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ABSTRACT

Our current understanding of the Earth’s climatic evolution in the geological past is mainly based
on the isotopic and chemical composition of biogenic and inorganic carbonates. The biogenic
deposition of carbonates is of great importance especially to the marine ecosystem; inorganic
carbonates often occur in the form of speleothems, travertines, and alkaline lake deposits in
terrestrial environments. The use of isotopic and chemical signatures of carbonates is based on
the assumption that carbonates record the isotopic and chemical signature of their environment
(e.g. sea water or dripping water in caves) at the time of their formation. However, recent studies
documented that various carbonate minerals found in different natural environments are not only
the product of “classical crystallization”, but their formation are induced partial or in whole from
an amorphous calcium carbonate (ACC) precursor. In this context, significant gaps of knowledge
exist with respect to the mechanisms controlling the transformation of ACC into crystalline
carbonates (e.g. to calcite or aragonite) as well as on the impact of such a precursor phase on the
elemental and isotopic composition of the final crystalline phase.

In the course of this thesis, experiments were conducted under controlled physicochemical
conditions in order to investigate the effects of initial aqgueous Mg/Ca ratio, pH and temperature
on the (trans)formation of Mg-rich amorphous calcium carbonate (Mg-ACC). The Mg-ACC
transformation was monitored at a high temporal resolution (~30 sec) using in situ Raman
spectroscopy, while the chemical and isotopic evolution of the solution and of the solid phase
was followed by separate sample analysis. Overall, the obtained data revealed that a coupled
dissolution and re-precipitation mechanism is taking place during Mg-ACC transformation.
Accordingly, the chemical and isotopic composition of the precursor Mg-ACC is not preserved
during its transformation into the final crystalline phase. Moreover, the results of this study
showed that the transformation of Mg-ACC is significantly affected by the prevailing
physicochemical conditions of the reactive fluid (Mg/Ca ratio of the fluid, etc.) and to a lesser
extent by a potential proto-crystalline pre-structuring of the primary Mg-ACC. The
mineralogical, isotopic and chemical results of this study improve our current understanding
about the environmental controls and the formation mechanisms of carbonate minerals in natural
systems. Furthermore, the results are of great relevance for the interpretation of isotopic and
chemical signatures of carbonates, which are formed by amorphous precursor and are

subsequently used as climate indicators.



KURZFASSUNG

Unser Verstandnis tber die klimatische Entwicklung der Erde in der geologischen Vergangenheit
basiert in wesentlichen Aspekten auf der (isotopen)chemischen Zusammensetzung von biogen
und anorganisch gebildeten Karbonaten. Die biogene Abscheidung von Karbonaten hat eine
groBe Bedeutung insbesondere fiir das marine Okosystem; anorganisch gebildete Karbonate
treten hdufig in Form von Speleothemen, Travertin und alkalischen Seeablagerungen in
terrestrischen Umfeldern auf. Die Verwendung von (isotopen)chemischen Signaturen von
Karbonaten basiert im Wesentlichen auf der Annahme, dass Karbonatminerale die
(isotopen)chemische Signatur ihres Umfeldes (z.B. Meerwasser oder Tropfwasser in Hohlen)
zum Zeitpunkt ihrer Entstehung aufzeichnen. Aktuelle Untersuchungen dokumentieren jedoch,
dass zahlreiche Karbonatminerale in unterschiedlichsten naturlichen Umfeldern nicht nur das
Produkt der ,klassischen Kristallisation™ sind, sondern deren Bildung teilweise oder vollstandig
uber eine amorphe Kalziumkarbonat (ACC) Vorlauferphase herbeigefiihrt wird. In diesem
Zusammenhang gibt es noch signifikante Wissensliicken im Bereich der Mechanismen, welche
die Umbildung von ACC zu kristallinen Karbonaten (z. B. zu Kalzit oder Aragonit) steuern,
sowie auch Uber den Effekt einer solchen Vorlduferphase auf die (isotopen)chemische
Zusammensetzung der kristallinen Endphase.

Im Rahmen dieser Arbeit wurden Experimente unter kontrollierten physikochemischen
Bedingungen durchgefihrt, um die Auswirkungen des initialen Mg/Ca Verhéaltnisses, des pH-
Wertes und der Temperatur der Losung auf die (Um)Bildung einer Mg-reichen, amorphen
Kalziumkarbonat Vorlauferphase (Mg-ACC) aufzuklaren. Der Umbildungsweg von Mg-ACC
wurde mit hoher zeitlichen Auflésung (~ 30 Sek.) mittels in situ Raman Spektroskopie analysiert,
wahrend die (isotopen)chemische Entwicklung der Losung und der festen Phase Uber separate
Probenanalyse verfolgt wurde. Die erhaltenen Daten zeigen, dass ein gekoppelter Losungs- und
Wiederausféallungsmechanismus bei der Mg-ACC Umbildung statt findet. Demzufolge bleibt die
(isotopen)chemische Zusammensetzung des Mg-ACC Vorlaufers wahrend der Umwandlung in
die endgultige kristalline Phase nicht erhalten. Darlber hinaus zeigten die Ergebnisse dieser
Studie, dass der Umbildungsweg von Mg-ACC erheblich von den physikochemischen
Bedingungen der Umgebung (vorherrschendes Mg/Ca-Verhéltnis der Losung) beeinflusst wird
und nicht durch eine potentielle proto-kristalline Vorstrukturierung des primaren Mg-ACC

gesteuert wird. Die mineralogischen und (isotopen)chemischen Ergebnisse dieser Studie werden



verwendet, um unser aktuelles Verstdndnis uber die kontrollierenden Umweltfaktoren und die
Entstehungsmechanismen von Karbonatmineralen in natlrlichen Systemen zu verbessern.
Dartiber hinaus sind die Ergebnisse von grolRer Bedeutung fir die Interpretation von

(isotopen)chemischen Signaturen von Karbonaten, die Uber amorphe Vorlauferphasen gebildet
wurden und als Klimasignale gedeutet werden.
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1. INTRODUCTION

1. INTRODUCTION

1.1 Calcium carbonate formation in agueous environments

The precipitation of calcium carbonate (CaCOj3) from aqueous solution is a widely occurring
process in natural and man-made environments. Sedimentary rocks at the Earth’s surface
comprise about 10-15 wt.% CaCOs3, mainly originated from biological activity (e.g. Dietzel,
2011). Numerous marine organisms (e.g. corals, bivalves and calcareous plankton) precipitate
CaCOg; for their skeletons, shells and spines. Environments where CaCO3 precipitates abiotically
include e.g. marine evaporites, alkaline lake deposits, travertines and speleothems (e.g. Morse
and MacKenzie, 1990; Flugel, 2010). In the industry, CaCO3; minerals with special morphologies
are synthesized for their use as fillers in papers, paints, plastics and coatings (e.g. Park et al.,
2004). On the other hand, precipitated CaCOs may cause clogging problems in drainage systems,
heat exchangers and oil production wells (e.g. Zhang et al., 2001; Rinder et al., 2013).

Calcium carbonate occurs in six different forms: three anhydrous crystalline forms, calcite,
aragonite and vaterite, two hydrous crystalline forms, monohydrocalcite and ikaite, and
amorphous calcium carbonate (ACC). In biotic and abiotic precipitation environments, calcite
and aragonite are the most frequent and widespread forms of CaCO3 (e.g. Morse and Mackenzie,
1990). Vaterite is volumetrically much less important compared to calcite and aragonite in
marine and meteoric depositional environments, but can be found e.g. in fish otoliths (Gauldie et
al., 1997), ascidian spicules (Lowenstam et al., 1981) and calcareous sinter from cold saline
springs (Ito et al., 1999). The calcium carbonate monohydrate mineral monohydrocalcite
(CaCO3'H,0) is formed as a product of biomineralization by certain molluscs and flatworms
(Lowenstam, 1981; Sefiorale-Pose et al., 2008) and has been found in recent abiotic precipitation
environments including saline springs (Ito, 1993), marine polar systems (Dahl and Buchardt,
2006) and saline lakes (Solotchina et al., 2009). Ikaite is a hydrous crystalline calcium carbonate
mineral (CaCOj3-6H,0) which is commonly found in modern abiotic precipitation environments
characterized by temperatures < 9°C (lto et al., 1993; Dahl and Buchardt, 2006; Oehlrich et al.,
2013; Field et al.,, 2016). Amorphous calcium carbonate plays a significant role in CaCOj;
biomineralization processes of various organisms (Addadi et al., 2003). Moreover, ACC
precipitation is of great importance for medical and industrial applications (e.g., Meiron et al.,
2011; Matsunuma et al., 2014).



1. INTRODUCTION

Despite the fact that calcite is the less soluble CaCOj3 phase under ambient conditions (Fig. 1A;
Plummer and Busenberg 1982), it is not necessary the first phase formed from a supersaturated
aqueous solution. The formation behavior of CaCOs; is affected by physicochemical parameters
including temperature (Fyfe and Bischoff, 1965; Weiss et al., 2014), pH (Han et al., 2006),
organic molecules (Kitano, 1965; Niedermayr et al., 2012) and foreign ions like magnesium and
phosphate (e.g. Lippmann, 1973; Reddy, 1977). For example, many studies have documented
that high aqueous molar Mg/Ca ratios inhibit calcite nucleation and growth and lead to the
precipitation of aragonite (Lippmann 1973; Berner, 1975; Fernandez-Diaz et al., 1996; De
Choudens-Sanchez and Gonzalez, 2009). In the crystal structure of calcite Ca** can be substituted
by Mg?* in varying amounts, whereas Mg®" is not supposed to be incorporated into the crystal
structure of aragonite. The dehydration of ions at the lattice growth sites is one of the most
important rate-controlling processes during crystal formation (Nielsen, 1984). In this context, it
has been shown that the exchange rate of Mg?* with water is five orders of magnitude slower than
that for Ca®* (Bleuzen et al., 1997). The adsorption of Mg®" ions on calcite growth sites inhibits
the step advancement (Astilleros et al., 2010) and affects the growth rate of calcite (Reddy and
Wang, 1980; Mavromatis et al., 2013).

-8.20
-6.00 ~
e __ACC -
------------- T -8.30 - -
lkaite_.--===""" TTT7=-4 Aragonite Prag
------ "’
s -7.00 4o ___a==2777___ Monochydrocalcite w -~
S N e . 0s o
E; -{ = -8.40 o< -
—_ 24 .
_________________ \4 a_t_e_ri_te (;:
800 Aragonite ] -850 ' ~==e=="" Calcite
Tommme— PP ————
-9|00 T T T _8.60 T T T
0 10 20 . 30 40 0 0.05 0.1 0.15 0.2
Temperature (°C) mole fraction of MgCO, (x)

Fig. 1. (A) Temperature versus solubility product (K) for calcite, aragonite and vaterite (Plummer and
Busenberg, 1982) as well as for monohydrocalcite (Kralj and Brecevic, 1995), ikaite (Bischoff et al.,
1993) and amorphous calcium carbonate (ACC, Brevecic and Nielsen, 1989). (B) Solubility of Mg-calcite
as a function of MgCO; mole fraction (Group I, Busenberg and Plummer, 1989).

Moreover, previous work documented that calcite becomes thermodynamically destabilized
relative to aragonite by the uptake of Mg in its structure (Fig. 1B). Note here that calcites were
divided into low (< 4 mol% Mg) and high Mg-calcites (> 4 mol% Mg) (Flugel, 2004; Long et al.,
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1. INTRODUCTION

2014). In the laboratory, the precipitation of thermodynamic metastable high Mg-calcites is an
enigma under ambient conditions (Goldsmith et al., 1961). However, calcites with Mg-contents
up to 44 mol% have been reported from biotic and abiotic precipitation environments (Schmidt et
al., 2005; Bentov and Erez, 2005; Gayathri et al., 2007; Mavromatis et al., 2014b).

1.2 Elemental and isotopic fractionation during carbonate precipitation

Carbonate minerals record elemental and isotopic signals of the agqueous environments at the time
of their formation and have potential to act as archives of Earth’s climate conditions over the
geological past. In marine systems, the chemical and isotopic composition recorded in carbonates
(e.g. exoskeletons of calcifying organism) is widely used by the geochemical community to
reconstruct paleo-temperatures, chemical variations of the past seawater, oceanographic
conditions and global changes in elemental cycles as well as in weathering regimes (e.g.
Elderfield and Ganssen, 2000; Farkas et al., 2007; Gussone et al., 2004; Ripperdan, 2001;
Pokrovsky et al., 2011). In terrestrial systems, inorganic calcium carbonate (CaCO3) deposits in
caves (speleothems) are increasingly used as archives of past climate variability (e.g.
Riechelmann et al., 2011; Mosely et al., 2016).

In crystal lattice of CaCO5 minerals Ca?* can be substituted by other cations such as Mg®*, Sr**,
Co?*, Ba**, Ni** and Zn** (Lorens, 1981; Mucci and Morse, 1983; Tesoriero and Pankow, 1996;
Dietzel et al., 2004; Lakshtanov and Stipp, 2007; von Allmen et al., 2010). Geochemical proxies
used in carbonate archive research include elemental ratios like Sr/Ca, Mg/Ca, Ba/Ca, and B/Ca
(e.g. Lea and Boyle 1989; Beck et al., 1992; Gussone et al., 2004; Yan et al., 2013) and
traditional stable isotopes (8*3/*°C, 5'8/*°0 and **/*2S (in Carbonated Associated Sulfate, CAS);
e.g. Kapschulte and Strauss, 2004; Gussone et al., 2004; McDermott, 2004; Mosely et al., 2016).
Based on recent improvements in analytical measurements (i.e. MC-ICP-MS), an increasing
number of researchers is now applying new isotope systems (non-traditional isotopes), such as
§*1%Ca, 5%/*Mg, 6"/*°B and 8%/%Sr (e.g. Hippler et al., 2006; Fantle and DePaolo 2006;
Immenhauser et al., 2010; Prokrovsky et al., 2011; Foster et al., 2012) and clumped isotopes (A*";
e.g. Tripati et al., 2010; 2015; Tang et al., 2014) on carbonates to provide relevant information on
past environmental conditions.

The interpretation of the chemical and isotopic signatures of natural samples however requires a
detailed understanding of the distribution behavior of elements and isotopes during the formation

of carbonate minerals. A number of experimental studies showed that the fractionation of
3



1. INTRODUCTION

elements and isotopes during CaCOj3 formation depends on its structure (calcite, aragonite etc.) as
well as on environmental factors such as temperature (Tang et al., 2008a, b; Dietzel et al., 2004,
2009; Marriott et al 2004), fluid chemistry (i.e. pH, ionic strength, foreign cations and organics:
Tang et al., 2014; Lee et al., 2006; Mavromatis et al., 2015), the presence of crystal seeds (Lin
and Singer, 2005) and growth rates (Lorens, 1981; Tang et al., 2008a, b; Dietzel et al., 2009;
Immenhauser et al., 2010; Mavromatis et al., 2013). In this context, absence of knowledge exists
with respect to the distribution of elements and isotopes during the formation of amorphous
precursors and during their transformation into their crystalline counterparts.

Moreover, there is strong evidence that mineralogical and chemical properties of primary
carbonates can be overprinted by diagenetic alteration. In sedimentary environments carbonates
come into contact with various fluids, including e.g. sediment pore water and meteoritic water.
The latest findings show that after achievement of chemical equilibrium between aqueous
solution and solid an isotopic exchange between solid and co-existing fluid may still occur,
owing to a dynamic dissolution/re-precipitation at the mineral surface layers (see Mavromatis et
al., 2016b).

1.3 Formation and transformation of amorphous calcium carbonate

According to the classical step growth process, crystals grow by ion-by-ion attachment to the step
edges of distinct mineral surfaces (terrace-ledge-king model; Burton et al., 1951; Chernov, 1984).
Several studies, however, documented that this model cannot explain unusual carbonate textures
and compositions that are found in modern natural settings (e.g. calcites with very high Mg
contents; Bischoff et al., 1987). The formation of crystalline CaCOj3 (e.g. calcite and aragonite)
via an amorphous calcium carbonate precursor (ACC, Fig. 2) represents an alternative pathway
for calcium carbonate mineral formation in biotic and abiotic precipitation environments and
might be the missing link in interpreting unusual carbonate compositions and structures. A large
body of recent literature suggests that many groups of organism apply amorphous precursor
strategies in biomineralization (e.g. Addadi et al., 2003; Politi et al., 2008, Immenhauser et al.,
2010). In this context, it has been suggested that carbonate-secreting organisms accumulate ACC
in vesicles, where additives (e.g. organic molecules and Mg ions) inhibit the deposition of
crystalline CaCO3z (Weiner and Dove, 2003; Weiner and Addadi, 2011). The amorphous
precursor phase might be stored for extended time periods or is directly transported to the site of
crystallization, where the transformation to calcite and/or aragonite takes place (Beniash et al.,

4
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1999; Weiner and Addadi, 2011). The presence of ACC has been documented in a variety of
organisms, such as bivalves (Jacob et al., 2011), sea urchins (Politi et al., 2008), brachiopods
(Griesshaber et al., 2009), sponges (Sethmann et al., 2006), crustaceans (Tao et al., 2009), fresh
water snails (Khairoun et al., 2002) and ascidians (Aizenberg et al., 2002). Moreover, amorphous
carbonate phases were found in micro-domains of modern microbialites in lakes (Benzerara et al.,
2006) and in biofilms formed in hot springs (Jones and Peng, 2012), where high local
supersaturation degrees with respect to carbonate minerals are induced by e.g. microbial
metabolism (Dupraz et al., 2009). In Lake Alchichica (Mexico) amorphous calcium-magnesium-
strontium-barium carbonate is formed in intercellular inclusions of cyanobacteria, revealing an
unexplored pathway for calcification (Couradeau et al., 2012). More recently, ACC formation
and its transformation to calcite were, for instance, associated with speleothem formation in caves
(Demény et al., 2016).

Calcite ACC

Il: transformation

lons in

solution )

I: direct precipitation Il: formation of an
Ca2+ O amorphous precursor phase
Ca2+
CO X CC’c\ Caz. GO°-’
032 Ga2+ Ca2+
ca* 2
Co.» CO4

Fig. 2. Formation of crystalline calcium carbonate (e.g. calcite) directly from the fluid phase (1) or via the
formation of an amorphous calcium carbonate (ACC) precursor (1)

The interpretation of elemental and isotopic signatures of biotic and abiotic carbonate archives is
based on the generally accepted assumption that they record the chemical and isotopic signals of
the aqueous environment prevailing at the time of carbonate mineral formation. In this sense,
crystalline carbonates that have been formed via an amorphous precursor are prone to preserve a
different chemical and isotopic composition, compared to crystalline carbonates that have been

precipitated directly from a supersaturated solution. The question of how (isotope)chemical
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signatures are affected during ACC formation and subsequent transformation is of key relevance
for the accurate interpretation of paleo-climatic and environmental information recorded in
biogenic and abiotic carbonates (e.g. skeletal hardparts and speleothems). Biogenic carbonate
minerals (e.g. skeletons) formed from similar species often record elemental and isotopic
compositions that do not reflect the environment in which the organisms lived and thus these
signatures strongly deviate from those of abiotic carbonates (e.g. Weiner and Dove, 2003;
Saenger and Wang, 2014). These also-called vital effects are believed to arise from physiological
controls over biomineralisation, but they could also be attributed to different mineralization
strategies (classical step growth process versus amorphous biomineralization strategy).
Considering inorganic precipitation of CaCOs in caves (speleothems), fluid inclusions have the
potential to provide direct measurements of the isotopic composition of paleo-meteoric water
(Vanhof et al., 2006 and references therein). Recent work, however, indicates that the oxygen
isotopic compositions of inclusion-hosted waters in speleothems do not necessarily correspond
with those of the local drip water compositions (e.g. Vanhof et al., 2006; Demémy et al., 2016).
In that sense, it has been speculated that the isotopic change in the fluid is caused by initial ACC
formation that later recrystallized to calcite. Thus, the interpretation of isotopic and elemental
proxy data of carbonates requires a detailed understanding about the transformation mechanisms
of ACC, which are at present still under debate in the scientific community.

The composition and structure of ACC is often difficult to examine due to the high solubility of
ACC under ambient conditions (Fig. 1A) and its rapid transformation (within seconds to minutes)
into less soluble crystalline CaCOg (e.g. calcite and vaterite; Rodriguez-Blanco et al., 2012). For
ACC, various H,O contents were reported depending on the synthesis method and the treatment
of the solid after ACC was isolated from the solution (Rhada et al., 2010; Ihli et al., 2013).
Recently, the composition of synthetic ACC, after removal of adsorbed water, was described by
the chemical formula CaCOj3; - 0.4H,0 (Schmidt et al., 2014; Konrad et al., 2016). Additives like
magnesium ions and organic molecules play a significant role in temporarily stabilizing both
synthetic and biogenic ACC (Loste et al., 2003; Lam et al., 2007; Politi et al., 2010; Han et al.,
2013). Along these lines, it has been documented that ACC can accommodate up to 42 mol% Mg
(Loste et al., 2003; Long et al., 2011; Han et al., 2013; Lin et al., 2015). Several studies suggested
the formation of ACCs with different short-range structures (protostructures), depending on the
physicochemical parameters involved during their synthesis (Lam et al., 2007; Gebauer et al.,

2008; 2010). For instance, Gebauer et al. (2008) documented the formation of ACC with a
6
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vaterite or a calcite-like structure depending on the pH of the mixing solution. This short-range
structure is suggested to control the crystallization of ACC to a distinct CaCOj3 phase (e.g. calcite
or vaterite). In contrast, based on distribution function analysis and nuclear magnetic resonance
spectroscopy, Michel et al. (2008) concluded that the short-range structure of synthetic ACC
shows no distinct match to any known crystalline calcium carbonate phase. Thus, different ACC
crystallization mechanisms were suggested: ACC transforms to crystalline CaCOs via a (i) solid
state mechanism, involving dehydration and structural reordering of ACC (Lam et al., 2007;
Politi et al., 2008; Rhada et al., 2010; Gong et al. 2012), (ii) nucleation controlled dissolution and
re-precipitation reaction (Ogino et al., 1987; Han et al., 2013; Rodriguez-Navarro et al., 2015;
Giuffre et al., 2015) or a (iii) combination between a solid state and dissolution-re-precipitation
process (Ihli et al., 2014; Nielsen et al., 2014). Questioning which of these processes is
predominant has high significance for the interpretation of elemental and isotopic signatures
recorded in carbonates. In contrast to a solid-state transformation, the chemical and isotopic
signals of the ACC precursor are not expected to be preserved in the final crystalline phase that is
formed via dissolution and re-precipitation of ACC (Giuffre et al., 2015).

A number of studies suggested different crystallization pathways of ACC depending on the
physicochemical conditions of the mixing solutions (Ogino et al., 1987; Rodriguez-Blanco et al.,
2012; 2014). For example, the synthesis of ACC from a low pH solution (~ 7) results in its
crystallization into calcite, whereas ACC synthesized from a high pH solution (> 9.5) transforms
into calcite (25°C) and aragonite (>60°C) via intermediate vaterite (Ogino et al., 1987,
Rodriguez-Blanco et al., 2012; Bots et al., 2012). In contrast, in the presence of aqueous Mg, Mg-
rich ACC (Mg-ACC) transforms into Mg-calcite, monohydrocalcite and/or hydromagnesite
(Loste et al., 2003; Han et al., 2013; Rodriguez-Blanco et al., 2010; 2014). In most of these
studies, ACC was synthesized by batch methods with NaHCO3/NaCO3 and (Ca,Mg)CI, solutions,
where the pH may significantly change during the formation of ACC and its transformation into
the crystalline phase (from ~11 to ~8; Rodriguez-Blanco et al., 2008; Bots et al. 2012). Due to
different synthesis routines and mostly non-revealed evolution of the solution composition during
synthesis (e.g. Loste et al., 2003), the physicochemical conditions (e.g. solution chemistry,
temperature) that control the transformation pathways of amorphous precursor phases are still not

clear.
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2. OUTLINE OF THE DOCTORAL THESIS

Considering that the (trans-)formation of amorphous carbonate phases is of humongous relevance
in many natural surroundings, rigorous experimental work is now needed in order to (i)
investigate the distribution of elements and isotopes during the formation of ACC and its
subsequent transformation into crystalline CaCOs, (ii) elucidate the effect of the chemical
composition on the stability/reactivity of such amorphous phases and (iii) decipher the
physicochemical conditions controlling the formation of distinct crystalline carbonate minerals
(e.g. (Mg-)calcite or aragonite) via an amorphous precursor.

In the context of this thesis, precipitation experiments were carried out under controlled
physicochemical conditions (const. T and pH). Specifically, the (trans)formation of Mg-rich ACC
(Mg-ACC) was investigated as a function of initial aqueous Mg/Ca ratio (1/3 to 1/8), pH (7.8 to
8.8) and temperature (6°C to 25°C). The transformation of the amorphous to the crystalline phase
was monitored in situ by Raman spectroscopy with high temporal resolution of ~30 sec.
Homogeneous sub-samples of the solid and liquid phase were sampled over time in order to
follow the chemical composition of the fluid, as well as changes in the mineralogy of the solid
phase and its bulk Mg-isotope composition. The obtained results are presented and discussed in
CHAPTER 3 to 6.

CHAPTER 3 deals with the formation of high Mg-calcite that occurs either via the
transformation of an amorphous precursor phase or via direct nucleation from solution. This
chapter highlights the importance of fluid alkalinity and aqueous Mg/Ca ratio on the enrichment
of Mg in calcite (up to 20 mol% of Mg) throughout and subsequent to ACC transformation.
Chapter 3 has been published in Geochimica et Cosmochimica Acta 174 (2016) 180-195 (B.
Purgstaller, V. Mavromatis, A. Immenhauser and M. Dietzel). The development of the
experimental setup, the experimental runs and the chemical analyses required for this chapter
were conducted by me. My co-authors supported me with data interpretation and when compiling

the manuscript.

CHAPTER 4 provides new insights on Mg-isotope signatures of Mg-calcites formed in the
presence or absence of an amorphous precursor phase. The experimental results are of relevance

for the interpretation of isotopic signatures recorded in biominerals. Chapter 4 was accepted in
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Earth and Planetary Science Letters 464 (2017) 227-236 (V. Mavromatis, B. Purgstaller, M.
Dietzel, D. Buhl, A. Immenhauser and J. Schott). The text in this chapter was written by V.
Mavromatis. | contributed the experimental work and the sample analysis to this chapter.

Moreover, | repeatedly and critically reviewed and commented on the paper.

CHAPTER 5 contributes to a refined understanding of the mechanisms involved during the
formation of Mg-calcite or monohydrocalcite via an amorphous precursor phase. Essentially, the
effect of aqueous Mg®* to Ca®" activity ratios on Mg-ACC metastability and Mg-ACC
transformation pathways is discussed. Chapter 5 has been published in Crystal Growth & Design
17 (2017) 1069-1078 (B. Purgstaller, F. Konrad, M. Dietzel, A. Immenhauser and V.
Mavromatis). For this chapter, | conducted all the experimental work and the sample analyses.

Moreover, | evaluated the data and | worte the manuscript. My co-authors supported me with data

interpretation and manuscript preparation.

CHAPTER 6 covers the effect of temperature on the (trans)formation of Mg-ACC. At low
temperatures (< 12°C), the formation of ikaite rather than that of Mg-ACC occurs. This chapter
discusses the temperature limits of ikaite formation in natural environments and the control of
physicochemical conditions on the transformation of ikaite into anhydrous CaCO3 polymorphs.
Chapter 6 was submitted to Geochimica et Cosmochimica Acta (B. Purgstaller, M. Dietzel, A.
Baldermann and V. Mavromatis). The experimental work and the chemical analyses required for
this chapter were conducted by me. Furthermore, | evaluated the data and | wrote the manuscript.
My co-authors provided useful suggestions and corrections during the preparation of the

manuscript.
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ABSTRACT
The formation of Mg-bearing calcite via an amorphous precursor is a poorly understood process
that is of relevance for biogenic and abiogenic carbonate precipitation. In order to gain an
improved insight on the controls of Mg incorporation in calcite formed via an Mg-rich
amorphous calcium carbonate (Mg-ACC) precursor, the precipitation of Mg-ACC and its
transformation to Mg-calcite was monitored by in situ Raman spectroscopy. The experiments
were performed at 25.0 £0.03°C and pH 8.3 £0.1 and revealed two distinct pathways of Mg-
calcite formation: (i) At initial aqueous Mg/Ca molar ratios < 1:6, Mg-calcite formation occurs
via direct precipitation from solution. (ii) Conversely, at higher initial Mg/Ca molar ratios, Mg-
calcite forms via an intermediate Mg-rich ACC phase. In the latter case, the final product is a
calcite with up to 20 mol % Mg. This Mg content is significant higher than that of the Mg-rich
ACC precursor phase and that of the Mg-rich calcite formed without an ACC precursor. Thus, a
strong net uptake of Mg ions from the solution into the crystalline precipitate throughout and also
subsequent to ACC transformation is postulated. Moreover, the temporal evolution of the
geochemical composition of the reactive solution and the Mg-ACC has no significant effect on
the obtained “solubility product” of Mg-ACC. The enrichment of Mg in calcite throughout and
subsequent to Mg-ACC transformation is likely affected by the high agueous Mg/Ca ratio and
carbonate alkalinity concentrations in the reactive solution. The experimental results have a
bearing on the formation mechanism of Mg-rich calcites in marine early diagenetic environments,
where high carbonate alkalinity concentrations are the rule rather than the exception, and on the
insufficiently investigated inorganic component of biomineralisation pathways in many calcite
secreting organisms.
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3.1. INTRODUCTION

The nucleation and precipitation of biogenic and abiotic calcium carbonate minerals in natural
settings has been the topic of numerous studies (e.g., Lowenstam, 1981; Reeder, 1990; Morse and
Mackenzie, 1990; Weiner and Dove, 2003; Morse et al., 2007; Dietzel, 2011). The two most
common calcium carbonate (CaCOs) polymorphs in marine and meteoric depositional
environments are calcite and aragonite. Moreover, the thermodynamically metastable polymorphs
vaterite, monohydrocalcite, and ikaite have been documented in a wide range of precipitation
environments, where they are volumetrically less important (Lowenstamm, 1981; Ito, 1993;
Burchardt et al., 2001; Lu et al., 2012).

