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ABSTRACT

The replacement of Ca* by Mg* in sedimentary carbonates is one of the most studied ion
substitutions enforced by the geoscientific community. Magnesium is a main component of
seawater and is readily incorporated into the thermo dynamically stable CaCO, polymorph calcite
during its precipitation. Hence, the Mg content of calcite is used to reconstruct environmental
conditions that occurred at the time of mineral formation. Bio genic calcite with Mg contents up
to 45 mol% has been found in many marine organisms such as bivalves, brachiopods,
echinoderms, calcareous plankton and coralline algae. Contradictory, inorganic pre cipitation of
Mg calcite in the laboratory exceeding 20 mol% is hardly ever observed at ambient conditions.
Besides biogenic control, the Mg content of calcite is determined by prevailing solution
compo sition, temperature, growth kine tic, etc., and Mg is known to significantly mo dify mineral
nucleation/growth, crystal shape, lattice parameters and the solubility of calcite. Thus, it is of
high relevance for geoscientific issues to understand incorporation me chanisms and formation
pathways to quantitively assessthe Mg content of calcite. The present contribution comprises
experimental designs under precisely defined physicochemical conditions that allow to
me chanistically describe and value the parameters controlling the elemental composition of a
forming mineral. Mineralo gical characterizations to gether with chemical analyses of the solution
and ge o chemical modeling are powerful tools to unravel the complex interplay be tween solid and
solution at the time of precipitation and/or transformation during ongoing mineral-water
interactions. In the course of this thesis, the role of SO, - the dominant divalent anion in se awater
- was examined experimentally during the formation of low- and high-Mg calcite (LMC, HMC).
Results show LMC grown in the presence of aqueous SO, exhibiting a systematic reduction in its
Mg content compared to LMC formed in the absence of SO ,. The incorporation of the tetrahedral
SO, ion in calcite results in a significant crystallattice expansion which induces Mg incorporation
into calcite to be unfavorable. HMC that is formed via an amorphous precursor occurs as
nanocrystalline aggre gates which are highly reactive solids that exhibit continuous exchange of
Mg and SO, between calcite and an interacting solution throughout reaction time. This thesis also
quantifies solubilities of amorphous calcium magnesium carbonate (ACMC) solids. ACMC
transformation experiments at near-dolomite stoichiometry level reveal the Mg content of
forming HMC not to be pre-determine d by the Mg content of the amorphous pre cursor, but to be
strongly controlled by dynamic ion exchange reactions between the amorphous solid and the
reactive solution during the transformation. The results of this thesis improve our current
understanding on CaCO, mineral formation mechanisms and offer new guides for the
interpretation of chemical signatures of carbonates in natural and te chnical se ttings.






KURZFASSUNG

Der Austausch von Ca* durch Mg* in sedimentidren Karbonaten ist eine der am besten
untersuchten Ionensubstitutionen angespornt durch die geowissenschaftliche Community.
Magne sium ist ein Hauptbe standteil des Meerwassers und wird in die thermodynamisch stabile

CaCO, Modifikation, das Mineral Kalzit, bei seiner Abscheidung eingebaut. Der Mg-Gehalt von
Kalzit wird verwendet, um die Umweltbedingungen, die zu der Zeit seiner Bildung herrschten, zu
rekonstruieren. Biogener Kalzit mit Mg-Gehalten bis zu 45 Mol% kommt in vielen
Meeresorganismen, wie Muscheln, Brachiopoden, Stachelhdutern, kalkhaltigem Plankton und
Kalkalgen, vor.Im Gegensatzdazuwirdim Laboranorganisch ausge féllterKalzit mit Mg-Gehalten
hoherals 20 Mol-% nur selten erhalten. Neben bio gen kontrollierte n Me chanismen wird der Mg-
Gehalt von Kalzit durch Losungszusammensetzung, Temperatur, Wachstumskinetik usw.
be stimmt. Magne sium kann zudem die Keimbildung, das Mineralwachstum, die Kristallform, die

Gitterparameter und die Loslichkeit von Kalzit signifikant verandern. Daher ist es fiir
geowissenschaftliche Frage stellungen von gro RemIntere sse, die Substitutionsmechanismen und
Mineralbildungspfade zu verstehen, um den Mg-Gehalt von Kalzit quantitativ bewerten zu
konnen. Der vorlie gende wissenschaftliche Beitrag umfasst hierzu experimentelle Ansatze unter
gut definierten physikalisch-chemischen Bedingungen, die es ermo glichen die kontrollierenden
Parameter wihrend der Mineralbildung mechanistisch zu dechiffrieren und zu bewerten.
Mineralogische Charakterisierungen gekoppelt mit chemischer Losungsanalytik und
geochemischen Mo dellierungen sind leistungsstarke Werkzeuge, umdas komplexe Wechselspiel
zwischen Feststoff und Losung zum Zeitpunkt der Mineralbildung und/oder -umwandlung
wihrend fortlaufender Mineral-Wasser-Wechselwirkungen zu entschliisseln. Im Rahmen die ser
Dissertation wurde die Rolle von SO, - dem dominierenden zweiwertigen Anion im Me erwasser -
wahrend der Bildung von Kalzit mit niedrigem und hohem Mg-Gehalt (LMC, HMC) experimentel
untersucht. Die Ergebnisse zeigen, dass LMC - gebildet in Gegenwart von geldostem SO, - eine
systematische Verringerung des Mg-Gehalts im Vergleich zu LMC aufweist, der in Abwe senheit
von SO, gebilde t wird. DerEinbau des tetraedrischen SO -lonsim Kalzit fiihrt zu einer erhe blichen
Ausdehnung des Kristallgitters, was den Einbau von Mg in Kalzit beeintrachtigt. HMC, der iiber
eine amorphe Vorlauferphase gebilde t wurde, tritt in Form von nanokristallinen Aggre gaten auf,
bei denen es sich um hochreaktive Feststoffe handelt, die wahrend der Versuchszeit einen
kontinuierlichen Austausch von Mg und SO, Ionen zwischen Kalzit und reaktiver Losung
ermoglichen. In dieser Dissertation werden ferner die Loslichkeiten von amorphen Kalzium-
Magne sium-Karbonat-Fe ststoffen (ACMC) quantifiziert. Umwandlungsexperime nte von ACMC mit
Dolomit-dhnlicher Zusammensetzung zeigen, dass der Mg-Gehalt des sich bildenden HMC nicht
durch den Mg-Gehalt der amorphen Vorlauferphase vorbestimmt ist, sondern wesentlich durch
das dynamische Austauschverhalten zwischen demamorphenFeststoffund derreaktiven Losung
wahrend der Umwandlung ge steuert wird. Die Ergebnisse dieser Dissertation verbessern unser
aktuelles Verstandnis der Bildungsmechanismen von CaCO, Mineralen und bieten neue
Ansatzpunkte fiir die Interpre tation chemischer Signaturen von Karbonaten in natiirlichen und
technischen Systemen.
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Chapter 1 - INTRODUCTION

