Stabilisation of aragonite: the role of Mg?* and other
impurity ions
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ABSTRACT: Aragonite formation and stabilisation in seawater is still an area of active investigation since the thermodynamically
stable product at room temperature is calcite. In this manuscript, purely inorganic systems that were found to stabilise aragonite were
analysed by various techniques. Dynamic Light Scattering was used to characterise the nucleation behaviour of the system and it was
found that the presence of magnesium ions during crystal formation inhibits nucleation overall, not just calcite nucleation. In addition,
it was found that sulfate is not necessary to stabilise aragonite. Microanalysis by energy dispersive X-ray spectroscopy (EDS) and
electron backscatter diffraction (EBSD) revealed that the aragonite that was formed had a disordered core with, sodium, magnesium
and sulfate ions incorporated into the structure. To the best of the authors” knowledge this is the first time an ACC core in aragonite
has been visualised in a completely abiotic, synthetic system (in the absence of organic molecules). Inclusion of these impurities into
the structure may explain the stability of aragonite in natural seawaters.

Calcium carbonate is known to have several different forms.
Monohydrocalcite (CaCO3.H,0) and ikaite (CaCO3.6H,0) are
hydrated crystalline structures that tend to be formed at low
temperatures,®* while the other hydrated form is amorphous
(amorphous calcium carbonate, ACC) and can contain varying
amounts of water.> ACC is thought to be an important precursor ot
to the formation of calcite,%” through a non-classical crystalli-
sation pathway and the presence of Mg ions has been found to
stabilize ACC.® Calcite, aragonite and vaterite are all anhydrous
crystalline calcium carbonate structures. Calcite is trigonal (a =
4.9896 A, ¢ =17.061 A),° aragonite is orthorhombic (a = 4.9611
A, b=7.9672 A, ¢ =5.7407 A)° and vaterite is hexagonal (a =
4.13 A, ¢ =8.49 A)" (see Figure 1). The thermodynamic stabil-
ity of these anhydrous forms follows the order calcite>arago-
nite>vaterite!? at room temperature and pressure.

Calcium carbonate is an important biomineral, with many ma- ot

rine organisms utilising calcium carbonate minerals for skeletal I h‘”’
or protective features.®> Not surprisingly, therefore, it is of s 0
interest to materials scientists who wish to understand how to i

create and control material properties for technological applica-

tions. In addition, calcium carbonate is gaining interest from a W{g
CO; sequestering perspective.'® If carbon dioxide can be con- e {8
verted to carbonate and reacted with calcium, CO2 can be effec- R
tively sequestered as mineral deposits, potentially helping to

e O . Figure 1. Crystal structure and electron microscopy images
mitigate global warming.”>*® Examples of this strategy can be showing the typical morphology of (top) calcite, (middle) arag-

found in the literature.” onite and (bottom) vaterite (one possible structure).tt
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While the thermodynamically stable form of calcium carbonate
at room temperature and pressure is calcite, in seawater arago-
nite is often observed.?*?* Originally, the existence of aragonite
was thought to be due to stabilisation and involvement of bio-
logically derived organic material®>?® as much of the literature
on nacre can attest. However, there is evidence to show that
aragonite can be stabilised in the absence of organics (*” and this
work). This raises the question as to why this occurs. One hy-
pothesis is based on the surface free energy. The relationship
between nucleation rate and surface free energy (see Eqn 1),
assuming that supersaturation is constant, is that the lower the
surface free energy the higher the nucleation rate.

J = A exp[(-By%/c?)] —(Egn 1)
Where J is the nucleation rate, A is the pre-exponential factor,
B is a constant that incorporates various other constants such as

temperature, Boltzman’s constant etc., v is the surface free en-
ergy and o the supersaturation.?®

In seawater, the presence of Mg?* can increase the surface free
energy of one or both forms and thereby lower the nucleation
of this/these solids.?® The hypothesis proposed is that Mg?* ions
adsorb and cause the surface free energy of calcite to increase®
while it is assumed that Mg?* ions do not change the surface
free energy of aragonite. Consequently, aragonite would nucle-
ate first and the increased surface free energy of the Mg-calcite
limits the subsequent formation of calcite.*® This literature®
also proposes that the presence of magnesium ions increases the
solubility of Mg-calcite. However, Mg containing calcite has
been found to have a solubility curve that decreases initially
with Mg content before increasing (Figure 2 from %2). Now, not
only must surface free energy be considered but also an increase
in supersaturation.
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Figure 2. Solubility of calcite versus Mg content.3?

Kawano et al.*® assumed a surface free energy for calcite of 120
mJ/m? 34 while aragonite was assumed to have a surface free
energy of 150 mJ/m? %, However, even if we take the average
surface energy for calcite with Mg?* incorporation as 500 mJ/m?
this does not explain the lack of calcite formation. Heterogene-
ous nucleation can require much less of a driving force than ho-
mogenous nucleation thus, calcite should form on appropriate
surfaces.® In essence, an increase in surface free energy while
possibly causing a slower transformation to calcite does not ad-
equately explain the stabilisation of aragonite in seawater. In
other words, it does not explain why the aragonite does not dis-
solve and form calcite over a long time period.