Former studies document that an important control of these different polymorphs is the Mg/Ca
ratio of the parent fluid (Richelmann et al., 2014). In the calcite crystal lattice Ca®* can be
substituted by Mg?* in significant amounts (e.g., Reeder, 1990; Béttcher and Dietzel, 2010). The
quantity of Mg incorporation into calcite is related to the physicochemical conditions prevailing
during its formation (e.g., Morse and Mackenzie, 1990), with the rate of crystal growth to likely
be the most important mechanism (Mavromatis et al., 2013). At elevated fluid Mg/Ca ratios,
inhibition of calcite precipitation from homogenous solutions results mostly in the formation of
aragonite (e.g., Lippmann, 1973; Berner, 1975; Dietzel and Usdowski, 1996; De Choudens-
Sanchez and Gonzalez, 2009; Wassenburg et al., 2012; Niedermayr et al., 2013). The most
prominent Kinetic barrier to calcite nucleation and growth is likely the dehydration of aqueous
Mg prior to its incorporation into calcite lattice (Lippmann, 1973). Moreover, under increasing
Mg contents, calcites become thermodynamically less stable at ambient conditions (Bischoff et
al., 1987; Busenberg and Plummer, 1989; Bottcher et al., 1997; Bischoff, 1998). The formation of
Mg-rich calcites with up to 44 mol% Mg, however, has been known to occur in abiotic and biotic
precipitation environments. Under the present-day seawater Mg/Ca ratios (molar Mg/Ca ~ 5.2),
early marine calcite cements with Mg contents of 12-20 mol% are precipitated in shallow tropical
carbonate factories (Mackenzie et al., 1983), or where marine sediments are affected by
anaerobic methane oxidation (Hensen et al., 2004; Peckmann et al., 2001; Schmidt et al., 2005;
Mavromatis et al., 2014b). In biominerals, calcite with 20-44 mol% Mg has been reported from
foraminifera (Bentov and Erez, 2005) and echinoderms such as starfish (Gayathri et al., 2007) or
sea urchins teeth (Ma et al., 2009).
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The interest in the formation pathways of crystalline CaCOj3 via an amorphous calcium carbonate
(ACC) precursor phase has been established in the late 19" century (Krukenberg, 1882; Minchin,
1898). Over the years, numerous studies have focused on amorphous calcium carbonates with
different short order ranges both in the biomineralization domain and with reference to inorganic
carbonate precipitation environments (Aizenberg et al., 1996; Beniash et al., 1997; Griesshaber et
al., 2009; Wehrmeister et al., 2012; Radha et al., 2012; Cartwright et al., 2012). Moreover, it has
been documented that the presence of impurities such as Mg, plays an important role in
stabilizing both natural and synthetic ACC (Raz et al., 2000; Raz et al., 2003; Rodriguez-Blanco
et al., 2012). Along these lines, recent experimental studies report the synthesis of calcite with up
to 50 mol% Mg via the transformation of Mg enriched ACC (Long et al., 2011; Wang et al.,
2012a; Xu et al., 2014). Therefore, this formation pathway is of particular interest as it could
explain some of the anomalous high Mg contents of calcites that are observed in biotic and
abiotic precipitation environments. Finally, spatially disordered carbonate phases are also of great
importance for medical and industrial applications (e.g., Meiron et al., 2011; Matsunuma et al.,
2014).

These considerations form a strong motivation for the present study. Particularly, the formation
of Mg-calcite from Mg-ACC is an aspect that is most likely significant but poorly understood. In
order to shed light on the physicochemical parameters controlling the formation of Mg-calcite,
we investigated the precipitation of Mg-ACC and its subsequent transformation to ordered
crystalline carbonate minerals under controlled physicochemical conditions. Note that previous
studies report the synthesis of Mg enriched calcite from ACC at high pH conditions (>9.5) by
batch methods with NaHCO3/Na,COj3 solutions (Long et al., 2011; Rodriguez-Blanco et al.,
2012; Han et al., 2013) or by the ammonium carbonate diffusion technique (Wang et al., 2012a).
The present study aims at (1) establishing an experimental setup for Mg-ACC (trans)formation
under conditions of quasi-constant temperature (25.00 + 0.03°C) and pH (8.3 #0.1); (2)
monitoring of the mineralogical and chemical composition of resulting precipitates as a function
of reaction time; (3) investigating the Mg uptake during Mg-rich ACC formation and its
subsequent transformation to calcite and (4) assessing the role of Mg on Mg-ACC transformation
kinetics and mechanisms. Note that earlier studies set a boundary of 12 mol% Mg between
intermediate (4-12 mol%) and high Mg-calcite (>12 mol%) (Bischoff et al., 1987; Busenberg and
Plummer, 1989; Bottcher et al., 1997; Bischoff, 1998). Calcite precipitated in the context of this
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study qualifies as intermediate to high-Mg calcite. Here we use the catch-it-all term “Mg-calcite”

to describe these precipitates.

3.2. METHODS

3.2.1. Experimental setup

Mg-ACC formation and transformation experiments were carried out at pH 8.3 and 25°C. The
experimental setup used is illustrated in Fig. 1A and consists of two titrating units coupled with a
temperature controlling Easy Max™ 102 system (Mettler Toledo) equipped with a 150 ml
borosilicate glass reactor (25.00 £0.03°C). Initially 50 ml of a 1 M NaHCOg solution were placed
in the reactor, which was stirred at 200 rpm. During the first 25 min of each experiment, 50 ml of
a 0.6 M (Ca,Mg)Cl; solution was titrated into the reactor at a rate of 2 ml per min by a 702 SM
Titrino titrator (Methrom), inducing precipitation of Ca;.xMgxCOs. The second titrating unit
(Schott; TitroLine alpha plus) kept the pH of the reactive solution constant at pH 8.3 £0.1 by
automatic titration of a 1 M NaOH solution at addition steps of 0.1 ml at minimum (Fig. 1B). The
pH was controlled in this way for the first 60 min of the reaction. Afterwards the reactive solution
was transferred into a 150 ml glass bottle and was placed air-tight on a compact shaker (Edmund
Buhler GmbH; KS-15) operating at 150 rpm in a temperature controlled room at 25 £1°C. In
order to gain precipitates for solid analyses and to monitor the solution chemistry during the
experiment 5 ml of the reactive solution were sampled after 5, 12.5, 25, 60, 180 min and after 1,
3, and 14 days of reaction time. In addition after 1, 9, and 18 min of reaction time, 1 ml aliquots
of the experimental solution were sampled and filtered only for solution analyses. The solids
were separated by a 0.2 um cellulose acetate filter using a suction filtration unit and were dried in
a desiccator by using silica gel at room temperature.

All solutions were prepared by analytical grade chemicals (CaCl,-2H,O, MgCl,-6H,O and
NaHCO; from Roth) dissolved in ultrapure water (Millipore Integral 3: 18.2 MQcm™). Prior to
each experiment the pH of the (Ca,Mg)Cl, and NaHCOj3 solutions was adjusted to 8.3 +0.1 using
a diluted NaOH solution. The pH was measured with a Schott Blueline 28 combined electrode,
which was calibrated against NIST buffer standard solutions at pH 4.01, 7.00 and 10.00. In total,
4 experiments were carried out in the presence of Mg. The Mg/Ca ratios used in the 0.6 M
(Ca,MQ)CI, solutions were 1:4, 1:5, 1:6, and 1:8, thus, the experiments are labeled as MgCa4,
MgCab, MgCa6 and MgCa8, where the number represents the multiple of the concentration of
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Ca with respect to Mg (Table 1). A replicate of experiment MgCa4, hereafter mentioned as
MgCa4 2, has been used to establish the reproducibility of the method. In addition, one

experiment was carried out without Mg (MgCa0).
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Fig. 1. (A) The experimental setup used for the precipitation of calcium carbonate during the experimental
runs of this study. (B) Temporal evolution of the pH of the reactive solution and of the mole NaOH added
to the experimental solution due to titration to keep the pH constant versus the time of experiment MgCa4.
The titration of the (Ca,Mg)Cl, solution into the NaHCOj; solution was stopped after a reaction time of 25
min. The transformation of Mg-ACC to Mg-calcite was indicated by Raman spectroscopy to occur
between 34 and 42 min of experimental run time.

3.2.2. Analytical procedures

Aqueous cation concentrations were measured using ion chromatography (IC) unit (Dionex IC S
3000, lonPac® AS19 and CS16 column), with an analytical precision of +3 %. The total alkalinity
of the solutions was determined by a Schott TitroLine alpha plus titrator using a 0.02 M HCI
solution, with an analytical precision of £2 %. In situ Raman Spectroscopy of the reactive

2™ analyzer from

solution was carried out at a high temporal resolution using a RAMAN RXN
Kaiser Optical Systems with a Kaiser MR Probe head equipped with a quarter-inch immersion
optic. The Raman spectra were collected in the 100-1890 cm™ region with a resolution of 1 cm™
using a laser beam with an excitation wavelength of 785 nm. The in situ Raman spectra of the
solution were acquired every 35 sec for 60 min after the onset of the experiment. At 180 min and
1, 3 and 14 days of reaction time Raman spectra were collected for 5 min. The baseline of the
individual Raman spectra was corrected by the Pearson’s method using the iC Raman™ 4.1

software (Mettler Toledo).

Immediately after filtration the mineralogy of the collected solids was determined using an

Attenuated Total Reflectance - Fourier Transform Infrared Spectroscope (ATR-FTIR; Perkin
14
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Elmer Spektrum 100) in the range 450 to 4000 cm™. X-ray powder diffraction (XRD) patterns of
the dried precipitates were recorded by PANalytical X Pert PRO diffractometer using Co-Ka-
radiation (40mA, 40kV) at a 20 range from 4° to 85° and a scan speed of 0.03° s™*. The mineral
phases were quantified by Rietveld refinement using the PANalytical X'Pert HighScore Plus
software with the PDF-2 database. Amorphous phases were not considered for quantification, as
the dried samples that were analyzed had been completely transformed to crystalline products.

Selected precipitates were gold-coated and imaged using a ZEISS DSM 982 Gemini scanning
electron microscope (SEM) operating at 5 kV accelerating voltage. The Mg content of the solids

(in mol%) sampled at a given reaction time was calculated according to the equation:

nvg, 4~ Melg

solid — —
Mg, 44 [Mg]aq+ NCazgqd [Ca]aq

[Mg] x100 (1)

where Ny, and Ne,. ., are the amount of titrated moles of Mg and Ca per liter in the reactive

solution, after correction for volume changes and [Mg]aq and [Ca].q are the measured molar
concentrations of Mg and Ca in the reactive solutions. The error of this method was estimated to
be £5 %. The calculated [Mg]soig Values obtained from Eq. 1 are in very good agreement with the
Mg contents of solid measured after digestion of selected solid samples in 6% HNO3 (Appendix
Ala). The analytical precision of the latter measurement is +3%.

3.2.3. Hydrochemical modelling
The aqueous speciation of the reactive solutions, ion activities and saturation degrees were
calculated using the PHREEQC software in combination with its minteg.v4 database. The

formation reaction for Mg-calcite and Mg-ACC is defined according to the equation:
(1-x) Ca?* + x Mg?* + COs* = Ca;,Mg,CO3 (2)

Earlier studies have argued that 1 to 2 molecules of H,O may be present per mole unit in
amorphous calcium carbonate (Radha et al., 2012). In Eq. 2, however, H,O is not present as we
assume its activity to be 1 in our experimental solutions. For the estimation of the saturation state
() of Mg-calcite we used the solubility products (Ksp) of Mg-calcite reported by Busenberg and
Plummer (1989). The ion activity product for Ca;xMgxCOs, such as Mg-calcite and Mg-ACC,

was determined as:
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IAP = (a . 2+)'™ (aygg2t)" (acog_) (3)

where a denotes the activity of the i species in solution and x is the mole fraction of MgCOs3 in
the precipitated solid phase (Mgsiiq) in Table 1; see Eq. 2). The Q with respect to ACC is

expressed by

(1,27 @y o)

(4)

Qacc= K
sp

where Kg, = 103 at 25°C (Brecevi¢ and Nielsen, 1989). Note here that the latter value refers to

ACC that does not contain Mg.

3.3. RESULTS

3.3.1. Chemical evolution of the reactive solutions

The aqueous compositions of the reactive solutions are reported in Table 1. In experiments
MgCa4, MgCa5, and MgCa6 the pH decreased from 8.35 £0.05 to 8.16 £0.01 between 180 min
and 1 day of reaction time. In contrast, the pH of the reactive solution remained near-stable at
8.38 £ 0.07 in experiment MgCa8 and increased from 8.39 to 8.51 in experiment MgCa0. The
titration of the (Ca,Mg)Cl, solution in the reactor caused the nucleation/precipitation of
magnesium-rich calcium carbonate. Accordingly, the carbonate alkalinity decreased from 1 M
down to an overall value of ~0.1 M after 25 min of reaction time. The temporal decrease of
carbonate alkalinity is similar in all experimental runs (Table 1). Chemical steady state condition
with respect to carbonate alkalinity was attained after about 60 min of reaction time.

The [Ca]yq Of the reactive solutions did not exceed 0.006 M due to instant nucleation/precipitation
of CaCOs. After the titration of the (Ca,Mg)Cl, solution was stopped, about 98 % of the n¢, .,

was removed from the reactive solution. The [Mg].q of the reactive solution significantly
increased over time during the addition of the (Ca,Mg)Cl, solution (Fig. 2A). After 25 min of
reaction time about 45 % of the ny,, ., was incorporated into CaCOs in experiments MgCa4,
MgCa5 and MgCa6. The [Mg]yq in the latter experiments, however, decreased significantly after

25 min of reaction time (Fig. 2A), and the overall removal of Ny;0,qq INCTEAsEd to about 85 % after
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1 day. In contrast in experiment MgCa8 the [Mg].q remained constant at about 0.009 M between

25 min and 14 days, which accounts for a consumption of about 65 % of the ny;, ..
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Fig. 2. (A) Concentration of dissolved Mg ions of the reactive solution and (B) Mg content of the
precipitated solid, [Mg]s.i4, calculated according to Eq. 1, versus the experimental run time. The titration
of the (Ca,Mg)Cl, solution into the NaHCOs; solution was stopped after 25 min of experimental run time.
Analytical uncertainty is included in symbol size.

3.3.2. Temporal evolution of the solid Mg composition

The temporal evolution of the [Mg]sq in all experiments is shown in Fig. 2B and reported in
Table 1. The progressive increase of the [Mg],q within 25 min of reaction time (Fig. 2A) is
accompanied with an increase of the [Mg]sliq. The highest [Mg]siig values are obtained at
experiment MgCa4. As illustrated in Fig. 2B, [Mg]sliq in experiments MgCa4, MgCa5, and
MgCab6 continues to increase considerably after 25 min of reaction time. This is despite the fact
that the injection of the (Ca,Mg)Cl, solution was stopped and a decrease of the carbonate
alkalinity was not detected (Table 1). The increase of the [Mg]sliq i similar in experiment
MgCa4 and in the replicate experiment MgCa4 2 (Fig. 2B). The overall variability of the
[Mg]soiia Values between these replicate experiments is below +1 mol% of Mg in CaCOs.

A slight decrease of carbonate alkalinity due to subsequent mineral precipitation was monitored
for experiment MgCa4 between 34 and 42 min by the consumption of NaOH keeping the pH
constant (see NaOH content due to titration in Fig. 1B). In experiment MgCa8, the [Mg]soiid

remained constant at about 8§ mol% between 5 min and 14 days of reaction time (Fig. 2B).
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3.3.2. In situ determination of aqueous carbonate species

The in situ Raman spectroscopy allows a qualitative monitoring of aqueous carbonate species
during the experimental runs. In all experiments performed in the context of this study, aqueous
HCO;" exhibits vibrations at 1017 cm™ (C-OH stretch), 1363 cm’! (symmetric stretch), 634 em’,
and 675 cm” (HO-CO-bend), whereas aqueous COs> has a single vibration band at 1067 cm™.
These vibration bands are similar to those reported in the literature (Oliver and Davis 1972;
Souchon et al., 2011; Geisler et al., 2012). The initial intensity of the vibration band of dissolved
HCOs is significantly higher than the intensity of the dissolved COs> (Fig. 3), owing to the
predominance of HCO;™ aqueous species at the working pH 8.3. During the experimental runs
however, the intensity of the characteristic HCO; vibration band at 1017 cm™ decreased rapidly
due to subsequent precipitation of Mg-ACC (see v; in Fig. 3). Note here that although carbonate
alkalinity concentrations are above 0.1 M after 25 min (Table 1), the characteristic HCO;™ peak is

barely visible (Fig. 3) owing to detection limitations of in situ Raman spectroscopy.
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Fig. 3. Waterfall plot of Raman spectra showing the vibration band of aqueous HCO5™ ((HCOy5),q) aqueous
COy”> ((CO32')aq) and of v; band of CO;” related to Mg-ACC/Mg-calcite collected by in situ Raman
spectroscopy within 60 min of reaction time of experiment MgCa4.
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3.3.3. Solid phase characterization

Raman spectroscopic analysis

The Raman spectra of amorphous calcium carbonate are characterized by the presence of a broad
carbonate symmetric stretching band (v;) at 1080-1088 cm™ and the absence of lattice modes
(libration and translation mode) at lower frequencies (Wang et al., 2012b; Addadi et al., 2003).
The Raman peak positions and maximum intensities (Inax) of the v; vibration band and of the
libration mode detected after certain experimental times are given in Table Al in the Appendix.
The collected in situ Raman spectra in the experiment MgCa4 showed that Mg-ACC was present
during the addition of the (Ca,Mg)Cl, solution, as it is indicated by the increase of the intensity of
the v, vibration band of solid COs> at 1085 +1 cm™ (Fig. 3). After the titration of the (Ca,Mg)Cl,
solution stopped, the maximum intensity (Im.) of the v; vibration band of Mg-ACC remained
constant between 25 and 34 min of reaction time (Figs. 3 and 4). Upon this time point the Iax Of
the vy vibration band increased rapidly (Fig. 3 and 4) indicating the transformation of Mg-ACC
to a crystalline phase (Addadi et al., 2003; Rodriguez-Blanco et al., 2008). The formation of Mg-
calcite was confirmed by the contemporaneous rise of the libration mode at 286 +1 cm™
(Bischoff et al., 1985). In the context of Mg-ACC to Mg-calcite transformation the frequency of
the v; vibration band moved from 1085 +1 cm™ to 1089 +1 cm™ (Fig. 3, Table A1 in Appendix).
In the experiments MgCa5 and MgCa6 the transformation of Mg-ACC to Mg-calcite was
observed earlier, after 26 and 15 min of reaction time, respectively, as it was indicated by the
rapid increase of the Inax Of vi band (Fig. 4) and the rise of the intensity of the libration mode of
Mg-calcite at 284 +1 cm™ (Table A1, Appendix). In the experiment MgCa8 the intensity of the
vi band (Fig. 4) and of the libration mode of Mg-calcite increased immediately after the onset of
the experimental run. The frequency of the v; band remained constant at 1087 +1 cm™. After 1
day of reaction time the presence of aragonite was indicated in addition to Mg-calcite by a weak
Raman band at 205 cm™ (Edwards et al., 2005). In the experiment MgCa0 the in situ Raman
spectra showed a rise of the intensity of the vibration bands at 1074 +1 cm™, 1086 +1 cm™ and of
the libration mode of calcite at 281 +1 cm™ during the addition of the CaCl, solution. The
presence of a double v; vibration band at 1074 cm™ and 1089-1090 cm™ in the experiment
MgCa0 (Table Al, Appendix) is characteristic of vaterite (Kontoyannis and Vagenas, 2000;
Gabrielli et al., 2000). As it can be seen in Fig. 4 the Inax of the vy vibration band at 1086 +1 cm’

continues to increase after 25 min of reaction time. After the duration of one experimental day,
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the intensity of the v, band at 1086 +1 cm™ has risen significantly, while the v; band at 1074 +1
cm™ was no longer visible (Table Al, Appendix). The occurrence of the libration mode at 281
cm indicates the presence of calcite.
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Fig. 4. Evolution of the maximal intensity (I,..) of the v, vibration band of solid CO;> during 60 minutes
of reaction time for all experiments, where individual wave numbers at I, are given. The transformation
of Mg-ACC to Mg-calcite is indicated by the rapid increase of I, (dotted line) in experiments with
Mg/Ca ratios > 1:6.

ATR-FTIR spectra analysis

The observed infrared frequencies of characteristic carbonate v, v,, and v4 vibration bands of all
analyzed solid samples are given in Table Al in the Appendix. The lack of the v4 absorption
band at ~713 ¢cm™ and the presence of broad v; and v, bands at 1073-1075 cm™! and 860-861 cm’
! respectively, in the ATR-FTIR analyses are indicative of the presence of an amorphous
carbonate phase in the sampled precipitates. The presence of these bands are in agreement with
published FTIR data at 1065-1075 cm™ (v) and at 860-873 cm™ (v;) (Addadi et al., 2003; Loste
et al., 2003) for ACC. In experiments MgCa4 and MgCa5, Mg-ACC was found in precipitates
sampled after 13 and 25 min of reaction time, respectively (experiment MgCa4 in Fig. Sa). The
analyzed ACC spectra from our experiments are in good agreement with ACC reference material
that was synthesized following the approach described in Rodriguez-Blanco et al. (2012) (Fig.
5a). The transformation of Mg-ACC to Mg-calcite is indicated by the rise of the v4 band at 711-
713 ecm™ and the shift of the v, and v; bands from 860-861 to 871-872 cm™! and from 1073-1074
to 1082-1085 cm™, respectively (Fig. 5a). These vibration bands are characteristic of Mg-calcite
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(White, 1974; Bottcher et al., 1997; Loste et al., 2003; Mavromatis et al., 2012). The occurrence
of the v; band at 1082-1085 c¢cm™', which is not infrared active in well-ordered calcite, is caused by
incorporation of Mg in the calcite structure (White, 1974; Bottcher et al., 1997). The v, band of
Mg-calcite is sharper than that of ACC (Fig. 5a) a feature that is consistent with data shown in
Addadi et al. (2003). In experiments MgCa6 and MgCa8, all of the analyzed ATR-FTIR spectra
show characteristics of Mg-calcite, whereas in situ Raman spectra of experiment MgCa6 are
indicative of the presence of ACC during 15 min of reaction time. Note that a weak v4 band at
700 cm™ of aragonite was present after 25 min of reaction time in experiment MgCa8 (Table A1,
Appendix). In experiment MgCa0, the ATR-FTIR spectra of the precipitates that were sampled
during 180 min of reaction time showed strong vibration bands at 744 cm™ and 1088 cm’
corresponding to the v4 and v; band of vaterite (Dupont et al., 1997) and a weak band of calcite at
712 cm™ (Table A1, Appendix). In the solids collected after 1 day, the characteristic bands of
vaterite were absent. This is in good agreement with the results obtained by in situ Raman

spectroscopy.

X-ray diffraction

Quantitative XRD results show that the dried precipitates of experiments MgCa4, MgCa5 and
MgCa6 mainly consist of Mg-calcite (= 96 wt.%) and traces of aragonite (up to 4 wt.%) as
reported in Table 2. In experiment MgCa8, minor amounts of aragonite (1-17 wt.%) and vaterite
(up to 13 wt.%) were detected besides Mg-calcite (> 83 wt.%). The precipitates of experiment
MgCa0 (5 to 180 min of reaction time) consist of vaterite (0 - 90 wt.%) and calcite (10 - 27
wt.%). Vaterite was absent from the collected solids after 180 min and 1 day of reaction time,
respectively in experiments MgCa8 and MgCa0 (Table 2). The XRD patterns of the precipitates
sampled after 24h of reaction time show that the d(io4) calcite characteristic peak exhibits an
increase from 2.99 to 3.01 A (Fig. Sb), which is in agreement with the decrease of the [Mg],liq in
experiments MgCa4, MgCa5, MgCa6, and MgCa8 (Fig. 2b). The Mg content was calculated
from the dio4 according to the approach shown in Goldsmith et al. (1961), [Mg]soliacxrp), Tanges
from 15 to 7 mol% in experiment MgCa4, MgCa5, MgCa6, and MgCa8, respectively. Note that,
the uncertainty in this calculation is about +1 mol% of Mg. The calculated [Mg]soiiacxrD) Values
are in good agreement with the Mg contents calculated from solid digestion (Fig. Alb,

Appendix).
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Fig. 5. (A) ATR-FTIR spectra of sampled precipitates at certain reaction times of the experiment MgCa4
and of an ACC reference (Ref) synthesized according to Rodriguez-Blanco et al., 2012 (experiment 3). (B)
XRD pattern of solids obtained after 1 day of reaction time from all experiments.

Scanning electron microscopy observations

Mg-ACC sampled in experiments MgCa4, MgCa5, and MgCa6 were completely transformed to
Mg-calcite within about 30 min after sample filtration. Thus, SEM images of synthesized Mg-
ACC could not be realized. The SEM images of the precipitates of experiments MgCa4, MgCa5,
and MgCa6, sampled after 60 min of reaction time, indicate Mg-calcite aggregates consisting of
sub- to anhedral nanocrystals (experiment MgCa4, Fig. 6A and B). Note that SEM images are
not shown for experiments MgCa5 and MgCa6 as the precipitated solids show morphologies that
are similar to from experiment MgCa4. During the experimental runs of experiments MgCa4,
MgCa5, and MgCa6, no significant changes in shape and size of the Mg-calcite crystals and
aggregates were observed. In experiment MgCa8, the sampled Mg-calcite display aggregates of
aligned rhombohedral crystals (Fig. 6C). These crystals are larger in size than those resulting
from experiments MgCa4 (Fig 6A), MgCa5 and MgCa6. Furthermore needle-like aragonite,
about 4 um in size, was recognized in experiment MgCa8 (Fig 6D). The vaterite precipitates
observed after the onset of experiment MgCa0 consists of large spherical aggregates (Fig. 6E)

composed of nanoparticles < 100 nm in size. Calcite end products are euhedral and subhedral in

morphology (Fig. 6F).
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Fig. 6. SEM images of sampled precipitates from experiment MgCa4 after 60 min (A) and 1 day (B) of
reaction time, from experiment MgCa8 after 60 min (C) and 1 day (D) of reaction time and from
experiment MgCa0 after 60 min (E) and 1 day (F) of reaction time.
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Table 1

Chemical composition of experimental solutions, Mg/Ca: Mg to Ca ratio of the 0.6 M (Ca,Mg)Cl,
solution; time: reaction time during the experimental run; pH: pH of the reactive solution; [Ca]aq, [MQ]aq:

Ca and Mg concentration of the reactive solution; n

Cagqq’

n

Mgadqd”

amount of moles of Ca and Mg added in

the reactive solution; Alkalinity: carbonate alkalinity of the reactive solution; [Mg]s.ia: Mg content of the

solid calculated according to Eq. 1.

Experiment  Mg/Ca time pH [Calyq  [Mg]ag Neyd Nyggq  Alkalinity  [Mglsia

min/d x10°M  x10°M  x10°M  x10°M  x10°M mol%

0 min 8.37 - - - - 1020 -
1 min 8.31 2.78 4.00 17.41 4.35 977 2.34
5 min 8.31 3.69 14.97 73.12 18.28 707 4.54
9 min 8.30 3.66 20.68 111.30 27.82 491 6.22
13 min 8.35 3.84 24.42 136.29 34.07 380 6.79
MgCa4 1:4 18 min 8.36 4.15 26.96 164.20 41.05 226 8.09
25 min 8.36 6.18 27.23 190.80 47.70 119 9.98
60 min 8.33 0.39 12.06 186.92 46.73 94 15.67
180 min  8.30 0.20 8.89 186.92 46.73 89 16.85
1d 8.16 0.14 6.08 186.92 46.73 81 17.87
3d 8.07 0.13 4.32 186.92 46.73 82 18.50
14d 8.13 0.16 1.89 186.92 46.73 72 19.36

0 min 8.32 - - - - 1016 -
1 min 8.31 0.36 2.89 20.30 4.06 971 5.69
5 min 8.29 0.43 11.55 75.80 15.16 705 4.58
9 min 8.33 0.39 15.90 11591 23.18 500 5.93
13 min 8.31 0.52 18.42 140.09 28.02 399 6.44
MgCas 1:5 18 min 8.32 0.61 19.91 172.46 34.49 237 7.82
25 min 8.37 0.67 21.87 195.78 39.16 130 8.14
60 min 8.37 0.39 11.38 193.90 38.78 114 12.40
180 min  8.40 0.39 9.79 193.90 38.78 111 13.03
1d 8.17 0.14 6.79 193.90 38.78 108 14.17
3d 8.12 0.18 5.15 193.90 38.78 102 14.79
14 d 8.18 0.18 2.77 193.90 38.78 96 15.67

0 min 8.33 - - - - 1015 -
1 min 8.30 1.62 2.90 20.40 3.40 968 2.62
S min 8.30 0.15 9.83 78.82 13.14 684 4.03
9 min 8.31 0.53 14.31 118.62 19.77 479 4.42
13 min 8.31 0.11 15.83 144.38 24.06 378 5.40
MgCab6 1:6 18 min 8.25 0.35 17.43 176.46 29.41 217 6.37
25 min 8.31 0.19 18.53 201.42 33.57 113 6.95
60 min 8.31 0.33 8.23 199.34 33.23 96 11.19
180 min  8.30 0.23 6.62 199.34 33.23 92 11.81
1d 8.17 0.06 5.34 199.34 33.23 90 12.30
3d 8.12 0.08 5.25 199.34 33.23 86 12.33
14 d 8.12 0.12 4.07 199.34 33.23 87 12.78

0 min 8.32 - - - - 1015 -
1 min 8.30 0.92 1.99 20.76 2.59 986 2.96
5 min 8.30 0.12 4.32 82.12 2.59 674 6.76
9 min 8.34 0.14 5.05 122.48 10.27 450 7.73
13 min 8.31 0.14 5.54 148.63 15.31 360 8.07
MgCa8 1:8 18 min 8.34 0.33 6.32 178.93 18.58 186 8.25
25 min 8.27 0.64 8.10 206.52 22.37 88 7.92
60 min 8.31 0.45 9.35 201.40 25.81 55 7.30
180 min  8.35 0.28 9.38 201.40 25.17 48 7.28

1d 8.32 0.14 9.60 201.40 25.17 57
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3d 8.41 0.14 9.25 201.40 25.17 61 7.33

14d 8.45 0.15 7.59 201.40 25.17 55 8.03
0 min 8.34 - - - - 1025 -
1 min 8.33 2.82 - 25.77 - 945 -
5 min 8.33 0.15 - 91.80 - 670 -
9 min 8.34 0.14 - 133.02 - 479 -
13 min 8.31 0.11 - 166.25 - 344 -
MgCa0 0:1 18 min 8.29 0.19 - 200.32 - 169 -
25 min 8.29 0.36 - 230.28 - 81 -
60 min 8.42 0.19 - 230.28 - 87 -
180 min  8.39 0.07 - 230.28 - 89 -
1d 8.56 0.03 - 230.28 - 92 -
3d 8.54 0.01 - 230.28 - 93 -
14d 8.56 0.05 - 230.28 - 104 -

Table 2

Mineralogical composition of precipitates sampled after 180 min and 1 day of reaction time. The
guantification was realized by Rietveld refinement. Values are given in wt.%. The weighted profile R-
factor ranges between 9 and 14. Small amounts of halite (3 +1 wt.%) occur in the precipitates due to
drying, except in experiment CaMg8.

Experiment time (Mg-) Calcite  Aragonite Vaterite
min/d
25 min 100 - -
MgCa4 180 min 100 - -
1d 100 - -
25 min 100 - -
MgCa5 180 min 96 4 -
1d 96 4 -
25 min 100 - -
MgCab 180 min 100 - -
1d 100 - -
5 min 87 - 13
13 min 91 1 8
25 min 86 9 5
MgCa8 180 min 85 15 -
1d 83 17 -
5 min 27 - 73
13 min 18 - 82
25 min 10 - 90
MgCa0 180 min 20 - 80
1d 100 - -
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3.4. DISCUSSION
3.4.1 In situ monitoring of Ca; ,Mg,CO; formation

Mg-ACC formation and its subsequent transformation to Mg-calcite

The collected Raman spectra reveal that the formation of Mg-calcite in the experimental runs
took place by two distinctive reaction mechanisms, either through an Mg-ACC precursor or
directly from the fluid phase.

