs;]is the energy per formula
unit of the competing phase: sodium bromate and potas-
sium bromate. As pure LiBrO; is not known, we have
excluded lithium from consideration here. The absolute
magnitude of the solution energy calculated in this way is
more physically meaningful. However, since the AE, ener-
gies are not calculated with respect to a common reference,
they should not be used for comparison across different
polymorphs or compensating cations.

3. RESULTS

For calcite we found 11 inequivalent configurations of
one cation/anion pair substitution per supercell, whereas
in the aragonite supercell the number of inequivalent
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configurations is 48. The energies of each configuration in
calcite, after full geometry optimisations, are reported in
Table 1. They are given relative to the overall lowest total
energy configuration, which is configuration 1 in each case
and corresponds to the nearest-neighbour (NN) anion-
cation configuration.

In Table 1, dyi, represents the minimum distance
between Br and M before relaxation (i.e. between the C
and the Ca atoms being substituted in the pure calcite struc-
ture). Where the anion-cation distance is the same in more
than one case (configurations 4&5 and 9&10), the configu-
rations are still symmetrically inequivalent by virtue of the
oxygen atoms, and in these cases, anion-cation distances
diverge following structural relaxation.

The binding energies (g) between the impurities, calcu-
lated as the difference between the lowest and highest ener-
gies in the configurational spectrum, are shown in Table 2;
test calculations with a larger calcite supercell showed that
the energy difference between the NN and the most-distant
configuration is well converged (within ~ 0.05 eV) at this
supercell size. Also in Table 2 are the exchange energies
for each host phase and compensating cation, calculated
using Eq. (1) under the assumption that the bromate oxyan-
ions and the compensating cations are in relative NN
positions.

Table 3 lists the solution energies, calculated using
Eq. (2). Solution energies provide thermodynamic insight
into formation energy with respect to the competing phase,
for example sodium bromate (NaBrOs) or potassium bro-
mate (KBrO;). Here the correct procedure is to evaluate
the energy of the mixed system in the absence of NN pair-
ing, because as we will show below, solubility limits (shown
as xp, in Table 3) are well below the pairing threshold.

4. DISCUSSION

4.1. Interaction between bromate oxyanions and alkali
cations: impurity distributions

There is a clear energy difference between the configura-
tion with nearest-neighbouring impurities and the rest

Table 1
Energies of M* + (BrOs)~ incorporation in calcite (M = Li, Na
and K), relative to the configuration with nearest-neighbour (NN)
pairing.

Configuration  dpin (Br-M") (A)  Ep; (eV) Ena (eV) Ex (eV)

1 (NN) 3.25 0.00 0.00 0.00
2 431 0.60 0.40 0.24
3 6.00 0.51 0.29 0.08
4 6.64 0.57 0.39 0.24
5 6.64 0.43 0.28 0.08
6 774 0.63 0.43 0.27
7 7.85 0.56 0.36 0.21
8 9.24 0.59 0.40 0.25
9 9.75 0.59 0.40 0.25
10 9.75 0.59 0.41 0.28
1 10.56 0.63 0.36 0.28

Table 2

Binding energies (&) between oppositely charged impurity defects,
and ion exchange energies (AE.) for calcite and aragonite
assuming impurity pairing in nearest-neighbour positions.

Compensating cation  calcite

AEexch (CV) & (CV) AEexch & (CV)

aragonite

Li" 5.59 0.63 5.38 1.08
Na® 6.42 0.43 6.31 0.65
Kt 7.33 0.28 6.95 0.54

(Table 1), whereas the energy differences between the rest
of the configurations are smaller. This is illustrated in
Fig. 2, for the case of bromate/lithium substitution in cal-
cite. The NN binding behaviour is also observed for arago-
nite (data not shown in the table due to the much larger
number of configurations, but given in Table S1 of the Sup-
porting Information). The energy distribution across the
configurations can be roughly approximated as a sharp
drop in energy (the binding energy) at nearest neighbour
position, and a constant energy for all the other configura-
tions. Although the energy of configurations beyond the
NN pair is not really a constant, the calculated variations
among them are significantly less than the difference with
respect to the NN configuration, so this simple interaction
model captures the NN binding effect but ignores the smal-
ler energy variations at longer distances. The binding ener-
gies (¢) between the impurities, given in Table 2, follow the
trends Li > Na > K, and aragonite > calcite, which we will
attempt to rationalise below.