Another hypothesis is that the presence of sulfate is also re-
quired. Sulfate has been thought to inhibit calcite formation

more than aragonite formation and therefore aragonite is ob-
served in seawater. More recently, it is thought sulfate ions have
a synergistic effect with Mg?* ions.%” Others®®%:% suggest that
Mg?* ions alone can stabilise aragonite formation (and this
work).

Generally, all previous hypotheses have focused on surface ad-
sorption mechanisms with the consensus being that as aragonite
is the denser structure it does not incorporate Mg?* ions or sul-
fate ions to any extent. However, recent literature has shown
that Mg?* ions can incorporate into aragonite*>#! although these
manuscripts did not link this incorporation to the increased sta-
bility of the aragonite in seawater. In addition, previously
thought spectator ions such as sodium are slowly being shown
to be critical components to various biominerals.*

This work investigated two aspects of aragonite formation. The
first was to examine the aragonite formed from a complex mix-
ture that mimics many of the seawater components and physi-
cally characterise the solids formed. The second aim was to use
computational information in an effort to better understand in-
corporation processes that may occur. In addition, an investiga-
tion into what factors are critical for aragonite stabilisation was
undertaken. Note that in this study, calcium carbonate was
formed under homogenous nucleation conditions and different
mechanisms may apply for heterogeneous nucleation. The
Ca:CO; ratio was held constant at 1:1 and the solids were then
characterised using several methods including infrared, Raman,
microscopy and diffraction techniques.

Materials and Methods

All materials used were of analytical grade and used as re-
ceived. Ultrapure water (resistivity > 18 MQ cm at 22 °C) was
used in preparation of all solutions.

Synthetic Seawater (SSW) solution: The SSW solution ion con-
centrations were modeled after Berges*? . The stock and final
solution concentrations are shown in Table 1 and further exper-
imental details can be found in the supplementary information
(Section 1).

Table 1: Synthetic seawater (SSW) salt solutions (without
Mg ions present)

Species Stock Concentration  Final Concentration
(mM) (mM)

NaCl 3,630 363.0

Na2SOs 250 25.00

KCI 80 8.04

KBr 7.25 0.725

H3BOs 3.72 0.372

NaF 0.657 0.0657

SrCl2 0.82 0.082

To know which phases are going to crystallise out from solu-
tion, the program pHREEQC*® was used to calculate the satura-
tion index (SI). The Sl is calculated using equation 2, where a;,
a;...an refer to the activity of species i, j,...n, and the K, is the
solubility product of the solid species.



SI = log [%] —(Eqn 2)
sp

All experiments were prepared to achieve an Sl for calcite of
2.0. A list of all the final concentrations for each of the experi-
ments discussed in this manuscript can be found in the supple-
mentary information (Section 1). The solid phases with an Sl
value greater than 0 can be found in Table 2. Phases with a value
less than 0 are not expected to crystallise as they are understat-
urated. Clearly, calcite is expected to form, as is aragonite,
while dolomite is not (despite the high SI) due to the lack of this
mineral forming at ambient temperatures.** Strontianite may
form but the low supersaturation means that, if it is observed, it
is most likely due to heterogeneous nucleation.

Table 2. Solid phases with Sl greater than zero

S| log KspPHREEQC
Aragonite 1.86 -8.336
Calcite 2.00 -8.480
Dolomite 4.39 -17.09
Strontianite 0.29 -9.271

Crystallisation Morphology: Determination of the calcium car-
bonate morphology was achieved via static batch crystallisation
experiments in triplicates. Concentrations of CaCl, and Na-
HCOs needed to achieve a calcite saturation of 2.00 were deter-
mined using PHREEQC* for each of the solution compositions
(supplementary information, Section 1). A fresh bicarbonate
stock solution was prepared and all salt solutions were adjusted
to pH 8 using NaOH (0.1 and 1 M) and HCI (0.1 and 1 M) be-
fore the commencement of the batch crystallisation experi-
ments. In the control batch experiment, the required concentra-
tion of CaCl, to achieve the desired final concentration was
added to a clean glass vial followed by the addition of water and
a glass cover slide. The solution was left at room temperature
for % hr before the addition of NaHCOs solution to achieve the
desired final concentration. The vial was then capped and left at
room temperature for 3 days. After 3 days (or the desired time)
the glass cover slide was removed from the solution and rinsed
using a small amount of water to wash away residual salt. The
cover slide was then prepared for imaging.

For batch experiments involving the addition of ions (MgCl.,
SSW), these were added after the CaCl, and water, and left to
equilibrate for ¥ hr before the addition of the NaHCOj3 solution.
While the initial pH was adjusted to be 8 for all experiments the
pH after > 3 days was found to be 7.6 £ 0.1 (measured by a
calibrated Orion pH meter).

The polymorph of individual particles was confirmed, if neces-
sary, by obtaining a Raman spectrum using a Witech Confocal
Raman instrument (50x objective, 10 accumulations, 50 msec
collection per accumulation and 4cm* resolution).

