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Abstract

Aragonite and calcite, the most common CaCOQOg3 polymorphs, are among the most
abundant minerals in the ocean. Both are slightly soluble, yet aragonite dissolves nar-
rowly more than calcite. Therefore, an aragonitic suspension will be supersaturated
with respect to calcite, which, consequently, should precipitate. Thus, an aqueous
co-suspension of aragonite and calcite powders should transform into a calcite sus-
pension. Since most CaCOj3 in the ocean is of biogenic origin, using them to study
this transformation has applicability to understanding the carbonate marine mineral
cycle. This work focuses on several biogenic sources of aragonite and calcite. We
examined whether biogenic carbonate mixtures alone trigger conversion or if compo-
sition differences from lab-synthesized carbonates affect dissolution-recrystallization

behaviour.

We first explored different parameters and configurations, such as mechanically re-
moved organics, preheated samples, different shell parts, and shell composition. Our
results show that butter clams are aragonitic shells with less than a few percent cal-
cite, and blue mussels are mixtures of calcite and aragonite. Elemental content showed
less than 0.5 wt% impurities in clams. Heating reduced its organic carbon and ni-
trogen by 60% each. Then, we prepared ultrapure water suspensions of either single
aragonitic material or mixtures of polymorphs and monitored the phase conversion
before and after suspension. None of the starting biogenic carbonate with or without
organics showed reconversion after one week of stirred water suspension, whereas our
synthetic aragonite does. Small amounts of biogenic calcite in the biogenic aragonite
structure or the addition of biogenic calcite does not accelerate the transformation
in these timeframes. However, adding pure reagent-grade calcite triggers detectable
aragonite dissolution and recrystallization as calcite in every case. We used Attenu-

ated Total Reflectance-Fourier Transform Infrared spectroscopy to track polymorph
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changes before and after water treatment. Powder X-ray diffraction is complementary
for assigning crystal structure differences. Inductively coupled plasma-optical emis-
sion spectrometry gives insight into the elemental composition of selected samples.
Total organic carbon helps us to assess the organic content before and after heating

treatments.

These results indicate that there are variabilities across biogenic carbonates that
will make them undergo aragonite-to-calcite transformation at different paces and, in
many cases, at a slower conversion rate when compared to lab-synthesized carbonates.
Removing organic material (by heating or scraping) does not qualitatively change the
polymorphic phase transformation within our monitored time frames. These exper-
iments suggest that solubility differences are insufficient when explaining biogenic
polymorphs’ dissolution-recrystallization. Future oceanic carbonate minerals stud-
ies could evaluate if biogenic carbonate-dependent conversion rates are more suitable

than those for lab-synthesized carbonates.
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Lay summary

Carbon dioxide (COs) has rapidly increased in the atmosphere due to human activi-
ties. The ocean absorbs a big part of the CO,, leading to ocean acidification. One of
the most common ocean sediments, calcium carbonate (CaCOs), dissolves to counter
this acidification. CaCOj3 is commonly found in sea organisms’ shells and skeletons.
Recent studies have predicted that the most soluble form of CaCQOg, aragonite, sac-
rifices to delay the dissolution of the less soluble form, calcite. Subsequently, the net
effect is that aragonite should transform into a more stable calcite. Lab experiments
by others have agreed with the models by mimicking and indirectly tracking this in-
terplay. However, they have recognized that a bigger scope of samples and more direct
measurements should be pursued. We also emulated this aragonite-calcite interaction
by suspending them together in the water. We used a wide range of CaCQOg sources to
study if the expected behaviour applied equally to every scenario. We observed that
the amount of phase transformation during a set period of time was not exactly the
same for all carbonate sources. In some situations, an aragonite-to-calcite transfor-
mation is undetectable and, in others, can be easily tracked. This means that future
models will not only need to include CaCOj3 forms but also will need to reevaluate

their applicability with different biogenic carbonate kinetics.
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Chapter 1

Introduction

1.1 Research inspiration

Calcium carbonate (CaCQ3) has three typical polymorphic phases: vaterite, aragonite
and calcite, determined by the structural arrangement of the Ca?* and CO3~ ions.
Each carbonate compound has been thoroughly studied individually, but more recent
papers focus on the interaction of carbonate minerals with the medium and within
them, delving into their dissolution-recrystallization (dis-rec) interactions [IT), [12].
This recent interest came from the role CaCOj3 dissolution plays as the ultimate fate

of anthropogenic carbon dioxide (CO,) [13].

Today, there is a public and scientific consensus over the main factors that harm
the delicate climate equilibrium on Earth. Greenhouse gases (GHG) are one of those
factors that have been targeted because of their role in climate change. CO,, the
most recognized GHG, is produced by natural processes and human industrializa-
tion; therefore, many researchers are focused on everything related to CO, chemistry,

physics and, by extension, its natural behaviour [14].

The ocean plays a substantial role in withdrawing CO, from the atmosphere, for

which it is known to be the second largest carbon sink and one of the many natural



COy regulators. In water-based environments, the equilibrium of carbonate species
participates in the exchange of carbon between atmospheric CO,, carbonic acid, car-
bonate ions, and carbonate mineral solids [I4]. The Atlantic Ocean provides about
60% of the global ocean COy uptake [I5] where most of the intake flux is concen-
trated in the cold regions of the north, especially Labrador Sea [16]. Biomineralized
calcium carbonates are a key part of this cycle process [17] since they constitute an
extensive amount of the ocean [I8, [19]. Those biominerals generally come from ma-
rine organisms, including oysters, crabs, clams, mussels, and corals, among other hard
tissues [20), 21], 22]. Many of them are either calcite, aragonite or a mixture. Biogenic
samples are not only comprised of CaCQOgs, but they also have a complex mineral

composition and a species-specific organic matrix [23], 24 25, 26].

Aragonite and calcite have low solubility constants, for which they are barely
soluble in water solutions [27]. Since calcite is the more stable (less soluble), its
suspensions will rapidly saturate and reach equilibrium. However, pure synthetic
aragonite will transform to calcite in aqueous suspension due to the slightly higher
solubility of aragonite over calcite. This means that an aragonite suspension will
dissolve until it reaches equilibrium and, at that point, will be supersaturated with
respect to calcite, which subsequently will precipitate. Nevertheless, well-ordered
and pure aragonite dissolution and recrystallization might take long periods of time
unless this transformation is fastened by temperature, diffusion, or the presence of
structural defects [28]. If both phases are present in water, then the presence of calcite
growing sites should translate into a faster transformation. This process will be further

explained in this chapter and has been well-described experimentally [28] [T, [12].

Commonly, biogeochemical models use calcite kinetics to predict solution-solid
equilibriums and step back in oceanic carbon cycles [29, B0]. However, recent CaCOsg
polymorphs dissolution-recrystallization simulation studies indicate that the symbi-
otic relationship between the two most common crystal structures, where aragonite

dissolution may protect calcite at the bottom of the sea, must be included in the



models [3T]. These simulations clearly state that these models have several limita-
tions and simplifications, such as using parameters from the abiotic polymorphs to
model biogenic samples and omitting shell structure and composition. Recent studies
tried to track this aragonite-calcite interaction using pH and alkalinity as their process
tracking measurements [32]. Although their results indicate that aragonite dissolu-
tion can inhibit calcite dissolution and provoke its precipitation within one day, their
pH measurements were not able to track this process directly. Hence, they suggest
testing this polymorphic interaction with other types of measurements to address the
limitations of their experiments. Additionally, they discuss the necessity of widening
biogenic carbonate sources to obtain a better sense of this behaviour across different

CaCOs5 sources.

Most aragonite-to-calcite conversion studies have been performed in seawater-
simulated solutions |26} 32]. Since open ocean processes carry considerable complexity,
far-from-natural or simulated marine solutions are a trade-off to a more straightfor-
ward setup to understand the stability of these polymorphs. Therefore, there is value
in studying the dis-rec behaviour of aragonite-calcite biogenic suspension mixtures
from a simplified lab setup, aiming to describe the individual effect of different vari-
ables like inorganic minerals, organic matrix, pH, suspension time or mass transport.
A better understanding of this polymorphic interaction could help in carbon budget
modelling, future ocean alkalinity enhancers, and following complex interactions of

biogenic-originated ocean sediments.



4
1.2 Physical and chemical properties influencing
biogenic calcium carbonates dissolution and re-

crystallization

The focus of this thesis is to study biogenic carbonates’ water-suspension interac-
tions as a further step compared to pure synthesized CaCOj suspended mixtures
studied before [33, [IT]. Even though biogenic carbonates are a big component of
ocean sediments [20], only calcite, Mg-calcite and aragonite are widely found on the
seafloor. Other carbonated minerals like vaterite, ikaite (hydrated CaCOj), dolomite
(CaMg(CO3)2), magnesite (MgCOs), siderite (FeCOj3) and others are virtually nonex-
istent or only found under “irregular” conditions (low temperatures, high-pressures,
reducing environments) in seawater [20]. Therefore, the thesis will mainly describe
the properties of calcite and aragonite, along with the influence that inorganic and

organic compounds may have on their structure, precipitation, and dissolution.

1.2.1 Calcium carbonates (CaCOj)

Calcite possesses a trigonal crystal structure, space group R 3¢, which can be visual-
ized using a hexagonal unit cell where with the c-axis oriented upwards, Ca?" cations
are placed in horizontal layers divided by planar CO3%*~ (See Figure ) Aragonite
crystallizes as an orthorhombic cell, space group P m cn, showing a staggered orien-
tation and resulting in a denser structure than calcite (See Figure [1.1p). Calcite’s
rhombohedral structure has a lower calculated surface energy than aragonite, making

the earlier more metastable [34].
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Figure 1.1: Rhombohedric calcite (a) and orthorhombic aragonite (b) crystal struc-
tures. Ca atoms are in light blue, C atoms are in brown, and O atoms are in red.

These unit cell representations were created using VESTA software [2] from calcite
and aragonite (PDF-2 98-000-0141 and 98-000-0098 database) [3].

Dissolution

CaCOg dissolution and recrystallization reactions are opposite processes that reach
thermodynamic equilibrium. The dissolution occurs when Ca?* and CO32~ ions are
released into the solution. This process is spontaneous when the solution is undersatu-
rated with respect to the ions in the solution. On the contrary, crystallization happens
when these ions recombine to form a precipitate. Usually, this takes place when the
ions are supersaturated in solution. The solution is saturated when both process rates
are equivalent and is said to be in equilibrium [35]. Equation represents this dis-
solution and recrystallization equilibrium. The thermodynamic equilibrium constant
for this reaction is called the solubility constant (K,) and expresses the activities
(a; for component i) of the ions when the solution has reached equilibrium (Equation
[36]. Note that the CaCOj activity is not included since the activity of solids is

considered to be one. The Ky, is most commonly expressed in terms of activities to



account for the temperature, pressure and composition (Gibbs free energy (AG) of

the solid/polymorph) influence in the K.

N 2 2—
KSp == aca2+ . acog— (12)
It is common to represent solubility constants as a logarithm pK, = —log(Ks),)

so that the higher the value, the more stable or less soluble the solid. Experimen-
tal solubility constants prove that calcite is the most stable polymorph of CaCOj in
standard conditions with a pK, cq = 8.48, followed by aragonite pK, arq = 8.336,
vaterite pK,ver = 7.913 and amorphous calcium carbonate (ACC) pKy, acc =
6.39 [27, 37, 34]. The solubility constants are higher (lower pKs,) under 35% salin-
ity, which is close to seawater salinity, giving a pK,,caq = 6.36 for calcite and a
pKsp ara = 6.18 for aragonite [38]. This indicates higher solubility for both poly-
morphs in ocean conditions. This behaviour can also be seen at low NaCl concen-
trations [39]. The effect of temperature in CaCOj3 dissolution is opposite to what is
commonly seen in other solids. An increase in solution temperature decreases calcite,
aragonite and vaterite solubility [27, [39]. Pressure, on the other hand, makes calcite

more soluble [40].

Under standard temperature and pressure conditions, without free H™ and dis-
solved CO, Equation carries forward to CO3Z~ consumption through speciation
(Equation . The formation of bicarbonate ions HCO3 and OH™ leads to a basic
pH between 8 and 10. The dissolution CaCOg3 proceeds as in Equation [1.4] when it
is dependent on the HT ion activity and as in Equation when the Pco, is taken
into account [41]. Notice that in Equation , H,COj5 results from COs dissolution in
water. In a natural context, these three processes occur simultaneously, and pH and

Pco, are inversely correlated since pH decreases when Pco, increases. From this, it



can be easily derived that CaCOj is more soluble with pH decrease and P¢o, increase,

which it has also been proved experimentally [39].

CaCOs() + H20q) = Caff, +HCOg,, + OH[ (1.3)
+ 2+ -

CaCOs() + Hp,,) = Cay) + HCOy (1.4)

CaCOgs) + HaCO3(nq) = Ca?;) + QHCOg(aq) (1.5)

Dissolution kinetics are another factor that influences the behaviour of CaCO;
when it is in solution. From a kinetics standpoint, dissolution starts with the first
ions being released into the bulk fluid. The relation between the ionic activity product
(IAP) and the solubility constant (K,) at any given time is called the saturation index
(). As seen in Equation [1.6] when the IAP is lower than the K, (Q < 1), we can
say that the solution is undersaturated. The solution is in equilibrium when they are
equal (2 = 1). Finally, when there is an excess of ions in the solution (2 > 1), it
is supersaturated. The relationship of CaCOQOj3’s surface area-normalized dissolution
rate (r) to the saturation index (£2) has been found to slow down to 0 as saturation
reaches equilibrium (Equation . In this equation, k is the rate constant and n is
the overall reaction order [42] 20, [4].

TAP  Gca2t * Gco2-

Q
K, K,

(1.6)

r=k(1-Q)" (1.7)

From a mechanistic standpoint, dissolution follows several steps: (1) diffusion of



solvents to the solid surface, (2) adsorption on the solid surface, (3) movement of re-
actants to active sites (point defects, terraces, vacancies), (4) reaction with the ions in
the solid, (5) motion of products (solvated ions) out of the active sites, (6) desorption
and (7) mass transport of the solvated ions to the bulk solution [42} 20]. The rate of
this chain of reactions will be controlled by the slowest step. In the case of carbonate
minerals, it is influenced by the pH and temperature of the solution bath. Normally,
an increase in temperature makes diffusion control processes be enhanced, although
the total rate of dissolution decreases (see Equation where A: chemical affinity, R:
ideal gas constant, T: temperature) [4, 20]. On the other hand, the pH increase makes
the slowest controlling step pass through three stages. In acidic pH up to 5, there
is a direct relation between free H" and dissolution rate with a negative slope (rate
decrease at higher pH); hence, the reaction is said to be diffusion controlled. In the
neutral pH region, it follows complex transition kinetics. Commonly for carbonates
at higher pH (like seawater), the step implicating the attachment and detachment of
these ions from the surface dislocations becomes the controlling reaction. Because
of this, CaCOj dissolution and recrystallization in a natural context is typically a
surface-controlled reaction, and a bigger number of imperfections on the solid surface
will lead to higher dissolution rates [42], 20]. This can also be explained in terms of the
crystal surface texture and morphology, which increases during the dissolution reac-
tion as the roughness of the crystal surface area increases. For the same reason, if the
particle radius increases (volume increase and surface area decrease), the dissolution

rate will decrease [43].

r = k(1 — exp(—A/RT))" (1.8)

Although the overall trend of the dissolution rate tends to ease as the reaction
reaches equilibrium, the slope at which this happens is not equivalent for CaCOg

polymorphs. Geometric surface area-normalized solubility rate (r4s,) equations for



geogenic calcite (1 from and aragonites (2,3 from have been obtained ex-
perimentally by Cubillas, et al. (2005) (Equation [1.9). Aragonite rate equation (2
from [1.9) was obtained only for geogenic source data, whereas aragonite rate equa-
tion (3 from represents the fitting line of non-biogenic plus biogenic (clam and
cockle shells) combined data [4]. Notice that, generally, at time 0, aragonite disso-
lution progresses faster than calcite dissolution. However, when the saturation index
is approximating equilibrium, 0.85 < € < 1, geogenic calcite and aragonite disso-
lution rate are virtually equal (See Figure . Nonetheless, the geometric surface
area-normalized dissolution rates of biogenic aragonitic bivalves closely correspond to

those of their non-biological counterparts [4].