1.1 CHARON II - Marine Carbonate arcHives: Controls on cARbonate
precipitation and pathways of diagenetic alteratiON (Phase II)

CHARON IIis a continued collaborative researchinitiative funded by the DFG (Deutsche
Forschungsgemeinschaft) and FWF (Fonds zur Forderung der wissenschaftlichen
Forschung) which involves geoscientists from a broad field of expertise including
sedimentologists, microbiologists, geochemists, mineralogists, crystallographers and
material scientists from universities located in Germany and Austria. The mainresearch
goals include (i) improved knowledge of physicochemical and micro-biological
parameters that are controlling the geochemical signature of inorganic and biogenic
carbonates at the time of their formation, and (ii) in-depth and quantitative
understanding of post-depositional/post-mortemdiagenetic processes that are affecting
the geochemical and mineralogical composition of marine carbonate archives (e.g.
skeletal hard parts). To reach these goals, the collaborative researchinitiative CHARON
appliesaseries of multidisciplinary and innovative approaches,involving laboratory and
field studies, high-resolution geochemical analyses and computational concepts. The
focusis given on a combined archive and proxy research including the investigation of
the chemical and isotopic signals (e.g. Mg/Ca, Sr/Ca, Ba/Ca, SO./CO,, §4C, §°0, §**Ca,
5Mg, &*S, §%/%Sr) in carbonates in order to reconstruct past environmental conditions
occurring during mineral formation. Systematic investigations of structural, elemental
and isotopic changes during individual pathways of mineral formation and diagenetic
alteration provide fundamental prerequisites for the interpretation of environmental

conditions recorded in carbonate archives.



1.2 Formation of calcium carbonate in aqueous environments

Calcium carbonate (CaCO;) minerals occurwith a tremendous diversity in natural and
technical environments on the Earth’s surface. Inorganic and bio-induced precipitation
of CaCO, occursin terrestrial and marine environments from supersaturated solutions
to form speleothems, lake deposits, sinter/scale deposits, ooids, microbialites,
evaporites, etc.. However, the vast majority of CaCO, in nature is formed in the context
of biogenic activity, whereas less carbonates derive from a strict inorganic origin. Marine
organisms such as corals, echinoderms, bivalves, foraminifera and brachiopods
precipitate actively carbonate hard parts for their protective shells, skeletons, spicules
or sensory organs. However, the high degreeindiversity of CaCO;becomesvisible by the
different crystal structures, morphologies, physical properties, hydration states (0 <H,O
< 6) and trace element compositions. Up to now, 7 different forms of CaCO, are known:
the 3 anhydrous crystalline polymorphs calcite, aragonite and vaterite, the 3 hydrous
crystalline forms calcium carbonate hemihydrate, monohydrocalcite, and ikaite, and
amorphous calcium carbonate (ACC).Calcite is the thermodynamically stable polymorph
under ambient conditions and is expected to form predominantly (Kawano etal., 2009).
Aragonite - as stable polymorph at high pressure - occurs with a denser structure
compared to calcite and is the primary polymorph inorganically formed from seawater,
in particular at elevated temperature and Mg/Ca ratio (Balthasar and Cusack, 2015).
Vaterite is generally considered to be metastable and transforms easily and irreversibly
into the more stable polymorphs. However,vaterite is found e.g.in fish otoliths (Gauldie,
1986)orgastropod egg-shells (Hall and Taylor, 1971)and isoftenfound during synthetic
precipitationwhich takes place at high supersaturation (Rodriguez-Blanco et al., 2017)
and/orin the presence of organic compounds e.g. polyaspartic acid (Niedermayret al.,
2013;Wedeniget al., 2021). Calcium carbonate hemihydrate (CCHH; CaCO,-%H,0) was
just recently discovered during experimental investigations where it was formed from
ACC in solution in the presence of Mg* ions (Zou et al., 2019). Monohydrocalcite
(CaCO,-H,0) is rarely observed in geological settings but usually forms from Mg-rich
solutions at high pH (Nishiyama et al., 2013; Purgstaller et al., 2017a). Ikaite
(CaCO,-6H,0) usually forms from supersaturated solutions in cold or near-freezing
environments (Suess et al., 1982) and exhibits retrograde solubility as a function of
temperature (Bischoff et al., 1993). Besides the crystalline forms, CaCO; exists as an
amorphous phase which has beenidentified to play a crucial role in the formation of



calcareous biominerals (Addadietal., 2003),and is also the most soluble form (Brecevi¢
and Nielsen, 1989). Many calcifying biomineralization strategies include ACC as a
transient precursor phase which can act as a temporary storage of Ca* ions or can be
transported to the desired location before its transformation into crystalline forms of
CaCO,. This crystallization pathway offers the advantage to create unique shapes and
well-defined orientations of the crystals(Gower, 2008; Weiner and Addadi,2011).During
the last two decades,a tremendous number of studies was assigned to investigate the
formation of crystalline carbonate minerals via amorphous precursors (e.g. Koga et al.,
1998; Sethmann et al., 2005;Xu et al., 2006; Jiang et al., 2011; Rodriguez-Blanco et al.,
2011;Botsetal.,2012;De Yoreo,2013;Ihli etal.,2014;Giuffre etal.,2015;Ma and Feng,
2015; Rodriguez-Navarro et al., 2015;Zou et al., 2015;Blue et al., 2017; Albéric et al.,
2018;Qiao etal.,2020).