In experiments MgCa4, MgCa5, and MgCa6, the initially formed Mg-ACC acts as a precursor of
the Mg-calcite. The Raman v; band of ACC is significantly broadened compared to that of
crystalline phases owing to its poorly ordered structure (Addadi et al., 2003; Rodriguez-Blanco et
al., 2008). The obtained results demonstrate that the increase of the maximum intensity of (Imax)
of the v; Raman vibration band can be used to follow the Mg-ACC to Mg-calcite transformation
(Fig. 4). The formation of Mg-calcite from Mg-ACC was further confirmed by the
contemporaneous rise of the lattice vibration; amorphous phases do not exhibit lattice vibration.
In experiments MgCa4, MgCa5, and MgCa6, the transformation of Mg-ACC to Mg-calcite
occurs rapidly, i.e. within 12 £4 min of reaction time (Fig. 4). It is likely that the bulk of the Mg-
ACC is transformed to Mg-calcite as soon as the Imax Of the vy vibration band exhibits constant
values over time (Fig. 4). Given that the v, band of Mg-ACC cannot be distinguished from that of
Mg-calcite, the presence of minor amounts of Mg-ACC for prolonged periods of time cannot be
excluded at this stage.

In the context of Mg-ACC to Mg-calcite transformation, the Raman v, band shifted to higher
frequencies in experiments MgCa4, MgCa5, and MgCa6 (Fig. 4 and Table Al in Appendix).
This likely occurs due to the substitution of Ca** by Mg?* ions in ACC and calcite that causes a
decrease in the average length of the metal-oxygen bond due to the shorter Mg-O bonds
compared to Ca-O bonds in the solid phase (Bischoff et al., 1985; Wang et al., 2012b). Indeed,
the evolution of the [Mg]soig Suggests that the incorporation of Mg in the Mg-calcite lattice
continues throughout Mg-ACC transformation in experiments MgCa4, MgCab5, and MgCa6 (Fig.
2b).

As illustrated in Fig. 4, the relative intensities of the vy vibration band differ among the various
experiments. Raman spectroscopic studies showed that the peak broadening of the Raman v,
band is correlated with the increased Mg content in calcite and ACC (Bischoff et al., 1985; Falini
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et al., 1998; Wang et al., 2012b). This feature is probably linked to the Mg-induced positional
disorder of the CO3* group (Bischoff et al., 1985). In our study, the relative intensities of the v,
band reveal that the Mg content in ACC in experiment MgCa4 is slightly higher than of that in
experiments MgCa5 and MgCa6 (Fig. 4). Michel et al. (2008) suggested that OH"™ groups may
possibly play a role within the ACC structure. However, during Mg-ACC formation in
experiments MgCa4, MgCa5, and MgCab6 less than 0.01 % of the total [Mg].q and [Ca].q is
bounded in MgOH" and CaOH" aquo-complexes, owing to the moderate alkaline pH of 8.3.
Moreover, Raman and ATR-FTIR spectra do not indicate the presence of distinct OH" vibrations
for Mg-OH and Ca-OH units within the precipitates. Thus rigid OH™ groups are not suggested to
play a significant role in the Mg-ACC structure of the present experiments. Nuclear magnetic
resonance spectroscopy studies on Mg-ACC recently showed that the coordination shell of Mg in
Mg-ACC contains at least one water molecule (Lin et al., 2015). The longer lasting occurrence of
Mg-ACC in experiment MgCa4 (~34 min) compared to experiment MgCa6 (~15 min) can be
likely attributed to the structural water bound to Mg ions that retards the process of dehydration
(Lin et al., 2015). In experiments with lower Mg contents, sampled Mg-ACC transformed to Mg-
calcite in a short time after the filtration. As such, a discrepancy between the in situ Raman and
ATR-FTIR results is observed in experiment MgCab6 (Table 2). This pattern clearly highlights
the importance of time-resolved in situ analyses in order to capture the near-instantaneous
transformation of Mg-ACC to Mg-calcite in this highly dynamic system.

In contrast to experiments MgCa4, MgCa5, and MgCa6, experiment MgCa8 displays Mg-calcite
precipitation from solution immediately after the onset of the experimental run in the Raman
spectra (Table Al, Appendix). The absence of Mg-ACC in experiment MgCa8, however, cannot
be established beyond doubt owing to the overlapping of v; characteristic Mg-ACC band with
that of Mg-calcite. The direct formation of Mg-calcite in experiment MgCa8 is, however,
supported by the observation of aligned rhombohedral crystals in SEM images (Fig. 6C). These
rhombohedral crystals are significantly larger in size than the nanocrystals in experiments
MgCa4, MgCa5, and MgCa6, where Mg-ACC was clearly detected after the onset of the

experimental run (experiment MgCa4, Fig. 6B).

Vaterite formation and its subsequent transformation to calcite
Similar to experiment MgCa8, no formation of ACC was observed in the Mg-free experiment

MgCa0. The in situ Raman spectra of this experiment point towards formation of calcite via a
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vaterite precursor, a common reaction path for calcite formation via dissolution/ reprecipitation
(Ogino et al., 1987; Rodriguez-Blanco et al., 2011; 2012; Bots et al., 2012). Note that the v; band
of vaterite is overlapping with that of calcite at 1086 cm™. During vaterite to calcite
transformation, the intensity of the v, band at 1086 cm™ increased significantly, while the second
v1 band of vaterite at 1075 cm™ decreased between 25 min and 1 day of reaction time (Table A1,
Appendix). These changes in intensity likely occur due to the poor crystallinity observed in
vaterite compared to that of calcite (Wehrmeister et al., 2010). Thus, the Raman v; band at 1086
cm™* became sharper during the formation of calcite (Fig. 4). The formation of calcite was further

confirmed by the contemporaneous rise of its libration mode at 218 cm™ (Table Al, Appendix).

3.4.2. Control of Mg on Mg-ACC transformation mechanisms

Experiments MgCa4, MgCa5, and MgCa6 demonstrate that the Mg content of the precipitated
calcite increased throughout Mg-ACC transformation (Fig. 2B; Table 1). Thus, the Mg content
of all Mg-ACC precipitates is lower than that of Mg-calcite that subsequently forms from these
precursor phases (Fig. 7). Recent studies document that ACC undergoes a continuous transition
from more hydrated to less hydrated states in solution at ambient temperature prior to its
transformation to a crystalline phase (Ihli et al., 2014; Rodriguez-Navarro et al., 2015). The rate
of ACC dehydration is most likely controlled by the presence of Mg in its structure, with slower
dehydration rates to be expected at higher Mg contents. This occurs due to the presence of larger
amounts of structural water at high Mg contents (Lin et al., 2015) and it is likely the case for
experiments MgCa4, MgCab, and MgCa6 (Fig. 4). Ihli et al. (2014) suggested that the complete
dehydration of ACC is associated with a high activation energy of ~245 kJ mol™, thus
transformation of ACC to calcite via a solid-state mechanism is unlikely to occur at low
temperatures (Rodriguez-Navarro et al., 2015). Hence, based on the evolution of the solution
chemistry during the experimental runs of this study, it is likely that the formation of Mg-calcite
took place via a dissolution and re-precipitation process of the already partly dehydrated Mg-
ACC. ACC transformation to Mg-calcite via dissolution/re-precipitation has been also recently
verified by isotope trace experiments (Giuffre et al., 2015). During Mg-calcite formation Ca®",
Mg®*, and COs* ions are removed from the reactive solution (Table 1) owing to higher
oversaturation of Mg-calcite in the reactive solution compared to that of ACC (cf. exp. MgCa4,
Fig. 8a). The continuous precipitation of Mg calcite during the experimental runs, results in a
reactive solution undersaturated with respect to ACC. The inhibiting effect of aqueous Mg on the
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nucleation of calcite (Lippmann, 1973) might be overcome by the precipitation of Mg-calcite on
the surface of the remaining, not fully transformed, ACC precursor phase. The obtained Raman
results show that the complete transformation of Mg-ACC to Mg-calcite occurs in rather short
periods of time (i.e., 12 £4 min), thus a rather slow solid state ion diffusion mechanism (Putnis,
2014) can be refuted to take place for this transformation process.

After the complete Mg-ACC transformation to Mg-calcite, the reactive solutions in experiments
MgCa4, MgCa5, and MgCab are still supersaturated with respect to Mg-calcite (log(Qmg-calcite ) =
1.13 + 0.09 after 60 min). At this stage the [Mg].¢/[Ca]q ratio is about 30 in experiments MgCa4,
MgCab, and MgCa6 (Table 1). Note here that increased Mg concentrations in the aqueous phase
have been shown to significantly retard the growth rate of calcite (Berner 1975; Falini et al.,
1994; De Choudens-Sanchez and Gonzalez, 2009; Astilleros et al., 2010). The ongoing Mg
enrichment in calcite after Mg-ACC transformation may be explained by the partial dehydration
of aqueous Mg ions by Mg-carbonate aquocomplex formation as a result of elevated carbonate
alkalinity concentrations (~0.1 M) prevailing in the reactive solutions. Indeed, in the reactive
solutions of experiments MgCa4, MgCa5, and MgCab6, the overall molar fraction of [MgHCO3]4q
and [MgCO5"].q complexes sums up to 35 % of the total [Mg].,, after the transformation of Mg-
ACC took place. The detailed mechanisms that control and affect the uptake of these Mg-

carbonate aqueous complexes in calcite, however, are not clear and require further experimental

work.
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Fig. 7. Mg content of precipitates, calculated according to Eq. 1, as a function of the molar Mg/Ca ratio
of the aqueous solutions for experiments MgCa4, MgCa5, and MgCa6. Dashed line denotes the boundary
between the Mg-ACC and Mg-calcite for the present experiments. Analytical uncertainty is included in
symbol size.
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In the present study, Mg-calcites that formed via the transformation of an initial amorphous phase
exhibit significantly higher Mg contents compared to those formed directly from solution. Along
these lines, Mucci and Morse (1984) documented the formation of Mg-calcite with < 11 mol%
Mg in experiments conducted in synthetic sea water solutions with Mg/Ca ratios ranging from 1
to 20 and carbonate alkalinity concentrations of about 0.001 M. Our data show that even though
the initial Mg/Ca ratio was as low as 0.25 in experiment MgCa4, Mg-calcite with up to 20 mol%
Mg was formed in solutions at carbonate alkalinities of 0.1 M. An important implication of this
data set is that calcite precipitated inorganically from high supersaturated solutions is not in
equilibrium with the Mg/Ca ratio of its parent fluid. Specifically, the reaction pathway of calcite
nucleation and precipitation via precursor phases and Rayleigh type distillation processes may
impose non-equilibrium processes that may as well affect the isotope distribution of Mg in the
solid phase (cf. Mavromatis et al., 2013). The first order empirical relations extracted from these
experiments are: (i) ACC precursors with a high Mg content result in calcites with an equally
high Mg content, and (ii) the Mg content of ACC is positively correlated to Mg/Ca ratios of
titrated solution.

In the present experiments, the Mg content of ACC ranges between 2 and 10 mol%. Radha et al.
(2012) suggested that this range of Mg concentration should correspond to the formation of a
“homogeneous amorphous single phase”. Accordingly, the activities of Ca and Mg ions in
solution and the solid stoichiometry were used to calculate individual 1AP values according to
Eq. 3 as a function of reaction time (Fig. 8B). Constant IAPs of -6.14 +0.04 and -7.01 £0.06 were
obtained during experiments MgCa4 and MgCab, respectively. These are obviously adjusted by
ongoing Mg-ACC formation at the given experimental conditions. These IAP values for Mg
ACC lay within the range of ACC solubility products without Mg (K, = 10°%: Bregevi¢ and
Nielsen (1989); Ks, = 107" for ACC 1: Gebauer (2008)). The near-constant IAPs during an
individual run typify a highly dynamic system. In such a system, the temporal evolution of
composition of reactive solution and Mg-ACC has no significant effect on the obtained
“solubility product” for Mg-ACC. The physicochemical characteristics of the experiment are
suggested to play a decisive role in determining composition, structure, hydration state of Mg-
ACC and that this in turn is responsible for the different calculated “solubility products” for
experiments MgCa4 and MgCab. As variations in the chemical composition of Mg-ACC do not

change “solubility products” in the experiments MgCa4 and MgCa5 (Fig. 8B), the individual
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structure of Mg-ACC may be the main factor in determining ACC solubility. Note, however, that
that the low aqueous Ca concentrations (Table 1) may be introducing large errors in the
estimation of 1AP values in these experimental runs. Further experimental data are required to
verify the complex interplay between composition, structure, and hydration state of Mg ACC

throughout its formation and in particular as a function Mg content.

3.4.3. Implications for Mg-calcite formation in natural environments

It is well established that high Mg-calcite formation is less favorable compared to low Mg-calcite
or aragonite formation in seawater (Berner, 1975; Busenberg and Plummer, 1989). However,
high Mg-calcites are often found in marine sediment settings where formation mechanisms
remain unclear (Swart, 2015). In order to test the relative stability of the precipitated phase for
the presented study, we compare the saturation state of the reactive solution with respect to the
precipitated Mg-calcite as well as with that of calcite and aragonite. Essentially, the reactive
solutions exhibit a higher saturation state with respect to Mg-calcite compared to all other CaCO3
phases (experiment MgCa4 in Fig. 8A). This is due to the high activities of aqueous Mg?* and
aqueous COs? ions, which result in high IAP values (see Eq. 3) and thus elevated Q values with
respect to Mg-calcite. Thus, the thermodynamic stability sequence with respect to various Mg-
calcite and aragonite, determined by solubility data at a given temperature, depends strongly on
the Mg:Ca stoichiometry of the solution. We observed similar trends in the Qmg-caicite temporal
evolution during all the experimental runs; refer to Fig. 8C for calculated Qmg-caicite and Qcaicite
values. In any case an upper limit of 109(Q2mg-carcite) = 1.4 for the formation of Mg-calcite from
Mg-ACC is observed. Above this threshold value, metastable Mg-ACC precipitates.

With respect to microbially induced carbonates precipitated in natural aquatic environments, the
presence of an amorphous phase has been associated with high Mg-calcites and/or disordered
dolomite (Schmidt et al., 2005; Bontognali et al., 2010). Given its rapid transformation to a
crystalline phase, however, quantitative experimental work in natural settings remains
notoriously difficult. Independent of these problems, our findings clearly document that the
uptake of Mg ions in calcite continues after transformation of Mg-ACC. The mechanisms related
to this formation require further experimental work, whilst the physicochemical conditions in the
context of this study, i.e. circumneutral pH, high alkalinity concentration, and high fluid Mg/Ca
ratio, are rather typical for natural early diagenetic environments. For example, marine sediments

affected by anaerobic oxidation of methane (AOM) provide alkalinity concentrations of >50 mM
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(Hensen et al., 2004; Peckmann et al., 2001; Schmidt et al., 2005; Mavromatis et al., 2014b). In
these settings the Mg/Ca ratio is significantly higher compared to that of bulk seawater, as
precipitation of CaCO3; minerals occurs readily owing to their lower solubility.

The presence of ACC with variable Mg contents has also been documented for a variety of
biomineralization environments (Aizenberg et al., 1996; Beniash et al., 1997; Raz et al., 2003;
Politi et al., 2010). Advantages of shell formation via an amorphous precursor phase include the
possibility to temporarily store divalent cations and organic macromolecules and to exploit them
as building blocks at a later stage (see Immenhauser et al., 2015 for discussion). In order to
prevent spontaneous transformation of ACC, its formation must take place in a delineated space
that is sealed off from its aquatic environment. In many cases, biogenic ACC is precipitated from
a highly supersaturated body fluid and is then stored in vesicles where organic additives and high
Mg/Ca ratios inhibit deposition of crystalline phases (Weiner & Dove, 2003; Weiner et al., 2005).
During the transformation of ACC to the crystalline phase, the additives that inhibited
spontaneous mineralization are either occluded in the crystal or excluded from the crystallization
front (Weiner & Addadi, 2011). Our results indicate that - besides control by associated organic
molecules - the aqueous Mg/Ca ratio and carbonate concentration in a biomineralization space
might play a significant role in the further enrichment of Mg in calcite throughout the
transformation of Mg-ACC. Although, in the case of the experimental work shown here, the
effects of Mg on ACC (trans)formation take place in a strictly inorganic setting, this aspect is of
relevance for an in-depth understanding of biomineralization strategies using ACC precursors,

e.g. in the aspects of active pumping of Mg?* away or to the calcification sites.
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Fig. 8. (A) Evolution of the saturation state (Q) with respect to ACC, calcite, aragonite and Mg calcite
over the experimental time of the reactive solution of experiment MgCa4. The transformation of Mg-ACC
to Mg-calcite started after 34 min of reaction time. (B) Calculated ion activity product for Mg-ACC
according to Eq. 3 as a function of the Mg content of the solids, calculated according to Eq. 1. Results for
experiments MgCa4 and MgCa5 with a high stability of Mg-ACC are plotted. A mean log(IAP,.acc)
value of -6.14 £0.04 and -7.01 £0.06 is obtained for MgCa4 and MgCa5 with a Mg/Ca ratio used in the
(Ca,Mg)Cl, solution of 1:4 and 1:5, respectively. (C) Saturation state with respect to calcite (Qeaicire) VErsus
the saturation state with respect to the forming Mg-calcite (Qug.cacite) at certain reaction times of all
experiments.
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3.5. SUMMARY AND CONCLUSIONS

The formation of Mg-ACC and Mg-calcite at high fluid carbonate alkalinity has been
investigated experimentally under controlled physicochemical conditions (pH = 8.3 £0.1, T =
25.00 +0.03°C). In situ Raman spectroscopy was successfully applied to monitor the formation of
amorphous calcium carbonate and its near-instantaneous transformation to a crystalline phase at a
temporal resolution of about 30 seconds. Results were verified by analyzing the chemical
composition of the solution as well as the composition and structure of the precipitates in parallel.
Formation of Mg-calcite was documented by Raman, ATR-FTIR and XRD pattern as well as
SEM imaging.

Data obtained reveal two distinctive mechanisms of Mg-calcite formation: (i) in experiments with
high initial Mg/Ca ratios (1:4, 1:5 and 1:6), Mg-ACC acts as a precursor for Mg-calcite formation
with calcites containing up 20 mol% Mg. In this sense Mg-ACC represents an energetically
favorable pathway for high Mg-calcite formation. (ii) Conversely, under increasing fluid Mg/Ca
ratios, the stability of Mg-ACC is extended due to reduced kinetics of Mg®* dehydration. At
lower initial Mg/Ca ratios or in the absence of aqueous Mg, crystalline CaCO3 precipitated
directly from the solution. The initial Mg/Ca of 1:8 resulted in the precipitation of an Mg-calcite
with about 8 mol%, while in the Mg free experiment calcite was formed via a vaterite precursor.
The calculated “solubility products” of the Mg-ACC phases precipitated in the experiments with
elevated initial Mg/Ca ratios are independent of the ongoing change of ion stoichiometry of solid
and solution. An upper limit of log(Qmg-caicite) = 1.4 for the transformation of Mg-ACC to Mg-
calcite was obtained. The Raman spectra document that in our experiments the transformation of
Mg-ACC to Mg-calcite took place within a reaction time of about 11 min. Considering an ACC
transformation step, the Mg content in ACC is low, but high net uptake of Mg ions in the
precipitate throughout and subsequent its transformation, results in calcite with an unexpected
high Mg concentration of 20 mol%, whereas the more likely formation of aragonite is prohibited.
Hence, based on the Raman results and on the evolution of the solution chemistry during the
experimental runs of this study, it is suggested that the transformation of Mg-ACC takes place via
a dissolution and reprecipitation process. The experimental data clearly document the importance
of fluid alkalinity and aqueous Mg/Ca ratio on the formation of calcite with high Mg content

from Mg-ACC precursor. Essentially, our findings suggest that the Mg content of both abiotic
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and biogenic calcite precipitates depends on reaction pathway of formation and does not directly

trace the chemical composition of the precipitating solution.
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3.6. APPENDIX

Table Al

Frequencies (cm™) of observed characteristic carbonate vibration bands from in situ Raman and ATR-
FTIR spectra at certain reaction times. Maximum intensities (I.x) are given for the Raman v; bands and
libration modes.

Experiment Raman ATR-FTIR
time 7] libration mode V1 V) V4
min/d cm’ (Iinax) cm’ (Linax) cm’ cm’ cm’
13 min 1085 (0.58) - 1073 860 -
25 min 1085 (0.60) - 1073 860 -
60 min 1089 (1.11) 285(0.11) 1084 872 713
MgCa4 180 min 1089 (1.18) 286 (0.10) 1084 871 713
1d 1089 (1.19) 286 (0.11) 1085 871 713
3d 1089 (1.16) 287 (0.09) 1085 871 713
14 d 1090 (1.19) 287 (0.10) 1085 871 713
13 min 1086 (0.59) - 1074 861 -
25 min 1086 (0.71) - 1075 871 -
60 min 1088 (1.48) 284 (0.15) 1083 872 712
MgCa5s 180 min 1088 (1.33) 285(0.11) 1082 871 712
1d 1088 (1.39) 285(0.12) 1083 871 712
3d 1088 (1.32) 285(0.11) 1083 872 713
14d 1089 (1.38) 285 (0.14) 1084 872 713
13 min 1086 (0.72) - 1083 871 711
25 min 1088 (1.34) 283 (0.07) 1084 871 712
60 min 1088 (2.00) 283 (0.20) 1084 871 713
MgCa6 180 min 1088 (1.41) 283 (0.11) 1085 871 713
1d 1088 (1.39) 283 (0.16) 1085 872 713
3d 1088 (1.32) 283 (0.14) 1085 871 713
14d 1088 (1.38) 283 (0.11) 1085 871 713
13 min 1087 (1.24) 282 (0.08) 1082 870 712
25 min 1087 (1.61) 282 (0.14) 1082 870 712/700
60 min 1087 (1.87) 282 (0.16) 1082 870 712/700
MgCa8 180 min 1087 (2.32) 282 (0.14) 1082 870/856 712/699
1d 1087 (2.12) 205 (0.04)/282 (0.15) 1083 870/856 712/699
3d 1087 (2.33) 205 (0.06)/282 (0.15) 1083 870/856 711/699
14d 1087 (1.97) 205 (0.07)/282 (0.13) 1083 871/856 711/700
13min 1074 (0.55)/1086 (1.60) 281 (0.15) 1088 871 744/712
25min 1074 (0.62)/1086 (2.68) 281 (0.32) 1088 872 744/712
60 min 1075 (0.66)/1086 (3.01) 281 (0.40) 1088 872 744/712
Mg0Ca 180 min 1075 (0.59)/1086 (2.86) 281 (0.37) 1088 871 744/712
1d 1086 (5.86) 281 (1.15) - 871 712
3d 1086 (5.96) 281 (1.08) - 871 712
14d 1085 (5.66) 281 (1.05) - 871 712
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ABSTRACT

Various marine calcifiers form exoskeletons via an amorphous calcium carbonate (ACC)
precursor phase and magnesium plays an important role in the temporary stabilization of this
metastable phase. Thus, the use of Mg isotope ratios of marine biogenic carbonates as a proxy to
reconstruct past seawater chemistry calls for a detailed understanding of the mechanisms
controlling Mg isotope signatures during the formation and transformation of ACC to the final
crystalline carbonate mineral. For this purpose we have investigated the Mg isotope fractionation
between (Ca,Mg)COs; solids and aqueous fluids at 25°C and pH = 8.3 during (i) the direct
precipitation of crystalline Mg-calcite and (ii) the formation of Mg-rich ACC (Mg-ACC) and its
transformation to Mg-calcite. The outcome documents that the small Mg isotope fractionation
between Mg-ACC and reactive fluid (A*Mgacc-fuid = -1.0 + 0.1%o) is not preserved during the
transformation of the ACCs into Mg-calcite. Following a pronounced isotopic shift
accompanying the transformation of Mg-ACC into Mg-calcite, A®Mgcarcite-fivia progressively
decreases with reaction progress from ~ -3.0%o to -3.6%o, reflecting both the approach of isotopic
equilibrium and the increase of calcite Mg content (to near 20 mol % Mg). In contrast the
crystalline Mg-calcite precipitated directly from the reacting fluid, i.e. lacking a discernable
formation of an amorphous precursor, exhibits only small temporal variations in A”Mgcacite-fluid
which overall is affected by the precipitation kinetics. The values found in this study at the onset
of Mg-ACC precipitation for Mg isotope fractionation between Mg-ACC and the fluid
(A®Mgacc-iuia = -1.0%0) and between Mg-ACC and Mg?*(aq) (AZGMgACC-Mgz+(aq) =+ 2.0%0) are

consistent with the formation of a hydrated Ca nanoporous solid accommodating Mg
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bicarbonate/carbonate species in combination with hydrated magnesium. This material crossed by
percolating channels filled with the reacting fluid easily converts to Mg-rich calcite via exchange
and/or dissolution/precipitation reactions. The results of this study provide new insights on the
acquisition of the Mg chemical and isotopic signatures by the skeletal marine carbonates
precipitated in confined media from strongly supersaturated fluids. They also offer new guides
for the interpretation of the isotopic signature of these organisms for paleo-environmental

reconstructions.
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4.1. INTRODUCTION

Magnesium is a major component of seawater and in a large number of continental water bodies.
It plays a key role in the precipitation of carbonate minerals in the ocean as well as during
diagenetic reactions (Swart, 2015). As a result, much attention has been devoted in the last years
to the Mg isotope composition of marine carbonates and their potential for the reconstruction of
past seawater chemistry (Higgins and Schrag, 2010) and for providing new insights into the
global Mg cycle and the temporal evolution of continental weathering (Higgins and Schrag 2010;
Riechelmann et al., 2012; Pogge von Stradmann et al., 2014; Beinlich et al., 2014; Mavromatis et
al., 2014a; 2016a).

In order to reconstruct past seawater Mg isotope signatures from carbonate archives, the Mg
isotope fractionation between carbonate minerals and fluids and specifically between calcite and
seawater must be known. As a result a number of recent studies have been carried out to calibrate
the Mg isotope fractionation during calcite precipitation (Immenhauser et al., 2010; Li et al.,
2012; Mavromatis et al., 2013). These studies have focused on the inorganic calcite crystal
growth and the quantification of the impact of growth kinetics on Mg partitioning and isotope
fractionation between calcite and the fluid. This raises the question, however, whether these
inorganic experiments could provide a robust description of the fractionation of Mg isotopes in
biogenic carbonates (Hippler et al., 2009). The answer to this question is important because (i)
the biomineralization pathways differ between different groups of organisms (Immenhauser et al.,
2016) and (ii) marine limestones, whether neritic or pelagic in origin, consist of a complex
admixture of biogenic and abiogenic Mg-bearing carbonates (Morse and Mackenzie, 1990).
Indeed, Mg concentrations in inorganic CaCO3 precipitated in seawater-type fluids do not exceed
1-3 mol % (Politi et al., 2010), whereas Mg content of biogenic marine carbonates can reach up
to 30 mol % (Chave, 1954). Furthermore, a large body of recent literature suggests that many
groups of organisms apply amorphous precursor strategies in biomineralization (Politi et al.,
2004; 2008; Immenhauser et al., 2016 and references therein) and that the confined peculiar fluid
chemical environment (including high alkalinity and Mg(ag)/Ca(aq) ratio) controlling the
formation and transformation of this precursor seems to be a prerequisite for the formation of
Mag-rich calcite (Xmg > 10 mol %; Raz et al., 2000; Politi et al., 2010; Purgstaller et al., 2016). In
this regard, the formation of a nanoporous calcium-rich framework, accommodating hydrated Ca

and Mg with reduced coordination and supporting interconnected/percolating channels containing
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water and carbonate molecules, likely plays a key role in the transient stabilization of the
amorphous structure and its crystallization into a Mg-rich calcite (Addadi et al., 2003; Goodwin
etal., 2010; Lin et al., 2015).

The elementary mechanisms that control the formation of Mg-calcites from a metastable ACC are
clearly different from the classical ion-by-ion attachment of solutes to advancing steps involved
in the inorganic crystal growth of Mg—calcite in slightly supersaturated forming solutions. The
ways of acquisition and preservation of Ca and Mg isotopic signatures in calcites formed from an
ACC precursor are also expected to be distinctly different from those operating during calcite
inorganic crystal growth. To our knowledge, no study until now has monitored the evolution of
the Mg isotope composition of the forming fluid and the precipitated solid phases during the
formation of Mg-bearing ACCs (Mg-ACC) and their transformation to crystalline Mg-calcite.
This is remarkable, as without this information, any attempt to reconstruct past seawater
composition from marine biogenic carbonates must remain poorly constrained.

In an effort to characterize Mg isotope fractionation between aqueous solutions and Mg-calcites
formed from ACC precursors, as well as during and after the transformation of these amorphous
phases to Mg-calcites, we have measured the Mg isotope signatures of Mg-ACC, Mg-calcite, and
experimental fluids performed under controlled pH conditions as reported earlier by Purgstaller et
al. (2016). The intention of this study is not to simulate biomineralization in its complex and
individual behavior, but to decouple the distinct effects of ACC (trans)formation on Mg isotope
fractionation between aqueous Mg and Mg-calcite at well-defined physicochemical experimental

conditions.

4.2. METHODS

4.2.1 Experimental setup and analytical procedures

The experimental setup and the analytical methods have been described in detail in Purgstaller et
al. (2016). Briefly, the experiment was hosted in a temperature controlled (25.00 £0.03°C) Easy
MaxTM 102 system (Mettler Toledo) within a 150 ml borosilicate glass reactor. Mg-ACC
formation was induced by titration of 50 ml of a 0.6 M (Ca,Mg)Cl, solution via an automatic
titrator (702 SM Titrino; Methrom) at a rate of 2 mL/min into 50 ml of a 1 M NaHCOj3 solution
(stirred at 200 rpm). The pH of the reactive fluid was kept constant at 8.3 £0.1 by automatic

injection of a 1 M NaOH solution (Schott; TitroLine alpha plus). The temporal evolution of
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mineral precipitation was monitored by in situ Raman spectroscopy (Raman RXN2™ analyzer,
Kaiser Optical Systems). After 60 min of reaction time the reactive solution was transferred into
a 150 ml glass bottle and was placed air-tight on a compact shaker (Edmund Buhler GmbH; KS-
15) operating at 150 rpm in a temperature controlled room at 25 +1°C. The evolution of the
chemical and Mg-isotope composition of the reactive fluids and the precipitated solids were
followed via homogenous sampling of 5 ml that were subtracted from the reactor at 5, 12.5, 25,
60, 180 min and after 1, 3 and 14 days of reaction time. In addition after 1, 9 and 18 min of
reaction time, 1 ml aliquots of the experimental solution were sampled and filtered only for
solution analyses. The solids were separated by a 0.2 um cellulose acetate filter using a suction
filtration unit and were immediately analyzed using Attenuated Total Reflectance - Fourier
Transform Infrared Spectroscope (ATR-FTIR; Perkin Elmer Spektrum 100). Afterwards the
solids were dried in a desiccator containing silica gel at room temperature. The mineralogy of the
dried precipitates was determined using X-ray diffraction (PANalytical X Pert PRO). Aqueous
Mg and Ca concentrations were measured using an ion chromatography unit (Dionex IC S 3000)
and the total alkalinity of the solutions was determined by a Schott TitroLine alpha plus titrator.
The Mg contents of the solids (in mol%), calculated based on mass balance calculations (see
Purgstaller et al., 2016, for further details) are in excellent agreement with the Mg contents of
solid measured by digestion of selected solid samples in 6% HNOs.