Powder X-ray Diffraction (XRD): The method used above in
the 20 mL vial batch experiments was scaled to a volume of 4
L to obtain sufficient solids for analysis. The solutions were
stirred for 3 hours before being left at room temperature (22 °C)

for 7 days without stirring. While the initial pH is 8 after this
time period the pH was found to be 7.6. After the 7 days, the
solids were filtered through a 0.45 pm membrane and washed
multiple times with water before being dried in a desiccator. An
internal standard of fluorite (~10 wt.% mass) was mixed into
the sample and homogenized to achieve a uniform particle size
distribution. XRD patterns were obtained on a Bruker D8 Ad-
vance instrument using Cu K, radiation. The samples were ro-
tated at 30 rpm, with a working 26 range of 15 — 120 degrees at
a step size of 0.001° and a divergence slit of 0.3°. The patterns
were then fitted using Topas software to get the quantitative
phase content and the lattice parameters. All fitted data is shown
in the supplementary information (Section 4).

Mounting of sample in resin and milling: Solids obtained from
the 4 L crystallisation experiment was placed in a mould with
Epofix epoxy resin poured over the sample while under vacuum
to ensure the sample was impregnated with the resin. The sam-
ple was then mechanically polished using a Stuers Tegramin-30
and a range of cloth grains for various amounts of time. Once
mechanically polished the sample was then exposed to ion beam
milling to achieve a fine polish.

Scanning Electron Microscopy (SEM): Images were captured
using a Zeiss EVO SEM with an attached energy dispersive x-
ray spectrometer (EDS) to enable elemental analysis of the sam-
ples. Samples for imaging were prepared by placing the glass
cover slides from the batch crystallisation experiments onto
SEM stubs using carbon tape. Liquid graphite was applied to
the edges of the glass cover slide, and a platinum coating (~ 5
nm) was sputtered onto the samples to reduce charging effects.

Electron backscatter diffraction (EBSD): Microstructural
analysis by EBSD mapping was conducted on the resin
mounted sample using a Tescan MIRA3 FESEM operated at an
accelerating voltage of 20 kV, 70° sample tilt, a working dis-
tance of 20 mm and a beam current of 5 nA. EBSD patterns
were collected with a Nordlys Nano high-resolution detector.
The EBSD data were acquired with the Oxford Instruments AZ-
tec version 2.3 software. The whole-grain map was collected
with a 200 nm step size, while the high-resolution map had a 50
nm step size. The EBSD data was processed with the Oxford
Channel5 software. Further information can be found in the
supplementary information (Section 2).

Fourier transform infrared (FTIR): A Nicolet iS50 FT-IR fit-
ted with an attenuated total reflection (ATR) single bounce di-
amond crystal was used. The diamond crystal was cleaned with
ethanol and a background was captured before each run. Spectra
were collected between 4000-700 cm™ with a resolution of 4
cmt and 64 scans were captured for each spectrum, lasting ~1
minute by adding a small amount of solid onto the ATR crystal
and then using the in-built attachment to make sure the solids
made contact with the ATR crystal. FTIR spectra were collected
at least twice on each sample.



Dynamic Light Scattering (DLS): DLS was used to investigate
the nucleation behaviour of different calcium carbonate sys-
tems, using a Malvern NanoZS instrument. The instrument cal-
culates the derived counts of the system under investigation,
quoted in kilocounts per second (kcps), and is related to the
number of particles scattering light in the incident volume. Par-
ticle counts below 100 kcps corresponded to the solution only.
A rapid rise in counts represents a nucleation event occurring.
Higher counts correspond to greater numbers of nuclei.

Identical solutions to the batch morphology experiments were
prepared, however, the final volume was 50 mL. For example,
for the control sample the calcium chloride stock solution was
added to water (to achieve the desired final concentration) be-
fore the bicarbonate stock solution was added to commence
crystallization. The solution was continuously stirred at 250
rpm with an aliquot taken every 3 minutes for the duration of
the 30 minute experiment. Each DLS experiment was repeated
three times and the average counts determined.

Transmission Electron Microscopy (TEM): Samples for TEM
analysis were extracted from specific sites from the polished
sample in resin using a focused ion beam (FIB)-SEM. A Tescan
Lyra3 FIB-SEM with a Ga* ion source was operated at 30 kV
for the lift out and mounting of the lamellas onto Cu TEM grids.
The lamellas were then thinned to 100 nm with the final thin-
ning step performed with low voltage to reduce beam damage.
The TEM analysis was carried out on a FEI Talos F200X field
emission gun (FEG) transmission electron microscope (TEM).
Analyses were performed using bright field imaging in TEM,
selected area electron diffraction and scanning TEM, which in-
cluded EDS.