1.3 Carbonate archives and paleoenvironmental reconstructions

Performing geochemical analyses of sedimentary rocks enables us to reconstruct
environmental conditions of the geological past. Carbonate precipitates and deposits in
natural and technical environments represent important environmental archives. The
chemical and isotopic signature of carbonate minerals are strongly controlled by
physicochemical parameters, like e.g. temperature (e.g. Dietzel et al., 2004; Tang et al.,
2008),pH (e.g. Fugeretal,2019; Mavromatis etal., 2019), precipitation rate (e.g. Lorens,
1981; Tesoriero and Pankow, 1996), mineral structure (e.g. Mavromatis etal., 2015) and
mineral-forming solution chemistry (e.g. Schott et al., 2016). This dependence one can
utilize to reconstruct the environmental conditions that occurred at the time of mineral
formation, transformation or diagenesis (Swart et al., 2015; Immenhauser et al., 2016).
Understanding the physicochemical parameters controlling the distributionof elemental
and isotopic signals in carbonatesis a fundamental requirement for the interpretation
of paleo-temperatures (e.g. Elderfield and Ganssen, 2000), weathering regimes (e.g.
Annovi et al.,, 1980), global changes inelement cycles (e.g. Pogge von Strandmann et al.,
2014), redox conditions (e.g. Frei et al.,, 2011) or the past seawater composition (e.g.
Turchyn and DePaolo, 2019). Not only physicochemical parameters prevailing during
CaCO, formation can control its compositionbut also the mineral formation pathway.
Here we distinguishbetweendirectmineral precipitationfrom a supersaturated solution
and mineral formation via the transformation of a precursor phase. In the latter case



ACC canactas precursorphase for all anhydrous and hydrous crystalline forms of CaCO,
(Purgstalleretal. 2016,2017a,2017b;Konrad etal.,2016;2018;Zouetal., 2019).Despite
intensive research, the transformation mechanism of ACC into the different crystalline
forms is still under debate but of great relevance for biogenic and abiogenic carbonate
precipitation(De Yoreo et al.,, 2015).Detailed understanding of the distribution of trace
elements and isotopes during the transformation of ACC is largely lacking but required
in order to rely on geochemical proxies to reconstruct past environmental conditions
(Mavromatis et al., 2017). Systematic experimental studies under controlled physical-
chemical conditions that mechanistically describe elemental and isotopic distribution

during mineral formation are crucial prerequisites foraccurate interpretations.

1.4 Mg calcite

Magnesium (Mg) is the most common impurity in calcite and beyond that the solid-
solution behavior between calcite and magnesite is one of the most well-examined
systems in mineralogy (Lippmann 1982; Allanet al., 2019). Low-Mg calcite (LMC) refers
to calcite containing <4 mol% Mg whereas calcite containing >4 mol%is classified as high-
Mg calcite (HMC; Tucker and Wright, 1990). The solubility of Mg calcite varies as a
function of MgCO, content exhibiting the lowest solubility at 3-4 mol% MgCO, and
enhanced solubility in particular towards higher Mg contents (Mackenzie et al., 1983).
Aragonite and HMC that form predominantly in shallow-marine, tropical waters are less
stable than calcite, LMC and dolomite and tend to transform to the more stable phase
during diagenesis (Morse and Mackenzie, 1990). The most stable phase within the CaCO5-
MgCO, solid-solution system is dolomite (CaMg(CO,),) which forms diagenetically by
secondary replacement of limestone but is rarely found in mod ern marine sediments
(Gregg et al., 2015).Dolomite consists of an ordered alternation of Ca* and Mg* layers
separated by layers of CO.*, whereas in Mg calcite Ca* and Mg* ions are randomly
distributed among the cationsites. However, the inorganic precipitationof HMC under
ambient conditions exceeding Mg contents of 20 mol% remains an enigma despite
intensive research since several decades (Kitano and Kanamori, 1966; Berner, 1975;
Mucci and Morse, 1983; Busenberg and Plummer, 1989; Fernandez-Diaz et al., 1996;
Morse et al., 1997;2006;2007; Pokrovsky, 1998;Long et al., 2014 ) although HMC with
Mg contents up to 45 mol% exists in the skeletal components of marine organisms (Ma
etal., 2009).0One of the mainreasons for the failure of synthesizing Mg calciteswith high

Mg contents lies in the adsorption of hydrated Mg* on the surface of the growing calcite
4



whichactsas an inhibitor of calcite growth and thus favors the precipitationof aragonite
(Lippmann, 1973). Compared to calcite,aragonite is not affected by the adsorption of
hydrated Mg*,noris Mg* readily incorporated into the aragonite crystal lattice (Berner,
1975).Dissolved Mg* ions are more extensively hydrated compared to Ca* ions because
of their smallerionic radii and higherionic potential. Thus, the high energy required for
the dehydrationof the hydrophilic Mg* priorits incorporationin the crystal latticeis the
rate-limiting step to form HMC (Mucciand Morse, 1983). More recently it was suggested
that the formationof HMC via anamorphous precursor may overcome rate -limiting steps
observed during directmineral nucleationand /orgrowth from a supersaturated solution
(Razetal, 2000;Loste etal., 2003).Elevated Mg content of HMC is frequently attributed
to the transformation of Mg-bearing ACC, so-called amorphous calcium magnesium
carbonate (ACMC).

1.5 SO in the scope of marine carbonates

Sulfate (SO,) is the most concentrated divalent anion in seawater (~28 mM) and thus
always present during marine CaCO; formation. The main influx of SO, to the oceans
occurs via continental weathering and riverine run-off (Jorgensen and Kasten, 20006).In
evaporating modermseawaterbrines the SO, concentrationcanbe high as 100 mM before
gypsum starts to precipitate (Bagbel and Schreiber, 2014).S0, is known to play a crucial
role in the oscillation between calcite and aragonite seas throughout the Phanerozoic
(Bots et al., 2011). Moreover, a few studies have addressed its potential role on
controlling the CaCO; polymorphism and its effect on calcite growth (Fernandez-Diaz et
al., 2010; Arroyo-de Dompablo et al.,, 2015; Nielsen et al., 2016). Other studies
investigated the sulfate incorporationin natural and synthetic calcites and aragonites
(Kitano et al., 1975; Takano et al., 1980; Takano, 1985;Busenberg and Plummer, 1985;
Kontrec et al., 2004; Wynn et al., 2018; Okumura et al., 2018). This fraction of sulfate is
commonly referred to carbonate-associated sulfate (CAS) and it is presumed that the
tetrahedral SO, ionsubstitutes the trigonal-planar CO,ionin the respective crystal lattice.
The sulfurisotopic composition of CAS (6*Sc.s) is a useful paleoenvironmental proxy as
it reflects the sulfur isotope composition of seawater and is commonly used to
reconstruct the evolution of the marine sulfurcycle of pastoceans (Burdettetal., 1989;
Kampschulte and Strauss, 2004;Parisetal., 2014;Barkanetal., 2020). However, the exact