In total, 4 experiments were carried out in the presence of Mg. The Mg/Ca ratios used in the 0.6
M (Ca,Mg)Cl;, solutions were 1:4, 1:5, 1:6 and 1:8, thus, the experiments are labeled as MgCa4,
MgCab, MgCa6 and MgCas8, similar to Purgstaller et al. (2016). Note here that this ratio does not
reflect the composition of reactive fluids and solids after the onset of the runs.

The apparent growth rate (mol/s) of the precipitating solid phase over time for these experimental
runs can be estimated by mass balance of Ca and Mg introduced in the reactor by the titration of
the inlet (Ca,Mg)Cl, solution and the actual aqueous Ca and Mg concentrations according to the

equation:

Caadd — Ca + Mgadd — Mgmeas (1)

meas

t

Rate, =

where the subscripts add and meas denote the moles of Ca and Mg added and measured
respectively in the reactor and t is the elapsed reaction time in seconds from the onset of the

experimental run. The temporal evolution of the apparent growth rate is illustrated in Fig. 1.
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Fig. 1. Temporal evolution of the apparent growth rate (Rate,,), calculated according to Eq. 1, for all
experimental runs.

4.2.2 Magnesium isotope analyses

Magnesium isotope analyses of reacting solutions and precipitated solids followed the protocol
described earlier by Immenhauser et al. (2010) and detailed in Geske et al. (2015). Solid and fluid
samples were eluted with 1.25M HNO3; through the BioRad ion exchange resin AG50W-X12
(200-400 mesh) for chemical separation of matrix elements (i.e. Na, Ca). The ratios of Mg
isotopes in the samples were determined with a Thermo Fisher Scientific Neptune MC-ICP-MS
in a 500 ppb Mg 3.5% HNO; solution at the facilities of the Ruhr-University-Bochum
(Germany). The Mg concentration of the analyzed sample was kept within £15% of the standard,
which proved to minimize potential isobaric interferences from matrices. A positive effect on
signal stability and reduction of matrix interferences was achieved by combining two desolvating
systems (ApexIR (ESI), Aridus (Cetac)) and the medium-resolution slit of the Thermo Fisher
Scientific Neptune. The instrumental mass fractionation effects were corrected by sample-
standard bracketing, and all results are presented in delta notation relative to the DSM3 reference
material as: 8*Mg = ((*Mg/**Mg)sampie/ CM@/**Mg)psms -1)x1000), where x is the mass of interest.
Each measurement value comprises a sequence of five repetitions of sample measurements. The
reproducibility of Mg isotope measurements was assessed using samples of (i) the internal
carbonate standard RUB (Solnhofen Plattenkalk), (ii) the mono elemental solution Cambridgel,
(iii) IAPSO seawater and (iv) a dolomite sample (HDK7). Each standard sample was processed
identically, except different ion exchange columns were used. Please refer to Riechelmann et al.

(2016) for details on the reproducibility of the analyses.
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4.2.3 Calculation of aqueous speciation and isotopic composition of magnesium

agueous species

Aqueous speciation in reactive solutions was calculated using the computer code PHREEQC and
its lInl.dat data base, which is derived from the slop98.dat data base of the SUPCRT92 software
(Johnson et al., 1992). The B-dot activity model (Helgeson, 1969) was used to compute the
activity coefficients of aqueous species. The database was modified to include the recent
determinations of carbonic acid dissociation constants (Millero et al., 2007; Stefansson et al.,
2013) and the equilibrium constant for the first Mg®* hydrolysis (Palmer and Wesolowski, 1997)
and the formation of Mg bicarbonate and carbonate ion pairs (Stefansson et al., 2014).

The isotope composition of the main Mg aqueous species present in the reactive solutions was
derived from PHREEQC speciation calculations using the values reported by Schott et al. (2016)
of the 2**Mg reduced partition function ratios for Mg®*(ag) and Mg bound to a number of

inorganic and organic ligands.

4.3. RESULTS

4.3.1 Chemical and isotopic evolution of the reactive fluid

The concentrations of Ca, Mg and alkalinity over the course of the experiments have been
reported in detail by Purgstaller et al. (2016) and are tabulated in Supplementary Data (Table
S1). Owing to the high supersaturation with respect to all CaCO3; polymorphs in the reactive
fluid, instant nucleation of Mg-ACC was observed after the onset of the titration of the
(Ca,MQq)CI; inlet solution in the reactor in experiments MgCa4, MgCa5, and MgCa6. In contrast,
the initial formation of ACC could not be detected in experiment MgCa8 for which Mg
concentration of the inlet fluid was the lowest. The carbonate alkalinity decreased from the initial
concentration of 1 M down to an overall value of ~0.1 M after 25 min of reaction time whereas
Ca aqueous concentration never exceeded 0.006 M (Purgstaller et al., 2016). The concentrations
of aqueous Ca remained quasi-constant after 60 min of reaction in all experimental runs, denoting
chemical steady state conditions with respect to this parameter. Carbonate alkalinity in contrast,
exhibits a small reduction over time. Aqueous Mg concentration exhibits a strong increase during
the 25 min of titration followed by a continuous decrease over the remaining time of the
experimental runs (Fig. 2A). An exception is found in the case of experiment MgCa8 where

aqueous Mg concentration remained nearly constant after 25 min reaction time.
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Fig. 2. Temporal evolution of Mg concentration in (A) the fluid phase and (B) in the precipitating solid.
The grey dashed line denotes the termination of the titration of the (Ca,Mg)Cl, inlet solution after 25 min
of reaction time. Analytical uncertainties are included in the symbol size.

The Mg isotope composition of the reactive fluid (8°°Mgsyiq) exhibited an overall increase, which
is more pronounced as the [Mg]/[Ca] ratio in the inlet fluid is higher (see Table 1 and Fig. 2A). It
increases from the initial value of 0.35 %o in the inlet fluids to a value of 3.84 %o at the end of
experiment MgCa4 ([Mg]/[Ca] = 0.25), whereas the §®Mgn,q composition at the end of
experiments MgCa5 ([Mg]/[Ca] = 0.20) and MgCa6 (Mg]/[Ca] = 0.17) are ~3.5 %0 (Fig. 3). In
experiment MgCa8 (Mg]/[Ca] = 0.125) the isotopic composition of the reactive fluid at the end of
the experimental run is significantly lower with a 8®Mgsuig value of 2.0 %.. The isotopic
composition of the reactive fluid exhibits a significant increase of about 1.5%0 after the
transformation of Mg-ACC to Mg-calcite in experiment MgCa4, for which the most detailed

analyses are available (Fig. 3).
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Fig. 3. Temporal evolution of Mg isotope composition in the reactive fluid (open symbols) and in the
precipitating solid (closed symbols). The grey dashed line denotes the termination of the titration of the
(Ca,MQq)Cl, inlet solution after 25 min of reaction time.

4.3.2 Chemical and isotopic evolution of the solid phase

Mg-ACC instantaneously forms in experiments MgCa4, MgCab, and MgCa6 and its presence
last up to 34, 25, and 15 min of reaction time, respectively, before its transformation into Mg-rich
calcite took place (Purgstaller et al., 2016). In contrast, Mg-calcite precipitation occurs
immediately after the onset of experiment MgCa8. An illustrative example of the transition from
Mg-ACC to Mg-calcite can be seen in the Raman spectra waterfall plot in Fig. 4. Scanning
Electron Microphotographs of Mg-calcite formed via an Mg-ACC precursor and via direct
precipitation are shown in Fig. 5.

The temporal evolution of the Mg concentration, [Mg]soii¢, in the forming solid phase can be seen
in Fig. 2B. During the 25 min of injection of the (Ca-Mg)Cl; solution in the reactor, the [Mg]solid
follows the increase of the aqueous Mg concentration (Fig. 2A). As illustrated in Fig. 2B, in
experiments MgCa4, MgCab, and MgCa6, [Mg]sawig continues to increase considerably after 25
min of reaction time although the titration of the inlet fluid was stopped. This is attributed to the
continuous interaction of Mg-ACC and Mg-calcite with the reactive fluid. Note also that the
enrichment of the solid phases in Mg after Mg-ACC transformation occurs at near

thermodynamic equilibrium conditions as illustrated by the low and constant Ca concentration in
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the fluid, which are referring to quasi zero growth rates (Table S1; Fig. 1) and is further
supported by the low and stable saturation state with respect to the forming Mg-calcite phase (i.e.
Q = 1.5 for run MgCa4 assuming the precipitated solid-solutions are ideal; Table S1; assuming
formation of regular solid-solutions will yield ever lower Q values) as it has been earlier
documented by Purgstaller et al. (2016; Fig. 8A)

The Mg isotope composition of the precipitated solid (§°°Mgsoiia) €xhibits an overall variation that
does not exceed 0.6%o in all the measured samples (Fig. 3, Table 1). The Mg-bearing ACC
samples precipitated in experiments MgCa4, MgCa5 and MgCa6 exhibit an increase of about 0.3
%o in their isotopic composition over the period of time where these phases are present. After the
transformation of Mg-ACC to Mg-calcite the isotopic composition of the crystalline phase is
somewhat lighter compared to the Mg-ACC precursor from which it was formed (Fig. 3). The
826Mgsond of Mg-calcite exhibited an overall increase over the duration of the experimental runs
from -0.2%o to 0.2%o with exception of experiment MgCa8 where 8°°Mgsoiig remained constant
over the whole duration of the experimental run (Fig. 3). This run was the only one where
crystalline Mg-calcite nucleated directly from the reactive fluid and the final Mg-calcite had a
much lower Mg content than those formed in the other runs. The small temporal evolution of
8% Mgsoiig compared to that of §°Mgsig (it increases from 0.7 to almost 4%o in MgCa4) results
from the fact that most of the Mg resides in the solids for all experiments (Table 1).

In situ Raman Spectroscopy /f :\(HCOQLQ ATR-FTIR spectroscopy

v, . v,
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Fig. 4. Waterfall plot of Raman spectra illustrating the transition of Mg-ACC to Mg-calcite and associated
ATR-FTIR spectra of Mg-ACC and Mg-calcite subsamples.
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Figure 5. Scanning Electron Microphotographs of Mg-calcite formed via: (A) an Mg-ACC precursor in
experiment MgCa4 and (B) via direct precipitation in experiment MgCas8.

4.3.3 Measured Mg isotope fractionation between solid and fluid

Mg isotope fractionation between the solid and reactive fluid, A% M. ;4 g = 1000 In(

a?® MO, g ), has been estimated as:

AZrr?eas'\/lgsolid—fluid = 626Mgsolid - 626Mgfluid @)

The results are reported as a function of time in Fig. 6A. It can be seen that the extent of Mg
isotopes fractionation increases considerably after 25 minutes of reaction after the transformation
of Mg-ACC into Mg-calcites, from -1%o to about -3.5%e.

During the first 20-25 minutes of the experiments MgCa4, MgCa5 and MgCa6 when Mg-ACCs
are the only solid phases present, the measured fractionation factor between Mg-ACC and the
reactive fluid is constant and equal to -1.0 £0.1%o for the three experimental runs (Fig. 6A). It
should be reminded that using Eq. 2 to calculate the isotope fractionation requires a
homogeneous composition of the solid phase. During the first 25 min of the experimental runs of
this study, however, the continuous addition of Mg results in variations of chemical and isotopic
compositions of the fluid and solid phase (Fig. 2A, 2B). Thus a more rigorous estimate of the
temporal isotope evolution of the fluid phase and precipitated solids could be made based on
isotopic mass balance in the fluid assuming constant Mg isotope fractionation between the fluid

and the solids, based on a mass balance equation.

26 _ 26
3 MGiuid = 8~ MGintet fluid = AfreasMYsotia-fuid * fMaqueous (3)
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where 5**Mginie i is the Mg isotope composition of the inlet fluid and 5**Mguia and fug,gueous

stand for the isotope composition of the reactive fluid and the fraction of inlet Mg precipitated at

a given time. As a first approximation, the value derived from Eq. 2 (AzrfeasMgso”dfﬂuid =-10

+0.1%o0) was used for this calculation. Mg isotope composition of the solid phase is deduced from
the calculated *°Mgsuig using Eq. 2. It can be seen on Fig. 7A that the calculated isotope
composition of precipitated Mg-ACC is significantly higher than the measured one at the onset of
precipitation reaction (1.2 vs 0.7%o after 5 minutes, run MgCa4), whereas after 25 minutes of
reaction time, there is a good agreement between calculated and measured values for both fluids

and solids (runs MgCa4, MgCa5 and MgCa6). In order to reproduce the observed fluid isotope

composition after five minutes of reaction a A%, Mg iq_nuia Value of -0.4%o is required (see Fig.

7A). This smaller solid-fluid isotope fractionation at the onset of Mg-ACC precipitation
compared to the end of the titration likely reflects the incorporation of a significant amount of
hydrated Mg in the ACC due to the very fast precipitation rate (Fig. 1), as hydrated Mg has a
similar isotope composition to that of the aqueous Mg?*. The shift between the measured and
calculated 8*°Mgsgiiq reflects the isotopic heterogeneity of the Mg-ACCs precipitated under
strongly decreasing precipitation rates during the first 25 minutes of reaction (Fig.1).

After 25 minutes, the titration of the inlet (Ca,Mg)Cl, solution is stopped and the reaction
proceeds in a closed system with the rapid transformation of Mg-ACC into Mg-calcite. As shown
by Fig. 3, this is accompanied by a sharp increase of the fluid §°Mg from 1%o (25 min) to 3.9%o
(60 min., run MgCa4). Using the Mg chemical and isotopic compositions measured in the fluid at
25 min and assuming again constant Mg isotope fractionation between the fluid and the solids,
the temporal isotope evolution the fluid phase and the newly formed Mg-calcites can be derived
from Eq. 3 in which 8 Mgt fid i replaced by 8 Mguia-zs, Which is the 8 Mgiq after 25 min,
at the end of titration. The average value of the Mg isotope composition of reactive fluid in
experiments MgCa4, MgCa5 and MgCa6 (i.e. 0.98 %o, Table 1) was selected for 5*°Mgsuig-2s.
The evolution of the isotope compositions of the reactive fluid and precipitated solid as a function
of the fraction of Mg precipitated in the experiments MgCa4, MgCa5 and MgCa6 is shown in
Fig. 7B. The good fit of experimental data, obtained with a value of A2%, Mg, iq_nuia €Qual to -
3.1£0.25%o, confirms that Mg isotope fractionation occurred at (or near) equilibrium as it has

been suggested by Schott et al (2016). However, in runs MgCa4 and MgCa5 and for the highest
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fvgaqueous Values (20.8), the solids tend to exhibit lower §°°Mg values (corresponding to
A28 MG qonia-muia = -3.6%o0) than predicted by the model. This likely reflects the increase of Mg

isotope fractionation with the increase of calcite content and/or the formation of a

thermodynamically more stable solution as discussed in detail in § 4.3.

4.3.4 Calculated Mg isotope fractionation between the solids and aqueous Mg**

Magnesium speciation in the reactive fluid considerably evolves during the course of the
experimental runs (Table S2). At the onset of the experiments when Mg-ACC precipitation
starts, Mg?®*(aq) accounts for only ~ 25% of dissolved magnesium (with about 51% MgHCO3"
and 26% MgCOs°) due to the very high alkalinity of the reactive fluid. Mg?*(ag) mole fraction
progressively increases with the reaction progress and the subsequent alkalinity decrease, and
accounts for about 70-75% of total dissolved magnesium (XMgqq) at the end of the runs.
Because Mg**(aq) isotope composition is significantly lighter than those of the Mg bicarbonate
and carbonate complexes (at 25°C §*°Mg*(aq) is about 4.0%o and 5.2%. more negative than
§®MgHCO;" and §*MgCOs°, respectively, Schott et al., 2016), it is also lighter compared to
ZMgq) in aqueous carbonate solutions. This results in isotopically lighter Mg in Mg-calcite,
assuming that Mg is incorporated as Mg®* in the growing carbonate. The isotopic composition of
Mg** g in the reacting fluid has been determined using the **Mg/**Mg reduced partition function
ratios (B) of Mg aqueous species derived from density-functional electronic structure calculations
reported by Schott et al. (2016). An example of the temporal evolution of Mg aqueous speciation

and the isotopic composition of Mg?* and MgHCO;" aqueous species for experiment MgCa4 can

be seen in Fig. S1. Calculated 8°°Mg** s and A% Mg are reported in Table S2 together

solid—Mg?* (aq
with Mg speciation in the reacting fluids during the experimental runs (see the caption of this

table for more information on these calculations).

The evolution of A%, Mg ,as a function of time is plotted in Fig. 6B. A%.Mg

solid—Mg?* (aq solid—Mg?* (aq)

for experiments MgCa4, MgCa5 and MgCa6 evolves from positive values of ~2.0%o at the onset

of Mg-ACC precipitation to negative values of about -2.5 to -3.0%0 at the end of Mg-calcite
growth. During experiment MgCa8, where Mg-calcite directly precipitated, calcite Mg

concentration and A%, Mg solid_Mg? (aqy (= ~1.7%0) kept roughly constant.
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Fig. 6. Temporal evolution of A) measured Mg isotope fractionation between the solid and the reactive
fluid and B) calculated Mg isotope fractionation between the solid and Mg®*(aq) speciation for all
experimental runs. Note that the isotopic composition of the fluid, in the case this parameter has not been
measured, has been deduced from mass balance calculations using Eq. 3.

Table 1
Temporal evolution of Mg content, Mg isotope composition of the solid and the fluid phase and measured

and calculated Mg isotope fractionation factors of samples measured in this study.

Solid Solution

Experiment | Elapsed Mg 25 2 Mg 25 2 A*Mg A*Mg

time (mol %) y (yMg t20 y (yMg +26 | (mM) 8 (yMg * 20 o (yMg * 20 solid-fluid solid-Mg2+

(min) (%0) (%0) (%0) (%0) (measured) | (calculated)
MgCa4 5 4,54 -0.16 0.04 -0.34 0.02 15.0 0.36 0.01 0.69 0.03 -1.03 2.02
MgCa4 13 6.79 -0.06 0.03 -0.13 0.05 24.4 0.42 0.03 0.81 0.01 -0.94 1.6
MgCa4 25 9.98 -0.03 0.01 -0.05 0.04 27.2 0.48 0.03 0.94 0.02 -0.99 0.19
MgCa4 60 15.67 -0.11 0.01 -0.23 0.03 12.1 1.26 0.01 2.44 0.01 -2.67 -1.84
MgCa4 180 16.85 -0.07 0.03 -0.15 0.02 8.9
MgCa4 1440 17.87 0.01 0.02 0.01 0.05 6.1 1.86 0.02 3.60 0.02 -3.59 -2.44
MgCa4 4320 18.50 0.05 0.02 0.10 0.03 4.3 1.94 0.01 3.77 0.02 -3.67 -2.58
MgCa4 20160 19.36 0.12 0.01 0.21 0.04 1.9 1.99 0.03 3.84 0.03 -3.63 -2.79
MgCab 5 4,58 -0.16 0.02 -0.31 0.03 11.6
MgCab 13 6.44 -0.12 0.01 -0.23 0.02 18.4 0.44 0.01 0.83 0.01 -1.06 142
MgCa5 25 8.14 -0.03 0.01 -0.06 0.03 21.9 0.50 0.01 0.96 0.03 -1.02 0.26
MgCab 180 13.03 -0.14 0.01 -0.27 0.02 9.8
MgCa5 1440 14.17 -0.08 0.04 -0.16 0.05 6.8 1.75 0.02 3.41 0.02 -3.57 -2.13
MgCab 20160 15.67 0.07 0.03 0.12 0.04 2.8 1.80 0.04 3.50 0.04 -3.38 -2.499
MgCab 5 4.03 -0.28 0.01 -0.55 0.02 9.8
MgCab 13 5.40 -0.03 0.02 -0.06 0.02 15.8 0.46 0.01 0.89 0.02 -0.95 1.44
MgCab 25 6.95 -0.06 0.01 -0.13 0.01 18.5 0.54 0.02 1.03 0.02 -1.16 -0.02
MgCab 180 11.81 -0.10 0.03 -0.22 0.05 6.6
MgCab 1440 12.30 -0.05 0.03 -0.09 0.06 5.3
MgCab 20160 12.78 0.05 0.02 0.09 0.03 4.1 1.80 0.04 3.50 0.04 -3.41 -2.36
MgCa8 13 8.07 -0.10 0.02 -0.21 0.04 5.5
MgCa8 180 7.28 -0.15 0.04 -0.29 0.06 9.4 0.79 0.03 1.54 0.06 -1.83 -1.24
MgCa8 1440 7.18 -0.17 0.03 -0.34 0.03 9.6 0.80 0.02 1.56 0.05 -1.90 -1.20
MgCa8 20160 8.03 -0.15 0.03 -0.32 0.07 7.6 1.06 0.01 2.04 0.02 -2.36 -1.65
MgCa4 0.17 0.01 0.34 0.03
(initial
fluid)
MgCab 0.20 0.04 0.37 0.06
(initial
fluid)
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4.4. DISCUSSION

4.4.1 Magnesium isotope fractionation at equilibrium

The determination of an equilibrium value for the isotope fractionation factor between a solid and
the fluid from which it forms is the most important prerequisite in order to describe Kinetic
deviation phenomena during mineral growth. In the case of Mg isotope fractionation between
Mg-calcite and fluids, the value of isotope fractionation at equilibrium conditions is to date under
debate. So far two experimental studies have reported on this value. Using batch reactors Li et al.
(2012) suggested that at isotopic equilibrium the Mg isotope fractionation factor between Mg-
calcite and fluid is -2.6%o. Afterwards Mavromatis et al. (2013), based on the deviation from the
theoretical equilibrium value in a three-isotope-plot suggested that equilibrium in the same
mineral-fluid system is significantly larger at -3.5%o for a calcite containing < 0.3 Mg mol%.
Recently, two studies provided new insights on other parameters that control Mg isotope
fractionation at equilibrium and may explain the observed discrepancy. Based on ab-initio
calculations Pinilla et al. (2015) suggested that the increase of the Mg content in calcite, which
induces longer Mg-O bond length, controls Mg isotope fractionation at equilibrium, with larger
Mg isotope fractionation factors to be attributed to calcites with higher Mg content. More
recently Schott et al. (2016) showed that a large isotope fractionation occurs between Mg?*(aq)
and aqueous Mg (bi)carbonate complexes. Thus in carbonate-rich fluids with a significant
proportion of aqueous Mg-bicarbonate/carbonate complexes, Mg®*(aq) isotope composition can
be significantly different from that of the bulk fluid. That for corrections are required for
estimating the actual 5°°Mg®*(aq) value. For example after correction for the presence of
MgHCOs*(aq) the Mg isotope fractionation between Mg-calcite and the Mg?®* (aq) reported by
Mavromatis et al. (2013), is decreased to -3.1 %o, whereas no significant changes occur in that
reported by Li et al. (2012) owing to the low proportion of MgHCO3" and MgCOs in their

experimental solutions (Schott et al., 2016).

4.4.2 Magnesium isotope fractionation during Mg-ACC formation

In all the runs where Mg-ACCs are formed, a significant impact of kinetics on Mg isotopes
fractionation has been detected at the onset of titrations owing to the fast precipitation rates (see
Figs. 1 and 7A). However, Mg aqueous speciation could imprint as well Mg isotopes

fractionation during Mg-ACCs formation as discussed in section 4.1. Indeed, assuming that
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Mg**(aq) is the only Mg species incorporated in ACC during its formation, the calculated Mg

26

isotope fractionation between the solids and Mg?*(aq), A M , varies between
P 9" (aq) calc gACC—Mgz+(aq)

+2.0 and 0.0%o as a function of time (Fig. 6B). This fractionation pattern is significantly different
from the value of the isotope fractionation between the Mg-ACC and total dissolved magnesium (
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Fig. 7. A) Measured Mg isotope composition of precipitated MgACC (closed rectangle) and fluids (open
rectangle) and modeled results (open and closed stars) as a function of time during the 25 minutes titration
of the inlet solution in all experimental runs. The modeled values were acquired using Eg. 2 with a

fractionation factor between the MgACCs and the fluid A% Mg, ;i uq= -1%o. It can be seen that the
observed compositions at 5 min reaction time can only be reproduced using a fractionation factor of -
0.4%o. B) Mg isotope composition of Mg-calcites (closed symbols) and fluids (open symbols) plotted as a
function of the fraction of aqueous Mg incorporated in the solid phase during the reaction progress in
closed system after the 25 minutes titration.; the solid lines represent the modeled isotope compositions
using Eq. 3 with a fractionation factor between Mg-calcites and the fluid A Mg, 1= -3-1%o. It can be

meas

seen that for the runs MgCa4 and MgCa5 A%

meas

MO1i6- i dECTEAseS to -3.6%o at the end of the runs.

At first sight, the positive values derived for A28 Mg is counter-intuitive

calc ACC — Mg 2 +(aq)

because **Mg is generally found to be preferentially incorporated into crystalline carbonates (i.e.
magnesite, Pearce et al;, 2012; dolomite, Li et al., 2015; calcite, Immenhauser et al., 2010, Li et
al., 2012, Mavromatis et al., 2013). The preferential incorporation of **Mg is consistent with the

longer average Mg-O bond lengths in these crystalline carbonates than in the Mg®* aquo ion (Li
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et al., 2014; Schott et al., 2016) and the general rule that 2*Mg isotopes are relatively more stable
having shorter, stronger bonds given the same coordination (e.g. Criss, 1999; Schauble, 2004). In
Mg-ACC, however, the average Mg-O bond length is significantly shorter than in the Mg aquo
ion. Politi et al. (2010), using Mg K-edge X-ray absorption spectroscopy (XAS), reported a Mg-O
bond length in Mg-ACC of ~2.04 A compared to 2.08/2.09 A in the Mg aquo ion (Pavlov et al.,
1998; Pinilla et al., 2015; Schott et al., 2016). This could induce a preferential enrichment in
Mg of precipitating Mg-ACC as observed during the crystallization of the hydrous Mg-
carbonates hydromagnesite and nesquehonite whose crystals exhibit mean Mg-O bond lengths of
2.069/2.076 A (see Mavromatis et al., 2012a; Shirokova et al., 2013; Schott et al., 2016). Within the

26

framework of this scenario, the temporal reduction of A M during the
P calc gACC—MgZ+(aq) 9

continuous titration of the inlet (Ca,Mg)Cl; solution in the reactor (Fig. 6B) may reflect an
increase over time of Mg-ACC average Mg-O bond length. This follows the continuous re-
equilibration between the Mg-ACC and the fluid phase and the subsequent enrichment of solids
in Mg together with a progressive dehydration of Mg in ACC (Fig. 2B). This feature is consistent
with the recent results of Lin et al. (2015) who demonstrated, based on the systematic variation in
the Mg solid-state NMR chemical shifts, that the Mg-O bond lengths of Mg-ACC increase as
their Mg content increase.

26

Alternatively, these positive A°2,.Mg values may not reflect the actual isotope

ACC —Mg?2* (aq)

fractionation between Mg-ACC and Mg*(aq) if Mg?* is not the only magnesium species
incorporated in the precipitated solids. The precipitated Mg-ACC consist of a nanometer-scale
porous Ca-rich framework that supports interconnected channels containing water and carbonate
molecules but also Mg bicarbonate and carbonate complexes (Goodwin et al., 2010). It is likely
that, during very fast precipitation of Mg-ACC from a highly supersaturated solution, MgHCO3"
and MgCOs°, which account for 50-t0-20% and 26-t0-10% of total dissolved magnesium,
respectively, are directly incorporated in the precipitating nanoporous solids together with
Mg(H.0)s>*. This is consistent with the results of Wang et al. (2012) documenting that ACC with
a higher Mg content can be produced when conditions are biased to favor the formation of

MgCO3° species. As a result, the actual Mg isotope fractionation occurring during Mg-ACC

precipitation may be Dbetter approximated by Azn?eas Mg ACC - Mg(ag,tot) = -1.0%0 than by
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calculated values (AZCgICMg

9. = 2.0 to 0.0%). Note, however, that the -1%o
ACC—-Mg“ " (aq)

fractionation value could not be considered as representing isotope equilibrium fractionation
factor between Mg-ACC and the fluid because the formed Mg-ACCs, that may accommodate

significant amount of water and Mg aqueous complexes, are highly metastable solids.

4.4.3 Magnesium isotope fractionation during direct Mg-calcite precipitation

A striking feature of our results is that Mg-calcite formation pathway — via an amorphous
precursor or during direct precipitation - has a profound impact on the temporal evolution of the
Mg content and isotope composition of the reacting fluids and the newly formed solid. During the
formation of Mg-calcite in experiment MgCa8 which occurred in the absence of an ACC
precursor no changes in Mg concentration and only small changes in the Mg isotope fractionation
between calcite and fluid were observed once the titration of the (Ca,Mg)Cl; inlet solution had
been stopped (see Figs. 2 and 6). In contrast, the formation of Mg-calcites via an initial Mg-ACC
precursor in experiments MgCa4, MgCa5 and MgCab6 is accompanied by a profound evolution of
(i) the Mg composition of reacting fluid and precipitated solids (Fig. 2) and (ii) of the isotope
fractionation between Mg-calcites and the fluid (Fig. 6). Furthermore, in the absence of a Mg-

ACC precursor, the extent of Mg isotope fractionation (- 2.0%0 < A%, Mg aeie. g < - 1.8%o) is

significantly lower than that measured for Mg-calcites issued from ACC precursors (- 3.6%o0 <
AR MY carcitefuia < = 3.2%o0).

In experiment MgCa8 with a [Mg]/[Ca] ratio of 0.125 in the inlet solution, the Mg concentration
is too low to enable the formation and/or stabilization of amorphous calcium carbonates.
Moreover the higher Ca concentration together with the low [Mg]/[Ca] ratio in the inlet fluid (see
Table S1) of this run induces faster apparent growth rates as it can be seen in Fig. 1.
Consequently, the ~ 7-8 mol% Mg precipitated calcite records a strong isotopic shift from that
expected for equilibrium conditions. Because the dehydration rate of Mg(H,0)s>" is ~ 5 orders of
magnitude lower than that of Ca(H,0)s**, the very fast calcite precipitation rates result in the
incorporation of only partially dehydrated Mg in the calcite lattice and thus in a lesser extent of
isotopic fractionation between calcite and dissolved magnesium (Mavromatis et al., 2013). The
Mg isotopic signatures acquired during the titration of the inlet solution exhibit small variations

of -1.80 < A% Mg casie_ fiuia < -2.35%o (Fig. 6A) during the full duration of the experiment (~ 200
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hrs). This slow exchange is similar to that observed for oxygen isotopes between Mg-calcite and
fluid at near equilibrium conditions that reported earlier by Mavromatis et al. (2012b). This likely
happens because Mg-calcite precipitated directly in experiment MgCa8 consists of larger crystals
and consequently offers a lower surface area to the reacting fluid compare to those precipitated
via an amorphous precursor as it is illustrated in Fig. 5.