Tgsa calcite — 1.82- 10_10 . (]_ _ Q)1.25 (1)
Tgsa aragonite = 2.63 - 10710 (1— Q)1.45 2) (1.9)

Tgsa a—b—aragonite — 2.69 - 10710 ' (1 - Q)O'Bﬁ (3)

le—-10
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Figure 1.2: Simulated dissolution rate vs saturation index 2 using Cubillas (2005)
equations [4].
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Crystallization

CaCOgj crystallization has a lot of similarities when analyzed as the inverse process
of dissolution. However, some differences will be highlighted in this section. From a
saturation point of view, the IAP will dictate the spontaneous precipitation from the
solution when it reaches a state of supersaturation (£2 > 1) with respect to CaCOs
polymorphs (see Equation . Nonetheless, since the saturation index differs for
each polymorph, the supersaturation state will be reached first for the less stable
polymorph. Therefore, ACC precipitates immediately when the ion activities are
higher than 0.004 M [44] 45]. After this first unstable stage, the recently formed
carbonate will proceed with a dis-rec mechanism that will yield different polymorphs
depending on the solution temperature and initial supersaturation state [45]. Gen-
erally, the unstable phase is followed by a metastable one that could be vaterite at
median temperatures (50 °C) or aragonite at higher temperatures (above 75 °C). If
the precipitate is filtered and dried at this temperature, the resulting solid will be the
metastable phase. The stable calcite phase is generally achieved at lower tempera-
tures (below 25 °C). IAP activity product below 0.004 M is the only condition where
vaterite, aragonite, and calcite could nucleate following a direct and classical precipi-
tation pathway. The supersaturation index and temperature pair can also control the

morphology of the resulting polymorph [45].

Kinetically, crystallization occurs following a series of steps, as in the dissolution
process. (1) Transport of the ions from the bulk solution to the forming mineral
surface, (2) adsorption of those ions on the surface, (3) migration through the surface
to the active site, and (4) reaction of the ions with the formation of the chemical
bond, ion exchange or desolvation, are the steps involving crystallization of the first
polymorph as stated previously. Again, as in the dissolution process, the slowest
process is the formation reaction at the reactive site [20]. The next step is an iteration

of the explained dis-rec mechanisms.
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Dissolution-recrystallization

A conclusion derived from the previous analysis is the diagenetic transformation that
occurs for the less stable CaCOs3 polymorph in an aqueous environment. Even when
aragonite and calcite are both insoluble, aragonite is slightly more soluble than cal-
cite. Pure lab-synthesized aragonite suspended in water will start dissolving and
releasing Ca" and CO2~ to the medium. When this suspension gets to equilibrium
(Qaragonite = 0), the IAP will be such that the solution will be supersaturated with
respect to calcite (Qcaicite > 1) due to the different K, (See Equation . There-
fore, this supersaturation will be alleviated by calcite precipitation. This hypothetical
scenario implies that aragonite diagenesis and transformation to calcite is a dis-rec
phenomenon in most aqueous environments. Experimental measurements have proved

this scenario [11), [46].

1.3 Chemical components influence

1.3.1 Magnesium (Mg)

Small Mg?* ions usually take the place of Ca?" in the 6-fold calcite structure, mak-
ing Mg-Calcites a common calcitic mineral in natural environments [20]. In general,
Mg?*’s presence in calcite structure is addressed as a solid solution between calcite
(CaCO3) and magnesite (MgCO3). Notice that 50% is dolomite. While the Mg%
increases in the solid, the cell parameters of the calcitic orthorhombic crystal struc-
tures start contracting along the a and ¢ axes, and consequently, its cell volume is

smaller [47], 4§].

The Mg?" presence in the aragonite structure is more unlikely, energetically speak-
ing, since substituting the 9-fold coordinated Ca?* for Mg?*t is more difficult [34].

Despite that, Mg?" containing aragonites has been reported either forming part of
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the crystal structure in very low concentrations [49], as part of a secondary phase [50]
or, in the case of aragonitic organisms, as a constituent of the organic matrix and the

inorganic phase nanostructures [511, [52].

In the dis-rec process, many mechanisms occur simultaneously, but to simplify it,
some facts must be stated as separate processes. Calcite dissolution highly depends
on its Mg*" content [34]. When there is Mg in calcite’s structure, the solid becomes
more stable (less soluble) with up to 4 mole% of Mg*™ (Low Mg-Calcites), whereas if
the Mg content is >4 mole% (High Mg-Calcite) the solid is more soluble compared
to calcite and passing the 15 mole%, it starts being less stable than aragonite [53] [54].
In the case of biogenic Mg-Calcites, the data shows that they become more soluble
than aragonite with a lower Mg?* content mainly because of the presence of organic
compounds and small size particles that react faster [55], 56, 54]. Therefore, biogenic
high Mg-calcite tends to stabilize either through Mg?* loss, becoming a low Mg-
calcite, or particle annealing and cleaning that reduces their solubility but not their
Mg% [54]. Nevertheless, the presence of Mg*™ in sea organisms is not homogeneous,
meaning that there is often a dispersion of high-Mg calcite nanoparticles in a low-Mg
calcite matrix [23]. Aragonite bivalve shells’ Mg/Ca ratio within the shell (mineral

and organic matrix) during its growth is the highest in a 35% salinity environment [52].

In a medium with only Ca?" and CO3 precursors, temperature, pH and ion
concentrations will dictate the precipitated polymorph, as explained earlier in this
chapter. When Mg?* is present in the solution, it controls the polymorph that will
crystallize. If Mg?™/Ca®T > 2 in solution, the Mg uptake into the calcite structure
will increase its surface energy, whereas aragonite surface energy is not affected by
Mg, making aragonite nucleation a preference [34, 57]. When the Mg?*/Ca?* ratio
is lower than 2, the precipitation from the solution always occurs through a Mg-ACC
formation followed by a dis-rec that can produce different polymorphs. This one will
depend on the ayg+2/acq+2 (a: activities) ratios or the SI (supersaturation index) of

the remanent ions after the Mg-ACC was formed. In general 5 < aypgt2/acy2r < 8
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causes the Mg-ACC to Mg-Calcite transformation, while 8 < ayg,+2/ac,2+ < 12 results
in monohydrocalcite (Mhc) [58, (9, [60].

1.3.2 Strontium (Sr) and others

Tons of strontium (Sr?>T) are rarely found in pure calcite structure; however, they can
precipitate along with Mg?t when magnesium calcites are being formed in natural
environments [61]. The arrangement of Sr?* in the aragonite structure has been
observed more commonly in natural environments than in calcite structure [46] [52] 20].
As for Mg?*, Sr?* also substitutes Ca?*. Its properties are also described in terms
of a solid solution between CaCOj3 and SrCOj3, where 0% represents aragonite and
100% represents strontianite. With increasing strontianite content in the aragonitic
structure, the overall effect on the cell parameters and volume is a steady and linear
increase [62]. Structurally speaking, Ba?>* and Pb?" are two other atoms that can get
into aragonite and provoke similar crystal distortions [63]. In theory, for strontianite
concentrations of ~ 1% (commonly found in biogenic aragonites), a maximum of
stabilities is reached, but the stability of excess-Sr?* aragonitic phases remains a long
debate [64, 20, 62]. Still, the effect of Sr*T in the solubility of aragonite has been found
experimentally to be less soluble with Sr?* increase. The solubility of aragonite with
a 26% SrCO; content (pKy, 26%sr—ara = 8.479) closely matches the solubility of pure
calcite (pKyy car = 8.48) [64]. When Sr*" is present in the solution, it will promote
the precipitation of aragonitic phase CaCOs following a similar process to what Mg?*+

does [44], 65].

Sulphate (SO3™) and sodium (Na*) ions as a pair are also found in the calcite and
aragonite structures. The amounts of these ions that get into CaCOgj is relatively less
than the other elements mentioned above, and in comparison to calcite, biogenic arag-
onites have less than 6000 ppm SO?3~. They generally increase calcite unit cell sizes,

mainly caused by Na*t. Although they are relatively lower in concentration in calcite



14

structure, they provoke a similar effect to Mg?* in its solubility. Low mole percent
concentrations first decrease the solubility constant, and around 4 mole% of SO~
and Na™ ions, calcite becomes more soluble than aragonite. During crystallization,

increasing SO3~ tends to inhibit calcite precipitation [66].

1.4 Thesis outline

This thesis aims to study the dis-rec process of biogenic carbonates from different
sources and specimens, their mixtures with purchased calcite and synthesized arago-
nite, and carbonates from other sources. We intended to study all the possible factors
(mineral, organic, diffusion, heating) that could approach us to what occurs in nature
from a simplified lab setup. This research builds on the discoveries of a predecessor

labmate (Gao, B. [33], 11, 12]) but with samples beyond synthesized carbonates.

To accomplish the objectives of this research, this thesis is organized as follows:

e Chapter 2: Summarizes the characterization techniques principles, the general

sample collection and preparation and the aqueous suspensions.

e Chapter 3: Does an in-depth dis-rec study focusing on only one species, butter
clams. Different parameters are studied, such as organic removal, clam section,

stirring and substitutional impurities.

e Chapter 4: Expands the scope to diverse biogenic and geogenic samples. It
studies the stability of our synthesized and biogenic aragonites in water suspen-
sion. Finally, it examines the dis-rec of mixtures of biogenic aragonites with

either pure purchased calcite, biogenic calcites or dolomite-like rocks.

e Chapter 5: This is a conclusion chapter where the main takeaways of this thesis

are summarized.
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Appendix A contains extra data and sample surveys from Chapter 4. The repli-

cation database for Chapters 3 and 4 can also be found in the Borealis database [67].



Chapter 2

Characterization methods

2.1 Characterization methods principles

This thesis and research work aim to track the dis-rec processes of a wide range of
calcium carbonates when they are either alone or mixed with different counterparts
and under diverse conditions. The main technique used during the entire research was
Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR).
Other techniques like capillary Powder X-ray Diffraction (PXRD), Inductively Cou-
pled Plasma-Optical Emission Spectroscopy (ICP-OES), large microscope pictures,
Total Organic Carbon (TOC), and pH measurements were used for specific case stud-
ies. In this chapter, I intend to briefly describe some of those techniques and the
reason why I employed them. I also explain the general process of material selection
and aqueous suspensions done throughout the course of the experiment. Chapter
has its own variation of the material and methods section since it was written as the

manuscript for a peer-reviewed paper.
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2.1.1 Attenuated total reflectance-Fourier transform

infrared spectroscopy (ATR-FTIR)

ATR-FTIR spectroscopy is a technique that allows the characterization of samples
that contain molecules where their dipole moment changes when vibrating (infrared
active), and it is a rapid way of obtaining an exploratory view of the compound’s
structure [68]. In simple words, a beam of infrared (IR) light passes through an in-
ternal reflectance element (IRE) at a larger than the critical angle so that the IR
internally reflects in the IRE. The sample is placed onto the surface of the IRE. Every
internal reflection point (where the IRE is in contact with the sample) creates an
evanescent wave that gets into and is absorbed by the sample. The IR wave has a
limited penetration depth (pd) that is proportionally direct to the wavelength (\) and
inversely proportional to the IRE refraction index, the sample refraction index and the
incident angle [69]. Typically, the penetration depth ranges from 0.5 to 5 um. The de-
tector measures the intensity decay of the outcoming beam compared to the incoming
beam. The sample’s absorption can be described by a slightly modified Beer-Lambert
law. The equipment records an interferogram in real-time; thus, Fourier-transform
mathematic processing converts the data into an absorbance vs wavenumber (cm™)
spectrum. In our research, the ATR-FTIR spectrum spans from 4000 to 400 cm™!
(higher frequency/low wavelength to low frequency/long wavelength), corresponding

to the mid-infrared region. Since pd o< A, the lower wavenumber IR beams get deeper

in the sample.

The main reason for using ATR-FTIR as our principal characterization technique
is that it allows us to qualitatively track aragonite to calcite polymorph changes
before and after water suspension treatments. This has been backed up by several
studies of our own research group that tracked the complete recrystallization of lab-
synthesized aragonite to calcite in water and the inhibition of it by other molecules [33]

I, 12]. Also, our group has demonstrated that it allows us to qualitatively assess
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other structural feature changes like particle size, scattering or strains [70, 48] [71].
Furthermore, we can detect the presence of organic and mineral impurities on the
spectra. Unlike FTIR transmission sample preparation, ATR-FTIR does not need to
make KBr pellets; it only needs grinding and tightly pressing the sample against the
IRE window. Grinding is necessary to achieve homogeneity and the best information
possible about the bulk solid. Finally, it is a relatively cheap and easy technique that

can be employed in field experimentation.

There are some drawbacks of this technique that are worth mentioning. The
penetration depth limits the information that can be obtained from the bulk solid,
potentially hiding the secondary phases and impurities that might be present in the
inner portion of the particle. There is difficulty quantifying phases and phase ratio
changes across different sample sizes and characteristics. Although some authors have
attempted to use ATR-FTIR to quantify polymorph proportions using calibration
curves or internal standards [72] [73] [74], our collected sample sizes are not enough to

spare in calibration curves and should not be contaminated with internal standards.

2.1.2 Capillary powder X-ray diffraction (PXRD)

PXRD is another technique that allows us to discern the crystal structure of the
powdered solid. In principle, an X-ray beam is shot into a polycrystalline solid sample,
and as a consequence of the crystal structure lattice spacing, the beam will scatter
in all directions allowed by Bragg’s law. The atom’s arrangements in the crystal
structure of a solid can be represented as a sequence of parallel lattice planes with
specific spacing (d). Bragg’s law (2dsinf=n\) indicates that if an X-ray beam with
wavelength A and incident angle 6 will diffract for a d spacing that complies with the
equation. m is the diffraction order. As a result, a diffraction pattern where each line
corresponds to a lattice plane is created. Each crystal structure has a set of lattice

planes and intensities for which the diffraction pattern will function as a fingerprint.
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With this, PXRD allows identifying different crystal phases in a solid [75]. Capillary
PXRD refers to the holder in which this technique variation is done, where the sample

is introduced in a capillary, and the X-ray is shot through it.

This technique was chosen to complement ATR-FTIR limitations since PXRD has
a longer penetration depth (10-100 pm) [76], which will give us information about any
hidden phase in the sample’s bulk. PXRD can also give us details regarding cell pa-
rameters upon processing, from which we can assess lattice constraints and/or mineral
impurities. Although PXRD is generally a strong quantification technique, we chose
capillary PXRD. We decided to use a capillary to save as much sample as possible,
and since carbonate polymorphs do not have spherical particles usually, there is a
significant risk that a sample with a different morphology could pack with a preferred
orientation inside the capillary. Hence, the intensities in the diffraction pattern may
not correspond to the polymorph proportion phase ratios, making a possible false-
positive quantification, which means quantifying phase proportions is less advisable
for our samples’ conditions [77]. However, since cell parameters depend on peak po-
sitions rather than intensities, some robust information can still be extracted from

these experiments.

2.1.3 Inductively coupled plasma-optical emission spectrom-

etry (ICP-OES)

ICP-OES is a powerful analytical technique that we used to determine the elemental
composition of our samples. The procedure principle is: first to digest the sample us-
ing an acidic solution, then the sample is atomized in an extremely hot (~10,000 K)
argon plasma, which ionizes the atoms. The electrons in the ions then retreat to lower
energy states by recombination and emit energy as light at characteristic wavelengths
for each element. A detector measures this emitted light, producing a spectrum that

identifies the elements present. Calibration curves are necessary for each element that
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is intended to be quantified. ICP-OES offers high sensitivity, detecting elements at
parts per billion (ppb) to parts per million (ppm) levels [78]. Although this technique
does not give molecular information, it provides the different mineral concentrations
that could be present in our biogenic carbonates. Some of the limitations of this tech-
nique for our experiments are that it overlaps spectral lines and has issues preparing
calibration curves of certain elements. Moreover, C and O cannot be quantified with
this technique since there could be contamination with atmospheric CO, and O,. It

is also expensive and time-consuming.
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Abstract

Powdered biogenic calcium carbonate from butter clams shows variations in its ten-
dency to convert from aragonite to calcite when suspended in water, depending on
whether the suspension has additional calcite or not. Our investigations treat these
biogenic samples as complex hierarchical materials, considering both their mineral
and organic components. We assess the mineral composition from Attenuated Total
Reflection Fourier Transform Infrared spectroscopy peak shifts, as well as quantita-
tive assessments of lattice constant refinements (powder X-ray diffraction). To isolate
the mineral portions, we compare results from samples where the periostracum is re-
moved mechanically and samples that are heated to temperatures that are sufficient
to remove organic material but well below the temperature for thermal phase conver-
sion from aragonite to calcite. The results show that the total organic content does
not play a significant role in the aqueous mineral phase conversion. These results
have potential implications for understanding carbonate mineral interactions in ocean

sediments.

3.1 Introduction

Calcium carbonate (CaCOj), most commonly in the form of calcite or aragonite but
also found as vaterite or amorphous calcium carbonate (ACC), is one of the most
common biominerals in marine organism skeletons, including clams, oysters, crabs,
mussels, and corals [20, 80, R1]. Each species has a different predisposition for form-
ing a given polymorph, and it is not uncommon for one species to have different
polymorphs in different parts of its hard tissue [82]. For this reason, it is important
to acknowledge the individuality of each species when it comes to considering it as a

biomaterial.