The simple “binding energy” approximation described
above is useful for a discussion of the probability of
nearest-neighbour pairing of bromates and compensating
cations, based on statistical mechanics. Let us consider a
very large supercell of n CaCO; formula units, where we
introduce one cation and one anion substitution, in such
a way that the molar fraction of substitution is x = 1/n.
This supercell can be in one of two states: 1) the binding
or pairing state, where the cation and anion substitution
form a nearest-neighbour (NN) pair; this state has energy
—& (where ¢ is the binding energy between the oppositely
charged substitutions) and degeneracy zn (where z is the
coordination number between NN pairs — there are n sites
to substitute the bromate, and for each of those, there are
z NN sites to substitute the compensating cations); and 2)
the non-binding state, where the cation and anion substitu-
tions are not in NN positions, which has energy zero and
degeneracy n’-zn (i.e. the total number of pair configura-
tions minus the number of NN configurations). Using a
Boltzmann’s canonical distribution, the probability of NN
pairing is then:

zZn exp (ﬁ)
znexp (,(BLT) +n(n—z)
B 1
a 1+ (ﬁ— 1)exp (—,{ﬁ)

where kg is Boltzmann’s constant and 7 is the absolute tem-
perature of equilibration. The above expression is consis-

P pair —

3)
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Table 3
Solution energies (AEy) and solubility limits (x,,) for alkali metal-compensated bromate substitution in calcite and aragonite.
calcite aragonite
Competing phase AE, (eV) AE, (eV) Xm
NaBrO; 1.41 2% 10712 1.71 5% 10715
KBroO; 1.79 1 x 1071 1.88 2 x 1071¢
0.70 range of concentrations from roughly 10 to 40 ppm
5 060 | . R T (Frisia et al., 2008) following volcanic activity, though this
8 0550 5 ° figure can vary widely depending on the magnitude of vol-
L7 . [ . . .
£ . canic eruption. Marine carbonates have been shown to take
g 040 1 up sulphate in the order of 10° ppm, two orders of magni-
ng"@, 030 | tude higher than in speleothem archives (Busenberg and
8 o020 | Niel Plummer, 1985). Our analysis above suggests that for
# a0 L concentrations of impurities in the order of several ppm,
2 bromate impurities can be expected to locate in the imme-
000 o ) 4 o s 10 1 diate vicinity of a compensating cation.
din (A)

Fig. 2. Plot of relative energy vs minimum distance (dy,;,) between
cation impurity and oxyanion impurity in calcite. The dotted line
represents the simplified interaction model used for the statistical
mechanical analysis: the horizontal dotted line is used to illustrate
the pairing energy from this plot (0.63 eV). The vertical dotted line
separates the region of NN pairing from the longer distances at
which interactions are considered negligible in the simplified
interaction model (the precise position of this vertical line is
arbitrary).

tent with the equation for energy-dependent site occupancy
derived by (Catlow, 1978). In principle it is possible to use a
more sophisticated numerical approach, going beyond the
minimal supercell to take into account mutual siting of
many pairs (Smith et al., 2010), but the more approximate
treatment is sufficient here to elucidate the pairing trends.
In the limit of strong binding (¢ > kgT) and not very low
concentration x, the probability of pairing tends to 1, i.e.
each substituted cation has a substituted anion in NN posi-
tion. On the other hand, when the concentration of substi-
tutions is very low, the probability is simply linear on x:

Ppair & zx €Xp (kBLT) . 4)

The probabilities of pairing at ambient temperature
T = 300 K as function of impurity concentration for each
phase and compensating cation are shown in Fig. 3. At very
low concentrations the probability of pairing increases lin-
early with x following Eq (4). Above certain threshold con-
centrations, the pairing probability saturates at 1, which
means that all impurity pairs will be found in nearest neigh-
bour configurations. For calcite, these threshold concentra-
tions are ~107!! for Li, ~1077 for Na, and ~107> for K.
For aragonite, the corresponding threshold concentrations
for pairing are even lower, following the same trend
(Li > Na > K) with the nature of the compensating cation.