In contrast, the chemical and isotopic signatures of the Mg-ACC formed in experiments MgCa4,
MgCab, and MgCa6 during the initial titration of the Mg-rich inlet solutions are not preserved
and continuously evolved with time during the full duration of the experiments. This likely
occurs because the initially formed highly nanoporous ACC accommodates hydrated Ca and Mg
within the interconnected/percolating channels that contain water with high carbonate and Mg
concentrations. As a result, Mg-ACC is progressively converted into crystalline Mg-calcite via an
exchange of carbonate and magnesium from the channels with hydrated calcium. This conversion
requires only small movements within this nanoporous solid being intersected by a network of
connected channels. The transformation from Mg-ACC to Mg-calcite is consequently easily
achieved by small scale dissolution/precipitation and/or diffusion processes. This transition,
occurring near chemical equilibrium (see Slug-caicite Values listed in Table S1) from enriched Mg
solutions (up to 27 mM Mg in experiment MgCad4), leads to the formation of Mg-calcites whose
Mg content progressively increases with time (i.e. to near 20 mol% in experiment MgCa4) to
approach equilibrium between the fluid and the two end-members of the crystalline solid-

solution. Accordingly, A%, Mg.... fia PECOMES progressively more negative (up to -3.6%o) as

calcite Mg content increases (Fig. 6A). This observed evolution of the A%, Mg e niq Value with

increasing Mg content in calcite (Fig. 7B) can be explained by the increase of Mg content in
calcite as it was earlier suggested by the ab initio calculations of Pinilla et al. (2015) and/or by
the evolution of the forming crystalline solid-solutions to thermodynamically more stable phases
as illustrated in run MgCa4 by the reduction of the excess free energy of mixing from 5.31

kJ/mol for the solid sampled after 60 min to 1.08 kJ/mol for the solid sampled at 14 days. The

time evolution of A%, Mg s dUe to changes in the isotopic composition of Mg (aq) can be

excluded as the ratio [Mgz+aq)]/ [>Mg(aq)] does not change after 180 min of reaction (Table S2)
and the evolution of §°Mgsig is similar to that of §°*Mg(aq).
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4.4.4 Implication for marine biogenic carbonate archives

The results shown here have implications for the interpretation of Mg isotope from biogenic
marine carbonate archives. In the case of the direct nucleation/precipitation of a crystalline Mg-
calcite (experiment MgCa8), the Mg composition and isotopic signature acquired during
precipitation remained quasi constant. This implies that the Mg isotope signatures of directly
crystallized calcites reflect the chemical environment of their formation, with small changes in
the isotopic composition of the solid over time to be attributed to re-equilibration between solid
and fluid due to the high reactive surface area of the solid (Fig. 5). Similarly, Mavromatis et al.
(2016b) have shown that the outer surfaces of precipitated witherite crystals are subject to
isotopic re-equilibration. Actually the obtained results indicate that the isotopic composition of
the Mg-calcites formed in the absence of an amorphous precursor is strongly affected by the fast

precipitation kinetics with a shift of ~ +0.9%. relative to the equilibrium fractionation (i.e.

AZ 6

measMO_ 5. = -3.1%0). Such shifts have to be taken into account for environmental
calcite—-Mg“" (aq)

reconstructions (seawater chemistry, saturation state, pCO,...), considering that in the case of
ACC secreting organisms, also parameters such as pH, photosynthetic activity, complexation
with organic ligands, enzymatic activity etc. - summarized under the generic term “vital effects”
may affect the isotopic composition of the forming carbonate solid. Note also that Mg-rich
calcites (> 10 mol% Mg) cannot be formed via the direct precipitation of crystalline calcite from
aqueous solution at 25°C (Purgstaller et al., 2016).

At pH 8.3 and inlet fluid [Mg]/[Ca] > 0.17, the formation of nanoporous hydrated Mg-ACCs that
is progressively transforming into Mg-rich crystalline calcites (up to 20 mol% Mg) is observed in
this study. This transformation takes place in near chemical and isotopic equilibrium conditions
and proceeds via ion exchange and/or dissolution/re-precipitation processes. This leads to Mg
isotope fractionation under isotopic equilibrium conditions, whose absolute value slightly

increases with calcite Mg content. Because of the significant Mg isotope fractionation (&

A28 MY carcite- i = - 2%o) and fluid increase in 5°°Mg (by nearly 3%o) following the ACC-calcite

transformation (Fig. 6A), the final Mg-calcite isotopic composition does not reflect the fluid

isotopic composition at the onset of Mg-ACCs precipitation. It can thus be inferred that due to the

pronounced change in A%, Mg, i @ccompanying the transformation of Mg-ACC to

crystalline Mg-calcite, the bulk isotopic compositions of skeletons where amorphous and
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crystalline CaCOs; coexist are potentially compromised as archives of their formation
environment. Specifically, the Mg isotope fractionation during the formation of ACC as
documented herein suggests that the interpretation of the isotopic signature of stabilized ACC

may not be straightforward. Indeed the large shift observed between the calculated

26 : 26
AcachgACC—MgZ+(aq) (ie. 0.0% < A°Mg < +2.0%0) and the measured

26

Nneas M9 acc — Mg (ag, tot) (i.e. A®Mg = -1.0+0.1%o0) may reflect (i) a shorter average Mg-O bond

in Mg-ACC compared to the Mg aquo ion, within a scenario assuming that only Mg®*(aq) is
incorporated in the solids; (ii) a simple calculation artifact if all Mg aqueous species (including
MgHCO;3;" and MgCOs°) are incorporated in the forming Mg-ACCs and (iii) a combination of the
two above processes. Consequently only the spatial isotope analyses of crystalline calcite
domains could provide information on the confined fluids. But even then, Kinetic effects might
compromise these results. If this holds true in a general manner for major groups of carbonate
secreting organisms, then the interpretation of proxy data requires a critical re-assessment
(Weiner et al., 2009; Immenhauser et al., 2016). Note here that not all carbonate biomineralizers
secrete their skeletal hardparts via amorphous precursor phases (Brown, 1982). Some apply this
biomineralization strategy mainly during their larval stage (Weiss et al., 2002), whilst others
might apply direct mineralization combined with an amorphous strategy (Aizenberg et al., 2002,
2003; Nassif et al., 2005; Jacob et al., 2008; Griesshaber et al., 2009). This includes the storage of
amorphous calcium carbonate phases in vesicles for extended time periods (Brown, 1982;
Griesshaber et al., 2009; Weiner et al., 2009; Immenhauser et al., 2016). Another crucial issue in
using the Mg isotope composition of biominerals formed, at whole or partly, via an Mg-ACC
precursor phase are the environmental conditions occurring during this transformation. Indeed
transformation in an open or closed system with respect to aqueous Mg may alter the
interpretation of isotopic signatures. In a closed system (no external Mg source) the Mg isotope
composition of the Mg-ACC is fixed in the Mg calcite, whereas is an open system equilibration
between solid and fluid is determined by aqueous Mg prior to achievement of isotopic
equilibrium. Likewise a change in the fluid pH in both closed and open system environments may
alter the interpretation of isotopic signatures as the abundance of aqueous species (e.g. MgHCO3"

and MgCO3°) is pH dependent and the isotopic shifts they induce somewhat different.
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4.5. CONCLUSIONS

We investigated the magnesium isotope composition of reacting fluids and precipitated
carbonates at 25°C and pH 8.3 in a 1M NaHCOg solution. For a titrated solution with [Mg]/[Ca]
= 0.125, a crystalline Mg-calcite directly precipitates without the measurable formation of an
amorphous CaCO; precursor. This Mg-calcite phase exhibits a kinetic isotopic signature (

A28 M carcite_fiuia = -2-3%0) which was acquired during its precipitation. For 0.125 < [Mg]/[Ca] <

0.25, the initial precipitation of a Mg-rich amorphous calcium carbonate acts as a precursor for

Mg-calcite formation with up 20 mol % Mg in the crystal lattice. The weak Mg isotope
fractionation between Mg-ACCs and the fluid A%, ;Mgacc_nuia = -1.0%o) is not preserved during

conversion of the Mg-ACC into Mg-calcite. After a pronounced isotopic shift accompanying the

transformation of Mg-ACC into Mg-calcites, A2, Mg.ie niq Progressively decreases with

reaction progress from ~ -3.0%o to -3.6%o, reflecting both the approach of isotopic equilibrium
and the increase of calcites Mg content.
The significantly different values of Mg isotope fractionation between Mg-ACC and the fluid (

AfvasMOpcc-fuig = -1.0%0) and between Mg-ACC and M92+(aq) (A%cMOacc-mia = +2.0%o)

determined at the onset of Mg-ACC precipitation are consistent with the formation of a hydrated
Ca nanoporous solid accommodating Mg bicarbonate/carbonate species combined with hydrated
magnesium. This solid, crossed by a connected system of channels filled with the reacting fluid,
easily converts to Mg-rich calcites via exchange and/or dissolution-precipitation reactions in a
closed system.

The implication of these results for reconstructions of past seawater §°°Mg signatures are
significant. Abiogenic marine carbonate cements primarily reflect the Mg isotope signature of
their aquatic environment but isotope values are potentially influenced by their precipitation
Kinetics. In contrast, in biogenic carbonates secreted by organisms that apply (at least in part)
amorphous precursor strategies, the Mg calcite isotopic signatures of stabilized biominerals are
not representative of the fluid isotopic composition at the onset of ACC precipitation. Pending a
detailed understanding of biomineralization pathways, this implies that Mg isotope values of

biogenic carbonates are potentially compromised as archives of their marine environment.
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4.6. SUPPLEMENTARY DATA
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Fig. S1. Example of the temporal evolution of (A) the molar fraction of Mg®* and MgHCOs" aqueous
species to Mg (tot) and (B) their isotopic composition for experiment MgCa4 assuming that the isotopic
composition of aqueous Mg (tot) is equal to zero %o at any given time.
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Table S1

Temporal evolution of pH and Ca, Mg and alkalinity concentrations and solution saturation index with
respect to Mg-calcite during the experimental runs. The Slyg.caciie Were calculated assuming the

precipitated solid-solutions are ideal.

Experiment | t (min) | pH | Alkalinity (mM) | Ca (mM) | Mg (MM) | Slyg-carcite
MgCa4
0| 8.37 1020 480 1207
11837 977.2 2.78 4.00 2.25
5| 8.31 707.0 3.69 14.97 2.28
9]8.30 491.1 3.66 20.68 2.24
12 | 8.35 380.1 3.84 24.42 2.25
18 | 8.36 226.5 4.15 26.96 2.20
25 | 8.36 119.2 6.18 27.23 2.18
60 | 8.33 94.1 0.39 12.06 0.93
180 | 8.30 88.9 0.20 8.89 0.61
1440 | 8.16 81.4 0.14 6.08 0.30
4320 | 8.07 81.7 0.13 4.32 0.15
20160 | 8.13 71.8 0.16 1.89 0.19
MgCa5
0832 1016 500" 1007
11832 971.6 0.36 2.89 1.30
5| 8.31 704.8 0.43 11.55 1.38
9 | 8.29 499.7 0.39 15.90 1.28
12 | 8.33 398.7 0.52 18.42 1.44
18 | 8.31 236.7 0.61 19.91 1.39
25 | 8.32 129.9 0.67 21.87 1.32
60 | 8.37 1138 0.39 11.38 1.05
180 | 8.40 111.3 0.39 9.79 1.05
1440 | 8.17 108.3 0.14 6.79 0.44
4320 | 8.12 101.8 0.18 5.15 0.45
20160 | 8.18 95.7 0.18 2.77 0.43
MgCab
0833 1015 514,37 85,7
1] 833 967.56 1.62 2.90 1.97
5] 8.30 683.95 0.15 9.83 0.93
98231 478.56 0.53 14.31 1.46
12 | 8.31 378.28 0.11 15.83 0.77
18 | 8.25 216.76 0.35 17.43 1.12
25 | 8.31 112.93 0.19 18.53 0.77
60 | 8.31 95.51 0.33 8.24 0.89
180 | 8.30 91.58 0.23 6.62 0.71
1440 | 8.17 89.84 0.06 5.34 0.09
4320 | 8.12 85.55 0.08 5.25 0.17
20160 | 8.12 86.73 0.12 4.07 0.26
MgCa8
0832 1015 525" 75
11832 1015.30 0.92 1.99 1.73
5| 8.30 674.20 0.12 4.32 0.82
9]8.30 450.20 0.14 5.05 0.84
12 | 8.34 359.70 0.14 5.54 0.85
18 | 8.31 186.30 0.33 6.32 1.07
25 | 8.34 88.30 0.64 8.10 1.18
60 | 8.27 55.10 0.45 9.35 0.86
180 | 8.31 48.30 0.28 9.38 0.66
1440 | 8.35 56.90 0.14 9.60 0.47
4320 | 8.32 61.40 0.13 9.25 0.44
20160 | 8.41 54.60 0.14 7.59 0.49

*Estimated values based on the Mg/Ca ratio of the titrant.
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Table S2

Temporal distribution of the fraction of aqueous Mg species and Mg isotope composition of bulk reactive
fluid as it was measured and estimated by Eq.3 as well as the Mg isotope composition of Mg”*(aq)
calculated by aqueous Mg speciation together with density functional theory estimates that reported earlier

by Schott et al. (2016).

Mole fraction 5°Mg (%)
Experiment | Time Mg Mg* | MgCOz° | MgHCO;* MgOH* | MgCI* | 8*°Mgsuig 3®Mgsuig
(min) (mM) (measured) (estimated)
MgCa4
1 4.00 0.23 0.26 0.51 <0.01 <0.01
5 14.97 0.29 0.22 0.48 <0.01 0.01 0.69
9 20.68 0.37 0.19 0.42 <0.01 0.02
12 24.42 0.42 0.19 0.37 <0.01 0.03 0.81
18 26.96 0.53 0.14 0.28 <0.01 0.05
25 27.23 0.66 0.09 0.18 <0.01 0.07 0.94 0.98
60 12.06 0.69 0.08 0.16 <0.01 0.07 2.44 2.65
180 8.89 0.70 0.07 0.15 <0.01 0.07 3.00
1440 6.08 0.72 0.05 0.15 <0.01 0.08 3.6 3.31
4320 4.32 0.73 0.04 0.15 <0.01 0.08 3.77 3.50
20160 1.89 0.74 0.04 0.14 <0.01 0.08 3.84 3.77
MgCa5
1 2.89 0.23 0.24 0.52 <0.01 <0.01
5 11.55 0.29 0.22 0.48 <0.01 0.01
9 15.90 0.36 0.19 0.43 <0.01 0.02
12 18.42 0.40 0.19 0.38 <0.01 0.03 0.83
18 19.91 0.52 0.14 0.29 <0.01 0.05
25 21.87 0.64 0.10 0.20 <0.01 0.07 0.96 0.98
60 11.38 0.65 0.10 0.18 <0.01 0.07 2.42
180 9.79 0.65 0.10 0.18 <0.01 0.07 2.64
1440 6.79 0.68 0.06 0.19 <0.01 0.07 3.41 3.05
4320 5.15 0.69 0.06 0.18 <0.01 0.07 3.27
20160 2.77 0.69 0.06 0.17 <0.01 0.07 3.5 3.60
MgCab
1 2.90 0.23 0.25 0.52 <0.01 <0.01
5 9.83 0.30 0.21 0.48 <0.01 0.01
9 14.31 0.37 0.19 0.42 <0.01 0.03
12 15.83 0.42 0.17 0.38 <0.01 0.04 0.89
18 17.43 0.54 0.12 0.29 <0.01 0.06
25 18.53 0.66 0.08 0.18 <0.01 0.08 1.03 0.98
60 8.24 0.68 0.08 0.16 <0.01 0.08 2.65
180 6.62 0.69 0.07 0.16 <0.01 0.08 2.91
1440 5.34 0.70 0.05 0.16 <0.01 0.08 3.12
4320 5.25 0.71 0.05 0.16 <0.01 0.09 3.13
20160 4.07 0.71 0.05 0.16 <0.01 0.09 3.5 3.32
MgCa8
1 1.99 0.22 0.24 0.53 <0.01 <0.01
5 4.32 0.30 0.21 0.48 <0.01 0.01
9 5.05 0.38 0.19 0.41 <0.01 0.02
12 5.54 0.42 0.18 0.37 <0.01 0.03
18 6.32 0.57 0.12 0.26 <0.01 0.05
25 8.10 0.70 0.08 0.15 <0.01 0.07
60 9.35 0.77 0.05 0.10 <0.01 0.08
180 9.38 0.78 0.04 0.09 <0.01 0.08
1440 9.60 0.76 0.06 0.11 <0.01 0.08
4320 9.25 0.75 0.06 0.11 <0.01 0.08
20160 7.59 0.76 0.06 0.10 <0.01 0.08 2.04
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ABSTRACT

The formation of amorphous calcium carbonate (ACC) and its transformation to crystalline
phases plays a key role on the formation of carbonate minerals on Earth’s surface environments.
Nonetheless, the pysichochemical parameters controlling the formation of crystalline CaCO3 via
an amorphous precursor are still under debate. In the present study we examine whether
crystalline CaCO3 formation occurs via an ACC precursor in the pH range from 7.8 to 8.8 and at
initial Mg/Ca ratios from 1/3 to 1/8. The obtained results document that the transformation of
Mg-rich ACC (Mg-ACC) to a crystalline phase is strictly controlled by the prevailing ratio of the

Mg* to Ca®* activity, amg2+/acg2+ Of the reactive solution after Mg-ACC was synthesized: Mg-
ACC transformed to (i) Mg-calcite at 5 < ayg2+/ac,e+ < 8 and to (ii) monohydrocalcite at 8 <
aMgz+/aCaz+ < 12. Our findings suggest that the formation of the crystalline phase induces

undersaturation of the reactive solution with respect to the ACC and triggers its dissolution. Thus,

the metastability of Mg-ACC in the reactive solution is not determined by its Mg content, but is

related to the formation kinetics of the
transformed under Mg/Ca = 1/4 Mg/Ca = 1/4 transformed under

less soluble crystalline phase. The ak exposure & Q .

Mg-ACC ~ Mg-ACC
A0 mol% Mg ~10 mol% Mg

experimental results highlight the

importance of prevailing

Mg-calcite
physicochemical conditions of the I I
aygi/aga =5 Aygai/aga =12
. . “low" “high"
reactive  solution on  Mg-ACC .
transformed in solution
Mg-calcite Monohydrocalcite

transformation pathways.

63



CHAPTERS

5.1. INTRODUCTION

Calcium carbonate (CaCOg3) occurs in three anhydrous crystalline forms, calcite, aragonite and
vaterite, and two hydrous crystalline forms, monohydrocalcite (CaCO3;-H,O) and ikaite
(CaCOg3:6H,0). Of these calcium carbonate minerals, the geological occurrence of the less stable
vaterite, monohydrocalcite, and ikaite is rare (Lowenstam, 1981; Ito, 1993; Burchardt et al.,
2001; Lu et al., 2012). In contrast, calcite and aragonite are deposited readily in marine and
terrestrial environments (Morse and Mackenzie, 1990). Many biogenic and non-biogenic calcites
contain significant amounts of magnesium (Mackenzie et al., 1983; Long et al., 2011) . Calcites
with more than 4 mol% magnesium are generally referred to as Mg-calcites.

As early as the 19™ century, it has been observed that biominerals can be formed via an
amorphous calcium carbonate (ACC) phase (Krukenberg, 1882; Michin, 1989). Since then, the
presence of an ACC precursor has been observed in the skeletons of sea urchins (Beniash et al.,
1997; Politi et al., 2004), freshwater snails (Hasse et al., 2000; Khairoun et al., 2002), bivalves
(Jacob et al., 2008), brachiopods (Griesshaber et al., 2009), ascidians (Aizenberg et al., 2002),
sponges (Sethmann et al., 2006), and crustaceans (Tao et al., 2009). More recently, amorphous
carbonate phases were found in intracellular inclusions in modern microbialites in Lake
Alchichica (Couradeau et al., 2012) and in the mucilaginous matrix embedding planktonic cells in
Lake Geneva (Jaquet et al., 2013). With respect to abiotic precipitation environments, ACC
formation and its transformation to calcite was for instance associated with speleothem formation
in caves (Demeény et al., 2016) and found to be applicable for medical product development
(Meiron et al., 2011; Zhao et al., 2015).

By mixing concentrated solutions of CaCl, and Na,COs, Brecevi¢ and Nielsen showed that ACC
is highly soluble (Ksp.acc = 10°% at 25°C); and that it rapidly transforms to crystalline calcium

carbonate polymorphs. In this context, it has been observed that organic molecules and

magnesium ions stabilize both biogenic and inorganic ACC (Raz et al., 2003; Loste et al., 2003,
Lam et al., 2007; Han and Aizenberg, 2008; Politi et al., 2010; Mavromatis et al., 2012; Radha et
al., 2012, Rodriguez-Blanco et al., 2012). In the latter case, the elevated metastability of Mg
enriched amorphous calcium carbonate (Mg-ACC) was attributed to the structural water bound to
Mg ions that retards the process of dehydration and transformation.

Despite the fact that numerous studies have focused on ACC formation, the mechanisms

controlling its transformation into, for instance, (Mg-)calcite and/or aragonite is poorly
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understood. The literature of the last decade has revealed that the crystallization pathways of the
amorphous phase depend on physicochemical parameters including temperature (Ogino et al.,
1987), pH (Rodriguez-Blanco, 2012; Gebauer et al., 2008), solution additives like magnesium
ions (Loste et al., 2003; Lam et al., 2007; Rodriguez-Blanco, 2012) and organic molecules Lam
et al., 2007). For example, when ACC was synthesized from a solution with a high initial pH (>
9.5), it transformed to calcite via metastable vaterite (Rodriguez-Blanco, 2012; Bots et al., 2012).
Conversely, by using Mg in the initial solution (Mg/Ca = 1/9) ACC crystallized directly to (Mg-
)calcite (Rodriguez-Blanco, 2012). On the other hand, by mixing solutions with molar Mg/Ca
ratios > 1/5.6 and COs3/Ca ratios > 1, monohydrocalcite formation was reported to proceed
through an ACC precursor (Kimura et al., 2011; Nishiyama et al., 2013). In this context, it has
been suggested that ACC crystallizes through a nucleation controlled dissolution-reprecipitation
reaction (Bots et al., 2012; Rodriguez-Blanco et al., 2014; Rodriguez-Navarro et al., 2015). In
contrast, many studies suggested that the short-range structure or the composition of ACC (e.g.
Mg content) controls its crystallization to a distinct crystalline carbonate phase (Loste et al.,
2003; Lam et al., 2007; Gebauer et al., 2008).

Most of the former studies dealing with (Mg-)ACC formation were conducted at solution pH >
9.5 (Rhada et al., 2012; Rodriguez-Blanco et al., 2012; Bots et al., 2012; Kimura and Koga, 2011;
Rodriguez-Navarro et al., 2015), a value that is significantly higher than the pH of most natural
aquatic environments. Moreover, (Mg-)ACC was synthesized by batch methods with
CaCly/MgCl; and NaHCO3/Na,CO3 solutions, where the pH decreased from ~11 to ~8 during
mixing and subsequent (Mg-)ACC crystallization (Rodriguez-Blanco et al., 2012; Bots et al.,
2012). In the context of this study, we conducted experiments under controlled physicochemical
conditions (constant T and pH) in order to shed light on the role of circum-neutral pH regimes
and effects of Mg/Ca ratios during the (trans-)formation of Mg-ACC to crystalline phases.
Specifically, the transformation pathways of Mg-ACC were systematically examined from pH
7.8 to 8.8 at distinct Mg/Ca ratios (1/3 to 1/8) and discussed together with our previous study at
pH 8.3 (Purgstaller et al., 2016). The aim of the present paper is to provide a more detailed
understanding on the mechanisms controlling the formation of crystalline carbonate phases via a

Mg-ACC precursor.
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5.2. METHODS

5.2.1 Experimental setup and analytical procedures

The synthesis of a solid Ca;.xMgxCO3 phase was carried out under controlled physicochemical
conditions (T and pH = constant) using the experimental setup described in Purgstaller et al.
(2016). Hereafter, only the most important features are described. The precipitation of Ca;.
xMgxCO3; was induced by the titration (702 SM Titrino titrator; Methrom) of 50 ml of a 0.6 M
(Ca,Mq)CI; solution with distinct Mg/Ca ratios (1/3, 1/4, 1/6 and 1/8) at a rate of 2 ml/min into
50 ml of a 1 M NaHCO3/Na,CO; solution at 25.00 +0.03°C (Easy Max'™ 102; Mettler Toledo).
The pH of the reactive solution was kept constant at values of 7.8, 8.3, or 8.8 £0.1 by the
automatic titration of a 1 M NaOH solution (Schott; TitroLine alpha plus), with titration steps of
0.1 ml. Experiments conducted with the Mg/Ca ratios 1/4, 1/6 and 1/8 are labeled as Al, A2 and
A3 at pH 7.8 and as C1, C2 and C3 at pH 8.8, respectively (Table 1). A replicate experiment of
C1is labeled as C1_2. One experiment was carried out at pH 8.3 with a Mg/Ca ratio of 1/3 (exp.
MgCag3, Table 1). Prior to each experiment the pH of the carbonate buffer solution was adjusted
to the required experimental pH (£0.07) using a 1 M NaOH or a 1 M HCI solution.

During the experimental run, the temporal evolution of mineral precipitation was monitored by in

situ Raman spectroscopy (Raman RXN2™

analyzer, Kaiser Optical Systems). After 180 min of
reaction time, the reactive solution was transferred into a 150 ml glass bottle and placed air-tight
on a compact shaker (Edmund Biihler GmbH; KS-15) operating at 150 rpm in a temperature
controlled room at 25 £1°C. In each experiment, 5 ml of the reactive solution were sampled after
selected time steps for solid and solution analysis. Immediately after sampling the solids were
separated by a 0.2 pum cellulose acetate filter using a suction filtration unit and were analyzed
using Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy (ATR-FTIR;
Perkin Elmer Spektrum 100). The solids were subsequently dried at room temperature in a
desiccator using silica gel. The mineralogy of the dried precipitates was determined using X-ray
diffraction (PANalytical X Pert PRO) and the mineral phases were quantified using Rietveld
refinement (software HighScore Plus, PANalytical, PDF-2 database). Selected precipitates were
gold coated and imaged using a scanning electron microscope (SEM, ZEISS DSM 982 Gemini).
The aqueous cation concentrations were determined using ion chromatography (Dionex IC S

3000, lonPac®, AS19 and CS16 column), with an analytical precision of +3%. The total
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alkalinity of the solutions was measured by a Schott TitroLine alpha plus titrator using a 0.02 M
HCI solution with a precision better than +2% and a detection limit of 5 x 10° M.
The Mg content of the solids (in mol%) sampled at a given reaction time was calculated

according to the equation:

[Mg]add- [Mgl,q
Jadd Mg, [Cal,gg- [Calyg

Mgl ia= Mg 100 (1)

where [Mg] . and [Ca]_,, are the concentrations of added Mg and Ca by titration into the reactive

solution given in mol L™ considering at any time volume change in the reaction solutions. [Mg]aq
and [Ca],q are the measured molar concentrations of Mg and Ca in the reactive solutions. The
calculated [Mg]sliq values obtained from Eq. 1 are in excellent agreement (R* = 0.96) with the
Mg contents of the bulk digested solids analyzed by inductively coupled plasma optical emission
spectrometry (Perkin Elmer Optima 8300 DV) (Fig. S1). The analytical error was calculated to
be <+3% for Ca and Mg.

Table 1
Initial compositions of the experimental solutions for ACC (trans)formation. Mg/Ca denotes molar ratio
referred to total concentration (Mg + Ca) of 0.6 M.

Experiment pH Mg/Ca
Al 7.8 1/4
A2 7.8 1/6
A3 7.8 1/8
C1 8.8 1/4
Cl 2 8.8 1/4
C2 8.8 1/6
C3 8.8 1/8
MgCa3 8.3 1/3

2.2 Hydrochemical modeling

The aqueous speciation and ion activities of the reactive solutions were calculated using the
PHREEQC software (minteq.v4 database). The saturation Index (SI) of the reactive solution with

respect to ACC was calculated using the equation
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(@g,2+) - (aco32_)l o

SIacc=log lK—w

where a denotes the activity of the ith species in solution and the solubility product (Ksp) is 1073

at 25°C (Brecevi¢ and Nielsen, 1989).

5.3. RESULTS

5.3.1 Solid phase characterization

The in situ Raman spectra of experiments Al, A2, and A3 carried out at pH 7.8 showed that Mg-
calcite is present right after the onset of the experiments within 1 min, as it was indicated by the
increase of intensity of the carbonate stretching band (v1) at ~1087 cm™ (exp. A1, Fig. 1A) and of
the libration mode of Mg-calcite at ~282 cm™ (see values in Table 2) (Bischoff et al., 1985). The
intensity of the Raman v; band for Mg-calcite was constant over time as soon as the titration of
the (Ca,Mg)Cl; solution was stopped (exp. Al, Fig. 1A). In experiments A2 and A3, aragonite
was identified in addition to Mg-calcite after 180 min of reaction time detectable through the
presence of the libration mode at ~205 cm™ in the Raman spectra (Table 2) (Edwards et al.,
2005). The results obtained by Raman spectroscopy are in good agreement with the ATR-FTIR
analysis, showing the characteristic vibration band of Mg-calcite at ~711 cm™ (v4) (Bottcher et
al., 1997) in all precipitates and the presence of aragonite by the ATR-FTIR bands at ~699 cm™
(vs) and ~856 cm™ (v,) (Kontoyannis and Vagenas, 2000) after 25 min of reaction time in
experiments A2 and A3 (Table 2). Moreover, the ATR-FTIR spectra of the precipitates that were
sampled between 13 and 25 min and between 13 and 180 min in experiments A2 and A3,
respectively, showed vibration bands at ~743 cm™ (v4) corresponding to vaterite (Table 2)
(Kontoyannis and Vagenas, 2000). The discrepancy of the analyzed mineralogy at certain
reaction times within a single experiment (Table 2) is attributed to the higher sensitivity of the
ATR-FTIR analysis of the collected solids compared to that of the in situ Raman spectroscopy of
the reactive solution/suspension.

Quantitative XRD results (Table 3) showed that the dried precipitates of experiment A1 mainly
consist of Mg-calcite (96 £2 wt. %) and traces of aragonite (4 £2 wt. %). In experiments A2 and
A3 vaterite (up to 21 wt. %) and aragonite (13-33 wt. %) can be found additionally to Mg-calcite,
which is abundant in the bulk precipitate (61-75 wt. %).
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The SEM images of the precipitates of experiments Al, A2 and A3, sampled after 1 day of
reaction time, showed aggregates (~4 pum) of rhombohedral Mg-calcite crystals (Fig. 2A-C),
which are similar in texture to those obtained in experiment MgCa8 from Purgstaller et al. (2016)
(Fig. 2F). The Mg-calcite crystals are smaller in size (< 0.1 um) in experiment Al compared to
those from experiments A2 (~0.3 um) and A3 (~1 um). Moreover, in experiment A1 Mg-calcite
crystal habits are more elongated (Fig. 2A) compared to those from experiments A2 (Fig. 2B)
and A3 (Fig. 2C). Finally, in the A2 and A3 experiments, pseudo-hexagonal crystals of aragonite
(~1 um) were observed (exp. A3 in Fig. S2A).