Molecular modeling

The molecular modeling of Mg and/or sulfate incorporation into
the structures of calcite and aragonite was implemented using
the same principles as a previous publications*. The potentials
for the ions were taken from previous literature*”*®, In short, a
crystal simulation cell of the appropriate solid was created in
GDIS* and the size was chosen such that it was close to cubic
in the three lattice directions by multiplying the lattice parame-
ters appropriately. Mg?* and SO,* were then substituted for a
Ca?* and/or CO4* ion respectively. The potentials and their val-
ues for Mg?* and SO,* are given in the supplementary infor-
mation (Section 3) and are used without modification from “,
GULP®® was then used to minimise the total energy. Several
configurations were trialled to try to determine the global min-
ima. The replacement energy was then calculated for each crys-
tal structure according to the chemical reaction that applied:

For Mg substitution:

CaCOy . + nMg“(aq) —(Eqn 3)

Erepl = (Efinal + nEhyd ca t NEcq) = (Egyr + nEhyd Mg T nEMg)
—(Eqn 4)

For MgSO, substitution the sulfate was purposely put in the vi-

cinity of the magnesium ion (to replicate the notion that the two

were incorporating simultaneously) and so not all possible sul-

fate locations were simulated. However, the replacement en-

ergy was similarly calculated to Mg substitution:

> Mg,Ca,_,CO5 . + nCa** qq)

€aCO0s ) + nMgiaq) + nSOf’(aq) > MgpCa,(S04)n(CO3)1p ) +

nCa** 4 + nCO%’(aq) —(Eqgn 5)

Erepl = (Efinal + nEhyd cat nEhyd carb T
NEcar & ca) = (Einit + NEpyamg + NEnya swr + NEsuy +

nEsulf&Mg) ~(Ean 6)

Where Eep is the replacement energy, Efinal, Einit is the final and
initial energy respectively, Ec, etc. is for the isolated ion in the
gas phase and Enyq is the hydration energy for the ions. There is
also a term for sulfate due to its non-point-like structure (-20 eV
per sulfate). The more negative the replacement energy the
more thermodynamically favourable is the replacement.

RESULTS
Morphology

The results of crystallisation experiments in the presence of
Mg?* and common seawater ions is consistent with previously
reported literature.®%2 A mixture of calcite and aragonite is
formed when high Mg?* ion concentrations are present (see re-
sults of XRD, FTIR, Table 3 and Figure 3). The addition of
Mg?* increases the amount of aragonite formed ~24% when in
pure water. The calcite morphology is significantly altered from
that expected in pure water while that of aragonite is not (com-
pare Figure 3a to Figure 3b% and Figure 1 for the aragonite mor-
phology). EDX spectral analysis of these results suggested that
the aragonite appeared to have Mg associated with it (Figure 3).
This result, however, could be due to the analysis zone (spot
size) of the EDX. Thus, further investigation was necessary.

Table 3. Solids determined by Rietveld % by mass (see sup-
plementary Section 4)

Calcite Aragonite  Amorphous
Control 90.83 Not found  9.17
Control+ Mg 53.50 24.02 22.48
SSw 78.08 0.82 21.10
SSW + Mg 23.42 56.90 19.68




10 um

ol
L
€ i
=% |
S .
o

o al Ca
g Mg a

keV

Figure 3. (a) SEM image of calcium carbonate formed in pure wa-
ter, (b) SEM image of calcite particles formed in the presence of
SSW + Mg?* (c) SEM image of aragonite particle formed in the
presence of SSW + Mg?* (d) SEM image of particles showing
where the EDX spectrum in (e) was taken.

Characterisation of the solids formed in the presence of
Mg?* Infrared

The infrared spectra for particles formed in the presence of
SSW solutions show that aragonite only forms and persists
when Mg?* ions are present (Figure 4, aragonite diagnostic peak
is a doublet at 700 and 713 cm™).

—Aragonite Reference
----Seawater with Mg
—Seawater with NO Mg

Absorbance (arb. units)

T T T T T T
650 750 850 950 1050 1150 1250 1350 1450 1550

‘Wavenumbers (cm)

Figure 4. FTIR spectra of solids formed in SSW with and without
magnesium ions (mole fraction of Mg?* present in solution is
0.612)

In pure water it was found that vaterite (diagnostic peak 740
cmt, Figure 5) was stabilised at high sulfate concentrations
(>20mM) but as the amount of Mg?" concentration was in-
creased more and more aragonite appeared with vaterite disap-
pearing and calcite also substantially reducing (observed
through reduction of the 870 cm™* peak, Figure 5). Of interest is
a noticeable sulfate band (broad peak at 1000-1200 cm, Figure
4 & 5) suggesting significant incorporation of sulfate into one
or more of the calcium carbonate polymorphs. The peak at
~1080cm? is not diagnostic as it is found in many carbonates.
Vaterite kinetic stabilisation due to sulfate has been previously
observed and so this data supports those findings®.

—Sulfate 25 mM + Mg 0.50 MF
—Sulfate 25 mM + Mg 0.05 MF

Absorbance (arb. units)

650 750 850 950 1050 1150 1250 1350 1450 1550
Wavenumbers (cm™)

Figure 5. FTIR spectra of solids obtained in the presence of mag-
nesium ions (at different molar fraction, MF) when 25 mM sulfate
is also present. Arrow shows presence of vaterite peak.

Nucleation

While light scattering by particles is a convolution of both par-
ticle size and number, particle counts as determined by light
scattering techniques can be used to give an indication of nucle-
ation rates provided significant aggregation is avoided. Simply
put, since a homogenous solution is present before crystallisa-
tion occurs a low count is expected prior to nucleation and then
a high particle count is expected post nucleation (particularly if
a single nucleation event is assumed to occur).