Precise bromate concentrations in naturally occurring
speleothems are not reported in the literature. The most
studied trace element, sulphur, is known to appear in a

4.2. Differences between host phases

The absolute values of the exchange energies reported in
Table 2 are irrelevant, with the very high values mainly
reflecting the loss of electrostatic stability associated with
the aliovalent substitutions, when the isolated ions are
taken as reference. But the trends across different cations
and host phases are interesting. Compensated bromate
incorporation in aragonite is slightly favoured over incor-
poration in calcite, which is somewhat unexpected given
that aragonite is a denser phase than calcite. This contrasts
with the behaviour observed for isovalent substitution of
carbonates by tetrahedral oxyanions (Midgley et al.,

a) calcite
T T
1 =
0.1F .
= 001+ :
g
A 107k Lo
p— 1
10" —— Na
107+ — K
10 6 1 | 1
102 10° 10°¢ 10°
b) aragonite
T T T
1
0.1F 4
£ 001 J
Al 10tk 4
=
10°+ — K A
10*6 - 1 1 1
102 10° X 10¢ 10°

Fig. 3. Pairing probability Pp,;; vs impurity (M* + BrO3, where
M = Li, Na, or K) concentration x at ambient temperature for a)
calcite b) aragonite.
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2020), where elastic effects, and therefore density, was the
primary driver of increased exchange energy.

The stability of the double substitution (anion + cation)
is controlled by two factors: 1) a significant favourable elec-
trostatic stabilisation is gained when the distance between
the substituting ions is minimised; 2) an unfavourable elas-
tic (lattice) strain energy that comes from distortion of the
host crystal, and is particularly important when the distor-
tion is accumulated in a small region of the crystal, i.e.
when the ions are in a proximal configuration. Comparing
the impurity binding energies of aragonite and calcite with
the corresponding exchange energy differences, indicates
that the main reason for a lower exchange energy in arago-
nite is the stronger binding energy between the two impuri-
ties. The binding energy is greater in aragonite because the
higher phase density affords a shorter anion-cation dis-
tance, which is around 2.9 A in aragonite and 3.2 A in cal-
cite, prior to structural relaxation. On the other hand, the
higher density of aragonite also increases the elastic strain
effects, which explains why the exchange energies for arag-
onite are still similar to those for calcite. The strain effects
on the local structures around the impurities are illustrated
in Fig. 4 for calcite and in Fig. 5 for aragonite. After relax-
ation, there is significant ionic reorganisation in aragonite,
while in calcite ions occupy the lattice sites of calcium and
carbonate without much distortion.

Another trend seen in Table 2 is the increasing substitu-
tion energy with increasing cation radius. This may be
explained by considering the increased elastic strain
imparted on the host crystal when incorporating a larger
cation. In the case of K* compensation, in addition to
the relatively high elastic cost of inserting a large cation,
there is a reduction in the binding energy stabilization,
due to the combined effect of the distortion fields of both
substitutions. It is therefore likely that in geochemical envi-

Fig. 4. Optimized local geometries around the double substitution
of M" and (BrO;)~ into calcite where a) is pure calcite and the
others are bromate-substituted compensated by b) M = Li c¢)
M=Nad) M=K.

Fig. 5. Optimized local geometries around the double substitution
of M" and (BrOs)~ into aragonite where a) is pure aragonite and
the others are bromate-substituted compensated by b) M = Li c)
M =Nad) M =K.

ronments, smaller cations are more favourable for charge
compensation mechanisms.

4.3. Stability of substitutions against competing phases

We now discuss the calculated solution energies, pre-
sented in Table 3. Whether a certain level of trace impurity
incorporation is stable or not with respect to separation
into a competing phase depends on the balance between
the enthalpy of mixing

AI_[mix ~ XAESOI (5)
and the configurational entropy effect:
—TScont = 2kpTxInx + (1 —x) In(1 — x)] (6)

that stabilises the mixing. The factor of 2 in Eq. (6) appears
because there are two independently disordered species with
concentration x (when the concentration is well below the
pairing threshold). As in previous work (Grau-Crespo
et al., 2011; Midgley et al., 2020) the solubility limit or max-
imum concentration of impurity thermodynamically stable
against phase separation can therefore be estimated from
the solution energy:

X A XD (— AES"') (7)

2k T

For Na-compensated bromate substitution in calcite,
this value is ~ 2 x 107!, and for the same substitution
in aragonite is ~ 5 x 107'°. The values for K-
compensated substitutions are even lower (see Table 3).
The low values suggest that bromate substitution at ppm
level and even at ppb level in bulk lattice sites is metastable
with respect to phase separation, at least when compen-
sated by Na or K. This conclusion should be accompanied
by some caveats. First, the solubility limits via other charge
compensating schemes (e.g. with Li*, or even H' which has
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not been considered here) might be much higher, leading to
thermodynamically stable bromate substitution. Second,
metastable bulk incorporation can still occur due to the
complicated kinetics of mineral growth. For example, it is
known that sulphate can partially incorporate in the bulk
of calcite, even if the calculated solubility limits obtained
for sulphate (Midgley et al., 2020) are very low (in fact
much lower than the solubility limits obtained here for bro-
mate). The higher solution limit of bromate compared to
sulphate and molybdate is mainly due to the lower strain
around the oxyanion impurity when the fourth, apical oxy-
gen is not present, even if the trigonal pyramidal bromate
ion is not a perfect fit to substitute the trigonal planar car-
bonate anion.

4.4. Geochemical implications

Several physical chemical and biological processes can
influence trace element concentrations in speleothems as
trace element composition of cave drip water is influenced
by the atmosphere, soil, aquifer and cave environment.
Though the fluid- dominated trace element variations are
fairly well known for the most frequently used trace ele-
ments (e.g., Mg, Sr, P, U, P), the effect of other factors
and mechanisms controlling trace element incorporation
into speleothem carbonate phases remains poorly under-
stood. This is particularly true for bromine, which, as dis-
cussed in the Introduction, can be used to detect volcanic
eruptions in speleothems. To date, it remains unclear how
bromine incorporates into speleothem carbonate phases,
and which factors control the extent of its incorporation.
Our study offers a first theoretical approximation to the
problem and some initial insights of geochemical interest.

An important question is to what extent the Br content
in the drip water is proportionally reflected in the Br con-
tent of the carbonate minerals. The (imperfect) equilibrium
between the solid and the fluid can be described by a parti-
tioning coefficient D = (njg™ /n24) / (nj"® /nli4), where the
n values refer to the molar concentrations in the solid or
fluid. Our hypothesis here is that bromine incorporates in
the form of lattice bromate oxyanions via the aliovalent
substitution of carbonate oxyanions. Contrasting with the
case of isovalent substitutions, where the partition coeffi-
cient is mainly affected by the size and shape differences
between the incorporated and the replaced ions and is
approximately constant at a given temperature, the extent
of aliovalent substitutions is affected by the charge imbal-
ance and the mechanisms of its compensation. In this case,
the nature and concentration of compensating ions in the
fluid will affect D, even if the interaction between the oppo-
sitely charged impurities is weak. This effect has been inves-
tigated, for example, for rare earth elements (REE*")
incorporation in calcite, compensating by concurrent incor-
poration of Na* compensating cations (Voigt et al., 2017);
in this case the uptake of REE in calcite depends on the
concentration of Na™ in the fluid.

In the case of bromine incorporation in speleothems, the
partition coefficient D will depend on the concentration of
alkali cations in the drip water and the thin water film in
near equilibrium with the carbonate minerals. Although

