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Abstract

Marked increases in sulfur and molybdenum concentration in stalagmites have been proposed as
possible evidence of volcanic activity in the past. Thus, speleothems have great potential to deliver long
and continuous records of volcanic activity. However, little is known about the chemical nature of these
impurities in the calcium carbonate (CaCOs) phases forming stalagmites, which hinders the
rationalization of the incorporation mechanisms. While sulfur is known to incorporate as a sulfate anion
in CaCOs polymorphs, the nature and stability of molybdenum incorporation in these minerals has not
been investigated yet. Here, we present a computer simulation study, based on density functional theory,
comparing the thermodynamics of incorporation of sulfur and molybdenum as tetrahedral oxyanions
[XO4]% (X=S, Mo) in anion sites of CaCOs3 polymorphs (calcite, aragonite, vaterite, monohydrocalcite
and ikaite). Among the different polymorphs, vaterite incorporates [XO4]* ions most favourably, which
reflects the relatively low density of this carbonate phase. We show that molybdate anions are very
unstable (more so than sulfate anions) in the bulk of all three anhydrous carbonate phases, with respect
to the formation of naturally occurring competing phases. Most of the Mo impurities found in typical
calcite/aragonite stalagmites is therefore likely to concentrate at surface/interface regions such as grain
boundaries. Using the calcite (10.4) surface as a model, we show that the energies of substitution are
indeed much lower at the surface than at the bulk. Our results suggest that factors affecting the
crystallinity of CaCOs in stalagmites, and therefore the specific surface area, will have a significant
effect on the concentration of incorporated molybdenum, which should be a key consideration when

interpreting data from Mo-based speleothem archives.
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1. Introduction

Major volcanic eruptions have a strong effect on both the local and global climate. The cooling effect
that follows large eruptions can in some cases last for decades after the actual eruption (Robock, 2000;
Sigl et al., 2013; Zielinski, 2000). Much of our knowledge regarding the impact of volcanic eruptions
on climate comes from paleo-volcanic records such as sulfate concentrations in ice cores (Severi et al.,
2012; Yalcin et al., 2007; Zielinski et al., 1994), tree-rings (McCarroll and Loader, 2004) and marine
and lake sediments (Lowe, 2011; Voelker, 2002). During the last decade, speleothems have been
extensively studied as a new archive for paleo-volcanic activity (Badertscher et al., 2014; Fairchild and
Treble, 2009; Finch et al., 2001; Unal-imer et al., 2015). This archive has been revealed to be a multi-
proxy source of information on climatic and environmental changes. Speleothem-based records such as
trace element concentrations (Hartland et al., 2012), oxygen and carbon isotopes of calcite and hydrogen
and oxygen isotopes of fluid inclusion water (Affolter et al., 2019; Fleitmann et al., 2009; Marshall et
al., 2009) provide valuable information on decadal- to millennial-scale changes in precipitation and
temperature. When compared to previous sources of paleo-volcanic activity data, speleothems have two
important advantages. First, it is much easier to determine their absolute age accurately using uranium-
series dating (Dorale et al., 2004; St Pierre et al., 2009). Second, they can often be found in locations
proximal to volcanoes (e.g. Badertscher et al., 2014). Comparatively, in ice cores, it is difficult to
separate high and low latitudinal eruptions and therefore determine the location of the volcano.

Volcanic eruptions are often rich in elements (particularly sulfur) which will eventually become
incorporated into speleothem calcite. In addition to sulfur, the concentrations of molybdenum and
bromine in stalagmites have recently been identified as important tracers of volcanic activity
(Badertscher et al., 2014). To rationalize the involved correlations, knowledge about atomic-level
structural and thermodynamic aspects of the impurity incorporation is needed. Calcite, the most
common polymorph of calcium carbonate, forms the majority of speleothems but given certain
conditions, aragonite is also stable (De Choudens-Sanchez and Gonzalez, 2009; Given and Wilkinson,
1985; Railsbhack et al., 1994). Although much rarer, vaterite can also form when the temperature within
the cave is low enough, or if specific ion concentrations are prevalent in the aqueous phase forming the
solid, but it is known to be unstable with respect to recrystallization to calcite and/or aragonite (Lacelle
et al., 2009). Monohydrocalcite CaCOs-H.0, (MHC), is a rare hydrous phase of calcium carbonate
which has been discovered in cave environments in a few rare cases (Fischbeck and Miiller, 1971;
Stoffers and Fischbeck, 1974). Ikaite CaCO3-6H-0 is a hydrous phase of calcium carbonate commonly
referred to as the “cold weather” phase. It is found in arctic environments, but is rare in caves. Field et
al. (2018) reported the discovery of ikaite pseudomorphs in speleothems from the UK, which is the first
evidence for ikaite being a constituent of speleothems. This rarity is partially because ikaite is known