position of SO, within the calcium carbonate crystal lattice and the pathway of



incorporation during mineral growth and biomineralization is poorly understood (e.g.
Pingitore et al., 1995; Perrin et al.,, 2017). In the scope of calcium carbonate mineral
formation, the correlationbetween Mg# and SO.,* ions has been of relevant interest due
to their natural high abundance inseawater(Takano 1985; Tracy etal., 1998; Vielzeuf et
al.,, 2013;Nielsenetal., 2016;van Dijk et al., 2019). Mucci and coworkers (Mucciet al.,
1989) observed that the MgCO, incorporationin calcite is significantly influenced by the
presence or absence of SO, ions in seawater but the responsible mechanisms are still

poorly understood.

1.6 Outline of the DOCTORAL THESIS

The occurrence and formation of calcium carbonate minerals is inmost cases related to
precipitation from aqueous solutions where mineral formation proceeds along different
pathways (Chapter 1). In this thesis, the effect of SO, during the formation of Mg calcite
via seeded mineral growth and via transformation of an amorphous precursor was
experimentally investigated. Anothermainfocuswas givenoninvestigating the solubility
of ACC as a function of its Mg content by synthesizing amorphous calcium magnesium
carbonates (ACMCs)with distinct Mg contents ranging from 0 to 100 mol%. Subsequent
transformation of ACMC with near-dolomite stoichiometry has been systematically
examined from 10 to 80 °C in orderto assess the effectof temperature onthe Mg content
of the final HMC. The obtained results are presented and discussed indetail in Chapter
2 to 5 which are based on four publications in Geochimica et Cosmochimica Acta and
CrystEngComm.Finally, Chapter 6 summarizes some future perspectives.

Chapter 2 describes the effect of SO, onthe Mg partitioning between calcite and reactive
solution during seeded mineral overgrowth experiments. The results indicated that LMC
formed in the presence of aqueous SO, exhibits a systematic reductioninits magnesium
content compared to calcite formed in the absence of SO,. The experimental findings
suggest that the presence of SO, inhibits calcite growth and promotes the formation of
aragonite. Chapter 2 has been published in Geochimica et Cosmochimica Acta (2019)
Volume 265,Pages 505-519 (K.E. Goetschl, B. Purgstaller, M. Dietzel, V. Mavromatis).



Chapter 3 providesnew insights on the role of Mg and SO, during the transformation of
pure ACC to HMC.In the presence of SO,, the subsequentformation of MgS0 ,(aq) causes
the ACC transformation to occurearlier, proportionally to the concentration of Mg (aq).
Aqueous complexation is controlling the metastability of ACC, the amorphous-to-
crystalline transformationkinetics,and the Mg content of the resulting HMC. Moreover,
a continuous exchange of Mg and SO, between nanocrystalline HMC and experimental
solutionis observed up to 1 year of reaction time. Chapter 3 has been published in
Geochimica et Cosmochimica Acta (2021) in press (K.E. Goetschl, M. Dietzel, B.
Purgstaller, C. Grengg, V. Mavromatis).

Chapter 4 provides new insights on the solubility of ACMC in the aqueous system and
the factors controlling its transformation into distinct crystalline calcium magnesium
carbonate minerals. The results reveal a fast exchange of ions between the synthesized
ACMC solids and aqueous solutions, whichis stimulated by the large surface area of the
nanoporous ACMCs. The calculated ion activity products reveal that the solubility of
ACMC increases as a function of the Mg content. Chapter 4 has been published in
CrystEngComm (2019) Volume 21, Pages 155-164 (B. Purgstaller, K.E. Goetschl, V.

Mavromatis, M. Dietzel).

Chapter 5 deals with the transformation of ACMC (containing initially 48 mol% Mg) into
HMC at temperatures ranging from 10 to 80 °C. The results reveal that at higher
temperatures the Mg incorporationinto HMC is enhanced due to the reduced solvation
energy barrier of Mg*(aq) and the high prevailing Mg? /Ca* ratio of the experimental
solutionwhich is controlled by the temperature-dependent solubility of ACMC. The Mg
content of the forming HMC is not pre-determined by the Mg content of the amorphous
precursor, but strongly influenced by the reaction temperature and physicochemical
conditions of the prevailing solution during ACMC transformation. Chapter 5 has been
published in CrystEngComm (2021) Volume 23, Pages 1969-1981 (B. Purgstaller, V.
Mavromatis, K.E. Goetschl, F.R. Steindl, M. Dietzel).
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Chapter 2
Effect of sulfate on magnesium incorporation in

low-magnesium calcite
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ABSTRACT: The incorporation of magnesium and sulfate in calciteis frequently used to
characterize and trace the environmental conditions occurring during carbonate mineral
formation. Although both ions are simultaneously incorporated inthe growing calcite,
the effectof sulfate onmagnesiumincorporationin calciteis stillunder-explored.In this
study, we examine the Mg incorporationinlow-Mg calcite as a function of growth rate at
25 °C and 1 bar pCO, in the presence and absence of aqueous sulfate. The obtained
results suggest that high calcite growth rates induce a significant increase in the
partitioning coefficient of Mg between the precipitated low-Mg calcite and aqueous

(nMg/nCa)calcite
(IMg?*1/[Ca®*Dsotution

mineral growth rate for experiments performed in the presence and absence of sulfate,

solution (i.e. Dy4 = ). Obtained D,, values exhibit similar depend ence to

however a systematic shift to lower D,,, values is observed for calcites formed in the
presence of sulfate. The lower D,,, values of calcites formed in sulfate-bearing solutions
are attributed to the incorporated SO,ions whichprovoke expansioninthe unit cell along
the c-axis of the newly formed calcite. A larger unit cell is unfavorable for the
substitution of Ca by smallerMg ions in calcite. The coupled effect of (i) sulfate uptake
during calcite growthand (ii) precipitationrate on D,, canbe expressed by the equation
Dy = 0.03726— 0.02345 x [—log (1,) — 7] — X504 X {0.004607 + 0.002109 x [—log(r,) — 7]};