As can be seen in Figure 6, the presence of Mg?* ions in pH 8
water (with NaCl) appears to lead to lower particle numbers
suggesting a decrease in the nucleation rate. This is expected
from previous literature that suggests the presence of Mg?*ions
inhibits calcite nucleation.38% However, if aragonite nuclea-
tion is not impacted by the presence of Mg?* ions then there
should still be a nucleation event for the aragonite particles.
Thus, the observed behaviour does not appear to be based on
aragonite nucleating at the expense of calcite but is indicative
of an overall inhibition of nucleation.
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Figure 6. Derived counts versus time for calcium carbonate pro-
duced in water+NaCl (control) and water+NaCl+Mg ions (control
+ Mg). Vertical lines represent variation from average calculated

In SSW (without magnesium ions present), the nucleation rate
is almost half that observed in the ‘control’ despite the same SI
(see Figure 7). This is due to ions such as strontium — known to
inhibit calcium carbonate formation.* There is a delay in nucle-
ation when magnesium ions are present, similar to that in Figure
6.
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Figure 7. Derived counts versus time for calcium carbonate pro-
duced in SSW with and without Mg?* ions. Vertical lines represent
variation from average calculated

In the absence of Mg?* ions nucleation is essentially over after
3 min. When Mg?* ions are present there does not appear to be
a single nucleation event but rather nucleation occurs over a
prolonged time-period (~15 minutes). This occurs both in the
presence and absence of the other impurity ions. This may indi-
cate ‘nucleation’ via a transitory phase such as ACC since Mg?*
ions are known to stabilise ACC.® This amorphous solid may
lead to the situation where as crystalline particles are formed
and released into solution an increasing particle count results.

Phase Analysis

XRD revealed that the solids formed in pH 7.6-8 water after 7
days are calcite (Figure 8). Using Rietveld refinement the only
crystalline phases found were fluorite (internal standard) and
calcite, which accounted for >90 wt.% thus there was <10wt.%
amorphous content (Supplementary information, Section 4).
The addition of Mg?* ions into this system resulted in a higher
amorphous content as well as the formation of aragonite (Table
3.). The ‘control’ samples contain no sulfate, thus the stabilisa-
tion of aragonite is not dependent on any synergistic effect of
sulfate with magnesium. Comparison of the ‘SSW + Mg?** with
the ‘control + Mg?** suggests that the presence of sulfate (and/or
other) ions increases the amount of aragonite formed. The
amorphous content is similar in % terms to the case where mag-
nesium ions only are present. Unfortunately, XRD cannot give
much information on disordered phases, therefore, the micro-
structure of the ‘SSW + Mg?"’solids was further investigated
via other methods.
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Figure 8. XRD patterns of solids formed for control conditions,
control conditions with Mg?* ions, SSW and in SSW with Mg?*
ions (the mole fraction of Mg2+ ions when present was 0.612)

Microstructure of precipitated particles

Microstructural analysis by EBSD revealed that calcite grains
decorate the exterior of the aragonite particles (Figure 9). This
suggests that calcite is formed after the aragonite (due to disso-
lution/re-crystallisation processes) as would be expected by
Ostwald’s rule of stages.?® Interestingly the core of the aragonite
particle had poor EBSD pattern band contrast and a low rate of
indexation by the software. In EBSD analysis this indicates
poorly crystalline or amorphous material. The presence of a
poorly ordered/amorphous core has been previously observed,
for example, aragonite particles in both coral®®%” and mollusc
shells®-%0 show disordered core regions. It is thought to arise
from the aggregation of ACC followed by the crystallization of
ACC to aragonite by a solid-state transition. To the best of the
author’s knowledge, however, this is the first time an ACC core
has been observed in a completely abiotic, synthetic system de-
void of organic solvents.



Figure 9. (left) SEM Backscatter image and (right) overlaid phases
detected from EBSD analysis for solids formed in SSW+Mg?*.

The chemical composition of the particles using EDS was
mapped simultaneously during EBSD analysis (Figure 10). Ca
and O were present in all particles (Supplementary information,
Section 2, Sup-Fig 1) confirming it to be calcium carbonate.
Unusually, Na and S are observed in both aragonite and calcite
particles and, although present at low levels, Mg is above back-
ground levels in aragonite despite previous assumptions.®! The
high levels of Mg and S in the calcite particles do support a
synergistic incorporation of these ions as suggested by Nielsen
et al.¥” The presence of Na in both calcite and aragonite particles
may suggest that background salts are being trapped during
growth, however, Na is not correlated with chloride though this
will be further tested through other characterization techniques.
In addition, normalisation of the Na and Mg to Ca EDS peak
showed that both Na and Mg were higher in the central region
than in the rim of the aragonite particle (Supplementary infor-
mation, Section S1, Sup-Figure 3).

Figure 10. (a) Phase map, and elemental maps for (b) Mg, (c) Na
and (d) S obtained from the EBSD analysis for the particles shown
in Figure 9 and in (a)

It should be noted that sodium ion incorporation was observed
by Branson et. al.** and La Fontaine et. al.** in tooth enamel.

They observed the Mg?* rich amorphous calcium phosphate part
of the enamel was also Na* rich. Therefore, it is likely that this
is not due to solution inclusion but is a real phenomenon. Arag-
onite containing Mg?* ions has also been previously observed,
however, these studies did not link Mg?* ion (or Na* ion) inclu-
sion as an important mechanism for stabilisation of aragonite.?