Between the two most common forms of CaCOjs, aragonite is known to have a
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higher solubility constant than calcite, but both polymorphs have very low solubility
in water (aragonite Ky, = 10733 and calcite K, = 1075 at ambient temperature
and pressure [27, 83]). Recent studies by us and others [31, [12] have demonstrated
that this small solubility difference can lead to a surprisingly effective dissolution—
recrystallization process in which aragonite can dissolve completely—recrystallizing
as calcite—when it is in close proximity to calcite. To describe this in another way,
when either calcite or aragonite is present in water on its own, there is only slight
solubility. However, when both phases are present, a solution that is in equilibrium
with respect to calcite will be undersaturated relative to aragonite, triggering arago-
nite dissolution; on the other hand, when the solution is in equilibrium with respect
to aragonite, it will be supersaturated relative to calcite, which can trigger calcite
precipitation. This effect has been effectively modelled based on thermodynamic
principles, being described as galvanic dissolution [31], a buffering effect [84], and a
thermodynamic pump [12], since the overall result is to deplete the more soluble phase
(aragonite) in favour of the less soluble phase (calcite). Our previous solid-state NMR
experiments [12] provided evidence that this is indeed a dissolution-recrystallization

process.

Although knowledge of this aragonite-to-calcite conversion process is not new [40,
89, the implications of this phase conversion have received more attention recently
because of its potential relevance for the stability and preservation of marine minerals.
In particular, the time scales and length scales over which this transformation occurs
remain open questions, raising the possibility that this process could be important to
consider for carbon cycling calculations that involve the ocean. Others have begun
exploring these questions through simulations [31], as well as experiments [86], [84].
Other more foundational experiments [12] provided evidence that this phase trans-
formation does indeed proceed through a dissolution—recrystallization reaction and
that additives to the water (polyphosphate) can become surface-embedded during

dissolution-recrystallization, thereby arresting the polymorphic pumping process.



24

Biogenic calcite and aragonite can have very different microstructures and textures
compared to lab-synthesized calcite [87, 88, [89]. Bivalves, which are a group of calcium
carbonate-shell-forming organisms, produce their shells in layers, where the oldest
minerals produced by the organism are found in the inner layer of the shell, and the
newest minerals are found in the outer layer of the shell [80, [89]. Tt is well known and
documented that bivalves can produce a number of different microstructures of calcite
and aragonite through biomineralization and that these possibilities may be different
between species. Common microstructures include prismatic, lamellar, and nacreous
motifs [RI]. The outer and inner layers can have distinct microstructures and will
typically vary by species [88]. Thus, an extremely broad range of calcium carbonate
microstructures and compositions would exist in any kind of natural environment

where powdered aragonite and powdered calcite might interact, such as in sediments.

In this experiment-focused work, we take a simplified model case to consider
whether the polymorph composition of biogenic calcium carbonate (calcite, aragonite,
or others) is well correlated with the polymorphs that exist when powders of these
biomaterials are suspended in freshwater. We use the butter clam as a case study
for biogenic calcium carbonate and compare what happens when different portions of
the clam—with different pretreatments to remove organic components—are powdered
and suspended in ultrapure water. A key aspect of this work is describing polymorph
variations that appear in different parts of the clam shell, and unlike some recent
work [84], we compare the results with and without the organic components removed.
Our data show that some individuals exhibit polymorph behaviour that is similar to
what we have observed with lab-synthesized specimens [33, [12] and what others have
simulated [31] and observed with treated biogenic minerals in treated seawater [84].
We use structural and compositional analyses to assess some of the compositional
differences between the lab-synthesized and biogenic materials and to assess under

which conditions the biogenic samples exhibit this polymorphic conversion.
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3.2 Materials and Methods

3.2.1 Overview of Butter Clam Microstructure

Bivalve shells, such as the butter clam, have growth rings that are much like trees,
with the relevant layering visible on length scales that are appropriate for optical imag-
ing (tens to hundreds of micrometres) [89]. Figure shows representative views of
a half-shell (valve) of the butter clam over different length scales (Zeiss Axiozoom
(Oberkochen, Germany) under reflected light, with image enhancement using Adobe
Photoshop (version 23, San Jose, CA, USA)). The top view of an entire valve (Fig-
ure ) shows a ridged surface topography, with the axis of maximum growth indi-
cated with a red line. A cross-sectional view along this midline (Figure ) shows
the growth rings as grey lines. Staining with Mutvei’s solution [90] (Figure [3.1k.d)
makes the growth layers easier to see because of the increased visual contrast between
the mineral (lower uptake of the stain) and organic-rich layers in between (higher
uptake of stain). The outer proteinaceous layer on the outer surface of the shell

(periostracum) also has higher stain uptake.

Figure 3.1: Representative photographs of (a) a butter clam valve (midline shown
with a red line), (b) an unstained section through the valve midline, (c) a stained
section through the valve midline, and (d) a zoom of the stained section through
the valve midline. In (c,d), the organic material is stained darker than the mineral
material, which provides better visual contrast for the growth lines.

Even though butter clams are a species of bivalve that is relatively well character-

ized [91], O2], there is still surprisingly little that is known about the specific organic
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components that exist within the shells. This is an active area of research entailing the
characterization of the specific organic proteins and molecules [I7]. The mineral por-
tion of butter clam shells has been studied by others. XRD analysis and minor-element
composition studies show that butter clam shells are predominantly aragonite [91], 02].
The hinge has been more well characterized in the previous literature [93], so we focus

our studies on the hinge portions.

3.2.2 Specimen Preparation

Live-collected, mature (2-6 years old) butter clams (Clams 1 and 2 from Sechelt Inlet,
British Columbia, Canada) were sectioned according to Figure and Table .
The left and right valves were each divided into quarters, yielding four hinge portions
and four non-hinge portions per individual. The organic-rich periostracum on the
outer portion of the shell was removed mechanically using a hand drill with a 1
mm cylindrical diamond-coated bit (models 27304 and 835104010, Minitor Co. Ltd.
(Tokyo, Japan)). Two different half valves (Clams 3 and 4) from dead-collected clams
with intact periostracum were also ground and used as separate samples. Butter
clams are very hard, and the shells can be crushed and ground only with considerable
effort. The most efficient method was hand grinding to a powder (with particle sizes
in the range of 40-120 pum) with an agate mortar and pestle; attempts to grind with
stainless steel ball milling were abandoned because it introduced metallic debris to

the samples.

As outlined in Table , selected samples were heated (alumina crucible in a
Thermolyne 114300 furnace) to remove organic material. The heating profile was a
ramp from 20 to 300 °C at 100 °C/h, holding at 300 °C for 1 h (except Clam 2 for 3
h), and then cooling to 150 °C before opening the furnace. Table also reports the

% mass changes after heating.
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Figure 3.2: Schematic depiction of the sectioning and labels for different clam portions:
Al, A2, B1, and B2 are hinges, while C1, C2, D1, and D2 are non-hinge portions.
Adapted from a public domain image [5].

3.2.3 Aqueous Suspension Experiments

The powders described in Table [3.1| were tested individually for their polymorph sta-
bility in ultrapure water (Barnstead Nanopure, 18.2 MQ-cm, initial pH 6.7-7.1), with
the same mass-to-water ratio for all samples, all in an ambient atmosphere. The
powder mass varied among different suspension experiments due to the fact that the
different shell portions (Figure did not have the same mass. Suspensions were son-
icated for two minutes in capped glass vials and then stirred (Teflon-coated magnetic
stir bar, 1000 rpm) for up to 1 week. After 1 week, the supernatants were removed
and their pH measured, and the powder was left to dry overnight; the supernatant
pH values were 8.3-8.6, which is consistent with trends from earlier studies [11] and
is in a similar range to the ambient temperature activity product constants for arag-
onite (8.36) and calcite (8.52) [94]. We note that, for some heated clam powders, the
supernatant pH after one week was slightly higher (9.7). After their suspension, the

dried powders were still free-flowing and not densely hard-packed.



28

Table 3.1: Labels for different butter clam portions showing their subsequent treat-
ments. Valve and hinge refer to different shell portions shown in Figure 3.2} a label
with “W” indicates that a whole valve was powdered without sectioning. The organic-
rich periostracum was manually removed from some samples before heating; the mass
change after heating (AMass) is recorded in a separate column. Aqueous suspension
experiments used either clam powder alone (clam mass/water volume) or mixtures
(clam mass plus purchased calcite mass/water volume), with or without stirring.

Label Valve Hinge? Periostracum? | AMass | Alone Mix Stir?
% (mg:mL) ((mg):mL)
Clam 1
1A1 left yes yes — 50:5 (50450):10  yes
1A2 left yes no - 50:5 (50450):10  yes
1C1 left no yes - 100:10  (50+450):10  yes
1B1 right yes no - 10:1 - yes
no -2.9 50:5 (50+50):10  yes
1B2 right yes yes - - - yes
yes -2.4 50:5 (504+50):10  yes
Clam 2
2B1 right yes no -3.1 - - -
2B2 right yes yes -2.6 - - -
Clam 3
3W1 - - yes - 100:10  (50450):10  yes
3W2 - - yes -2.1 100:10  (50+450):10  yes
Clam 4
4W1 - - yes - - (504+-50):10  no
yes - 100:10 - yes

In some experiments, after 2 days, 1 mL aliquots of the suspensions were removed
by a micropipette and air-dried for further characterization. This allowed us to com-
pare the results of experiments where the vial was opened periodically, exposing the
contents to the air, with those where the vials remained capped for the entire ex-
periment. We did not see any differences in the results between these two types of

experiments.

A second set of aqueous suspension experiments followed the same procedure de-
scribed above but involved a mixture of clam powder and purchased calcite. For

these experiments, the total proportion of powder to water was the same as above,
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but the composition of the powder was a 50%—50% mixture by mass of clam powder

to purchased calcite (ACS reagent grade, Alfa Aesar, 99%).

3.2.4 Characterization

Powder X-ray diffraction (PXRD) data for the hand-ground starting powders were
collected at room temperature using an XtalLAB Synergy-S, Dualflex, HyPix-6000HE
diffractometer (Rigaku, The Woodlands, TX, USA) with Cu Ka radiation (A = 1.5406
A) The powder samples were loaded in a 0.5 mm borosilicate glass capillary (HR6-
112, Hampton Research). The detector distance was set to 86.0 mm. Data acquisition
involved a series of 360 ° ¢-scans at w angles of —65.792°, —23.646°, 23.802°, and
65.948°, with an exposure time of 300 s for each image. Data collection and extraction
were performed within CrysAlisPro (version 38, Rigaku OD, Tokyo, Japan, 2024).
We refined the lattice constants for each starting material using whole-pattern fitting
(JADE 10 software [I]) and compared them with aragonite and calcite unit cells
reported in the PDF-2 databases [3]. Additionally, we used Rietveld refinements on
selected patterns to assess the phase composition of the starting materials. These

results are described in more detail in the Supplementary Materials Table [3.2] and
Figures

To complement the PXRD data, polymorph identification (before and after sus-
pending the powders) was facilitated by Attenuated Total Reflectance Fourier Trans-
form Infrared (ATR-FTIR) spectroscopy (Bruker Alpha with OPUS software version
7.8, Bruker, Billerica, MA, USA), 2 cm™! resolution, 36 scans, 4000-400 cm ™! range).
Spectra were recorded in triplicate to account for heterogeneity within a given aliquot
of powder; a representative subset of these data is shown here, with many dozens
of other spectra provided as a dataset. Polymorph assignments were based on com-

parisons with ATR-FTIR spectral standards (RRUFF project []), since the different
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measurement geometry for transmission FTIR data leads to slightly different peak po-
sitions, widths, and asymmetries for the same specimen. We note that Raman spectra

are not helpful in these kinds of biogenic samples due to fluorescence interference.

For elemental analysis (Perkin-Elmer 5300 DV ICP-OES (Shelton, CT, USA)), a
subset of powders that were used for the PXRD analyses (where there was sufficient
mass remaining) were dissolved in acid (HNO3:HC1 4:1) for 1 h and then diluted to 1%.
These solutions were then analyzed for the following elements, which are commonly

found in biogenic aragonite: Ca, Mg, Sr, Ba, and Fe.

We assessed the total organic carbon (TOC) data (Shimadzu TOC-L, Kyoto,
Japan) before and after heat treatments. The instrument was calibrated with 99%
recrystallized acetanilide standards and commercial reference standards from the
Hansell consensus reference material program (RSMAS, University of Miami, Coral
Gables, FL, USA). Samples were acidified with HCI and then purged with a CO,-free
gas before injection onto a platinum catalyst (at 720 °C). This converted the organic

carbon to COy and was quantified by a non-dispersive infrared detector.

3.3 Results

3.3.1 Clam Mineral Characterization

Our sample preparation strategy focused on isolating different portions of the clam
shell (hinge and non-hinge), followed by different treatments to remove organic ma-
terial. This gave us several replicates per individual so that we could explore how
the mineral part of the shell behaves with and without the periostracum (removed
manually), in combination with heating or without heating. We note that our sections
give us an average bulk result for a distinct portion of each individual; even so, this
sampling strategy glosses over many of the interesting microstructural and textural

details of the biogenic specimens that we described earlier [80, 81], but it gives us
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data that are arguably more representative of what a crushed shell might experience

in a natural setting.

Representative ATR-FTIR spectra (Figure show that butter clams are pre-
dominantly aragonite, with peaks at 1447-1460 cm™' (v3), 1083 cm™! (1), 854
857 cm™! (1), and 712-713 and 700 cm™! (both v4). These peak positions are con-
sistent with those reported for aragonite standards, whose spectra were also collected
using the ATR-FTIR measurement geometry (RRUFFID=R040078 [6]). There is no
evidence of vaterite or amorphous calcium carbonate (ACC), nor is there any dif-
ference with or without the periostracum. Additional comparisons among different

portions of different shells (listed in Table are shown in Supplementary Materials
Figures and (3.14]
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Figure 3.3: Representative ATR—FTIR spectra for butter clam powder before (a—c)
and after (d—f) heating. Blue and red vertical lines show peak positions for standards
of aragonite (RRUFFID R040078) and calcite (RRUFFID R040070), respectively [6].
Plots (b,e) focus on the 15 region; plots (c,f) highlight the region where weak protein-
based amide and water peaks disappear after heating (1600-1700 cm™!). The black
arrow (f) highlights the reduction of the protein hump peak intensity after heating.

After heating, ATR-FTIR spectra show a decrease in the broad hump near 1600 cm~*
(Figure c,f). Since this is a region where amide and water peaks appear [95] 96],

this kind of change would be consistent with a reduction in protein content. We
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note that this spectral change is also correlated with a small mass loss (2-3% in Ta-
ble , which is a similar magnitude of change to that observed after heating other
related types of biogenic aragonite (such as Arctica Islandica [97]). The TOC analysis
of Clam 3 showed a 60% organic carbon reduction after heating (leaving 0.14% by
mass) and a total nitrogen reduction of 60% (leaving <0.02% by mass). Examples
of this change in other samples after heating are shown in Supplementary Materials
Figure [3.15]

In PXRD data (Figure , we also find that aragonite dominates in all butter
clam specimens; Figure summarizes the lattice constant refinement results. Heat-
ing decreases the aragonite cell parameters consistently, which is an effect that has
been reported by others and is attributed to relaxation and reordering in biogenic
aragonite [8] [7]. After heating, a new PXRD peak appears (Figure[3.4b,d) in a region
where the strongest calcite diffraction peak (104) would appear. We note that this
intensity change is very small, corresponding to less than a few % of the total sample.

Additional PXRD spectra are included in Supplementary Materials Figures [3.17] and
BIS

Since we noticed that the aragonite lattice constants for our clams are consistently
smaller than the PDF standard, we also looked at elemental analysis data (ICP-OES)
for the sample that had enough remaining powder for this measurement (Clam 4).
These results show very low amounts of common substitutional impurities that are
possible in calcium carbonate (Mg: 0.010(1), Sr: 0.19(3), Fe: 0.007(3), Ba: 0.01(6),
all values in wt%). For comparison, the literature data referenced in Figure also
have very low impurity levels. Conch had impurities measured below 0.1 wt% [7],
while geogenic aragonite was reported to have atomic wt% of Sr: 0.25, Al: 0.06, Na:

0.03, and Mg: 0.02 [7, [8, @].