to be unstable with respect to recrystallisation at temperatures above 10°C. Despite their rarity, the
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hydrated phases of calcium carbonate are still an important consideration in our investigation, due to

the dynamic nature of calcium carbonate phase transformations over long timescales.

The chemistry of sulfur incorporation in calcium carbonates has been studied in previous work,
for example: the isotopic ratios of sulfur in carbonates (Balan et al., 2014), sulfur incorporation as
sulfate ions (SO4)? in the bulk of different CaCOs; polymorphs (Fernandez-Diaz et al., 2010), its effect
on the growth of calcite (Vavouraki et al., 2008) and the reactions of SO, with the calcite surface (Boke
et al., 1999; Malaga-Starzec et al., 2004). It is clear from these studies that carbonate substitution by
sulfate is increasingly unfavourable in the order vaterite — calcite — aragonite. In contrast, very little is
known about the incorporation of molybdenum in carbonate minerals. By analogy with sulfur, one can
assume that incorporation will occur by molybdate substitution at the carbonate site, but since the
(MoO4)?# anion is bigger than the (SO4)? anion, the energetics of the substitution can be expected to be
quite different.

In this paper we discuss the incorporation of molybdate ions (M0O.)? (and (SQO4)%, for
comparison) into CaCOs; polymorphs. We use quantum-mechanical simulations to elucidate the
geometry and thermodynamics of incorporation of these anions in carbonate minerals: calcite,

aragonite, vaterite, ikaite and monohydrocalcite (MHC).

2. Computational Methods
Calcium carbonates and their interactions with other phases have been widely studied using computer
simulation methods based on classical interatomic potentials (e.g. de Leeuw and Parker, 1998; Raiteri
et al., 2010; Ruiz-Hernandez et al., 2010; Wang et al., 2011). However, because in this and following
work we want to study a range of impurities for which currently there are no interatomic potentials
available, and to gain in accuracy, we have performed our calculations using quantum- mechanical
methods based on the density functional theory (DFT), as implemented in the VASP code (Kresse and
Furthmaller, 1996a; Kresse and Furthmuller, 1996b). The generalized gradient approximation (GGA)
was used for the exchange-correlation term, with the functional by Perdew et al. (1996). The projector
augmented wave (PAW) method (Bléchl, 1994; Kresse and Joubert, 1999) was used to describe the
interactions between the cores (including electrons in orbitals up to 1s for C and O, 2p for Ca and S,
and 3d for Mo, which were frozen at the atomic reference states) and the valence electrons. The number
of plane waves 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 minimize Pulay stress errors.

We considered five different calcium carbonate phases. Calcite is trigonal with a space group
of R-3C (167) (Markgraf and Reeder, 1985), and is modelled here using a hexagonal cell. Aragonite is
orthorhombic with space group Pmcn (62) (De Villiers, 1971). Vaterite is an interesting case as there

are several proposed models with different space groups. Its structure has been described using an
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orthorhombic crystal system with space groups Ama2 (40) and Pbnm (62) but also using a hexagonal
crystal system with space groups P65,2 (179), P3,21 (154) or P6s/mmc (194). We chose the hexagonal
crystal system with space group P65,2, as reported by Wang and Becker (2009), which has the
advantage of being fully ordered (no fractional site occupancies). In this structure there are two possible
positions for the carbon atom: 6a and 12c, using the Wyckoff notation. Incorporation at both sites has
been investigated. The experimental structure for MHC was reported by Swainson (2008) and is
described using a trigonal crystal system with a P3; (144) space group. It contains three inequivalent
carbon positions, all possessing the same 3a Wyckoff symbol. We henceforth refer to these three unique
positions as 3al, 3a2 and 3a3. Finally, ikaite is monoclinic with space group C12/c1(15) (Hesse et al.,
1983), with no non-standard structural features. Table 1 below shows that there is good agreement

between the calculated and experimental unit cell parameters for each of the five phases studied.