Crystal Orientation Analysis

The sample used for measuring the EBSD data was further an-
alysed for the orientational relationships between the crystal-
lites found in the aragonite particle. The similar colours on op-
posite ends of the particle (for both the z and x direction, Figure
11) show that there is a common zone that the aragonite rods
grow in. The colour wheels show that for the x and z direction,
these preferred orientations are the (010) and (100). For the y
direction the (001) and (010) appear more often.

IPF Composite Colour IPF X Colour

Aragonite Calcite

Figure 11. Orientational analysis of particle investigated with
EBSD. (a) IPFZ colour orientational map (b) colour and orientation
correlation for the maps shown (c) IPFY colour orientational map
(d) IPFX colour orientational map.

Figure 12 shows a high resolution EBSD orientational map of
the lower rim of another particle, including the pole images and
inverse pole images for this region. This section of particle
shows that the alignment is just off the (100) direction for the z
axis. The alignment of aragonite crystallites rotating around the
a axis has been observed previously in marine creatures (see
Suzuki et al.%?),
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Figure 12. (a) EBSD orientational map of aragonite, (b) pole fig-
ures, and (c) inverse pole figures for the section shown in the EBSD
orientational map.

High resolution analysis

Particles embedded inte resin were used to extract electron
transparent lamellae. Two regions of interest (relating to the
central and rim area of aragonite particles) were analysed (see
Sup-Figure 8 Section 5 of the supplementary information for
images of where foils were taken from).

Central region:

The core region of aragonite particles contains nano-crystalline
aragonite of approximately 5-10 nm (Figure 13a & b). The crys-
tallinity of these domains can be seen in Figure 13d and the pol-
ycrystallinity of the larger section can be observed in Figure
13c. Measurement of the lattice fringes shows that these parti-
cles show (002) and (200) distances as found by Zhang® and
Jiao®.

Figure 13. TEM images of (a) Bright field image of the central part
of the aragonite particle, (b) higher magnification of (a), (c) SAED
patterns of total area shown in (b) while (d) is the Fourier transform
from the red box area in (b) (enlarged image of (b) can be found in
Sup-Figure 9).

The SAED pattern of a single domain shown in Figure 13 is
similar to the zone axis observed by Zhang® and Jiao et al.®* .
High magnification imaging (Figure 14) shows that there are
sections that have no ordered lattice structure and are amor-
phous, consistent with EBSD analysis of the core. It suggests
that the initially formed aragonite is a mixture of amorphous
regions and nano-domained solids, as found by Jiao.%* It is hy-
pothesised that these crystalline nanodomains are in essence
how the crystalline rods are able to form from the centre of the
particles.

L B0 nm

Figure 14. (a) High-resolution bright field TEM image showing
crystalline sections and regions that do not appear to have any
structure the pentagonal shape highlights void created due to beam
exposure (b) zoomed in area of rectangle is shown and oval en-
closes ‘amorphous’ region.
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The structure of the solids was found to alter under the beam.
The alteration appeared to be related to the formation of voids,
an example of which is shown in Figure 14 by the green poly-
gon. This can be understood as a dehydration reaction due to
the ACC having large amounts of water associated with it.%°
Figure 13 shows that this region is littered with ‘pockets’ of
lighter sections in the bright field TEM. No correlation between
these lighter sections and any particular element was found and
therefore suggests that this is due to gaps within the structure or
fluid inclusions. Such holes were also observed by Zhang et
al.®. If these are indeed holes these could be a result of dehy-
dration or could be due to the amorphous to crystalline transi-
tion (leading to a solid which is lower in volume).

Rim of particles

The rim of the aragonite crystal, while still being polycrystal-
line, has much larger crystalline domains of >100 nm (Figure
15). Interestingly, there are a significant number of defects (re-
gions of strain, grain boundary dislocations etc., Figure 15b) in
these particles. High resolution imaging revealed lattice fringes
(Figure 16c) with a spacing of 4.98 A and this compares well
with the a axis of aragonite (4.9611 A). A close up of the inter-
face between two regions shows that the domains align them-
selves so as to avoid significant lattice mismatch (see supple-
mentary information Section 5, Sup-Figure 9).

Figure 15. Bright field TEM images of the thin foil prepared from
the rim of a particle at different magnifications.

There are, other lattice fringe dimensions found showing that
there is some variation in the crystal orientation.

Figure 16. (a) Bright field TEM image of crystalline domain in rim
thin section. (b) The Fourier transform of the area corresponds to
the (001) zone of aragonite. (c) Area in the box of (a) has been ex-
panded to show lattice fringes more clearly.

Elemental composition of the two regions

EDX on the thin TEM foils found Mg throughout the structure
albeit at low levels (Figure 17). There did not seem to be a no-
ticeable accumulation of Mg at grain boundaries dislocations or
other defects for the rim part of the particle (Supplementary in-
formation, Section 5, Sup-Figure 8). This suggests that the Mg?*
ion is substituting for Ca2* rather than incorporating as intersti-
tial impurities or through other mechanisms. For the interior of
the particles there is no distinct increase in Mg or S in the darker
regions of the HADF image either, thus these dark regions are
proposed to be voids rather than solution inclusions. The thin
foils investigated by TEM were also used to extract %mass
from their EDX spectra.

cak

6
Energy (kev)

Figure 17. TEM EDX spectra on thin foils created from the interior
and rim of the aragonite particles. Note Cu is observed (but not la-
belled) due to Cu TEM grids being used.