(-8 <log(r,) <-7; 0 < Xso4s 2.6; T=25°C) and isvalid for0.01 <D,, < 0.04. In analogy to

Mgalso SO, ions are inhibiting calcite growth, thus promoting the formation of aragonite
due to adsorption phenomena and blocking of calcite surface sites. These results
improve our understanding on physicochemical parameters controlling CaCO,
composition and mineral polymorphism and are discussed in their relevance for the use

of magnesium and sulfate environmental proxies innatural surroundings.
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2.1 Introduction

Calcium carbonate minerals (CaCO;) are readily forming in natural aquatic environments
and they comprise geological archives that have been extensively studied for their
chemical, structural and isotopic composition (e.g. Morse and Mackenzie, 1990; Tucker
and Wright, 1990; Schlager, 2005; Morse etal., 2007;Bottcherand Dietzel, 2010; Dietzel,
2011). The two most common polymorphs of calcium carbonate in sedimentary
environments are calcite and aragonite. Their trace-to-major cationratios (e.g. Mg/Ca,
Sr/Ca and Ba/Ca) as well as their isotopic compositions (e.g. Mg, §*/*“Ca and §'°0) are
routinely used to reconstruct the physicochemical conditions occurred during mineral
formation (e.g. Elderfield and Ganssen, 2000; Hall and Chan, 2004; Gussone etal., 2005;
Hippleret al., 2006, 2009; Immenhauser et al., 2010; Onuk et al., 2014). Unravelling,
however, the information that is recorded in the chemical and isotopic composition of
traces/impuritiesincarbonatesrequiresinsights on the reactionmechanisms controlling
their incorporation during mineral growth. This is because the distributionbehavior of
traces during mineral formationdepends onmany parameters such as mineral structure,
temperature, pH, precipitation rate, composition of parental solution, etc. (Morse and
Bender, 1990; Tang et al., 2008; Mavromatis et al., 2013;Flugeret al., 2019).In order to
unravel the physicochemical parameters controlling the chemical composition of the
solid phase, rigorous experimental work is of great necessity. For example, the trace
metal concentration in the precipitating mineral is controlled by the isomorphic
substitution of a host ion by a foreign ion in the given crystal structure (e.g. MclIntire,
1963).Isomorphic substitutionis the replacement of the main cationby a trace cation
which canform a pure carbonate phase with the same coordination. The substitution of
divalentcationsin carbonate minerals dependsonthe cationradiusandits coordination
of metal ion to oxygen ion yielding in specific crystal structure. Trigonal carbonates
(calcite type) have a 6-fold coordination of metal ions to oxygen ions and host
preferentially smaller cations compared to Ca* whereas orthorhombic carbonates
(aragonite type) have a 9-fold coordination where Ca is substituted readily by bigger
cations compared to Ca* (Dietzel, 2011).Ideal divalent cation substitution (e.g. Mg*, Sr*,
Ba*)is not the only case for foreign element incorporation into CaCO, as for example
trivalent rare earth elements (REE*: Zhong and Mucci, 1995; Voigt et al., 2017) and
monovalent cations, e.g. Na* and Li* (Busenberg and Plummer, 1985; Marriottetal., 2004;

Fligeretal. 2019),are also presentin carbonates. In analogy the incorporation of anions
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in carbonatesisinthe focusof intense research with the most well explored substitution
to be that of (i) boron/borate in calcite and aragonite (Gabitov et al., 2014; Mavromatis
et al.,, 2015;Uchikawa et al., 2015;2017; Noireaux etal., 2015;Balanet al., 2016;2018;
Saldietal., 2018),owing to its wide applicationas a pH-proxy tool and (ii) sulfate which
in CaCO; minerals records sulfurisotope composition of oceanic waters that is used as
a proxy signal for reconstructing redox conditions, biological activity and the evolution
of the marine sulfur cycleinformeroceans (Kampschulte and Strauss, 2004; Fichtneret
al., 2017).This fraction of sulfurin the carbonate minerals is commonly referred to as
carbonate-associated sulfate (CAS: Burdettetal. 1989; Wotte etal., 2012).

To date alarge body of studies has beendevoted to characterize the impact of different
physical and chemical parameters on the incorporation of Mg in synthetic carbonates
(Mucciand Morse, 1983; Oomori etal., 1987;Busenberg and Plummer, 1989; Burton and
Walter, 1991;Morse etal., 1997;Linand Singer, 2009;Mavromatis etal., 201 3;Purgstaller
et al., 2016;2017). This interest stems from the fact that Mg is the most concentrated
divalent cationin seawater and the most common impurity in calcite. To the best of our
knowledge only one study (Muccietal., 1989)has focused oninvestigating systematically
the effect of dissolved sulfate on Mg partitioning during its incorporation in calcite,
although sulfate is the second most concentrated anion in seawater (~28 mM). In
contrast, a few studies have addressed the incorporationbehavior of sulfate in calcium
carbonate (Kitano etal., 1975; Takano 1985;Busenberg and Plummer, 1985;Pingitore et
al.,, 1995;Balan et al,, 2014;Karmaller et al., 2018)and its potential role in controlling
CaCO, polymorphism and calcite growth (Reddy and Nancollas, 1976; Fernandez-Diaz et
al.,, 2010;Botsetal., 2011;Arroyo-de Dompablo etal., 2015;Nielsenetal.,2016;Han et
al.,, 2017).