Table 1. Relaxed cell parameters and symmetry notation for the unit cell of each polymorph in the

bulk.
Calcite Aragonite Vaterite MHC Ikaite

Crystal Hexagonal Orthorhombic  Hexagonal Trigonal Monoclinic
System (R-3CH) (Pmcn) (P6522) (P31) (C12/c1)
(space group)
a/A Calc 5.049 5.011 7.290 10.632 8.839

Exp 4.988 4.961 7.273 10.555 8.792
b/A Calc 5.049 8.019 7.290 10.632 8.313

Exp 4.988 7.967 7.273 10.555 8.310
c/A Calc 17.218 5.800 25.450 7.640 10.953

Exp 17.061 5.687 25.499 7.564 11.021
p/° Calc - - - - 108.6

Exp - - - - 1105

When simulating the anion substitutions, supercells were used to minimize the interaction
between an impurity and its periodically repeated image. A single (COs)> anion from each supercell
was replaced with a tetrahedral (XO4)? anion, similarly to previous work by Arroyo-de Dompablo et al.
(2015) and Fernandez-Diaz et al. (2010). The supercells we used were: 3x3x1 for calcite (54 formula
units of CaCQOs), 3x2x3 for aragonite (72 formula units), and 2x2x1 for vaterite (72 formula units). For
the hydrated calcium carbonate phases (MHC and ikaite), 2x2x2 supercells were used, which led to cell
sizes similar to those used for the anhydrous phases. As a preliminary investigation of surface
incorporation behavior, we considered anion substitution in the calcite (10.4) plane, which is the

dominant and most stable surface termination of calcite (de Leeuw and Parker, 1998; Rohl et al., 2003).
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The (10.4) surface was modelled using a slab consisting of 4 layers and a vacuum space of 12 A; the
bottom two layers were fixed to their bulk positions.

We characterize the stability of anion substitutions using two different measures. The first one
is the ion exchange energy, AEexch, Which is the energy required to exchange a (CO3)? anion with an

(XOa4)? from the gas phase:
Can(CO3)n + (XOAZI»_)gas - Can(co3)n—1XO4 + (Cog_)gas

AEexch = E[Can(CO3)n_1XO4] - E[Can(co3)n] + (E[(Xoi_)gas] - E[(CO%_)gasD- (1)

Here E[Can(CO3)n.1X0O4] is the energy of the calcium carbonate supercell containing one (XO4*) anion
in a carbonate site; E[Can(COs3)n] is the energy of the pure calcium carbonate supercell (or hydrated
calcium carbonate in the case of MHC and ikaite); E[(XO4?)gss] and E[(COs?)qas] are the energies of the
isolated anions, which were obtained in a cell with a positive charge background to restore charge
neutrality. Because the density of the background charge depends on the supercell size, the E[(XO4?)gas]
- E[(CO3s%)gass] term of Equation 1 was extrapolated to the limit of an infinite-size cell from calculations
in supercells of increasing size (Figure 1). We use the gas phase (in the limit of isolated anions) as a
reference state for computational convenience, and obviously not in connection with any relevant
geochemical process. The purpose here is to use a common reference state to compare the stability of
the substitution anions across different carbonate phases, including the hydrated ones. Only the relative
values of AEccn between different phases are relevant; the absolute values do not carry useful

information.
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Figure 1. Variation of the energy difference E[XO.%*] - E[CO3?] with the inverse of the lattice

parameter a, and extrapolations to the infinite cell using quadratic polynomials.
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The second measure used to evaluate the stability of substitution is the solution energy, AEs,
which is the energy of substituting the anion with reference to relevant competing phases (CaXOa
solids):

n—1
( - )Can(CO3)n + CaX0, — Ca,(CO3),_1X0,

(n-1 (2)
n

AEso) = E[Cay(CO3)p-1X0,] — E[Ca,(CO3)y] — E[CaX0,4]

where E[Can(COs)q] is the energy of the pure calcium carbonate supercell, and E[CaXOQ.] is the energy
per formula unit of the competing phase: powellite, CaMoQOs, for molybdate substitutions, and
anhydrous CaSO; for sulfate substitutions. The AE,,; energies, which correspond to the solid solution
mixing energies (per impurity atom) are not calculated for the hydrated phases, because the end-
members of the solid solutions exhibit different degrees of hydration. However, the absolute values of
AE; provide some insight on the stability of the impurity incorporation with respect to the formation
of competing phases, and therefore on how likely bulk substitution is in each phase.