To summarize, the mineral content of butter clams is predominantly aragonite,
with trace amounts of calcite appearing in PXRD data after heating, along with

lower-intensity protein-related peaks in ATR-FTIR and some mass loss. We note
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Figure 3.4: Representative PXRD data of butter clam powder (black lines) before (a)
and after (c) heating. The blue and red patterns show data for standards of aragonite
(PDF 980000098) and calcite (PDF 980000141), respectively [3]. Plots (b,d) show
an intensity increase for the strongest calcite line (104) after heating; the dotted red
vertical line shows the peak position for the calcite standard pattern.

that leaving the periostracum intact does not lead to any difference in the ATR-FTIR
or PXRD data, nor does it change the % mass loss after heating. This suggests that
most of the mass loss in these powdered samples is related to either water loss or the

elimination of organic material that exists between mineral layers in the shell.

3.3.2 Monitoring Polymorphs after Aqueous Suspension

In order to track polymorphic phase conversion, we compared the ATR-FTIR spec-
tra of powders before and after they were stirred in water (ultrapure, 18.2 MQ-cm)
for 1 week. A detailed comparison of representative spectra is shown in Figure [3.6]
including a single powder alone (Figure —d,i—l) or mixtures of clam powder with
purchased calcite (Figure fh,mfp). Additional spectra are provided in Supple-

mentary Materials Figures and [3.16|
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Figure 3.5: A comparison of aragonite cell parameters a,b,c (in A) (panels a—c)
and V' (volume in A®) (panel d), for different clam samples before and after heating
(where possible), all shown with black symbols. Red symbols show comparisons to
an aragonite standard (PDF# 980000098 [3]) and aragonite parameters reported by
others (geogenic and conch from [7, 8, [9]).

After stirring clam powder alone in water, there are no distinguishable changes
in the ATR-FTIR spectra; in all cases (left /right, hinge/non-hinge, with /without pe-
riostracum, with/without heating), aragonite remains the dominant phase, with no
clear evidence of conversion to calcite in any case (Figure ,d,k,l). However, for sec-
tioned clams that were suspended with purchased calcite (with/without periostracum

or with/without heating), some phase conversion from aragonite to calcite is evident

in all cases (Figure [3.6p-h,m-p).

3.3.3 Biogenic vs. Lab-Synthesized

Since our results show that adding calcite enhances the polymorphic pumping process
to make it readily observable in a 1 week time frame, we also investigated other

mixed-polymorph scenarios.

For biogenic specimens that already contain mixed polymorphs, the mere co-

existence of calcite and aragonite does not guarantee that the polymorphic pumping
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Figure 3.6: Representative ATR-FTIR spectra to compare changes before and after
aqueous suspension. The top 4 rows (a—d) compare the individual starting materials
alone in water; the bottom 4 rows (e-h) compare mixtures of clam and purchased
calcite. Panels (i-p) show zoomed views of the vy region, where the changes in the
relative intensities of the aragonite and calcite peaks are easiest to follow. In all panels,
blue and red vertical lines show peak positions for standards of aragonite (RRUFFID
R040078) and calcite (RRUFFID R040070), respectively [6]. Arrows highlight the
peak intensity changes relative to the pre-suspension spectra for calcite (red) and
aragonite (blue).
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behaviour is noticeable. Figure [3.7 helps to illustrate this point. Figure compares
ATR-FTIR spectra for heated butter clam powder before and after 1 week of stirring
in water. There was no evidence of polymorphic pumping, similar to what is shown
in Figure fd,kfl for a different (unheated) clam portion. In both cases, the clam

spectra show only aragonite after being stirred in water for one week.

(a) 1B1 heated| (b) mussel | (c) oyster (d) 4 Synth.
1 week heated 2 days i aragonite
1 week (unstirred) i1 week

ATR intensity
(Normalized to v3)

880 840 880 840 880 840 880 840
Wavenumber (cm™1)

Figure 3.7: Representative ATR-FTIR spectra comparing polymorphic conversion
before (dotted line) and after (solid line) aqueous suspension of (a) heated clam pow-
der, (b) heated blue mussel powder, (c) food-grade oyster shell powder, and (d)
lab-synthesized aragonite. In all panels, blue and red vertical dashed lines show peak
positions for standards of aragonite (RRUFFID R040078) and calcite (RRUFFID
R040070), respectively. [0].

Blue mussels (Figure[3.7b) contain a noticeable amount of calcite to start with. For
these suspension experiments, a whole ground blue mussel valve (heated in the same
way as the clams, with a similar 2.8% mass loss after heating) included both CaCOsj
polymorphs in the v region (Figure[3.7p), consistent with reports by others [82]. The
aragonite and calcite peaks in the 15 region do not show any relative intensity changes

after 1 week of stirring, whether using heated or unheated powder.

In contrast, we also tested a live-purchased (food-grade) oyster, whose shell con-
sisted of aragonite with calcite as a sizable secondary phase (Figure ) For this
powdered specimen, it showed significant phase conversion after only 2 days in water,

even without stirring.
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As another comparison, we were able to observe polymorphic pumping behaviour
in lab-synthesized aragonite (Figure ), wherein a small amount of calcite was
present as an unintentional secondary phase from the synthesis procedure. In this
case, 1 week of stirring was enough time for the aragonite to dissolve completely,
recrystallizing as calcite. This is consistent with earlier reports from our group [33],12]

that confirm this polymorphic pumping behaviour.

To summarize, the tendency toward aragonite dissolution and calcite recrystalliza-
tion is not the same for all biogenic sources of aragonite and calcite. There are many
bivalve species that grow heterogeneous aragonite and calcite distributions within
their shells. A polymorph mixture is also possible in specimens in which diagenetic
dissolution of aragonite has occurred with reprecipitation as calcite [20]. This means
that, even if both aragonite and calcite are present in a specimen, there is no guarantee

that polymorphic pumping will happen in similar time frames.

3.4 Discussion

The polymorph conversion (pumping) that we track in this work relies on two factors:
(1) a solubility difference between the two starting polymorphs (calcite and aragonite)
and (2) recrystallization that occurs as the less soluble polymorph (calcite) [31],[12]. It
is a different scenario from direct nucleation from a solution, for which there are many
careful studies that document the persistence of multiple CaCOj3 polymorphs [34] 87].
To this point, our study demonstrates some experiments where polymorphic pumping

occurs within a short (1 week) time span and others where the process is much slower.

Since many biominerals are reported to contain substitutional impurities as well
as a variety of polymorphs, it is worth commenting on how each of these factors could
influence the thermodynamic polymorph pumping behaviour. We also comment on

the possible broader relevance to ocean sediment studies.
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3.4.1 Substitutional Impurities

In our samples, we consider lattice constant refinements and elemental analysis in-
formation together to assess whether we have evidence for substitutional impurities.
Lattice constants and unit cell volumes that are significantly different from those re-
ported for pure CaCOj could indicate a substitutional impurity: Vegard’s law is an
empirical linear relation between the unit cell size and substitutional impurity concen-
tration, and it has been usefully applied to many different solid solutions, including
Ca;_,Mg,COj3 [98]. Comparing with representative data for aragonite (Figure [3.5)),
we notice that our clam unit cell volumes and a value tend to be slightly smaller
than the biogenic and geogenic reference values with which we compare. In elemental
analyses of the butter clam, the dominant impurity was a very small amount of Sr at
0.19(3) wt%. We note that the elements detected with ICP-OES were not necessarily
substitutionally incorporated into the CaCOg itself. These shells contain a range of
macromolecules as a normal part of their structure, some of which would dissolve in

the acid dissolution treatment required for the ICP-OES sample preparation.

It is important to note that different apparent solubility constants are not the only
way that impurities could influence the dissolution and recrystallization behaviour of
aragonite and calcite. Numerous investigations have explored the complex role that
the surface incorporation of Sr and Mg, among others, can have on crystal growth rates
and surface structures [99] 100} 83 [101], [102]. Other works show that grain structure
and other microstructural factors can yield results that are counter to thermodynamic
expectations [103,[104]. Earlier work from our group [33},[12] shows that polyphosphate
can be incorporated into both aragonite and calcite surfaces, which stalls the surface

dissolution process for both polymorphs.
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3.4.2 Polymorphism in Bivalves

There are many examples of poorly crystalline carbonates (ACC) in bivalve shells,
including oysters [105}, 106}, [107], blue mussels [108], [109], and hard clams [105]. Other
studies have also shown that ACC, whether biogenic [82] or lab-synthesized [33], can
crystallize upon mild heating to temperatures that are far below the temperature at
which thermal conversion from aragonite to calcite would occur. This suggests that
it should not be surprising that we see weak calcite peaks in our butter clam PXRD

data after mild heating, even though ACC has not yet been reported for butter clams.

We note that, even though heating can make a difference in the material compo-
sition of our butter clam shells, the resulting loss of organic carbon (assessed through
TOC measurements) and the formation of a small amount of calcite (visible in PXRD

data) did not accelerate the polymorphic pumping (aragonite-to-calcite) process.

There are many reasons why the biogenic and lab-synthesized samples could have
different time scales for observing dissolution and recrystallization behaviours, includ-
ing the presence of organic molecules or other inorganic material that is incorporated
within and between layers of the mineralized specimen. Our experimental design
with Clam 1 was intentionally geared toward assessing these variables in a few differ-
ent ways. The overall finding was that the mechanical removal of the periostracum
did not alter the time scale of the polymorphic conversion in butter clam to any no-
ticeable degree. Using another method to remove organic material, mild heating to a
temperature well below where the thermal transition from aragonite to calcite would
be expected, did not accelerate the phase conversion: if anything, it appears to have

inhibited it slightly.

3.4.3 Relevance to Ocean Sediment Studies

One context where the time scales for dissolution and crystallization of carbonates are

important, but there is much disagreement in the literature, is the long-term stability
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of biogenic carbonates in ocean sediments [83] [IT0]. This is important not only to
understand global carbon budgets [I10] but also to recognize that more dissolution-
prone ocean-based carbonate producers could be under-represented when considering
data based on skeletal material contained in ocean sediments [I11]. Earlier studies
in freshwater have shown that the dissolution kinetics of biogenic calcite and arag-
onite are not different from their geogenic counterparts [4]. However, the chemistry
of ocean water is significantly more complicated, which has led to more variation in
the literature values for carbonate solubilities and dissolution rates [83]. In the spe-
cific case that we consider here (aqueous aragonite-to-calcite conversion), there have
been recent modelling studies based on different geometric shapes of intact marine
organisms [31] that point to the potential relevance of this polymorphic change for

modelling geochemistry at the ocean floor.

Exploring more realistic ocean-like conditions in laboratory experiments would
include other ions [103, 86, 10T, 84] as well as different apparent solubility con-
stants [83], 112, 39]. The most similar experiment to ours is a recent study [84] that
tracked pH in the pore space as a function of time. This elegant study still needed
to make some simplifications relative to a true ocean system, including filtered ocean
water and the removal of organic material from the shells. Furthermore, while they
could detect aragonite dissolution, it was not feasible for them to confirm that there
was a concomitant recrystallization of calcite. Thus, that study highlights both the
importance—and challenges—of moving toward studies that are more similar to the

ocean sediment environment.

3.5 Conclusions

Our study uses the existing knowledge of microstructural and textural differences
among bivalve shells, considering the organic and inorganic portions of such biogenic

samples, and follows the behaviour of powdered specimens after suspension in water.
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We find the following:

(1) In ultrapure water with stirring, co-suspensions of powdered biogenic bivalves
(butter clams or blue mussels) with powdered purchased calcite showed partial

aragonite-to-calcite polymorph conversion within a 1-week time frame.

(2) Even small amounts of synthesized calcite in the lab-synthesized aragonite trig-
gered the aragonite-to-calcite phase conversion in ultrapure water; however, the
same was not true for small amounts of biogenic calcite in biogenic aragonite

under the same conditions.

(3) Heating to remove organics and/or mechanical periostracum removal did not ac-
celerate polymorph conversion (when powdered in an aqueous suspension) within

a l-week time frame.

Our lab-based experiments are one kind of model that makes many simplifications
(such as using ultrapure water), but they do respect the complex hierarchical structure
of the butter clam by exploring the impact of different portions of the clam shell
by comparing results with and without the removal of organic material. They also
suggest that different species of bivalves may not undergo phase conversion as rapidly
as others, which means that future modelling studies could consider ranges of phase

conversion rates, rather than aiming for a single value.
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3.6 Supplementary Information

3.6.1 Additional powder X-ray diffraction data collection and

analysis details

In this study, our biogenic powders were used in a way that allowed us to track
a specific type of dissolution—recrystallization reaction that occurs in water. These
biogenic materials are not ideal for detailed powder XRD analyses because they are
known to contain different aragonite crystallite morphologies, including lamellar and

tabular, as well as small portions of calcite (less than 5%).

The sample volume is low for each biogenic starting sample due to the sample
portioning that we needed to perform in order to set up control experiments on each
separate shell portion (hinge or non-hinge; with and without periostracum; heating
or no heating). Furthermore, each of these portions was tested alone in water and
then also in a 1:1 mixture with purchased calcite. Some destructive analyses, such as
ICP-OES and total organic carbon determination, also consumed some powder. This
portioning was an important part of our experiment, since shells from two different

individual clams will have some natural variations.

Despite the small sample volume, PXRD data for the starting materials were of

sufficient quality to allow for phase quantification.

As described in the main text, PXRD data were collected at room temperature
using an XtaLLAB Synergy-S, Dualflex, HyPix-6000HE diffractometer (Rigaku (The
Woodlands, TX, USA) with Cu Ko radiation (A = 1.5406 A). The powder samples
were loaded in a 0.5 mm borosilicate glass capillary (HR6-112, Hampton Research).
The detector distance was set to 86.0 mm. Data acquisition involved a series of 360°
¢—scans at w angles of —65.792°, —23.646°, 23.802°, and 65.948°, with an exposure
time of 300 seconds for each image. Data collection and extraction were performed

within CrysAlisPro (Rigaku OD, 2024).



44

Table 3.2: Representative Rietveld refinements for PXRD data shown in Figures
for different portions of Clam 2. The refined % amount of each phase (aragonite
and calcite) is listed, along with the weighted-profile R factors (R,,;,) and the expected
R factors (Resp). The specimen labels are defined in Table 1 in the main text.

Label Valve Hinge? Periostracum? | Aragonite | Calcite | R, | Resp
% % % %

2B1  right yes no 98.6(3) 1.4(3) | 82 | 195

2B1-H right yes no 96.3(3) 3.8(3) | 7.8 | 154

2B2  right yes yes 98.8(2) 1.3(2) | 7.1 | 18.2

2B2-H right yes yes 89.5(4) 10.5(4) | 1.2 | 16.9

Representative diffraction images at each of these four w angles (Figures [3.813.11])
demonstrate that our PXRD data show smooth rings. Table |3.2] shows Rietveld
refinement results for these butter clam portions, demonstrating that these biogenic

samples are predominantly aragonite with small amounts of calcite.

Although the PXRD data provided estimates of the calcite-aragonite phase distri-
bution in each starting material, the PXRD data were less useful for the 1:1 calcite—
aragonite mixtures used in our aqueous suspension experiments. We attempted poly-
morph quantification on test mixtures (1:1 mixtures by mass of calcite + aragonite)
using whole-pattern fitting (JADE software), but the uncertainties were too large (as
high as + 25%) to make these analyses meaningful. A representative example is shown
in Figure[3.12] This challenge in quantifying the phase compositions in the intentional
mixtures could be due to preferential sampling or orientations of one phase due to
different particle sizes (hand-ground shells were in the range of 40-120 pum, while the
purchased calcite had smaller sizes (5-50 pum)). As described above, obtaining more
samples to try different sample geometries or powder preparation conditions was not

feasible without compromising the integrity of the aqueous suspension experiments.