In this study we explore experimentally the effect of dissolved sulfate on the Mg
partitioning during its incorporation in calcite in an abiotic system as a function of
mineral growth rate and sulfate concentration. The obtained results allow for a critical
evaluation of the role of sulfate on the incorporationof Mg incalcitebothas a dissolved
anion and asa componentof the calcite crystallattice. The obtained results are discussed
in the context of Mg content of natural low-Mg calcite as an environmental proxy.
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2.2 Methods

2.2.1 Experimental set-up

Low-Mg calcite precipitationexperiments were carried outon synthetic pure calcite seeds
at 25 'C and 1 bar pCO, using a mixed-flow reactor experimental set-up similar as
previously described in Mavromatis et al. (2019). The experimental set-up used in the
present study isillustrated inFig. 1 and consists of two separate inlet solutions A and B,
and a reaction vessel placed on a stirring plate in a constant temperature room. This
design was adapted because it allows to control pH and chemical steady-state during
mineral growth. The initial solutionin the reactor of 0.5 L contained ~10 mM of Ca(l,
and MgCl, as well as different concentrations of Na,SO, (Table 1). Note here that a single
Mg source was used for all experiments by diluting a concentrated MgCl, stock solution
inorderto precisely constrainthe Mg concentration. The inlet solutionA contained Ca(Cl,
and MgCl,,in which the Mg concentrationwas in all experiments the same and equal to
20 mM. This concentration was equal to the double of that present initially in the reactor
in order to avoid its dilution by the addition of inlet solution B. The inlet solution B
contained Na,CO; and Na,SO,. The concentration of Na,CO, was equal to the
concentrationof CaCl,in the correspondinginletsolutionA in eachexperiment, whereas
the concentration of sulfate was also adjusted to the double of its concentration present
in the initial reactor solution.In the experiments conducted inthis study the aqueous
SO, concentration ranged between 10 and 30 mM (see Table 1). Background electrolyte
concentration of all solutions maintained constant during each experimental run and
was setto 400 mM adjusted by the addition of NaCl whennecessary. The initial amount
of ~1 g synthetic calcite witha BET specific surfacearea of 0.29 m?/g (see methodsbelow)
was used inall reactors as seed material.

To induce overgrowth, both inlet solutions were pumped via a peristaltic pump (Ismatec
IPC) in the reactionvessel at an equal flowrate of ~10 ml/day each. The precipitation
rate for CaCO, was modified by changing the molalities of CaCl, and Na,CO,inthe inlet
solutions (50-400 mM). During the whole experimental run the solution pH was kept
constant at 6.3 +0.1 via continuous bubbling of CO,gasin the reactionvessel.The reactor
solutionwas continuously stirred at a constant rate of 300 rpm using a floating magnetic
stir bar. All reacting solutions were prepared with analytical grade chemicals (CaCl,-2H,0,
MgCl,-6H,0,Na,CO;,Na,SO, and NaCl from Roth) dissolved inultrapure deionized water
(Millipore Integral 3: 18.2 MQ cm!).
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Fig. 1: Experimental set-up for low-Mg calcite precipitation experiments using a mixed-flow
reactor and two inlet solutions.

Every 24 h a volume of the reactive solution - equal to the volume of the sum of the inlet
solutionsadded in24 hours (~20 mL) - was collected witha syringe for chemical analyses
of Ca, Mg, S, SO, and alkalinity.In this way the volume of the reactor solutionmaintained
almost constant within +4 % and variations in growth rate were minimized. Shortly prior
to sampling the magnetic stirrers were stopped to allow the solid material to settle and
to minimize itsremoval by sampling.In this way the solid/solutionratio was kept almost
constant during the course of an experiment. Directly after sampling, the collected
solutionwas filtered through a 0.2 pm membrane cellulose acetate syringe filterand pH
was measured in situ. An adequate amount of the sample was taken to measure the
solution carbonate alkalinity and selected samples were directly diluted for further SO,
analyses by ion chromatography (IC), whereas the rest of the reactive solution was
acidified forfurther Ca,Mgand S analysesbyinductive coupled plasmaoptical emmision
spectrometry (ICP-OES). At the end of each experimental run the entire reactive solution

was filtered through a 0.2 pm membrane using suction filtration. The solid material was
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rinsed extensively with ultrapure deionized water and dried at 40 °C. In total, 27
experiments were performed at varying growth rates but constant concentrations with
respect to Mg (10 mM) and SO, (30 mM; i.e. MgS2-MgS8, MgS19,MgS20,MgS23,MgS25
and MgS27 inTable 1).Inorder to investigate the effect of varying sulfate concentration
onMgincorporationin calcite inthe absence of growthrate effects,selected experiments
were performed in duplicates, where the Mg concentrationwas kept constant (10 mM),
but the SO, concentration was adjusted to 10, 15, 20, 25 and 30 mM, respectively.
Duplicate experiments were performed at low and high growth rate respectively (ie.
MgS11-MgS20, MgS29 and MgS30 in Table 1). Finally, the effect of growth rate on Mg
incorporation in calcite in the absence of dissolved sulfate was examined in six
experiments (i.e. MgS9,MgS10,MgS22, MgS24, MgS26 and MgS28 inTable 1).

2.2.2 Mineralogical and chemical analyses

2.2.2.1 Solids

The specific surface area of solid materials was determined by multi-point krypton
adsorption using the Brunauer-Emmett-Teller (BET) method. Measurements were
performed using a Quantachrome Autosorb-1 MP with an analytical uncertainty of +10
%. Powder X-ray diffraction (XRD) patterns of the solids collected at the end of the
experimental runwere recorded by a PANalytical X’Pert PRO diffractometerusing Co-Ka-
radiation (40 mA, 40 kV) ata 20 range from 15° to 60" and a scan speed of 0.03" s’'. For
qualitative characterization of crystalline products the PANalytical HighScore Plus
software with the ICSD database was used and the mineral phases were quantified by
Rietveld refinement. Analytical uncertainty of the quantificationlies within 1 wt. %. The
precipitates were gold-coated and imaged using a ZEISS DSM 982 Gemini scanning
electron microscope (SEM) equipped with a field emission gun operating at 2 kV
accelerating voltage. Ca, Mg and SO, content of the solids were measured by Ion
Chromatography (IC) using a Dionex IC S 3000 withIonPac® AS19 and CS16 columnwith
an analytical precision of +3 %.In order to precisely determine the chemical composition
of the collected solids by IC, a new protocol for sample digestion and dilution was
developed. About 10 mg of solid was dissolved in 10 mL of 0.024 M HCI and treated in
the ultrasonic bath and shaker overnight to ensure complete dissolution. Subsequently
a second dilution step with ultrapure deionized water was performed to achieve
concentrations within the calibrationrange from 1 to 300 mg L.
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2.2.2.2 Solutions

Measurements of pH were performed witha WI'W SenTix®945 gel electrode coupled to a
pH-meter (WTW Multi3420)and calibrated onthe activity scale withNIST stand ard buffer
solutions at pH 4.01, 7.00 and 10.00 with an uncertainty of +0.03 units. The total
alkalinity of the solutions was determined by a Schott TitroLine alpha plus titratorusing
a 0.01 M HCI solution and an analytical precision of +2 %. Ca, Mg and S (in this case
referring to SO,) concentrations were measured by Inductive Coupled Plasma Optical
Emission Spectrometry (ICP-OES) using a PerkinElmer Optima ICP-OES 8300 DV with an
analytical uncertainty of +3 %. The calibrationranges of concentrations for Ca 1-500 mg
L'4,Mg0.2-100mgL'and for S10-100 mgL'have beenused and the sampleswere diluted
accordingly. The quantitative control of the measured S concentrations was performed
by IC measurements. Selected samples were diluted immediately after sampling without
acidification and measured S and SO, data were identical within+5 %.