3. Results and Discussion

The calculated ion exchange energies are shown in Table 2. For sulfate/carbonate substitutions
in the anhydrous calcium carbonate polymorphs, the ion exchange energies follow the order vaterite <
calcite < aragonite, which is in agreement with previous work by (Arroyo-de Dompablo et al., 2015).
This previous work did not consider the hydrated phases. Our calculations of the hydrated phases show
that the sulfate/carbonate exchange energies for both MHC and ikaite are of similar values as for calcite.
The lowest-energy substitution occurs in the low-density polymorph vaterite, in particular in the 12¢
sites, where sulfate/carbonate exchange is much more stable than in calcite by ~0.8 eV. On the other
side of the ranking, the ion exchange requires much more energy in the high-density polymorph

aragonite (2 eV more than in vaterite 12 ¢ sites, and 1.3 eV more than in calcite).

For molybdate/carbonate exchange, the trend is found to be like the one observed for
sulfate/carbonate exchange, with the order vaterite < calcite < aragonite among the anhydrous phases,
and the 12c site of vaterite being the most favourable. Substitution in calcite and aragonite is less stable
than in vaterite (12c) by 1 eV and 2.7 eV, respectively. In this case the exchange energies at the hydrated
phases MHC and ikaite are intermediate between those at calcite and at aragonite, but closer to the
former. Figure 2 provides a graphic illustration of the similarity between sulfate and molybdate
exchange energies. There is an approximately linear correlation between the two sets of values.

However, exchange energy differences between phases are larger (by ~44%) for molybdate than for

6
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sulfate substitution. This can be rationalised considering the larger size of the molybdate anion, which
is therefore more difficult to accommaodate in the smaller (and flat) carbonate sites, in hosts with higher

density.

Table 2. Calculated ion exchange energies of substitution for sulfate and molybdate anions in

different calcium carbonate phases.

AEexch /eV
polymorph sulfate molybdate
calcite 1.15 1.45
aragonite 2.40 3.18
vaterite — 6a 0.68 1.10
vaterite — 12¢ 0.37 0.48
MHC - 3al 1.48 1.95
MHC - 3a2 1.14 2.13
MHC — 3a3 1.10 1.93
ikaite 1.28 2.01
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Figure 2. AEexch energies of molybdate vs. sulfate substitutions in calcium carbonate phases.

The density of the host phase is clearly a key factor determining the relative substitution
energies of large tetrahedral anions in the carbonate sites across calcium carbonate phases of the same

composition. However, when including the hydrated phases in the comparison, trends cannot be
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established, because these phases have different chemical compositions and cannot be placed in the
same density scale as the others. The densities of MHC and ikaite are much lower than those of the
anhydrous phases because they have space occupied by lighter atoms. Therefore, the stability of the
substitution must be rationalised in more general terms, for example, as function of the space available

around the anion and the interactions with neighbouring atoms.
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Figure 3. AEexch energies of molybdate and sulfate substitutions in calcium carbonate phases versus

the shortest distance from impurity oxygen to carbonate oxygen in the optimized structure.

In the Supplementary Information we visualize the geometric environments around each type
of impurity in each of the carbonate phases, including the most relevant interatomic distances and angles
(full crystal structures also available in CIF format). The most obvious pattern that emerges is the
inverse correlation between the shortest distance from impurity oxygen to carbonate oxygen, and the
energy cost of anion exchange (Figure 3). This makes sense on the basis that the energetic cost of the
substitution mainly comes from accommodating the fourth oxygen in the tetrahedral ion, which suffers
the strongest electrostatic repulsion from the carbonate oxygen atoms. In general, values for molybdate
are shifted left with respect to the corresponding values for sulfate, indicating that it is more difficult
for the molybdate impurity to escape the repulsion from the host carbonate anions. The plot in Figure 3
also rationalises the intermediate values of the exchange energies at the hydrated phases, for which a
correlation with density cannot be established: the shortest impurity oxygen-carbonate oxygen distances
for the hydrated phases are indeed intermediate between those of calcite and aragonite. The simple
correlation in Figure 3 is, however, unable to account for the different behaviour of sites 6a and 12c of

vaterite (the latter are the squares at around 2.6 A, which are the obvious outliers in the trend). We have
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examined this case in more detail by calculating the electrostatic-only energy (using quantum-
mechanically derived charges on the ions) but including not only the shortest O-O distance but all the
carbonate neighbours within a certain radius. Such analysis reveals that the preference for site 12c over
6a is still electrostatic in origin, it just requires the consideration of the full geometric environment

around the impurity ions rather than just the shortest distance.