In experiments C1, C2, and C3 carried out at pH 8.8 the collected in situ Raman spectra revealed
the presence of only Mg-ACC within 58, 40, and 36 min of reaction time, respectively. The
Raman spectra of Mg-ACC are characterized by a single broad v; band at 1082 £1 and by the
absence of lattice modes (exp. C1 in Fig. 1B; Table 2) (Wang et al., 2012). These results were
confirmed by ATR-FTIR analyses of sampled precipitates (exp. C1 in Fig. 1B, Table 2). The
lack of the v, vibration band and the presence of vibration bands at 860-861 cm™ and 1073 +1
cm? in the ATR-FTIR spectra are characteristic of Mg-ACC (Loste et al., 2003). In the
experiment conducted with the highest Mg/Ca ratio (exp. C1), a Raman band at ~1068 cm™
corresponding to the v; band of monohydrocalcite (Coleyshaw et al., 2003) evolved after 58 min
of reaction time, while the characteristic band of Mg-ACC at ~1083 cm™ decreased (Fig. 1B).
ATR-FTIR spectra of the precipitates collected after 180 min of reaction time showed vibration
bands at ~697/~726 cm™, ~755 cm™, ~871 cm™, ~1068 cm™ and ~1395/~1474 cm™ (Fig. 1B).
These ATR-FTIR bands are in good agreement with wavenumber values for synthetic
monohydrocalcite from Neumann and Epple (2007). Similar in situ Raman and ATR-FTIR
results were obtained in the replicate experiment C1_2 (Table S1). After 1 day of reaction time,
the in situ Raman spectra indicated the presence of a second v; band at ~1100 cm™ (Table 2),
corresponding to nesquehonite (Coleyshaw et al., 2003). In contrast to the in situ Raman
spectroscopic observations, the presence of nesquehonite was not detectable by ATR-FTIR
analysis due to similarities of the vibration bands of monohydrocalcite and nesquehonite at higher
wavenumbers in the ATR-FTIR spectra. The XRD results showed that the dried precipitate
consists of Mg-calcite at 25 min of reaction time, whereas monohydrocalcite was found in the
precipitate sampled at 180 min of reaction time (Table 3). After 1 day of reaction time

nesquehonite (14 wt. %) was detected beside monohydrocalcite (86 wt. %, Table 3).
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In contrast, in experiments conducted with the Mg/Ca ratios 1/6 and 1/8 (exp. C2 and C3), in situ
Raman spectroscopy revealed the transformation of Mg-ACC to Mg-calcite (exp. C3 in Fig. S3).
The formation of Mg-calcite was indicated by the rise of the translation mode of Mg-calcite at
~283 cm™ (Table 2) and the rise of the intensity of the v; Raman vibration band at 1088 cm™
(Purgstaller et al., 2016). The results obtained by in situ Raman spectroscopy are in good
agreement with those obtained by ATR-FTIR analysis (Table 2). As reported in Table 3 the
XRD patterns of all dried precipitates in experiments C2 and C3 showed only Mg-calcite.

The monohydrocalcite obtained in experiment C1 forms non-aggregated nano-spheres (exp. C1,
Fig. 2G), whereas the nesquehonite precipitates of experiment C1 are rod-shaped with individual
rods reaching lengths of up to 40 um (Fig. S2B). The Mg-calcites of experiments C2 (Fig. 2H)
and C3 (Fig. 21) display aggregates composed of nanoparticles (~ 80 nm) that agglomerated to
larger clusters. These particles are significantly smaller in size than the Mg-calcite crystals
resulting from experiments conducted at pH 7.8 (Fig. 2A-C). The Mg-calcite aggregates however
are similar in texture to those observed in experiments MgCa4 (Fig. 2D) and MgCa6 (Fig. 2E)
conducted at pH 8.3 by Purgstaller et al. (2016) where Mg-calcite was formed via Mg-ACC.

The collected in situ Raman spectra of experiment MgCa3 conducted at pH 8.3 (Mg/Ca = 1/3)
showed that Mg-ACC was present during the titration of the (Ca,Mg)Cl, solution (Table 2).
After about 50 min of reaction time the presence of a second v; band at ~1069 cm™
corresponding to monohydrocalcite was observed in the in situ Raman spectra (Table 2). Similar
results were obtained by ATR-FTIR analysis, showing the characteristic vibration bands of
monohydrocalcite beside the vibration bands of ACC after 60 min of reaction time (Table 2).
After 180 min of reaction time only vibration bands of monohydrocalcite and a weak band at
1088 cm™ were observed in ATR-FTIR spectra (Table 2). The XRD pattern showed that the
dried precipitates produced in experiment MgCa3 at 25 min of reaction time consist of Mg-
calcite (Table 3). In contrast, the precipitate collected at 180 min of reaction time consists of
monohydrocalcite (87 wt.%) and minor amounts of Mg-calcite (13 wt.%, Table 3). After 1 day of
reaction time nesquehonite (13 wt.%) was found in addition to monohydrocalcite (79 wt. %) and
Mg-calcite (8 wt. %, Table 3).
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Fig. 1. Waterfall plot of in situ Raman spectra showing the vibration band of aqueous HCO; and CO;™ as
well as of v; band of CO;” related to Mg-ACC, Mg-calcite (Mg-Cc) and monohydrocalcite (Mhc) and
ATR-FTIR spectra of precipitates sampled during certain reaction times of the experiment A1 (A) and C1

(B).
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1/4

Fig. 2. SEM images of precipitates sampled after 1 day of reaction time from experiments of the present
study and from experiments MgCa4, MgCa6 and MgCa8 of Purgstaller et al. (2016) showing Mg-calcite
(Mg-Cc), aragonite (Arg) and monohydrocalcite (Mhc) crystals.
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Table 2

Frequencies (cm™) of observed carbonate vibration bands from in sifu Raman and ATR-FTIR spectra and
identified mineralogy of the precipitates at certain reaction times. Note that in experiment MgCa3 in situ
Raman spectra of reactive solution were not obtained after 60 min (n.a.). Mg-Cc: Mg-calcite, Arg:
aragonite, Vtr: vaterite, Mhc: monohydrocalcite, Nesq: nesquehonite.

Experiment time Raman Mineralogy ATR-FTIR Mineralogy
vy libration Vi Vy Vy
mode
Al 13 min 1088 282 Mg-Cc 1082 870 713 Mg-Cc
25 min 1088 283 Mg-Cc 1083 870 713 Mg-Cc
60 min 1088 283 Mg-Cc 1083 871 712 Mg-Cc
180 min 1088 283 Mg-Cc 1083 870 712 Mg-Cc
1d 1088 283 Mg-Cc 1083 870 712 Mg-Cc
A2 13 min 1087 283 Mg-Cc 1082 871 743/712 Mg-Cc, Vitr
25 min 1087 283 Mg-Cc 1082 870 743/712/700 Mg-Cc, Arg, Vir
60 min 1087 283 Mg-Cc 1083 870/856 712/700 Mg-Cc, Arg
180 min 1086 283/205 Mg-Cc, Arg 1082 870/855 711/700 Mg-Cc, Arg
1d 1086 283/205 Mg-Cc, Arg 1083 871/855 712/700 Mg-Cc, Arg
A3 13 min 1087 282 Mg-Cc 1082 871 743/712 Mg-Cc, Vir
25 min 1087 282 Mg-Cc 1082 870/856 743/712/699 Mg-Cc, Arg, Vir
60 min 1087 282 Mg-Cc 1082 870/856 743/712/699 Mg-Cc, Arg, Vir
180 min 1086 282/205 Mg-Cc, Arg 1082 870/855 743/712/699 Mg-Cc, Arg, Vir
1d 1086 282/205 Mg-Cc, Arg 1082 870/854 712/699 Mg-Cc, Arg
Cc1 13 min 1083 - Mg-ACC 1073 860 - Mg-ACC
25 min 1083 - Mg-ACC 1074 860 - Mg-ACC
60 min 1083/1068 - Mg-ACC, Mhc 1073 870 /860 697 Mg-ACC, Mhc
180 min 1068 - Mhc 1068 870 753/726/697 Mhc
1d 1100/1068 - Mhc, Nesq 1068 871 751/726/697 Mhc
Cc2 13 min 1081 - Mg-ACC 1072 860 - Mg-ACC
25 min 1081 - Mg-ACC 1074 860 - Mg-ACC
60 min 1087 282 Mg-Cc 1085 871 711 Mg-Cc
180 min 1088 283 Mg-Cc 1085 870 712 Mg-Cc
1d 1088 283 Mg-Cc 1083 870 711 Mg-Cc
Cc3 13 min 1082 - Mg-ACC 1073 861 - Mg-ACC
25 min 1082 - Mg-ACC 1073 860 - Mg-ACC
60 min 1088 282 Mg-Cc 1084 871 712 Mg-Cc
180 min 1088 282 Mg-Cc 1084 871 712 Mg-Cc
1d 1088 282 Mg-Cc 1084 871 712 Mg-Cc
MgCa3 13 min 1082 - Mg-ACC 1073 860 - Mg-ACC
25 min 1083 - Mg-ACC 1073 859 - Mg-ACC
60 min 1083/1069 - Mg-ACC, Mhc 1073 871/860 697 Mg-ACC, Mhc
180 min n.a. n.a. n.a 1068/1088 870 755/727/697 Mhc, Mg-Cc
1d n.a n.a. n.a 1068/1088 872 761/728/699 Mhc, Mg-Cc
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Table 3

Mineralogical composition from XRD-patterns of precipitates sampled at certain reaction times. The
compositions refer to precipitates, which are completely transformed to crystalline solids after sampling.
Quantifications were realized by Rietveld refinement. Mg-Cc: Mg-calcite, Arg: aragonite, Vtr: vaterite;
Mhc: monohydrocalcite; Nesq: nesquehonite.

Experiment time Mg-Cc Arg Vitr Mhc Nesq
min/d wt. % wt. % wt. % wt. % wt. %

Al 25 min 97 3 - - -
180 min 96 4 - - -

1d 95 5 - - -

A2 25 min 74 13 14 - -
180 min 72 18 9 - -

1d 75 25 - - -

A3 25 min 61 18 21 - -
180 min 61 24 15 - -

1d 61 33 6 - -

C1 25 min 100 - - - -
180 min - - - 100 -
1d - - - 86 14

C2 25 min 100 - - - -
180 min 100 - - - -

1d 100 - - - -

C3 25 min 100 - - - -
180 min 100 - - - -

1d 100 - - - -

MgCa3 25 min 100 - - - -
180 min 13 - - 87 -

1d 8 - - 79 13

5.3.2 Chemical evolution of the reactive solutions

The initial carbonate solutions are characterized by a carbonate alkalinity of 0.99 £0.02 M at pH
7.8, 1.02 £0.01 M at pH 8.3 and 1.15 +0.02 M at pH 8.8. In all experiments, the carbonate
alkalinities decreased to a value of 0.11 £0.03 M during the titration of the (Ca,Mg)Cl; solutions
(Table S2-S4).

The titration of the (Ca,MQg)CI, solutions into the carbonate buffer solutions caused instant
nucleation/precipitation of Ca;.xMg,COz within 1 min of reaction time. The [Ca],q Of the reactive
solutions did not exceed 0.007 M during all experimental runs (Table S1-4). After 25 min of
reaction time about 98 % of the Nca,,, Was removed from the reactive solutions due to mineral
precipitation. The temporal evolution of the [Mg],q of the reactive solutions of experiments
conducted at pH 8.3 and 8.8 is displayed in Fig. 3A-B, while the obtained [Mg]s values of
experiment MgCa3 are displayed in Fig. S4A. The [Mg].q of the reactive solutions increased
during the titration of the (Ca,Mg)Cl, solutions. In experiments Al to A3 the [Mg].q remained
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nearly constant between 25 min and 1 day of reaction time (Fig. 3A), whereas in experiments C2,
and C3 a significant decrease of the [Mg]aq (up to 0.015 M) was observed for the same time
interval (Fig. 3B). In experiments Cl1 and MgCa3 on the other hand, the [Mg],q remained
constant at 0.026 and 0.036 M , respectively, between 25 and 60 min of reaction time, before it
increased to about 0.040 M in both experiments (180 min, Fig. 3A and Fig. S4A). Subsequently,
the [Mg]aq decreased again to 0.019 M and 0.035 M in experiments C1 and MgCa3, respectively,
between 180 min and 1 day of reaction time. A similar [Mg],q trend as in experiment C1 was

observed in the replicate experiment C1 2 (Fig. 3B).

5.3.3 Temporal evolution of Mg content in precipitates

During the titration of the (Ca,MQg)ClI, solutions, the [Mg]saig increased in all experiments (Fig.
3C-D). The highest [Mg]solid content after 25 min of reaction time was 10.2 +0.5 mol% present in
the solids of experiments Al and C1. In experiments A2 and C2 the precipitates contained 7.6
+0.6 mol% Mg, whereas those in experiments A3 and C3 contained 6.7 +1.2 mol% Mg after 25
min of reaction time. In experiment MgCa3 the [Mg]soiig Obtained after 25 min of reaction time is
11.4 mol%.

In experiments Al to A3 (Fig. 3C), the [Mg]solid remained nearly constant between 25 min and 1
day of reaction time, while in experiments C2 and C3 the [Mg]siig increased significantly
between 25 and 60 min of reaction time (Fig. 3D). In the case of experiments C1 and MgCag3, the
[Mg]soiia remained constant between 25 and 60 min of reaction time and then decreased from 10
to 4 mol% in experiment C1 (180 min, Fig. 3D) and from 12 to 9 mol% in experiment MgCa3
(180 min, Fig. S4B). However, between 180 min and 1 day of reaction time, the [Mg]soiiq
increased significantly in both experiments (Fig. 3D and Fig. S4B), which is also the case for the

replicate experiment C1_2, where the evolution of the [Mg]solig IS Similar to experiment C1.
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Fig. 3. (Left) Concentration of dissolved Mg ions of the reactive solution, [Mg].,, versus experimental run
time of experiments conducted at pH 7.8 (A) and pH 8.8 (B). (Right) Mg content of the precipitated solid,
[Mg]seiia, calculated according to Eq. 1 versus experimental run time of experiments conducted at pH 7.8
(C) and pH 8.8 (D). Titration of the (Ca,Mg)Cl, solutions into the NaHCO; solutions was stopped at 25
min of experimental time (dashed line). When not visible, error bars are smaller than the symbols.

5.4. DISCUSSION

5.4.1 Effect of pH on the formation of amorphous calcium carbonate

The presence of Mg-rich ACC was observed in all experiments conducted at pH 8.8 (e.g.
experiment C1 in Fig. 1B, Table 2). In contrast, in experiments conducted at pH 7.8 the in situ
Raman spectra showed that Mg-calcite is present within 1 min after the onset of the experiments
and in absence of an amorphous precursor (e.g. experiment Al in Fig. 1A; Table 2). Note here
that the resolution of in situ Raman spectra at the initial stage of the experiments (< 5 min) is low
due to the low amount of solid suspended in the reactive solution. Moreover, the Raman v; band
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of ACC is significantly broadened compared to that of crystalline CaCO3 owing to its poorly
ordered structure (Wang et al., 2012). Thus, the presence of ACC within this time frame cannot
be completely excluded. In order to evaluate the metastability conditions of ACC in the present
experiments, the saturation index of the reactive solutions with respect to ACC (Slacc) was
calculated according to Eq. (2). Reactive solutions exhibit Slacc slightly above 0 within at least
25 min of reaction time in the experiments conducted at pH 8.8 (Fig. 4). In contrast, in
experiments conducted at pH 7.8 reactive solutions exhibit Slacc < 0 during the titration of the
(Ca,Mg)Cl, solution (Fig. 4). The concentrations and activities of the two dissolved inorganic
carbon species (e.g. HCO5 and CO3*) depend on the pH of the reactive solution. For example,
after 1 min of reaction time in experiments conducted at pH 8.8, the ratio of CO3* to HCO3

activities in the reactive solutions, aco,-/anco,-, was ~3-107%, whereas in experiments conducted at
pH 7.8 the aco,2-/ anco,- was significant lower at ~3-107 (Table S5). In the latter case, Mg-ACC
was likely not formed due to the limited concentration and activity of CO32' in the reactive

solutions at lower pH (Table S5).

The direct formation of Mg-calcite in experiments conducted at pH 7.8 could be followed by
SEM images displaying Mg-calcite aggregates of aligned rhombohedral crystals, which are
significantly larger in size (Fig. 2A-C) compared to the Mg-calcite nanoparticles formed in
experiments, where Mg-ACC transformation was detected (Fig. 2H-1). These polycrystalline
Mg-calcite aggregates (Fig. 2A-C) were likely formed via a spherulitic growth mechanism,
where the spherical particles grow from a central nucleation site or seed by incorporation of ions
from the solution (Andreassen et al., 2010). This occurred in experiments Al to A3 as a
consequence of high superstation levels of the reactive solution with respect to calcite (Slcaite =
1.9 +0.2 after 1 min of reaction time). In experiment A2 and A3, XRD results indicated the
presence of vaterite and aragonite beside Mg-calcite (Table 3). Between 25 min and 1 day of
reaction time the proportion of vaterite decreased while the proportion of aragonite increased
(Table 3). In most cases, metastable vaterite transforms to calcite via a dissolution-reprecipitation
mechanism (Ogino et al., 1987; Rodriguez-Blanco et al., 2012; Bots et al., 2012). In the present
study, the ongoing formation of aragonite rather than of Mg-calcite is at first documented at 25°C
and is suggested to be caused by the high molar Mg/Ca ratio in the reactive solution after 25 min
of reaction time (> 46), inhibiting calcite formation (Lippmann, 1973; Falini et al., 1994;

Fernandez-Diaz et al., 1996).
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Fig. 4. Evolution of the saturation index with respect to ACC (Slacc) over the experimental time of the
reactive solutions of experiments conducted at pH 7.8 (exp. Al to A3), and 8.8 (exp. C1 to C3).

5.4.2 Effect of pH and aqueous Mg®*/Ca®* ratio on the transformation pathways of
ACC

The experimental results revealed two pathways of Mg-ACC transformation in the reactive
solutions (Fig. 5A). Mg-ACC transformed into (i) Mg-calcite in experiments conducted at pH 8.3
with the Mg/Ca ratios of 1/6 to 1/4 (exp. MgCa4, MgCa5 and MgCa6 conducted by Purgstaller et
al. (2016) as well as in experiments conducted at pH 8.8 with the Mg/Ca ratios 1/6 and 1/8 (exp.
C2 and C3), and (ii) monohydrocalcite in experiments conducted at pH 8.3 and 8.8 with the
Mg/Ca ratios 1/3 (exp. MgCa3) and 1/4 (exp. C1), respectively. Note that in experiment MgCa3
small amounts of Mg-calcite (13 wt. %) were detected beside monohydrocalcite (Table 3).

It has been recently suggested that the crystalline phase forming from ACC is defined by the
Mg/Ca ratio of the initial solution: ACC with 10 mol% Mg precipitated from a solution with an
initial Mg/Ca ratio of 1/9 crystallized to Mg-calcite (Rodriguez-Blanco et al., 2012), whereas
ACC with 30 mol% Mg precipitated from a solution with an initial Mg/Ca ratio of 3/7
crystallized to monohydrocalcite (Rodriguez-Blanco et al., 2014). A different pattern is
documented in experiments of the present study conducted with the initial Mg/Ca ratio of 1/4
(exp. MgCa4 and C1). Although in both experiments formed ACC has a similar Mg content (10.1
+0.2 mol% Mg), the in situ Raman spectroscopy revealed the formation of Mg-calcite in
experiment MgCa4 and of monohydrocalcite in experiment C1. The formation of
monohydrocalcite versus Mg-calcite from Mg-ACC could be attributed to the higher pH of the
reactive solution in experiment C1 (pH 8.8) compared to that in experiment MgCa4 (pH 8.3, Fig.
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5A). However, considering that monohydrocalcite was formed at pH 8.8 only in the experiment
conducted with the highest initial Mg/Ca ratio (exp. C1, Fig. 5A), a coupled effect of pH and
aqueous Mg concentration on the transformation pathways of Mg-ACC is indicated.

In the experiments conducted in this study at the end of the (Ca,Mg)Cl, solution titration and
before the transformation of the amorphous to the crystalline phase took place, the ratio of the

Ca’" to COs” activities in the reactive solution, ac,2+/acoq- is lower (0.2 +0.1) in experiments
conducted at pH 8.8 compared to that in experiments conducted at pH 8.3 (1.7 £0.4, Fig. 5B). In
the latter case, the a.y,.- is lower, owing to the predominance of aqueous HCOj3™ versus COs>
ions. In order to maintain a solution that is saturated with respect to ACC, the a2+ is thus higher
at pH 8.3 than at pH 8.8 (Fig. 5B). This affects the prevailing ratio of Mg?* to Ca?* activities in
the reactive solution after Mg-ACC was synthesized (ayg+/ac,2+, Fig. 5C). For example,
although the initial Mg/Ca ratio was similar in both experiments, the ay;.>+/ac,.+ is significantly
higher in experiment C1 compared to that in experiment MgCa4 after 25 min of reaction time
(Fig. 5C), due to the lower a.,+ at high versus low pH (Fig. 5B). Overall, the results obtained
revealed that in experiments where Mg-ACC transformed to Mg-calcite (exp. MgCa4, C2 and
C3), the ay,qo+/ac,2+ is significant lower compared to that in experiment C1, where transformation
of Mg-ACC to monohydrocalcite was observed (Fig. 5C). In experiment MgCa3, where Mg-
ACC transformed to monohydrocalcite and Mg-calcite (13 wt.%), the ay,.2+/ac,.+ is equal to 8 and
this value likely defines the boundary conditions for the transformation of Mg-ACC to either Mg-
calcite or monohydrocalcite (Fig. 5C). These observations suggest that the formation of the

distinct crystalline phase is controlled by the prevailing a,2+/ac,2+ of the reactive solution after

Mg-ACC was formed: Mg-ACC transformed to (i) Mg-calcite at 5 < ay2+/ac,2+ < 8 and to (ii)

monohydrocalcite at 8 < aMgz+/aCa2+ <12.
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Fig. 5. (A) Pathways of Mg-ACC transformation in the reactive solutions depending on pH and initial
Mg/Ca ratio. (B) Activities of Ca®* and CO;” in reactive solutions after the titration of the (Ca,Mg)Cl,
solution was stopped and before transformation of the amorphous to the crystalline phase took place. (C)
Initial Mg/Ca ratio versus the prevailing ratio of Mg®* to Ca** activities of reactive solutions, g2/ ac,2n

after the titration of the (Ca,Mg)Cl, solution was stopped and before the transformation of the amorphous
to the crystalline phase took place (D) Reaction time at which Mg-ACC transformation was indicated by
in situ Raman spectroscopy (tacc) versus aMgz+/aCa2+. Note that, except for experiment MgCa4, the

aMngaCaz+ values obtained in experiments MgCa5 and MgCa6 conducted at pH 8.3 by Purgstaller et

al.(2016) could not be displayed in Figure 5C-D because the transformation of crystalline carbonate
minerals took place before the titration of the (Mg,Ca)Cl, solution was stopped.

5.4.3 Mechanism of Mg-calcite and monohydrocalcite formation via metastable
ACC

The experiments conducted in this study document that the reactive solutions are slightly
supersaturated with respect to ACC up to at least 25 min of reaction time (Fig. 4). During this
timeframe, the reactive solutions are highly supersaturated with respect to calcite (SI = 2.3) and
monohydrocalcite (SI = 1.0), which is provoking formation of these phases in the reactive
solutions. In experiment C1, the formation of monohydrocalcite instead of thermodynamically
more stable calcite can be explained by the inhibition of the latter (Lippmann, 1973; Falini et al.,

1994; Fernandez-Diaz et al., 1996) due to the elevated prevailing ay2+/ac,2+ (Fig. 5C). The

inhibiting effect of aqueous Mg®" is already indicated in experiment MgCa3, where only small
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amounts of Mg-calcite were formed besides monohydrocalcite (Table 3). As soon as
precipitation of a less soluble crystalline phase (Mg-calcite and/or monohydrocalcite) takes place,
the solution reaches undersaturation with respect to ACC (Fig. 4). Thus, it is likely that the
transformation of the amorphous to the crystalline phase occurred via a dissolution- and re-
precipitation mechanism. This mechanism is further supported by the observation that Mg ions
are released into the reactive solution throughout Mg-ACC transformation to monohydrocalcite
(exp. C1 and C1_2, between 60 and 180 min in Fig. 3B). In this context, the Mg content of the
solid decreased significantly from 10 to 4 mol%, which strongly suggests a partial dissolution/re-

precipitation of Mg-rich ACC (Fig. 3D). The prevailing ay.2+/ac,- ratio of the reactive solutions

and thus the formation of Mg-calcite or monohydrocalcite are suggested to determine the period
of Mg-ACC metastability in the reactive solutions (tacc). As it can be seen in Fig. 5D, tacc is

longer in experiments where monohydrocalcite formation was observed (at higher a2+/ac,2+)
compared to experiments with Mg-calcite as the reaction product (at lower ay,,2+/ac,2+). In that

sense, it has been documented that elevated Mg contents in ACC increase the metastability of the
amorphous phase in a solution (Loste et al., 2003; Rodriguez-Blanco et al., 2012; Purgstaller et
al., 2016). In contrast, results of the present study showed that the tacc is much longer in
experiment C1 (~58 min) compared to that in experiment MgCa4 (~34 min) (Fig. 5D), although
the Mg content of ACC is about the same in both experiments (10.1 £0.2 mol%). It is concluded
that the metastability of the amorphous phase in the reactive solution is not determined by its Mg

content, but is related to the prevailing ayg2+/ac,+ ratio of the reactive solution and formation

behavior of the less soluble crystalline phases, initiating the dissolution of Mg-ACC.

Previous experimental studies on calcite formation documented that the nucleation/growth of
calcite is retarded at higher aqueous Mg/Ca molar ratios (Fernandez-Diaz et al., 1996;
Niedermayr et al., 2013). Indeed, in the present study, transformation of Mg-ACC to Mg-calcite
was observed earlier in reactive solutions at low compared to high ay,.2+/ac,2+ ratios (Fig. 5D).
Moreover, the in situ Raman results obtained in our previous study (Purgstaller et al., 2016)
showed that the time of Mg-ACC transformation to Mg-calcite is delayed when higher Mg/Ca
ratios in the (Ca,Mg)Cl, solution were used: at initial Mg/Ca ratios of 1/6, 1/5, and 1/4 the
transformation of Mg-ACC to Mg-calcite was observed after about 15, 25 and 36 min of reaction
time, respectively. We attributed the prolonged presence of Mg-ACC in the reactive solution to

its higher Mg content, but it could also be explained by retarded formation kinetics of Mg-calcite
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at higher Mg concentrations in the reactive solution. In experiment C1, the presence of Mg-ACC

is prolonged due to (i) the inhibition of calcite formation by high a,2:/a.,2+ values (Fig. 5D) and

(ii) the slow formation kinetics of monohydrocalcite. Distinct precipitation rates can be followed
by in situ Raman spectroscopy, where the formation of monohydrocalcite required ~ 25 min in
experiment C1 (Fig. 1B). In contrast, the formation of Mg-calcite is significantly faster (~ 8 min,
exp. C3in Fig. S3; cf. Purgstaller et al., 2016).

Evidence for the control of the fluid composition (i.e. aqueous Mg/Ca ratio) on the formation of
Mg-calcite or monohydrocalcite from Mg-ACC comes also from X-ray diffraction results. Our
findings showed that Mg-ACC separated rapidly from reactive solutions of experiments C1 and
MgCa3 by membrane filtration transformed to Mg-calcite under air exposure (Table 3), despite
the fact that the same Mg-ACC transformed to monohydrocalcite when it remained in the
reactive solutions (e.g. exp. C1 in Fig. 1B). Under ambient atmospheric conditions H,O
molecules are adsorbed onto the ACC phase, forming a water layer, which promotes its
dissolution and re-precipitation (Xu et al., 2006; Konrad et al., 2016). The only source of cations
in this water layer is that released during the dissolution of Mg-ACC. In the present case, the
[Mg]ad/[Ca]y ratio of the water layer is most likely close to that of the Mg-ACC; in experiments
C1 and MgCa3 the Mg/Ca of Mg-ACC is 1/9 and 1/8, respectively. These values are much lower
compared to those in the reactive solutions of experiments C1 ([Mg].¢/[Ca]aq = 9/1) and MgCa3
(IMg]ag/[Calaq = 6/1), inducing nucleation and growth of Mg-calcite rather than
monohydrocalcite. The different reaction products observed during the transformation of the
same Mg-ACC precursor either in contact with a reactive fluid or in air indicate that the
crystallization of Mg-ACC in our experiments is significantly affected by the physicochemical
conditions of the transformation environment (prevailing [Mg]a/[Ca]sq ratio of the fluid, ions
released during Mg-ACC dissolution etc.) and to a lesser extent by a potential proto-crystalline

pre-structuring (Gebauer et al., 2008) of the primary Mg-ACC.

5.5. SUMMARY AND CONCLUSIONS

Despite the fact that Mg-rich amorphous calcium carbonate was precipitated at different pH
values (8.3 to 8.8) and initial Mg/Ca ratios (1/3 to 1/8) our findings revealed two pathways of

Mg-ACC transformation in aqueous solution, which strictly depend on the prevailing ay2+/ac 2+

of the reactive solution after Mg-ACC was synthesized: (i) at 5 < ayg+/ac,2+ < 8 Mg-calcite is
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formed via intermediate Mg-ACC. (ii) Conversely, at 8 < ay2+/ac,o+ < 12, Mg-ACC transformed

to monohydrocalcite.

Independent of the Mg content in ACC, the in situ Raman monitoring indicated a significantly
extended metastability of Mg-ACC in the reactive solution in experiments where Mg-ACC
transformed to monohydrocalcite at higher a 2:/ac,2+ (~ 58 min) compared to experiments where

Mg-ACC transformed to Mg-calcite at lower ay2+/ac,2+ (~ 36 min). Moreover, the formation of

monohydrocalcite is shown to be a slow process (~ 25 min), whereas the formation of Mg-calcite
was comparable fast (~ 8 min). These observations suggest that the formation time of the less
soluble crystalline phase formed under the prevailing physicochemical condition of the reactive
solution is the rate-limiting process in the dissolution/transformation of Mg-ACC. At higher
amg2+/acz2+ the presence of Mg-ACC in the reactive solution is prolonged due to the inhibition of

calcite formation and the slow precipitation kinetics of monohydrocalcite. Our experimental
results documented a different transformation product when Mg-ACC was separated from the
Mg-rich reactive solution. In this case, the formation of the crystalline phase is determined by the
ions released through Mg-ACC dissolution in present adsorbed water layer under atmospheric
conditions. These observations clearly highlight the importance of the physicochemical
conditions of the transformation environment on the formation of distinct crystalline carbonate

phases via metastable Mg-ACC.
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5.6. SUPPLEMENTARY DATA

Table S1

Frequencies (cm™) of observed carbonate vibration bands from in sifu Raman and ATR-FTIR spectra and
identified mineralogy of the precipitates obtained at certain reaction times from experiments C1_2. Mhc:

monohydrocalcite

Experiment time Raman ATR-FTIR Mineralogy
Vi libration Vi Vo Vg
mode
13 min 1080 - 1073 860 - Mg-ACC
25 min 1081 - 1074 860 - Mg-ACC
Cl.2 60 min 1082 - 1074 860 - Mg-ACC
180 min 1068 - 1068 870 752/728/697 Mhc

Table S2

Chemical composition of experimental solutions and solids from experiments Al, A2 and A3, time:
reaction time during the experimental run; pH: pH of the reactive solution, [Ca],, [Mg].: Ca and Mg
concentration of the reactive solution; Alkalinity: carbonate alkalinity concentration of the reactive
solution; [Mg]sia: Mg content of the solid calculated according to Eq. (1).