The molalities of aqueous species in the reactive solutions,ionactivities and saturation
indices were calculated using the PHREEQC software in combination with its minteq.v4
database. The ion activity coefficients of free aqueousions and charged complexes in
this model are calculated using the Davis equation. Saturationindex (SI) with respect to
calcite oraragonite is referred to the activities of the free ions and is expressed as

(ca**) (co}?)
Ksp

(1)

SICaCO3 = lO

where K, = 103 for calcite and K,,= 10** for aragonite at 25 "C respectively (Plummer
and Busenberg, 1982). Note here that owing to the low concentration of Mg in the
synthetic precipitates of this work, that doesnot exceed 1.6 mol% MgCO,as it can be
seen in Table 1,the forming mineral has been considered to be calcite and no further
modificationsin eq. 1 due to variations in solubility of Mg-rich calcite were considered

similarto Mavromatisetal.(2013:2017).
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2.3 Results

2.3.1 Mineralogy and chemical composition of the precipitated phases

Quantitative results of XRD analyses suggest that the solid material collected after the
experimental runs consists of calcite, except for 8 samples that additionally contain
aragonite (i.e. MgS4, MgS5, MgS6, MgS8, MgS16, MgS18, MgS20 and MgS27). The
proportions of the two mineral phases have been corrected for the amount of calcite
seed and are reported in Table 1. The amount of precipitated aragonite varied from 0.8
to 40.9 wt. % and has beendetected in experiments conducted at20 mM, 25 mM and 30
mM sulfate concentrationin the reactive solution, respectively. The calcite XRD pattemns
of the solids which were precipitated in the presence of sulfate do not exhibit major
differences compared to the calcite seed material and no significant shift of the
characteristic d ., calcite peak (d = 3.035 A) to lower d-values due to Mg incorporation
in the crystal lattice (corresponding to calcite containing MgCO,; Goldsmith and Graf,
1958)orto higher d-valuesdue to SO,incorporation(Busenberg and Plummer, 1985)was
observed. Only the calcite patterns of samples with Mg content > 1 mol% that were
conducted inthe absence of sulfate show a minor shift to lower d-values for the d
peak (max d,,, shift=-0.008 A) compared to calcite seed material. Notably, according to
Rietveld refinement of the XRD pattemns, the dimensions of the calcite unit cell
parameters (i.e. a and c) of the collected precipitates exhibit significant changes in the
dimension of the c-axis, whereas the refinement of the calcite seed material patternisin
excellent agreement with the parameters for reference calcite (a=4.989 A, c=17.062 A;
Swanson and Fuyat, 1953; Markgraf and Reeder, 1985).More precisely the length of the
calcite c-axis of precipitates formed inthe presence of sulfate increased and variesin the
range of 17.062-17.106 A, exhibiting anincrease up to +0.25 %. Note here, however, that
no changes in the unit cell parameters of aragonite (a = 5.740 A, b = 4.961 A, ¢ = 7.967
A; De Villiers, 1971)were observed.
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Table 1: Concentrations of inlet solutions and reactive solutions, pH(ss stands for chemical steady-state), calculated calcite pre cipitation rates
(r,), Mg and SO, content of final precipitates measured by IC and corrected for aragonite if necessary, distribution coefficients (D,,) and
saturation index (SI) with respect to both calcite and aragonite. Mass and proportions of precipitated calcite and aragonite are corrected for
calcite seed.

Solution Solid
Inlet
Experiment solution SO, Ca, Mg, pH, log(r,) Xug Xso4 log(Dmg) SLeacie SL..;onie Precipitate Calcite Aragonite

Mg/Ca mM) mM) mM) (molm?® s') (mol%) (mol%) (g) wt.%)  (wt.%)
MgS?2 0.19 30 23.87 9.55 6.38 -7.56 0.7 1.2 -1.78 0.53 0.35 1.0 100.0 -
MgS3 0.19 30 23.76 793 6.37 -7.50 0.6 1.3 -1.75 0.54 0.36 1.1 100.0 -
MgS4 0.10 30 2339 862 644 -7.22% 0.9 2.2 -1.67 0.64 0.46 2.5 91.5 8.5
MgS5 0.08 30 24.78 8.97 641 -7.14* 0.8 2.3 -1.69 0.63 0.45 3.2 87.9 12.1
MgS6 0.08 30 29.07 9.66 641 -7.15% 0.8 2.6 -1.67 0.70 0.52 3.2 84.8 15.2
MgS8 0.05 30 26.24 9.19 643 -7.15% 0.7 2.4 -1.76 0.65 047 5.3 59.1 40.9
MgS9 0.39 - 18.73 996 6.18 -7.99 0.8 - -1.86 0.14 -0.04 0.3 100.0 -
MgS10 0.05 - 2282 9.60 6.20 -6.92 1.6 - -1.43 0.27 0.09 54 100.0 -
MgS11 0.20 10 22.02 9.73 6.29 -7.68 0.9 0.7 -1.74 043 0.25 0.7 100.0 -
MgS12 0.06 10 25.74 935 6.39 -6.97 1.2 1.6 -1.50 0.68 0.50 4.4 100.0 -
MgS13 0.20 15 26.84 10.13 6.28 -7.63 0.6 0.7 -1.84 0.51 0.33 0.8 100.0 -
MgS14 0.06 15 2480 8.95 645 -6.97 1.1 2.1 -1.55 0.75 0.57 4.5 100.0 -
MgS15 0.19 20 24,54 9.56 6.34 -7.57 0.6 1.0 -1.82 0.57 0.39 0.9 100.0 -
MgS16 0.06 20 34.58 9.66 6.43 -7.01* 0.7 2.6 -1.61 0.85 0.67 4.2 94.7 5.3
MgS17 0.19 25 25,56 9.86 6.32 -7.60 0.6 1.2 -1.84 0.52 0.34 0.8 100.0 -
MgS18 0.06 25 25,55 945 6.49 -7.10* 0.8 2.4 -1.69 0.83 0.65 3.5 89.0 11.0
MgS19 0.19 30 26.66 10.16 6.31 -7.74 0.5 1.2 -1.91 0.55 0.37 0.6 100.0 -
MgS20 0.06 30 32.05 991 648 -7.16* 0.6 2.7 -1.74 0.88 0.70 3.8 73.0 27.0
MgS22 0.40 - 1647 9.02 6.15 -8.09 0.7 - -1.91 0.09 -0.09 0.3 100.0 -
MgS23 0.26 30 21.81 8.88 6.31 -7.97 04 0.4 -2.05 0.46 0.28 0.3 100.0 -
MgS24 0.26 - 18.04 936 6.16 -7.81 1.1 - -1.70 0.18 0.00 0.5 100.0 -
MgS25 0.19 30 24.06 9.37 6.37 -7.78 0.6 1.0 -1.86 0.59 041 0.5 100.0 -
MgS26 0.19 - 1947 954 6.17 -7.52 1.3 - -1.59 0.21 0.03 1.0 100.0 -
MgS27 0.13 30 26.37 9.88 6.39 -7.35% 0.8 2.0 -1.71 0.65 047 1.5 99.2 0.8
MgS28 0.13 - 1905 9.24 6.19 -7.31 14 - -1.54 0.23 0.05 1.7 100.0 -
MgS29 0.13 25 26.07 948 6.37 -7.35 0.8 1.9 -1.70 0.64 0.46 1.5 100.0 -
MgS30 0.13 20 23.67 948 6.29 -7.39 0.7 14 -1.77 047 0.29 14 100.0 -
Seed 0.0 0.0