The exchange energies reported above are obtained with respect to an arbitrary (but convenient)
reference state of the impurity ions. That allowed for comparison across polymorphic phases, but the
absolute values do not contain any information on stability with respect to competing phases. The
energies of incorporation of sulfate and molybdate into calcium carbonate was also calculated with
respect to a competing solid phase (calcium sulfate or calcium molybdate), and the results are shown in
Table 3.

Table 3. Solution energies (AEso) and maximum equilibrium molar fraction (xm) for S or Mo
incorporation as oxyanions in calcium carbonate phases. The reference endmember phase is powellite
CaMoO, for molybdate and anhydrous CaSQOj for sulfate anions. For vaterite, xm values are calculated

assuming that only 12c sites are occupied.

AEsq eV Xm = eXp(-AEso/keT)
polymorph sulfate molybdate sulfate molybdate
calcite 1.04 2.05 3x1018 4x10%
aragonite 2.41 3.91 3x104 2x10%¢
vaterite — 12¢ 0.29 1.13 9x10°® 7x10%
vaterite — 6a 0.60 1.76

The positive AEsq values indicate that for both sulfate and molybdate anions it is energetically
preferable to form the competing phases rather than to incorporate as impurities in the bulk of calcium
carbonate phases. At any temperature, a small amount of impurities can still be incorporated in
thermodynamic equilibrium thanks to the configurational entropy contribution. However, the solution
energies are so strongly positive that the maximum stable molar fraction (Xm) is extremely small. To
illustrate this point, values for xm, assuming isolated substitutions in bulk, can be estimated from the

minimum of the free energy:

AG = xAEsy + kgT{xIn(x) + (1 —x)In(1 —x)} (3)
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where kg is Boltzmann’s constant and T is the temperature (we use ambient temperature of 300 K in
our analysis). We ignore vibrational and pressure-volume effects here as they are typically much smaller
contributions to the free energy. The minimum of the configurational free energy is at:

exp(_AEsol/kBT) (4)
= =~ —AEgq /kgT
xm 1 + exp(_AEsol/kBT) exp( SO]/ B )

and the values are shown in Table 3. Only in the case of sulfur impurities in vaterite, a significant level
of substitution (~9 ppm) is thermodynamically stable against separation into the competing phase.
Values for molybdate substitutions are many orders of magnitude higher than for sulfate substitutions,
reflecting the higher energetic cost of accommodating the larger molybdate anions in the calcium

carbonate lattices.

Of course, actual sulfate incorporation in carbonate phases can be much higher than those
obtained from the above analysis: they are in the parts per million for non-biogenic calcite and aragonite
(Busenberg and Plummer, 1985) and in the parts per thousands in biogenic carbonates (Kampschulte et
al., 2001). Our analysis show that sulfate incorporation by substituting carbonate anions in bulk lattice
sites must account for a very small fraction of the total concentrations measured. Some level of
metastable lattice substitution is possible, as sulfate impurities can enter the lattice from the solution
from which the carbonate precipitates and become trapped there by kinetic barriers to diffusion, even if
there is a thermodynamic preference to form a competing phase. But based on the calculated stabilities,
we conclude that other incorporation pathways, including surface substitution/adsorption or
stabilization via defects or other impurities in the bulk, should account for most of the detected sulfate
ions in carbonates. In the case of molybdate, this conclusion is even stronger, because lattice (MoO4)*

/(COs3)? substitutions at the bulk are prevented by a huge energy cost.

As an example of how much easier it would be to have sulfate or molybdate impurities at the
surfaces than at the bulk of the carbonates, we have also calculated the energetic cost of (XO4)%/(CO3)*
substitutions at the (10.4) surface of calcite. In this case, the fourth oxygen in the tetrahedral anion can
protrude from the surface, and therefore be accommodated farther from the repulsion of other oxygen
species (Figure 4), leading to lower strain. The corresponding solution energies, i.e. the energetic costs
of bringing the impurity anion from a competing phase to the surface, are 0.30 eV for sulfate and 0.44
eV for molybdate, which are 20-30% of the bulk values.