Exp. time pH [Calyg  [Mglag Alkalinity  [Mg]solia
min/d x10°M  x10°M  x10°M mol%
0 min - - 1006 -
5 min 7.80 2.0 14.0 648 5.6
13 min 7.79 0.7 19.7 354 9.6
25 min 7.77 0.3 27.3 107 9.6
Al 60 min 7.86 0.7 26.6 102 9.9
180 min 7.88 0.9 25.8 101 10.3
1d 7.80 0.3 23.0 98 114
0 min 7.80 - - 976 -
5 min 7.81 0.1 9.1 655 4.9
13 min 7.80 1.0 12.3 356 7.6
25 min 7.80 0.4 18.3 100 7.1
A2 60 min 7.88 0.6 18.7 98 6.9
180 min 8.00 0.3 19.1 92 6.7
1d 8.10 0.1 19.3 99 6.6
0 min 7.84 - - 985 -
5 min 7.84 0.1 6.5 509 4.3
13 min 7.80 0.0 9.8 350 5.6
25 min 7.80 0.3 13.7 95 5.6
A3 60 min 7.90 0.5 13.4 99 5.7
180 min 7.97 0.3 14.9 97 5.0
1d 8.26 0.1 15.9 97 4.6
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Table S3

Chemical composition of experimental solutions and solids from experiments C1, C2 and C3, time:
reaction time during the experimental run; pH: pH of the reactive solution, [Ca],q, [Mg]s: Ca and Mg
concentration of the reactive solution; Alkalinity: carbonate alkalinity concentration of the reactive
solution; [Mg]s.iiq: Mg content of the solid calculated according to Eq. (1).

Exp. time pH [Ca]aq [Mg]q Alkalinity  [Mg]solid
min/d x10°M x10°M  x10°M mol%
0 min 8.80 - - 1151 -
5 min 8.82 2.7 13.4 776 6.4
13 min 8.83 2.2 21.8 442 8.4
25 min 8.85 3.0 26.1 141 9.9
C1 60 min 8.87 2.4 26.2 140 10.2
180 min 8.99 0.2 39.2 154 3.8
1d 8.88 0.1 18.8 145 12.9
0 min 8.82 - - 1170 -
5 min 8.81 2.4 8.4 785 5.9
13 min 8.81 2.1 13.8 424 6.8
25 min 8.81 3.2 16.2 120 8.2
C2 60 min 8.81 0.1 1.6 104 13.7
180 min 8.82 0.1 0.8 99 14.0
1d 8.82 0.0 0.3 96 14.2
0 min 8.81 - - 1123 -
5 min 8.80 1.6 7.3 733 35
13 min 8.83 1.6 11.6 412 4.6
25 min 8.81 3.3 12.6 119 6.2
C3 60 min 8.90 0.1 1.3 102 10.6
180 min 8.84 0.1 1.0 102 10.8
1d 8.80 0.0 0.4 99 11.0
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Table S4

Chemical composition of experimental solutions and solids from experiments MgCa3, MgCa4 2 and
C1_2, time: reaction time during the experimental run; pH: pH of the reactive solution, [Ca].,, [Mg].: Ca
and Mg concentration of the reactive solution; Alkalinity: carbonate alkalinity concentration of the
reactive solution; [Mg]soia: Mg content of the solid calculated according to Eq. (1).

Exp. time pH [Calqq [M0]4q Alkalinity [M@]soiig
min/d x10°M  x10°M  x10°M mol%
0 min - - 1018 -
5 min 8.31 3.6 19.0 706 5.3
MgCa3 13 min 8.34 4.0 31.0 397 8.4
pH 8.3 25 min 8.36 6.0 37.2 136 11.4
Mg/Ca=1/3 60 min 8.38 3.6 36.3 124 11.7
180 min  8.42 0.4 40.9 143 94
0 min 8.37 - - 1082 -
MgCa4_2 5 min 8.30 2.1 16.5 722 4.1
pH 8.3 13 min 8.34 4.0 255 409 6.9
Mg/Ca=1/4 25 min 8.31 7.0 30.8 121 9.1
60 min 8.32 0.4 135 69 15.4
180 min  8.33 0.1 9.8 89 16.7
0 min 8.80 - - 1160 -
ClL2 5 min 8.82 0.5 15.1 795 5.7
pH 8.8 13 min 8.80 25 23.6 450 8.4
Mg/Ca=1/4 25 min 8.85 3.4 27.8 153 10.6
60 min 8.82 3.1 27.9 135 10.3
180 min  9.05 0.3 45.3 179 3.2
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Table S5

Concentrations and activities of HCO5; and CO;* species at 1 min of reaction time in experiments
conducted at pH 7.8 and 8.8 calculated using the PHREEQC software (minteq.v4 database). [HCOgz],
[CO5*]: bicarbonate and carbonate concentration of the reactive solution; aHCO,, aCO3: activity of
bicarbonate and carbonate species in the reactive solution; acosz_/ anco,- ratio of carbonate to bicarbonate

activities in the reactive solution

Exp. [HCOs] [CO32_] cho3., acogz. aCO32-/aHCO3-
x10°M x10°M x10°M x 10°M
Al 708 4.8 471 1.6 3.48E-03
A2 696 4.1 464 1.4 2.95E-03
A3 674 4.2 451 1.4 3.03E-03
C1 601 30.5 394 11.9 3.03E-02
C2 587 30.8 385 11.9 3.09E-02
C3 594 30.1 390 115 2.95E-02
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Fig. S1. Mg content of the precipitates calculated from digestion ([Mg]solidigestion)) Versus Mg content of
the solid calculated according to Eq. 1 ([Mg]s.iiq)- Solid line is the linear regression line: [Mg]siq = 0.995

[Mg] solid(digestion)-

Fig. S2. SEM image of sampled precipitates obtained after 1 day of reaction time from experiment A3 (A)
showing aragonite crystals and experiment C1 (B) showing monohydrocalcite (Mhc) and nesquehonite
(Nesq) crystals.
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Fig. S3. Waterfall plot of in situ Raman spectra showing the vibration band of aqueous HCO; and CO5*
as well as the v, band of Mg-ACC and Mg-calcite (Mg-Cc) of experiment C3.

(A) 60 (B) 20
18 -
50 - 16 |
R
=) N
240 5 s
= S s 2 8 12
— & * i [ SN o
= | & = | ’ A
__Uso . _1_310 /l -
— 2 8 n
[=T4] — o
S 20 1 s > 6 |
= D
10 4 . 4
* 25 min 21 25 min
0 T T T 0 T T T
1 10 100 1000 10000 1 10 100 1000 10000
time in min time in min

Fig. S4. (A) Concentration of dissolved Mg ions of the reactive solution, [Mg]., and (B) Mg content of
the precipitated solid, [Mg]sig, Calculated according to Eq. 1 versus experimental run time of experiment
MgCa3 conducted at pH 8.3 with the Mg/Ca ratio 1/3. Titration of the (Ca,Mg)Cl, solutions into the
NaHCO; solutions was stopped at 25 min of experimental time (dashed line). The error bars are smaller
than the symbols.
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6. Control of Temperature and aqueous Mg*/Ca*" Ratio on the
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ABSTRACT

The calcium carbonate hexahydrate mineral ikaite (CaCO;3; - 6 H,O) has been documented in
aqueous environments at near-freezing temperatures. In the case of warming of the depositional
environment, natural ikaite rapidly transforms into less soluble calcium carbonate phases
occasionally leaving calcite pseudomorphs in the sediments, which are considered as an indicator
for primary cold water temperatures. However, details on ikaite (trans)formation behavior, such
as temperature limits and solution chemistry control, are still debated. In order to study the
formation of ikaite, we conducted precipitation experiments under controlled physicochemical
conditions (pH =8.3 £0.1; T =6, 12, and 18 +0.1 °C) at distinct aqueous molar Mg/Caratios. The
transformation of ikaite into anhydrous calcium carbonate polymorphs was investigated in
solution and at air exposure. Despite the fact that all experimental solutions are supersaturated
with respect to ikaite, our data reveal the formation of ikaite at temperatures up to 12°C, whereas
Mg-rich amorphous calcium carbonate precipitated at 18°C. The herein obtained temperature
limit for ikaite formation is significantly higher than formerly expected and most probably caused
by the slow dehydration kinetics of the aqueous Ca** ion at low versus high temperature. At
aqueous molar Mgz+/Ca2+ ratios of > 14 the suspended ikaite transformed into aragonite. In
contrast, ikaite separated from the solution and exposed to air transformed in all cases into
calcite/vaterite. These findings show that the CaCOj3; polymorph formed from ikaite is strongly
controlled by the physicochemical conditions, such as aqueous molar Mg?*/Ca** ratio of the
reactive fluid and H,O availability throughout the transformation process.
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6.1. INTRODUCTION

Ikaite is a hydrous crystalline calcium carbonate mineral (CaCO3 - 6H,0) which is commonly
found in environments characterized by near-freezing temperatures. The on-site formation of
ikaite was first observed at the bottom of the lkka Fjord in Greenland (Pauly et al., 1963), where
ikaite precipitates by the mixing of submarine cold springs with seawater. Since then, the
occurrence of ikaite was documented in recent sediments of the Antarctic shelf (Suess et al.,
1982; Lu et al., 2012), Arctic and Antarctic Sea ice (Dieckmann et al., 2008; 2010; Rysgaard et
al., 2012; Fischer et al., 2013), saline spring waters (Ito, 1996; Ito et al., 1999; Omelon et al.,
2001), saline lakes (Council and Bennet, 1993; Bischoff et al., 1993; Oehlerich et al., 2013) and
also in hyperalkaline (pH > 12), anthropogenic environmental settings at temperatures up to 8-
9°C (e.g. Boch et al., 2015; Field et al., 2016).

Bischoff et al. (1993) showed that the solubility of ikaite increases with increasing temperature, a
trend that is opposite to that of the anhydrous forms of CaCO3 (calcite, aragonite and vaterite),
which strongly supports the limitation of ikaite occurrence to low temperatures. Outside the
aqueous depositional environment ikaite crystals typically disintegrates into a mush of water and
calcite (Pauly et al., 1996; Bischoff et al., 1993; Omelon et al., 2001), sometimes with admixtures
of vaterite (Ito, 1996; Ito et al., 1999, Shaikh 1990) and/or aragonite (Council and Bennet, 1993;
Stein and Smith 1986). Along these lines, it has been suggested that anhydrous CaCO3 minerals
found in the sediments of saline lakes and springs during summer months originate from ikaite,
which precipitated during winter months in these restricted environments (Council and Bennet,
1993; Ito, 1996; Ito et al., 1999; Omelon et al., 2001; Oehlrich et al., 2013). In some cases the
shape of the original ikaite crystal is preserved as a pseudomorph (Selleck et al., 2007). These
calcite pseudomorphs, also called glendonites, are frequently found in the sedimentary record and
are considered to be an indicator of near-freezing temperatures (Shearman and Smith, 1985;
Larsen, 1994; De Lurio and Frakes., 1999; Spielhagen and Tripati, 2009; Swainson and
Hammond, 2001; Lu et al., 2012; Last et al., 2013).

Nonetheless, the parameters controlling ikaite formation in natural environments are still under
debate. At a temperature above 0°C, seawater is undersaturated with respect to ikaite (Bischoff et
al., 1993). Thus, its formation in seawater requires the addition of external Ca®* and/or COs* ions
(Bischoff et al. 1993; Hu et al., 2014). In marine sediments sufficient amounts of dissolved

inorganic carbon can be provided by the decomposition of organic matter (Stein and Smith 1995;
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Suess et al., 1982; Jansen et al., 1987). In alkaline lakes, where local fluids are close to
equilibrium with respect to ikaite at 0°C, the inflow of Ca-rich groundwater can trigger the
formation of ikaite (Bischoff et al., 1993). It has been suggested that elevated PO,* and Mg**
concentrations play a crucial role in the formation and stabilization of ikaite (Council and Bennet,
1993; Bischoff et al., 1993; Burchardt et al. 1997) due to their high chemical affinity to Ca®" ions
and the inhibition of CaCOj3 polymorph formation, respectively (Burton and Walter, 1990; Reddy
1977; Reddy et al., 1980). The present study aims at investigating the (i) parameters leading to
ikaite formation and (ii) mechanisms controlling the transformation of ikaite into anhydrous
CaCOg3 polymorphs in solution and at air exposure. Our findings provide new insights on the
physicochemical limits of ikaite formation in natural and man-made environments and highlight
the importance of the fluid composition on the formation of CaCO3 minerals from intermediately

occurring ikaite.

6.2. METHODS

6.2.1 Experimental setup and analytical methods

The experimental setup and the analytical methods used in the present study are described in
detail in Purgstaller et al. (2016). Briefly, the precipitation of solid Ca;.xMgxCOj3 - nH,O was
induced by the addition of 50 ml of a 0.6 M (Ca,Mg)ClI; solution at a rate of 2 ml/min (702 SM
Titrino titrator; Methrom) into a 150 ml borosilicate reactor containing 50 ml of a 1 M NaHCO3
solution (stirred at 200 rpm). The Mg/Ca ratio used in the (Ca,Mg)CI; solution was either 1/8 or
1/4. The pH of the reactive solution was kept constant at pH 8.3 0.1 by the automatic titration
(Schott; TitroLine alpha plus) of a 1 M NaOH solution into the reactor. The temperature of the
reactive solution/suspension was controlled at 6.00 £0.07°C, 12.00 £0.05°C or 18.00 + 0.03°C
(Easy Max'™ 102; Mettler Toledo) for 180 min of reaction time (Table S1-S3). Subsequently the
suspension was transferred into a gas-tight 150 ml glass bottle and stored at 20 £1°C in a
temperature controlled room for 1 day to induce transformation of the transient hydrated CaCO3
phases into their stable anhydrous counterparts. The experiments conducted in the context of the
present study are labeled as T6_A, T6_B, T12 A, T12 B, T18 A and T18 B, where the number
denotes the temperature of the reactive solution (°C) and the letter denotes the Mg/Ca ratio used
in the (Ca,Mg)ClI; solution (A = 1/8; B = 1/4).
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Raman spectra of the reactive solution/suspension were collected every 35 sec for 180 min of

reaction time by in situ Raman spectroscopy (Raman RXN2™

analyzer, Kaiser Optical Systems).
Samples of the reactive solution/suspension (1-5 ml) were collected after certain reaction times
for solid and/or solution analyses. The solids were separated from the solution by a 0.2 pum
cellulose acetate filter using a suction filtration unit. Immediately after filtration the solids were
analyzed using Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy (ATR-
FTIR; Perkin Elmer Spectrum 100). An aliquot of the separated precipitates was subsequently
exposed to air (T = 25 £1 °C and relative humidity of 26 +3 %) for 24 hours. X-ray diffraction
(XRD) patterns of in this way dried solids were acquired using a PANalytical X Pert PRO
diffractometer. The mineral phase contents were quantified using Rietveld refinement (software
HighScore Plus, PANalytical, PDF-2 database). Selected solids were gold-coated and imaged
using a scanning electron microscope (SEM, ZEISS DSM 982 Gemini).

Immediately after sample filtration the total alkalinity of the solution was measured by a Schott
TitroLine alpha plus titrator using a 0.02 M HCI solution, with an analytical precision of +2%.
The aqueous cation concentrations of the solutions and of digested solids were determined using
inductively coupled plasma optical emission spectrometry (Perkin Elmer Optima 8300 DV). The

analytical error is < +3% for Ca and Mg.

6.2.2 Hydrochemical modeling

The aqueous speciation and the saturation index of the reactive solutions with respect to calcite
and aragonite were calculated using the PHREEQC software together with its minteq.v4
database. The saturation index (SI) of the reactive solution with respect to ACC and ikaite is

defined as

3
KAcC/ikaite

1)

n
a2t - 2 02_ . (aHZO) ]

a
C
STaccrikaite = 10g [

where a; denotes the activity of the species i in aqueous solution and n the water content per

formula unit. For simplification ay,0 was assumed to be 1 in our experimental solutions. The

values of the solubility product of ACC (Kacc) and ikaite (Kikaite) in the temperature range from 6
to 25°C were derived from log Kacc = -6.1987 - 0.005336 - T - 0.0001096 - T ? (Bredevi¢ and
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Nielsen, 1989) and log Kikaite= 0.15981 - 2011.1/T (Bischoff et al., 1993), respectively, where T

is given in °C.
6.3. RESULTS
6.3.1 Solid phase characterization

Experiments at 6°C and 12°C

In experiments conducted at 6°C and 12°C, the collected in situ Raman spectra documented the
presence of ikaite during at least 180 min of reaction time. The Raman spectra of ikaite is
characterized by a strong v, band at ~1071 cm™ (e.g. exp. T6_A in Fig. 1A) and by weaker bands
at ~282, ~223 and ~204 cm™ which can be assigned to lattice vibrations (see values in Table 1).
These Raman bands are in good agreement with published values of synthetic and natural ikaite
(Mikkelsen et al., 1999; Coleyshaw et al., 2003; Hu et al., 2014; Sanchez-Pastor et al., 2016). The
formation of ikaite was further confirmed by ATR-FTIR spectra of sampled precipitates, showing
vibration bands at ~869 cm™, ~722 cm™ and 667 cm™ (exp. T6_A in Fig. 1B, Table 1). The
former values can be assigned to the v; and v, bands of ikaite (Coleyshaw et al. 2003). The
vibration band at 667 cm™ has not yet been attributed to a vibration band, but is documented in
FTIR spectra of natural ikaite (Coleyshaw et al. 2003, Boch et al., 2015). Despite the fact that
ikaite was identified in suspensions until 180 min of reaction time, the separated and
subsequently dried precipitates (exposed to air for 24 h) contain no ikaite (Tab. 2). Indeed, XRD
patterns of the dried precipitates showed that the primary ikaite disintegrated into mixtures of
calcite and vaterite (between 25 and 180 min in Table 2). The calcite consists of rhombohedral
crystals (~8 um) (Fig. 3A-B), whereas vaterite displays spherical aggregates (~6 pm) composed
of nanoparticles (Fig. 3A).

The ATR-FTIR spectra of the precipitates collected from suspension at 5 min of reaction time in
experiments conducted at 6°C and 12°C revealed the formation of ACC, beside ikaite (e.g. exp.
T6_A in Fig. 1B, Table 1), by the presence of a broad v, band at 1072 cm™ and of a v, band at
860 cm™ (Loste et al., 2003; Purgstaller et al., 2016; Konrad et al., 2016). The characteristic
vibration bands of ACC, however, were absent in the solids collected at a later reaction time in
the experimental runs (e.g. exp. T6_A in Fig. 1A, Table 1). In contrast to the ATR-FTIR

spectroscopic observations, the characteristic broad Raman band of ACC at 1080-1085 cm™
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(Wang et al., 2012; Purgstaller et al., 2016) is not visible in the in situ Raman spectra after the
onset of the experiments (e.g. exp. T6_A in Fig. 1A). The low resolution of in situ Raman spectra
at the initial stage of the experiments is most probably caused by the low amount of solid in the
reactive solution at the beginning of the experimental run. In experiment T12_A a weak Raman
band at 1086 cm™ appeared after about 18 min of reaction time (Fig. S1), corresponding to the v,
band of either calcite or aragonite (Kontoyannis and Vagenas, 2000). The diagnostic lattice
vibrations that could help to distinguish aragonite (205 cm™) and calcite (281 cm™) are less

intense and are partly overlapping with the characteristic lattice vibrations of ikaite.
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Fig. 1. (A) Waterfall plot of in situ Raman spectra showing the vibration band of agueous HCOj3; and
CO5* as well as of the v, band of CO,” related to ikaite in experiment T6_A. (B) ATR-FTIR spectra of
sampled precipitates at certain reaction times of the experiment T6_A. Arg: aragonite

In all experiments conducted at 6 and 12°C, ikaite disappeared in favor of aragonite after storage
of the suspensions at 20 £1°C for 1 day of reaction time, as it is indicated by the ATR-FTIR
vibrations bands of aragonite at 1083 cm™ (v1), 852 cm™ (v,) and 712/699 cm™ (v4) (Kontoyannis
and Vagenas, 1999) (e.g. exp. T6_A in Fig. 1B, Table 1). The XRD patterns of the air-exposed
precipitates showed only aragonite in experiments initially conducted at 6°C, whereas in

experiments initially conducted at 12°C the dried solids consist of aragonite (= 93 wt. %) with
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minor amounts of calcite (< 7 wt.%) (Table 2). In experiment T12_A the presence of aragonite
was first indicated in the dried sample at 60 min of reaction time (1 wt.%, Table 2). Between 60
min and 180 min of reaction time the fraction of aragonite in the dried samples increased (from 1
to 17 wt. %), while the fraction of calcite decreased (Table 2). The aragonite particles from
experiments T6_A, T6 B and T12_B (after 1 day) and from experiment T12_A (after 180 min
and 1 day of reaction time) consist of spherical nanoparticles (~15 nm), arranged in needles and
spindle shaped aggregates (Fig. 3C-F), whereas the calcite crystals (~8 um) of experiments
T12 Aand T12_B are rhombohedral (e.g. exp. T12_A in Fig. 3F).

Experiments at 18°C

In the experiments conducted at 18°C, ACC was detected by the presence of the broad Raman v,
band at ~1082 cm™ (exp. T18_B, Fig. 2A) and by the absence of lattice modes at lower
frequencies in the Raman spectra (Table 1). After 29 and 35 min of reaction time in experiments
T18 A and T18_B, respectively, the transformation of ACC to Mg-calcite was indicated by the
rise of the v, band and libration mode of Mg-calcite at 1088 +1 cm™ and 283 cm™, respectively,
and by the decrease of the broad v, band of ACC at ~1082 cm™ (exp. T18 B in Fig. 2A, Table 1;
Purgstaller et al., 2016). The results obtained by in situ Raman spectroscopy are in good
agreement with those obtained by ATR-FTIR analysis, where characteristic vibration bands were
observed only for ACC between 5 and 25 min in experiment T18_A 5 and between 5 and 30 min
in experiment T18 B (e.g. exp. T18 B in Fig. 2B, Table 1). After 30 min and 40 min of reaction
time, the vibration bands of Mg-calcite at ~1082 (v1), ~871 (v2) and ~711 were found in addition
to the characteristic vibrations bands of ACC in the ATR-FTIR spectra. In both experiments the
vibration bands of ACC were absent in the solids collected after 50 min of reaction time.

In experiments T18 A and T18 B, separated ACC that was exposed to air for 24 h transformed
to Mg-calcite, as indicated by XRD analysis (25 min, Table 2). Accordingly, once the ACC was
transformed to Mg-calcite in solution (after > 30 min in experiments T18 A and T18 B)
subsequent air exposure of this material did not result in further mineralogical changes (Table 2).
Thus, the mineralogical composition of the precipitate in suspension and of the dried precipitate
is almost identical after 60 min (Table 2). The final precipitates from experiments T18 A and
T18_B consist mainly of Mg-calcite; traces of aragonite (< 3 wt. %) were only found in one case
(Table 2). The Mg content of the dried precipitates, calculated from the position of the dyg4 value

of calcite (Goldsmith et al., 1961), is 8 mol% in experiment T18_A and 15 mol% in experiment

96



CHAPTER 6

T18 B, which is indicative of high-Mg calcite. Note here that the difference in the Mg content of
magnesian carbonates determined by XRD and wet chemical analysis ([Mg]soid, Table S3) can
be up to 2-3 mol%. The SEM images of the precipitates sampled after 1 day of reaction time
display Mg-calcite aggregates (~1 um), consisting of nanoparticles about 80 nm in diameter (Fig.
3G-H). These Mg-calcite aggregates show textures comparable to those in experiments
conducted at 25°C, where ACC to Mg-calcite transformation was observed (Purgstaller et al.,
2016).

(A) In situ Raman (B) ATR-FTIR
T18_B T18 B 871em 511 oyt
- 1085 cm* Mg-Ce
2 |1 day
% 100 min 871cm? 711 em?
g gocmi §  MeLe
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S |40 min i
R 2 1073 cm? P ACC
30min ¥ >
NS\ |25min.<.
\1,3,['13&-,/7"'
1100 900 700 500

Wavenumber (cm?)

Ajsuayu|

1017 cm™'
(HCO)),,

1150 1100 1050 1000 950
Raman Shift (cm'1)

Fig. 2. (A) Waterfall plot of in situ Raman spectra showing the vibration band of agueous HCOj3; and
COs” as well as of the v, band of CO;” related to ACC and Mg-calcite (Mg-Cc) in experiment T18_B. (B)
ATR-FTIR spectra of sampled precipitates at certain reaction times of the experiment T18_B.
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T=12°C | (F)
BRIy "

Fig. 3. SEM images of sampled precipitates from experiments T6_A (A) and T12_A (B) after 100 min of
reaction time, from experiments T6_A (C) and T6_B (D) after 1 day of reaction time, from experiment
T12_A after 180 min (E) and 1 day (F) of reaction time and from experiments T18 A (G) and T18_B (H)
after 1 day of reaction time. Cc: calcite; Vtr: vaterite; Arg: aragonite; Mg-Cc: Mg-calcite.
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Table 1

Frequencies (cm™) of observed characteristic carbonate vibration bands from in situ Raman and ATR-FTIR spectra, corresponding to
ikaite, ACC, Mg-calcite (Mg-Cc) and aragonite (Arg) at certain reaction times. (w): vibration band of weak intensity.

Experiment time Raman Mineralogy ATR-FTIR Mineralogy
min/d vy Libration mode V3 Vi A Vy
T6_A 5 min 1071 - Ikaite 1379 1074 860 722(w)/667 (W) ACC, lkaite
6°C 13 min 1071 283/223/205 Ikaite 1388 - 869 722/666 Ikaite
Mg/Ca = 1/8 25 min 1071 283/223/205 Ikaite 1388 - 868 722/667 Ikaite
30 min 1071 283/224/205 Ikaite 1387 - 869 722/667 Ikaite
40 min 1071 282/224/205 Ikaite 1388 - 869 722/667 Ikaite
50 min 1071 283/223/205 Ikaite 1387 - 868 722/667 Ikaite
60 min 1071 282/224/205 Ikaite 1387 - 869 7221667 Ikaite
100 min 1071 282/223/205 Ikaite 1388 - 868 7221667 Ikaite
180 min 1072 283/224/205 Ikaite 1387 - 868 721/667 Ikaite
1d n.a. n.a n.a 1441 1082 853 712/699 Arg
T6 B 5 min 1071 205/223 Ikaite 1384 1073(w) 869 722/667 ACC, lkaite
6°C 13 min 1071 281/222/203 Ikaite 1384 - 869 722/667 Ikaite
Mg/Ca=1/4 25 min 1072 282/223/204 Ikaite 1387 - 868 721/667 Ikaite
30 min 1072 282/223/205 Ikaite 1383 - 869 722/667 Ikaite
40 min 1072 282/224/205 Ikaite 1383 - 869 7221667 Ikaite
50 min 1072 282/223/205 Ikaite 1383 - 869 7221667 Ikaite
60 min 1072 282/223 205 Ikaite 1387 - 868 721/666 Ikaite
100 min 1072 280/224/206 Ikaite 1387 - 868 721/666 Ikaite
180 min 1072 282/223/206 Ikaite 1384 - 869 722/667 Ikaite
1d n.a. n.a n.a 1083 853 712/699 Aragonite
T12_A 5 min 1071 205 Ikaite 1387 1073(w) 870 722/667 ACC, lkaite
12 °C 13 min 1071 282/223/205 Ikaite 1384 - 869 7221667 Ikaite
Mg/Ca =1/8 25 min 1072/1086(w) 284/223/205 Ikaite,* 1385 - 869 722/668 Ikaite
30 min 1071/1086(w) 283/223/204 Ikaite,* 1387 - 868 721/668 Ikaite
40 min 1071/1086(w) 283/224/205 Ikaite,* 1384 - 869 722/669 Ikaite
50 min 1071/1086(w) 284/224/204 Ikaite,* 1384 - 869 722/669 Ikaite
60 min 1071/1086(w) 283/224/204 Ikaite,* 1384 - 869 722/669 Ikaite
100 min 1071/1086(w) 282/224/204 Ikaite,* 1384 - 869 721/669 Ikaite
180 min 1071/1086(w) 283/223/204 Ikaite,* 1388 - 869 7221670 Ikaite
1d n.a. n.a n.a 1436 1083 853 712/699 Arg
Ti2 B 5 min 1071 283/220/203 Ikaite 1367 1074(w) 863 721 ACC, lkaite
12°C 13 min 1071 281/222/204 Ikaite 1384 - 869 722/668 Ikaite
Mg/Ca =1/4 25 min 1071 282/223/204 Ikaite 1383 - 869 721/669 Ikaite
30 min 1071 282/224/204 Ikaite 1384 - 869 7221670 Ikaite
40 min 1071 283/223/204 Ikaite 1383 - 869 7221670 Ikaite
50 min 1071 283/223/205 Ikaite 1384 - 869 7221670 Ikaite
60 min 1071 282/223/204 Ikaite 1385 - 869 721/670 Ikaite
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100 min 1071 282/224/204 Ikaite 1384 - 869 722/670 Ikaite
180 min 1071 283/224/205 Ikaite 1384 - 869 721/670 Ikaite
1d n.a. n.a n.a 1432 1083 852 712/699 Arg
T18 A 5 min 1080 - ACC 1387 1073 860 - ACC
18 °C 13 min 1080 - ACC 1386 1073 860 - ACC
Mg/Ca=1/8 25 min 1080 - ACC 1385 1074 860 - ACC
30 min 1080/1087 281 ACC, Cc 1388 1081/1074 871/860 - ACC, Mg-Cc
40 min 1080(w)/1087 281 ACC, Cc 1389 1081 871/860(w) 711 ACC, Mg-Cc
50 min 1087 282 Mg-Cc 1376 1084 871 710 Mg-Cc
60 min 1087 282 Mg-Cc 1398 1084 871 711 Mg-Cc
100 min 1087 282 Mg-Cc 1387 1084 871 711 Mg-Cc
180 min 1087 282 Mg-Cc 1379 1084 871 711 Mg-Cc
1d 1087 282 Mg-Cc 1380 1084 871 711 Mg-Cc
Ti8 B 5 min 1081 - ACC 1396 1073 860 - ACC
18°C 13 min 1081 - ACC 1375 1073 860 - ACC
Mg/Ca = 1/4 25 min 1082 - ACC 1387 1074 860 - ACC
30 min 1082 - ACC 1383 1074 860 - ACC
40 min 1082/1086(w) 283(w) ACC, Mg-Cc 1380 1082/1076 871/860 711 ACC, Mg-Cc
50 min 1088 283 Mg-Cc 1397 1083 871 711 Mg-Cc
60 min 1088 283 Mg-Cc 1403 1084 871 711 Mg-Cc
100 min 1089 283 Mg-Cc 1388 1084 871 710 Mg-Cc
180 min 1089 283 Mg-Cc 1387 1084 871 710 Mg-Cc
1d n.a. n.a n.a 1388 1084 871 710 Mg-Cc

*weak Raman band at 1086 cm™ indicates the presence of calcite and/or aragonite in the suspension

100



CHAPTER 6

Table 2

Mineralogical composition of the precipitates in suspension obtained by in situ Raman and FTIR analysis
(see Table 1). The mineralogical composition of dried samples, which were exposed to air (for 24 h), was
quantified by Rietveld refinement using XRD patterns. Note that the precipitates in suspension from
experiments conducted at 6 and 12°C consist primary of ikaite, whereas those from experiments
conducted at 18°C consist of ACC. The intermediate ikaite and ACC decomposed to calcite/vaterite and
Mg-calcite, respectively, during their exposure to air. Cc: calcite, Vtr: vaterite, Arg: aragonite and MgCc:
Mg-calcite.

experiment time suspension (Raman/FTIR) air exposure/dried samples (XRD)
Mg-Cc Cc Vir Arg
min/d mineralogy wt.% wt.% wt.% wt.%
T6_A 25 min Ikaite - 82 18 -
6°C 60 min Ikaite - 69 31 -
Mg/Ca = 1/8 180 min Ikaite - 87 13 -
1d Arg - - - 100
T6_B 25 min Ikaite - 48 52 -
6°C 60 min Ikaite - 56 44 -
Mg/Ca=1/4 180 min Ikaite - 66 34 -
1d Arg - - - 100
T12_A 25 min Ikaite - 100 - -
12 °C 60 min Ikaite,* - 99 - 1
Mg/Ca =1/8 180 min Ikaite,* - 83 - 17
1d Arg - 8 - 92
Ti2_B 25 min Ikaite - 100 - -
12°C 60 min Ikaite - 100 - -
Mg/Ca = 1/4 180 min Ikaite - 100 - -
1d Arg - 4 - 96
T18 A 25 min ACC 100 - - -
18 °C 60 min Mg-Cc 100 - - -
Mg/Ca = 1/8 180 min Mg-Cc 100 - - -
1d Mg-Cc 97 - - 3
T18 B 25 min ACC 100 - -
18 °C 60 min Mg-Cc 100 - - -
Mg/Ca = 1/4 180 min Mg-Cc 100 - - -
1d Mg-Cc 100 - - -

*weak Raman band at 1086 cm™ indicates the presence of calcite and/or aragonite in the suspension
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6.3.2. Temporal evolution of the solution chemistry and solid chemistry

The titration of the (Ca,Mg)ClI; solution into the NaHCOj3 solution caused an instant precipitation
of CayMg;xCOs3 - nH,0. Thus, between 0 and 25 min elapsed time the carbonate alkalinity of the
reactive solution decreased from 1044 +28 to 135 £11 mM in all experiments (Table S1). In
experiments conducted at 6 and 12°C the molar concentration of Ca in the reactive solution,
[Ca]aq, decreased from 6 £2 mM to 2 +1 mM between the reaction time of 1 and 25 min,
respectively (Fig. 4A, B). After the titration of the (Ca,Mg)Cl; solution was stopped, the [Ca]y
remained quasi-constant at 2 £1 mM till the end of the experimental runs (Fig. 4A, B).
Conversely, in experiments conducted at 18°C the [Ca].q increased during the titration of the
(Ca,Mq)CI; solution (Fig. 4A, B). After 25 min of reaction time, the reactive solutions contained
9 £1 mM of [Ca]aq in both experiments, followed by a decrease in the [Ca].q concentration from
9.0 £0.6 to <1 mM between 30 min and 1 day of reaction time (Fig. 4A, B).