The main difference between the core versus rim section of the
particle was that the rim region had significantly more Ca pre-
sent (~42% c/f 35%) and that the central region of the particle
had significantly more impurities in general. In particular, the
central region had more magnesium and sulfur (though sodium
may be under-represented due to the mobility of Na under the
electron beam). The Mg levels (see Table 4) suggest that the
ACC might dissolve to form the aragonite (if ACC dissolved
lower Mg levels would be expected in the rim as re-crystalliza-
tion occurs) but this is not supported by the S levels. The level
of Na ions was found to be only slightly higher in the core than
the exterior of the particle (although this ion could be under-
represented as explained previously). It is also interesting to
note that the C levels are always higher than expected and that
the O levels are lower in the rim of the particle than the central
region (possibly due to water being trapped in ACC). Further-
more, it is clear that solution inclusion cannot account for the
presence of sodium.

Table 4. Mass % element determined from EDX on TEM
thin foil

Central Rim Expected  Expected for
Region Region for Pure proposed
CaCOs structure*
Ca 35+2.3 42+2.7 40.04 34.4 (C),
38.9 (R)
C 15.9+0.6 15.5+0.9 12.00 11.9 (C),
118 (R)
O 48+1.6 42+3.8 47.96 47.9 (C),
47.9 (R)
Mg 0.6+0.7 0.12+0.04 0.5 (C),
0.12 (R)
S 0.16+£0.03  0.29+0.05 0.2(C),
0.3 (R)
Na 1.0£0.3 0.60+0.06 2.8(C),
0.46 (R)
Cl 0.11+0.1 Not De-
tected
F 0.5+0.2 Not  De-
tected

*Proposed structures, I=Internal, R=Rim
Errors represent variation found in different regions

C = central region, C structure: NazMgxCai-x-2(CO3)1-y(SO4)y
where x=0.02, y=0.005 and z=0.06

R = rim region, R structure: Na2zMgxCai-x-2(COs3)1-y(SO4)y Where
x=0.005, y=0.01 and z=0.01

Molecular simulations

Modeling results showed that substitution of Mg?* into calcite
is more energetically favourable than into aragonite. The energy
required to substitute an Mg ion into calcite varies from ~0.2-

0.8 eV depending on the % substitution. For aragonite the low-
est replacement energy at the lowest %Mg ion substitution is
already ~0.8 eV. However, while substituting Mg ions appears
to be thermodynamically unfavoured for both calcite and arag-
onite, when sulfate is also present the behaviour altered. Substi-
tuting both Mg and sulfate ions into the bulk calcite solids was
lower than for aragonite (see Figure 18b) at 0.1% or greater.
Modeling supports simultaneous MgSO. incorporation into cal-
cite. For MgS0,% substitutions between 0.15-0.35 the replace-
ment energy was <0 for calcite meaning this would be thermo-
dynamically favoured. Both aragonite and calcite have similar
replacement energies at ~0.08% substitution and below this it is
possible aragonite has a lower replacement energy than calcite.
The incorporation of MgSQy is seen to follow a linear trend for
aragonite in comparison to calcite, however, that could be due
to the % substitution range investigated.

3 Calcit
"5‘ O JICITE
225 ;-
= i/ .
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§ 2 u
= S y=14.19x
= 1.5 W R?=09684
T /
E 1 / )
g | O
= 05 O — "y =1.6215x
= G RZ = 0.9886

0
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Figure 18. (a) Substitution of Mg?* ions into the aragonite and cal-
cite structure (lines of best fit shown) (b) Substitution of MgSO4
ions into the aragonite and calcite structure (lines drawn to aid
reader)
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The change in unit cell dimensions of aragonite with the degree
of Mg?* and MgSQO, substitution can be seen in Figure 19. The
b axis length change is not shown as no trend was found with
9% substitution. When substituting Mg?*, the a and ¢ axes both
shrink with % substitution, but in a non-linear fashion. Substi-
tuting MgSO, units showed the a axis decreases but the ¢ axis
lengthens with MgSO, content.

a Mg substitution into aragonite

4.9881 5.5332
b O a
4.9880 - -
g 4.9879 [ ] 5 egqy X
£ 29878 g
g ¢ m 5
“w 9877 -
= £c =
® 49876 55330 &
<&
4 9875
4.9874 5.5329
0 0.1 0.2
% substitution

b MgS0, substitution into aragonite
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L+ ¥
4.9880 &> o (T |
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Figure 19. Lattice parameter length (a or c) versus % substitution
for substituting (a) Mg?* ions and (b) MgSOs

Discussion

As can be seen in this work, calcite and aragonite can both form
when the driving force is sufficiently high (SI=2). The for-
mation of aragonite is via a nanostructured disordered solid
(TEM, EBSD data). This supports previous literature that shows
aragonite forms through amorphous calcium carbonate
(ACC).%55" However, this is the first time such conclusive evi-
dence has been presented for a purely synthetic system in the
absence of organics or organic solvents. It was also observed
that when magnesium ions are present, all nucleation is inhib-

ited and occurs over a longer time-period. It has been hypothe-
sised in the literature that Mg?* ions inhibit calcite formation?
but these results suggest nucleation of both calcite and aragonite
is inhibited. There is previous literature showing the association
between Mg?* ions and ACC? and this work confirms the pres-
ence of the disordered core even in abiotic systems (TEM,
EBSD data). Also, sulfate is not necessary for aragonite to be
stabilised (see control + Mg?* data).