not considered in this study, compensating with protons
might also be possible, which will make the partition coef-
ficient for bromine strongly pH dependent. Given that the
bromate impurities and the compensating cations are pre-
dicted to be in close interaction and proximity within the
crystal structure, the effect of the nature and concentration
of compensating cations on the bromine partition coeffi-
cient will be even stronger. This analysis suggests that
increases in the fluid’s Br content might not reflect propor-
tionally on the Br content in the solid, even under the
assumption of equilibrium, and that the behaviour would
depend on the overall chemical composition of the aqueous
solution. Minor changes in Br content of the fluid, for
example from small or remote volcanic eruptions, might
then escape detection by the speleothem method. Due to
the different behaviour of calcite and aragonite in the incor-
poration of bromate and compensating ions, the phase
composition of the speleothems will also have a strong
effect on the Br trace concentration in the speleothems.
Our results point at the need for further experimental
investigation of the complex phenomenon of bromate
incorporation. It would be useful, for example, if character-
ization techniques like Extended X-ray Adsorption Fine
Structure (EXAFS) could be used to probe the local struc-
ture around the bromine species in carbonate minerals, not
only to confirm the substitution of bromine as bromate spe-
cies (as has been done by Podder et al. (2017) to corrobo-
rate the substitution of iodine as iodate species), but also
to investigate the presence of compensating cations in the
second coordination sphere. Such information is essential
to create quantitative models of Br incorporation in car-
bonate minerals, that would then allow a more robust inter-
pretation of speleothem records of volcanic eruptions.

5. CONCLUSIONS

We have presented a computer simulation study of the
incorporate of bromate ions as aliovalent substitutional
impurities in the anion sites of calcium carbonate minerals
calcite and aragonite. The chemistry associated to the incor-
poration of these species is more sophisticated than that of
isovalent substitutions of carbonate by sulphate or molyb-
date, that we investigated previously (Midgley et al., 2020;
Midgley et al., 2021) due to the additional complexity asso-
ciated to the possible charge compensating schemes, and
the interaction of bromate impurities with the charge-
compensating cations. Our calculations provide a predic-
tion of the pairing thresholds, i.e. the concentrations above
which the binding energy between oppositely charged impu-
rities at nearest-neighbour positions dominate over the
entropic tendency to disassociate the impurities. We have
demonstrated that the pairing is slightly stronger in arago-
nite than in calcite, and that it decreases down the group of
alkali metals as compensating cations (Li > Na > K).
Assuming thermodynamic equilibrium, it can be expected
that bromate substitution at ppm-level occurs with a very
high degree of pairing of the bromate ion with the compen-
sating cations in nearest-neighbour positions in the lattice.

Based on our simulations, we expect cations of smaller
radii to preferentially incorporate into the carbonate struc-



24 S.D. Midgley et al./ Geochimica et Cosmochimica Acta 324 (2022) 17-25

ture as they cause lower degrees of lattice strain on the host.
Where there is low concentration of sodium or lithium in
the local aqueous environment, bromate is unlikely to be
stabilised in the carbonate phase, therefore counterion
abundance may be an important consideration when inter-
preting bromine-containing trace-element records. An
important scenario for future investigation is charge com-
pensation by protons, which leads to interesting chemistry
as the thermodynamics becomes pH dependent. The solu-
tion energy calculations indicate that bromate substitution
compensated by sodium or potassium cations is metastable
with respect to phase separation of the impurities as solid
NaBrO; or KBrOj phases, respectively. However, the solu-
bility limits of bromate in calcite and aragonite are still
higher than those calculated for sulphate or molybdate,
so the thermodynamic driving force for bromate to separate
into a competing phase is relatively weaker. This analysis
suggests more bulk substitution of bromate in calcite and
aragonite, compared to sulphate and molybdate.

Our findings provide structural and atomic-level insight
that may help the interpretation of bromine records in spe-
leothems. Our work highlights that bromine abundance is
expected to be carbonate phase specific, i.e. relative abun-
dances of calcite and aragonite are important considera-
tions. Also, the abundance of possible compensating
cations in solution will have an important effect on the final
amount of bromine incorporated. Monovalent ions should
be detected proximal to bromine impurities, where there is a
strong thermodynamic preference for smaller ions. Abun-
dance of lithium in the bromine-containing speleothem is
likely to be representative of the amount of lithium in the
local aqueous environment around the time of speleothem
formation, which may significantly skew the detected levels
of bromine compared with the deduced volcanic eruption
magnitude. These are all key considerations when interpret-
ing speleothem archive data.
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of the computer simulations) are available online at the
Zenodo repository https://doi.org/10.5281/zenodo.
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APPENDIX A. SUPPLEMENTARY MATERIAL

A Supporting Information file contains details of the
calculation of energies of ions in vacuum, and the energy
data for all substitution configurations in aragonite.
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