Given the concerns about the reliability of PXRD quantification in these intention-

ally mixed samples for suspension experiments, we do not rely on phase quantification
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Figure 3.8: Representative diffraction images (a—d) at the four different w angles, and
(e) the corresponding diffraction pattern and fit. Rietveld refinements for these data
are shown in Table All data correspond to a portion of Clam 2, portion Bl (an
unheated right hinge with no periostracum).
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Figure 3.9: Representative diffraction images (a—d) at the four different w angles and
(e) the corresponding diffraction pattern and fit. Rietveld refinements for these data
are shown in Table All data correspond to a portion of Clam 2, portion B1-H (a
heated right hinge with no periostracum).
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Figure 3.10: Representative diffraction images (a—d) at the four different w angles
and (e) the corresponding diffraction pattern and fit. Rietveld refinements for these
data are shown in Table [3.2] All data correspond to a portion of Clam 2, portion B2

(an unheated right hinge with periostracum).
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Figure 3.11: Representative diffraction images (a—d) at the four different w angles,
and (e) the corresponding diffraction pattern and fit. Rietveld refinements for these
data are shown in Table All data correspond to a portion of Clam 2, portion
B2-H (a heated right hinge with periostracum).
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Figure 3.12: A representative screenshot of a whole-pattern fit (WPF) for PXRD data
from an intentional mixture of 50% biogenic aragonite (Clam 4) plus 50% purchased
calcite. Although the uncertainties in the fits are low, the values extracted from the
fits (64.8(3)% aragonite and 35.2(2)% calcite) are far from what we expect of the
sample mixture. This suggests that the two types of powder particles may not be
equivalently measured, perhaps due to sampling biases due to different particle sizes
or orientations during sample loading. (a) shows a pie chart with the proportions of
aragonite (blue) and calcite (green). (b) shows a bar chart with the proportions of
aragonite (blue and calcite (green). (c) shows the whole pattern fit (pink) compared
to the raw data (black), with vertical sticks representing expected peak positions for

aragonite (blue) and calcite (green).
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or crystallinity information for any of our conclusions. Our shells have complicated
phase, morphology, and crystallinity contributions from different layers within the
shell. The powder grains that we studied in our aqueous suspension experiments are
necessarily complex, formed by grinding these layered shells. Therefore, the PXRD
data reflect the complexity and heterogeneity of these biogenic samples. As a result,
we do not use these PXRD data to quantify differences before and after the aqueous
suspension experiments. Instead, we pair PXRD with FTIR in order to ensure that

qualitative trends are consistent with both measurement methods.
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3.6.2 Additional infrared spectra comparisons

Figure [3.13] shows representative Attenuated Total Reflectance Fourier Transform In-
frared (ATR-FTIR) spectra comparing our clam and purchased calcite data with
standards for aragonite and calcite [6]. Purchased calcite has characteristic bands at
1396 cm™! (13), 872 ecm™! (1), and 712 em™! (1), in agreement with the calcite stan-
dard (RRUFFID R040070; v3 at 1395 cm™!, v at 872 ecm ™', and vy at 712 em™" [6]).
Clam specimens are aragonite, with 5 at 1447-1460 cm™!, 15 at 857-854 cm™!, vy
at 712-713 em™!, as well as two distinct aragonite bands at 1083 cm™' (14) and
700 cm™! (also v4), all of which are consistent with what is reported for aragonite
(RRUFFID=R040078 [6]). Additional examples are shown in Figure |3.14} with com-
parisons among heated samples in Figure[3.15] Comparisons among different mixtures

before and after aqueous suspension are shown in Figure [3.16]
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Figure 3.13: Representative ATR-FTIR spectra for clam specimens and purchased

calcite (all in black) compared with calcite (RRUFFID R040070, in red) and aragonite

(RRUFFID R040078, in blue) standards from the RRUFF database [6].

Labelling

conventions for clam samples are described in Table 1 in the main text.
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Figure 3.14: Representative ATR-FTIR spectra for clam specimens compared with an
aragonite standard (RRUFFID R040078 [6]): each panel (a)-(i) shows three spectra
for each specimens: before stirring (black), after two days of stirring (dark blue) and
after one week of stirring (light blue) in an aqueous suspension. Vertical blue lines
denote the aragonite standard’s peak positions. Sample labelling conventions are
consistent with those described in Table 1 in the main text: 1A1, 1A2, 1C1, 1B1 refer
to different parts of unheated Clam 1; 1B1H, 1B2H refer to different parts of heated
Clam 1; 3W1 refers to unheated Clam 3; 3W2H refers to heated Clam 3; 4W1 refers
to unheated Clam 4.
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(bottom row). Sample labelling conventions are described in Table 1 in the main text.
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Figure 3.16: Representative ATR-FTIR spectra for 1:1 mixtures of clam powder and
purchased calcite before (black) and after (blue) one week of stirring in an aqueous
suspension; panels in the left column (a—g) show full-range spectra, while panels
in the right column (h-n) show zooms in the v, region. The vertical dashed lines
show the peak positions for aragonite (blue, RRUFFID R040078) and calcite (red,
RRUFFID R040070) standards [6]. Sample labelling conventions are consistent with
those described in Table 1 in the main text, with mixtures of purchased calcite and
the following clam specimens: mix1A1l, mix1A2, mix1C1, mix1B1 refer to different
portions of unheated Clam 1; mix1B1H, mix1B2H refer to different portions of heated
Clam 1; mix3W1 refers to Clam 3 ; mix3W2H refers to heated Clam 3.
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3.6.3 Additional X-ray diffraction data comparisons

Figure shows representative powder X-ray diffraction (PXRD) data for our spec-
imens compared with aragonite (PDF 980000098) and calcite (PDF 980000141) [3].
Figure [3.18 shows a zoom that highlights a weak calcite peak that grows after the

samples are heated.
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Figure 3.17: Representative PXRD data for clam specimens (black) compared with
standards of aragonite (PDF 980000098, in blue) and calcite (PDF 980000141, in
red) [3]. The specimen labels are defined in Table 1 in the main text.
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Figure 3.18: Representative PXRD data for clams that emphasize the growth of a
weak calcite peak after heating. Data before heating are shown in black; data from
heated samples are shown in red. The red vertical line shows the 104 peak position
for a calcite standard (PDF 980000141) [3]. The specimen labels are defined in Table
1 in the main text.



Chapter 4

Biogenic and geogenic carbonates

aqueous suspensions

This chapter is intended for a broader scope of experiments, still in the carbonate
mixture aqueous suspensions. We intend to reproduce some of the results from Chap-
ter |3 and test other mixture configurations with different carbonate sources. In this
chapter, clams and Oyster 2 samples were procured by Dr. Meghan Burchell (Depart-
ment of Archaeology), crabs by student Jake J. Breen (Department of Chemistry),
mussels, Oyster 1 and rocks by Dr. Kris M. Poduska (Department of Physics & Phys-
ical Oceanography) and coral by Dr. K. C. K. Ma (Department of Ocean Sciences).
Dr. Kris M. Poduska helped with theoretical background, methodology, revision and

edition.
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4.1 Introduction

As discussed earlier, CaCOs3 has three polymorphs: vaterite, aragonite and calcite,
ordered by their stability, respectively. Knowing that aragonite and calcite are fre-
quently found in a biogenic or geologic context, expanding the experiments of Chap-
ter |3|to other sources seems a reasonable next step to validate its results. The research
conducted by B. Gao and K. M. Poduska [33] [T} 12] and Chapter [3| stands as the

precedent for the studies carried out in this chapter.

Some takeaways we must keep in mind from previous students’ lab-synthesized
carbonates and Chapter (3| biogenic mixtures in different solutions from their research

are:

e Aragonite mixed with low amounts of calcite produces a dis-rec that increases
calcite over time. Having a more even aragonite : calcite starting mixture ratio leads

to more aragonite conversion (over the usual 1 week span.)

e Whenever the aragonite powder is suspended in water, there is some dissolution

and recrystallization as calcite.

e Stirring triggers more dis-rec than an unstirred suspension monitored for the

same one-week period.
e Phosphate compounds prevent aragonite recrystallization into calcite.

e 1 week stirred suspensions of butter clams do not show dis-rec, whereas adding

purchased calcite triggers faster phase conversion.
e There are no noticeable differences across butter clam parts.

e Thermal organic removal did not seem to accelerate the process; instead, it

might have slowed it down.
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In this chapter, we characterize the samples similarly to how we did in the previous
chapter. We additionally use ATR-FTIR to qualitatively assess the presence of de-
tectable amounts of inorganic and organic substances in calcium carbonate structure
without the necessity of recurring to the other techniques. Mg?* substitution in the
calcite structure leads to a shift to higher energies of the v4 to 728 cm™! (dolomite)
and 750 cm ™! (magnesite) [72]. On the other hand, Sr* substitution in aragonite’s
structure influences the 11 band more visibly, making it shift to a lower wavenum-
ber [65]. Phosphates (PO} ™), another of the most representative co-molecules in the
carbonates structures, have apatites bands around 3 1020-1120 cm™!, v; 960 cm™!
and v 560-600 cm™! [TI13] 96]. Chitin is a common molecule in the organic matrix
of many carbonated shells that shows typical amide and sugar bands (CO, C-OH)
around 1650-1550 and 1300-1100 cm ™!, respectively [114, [96].

We synthesized aragonite to test our own non-biogenic carbonates polymorphic
pump and measure the heating effects performed for butter clam in an organic-free
sample. We cover the experiments related to natural polymorphic mixtures like blue
mussels and some oyster specimens mentioned in the previous chapter. We repeated
the mechanically made suspensions of biogenic aragonites plus purchased calcite with
other species. We explore a more realistic scenario where both carbonate sediments
are biogenic in origin. We also studied the scenario where the calcite is biogenic, and
aragonite is lab synthesized. Finally, we explore the effect dolomite-like rock could

have on synthetic aragonite dis-rec.

4.2 Materials

4.2.1 Sample collection and preparation

We have collected various natural samples, from geological to biogenic, to test the

dis-rec behaviours. No specific criteria were used for sample collection; some came
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from the shore, bottom of the ocean, mainland, or grocery store. Specific sample
results will contain where they are from and if we collected them or another research
group did. The samples are urchins, grocery oyster shells, dead collected oyster shells,

sea snails, mussels, butter clams, coral, crab and dolomite rocks.

In some experiments, synthesized CaCOj is used as a control. To achieve the phase
wanted, we employed a well-established aqueous precipitation reaction to synthesize
CaCOj3 powder [45]. Sodium carbonate (NayCOj3) and calcium chloride (CaCly) salts
(Sigma Aldrich) were dissolved in ultrapure water (Barnstead Nanopure, 18.2 MQ-cm)
to make 60 mM solutions. The carbonate solution (25 mL) was added gently to the
chloride solution (25 mL) within 3 minutes while the solution was stirred at 400 rpm.
As a result, a fine white calcium carbonate precipitated. The reagent solutions were
warmed up to 96 °C to achieve aragonite as the primary polymorph. Purchased

CaCOj3 (ALFA AESAR 99 %) was used as reference pure calcite in other mixtures.

Every natural sample was first, if needed, cleaned with ultrapure water (Barnstead
Nanopure, 18.2 MQ-cm) and sonicated to eliminate attached dirt and remaining bi-
ological materials. Then, they were scraped in different spots to identify the most
relevant polymorph by ATR-FTIR. That way, we could separate the natural samples
with a single phase from those classified as “natural mixtures”. Finally, every sample
was hand-ground individually using a mortar and a pestle until a fine powder was
obtained. Oysters were exceptionally hard, so before hand-grinding, a portion of the
sample was obtained by drilling (1 mm diamond-coated cylindrical drill, Minitor Co.
Ltd. model No. 27304, bit No. 835104010). Attempts to grind with stainless steel

ball milling were abandoned since it introduced metallic debris to the samples.

Selected samples were heated (alumina crucible in a Thermolyne 114300 furnace)
for annealing and/or removing water or organic material. The heating profile was a

ramp from 20 to 300 °C at 100 °C/h, holding at 300 °C for 1 hour.
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4.2.2 Aqueous treatment

Two kinds of aqueous solution suspensions were investigated: single starting material
and artificially made mixed material suspensions. The artificially blended material
consisted of powder mixtures of always a 50% - 50% by mass of polymorph X to
polymorph Y. The powder mixture was ground to achieve better homogeneity and
from where a pinch (< 5mg) was subtracted using a spatula for pre-aqueous suspension
ATR-FTIR screening. Aqueous suspensions are prepared between the mixture of
powders or the naturally occurring mixtures with either water (ultrapure, Barnstead
Nanopure, 18.2 MQ:-cm) or tap water in a glass-capped vial. The total powder-to-
solution ratio was always maintained at 10 mg/mL, being 100 mg: 10 mL the most
repeated setup. The powder-solution suspension was ultrasonicated for 2 minutes.
Some suspensions were stirred using a magnetic bar at 400-1000 rpm to study the
effects of mass transport. In one set of suspensions, at different chosen periods (1 hour
(1h), 3 hours (3h), 2 days (2d), 3 days (3d), 1 week (1w), 3 weeks (3w), 1 month (1m)
or 3 months (3m)), we shook the vial and took three 1 mL aliquots of suspension to
Eppendorf vials. Then, the Eppendorf vials were centrifuged, the supernatant was
returned to the glass vial, and the powder was left to dry before ATR-FTIR. In another
set of experiments, instead of subtracting aliquots, the treatment was untouched until
the final chosen time, and afterwards, the supernatant was dumped. Finally, the

mixed powder was left out to dry for at least a day.

4.3 Characterization parameters

We utilized attenuated total reflectance Fourier transform infrared (ATR-FTIR) spec-
tra obtained using a Bruker Alpha spectrometer with a diamond ATR crystal to eval-
uate phase purity. This technique is well-suited for distinguishing between different
polymorphs. By analyzing the changes in relative peak intensities, we could semi-

quantitatively assess the proportions of various phases in multi-phase samples before
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and after treatment [72]. The spectra were collected across the mid-infrared (mid-IR)
range, spanning from 4000-400 cm™!, 36 scans with a resolution of 2 cm™!. ATR-
FTIR measurements have a penetration depth of approximately 1 pum, which implies
that the spectra encompass contributions from both the surface and bulk of the sam-
ples. Before pouring the mixture into the aqueous treatment, a small portion of the
powder was separated to do at least three pre-treatment ATR-FTIR measurements.
In the same way, after treatment, the mixture was measured in triplicate. Polymorph
assignments were based on comparisons with ATR-FTIR spectral standards (RRUFF
project [6]).

Powder X-ray diffraction (PXRD) data for some starting materials were collected
at room temperature with a transmission geometry (Rigaku (The Woodlands, TX,
USA) XtaLLAB Synergy-S X-ray diffractometer, Cu source) using a glass capillary
holder. We refined lattice constants for each pattern using whole pattern fitting
(JADE 10 software [I]), and compared them with aragonite and calcite unit cells
reported in the PDF-2 databases [3]. Due to the relatively small sample volume
available for each clam portion, our analyses showed that these PXRD data were
unreliable for quantifying the relative amounts of calcite and aragonite in mixed-phase

samples.

For elemental analysis (Perkin-Elmer 5300 DV ICP-OES), a subset of powders
that were used for the PXRD analyses (where there was sufficient mass remaining)
were dissolved in acid (HNO3:HCI 4:1) for 1 hour, then diluted to 1%. These solutions
were then analyzed for the following elements that are commonly found in biogenic

aragonite: Ca, Mg, Sr, Ba, Fe.

4.3.1 ATR-FTIR data processing

Most samples can be inspected without needing any special processing, particularly

the starting materials. However, when comparing samples before and after solution



64

suspension, data processing is needed to plot ATR-FTIR spectra more comparably be-
tween them. A minimum-maximum normalization is used to compare features across
samples and within samples before and after treatment. It is a rapid way to detect
peak intensity changes relative to the maximum and differences in bandwidth, symme-
try, and peak position. Normalization to a specific vibration band is often preferable
to assess the changes in polymorph mixture intensity ratios before and after suspen-
sion/heating treatment. This could be done in two regions: the v (900-820 cm™!) or
the vy (730-650 cm™1). In the v, region, we arbitrarily chose aragonite v, as the ref-
erence band to normalize so that any intensity ratio change is expressed respectively
to the aragonite band. Typically, in this region, bands overlapping commonly result
in band shoulders; therefore, the first derivative was used to approximately resolve
peak position and intensity. In the v, region, the peak at 700 cm~! was used for
normalizing. In some cases, we can use peak intensity ratio versus time to display the
relative changes during the experiment duration. This data analysis was performed

using a Python script that we wrote.

4.4 Results

4.4.1 Starting samples characterization

ATR-FTIR

ATR-FTIR was used to rapidly characterize and categorize the principal polymorph
present in the starting samples. Figure shows a normalized representative ATR-
FTIR of how we matched band positions to standards spectra from the RRUFF
database [6]. Calcite (RRUFFID: R040070) has its characteristic bands at 1795 cm™!
(1 + vy), 1395 em™! (13), 872 em™! (1p¢) and 712 em™! (v4), whereas aragonite
(RRUFFID: R040078) has them at at 1786 cm™! (v; +vy), 1447 cm™* (v3), 1083 cm ™!
(11), 855 em™ (1 4) and 712 em™* with 700 cm ™ (14 pair) (Figure [4.1k) [6]. These
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bands are the vibrational modes corresponding to the CO%‘ molecule present in these
types of carbonated samples. We have symmetrical stretch (1), out-of-plane bending
(12), asymmetric stretch (v3) and in-plane bending (v4) as the first order internal
modes. Then the combination modes vy + vy and vy + v3 (at ~2514 cm~! not shown
in Figure) are also visible. As we can notice, the calcite standard lacks of vy (forbidden
by symmetry) and the 700 cm™! vy, bands. Furthermore, the v; is shifted to higher
energies with respect to v, from aragonite, while r5 is red-shifted. As an example, the
band positions of calcite (red dotted lines) and aragonite (blue dotted lines) confirm
that our purchased calcite and synthesized aragonite are indeed calcite and aragonite,
respectively (Figure ) The 4000-2000 cm~! region only contains the weak v + 3
1

combination band (~2514), and in some samples, a hump in the 3500-3000 cm™

related to hydration water.