10
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[100] [100]

Figure 4. Comparison of the geometry of incorporation sulfate (a, b) and molybdate (c,d)
anions in the bulk (a, ¢) and (10.4) surface (b, d) of calcite. Interatomic distances are represented in A.

4. Conclusions

We have presented a computer simulation study, based on density functional theory, of the
incorporation of sulfate and molybdate impurities in calcium carbonates. The trend in incorporation
stability of molybdate anions in anhydrous calcium carbonate phases is similar to the one obtained here,
and in previous work, for sulfate anions (vaterite > calcite > aragonite). The 12c site of the P65,2
structure of vaterite is the most stable substitution site for both sulfate and molybdate anions. We have
also included for the first time the hydrated phases as possible hosts for these ions, and we show that
they exhibit (XO4)* / (CO3)* exchange energies which are intermediate between those of calcite and
aragonite. We found that there is a strong linear correlation between the exchange energies for
molybdates and sulfates. While the correlation between the stability of a tetrahedral impurity and the
density of the host is confirmed for the anhydrous phases, it cannot be extended to the hydrated phases
which have much lower density. We demonstrate here that a measure of the space available in the site
for substitution, in this case the shortest distance from impurity oxygen to carbonate oxygen, can be
used instead to rationalize the order of stabilities of the impurities across all the phases, included the
hydrated ones.

We have also obtained the solution energies as a measure of stability against the formation of
a competing phase (calcium sulfate or calcium molybdate, respectively), and found that they are

strongly positive, much more so for molybdate than for sulfate. This is consistent with the larger size

11
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of the molybdate ion, which makes it more difficult to accommodate a fourth oxygen atom at the host
site. We estimated the maximum molar fraction that is thermodynamically stable against phase
separation and found them to be negligible (below typical detection limits) in all cases except for sulfate
in vaterite. Whilst some level of metastable lattice substitution is possible, based on the low impurity
stability we conclude that other incorporation pathways, including surface substitution/adsorption or
stabilization via defects or other impurities in the bulk, must account for most of the detected sulfate
ions in carbonates. In the case of molybdate, this conclusion is even stronger, because the stability of
the impurities with respect to phase separation is much lower. Preliminary calculations of sulfate and
molybdate substitutions at a calcite surface (the (10.4) termination) indeed find that solution energies
are 20-30% of the bulk values.

Our results suggest that the magnitude of incorporation of trace amounts of sulfur and
molybdenum in speleothems is critically affected by factors like the crystallinity of the carbonate phases
present. Because incorporation at the surface is much more favorable than in the bulk, it is likely that
in samples with lower crystallinity (higher specific surface area), a higher concentration of trace-
element impurity will be detected, regardless of the magnitude of the paleo-volcanic activity responsible
for the atypical trace-element abundance at a particular time. Future investigations of the chemistry of
sulfur and molybdenum incorporation into calcium carbonate speleothems should probably focus on
surface and grain boundary incorporation rather than on lattice bulk substitutions. Computer simulations
explicitly accounting for particle morphologies and solid/aqueous interfaces would be able to provide
more quantitative predictions of the effect of crystallinity on the equilibrium partitioning of these

impurities between the carbonate minerals and aqueous solution.
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Figure S1. Optimized geometries for the incorporation of a) sulfate and b) molybdate oxyanions into
the bulk of the calcite supercell. Here, X-O and O-O bond lengths represent distance in A.

a)

b)
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Figure S2. Optimized geometry for the incorporation of a) sulfate and b) molybdate oxyanions into
the bulk of aragonite. Interatomic distances are represented in A.

a)

b)

Figure S3. Optimized geometry following incorporation of a) sulfate and b) molybdate into the bulk

of vaterite at the 12c carbonate sites. Interatomic distances shown are in A.
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Figure S4. Optimized geometry for the incorporation of a) sulfate and b) molybdate into the bulk of

vaterite at the 6a carbonate sites. Interatomic distances shown are in A.
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Figure S5. Optimized geometry following incorporation of a) sulfate and b) molybdate incorporation

into MHC at carbonate site 3al. Interatomic distances are shown in A.

[010]

Figure S6. Optimized geometry following incorporation of a) sulfate and b) molybdate incorporation
into the bulk of ikaite. Interatomic distances are shown in A.
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