The molar concentration of aqueous Mg in the reactive solutions, [Mg]aq, increased during the
titration of the (Ca,Mg)Cl, solution in all experimental runs (Fig. 4C, D). However, the [Mg]aq
concentration is significantly lower in experiments conducted at 18°C, compared to the
experiments conducted at 6 and 12°C. After the titration of the (Ca,Mg)Cl solution was stopped,
the [Mg].q remained nearly constant in experiments conducted at 6 and 12°C, whereas in
experiments conducted at 18°C the [Mg]q decreased between ~30 min and 1 day of reaction time
(Fig. 4C, D).

In experiments conducted at 6 and 12°C, the Mg content of the solid, [Mg]siig, remained quasi
constant at 1.6 £0.6 mol% between 5 min and 1 day of reaction time (Fig. 4E, F). In contrast, in
experiments conducted at 18°C the [Mg]soiig became progressively higher during the experimental
runs (Fig. 4E, F).
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Fig. 4. (A-D) Concentration of aqueous Ca and Mg ions in the reactive solution and (E, F) Mg content of
the precipitated solid, [Mg]soig, Versus the experimental run time of experiments conducted at initial

Mg/Ca ratios of 1/8 and 1/4.
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6.4. DISCUSSION

6.4.1. Formation and stability of amorphous calcium carbonate and ikaite

In experiments conducted at 6 and 12°C, ACC was found beside ikaite within a limited reaction
time of ~5 min (Fig. 1B, Table 1). In contrast, in experiments conducted at 18°C, where ikaite
formation was not observed, the presence of ACC was prolonged up to at least 40 min after the
onset of the experimental run (Fig. 2B, Table 1). The observed difference in the stability of ACC
is in particular related to the competing formation of ikaite at lower temperatures. Indeed, as it is
illustrated in Fig. 5A, the saturation index of the reactive solutions with respect to ACC (Slacc) is
> 0 at 1 min of reaction time in all experiments. In experiments conducted at 6 and 12°C,
however, the rapid formation of ikaite (e.g. exp. T6_A in Fig. 1A) resulted in the significant
removal of Ca”* and CO5” ions from the reactive solution, leading to its undersaturation with
respect to ACC (after ~5 min in Fig. 5A). This suggests that initially formed ACC dissolved at
the expense of ikaite formation.

Conversely, in experiments conducted at 18°C the Slacc remained constant at 0.2 +0.1 for about
30 min of reaction time (Fig. 5B). After 29 and 35 min elapsed time Mg-calcite formation
occurred in experiments T18_A and T18_B, respectively, as it is indicated by the in situ Raman
spectroscopy data (e.g. experiment T18 B in Fig. 1B). The formation of Mg-calcite resulted in
the decrease of the Slacc (Fig. 5A, Table 1), which initiated the transformation of ACC, similar
to the results at 25°C shown by Purgstaller et al. (2016).

The experimental results revealed the formation of ikaite only in experiments conducted at
temperatures < 12°C, although the reactive solutions are supersaturated with respect to ikaite in
all experiments (Fig. 5B). This observation leads us to suggest that the temperature limit for
ikaite formation is linked to the kinetics of Ca®* ion interaction with the aqueous media. The rate
of H,O exchange in the first hydration shell of aqueous Ca*" is controlling its reactivity in
aqueous environments (Di Tomaso et al. 2014). In this context, molecular dynamic simulations
suggested that the rate of water exchange of the Ca®* ion decreases with decreasing temperature
(Hofmann et al., 2012). For the formation of anhydrous crystalline forms of CaCOj3 from aqueous
solution the dehydration of aqueous Ca* prior to its incorporation at the lattice growth site is one
of the most important rate controlling processes (Nancollas and Purdie, 1964; Nielsen, 1984).
Ikaite has a monoclinic structure with Ca bonded closely to six H,O molecules (Dickens and

Brown, 1970). Thus, the complete dehydration of Ca®* can be reasonably suggested not to be
104



CHAPTER 6

required for its incorporation into the ikaite crystal lattice (Bischoff et al., 1993). Compared to
ikaite, ACC is less hydrated (0.4 to 1 mole H,O per formula unit, e.g. Konrad et al., 2016 and Lin
et al., 2015), which suggests that the formation of ikaite is favored over ACC in the reactive
solutions at low temperatures (Table 1), due to the slower exchange of H,O within the Ca*
hydration sphere.

The calculated activities of Ca®* and COs ions in the reactive solutions, after the titration of the
(Ca,MQ)Cl; solution was stopped, were used to calculate individual “solubility” values for ikaite

(1APkaite), according to the equation:
[APjyaite= (acaz*)'(acog-) (2)

In experiments conducted at 6°C and in experiment T12 B log AP it Values equal to -6.80
+0.02 and -6.67, respectively, were obtained for ikaite (Fig. 5C), which are slightly higher than
the solubility products for ikaite given by Bischoff et al. (1993). Note that the 1AP;aite Values
obtained from experiment T12_A were not considered in our solubility product calculations,
because the in situ Raman spectroscopy data of the particles-in-suspension revealed formation of

calcite/aragonite at about 20 min of reaction time (Fig. S1, Table 1).
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Fig. 5. Evolution of the saturation index (SI) with respect to (A) ACC and (B) ikaite over the experimental
time for all experiments. (C) Solubility product (K) as a function of temperature for ikaite (Bischoff et al.,
1993), ACC (Brecevic and Nielsen, 1989), aragonite (Plummer and Busenberg, 1982), calcite (Plummer
and Busenberg, 1982) and monohydrocalcite (Kralj and Brecevic, 1995). Obtained “solubility products”
for ikaite (exp. T6_A, T6_B, and T12_A) calculated according to Eq. 2 are plotted.
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6.4.2. Transformation of ikaite into aragonite in solution

In all experiments conducted at 6 and 12°C, the collected in situ Raman and ATR-FTIR spectra
documented the presence of ikaite in the reactive solutions for at least 180 min of reaction time
(e.g. exp. T6_A in Fig. 1, Table 1). Although the experimental data presented here do not allow
forecasting the “long-term” stability of ikaite in aqueous solution at temperatures < 12°C, our
results clearly show that after 1 day of reaction time at 20°C, the final product consisted mainly
of aragonite, with minor amounts of calcite (Table 2). The formation of aragonite via
intermediate ikaite can be explained by the high aqueous molar Mg?*/Ca®" ratios in the reactive
solutions.

Due to the fact that the substitution of the Mg** ion for the Ca* ion in the ikaite crystal lattice is
highly limited, compared e.g. to ACC and calcite (Chaka and Felmy, 2014; Fig. 4E, F), the
remaining reactive solutions are characterized by high agueous molar Mg /Ca’* ratios in the
range 14 < [Mg?*]/[Ca**] < 38 (Fig 6). Under these high [Mg®*]/[Ca?"] ratios, inhibition of
calcite precipitation resulted in the formation of aragonite (e.g. Falini et al., 1994; Fernandez-
Diaz et al., 1996). Indeed, the aragonite aggregates obtained after 1 day of reaction time (Fig. 3C,
D, F) show some textural and morphological similarities to natural occurring ikaite crystals
(Omelon et al., 2001; Dieckmann et al., 2008; Boch et al., 2015) and glendonites (Dana, 1884;
Shearman and Smith, 1985), indicating a pseudomorphic replacement of ikaite by a coupled
dissolution-precipitation reaction (Ruiz-Agudo et al., 2014; Sanchez-Pastor et al., 2016) in the
supersaturated aqueous solution with respect to aragonite (Slaragonite = 1.4). The final aragonite
pseudomorphs are highly porous (Fig. 2D), due to the volumetrically important loss in structural
water (~52 wt.%) when ikaite transformed into aragonite (Sanchez-Pastor et al., 2016).

In contrast to ikaite, ACC is well-known to incorporate Mg ions at significantly higher levels
(e.g. Long et al., 2011; Lin et al., 2015). In experiments T18 A and T18 B the Mg content of
ACC was determined to be ~7 and ~10 mol%, respectively, after 25 min of reaction time (Fig.
4E, F). Thus, the sufficient removal of the aqueous Mg ions due to rapid precipitation of
volumetrically significant amounts of magnesian ACC (Mg-ACC) resulted in a lower aqueous
[Mg®*])/[Ca®*] ratio (< 4), compared to the experiments where ikaite was the predominant phase
over ACC (Fig. 6). Lower [Mg?*]/[Ca®"] ratios facilitated the observed formation of Mg-calcite
rather than of aragonite. These findings highlight the importance of the prevailing

physicochemical conditions of the reactive solutions, e.g. [Mg®*]/[Ca®*] ratio, on controlling
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ikaite or (Mg-)ACC to transform into distinct anhydrous CaCO3; polymorphs, i.e. calcite or
aragonite (Fig. 6).
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Fig. 6. Molar Mg®* to Ca?" ratio, [Mg?*]/[Ca*"], of the reactive solution versus Mg content, [Mg]soiq, OF
ikaite in experiments conducted at 6 and 12°C and Mg bearing ACC (Mg-ACC) in experiments conducted
at 18 and 25°C (MgCa4, Purgstaller et al., 2016).

6.4.3. Transformation of ikaite into calcite and vaterite under air exposure

Our experimental results documented different transformation products when ikaite was
separated from the suspension and was exposed to air for 1 day at ~25°C (relative humidity of
~26%). lkaite initially precipitated at 12°C transformed into calcite, whereas ikaite initially
formed at 6°C transformed into mixtures of calcite and vaterite under the same air expose
conditions (Table 2). These experimental results suggest that the temperature difference (AT)
between the experimental conditions and the air exposure conditions is responsible for the
formation of calcite versus calcite and vaterite through decomposition of transient ikaite.
Sanchez-Pastor et al. (2016) reported that ikaite synthesized at 3°C transformed into pure calcite
at 10°C (AT = 7°C), whereas ikaite synthesized at the same temperature transformed into calcite
and vaterite at 20°C (AT = 17°C). These findings appear to be consistent with the results obtained
in the present study, showing that ikaite transformed to pure calcite at a lower AT (13°C) and to
admixtures of calcite and vaterite at a higher AT (19°C) (Table 2). Higher AT values could foster
adsorption of atmospheric H,O on the ikaite crystal surface (see also Sanchez-Pastor et al., 2016),
which triggers the dissolution of ikaite at water-crystal interfaces and therefore accelerates the
release of Ca®* and COs> ions and structural water (6 moles of H,O for each mole of CaCOs).

Consequently, the decomposition rate of ikaite is higher at higher AT values, resulting in fluids
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supersaturated with respect to both calcite and vaterite. Accordingly, SEM images obtained from
the reacted precipitates originally present as ikaite indicated the formation of euhedral calcite
(and vaterite) crystals (Fig. 3A-B). In contrast, Sanchez-Pastor et al. (2016) showed that the
texture and the particle shape of the large (~800 um) ikaite crystal were preserved during its
pseudomorphic transformation into anhydrous CaCO3; minerals. These differences may be best
explained by distinct surface properties of the reacting ikaite, i.e. high versus low surface area
related to the nanocrystalline (this study) versus well-crystalline (Sanchez-Pastor et al., 2016)
character of the individual ikaite crystals. Using the ACC transformation dynamics recently
reported in Konrad et al. (2016) as an analogue for the decomposition mechanism of ikaite we
argue that the availability of H,O during the air exposure state and the related adsorption of H,O
onto the ikaite crystal surface play a decisive role in the formation of anhydrous CaCOsj;
polymorphs. At the given relative humidity of ~26% it is suggested that a fast interface-coupled
surface dissolution process of ikaite created particle surface solutions that were highly
supersaturated with respect to crystalline CaCO3; polymorphs (Fig.3A, B, E). In this respect, the
formation of either calcite + vaterite or aragonite strongly depends on the [Mg®*]/[Ca*"] ratio
created at reactive mineral-fluid interfaces. Thus, during air exposure the [Mg?*]/[Ca®'] ratio at
the reactive surface layer is most likely controlled by the Mg/Casiq ratio of the preexisting ikaite
(Mg/Ca =~ 0.02, Fig. 4E, F). This low [Mg®*]/[Ca?*] ratio promotes the formation of
calcite/vaterite over aragonite in air at 25°C, whereas aragonite is the predominant phase at high

[Mg?*]/[Ca®*] ratios, as is seen by ikaite transformation in solution at 20°C (Fig. 6).

6.4.4. Implications to natural environments

Our experimental results revealed the formation of ikaite at temperatures up to 12°C (Table 1); a
temperature that exceeds the actual limit of up to 9°C documented in former studies (e.g. Pauly
1963; Bischoff et al., 1993; Burchardt et al.,, 2001; Field et al., 2016). At 18°C, ikaite
precipitation was not observed despite the fact that all reactive solutions were supersaturated with
respect to this mineral (Fig. 5B). In the present study, fast precipitation of hydrous carbonate
minerals, such as ACC and ikaite, was induced by titration technique using highly concentrated
stock solutions. We argue that the formation of ikaite over ACC at temperatures below 12°C may
be related to the limited time provided for Ca®* ion dehydration at initial high supersaturation

states (Fig. 5B). Accordingly, the upper temperature limit for ikaite formation is controlled by the
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interplay of the (i) oversaturation of the solution with respect to ikaite and the (ii) temperature-

dependent dehydration kinetics of the aqueous Ca’* ions.
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Fig. 7. Temperature of the solution versus (A) the ratio of CaCO5° to Ca*" activities (aCaCOz’/aCa”") in
the reactive solution and (B) the saturation index of the reactive solution with respect to ikaite (Sljxaite)
from experiments conducted at 6, 12 and 18°C (after 1 min of reaction time) and from experiment MgCa4
(25°C; Purgstaller et al., 2016) calculated by PhreeqC as well as from the mixed spring and column water
(2:1 mixture) reported by Burchardt et al. (2001).

At the environmental conditions of the lkka Fjord (< 6°C) ikaite precipitates by mixing of
seawater with a molar Mg/Ca ratio of 5 and spring water with high alkalinity (Burchardt et al.,
1997). Burchardt et al. (2001) argued that the inorganic formation of ikaite is facilitated by the
direct incorporation of aqueous CaCO3° complexes, which is the dominating aqueous Ca species
in the highly alkaline (pH > 10) mixing water solutions (Fig. 7A). In contrast, our results showed
that ikaite is preferentially formed in inorganic precipitation experiments at low activity ratios of
aqueous CaCO3° relative to the free Ca®* ion complexes (Fig. 7A). As reported by Burchardt et
al. (2001) the precipitation rate of ikaite in the column water-seawater mixture is high due its
high supersaturation with respect to ikaite (Sliaite = 1.3, Fig. 7B). At a first glance, this suggests
that the abiotic formation of ikaite at the Ikka Fjord may be strongly controlled by high Slikaite
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values rather than by the high fraction of aqueous CaCO5° complexes (Fig. 7A-B). More recently,
however, Trampe et al. (2016) proofed the presence of endolithic biofilms and extrapolymeric
substances secreted by microbial phototrophs in the lkka Fjord sediments and argued that both
the precipitation and the early cementing of the highly porous ikaite crystals may be attributed to
microbial activity. For these reasons, it remains questionable if there is a direct microbial control
on the formation and stability of ikaite in natural surroundings. Notwithstanding the above, our
findings clearly indicate that the inorganic formation of ikaite is also possible at elevated
temperatures up to at least 12°C, if adequately high Sliite vValues are achieved (Fig. 7B). This
raises serious questions about the use of glendonites in the sedimentary environments as an
indicator for near-freezing temperatures.

Over the years, numerous studies suggested that ikaite is a transient phase in the formation of
calcite (Pauly et al., 1996; Bischoff et al., 1993; Omelon et al., 2001) and/or vaterite (Ito et al.,
1996; 1999; Shaikh 1990), while less attention was given to its transformation into aragonite. To
the best of our knowledge, only Stein and Smith (1986) and Council and Bennet (1993) indicated
that ikaite found in authigenic carbonate nodules in the Nakai Through sediments (Japan) and
during the winter months in the Mono Lake sediments (California, US), respectively,
decomposed to mixtures of calcite and aragonite. However, in these studies the sampling and the
storage conditions (e.g. temperature and presence of a fluid phase) are not well documented. Our
findings revealed different anhydrous transformation products depending on the physicochemical
conditions under which the ikaite is transformed: (i) ikaite separated from the reactive solution
transformed into calcite/vaterite under air exposure (Fig.3A, B, E), whereas (ii) ikaite remained
in reactive solutions characterized by a high aqueous molar Mg*/Ca?* ratio (> 14 Fig. 7A)
transformed into aragonite pseudomorphs (Fig. 3C-F). Thus, the physicochemical conditions
under which natural ikaite transforms (e.g H,O availability, [Mg?*]/[Ca*'] ratio of the fluid) seem
to be of high relevance in predefining the nature of the transformation products. For instance,
aragonite is believed to be formed only at high aqueous molar Mg?*/Ca®" ratios, in contrast to
calcite, vaterite and monohydrocalcite that precipitate at low aqueous molar Mg®*/Ca®" ratios (<
4; Ito et al., 1996; 1999). Due to the fact that most natural occurrences of ikaite are ultimately
linked to (peri-)marine environmental settings where the aqueous molar Mg?"Ca?* ratio is
relatively low (~5), glendonites are frequently found in the marine sedimentary record (e.g.
Shearman and Smith, 1985; Last et al., 2013), whereas aragonite pseudomorphs have not yet

been documented. Anyhow, our results revealed the formation of porous aragonite pseudomorphs
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in consequence of the decomposition of intermediate ikaite. Considering, that aragonite is a
thermodynamically unstable phase under the various Earth's surface conditions (Morse and
Mackenzie, 1990; Bischoff et al., 1993), the temporary formation of aragonite in low temperature
regimes at high aqueous molar Mg®*/Ca?* ratio could serve as an intermediate step during the

transformation of ikaite into calcite.

6.5. SUMMARY AND CONCLUSIONS

The (trans-)formation of ikaite was investigated in the temperature range from 6 to 18°C under
constant pH (8.3 +0.1) and distinct aqueous molar Mg/Ca ratios (1/4 and 1/8). Summing up our
experimental results led us to the following conclusions:

(1) Ikaite formation was only observed at T < 12°C due to the temperature-dependent Kinetics
of aqueous Ca** ion dehydration despite the fact that all reactive solutions were
supersaturated with respect to this mineral phase at the onset of the experiments.

(2) Ikaite in contact with a reactive solution for 1 day at 20°C is transformed into aragonite
pseudomorphs at aqueous molar Mg?**/Ca?* ratios > 14 through a coupled dissolution-re-
precipitation mechanism, which is driven by the high supersaturation of the fluid with
respect to aragonite and excess Mg®* ions inhibiting calcite and vaterite formation.

(3) Ikaite separated from the reactive solution (T < 12°C) and exposed to air (T = 25°C) is
transformed either into pure calcite or into calcite-vaterite admixtures, mainly depending
on the temperature difference (AT = 13 versus 19°C) between the synthesis conditions
and the storage conditions. Physisorption of a critical level of H,O onto the primary ikaite
crystal surface induces a fast interface-coupled surface dissolution process and is thus
controlling the nature of the anhydrous CaCO3 products.

(4) The precipitation of ikaite in natural environments can be reasonably suggested to occur
at temperatures up to 12°C or higher, if the mineralizing fluids are characterized by high
supersaturation degrees with respect to ikaite and, accordingly, high precipitation rates are
reached. Thus, the use of glendonite as a valuable indicator for near-freezing temperatures
seems to be an equivocal proxy.

(5) The formation of anhydrous CaCO3; polymorphs through transformation of intermediate
ikaite is controlled mainly by the prevailing physicochemical conditions, such as aqueous

molar Mg2+/Ca2+ ratio and H,O availability. Accordingly, the storage conditions of
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samples originally containing ikaite have to be considered when studying the CaCOj;

polymorph content after ikaite decomposition.
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6.6. SUPPLEMENTARY DATA

Table S1

Chemical composition of experimental solutions and solids from experiments T6_A and T6_B, time:
reaction time during the experimental run; pH: pH of the reactive solution, [Ca],, [Mg].: Ca and Mg
concentration of the reactive solution; Alkalinity: carbonate alkalinity concentration of the reactive
solution; [Mg]siis: Mg content of the solid.

Exp. time T pH [Calag [Mg]aq Alkalinity — [Mg]solid
min/d °C x10°M  x10°M  x10°M mol%
0 min 6.00 8.30 - - 1055 -
1 min 5.99 8.33 7.15 2.34 986 -
5 min 5.96 8.30 5.87 9.10 719 15
9 min 6.04 8.36 2.87 15.55 536 -
13 min 5.95 8.34 1.26 21.45 404 11
18 min 5.99 8.36 1.61 23.76 252 -
T6_A 25 min 5.97 8.31 2.08 30.04 126 1.2
30 min 6.00 8.34 1.83 31.66 125 1.0
40 min 6.00 8.35 1.76 31.28 125 -
50 min 5.99 8.36 1.73 30.75 126 -
60 min 6.00 8.37 1.75 31.57 129 0.9
100 min 6.00 8.40 1.62 31.85 129 1.0
180 min 5.99 8.47 141 30.72 125 11
1d 20.50 8.33 0.36 28.59 110 1.9
0 min 6.00 8.31 - - 1002 -
1 min 5.95 8.34 7.12 4.33 966 -
5 min 5.93 8.34 0.26 21.05 709 1.0
9 min 5.99 8.31 1.62 29.47 554 -
13 min 5.96 8.32 1.74 40.46 384 16
18 min 5.95 8.33 1.56 44.43 263 -
T6 B 25 min 6.06 8.31 2.19 56.17 141 15
30 min 5.99 8.31 1.94 55.75 144 2.0
40 min 6.01 8.32 1.82 55.79 137 -
50 min 5.99 8.33 1.82 56.04 139 -
60 min 6.00 8.34 1.73 56.71 139 2.2
100 min 6.01 8.37 1.61 53.38 140 1.8
180 min 5.99 8.42 1.48 53.64 142 14
1d 20.30 8.38 0.25 54.79 115 16
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Table S2

Chemical composition of experimental solutions and solids from experiments T12_A and T12_B, time:
reaction time during the experimental run; pH: pH of the reactive solution, [Ca],, [Mg].: Ca and Mg
concentration of the reactive solution; Alkalinity: carbonate alkalinity concentration of the reactive
solution; [Mg]s.iig: Mg content of the solid.

Exp. time T pH [Calyq [Mglag  Alkalinity  [Mglia
min/d °C x10°M  x10°M x 10°M mol%
0 min 12.00  8.30 - - 1053 -
1 min 11.98  8.30 6.17 2.51 974 -
5 min 11.99  8.30 3.92 11.81 686 0.5
9 min 11.95  8.33 1.60 16.69 494 -
13 min 12.01  8.30 1.84 21.27 376 1.2
18 min 12.00  8.30 1.97 22.95 244 -
T12_A 25 min 11.99  8.36 1.85 29.78 134 1.5
30 min 12.00  8.37 1.75 30.15 118 1.4
40 min 12.00  8.37 1.69 29.68 120 -
50 min 11.99  8.38 1.70 30.51 119 -
60 min 12.00  8.38 1.70 30.39 120 1.3
100 min 12.00  8.40 1.71 32.54 123 1.1
180 min 11.99 844 1.50 29.88 120 1.1
1d 20.10  8.30 0.24 27.21 100 2.5
0 min 12.00  8.30 - - 1020 -
1 min 11.98  8.33 4.23 3.86 985 -
5 min 11.95  8.36 1.77 20.43 711 1.3
9 min 12.01  8.35 0.97 30.89 524 -
13 min 11.98  8.37 1.60 39.30 415 1.8
18 min 11.99 834 2.14 46.20 271 -
T12. B 25 min 12.02  8.33 2.80 56.01 155 2.4
30 min 12.00  8.38 2.00 55.94 151 15
40 min 12.00  8.39 2.04 55.71 151 -
50 min 12.00  8.40 1.86 56.16 149 -
60 min 11.99  8.40 1.83 56.40 149 1.9
100 min 12.00 8.44 1.72 56.11 149 1.4
180 min 12.00  8.49 1.68 54.77 154 2.0
1d 20.05  8.40 0.47 46.99 120 4.2
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Table S3

Chemical composition of experimental solutions and solids from experiments T18 A and T18 B, time:
reaction time during the experimental run; pH: pH of the reactive solution, [Ca],, [Mg].: Ca and Mg
concentration of the reactive solution; Alkalinity: carbonate alkalinity concentration of the reactive
solution; [Mg]s.iig: Mg content of the solid.

Exp. time T pH [Calyq [Mglag  Alkalinity  [Mglia
min/d °C x10°M  x10°M x 10°M mol%
0 min 18.00  8.30 - - 1092 -
1 min 1797  8.33 3.94 2.33 998 -
5 min 18.02 831 3.49 8.41 738 3.4
9 min 17.97  8.29 4.86 12.34 542 -
13 min 17.99  8.30 4.30 13.95 409 5.4
18 min 17.99  8.30 5.04 15.06 256 -
T18 A 25 min 18.01  8.30 8.44 16.78 140 6.9
30 min 18.00  8.31 7.64 16.92 129 7.1
40 min 18.00  8.30 1.37 11.40 121 8.9
50 min 17.99  8.30 0.79 10.71 122 8.8
60 min 17.99  8.32 0.65 10.30 119 8.8
100 min 18.00  8.32 0.50 10.03 117 9.1
180 min 18.00  8.35 0.44 9.60 121 9.3
1d 20.70  8.38 0.31 8.52 114 10.0
0 min 18.00  8.30 - - 1080 -
1 min 1798 834 5.33 3.64 984 -
5 min 18.01  8.36 4.91 15.52 696 4.9
9 min 17.99  8.32 4.29 19.17 513 -
13 min 1797 831 5.12 25.39 387 6.9
18 min 18.00  8.30 6.44 28.50 240 -
T18 B 25 min 1798  8.33 9.54 31.80 127 10.2
30 min 18.00  8.32 9.30 31.00 115 10.8
40 min 18.01  8.32 7.78 32.61 112 -
50 min 18.01  8.32 1.66 23.48 99 -
60 min 18.00 8.34 0.76 23.07 94 12.1
100 min 18.01  8.34 0.40 19.54 90 13.9
180 min 1799 831 0.33 18.51 90 14.6
1d 20.30  8.21 0.22 14.18 82 17.5
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Fig. S1. Waterfall plot of in situ Raman spectra showing the vibration band of aqueous HCO; and CO5*
as well as of the v; band of CO3* related to ikaite and calcite and/or aragonite in experiment T12_A.
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7. CONCLUDING REMARKS

The experimental results obtained during this work documented that the presence of an
amorphous precursor phase plays a significant role in the formation of high Mg-calcite.
Considering an ACC transformation step, the Mg content of ACC is as low as about 10 mol%,
but the uptake of Mg ions into the precipitate throughout and subsequent to Mg-ACC
transformation, resulted in calcite with up to about 20 mol% Mg. The incorporation of Mg into
the calcite lattice seems to be favored by the intensive supply of carbonate ions and high Mg/Ca
ratios present in the aqueous solution. Moreover, the obtained results revealed that the Mg
isotopic composition of Mg-calcite formed via an amorphous precursor does not reflect the fluid
isotopic composition at the time of Mg-ACC precipitation. The fractionation of Mg isotopes
between Mg-ACC and the reactive solution is significantly smaller compared to that of Mg-
calcite that crystallizes directly from the solution. However, the Mg isotopic signature of Mg-
ACC is not preserved during its transformation into the crystalline phase. Based on the evolution
of the chemical and isotopic composition of the solid and fluid, it is suggested that the
transformation of Mg-ACC to Mg-calcite takes place via a dissolution and re-precipitation
mechanism. In this context, the experiments indicate that once a solution is close to saturation
with respect to ACC, the formation of the less soluble crystalline phase (Mg-calcite,
monohydrocalcite, ikaite, etc.) induces the dissolution/transformation of the amorphous
precursor. The time period of Mg-ACC metastability in aqueous solution is significantly
extended at higher aqueous Mg/Ca ratios due to the inhibition of Mg-calcite formation and the
slow precipitation kinetics of monohydrocalcite. In contrast, at lower temperatures (< 12°C) the
presence of Mg-ACC in aqueous solution is significantly reduced (few minutes) due to slow
water exchange of the aqueous Ca** ion at lower temperatures and the instant formation of ikaite.
Overall, the experimental results highlight that the formation of certain carbonate minerals such
as (Mg-)calcite and aragonite via intermediate phases (e.g. Mg-ACC and ikaite) is significantly
affected by the physicochemical conditions of the transformation environment (e.g. prevailing
aqueous Mg/Ca ratio, etc.). The outcome of this thesis contributes to better understanding of the
mechanisms involved during the formation of (magnesium) calcium carbonate minerals via
carbonate precursor phases in natural environments and have important implications for the

interpretation of elemental and isotopic proxy data from carbonate archives.
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