Figure shows a natural calcite plus aragonite mixture (Oyster 1) found from
scraping the inner part shell of a grocery store oyster. In the graph, the presence of
both 15 4 and 15 ¢ bands at 855 and 875 cm ™!, respectively, is effortlessly recognizable
along with 1083 cm™! v and the 713 em™! with the 700 cm™! v4 pair. This mixture
has resulted in an elusive calcite plus aragonite proportion since we have not been able
to find it in any other sample at that magnitude. We can say that there are significant

amounts of calcite and aragonite by looking at their v, bands intensities [72].

Detecting Mg** in calcitic crystal structure using ATR-FTIR is also possible. As
the Mg% increase in the calcite structure, v4, 3 and in less extension v, bands shift
to higher wavenumber, where theoretically, v4 follows the linear trend: v4 (cm™!) =
39.40 Xy + 712.20 (X750 Mg molar fraction) [I15]. Figure Dolomite standard
(50% Mg) has a vy blueshifted to 726 cm™! and Magnesite standard (100% Mg) up
to 748 cm™' (RRUFFID: R050129, R050443 [6] respectively). Rockl (Figure [4.2h) is
a Mg-present representative spectra showing peaks at 1424 cm™! (v3), 877 cm™! (1),
728 cm™! (vy4), thus closely matching dolomite standard [6]. A slightly blueshifted v

in Rockl compared to the dolomite standard could indicate a higher than 50% Mg
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Figure 4.1: (a) Oyster 1 natural mixture (black line). (b) Purchased calcite (Pur. Cal-
cite grey line) and synthesized aragonite (S.Aral black line). (c¢) Database standard
spectra of calcite RRUFFID: R040070 (grey line) and aragonite RRUFFID: R040078
(black line). Representative ATR-FTIR normalized spectra. Blue and red vertical
dashed lines show peak positions for standards of aragonite (RRUFFID R040078)
and calcite (RRUFFID R040070), respectively. [6].

concentration. Rockl also has a weak overlapped peak at 713 cm™!, which could in-
dicate a lower Mg-calcite secondary phase. Notice that, according to Mg substitution
v4 linear trend [115], to detect a displacement from the 712 cm™" to 713 em ™, at least
0.02 moles (0.49wt%) of Mg must be contained in the calcite structure. According to
this, biogenic samples like crabs show hints of Mg substitution owing to a broad and
displaced vy at 714 cm™! (Figure , purple hatched area). Moreover, 1wt% Mg
presence in crabs has been detected and described by others [116].
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Figure 4.2: (a) Calcite (grey line), dolomite (black line) and magnesite (brown line)
standards shows how normal vibrational modes shift to higher wavenumber (RRUF-
FID: R040070, R050129, R050443 respectively). (b) Representative spectra of a
dolomite sample (rockl black line). Red, magenta and brown dashed lines represent
characteristic band positions of calcite, dolomite and magnesite standards [6].

Biogenic samples usually have organic matrices and phosphates that can be de-
tected by ATR-FTIR, but there is a wide range of organic co-compounds in these
biogenic carbonates. Thus, identifying the specific organic molecules could be chal-
lenging. Nonetheless, having previous information from literature about the samples
can help to at least narrow down what organic families may be present in them. Our
butter clams show a hump in 1600 cm™! that could be related to amide/amine pro-
tein bands (amide I ~1650 cm™, amide II ~1545 cm™" [95]) (See Figure [d.3h, grey
hatched area). Oyster samples (Oyster 2) also show a hump in the same region that
could be related to proteins, but also a bump in 1100-1200 cm ™! region related to the
polysaccharides present in this type of oyster structures [117, 11§ (Figure , grey
hatched areas). The presence, in the oyster, of a band where the 14 would appear
is more likely due to substitutional impurities like Mg?™ or Sr?* that may allow this

forbidden by symmetry vibrational mode than to phosphate compound since there
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is no evidence of the v4 bands that would exhibit around 600 cm™! [59, 119]. Crab
samples do show big organic absorption areas in the 1600 and 1100-1200 cm ™! clearly
identified as chitin by others (Figure [4.3f, grey hatched areas) [120, 06].
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Figure 4.3: Representative normalized ATR-FTIR of Clam 4 (a), Oyster 2 (b) and
crab (c). Grey hatched areas represent the organic compounds present in each and are
described in the text. Purple hatched area shows v4 broadening. Blue and red vertical
dashed lines show peak positions for standards of aragonite (RRUFFID R040078) and
calcite (RRUFFID R040070), respectively. [6].

Summarizing, the v, region (890-820 cm™!) is what we look at when we are clas-
sifying between CaCQOg3 polymorphs. Whenever we see two bands in this region, we
can confirm the presence of both polymorphs. In the same way, we are able to qual-
itatively compare relative proportion changes before and after treatments by looking
at the variations in the intensity ratios. Therefore, in this project, we will focus on

the 15 region to establish the changes in polymorph ratios. Additionally, we look at
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v, and v; to detect possible Mg?t and Sr?*, respectively. If possible, the presence of
organic molecules was classified beforehand. Table [4.1] mentions, and Appendix
shows a sample catalogue along with the identified main mineral and noticeable co-

compounds.

Table 4.1: Summary of the starting material samples, origin/species, carbonated min-
eral detected by ATR-FTIR, and principal remarks (or co-compounds present). C:
calcite, A: aragonite, D: dolomite.

Carbonate
Sample Origin/Species mineral Remarks
Pur. Calcite Purchased Calcite C Reagent ALFA AESAR 99 %

S.Aral Synthesized Aragonite A IR-pure

S.Ara2 Synthesized Aragonite | A + some C vy ¢ weak shoulder
Clam 1 Saxidomus gigantea A proteins
Clam 2 Sazidomus gigantea A proteins
Clam 3 Sazidomus gigantea A proteins
Clam 4 Sazidomus gigantea A proteins

Coral Flabellum alabastrum A proteins & <0.1 Sr?*
Oyster 1 Grocery store C+A Voo & 15 4 even peaks
Oyster 2 Crassostrea gigas C proteins & polysaccharides
mussell Muytilus edulis A+C proteins
mussel2 Muytilus edulis A+C proteins

crab Hyas araneus C chitin & <0.06 Mg 2

rock1 Geogenic D Mg-calcite traces

PXRD

Powder X-ray diffraction was performed to corroborate the crystal phase of selected
starting samples. The tested samples were indexed using JADE 10 software [, re-
sulting in matching the predominant crystal phase with the polymorphs found by
ATR-FTIR (Table [4.1)). Figure left graph shows representative diffraction pat-
terns of samples (black lines) and how their diffraction lines correspond to the indexed
standard pattern from PDF-2 database, aragonite PDF 80000098 (blue solid line) and
calcite PDF 980000141 (red solid line) [3]. Contrary to ATR-FTIR, PXRD shows that

clams (Sazidomus gigantea) have a broad and weak peak in the 2theta region where
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calcite’s most intense diffraction line (104) would appear (e.g. Clam 4 in the right
column of Figure . Furthermore, using the Whole Pattern Fitting (WPF) tool
in JADE 10 software, we were able to assess that the calcite mass percent in clams
was too small (< 2%) to be computed by the software. Therefore, ATR-FTIR cannot
detect amounts of less than a few percent. Additionally, using the WPF tool, we
obtained the cell parameters of the starting materials surveyed by PXRD (Table [£.2).
Clam 1 and Clam 2 PXRD were addressed in depth earlier in Chapter [3|
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Figure 4.4: Left column shows representative PXRD data of coral, Clam 4 and Oys-
ter 2 starting samples (black solid lines). Blue and red patterns show data for stan-
dards of aragonite (PDF 980000098) and calcite (PDF 980000141), respectively [3].
The right column panel shows a zoomed area where the strongest calcite line (104)
from the calcite standard appears; the red vertical line shows the peak position for
this line. Clams (e.g. Clam 4) zoomed diffraction pattern shows a slight peak where a
calcite line (104) would appear, whereas other aragonitic biogenic samples (e.g. coral)
do not show any calcite sign.
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Table 4.2: Cell parameters summary of the samples studied by PXRD resolved using
WPF tool in JADE 10 [I]. Clam 1 and Clam 2 cell parameters were reported in

Chapter [3]
Sample V (A3) a(A) b (A) c (A)
PDF 80000098 226.97 4.9616 7.9705 5.7394
coral 226.88(3) | 4.9588(3) | 7.9645(5) | 5.7447(3)
Clam 3 226.54(5) | 4.9585(7) | 7.958(2) | 5.7413(8)
Clam 4 226.78(2) | 4.9593(2) | 7.9620(3) | 5.7433(2)
PDF 980000141 | 367.78 4.9890 4.9890 17.0620
Oyster 2 | 366.51(8) | 4.9813(6) | 4.9813(6) | 17.056(2)
ICP-OES

We noticed some deviations in the cell parameters of our selected samples that were
different from the standards, for which we wanted to investigate the presence of sub-
stitutional minerals by studying the elemental analysis (ICP-OES Table . As
explained in the mineral subsection of Chapter [I, Mg?* in calcite structure tends to
contract the crystal cell. The calcitic Oyster 2 has a 0.15 wt% that if assuming all
belongs to the carbonate mineral rather than to the organic matrix, the molar fraction
in calcite would be 0.006 mol of Mg?". This could explain the slight contraction in
the cell volume. However, to achieve a cell volume reduction down to 362.48(4) A3
ten times (0.06) Mg?™ mol fraction should be present in the cell as for urchin car-
bonates with formula Cagg4Mgo 0sCO3 [121]. Both aragonitic samples have lower cell
parameters with respect to the reference, and since the effect of Sr?* in the aragonite
structure is to expand the cell volume rather than reduce it [63], we may infer that
the Sr?* is forming part of the organic matrix rather than the mineral. Mg?* substi-
tution in aragonitic orthorhombic structure is energetically difficult [34]; therefore, we
assume it is present in the organic matrix. Iron and barium are in low concentrations

with big standard deviations impeding driving meaningful conclusions from them.
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Table 4.3: Elemental analysis results from [CP-OES measurements, listed in weight
percent with uncertainty estimates in parentheses. Samples listed here are the same
for those whose PXRD data is shown in Figure [4.4]

Element | Oyster 2 (wt%) | Clam 4 (wt%) | Coral (wt%)
Ca | 37.4(3) 37.2(4) 35.3(5)
Mg | 0.15(3) 0.010(1) 0.077(3)
St | 0.07(4) 0.19(3) 0.84(4)
Fe | 0.00(3) 0.007(3) 0.020(5)
Ba | 0.0(3) 0.01(6) 0.0(1)

4.4.2 Sample heating

Heating of the initial samples was conducted purposely at a temperature (300 °C)
lower than the thermodynamic transformation of aragonite to calcite (~468 °C) [122].
Although small percentages of calcite transformation in biogenic aragonites have been
reported at slightly lower temperatures (~280 °C) but larger heating times [123], we
are prioritizing burning out as much organic matrix as possible rather than having
a collateral minority phase. We tested our heating regime with a selected set of
examples, some of which were studied more in-depth in the previous chapter (Clam 1,
Clam 2, Clam 3). As a baseline control, our synthesized aragonite (S.Aral) was
thermally treated, and no evidence of calcite increase was spotted under the ATR-
FTIR in the v region, and as expected from clean synthesized aragonite, no unplanned
protein bands should appear in the 1600 cm™!(See Figure ,b). However, we cannot
rule out calcite’s presence entirely after heating due to ATR-FTIR limits, but we can
say that if it is present, it is in less than a few percent (as explained in the PXRD

section).

Blue mussels (mussell) consisting of a natural mixture of calcite and aragonite
lost 2.8% mass, and the powder’s colour changed from light purple to white (Ap-
pendix after the thermal treatment. This mass loss is a combination of hydration
water and organic compounds in the biomineral matrix. Moreover, ATR-FTIR spectra

indicate a reduction in the wide peak around 1600 cm~" (Figure [£.5d) [95, 96]. This
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Figure 4.5: ATR-FTIR of thermally treated samples before (black solid lines) and
after treatment (red solid line). (a,c) Show the spectra of v, region normalized to the
aragonite band of synthesized aragonite (S.Aral) and blue mussel (mussell), respec-
tively. No ATR-FTIR detectable v, calcite grows as a result of the treatment. (b,d)
Show the spectra in the protein region (1750-1600 cm™'). No protein is present in
S.Aral (b), and a visible reduction is seen in mussell (d).

area typically features peaks from amides and water, suggesting that such changes are
likely due to decreased protein content. No evidence of increasing calcite-to-aragonite

ratio is detected as was not for the synthesized aragonite either (Figure ).

4.4.3 Aqueous suspensions: single-solid behaviour

Although the ATR-FTIR of synthesized aragonite alone in water suspension was ex-
plored by our team in previous studies [124], we repeated these experiments with our
synthesized aragonites to have a baseline comparison for our thereafter mixtures. Syn-

thesized aragonite (S.Ara2) with an unintentionally low amount of calcite (a shoulder
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around 875 cm™!) showed an increase in the calcite-to-aragonite vy intensity ratio
when suspended in water during 3 months (Figure ) This aragonite-to-calcite
transformation (polymorphic pump) was tracked by ATR-FTIR screening of sub-
tracted aliquots at different times. This behaviour followed what is expected according
to calcite and aragonite thermodynamic solubility constants and resembled what was
discovered by others [124, [I1], 12, [3T]. It is noticeable that between 1 and 3 months,
this conversion seems to occur at a slower pace. When this multiphase CaCOs5 is
exposed to moderate stirring (400 rpm) during a week, almost complete polymorphic
pump can be affirmed by the acute reduction of the v, aragonite band at 853 cm™!
while the vy calcite band at 873 cm™! increases (Figure ) The disappearance
of the v; and 700 cm™! v bands give more confirmation of this (Appendix .
This rapid conversion is expected as increased mass diffusion generally favours both
dissolution and recrystallization. When our “pure” (under the ATR-FTIR) synthe-
sized aragonite (S.Aral) is suspended and stirred (1000rpm) in water for a week, fast
and complete transformation is also observed. Meanwhile, the same aragonite un-
der the same water suspension conditions, but pre-heated, does not show calcite as
a majoritarian phase in the same timeframe (Figure ,d). On the contrary, the
heated sample still shows a predominant aragonitic phase. Our heated sample be-
haves more like the synthesized aragonite studied by Gao [124], although still at a
faster transformation rate. A slower pumping could be related to a solid with fewer
dislocations and/or imperfections after annealing. Hence, it is reasonable to infer
that our as-synthesized aragonite (S.Aral) is less ordered than the heated one, and as
a consequence, dissolution proceeds faster [42] 20]. Additionally, S.Aral could have
some small percent of collateral calcite that cannot be detected by ATR-FTIR. At the
end of each synthesized aragonite suspension, the pH of the remaining supernatant is

always in the 8.4-8.6 range.
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Figure 4.6: ATR-FTIR of the v, region changes for synthesized aragonites water
suspensions.(a) unstirred water suspension of S.Ara2 spectra over a 3-month time
span. (b) Stirred water suspension of S.Ara2 in a 1-week span. (c,d) Stirred suspension
of S.Aral and S.Ara heated for 1 week. Acronyms mean water suspension not done
(ND), and after 1 hour (1h), 2 days (2d), 1 week (1w), 1 month (1m) or 3 months
(3m).

The results of these single-material suspensions in water for biogenic samples di-
verge greatly from the synthesized aragonite. The grocery oyster shell (Oyster 1) re-
sulted in the only natural aragonite plus calcite mixture that showed phase transition,

even in a short time period (2 days) and without necessitating stirring (Figure [4.7h.f).
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This result was extremely difficult to repeat since spotting such a visible mixture in
oysters proved to be unachievable. Besides that sample, none of the other biogenic
aragonites or biogenic natural mixtures described in Table show any phase conver-
sion when stirred in water over a week. Clam 4 (Figure [4.7p) does not show v, calcite
band naturally, but the PXRD proved (Figure that this sample does have a small
peak where calcite’s strongest peak would appear. Unlike S.Aral, stirring Clam 4 in
water suspension for 1 week does not lead to polymorphic pumping (Figure ,g).
Moreover, having a possible small percentage of calcite in its structure does not trigger
the aragonite-to-calcite transformation. Blue mussels have CaCOj3 polymorphic mix-
tures naturally present [88] [82] as can be seen in Figure ,h. We would expect that
some amount of change (increase) in the calcite-aragonite V5 cqi/V2 Arq Tatio should
occur. We suspected that the organic matrix could have some effect in avoiding the
dissolution of aragonite and recrystallization as calcite. However, the heated blue
mussel (Figure [4.7d,1) shows more of the same behaviour (no change). After 1 week
of stirring experiments, the supernatant pH values were 8.3-8.5, which is similar to

the range of values expected according to the literature [11], 94].