The formation of aragonite in synthetic seawater, shows that
sulfate, sodium and magnesium ions are all incorporated
(EBSD). Sulfate is incorporated in both aragonite and calcite —
to the point that it is clearly observable in the EDX data (both
SEM and TEM samples) and the infrared data. It can be seen
that more sulfate substitutes for carbonate in calcite (from the
EDX elemental maps). In addition, significant sodium ions are
incorporated. This may be due to solution inclusions but the
lack of equivalent Cl in the TEM EDX data (particularly at the
rim of the particles) and a similar finding in enamel®® suggests
that this is a real effect. The sodium ion appears to be more con-
centrated in the central disordered region than the rim of the
aragonite as found for enamel.%® Thus, we suggest that the so-
dium and magnesium ions are an integral part of ACC for-
mation. Sodium ions may play a role in charge stabilization of
the ACC-water interactions. This could not be investigated us-
ing the thin TEM foils as Na* ions can be evaporated from the
sample due to the beam energy. Sodium and magnesium ions
have similar interactions with sulfate and carbonate and so can
become incorporated into the structure through both ions.

Molecular modeling showed that the addition of Mg?* into the
aragonite structure is indeed energetically unfavourable. This
energy may not be so high in real situations where the surface
and the ions are both hydrated and where the incorporation of
the Mg?* most likely occurs through ACC. The situation is dif-
ferent when sulfate is also present. In this case the energy of
substituting both Mg?* for Ca?* and SO,* for CO3* is thermo-
dynamically favourable in the calcite structure at concentrations
between 0.15-0.35 atom%.

For all of these ions, adsorption is the initial first step, followed
by incorporation into the bulk and differences in the kinetics
and energetics of this first important step on aragonite and cal-
cite may be the key driver to the differences in the structural
substitution contents. Literature®” has found that for calcite, ad-
sorption and subsequent incorporation both contribute to the in-
hibition of calcite growth when both Mg?* and sulfate ions are
present.

Finally, there is the issue of why the incorporation of such ions
results in the stabilisation of aragonite. The thermodynamic en-
thalpy of formation for aragonite and calcite are very close®®
and aragonite is the denser structure — so initially one would
assume that this was the least soluble solid — however, at room
temperature, calcite is. Recall, calcite has a dip in solubility with
small % Mg substitutions (Figure 2). Thus, just as small
amounts of Mg?* ions make calcite less soluble, it may be that
the incorporation of (Mg/Na)SO, units into the aragonite struc-
ture lower the solubility of aragonite to below that of pure cal-
cite (and similar in solubility to Mg-calcite). At this point, it is
unclear whether the presence of the impurity ions impact the
solubility of the solid (thermodynamic stability) or whether it
simply slows the transition (kinetic stabilisation). This is an area
of current activity.
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Conclusions

There are several important conclusions that can be drawn from
this work. Firstly, sulfate is not necessary to kinetically stabilise
aragonite — magnesium ions are sufficient. Having said that, the
presence of sulfate ions appears to increase the relative amount
of aragonite that is formed. Secondly, this is not due to surface
energy effects on calcite; all nucleation is inhibited in the pres-
ence of magnesium ions. Thus, magnesium ions adsorbing onto
only ‘calcitic’ pre-nucleation clusters can be ruled out as a
mechanism of aragonite formation in seawater.

The aragonite initially formed is highly disordered. Nanoparti-
cles with crystallinity exist but are surrounded by amorphous
material, ACC. The crystalline nanoparticles are ~5-10 nm in
size. Despite popular belief, it is clear that both sodium and
magnesium ions incorporate into aragonite in spite of its dense
structure. The magnesium ions appear to be substituting into
calcium lattice positions. The amorphous core appears to have
higher quantities of impurities overall but mostly consists of so-
dium and magnesium (although the sodium levels may be un-
derestimated). The crystalline aragonite grows or transforms
from the amorphous solids in an oriented fashion.

Molecular modeling has shown that substitution of magnesium
ions alone is unfavourable in the aragonite and calcite structure
but that this changes for calcite when sulfate is also present.
While no favourable replacement is seen for aragonite, it may
be that other factors may need to be considered. Not least of
these is the non-classical transformation of ACC to aragonite.
If the Mg ions are trapped in ACC and then the ACC becomes
aragonite through a solid-state transformation mechanism the
energetics of Mg incorporation of ACC will be critical rather
than incorporation into the aragonite structure. This is an area
we are exploring.

In terms of aragonite formation in seawater sodium and magne-
sium ions are hypothesised to be an integral part of ACC and
aragonite stabilisation.
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