The only visual change for the biogenic powders that had been suspended in water
is that the ATR-FTIR peaks appear to sharpen, changing the relative intensities
of the aragonite peaks in a consistent way, with the 1400 cm™! peak sharpening
more than the 860 cm™! peak, which, in turn, sharpens more than the 712/700 cm™!
peaks (Figure ,c,d). We note that this is not unique to biogenic samples since,
as a comparison, our purchased calcite experiences the same change in band shape
(Figure ,k). Recent reports based on lab-synthesized samples show similar spectral
effects [33, [12]. Other studies have attributed this sharpening to optical effects related
to smaller particle sizes (in ATR-FTIR spectra) [I125] or changes in scattering effects

related to particle shape and proximity [70].
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Figure 4.7: Single-solid water suspensions ATR-FTIR. The left column shows a wider
wavenumber range, and the right column shows the v, interest zone. (a,f) Grocery
oyster (Oyster 1) unstirred before (ND) and after 2 days (2d). (b,g) Clam 4, (c,h)
mussell, (d,i) mussell heated and (e,j) purchased calcite before (ND) and after 1 week
(1w) of stirred (1000rpm) water suspension.

4.4.4 Aqueous suspensions: polymorphic made mixtures
Long-term unstirred mixed suspensions

After testing the biogenic samples individually, we decided to mechanically make a
50%-50% mixture by mass of a biogenic aragonite sample plus a calcite-like material

(either purchased calcite or biogenic calcite) and test them in unstirred suspension.
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Gao 2022 [33] proved that when both CaCOj3 polymorphs are present in the same sus-
pension, the 1:1 calcite-aragonite mixed proportion resulted in the one that showed
the most noticeable rapid transformation from aragonite to calcite [124]. Furthermore,
he used solid-state Nuclear Magnetic Resonance (ssNMR) to confirm the increase in
the vy calcite band in ATR-FTIR as a result of C-13 enriched aragonite recrystallizing
as C-13 calcite. Table summarizes the mixtures prepared for the unstirred experi-
ments. To better visualize the change in the v, calcite relative to the v aragonite, we
normalized each spectrum such that 15 4., = 1 and then we plotted the 15 ¢, inten-
sity value against suspension time (Figure . Since every spectrum was recorded

in triplicate, the error bars represent the standard deviation.

None of the unstirred mixtures showed a qualitatively big polymorphic pumping
over the course of 1 month, whereas S.Ara2 (red dashed line) showed an almost
complete conversion in the same time span. Mix1l and mix2 are purchased calcite
plus Clam 4 or coral, respectively (solid triangles and squares). Although they show
some recrystallization as calcite in the first instances, after a month, we cannot ensure
that a noticeable transformation has occurred. In fact, they both look as if they have
retroceded or stabilized. Mix3 (open squares) and mix4 (open triangles) are both
mixtures of Clam 4 and Oyster 2 in order to test a more realistic mixture. Mix4 was
suspended in tap water. These sample mixtures are rather interesting because instead
of showing some transformation to calcite, they are steadily decreasing, or for what

is the same, aragonite is increasing slowly.

Suspended mixtures with stirring

After not seeing a substantial change in the unstirred suspension of mixed polymorphs,
we took a step further to push the polymorphic pumping. Stirring has shown to
be a straightforward way of pushing total conversion in our synthesized aragonites
(See Figure ,c). Although starting biogenic aragonite material did not show any

indication of phase conversion, adding purchased calcite and stirring gives results
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Figure 4.8: ATR-FTIR spectra of v, calcite intensity change respective to v, aragonite
of diverse unstirred suspended mixtures. The Blue dashed horizontal line represents
vy aragonite with intensity equal to 1. The red plot represents the 1, calcite of
synthesized aragonite (S.Ara2) as a baseline comparison. Mix1 to mix4 compositions
are described in Table[d.4 Error bars are standard deviations, and markers represent
the median.

ranging from some calcite to substantial transformation. Clam 3, either as ground or
heated, showed such little increase in calcite that we cannot ensure is qualitatively
significant using ATR-FTIR (Figure [4.9h.b.f,g). However, other biogenic aragonites
plus purchased calcite (mix7, mix8, mix9) exhibited a polymorphic pump after 1
week of intense stirring (1000 rpm) suspension. In Figure[1.9 right panel, v» aragonite
normalized infrared spectra of coral (h) and mussell (i) mixed with purchased calcite
show relatively large aragonite-to-calcite conversion. The heated mussell (j) also
manifests some transformation, but relatively less than the unheated sample. It is

noticeable that a natural mixture such as mussell does not show transformation on
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its own, nor after organic removal through heating. However, adding pure purchased
calcite triggered the dissolution and recrystallization of the mussell aragonite phase.
The heated mussel, which has a reduced organic matrix (Figure [£.5(), does not show

a significant difference in completing the conversion; in fact, it appears to delay the

process.
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Figure 4.9: Purchased calcite plus biogenic aragonite mixtures in water suspension
with stirring. Mixture constituents are described in Table .4l Left column panels
(a-e) are normalized to the maximum absorption band v3. Right column panels (f-j)
are zoomed in the v, region and normalized to v, aragonite to visualize relative calcite

change.

On the other hand, we see that the result may vary when testing the effects of

biogenic calcites in synthesized aragonite (S.Ara2) dissolution and recrystallization as
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calcite. Oyster 2 mixture with S.Ara2 (mix10) does not impede calcite from growing
(Figure [4.10R). When we compare the bands present in the S.Ara2 (blue dotted lines)
and the mix10 (blue solid line) after 1 week of stirring, we can say that no visible
aragonite bands are left, except for a tiny presence of the v, that belonged originally to
the oyster sample (Figure ) With this result, it appears unlikely that the organics
are leaching out of the oyster, given that the presence of the powdered oyster in
suspension with the lab-synthesized aragonite did not alter the expected polymorphic
pumping behaviour. The only difference between the resulting calcite in mix10 and
in S.Ara2 is the lower 14 intensity relative to v3 in comparison. This difference could
be attributed to the differences in particle shape, proximity or size [125] [70]. When
using a more complex biogenic calcite as it could be crab as the counterpart for the
synthesized aragonite (S.Ara2), we notice a slower transformation rate (Figure[4.10p).
After one week of stirring this combination (mix11), aragonite remains being the
majority phase. Additionally, the contour of the chitin-related bands (1600 and 1100-

1200 cm™!) is more pronounced after stirring.

As we did in the unstirred suspensions, more naturally possible mixture trials
between biogenic aragonites (Clam 3, Clam 4) and biogenic calcites (Oyster 2) with
stirring were tested (mix12, mix13 in Table and Figure ,d). Contrary to the
mixtures with purchased calcite, where calcite transformation is unmistakable (mix7,
mix8, mix9) and some with a slight increase (mix5,mix6), biogenic calcite mixed with
its biogenic counterpart (mix12, mix13) does not seem to show a noticeable change to
calcite crystallization. If anything, there is a slight decrease in calcite. In fact, an ex-
ploratory PXRD test of mix12 unequivocally shows that both polymorphs are largely
present after 1 week of stirred suspension (Appendix. Although our PXRD data
quality has its limitations, as explained in Section 2.1.2 when mix12 data was assessed
using JADE10 [I] and QUALX2.0 [126] software, both resulted in a mostly even pro-
portion percent of aragonite and calcite phase (53:47 and 50.3:49.7 aragonite:calcite,

respectively). Mix13 (Clam 3 + Oyster 2) shows an even more noticeable calcite
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Figure 4.10: ATR-FTIR of synthesized aragonite plus biogenic calcite (a,b) and bio-
genic calcite plus biogenic aragonite (c¢,d) mixture suspensions. Mix10 - mix13 com-
positions are described in Table 4.4}

decrease, which could mean the same as an aragonite v, band increase.

Aragonite-like plus dolomite mixture behaviour

Exploratory tests of the effect other carbonates could have in the aragonite-to-calcite
polymorph transformation were also studied in this project (mix14, mix15 Table [4.4)).
Rockl, previously identified as Dolomite with some Mg-Calcite traces, was mixed with

synthesized aragonite (S.Aral) and/or butter clam (Clam 3).
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Figure 4.11: ATR-FTIR of dolomite-like plus aragonite-like water suspensions. (a)
Mix14 is made with synthesized aragonite, and (b) mix15 is made with butter clam

(Clam 3).

When rockl was added to S.Ara2 (mix14), the expected complete polymorph
pumping that usually happens with single S.Aral is partially inhibited (Figure [£.11j-
c). After 1 week of stirring, there was a partial growth of the v band at 881 ¢cm™!
of around one-third relative to v, aragonite (Figure [4.11p). We comment that this
rising band is displaced left 4 cm™! from the reported dolomite and even farther from
the 872 ecm™! vy calcite (RRUFFID: R050129, R040070 [6]). An inspection of the vy
region with all the bands normalized to the aragonite 700 cm™! v4 band (Figure MC)
exhibits an intensity increase in the 729 cm~! v4 band from rockl rather than in the
712 cm™! v, from calcite. Only a slight increase in 712 cm ™! is visible when comparing
to the dissolving 700 cm ™! aragonite 4. We do not have enough arguments to justify
that aragonite is transforming to dolomite, but we can say there is a conversion, and

it does not appear to be moving toward a calcite phase. The butter clam and the

dolomite rock trials displayed similar conduct (Figure [4.11d-f).
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Table 4.4: Summary table of the mixtures prepared for aqueous suspension. The
mixtures resulted from combining 50:50 mg of the starting materials described in
Table and 10 mL of solution. The “Change” column gives a qualitative overview
of the changes seen under ATR-FTIR.

Label Combine Stirring | Time Change
(rpm) in calcite
mix1 Clam 4 + pur.calcite no 1 month stable
mix2 coral + pur.calcite no 1 month stable
mix3 Clam 4 + Oyster 2 no 1 month slightly less
mix4 Clam 4 + Oyster 2* no 1 month slightly less
*tap water
mix5 Clam 3 + pur.calcite 400 1 week slightly more
mix6 | Clam 3_H + pur.calcite 400 1 week slightly more
mix7 coral 4+ pur.calcite 1000 1 week much more
mix8 mussell + pur.calcite 1000 1 week | substantially more
mix9 | mussell H + pur.calcite 1000 1 week more
mix10 S.Ara2 + Oyster 2 400 1 week complete
mix11 S.Ara2 + crab 400 1 week slightly more
mix12 Clam 4 + Oyster 2 400 1 week stable to less
mix13 Clam 3 + Oyster 2 1000 1 week less
mix14 S.Aral + rockl 1000 1 week more Mg-calcite
mix15 Clam 3 + rockl 1000 1 week more Mg-calcite

4.5 Discussion

4.5.1 Starting materials structure

A selected group of diverse biogenic CaCOg3 were analyzed and classified using ATR-
FTIR in order to find correlations between their structural properties and the arago-
nite dissolution and recrystallization as calcite that would be expected according to
these carbonates thermodynamic constants [27]. Most of the biogenic and geogenic
samples ATR-FTIR that we tested matched with the polymorphs that are reported
in the literature for those species [71], 25, 127, [88]. We effectively set apart aragonite

1

from calcite biominerals by identifying the presence of both 14 and 700 cm™ v4 along
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with a red-shifted v, with respect to calcite’s vy [33], 6]. Although polymorphic natu-
ral mixtures have been well explained, the different phases are often spread unevenly
within the main mineral phase [108], [109] [82) [105]. As we always mechanically ground
the solid, effectively homogeneously diluting secondary solid phases, we generally de-
tected the vibrational bands of the majoritarian polymorph. Nevertheless, we were
able to spot and analyze some natural mixtures like oysters and blue mussels (Fig-
ure and ) when two close and overlapping 15 bands are present. Meanwhile,
butter clams ATR-FTIR showed only aragonite, and PXRD analysis (Clam 4 Fig-
ure unveiled traces of a secondary phase that appears where calcite’s strongest

diffraction line would emerge [3]. The same was not true for the aragonitic-like coral.

Authors have effectively detected common cations like Mg?*™ and Sr?* in CaCOs
infrared by tracking v, and vy shift respectively [115, [128]. Oyster 2 cell parameters are
smaller than the reported for calcites [3], and it has some Mg?" content according to
ICP-OES (Table , . However, that Mg?™ content is insufficient to justify such
cell contraction compared to other synthesized and biogenic Mg-calcites [47, 121].
Furthermore, the v, band is not even 713 cm™! from which we can say not much
Mg?* has been inserted in the crystal structure [115]. Still, the presence of the v
band when no signs of aragonite are present in the PXRD indicates that some slight
amount of substitutional cations are present [59]. Our aragonitic-like biominerals have
low concentrations of Mg?" that we could infer are out of the aragonitic structure since
Mg?* incorporation in is unlikely [34] 20], and it has been found often in the organic
matrix [24]. On the other hand, Sr concentration is larger in comparison but still less
than 1 wt%. Sr*" inclusion in the aragonitic cell tends to expand it rather than, as
we witness, contracting it [63, [62]. Nonetheless, the wider and red-shifted v in coral
could be an indication of at least some Sr?* in the structure [65] (Appendix[A.5). The
most feasible reason for both crystal structures’ contraction is the presence of defects,

disorder and dislocations typically found in these biogenic carbonates [7, [§].

Heating is widely used for burning out the organics in carbonated minerals [129,



86

130]. After treating the blue mussel, we effectively identified an amide-related band
reduction after heating (Figure [£.50). The loss on ignition mass (LOI), a commonly
used measurement to estimate the organic reduction in carbonates [129, [I31], was
around 2.8%. We recognize that part of this mass could be hydration water, but most
organics should still burn out. Some persistent organics may remain in the biomineral
structure [25], but experiments in this thesis conducted for clams showed that they
have a negligible percentage. At the same time, we did not detect an increase in

calcite due to this treatment for either synthesized aragonite or blue mussels.

4.5.2 Aqueous suspensions

Synthesized aragonites show the expected polymorphic pump when suspended in wa-
ter. One of our obtained aragonites unintentionally contaminated with a secondary
calcite phase exhibits how the progression of this dissolution recrystallization occurs
(Figure ) Moreover, it is noticeable that the calcite crystallization jumps after
1 week of suspension, as shown in Figure and then is followed by a stabiliza-
tion of up to 3 months. This aligns with Gao’s [124] results since he reported that
50:50 in mass polymorphic mixture showed the most rapid transformation, whereas
extremely uneven phase proportions slowed it. Thus, when the phase proportion
becomes even, the aragonite-to-calcite transformation explodes. Stirring synthesized
aragonites drives the dissolution recrystallization forward. Heating, on the contrary,
reduces the conversion pace because of decreased dislocation density after annealing,
which correlates with carbonates’ lower dissolution rates [20]. This expected poly-
morphic pump was not the same for biogenic aragonites. When water suspensions
of single biogenic carbonates were stirred, no recrystallization as calcite was spotted
(Figure [1.7-1). No signs of calcite increase are visible even when clams have some
low percent calcite in PXRD or large-extent natural polymorphic mixtures and/or
organic-removed blue mussels have been stirred in water suspension. The basic pH

(8.4-8.6) of the after-suspension supernatants and longer-term pH studies of butter
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clams (Appendix [A.6)) indicate that aragonite dissolution is happening. Therefore,
it is not unthinkable to say that calcite precipitation and growth have been inhib-
ited or delayed in these short timeframes. In fact, sulphates and orthophosphates
likely present in trace concentration (otherwise could be detected by ATR-FTIR and
PXRD) are known to have a strong precipitation-inhibiting effect on calcite [66], 20].
According to Blusenberg and Plummer, biogenic aragonite has low ppm concentra-
tions of sulphates [66]. That leaves phosphates or the heating persistent organics as
inhibitor candidates, as proved by our group in synthetic samples [12, [33]. The only
exception from all the biological carbonates suspended in water that showed phase

conversion was an elusive natural mixture spotted in a grocery oyster (Figure )

Unstirred mechanically made mixtures aimed to boost the biogenic aragonite dis-
solution recrystallization artificially did not show transformation when compared to
synthesized aragonite or previous group experiments [I1], [124], at most the calcite vy
band decreased in some cases (Figure . However, stirred mixtures had diverse
results (Table . Whenever purchased calcite is added to biogenic aragonites, we
notice a polymorphic pump (mix5-mix9). The extension of that transformation varies
among mixtures from slightly to substantially more calcite (increased 5 band). This
may indicate different conversion speeds across different species, which are either re-
lated to dissolution or precipitation rate differences. When comparing heated versus
unheated samples plus purchased calcite, we did not witness a substantial accelera-
tion as obeying the diminished organic matrix; in fact, we observed a similar effect
to the heated synthesized aragonite (a slower transformation). Surprisingly, if both
polymorphs are of biological origin, like oyster and clams mixture (mix12, mix13 Ta-
ble and Figure ,d), the dissolution recrystallization reaction seems to proceed
backward towards aragonite crystallization. This behaviour is harder to verify with
ATR-FTIR since the aragonite band increase could be confused with a calcite band
decrease because of particle size or morphology changes [125] [70]. Also, Mg?" content

in oysters is nowhere near 15-20 mol% necessary to make biogenic magnesian calcite
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more soluble than aragonite [53], 54, [56]. The PXRD does confirm that after 1 week,

large amounts of both polymorphs are still present.

The studies between synthesized aragonite and biogenic calcites show that mean-
while, Oyster 2 does not impede the complete transformation of the contaminated
synthesized aragonite; crab does reduce the transformation ratio such that aragonite
is still the main phase after suspension (Figure ,b). This indicates that nothing is
leaching out of the oysters, whereas the complexity of crab organic and mineral com-
pounds could partially inhibit the polymorphic pump. Geogenic dolomite displayed
a similar retarding effect on synthesized and biogenic aragonite (Figure . This
result shows that even though dolomite (R 3) has the same crystal structure type as
calcite (R3 ('), calcite growth is not smooth on dolomite’s surface. Additionally, the
fact that some transformation is seen for the mixture with butter clam once again
suggests that aragonite dissolution is not the controlling reaction (Figure ) Im-
pressively, the transformation that proceeds for these dolomite-aragonite-like mixtures
does not seem to generate pure calcite. When looking closer at the v, region, the band
that increases is 729 cm™! related to dolomite rather than calcite 712 cm™! peaks.
ATR-FTIR alone is not powerful enough to confirm that dolomite is being formed
out of aragonite recrystallization. A more realistic situation is the precipitation of a
Mg-calcite, taking advantage of any extra Mg?" atoms that do not form part of the

dolomite structure.

4.5.3 Phosphates and organic matrix possible influence

The effect of phosphates and the organic matrix in biogenic calcite and aragonite
dissolution and crystallization cannot be discussed without describing inhibition pro-
cesses. Inhibition mechanisms do not follow a definitive pathway, but theoretically,
they can be described as how reversible the adsorption on the surface dislocations that

serve as the limiting step in both dissolution and crystallization reactions is. Some
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models argue that the Langmuir reversible isotherm rein on the solid surface, whereas
others describe the adsorption as consecutive steps of irreversibly attached impuri-
ties that slow the process until an increased supersaturation surpasses that impurity
layer and resume’s reactants migration to the active sites [20]. If the concentration
of impurities increases, the inhibition will increase correspondingly. In many of the

previously explained cases, they can also be addressed as inhibition processes.

Ocean water is supersaturated relative to both calcite and aragonite; therefore,
according to their low solubility constant, massive inorganic precipitation should be
thermodynamically spontaneous. However, most of the CaCOj3 found in the ocean
is biomineralized by sea organisms. While the other factors mentioned in previous
subsections influencing calcite and aragonite dissolution and crystallization have an
impact on the behaviour of either polymorph, the lack of larger inorganic precipi-
tation to relieve supersaturation and/or the persistence of less stable aragonite over
long-time spans cannot be explained by them. For example, supersaturation with
respect to calcite can be largely explained due to high Mg?* in ocean water, which
promotes aragonite precipitation instead, but then aragonite supersaturation is not
explained [34]. Thus, organic matter has been proven to be a better candidate for
such phenomena. Two processes could explain the effect of organic molecules: (1) an
organic coating layer that physically isolates CaCOj3 and (2) targeted obstruction of

the active sites where dissolution and crystallization occur [20].

The influence of organic matter in CaCO3 polymorph precipitation highly depends
on the organic compound present. Inhibition of precipitation is linked to Ca?*-active
organic group complex formation, and it is directly proportional to the concentration
of the organics. Also, the organic compounds that favour calcite come along with a
slower precipitation rate [132]. Many organic groups present in the ocean have been
linked to calcite nucleation inhibition: citrates, stearate, and sodium glycerophos-
phate, among others [I33]. More recently, dissolved organic matter (DOM) has been

found to slow the precipitation rates at low salinity (freshwater conditions) to control
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polymorph formation and crystal defects [I34]. Aragonite precipitation in the pres-
ence of a wide range of organic compounds was studied by Berner et al. [I35]. They
found that some molecules have little, some weak, and others have strong inhibition
when comparing the ratio of precipitation to organic-free solution. Aromatic acids
(gallic acid, mellitic acid) and humic and fulvic substances are among those strong

organic inhibitors.

Morse et al. [136] declared that dissolution inhibition of natural carbonate has
been correlated to organic physical isolation rather than other adsorption processes.
Others have proven that acidic amino acid adsorption causes aragonite to calcite
transformation inhibition by forming an adsorbed layer [137]. However, neutral and
basic amino acids speed up the dis-rec transformation. Studies of carbonate mineral
diagenesis suggest that the organics mentioned have more significance in inhibiting its
crystallization than its dissolution [20]. More recently, other authors [138] have shown
that DOM is the main cause of calcite dissolution inhibition in seawater conditions.
Moreover, when they used lab-controlled seawater, they found that the dissolution
rate was still faster by a factor of 4 compared to in situ ocean experiments. When
they added DOM as oxalic acid and d-glucose, their lab-controlled seawater matched
the ocean rate. On the other hand, soluble reactive phosphate did not seem to affect
calcite dissolution in seawater pH. However, orthophosphate uptake strongly inhibits
the crystallization of both calcite and aragonite by attaching to carbonate surface
in seawater conditions. Still, the uptake of phosphates is greater for aragonite than
calcite [I39]. Additionally, when analyzing aragonite to calcite transformation in ul-
trapure water, Gao et al. [33, [12] did find an inhibition of this transformation that
would otherwise occur in orthophosphate and polyphosphate-free distilled water. In
summary, DOM and phosphates as a whole have variable effects on carbonate dissolu-
tion and in the case of DOM, the effect is organic compound-specific. However, most
authors agree that they are highly correlated to precipitation and/or crystallization

inhibition.
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4.6 Conclusions

Clams and coral samples are biogenic aragonites with a low content of other miner-
als. In clams, an ATR-FTIR undetectable calcite phase can be spotted with PXRD;
however, its concentration is small. Oysters and crabs can be classified as calcites.
Blue mussels are polymorphic mixtures. All biogenic samples exhibit organic-related
infrared bands. Our geogenic rock sample was categorized as dolomite. Heating shows
a decrease in the organic-related bands, and there is no infrared detectable increase

in the calcite phase.

The dissolution and recrystallization of synthetic aragonites to calcite were once
again tracked using ATR-FTIR. Complete recrystallization is achievable when stirring
synthetic aragonites, even if no calcite is detectable under the ATR-FTIR. Heating

reduces the transformation ratio of 1 week stirred synthesized aragonite suspension.

The biogenic aragonite samples studied did not show aragonite to calcite transfor-
mation, even when calcite is present in both clams and blue mussels (more extended).

Organic reduction by heating did not accelerate the process either.

Unlike synthesized aragonite, long-term unstirred experiments with mechanically

added calcite-like phase do not show a polymorphic pump.

Polymorphic mixtures of biogenic aragonites with purchased calcite did exhibit
calcite growth but in different extensions. Organic removed biominerals did not ex-

perience an accelerated process, rather the contrary.

Combinations of both biogenic polymorphs do not show any calcite increase, if

anything, a disputable decrease.

Oyster organics do not impede calcite growth from synthetic aragonite with a

secondary calcitic phase, while crabs decelerate the same transformation.

Similarly, the proportion of aragonite transformation is significantly diminished

when synthesized aragonite is added to a dolomite-like rock sample. The conversion
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ratio is comparable for butter clam plus dolomite rock, which means biogenic aragonite

dissolution is possible.

In summary, due to the increased pH, biogenic aragonite dissolution is feasible
in every situation. On the other hand, calcite crystallization depends on the origin.
When biogenic calcite was the only template for crystallization, the polymorphic pump

did not necessarily proceed. Actually, in most cases, no transformation is seen.



Chapter 5

Conclusions

5.1 Summary of thesis work

Calcium carbonate (CaCOj3) most common polymorphs, aragonite and calcite, un-
dergo phase conversion, “polymorphic pump”, in undersaturated water suspensions.
We studied how biogenic aragonite’s expected dissolution-recrystallization process oc-
curs in water compared to the synthetic material. Chapter |3|is an in-depth study of
butter clam structure and water suspension behaviour, where the differences across
separate shell sections were tested and found to have little dissimilarities. Chapter
expanded the experimentation to a larger set of samples and combinations to extrap-
olate the results from the previous chapter. We mainly used ATR-FTIR to track the
effects of dissolution-recrystallization as previously proved by our group [124 111, [12].
We retested the stability of synthetic aragonite in a water solution, finding conditions
in which complete recrystallization as calcite is achieved in one week. The thermal
annealing of my synthetic aragonite makes the material approach the stability ac-
complished by my predecessor. We both witnessed accelerated transformation when
calcite was present either as an unintended secondary phase or a mechanically made

mixture.
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This research takes a step further to track the stability of biogenic aragonites either
alone or mixed with their counterparts. We decided to make the mixtures 50%-50%
by mass of polymorph to follow the faster-proven conversion pace for synthetic-like
material mixtures. Our results indicate that contrary to their synthetic peer, the
biogenic aragonite specimens studied do not show any infrared detectable conversion in
the studied timeframes. Furthermore, neither perfectly aragonite coral, aragonite-like
butter clams with traces of secondary phase calcite, blue mussels with undeniably large
amounts of calcite, nor mechanically made mixtures of calcite-like oysters with clams
showed calcite growth. However, recrystallization is observed when pure purchased
calcite is added to clams, corals, or blue mussels. Mechanically or thermic removal
of the organic did not accelerate the process either. All this suggests three things:
(1) the lack of organics does not promote the dissolution and recrystallization of the
biogenic aragonites studied, (2) biogenic aragonite dissolves and recrystallizes in the
presence of pure calcite, but still conversion extent differs across aragonite sources
and (3) generally if the calcite crystallization seed is from natural origin the calcite

growth seems inhibited or delayed in one-week long experiments.

To further see if the biogenic calcite was impeding calcite crystallization, we took
calcite-like oysters and crabs and mixed them with the synthetic aragonite that had an
undesired calcitic secondary phase. Neither biogenic calcite stopped the dissolution-
recrystallization of synthetic aragonite, although it was slower in the crab experiment.
This suggests that calcite recrystallization struggles in biogenic calcites but not be-
cause of compounds leaching out of the calcitic shells and inhibiting aragonite from

dissolving.

Finally, we tested the stability of aragonite in the presence of a dolomite-like sam-
ple. We once again saw aragonite dissolution in both synthetic and biogenic aragonite,
but recrystallization did not proceed completely, and we are dubious that the con-

version was not directly to calcite but rather to a Mg-calcite material. Nevertheless,
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future analysis must be conducted in this line of research. We recognize that the poly-
morphic pump investigated in this thesis may proceed in longer time frames and that
we used undersaturated pure water solutions, so these experiments can not be taken
as the final result in the natural context. We recommend using this methodology to
test other co-compounds and, every time, increase the complexity of the experiment

up to the real ocean-like scenarios.

5.2 Relevance and future work

5.2.1 Relevance for ocean carbonate interactions

This research focuses on tracking the aragonite-to-calcite dissolution-recrystallization
of naturally occurring carbonates using ATR-FTIR. We also tried correlating the
co-elements in the starting materials with the observed polymorphic pumping. Ideal-
istically, in undersaturated solutions, aragonite should recrystallize as calcite. Gao et
al. have successfully tracked this process using ATR-FTIR and studied phosphates’
inhibitor effect [11, [12]. Additionally, Sulpis et al. have made simulations of how
aragonite dissolution could be buffering ocean acidification and protecting calcite dis-
solution [31]. Recently, Van de Mortel et al. conducted an experiment with a similar
goal to ours but using close-to-real seawater solution scenarios [84]. Van de Mortel
implies that if both polymorphs dissolve, the total alkalinity should be higher than
that for a single polymorph. Since they did not see a change in the total alkalinity be-
fore and after the polymorph mixture, they suggested that it could only be explained
by aragonite dissolution with equally proportional inhibited calcite dissolution, which
must be accompanied by 1-day-long calcite precipitation. Our direct measurements
in biogenic aragonite plus biogenic calcite indicate this could not be necessarily true
in all cases and could actually be that no transformation is seen. Still, they needed

to make simplifications relative to a true ocean system: filtered ocean water, organic
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material removed from the shells, and others. In contrast, we used a more facile setup

to advance from a simple to a complex approach.

We are aware that some companies are actively using calcium carbonates, dolomites,
calcium oxides and other reagents to enhance and buffer water pH in river and basin
water areas. Moreover, according to the findings of this thesis, they will need to
account for the aragonite-like sediment dissolution-recrystallization that will happen
differently in the short term, depending on the carbonate counterpart they decide to

use.



Appendix A

Biogenic and geogenic carbonates

aqueous suspensions

Figure shows representative Attenuated Total Reflectance Fourier-Transform In-
frared (ATR-FTIR) spectra comparing our mussels, synthesized aragonites, oysters,
and purchased calcite data with standards for aragonite and calcite [6]. Purchased
calcite and Oyster 2 have characteristic bands at 1396 cm™! (v3), 872 ecm™! (14) and
712 em™! (v4), in agreement with (calcite RRUFFID=R040070 v3 at 1395 cm™!, v,
at 872 em™!, and vy at 712 em™! [6]). Additionally, Oyster 2 presents a bump at
1446-1460 cm™* most likely related to the polysaccharides [I17, 118] and a weak 1
at 1085 cm™! that appear when substitutionals impurities are present [59, 1T19]. Syn-
thesized aragonite 1 is aragonite, with v3 at 1446-1460 cm™?, 15 at 854 cm™!, vy at
712 em™!, as well as two distinct aragonite bands at 1083 cm™ (v1) and 700 cm™
(also vy4), all of which are consistent with what is reported for aragonite (RRUF-
FID=R040078 [6]). Mussels, Oyster 1 specimens and synthesized aragonite 2 are a
natural mixture of aragonite and calcite, evidenced in the broad 5 1400-1460 cm~!
and the presence of both 5 bands from calcite and aragonite. Mussels and synthe-

sized aragonite have the calcite v, band as a shoulder at 875-870 cm™!. Oyster 1 has a

well defined v, band at 875 cm ™. Figure photographs highlights the decoloration
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effect heating has on mussels’ loss of organic matrix. Figure shows interest band
range spectra of how synthesized aragonite undergoes dissolution-recrystallization
before and after water suspension. A PXRD corroboration of the no-dissolution-
recrystallization of mixture between the calcite-like Oyster 2 and the aragonite-like
Clam 4 mixture after 1-week long stirred water suspension is shown in Figure [A.4]
Figure shows that coral samples match the bands reported for aragonite (RRUF-
FID=R040078 [6]), but the broader v; band is an indication of substitutional Sr** [65].
Figure tracks the pH behaviour of clam and purchased calcite suspension over 3
days of measurement. It compares the similar trend and final suspension pH to that
obtained when simulating the same mass calcite suspension when reaching equilibrium

with atmospheric COs.
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Figure A.1: Representative ATR-FTIR spectra for oysters, blue mussels, synthesized

aragonites and purchased calcite (all in black)
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Figure A.2: Representative photographs of ground blue mussel before (a) and after
heating (b). Heating shows a decoloration from light purple to white after treatment.
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Figure A.3: Representative ATR-FTIR spectra of the synthesized aragonite 1 (S.Aral)
(a) and 2 (S.Ara2) (b) before (black line) and after one week of stirring (blue line).
(a,b) the vy aragonitic band at 855 cm ™! decreased and the calcitic band at 873 cm™!
increased after water suspension. v; (b,e) and 700 cm™! 14 band (c,f) disappearance
confirm aragonite dissolution and recrystallization as calcite.
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Figure A.4: Mix12 X-ray diffraction pattern of Oyster 2 plus butter Clam 4 1-week
stirred suspension (black line). Aragonite (PDF 980000098, in blue) and calcite (PDF
980000141, in red) [3]. The pattern shows large amounts of aragonite after the water
treatment.
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Figure A.5: (a) Representative ATR-FTIR of coral (solid line) compared to aragonite
(RRUFFID R040078, dashed line) standard from the RRUFF database [6]. (b) Zoom
in the v; region that shows broader bands for coral than for aragonite standard.
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Figure A.6: pH evolution of aragonitic butter clam (blue), purchased calcite (red) and
ultrapure water (solid black) on a 3-day time span. Simulated calcite pH evolution
(transparent grey) through a series of steps is also included. The simulation was
performed using PHREEQC for a calcite suspension that reach equilibrium with CO,

dissolution [10].
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