*Growthrate was corrected for precipitated aragonite
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In accord to the XRD patterns, the SEM microphotographs of the solid material show the
occurrence of aragonite in the respective samples. Needle-like aragonite prisms with a
pseudo hexagonal form were present in experiments MgS4,MgS5, MgS6,MgS8,MgS16,
MgS18,MgS20 and MgS27 (see Fig.2D)and they were growing on the calcite seed materal
or were distributed randomly.InFig. 2B itcanbe seen that the precipitated calcite atlow
growth rates kept the same rhombohedral morphology as the initial calcite seed materal
(see Fig. 2A) whereas the shape of precipitated calcite at elevated growth rates was
scalenohedral, as it can be seen in Fig. 2C. Most prominent was the observed porous
surface structure of calcite grownin the presence of sulfate (see Fig. 2B).

A

Calcite seed 4 :

17.11.2016 MISCHER HV: 2 kV

MgS14 W fiae <3

1

L
Mag: 1000x

MISCHER HV: 2 kV WD: 5 mm

low 1 » high
SO, conc.

Fig. 2: SEM images of (A) calcite seed material, (B) precipitates from experiment MgS2 perfonmed
at low growthrate (log(r,) = -7.6) in the presence of 30 mM sulfate in the reactive solution (calcite
with rhombohedralshape), (C) MgS14 at high growthrate (log(r,)=-7.0)and 15 mM sulfate (calcite
with scalenohedral shape), (D) MgS20 at high growth rate (log(r,) =-7.2) and 30 mM sulfate, where
pseudo-hexagonal, elongated aragonite crystals (see white arrows) are formed besides calcite
growth.
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The Mg content of the precipitates (inmol%) sampled at the end of the experimental
run was calculated according to the equation

Xug = —22— % 100 (2)

nMg+nCa

where n,, and n., represent the moles of Mg and Ca of the solid phase derived from IC
measurements after digestionin HCl and were corrected for the amount of the seed
material and precipitated aragonite as Mg* isnot taken up to any extent into the bulk
aragonite structure (Bemer, 1975;Kawano etal., 2015). The results are listed inTable 1.
In similar terms, the amount of incorporated sulfate (listed inTable 1 as mol%) into the
solid was estimated according to the equation

— 5% 100 (3)

Xso, =
SO
4 nso,tnco,

where ny,, refers to the moles of SO, in the solid phase which was quantified using IC
measurements. The number of moles of CO, was calculated as nc, = 1 - ny, The
molarities of SO, and CO, were corrected forthe amount of the seed material as well as
for the amount of precipitated aragonite. The estimated error of the reported calculation
lies within +4 %. As suchthe SO, content estimated using eq. 3 is only corresponding to
the precipitating calcite as it was defined by quantitative XRD analyses. The working
assumptionhere is that the incorporationof SO,inaragonite canbe consid ered negligible
(Fernandes-Diaz etal., 2010;Kartnaller etal., 2018).

2.3.2 Chemical evolution of the reactive solutionand growth rate calculation

Chemical steady-state (abbrv.: ss) in terms of aqueous Ca concentration was achieved
within 6000 to 8000 min (Fig. 3), which is in good agreement with Mavromatis et al.
(2017). Concentrations of aqueous Mg and SO, remained constant at the pre-selected
concentration for the whole duration of the experimental runs (Fig. 3). Carbonate
alkalinity was increasing initially and achieved steady-state due to ongoing precipitation
of calciumcarbonate. Aqueous Mg/Ca compositions of the inletsolutionand the reactive
solutionat chemical steady-state are reported in Table 1. The aqueous concentrations of
Ca, Mg and alkalinity in the reactive solution together with the molalities of aqueous Ca
and Mg species are presented inTable A1 of the supplementary material. Calcite growth
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rate, r, (mol m? s'), under steady-state conditions was calculated based on mass balance
considerationsusing the amount of moles of Caand Mgadded in the reactorin 24 hours,
corrected for the moles of Ca and Mg removed from the reactorvia sampling during the
same period of time, as

__[Cal(ada)*+ [MGliada)—[€a]rem)= [Mglrem)
= 86400 /S (4)

where [Ca] . and [Mg] .. refer to the moles of Ca and Mg respectively added in the
reactor within 24 hours and [Ca],., and [Mg].. denote the moles of Ca and Mg
respectively removed from the reactor within 24 hours. The value 86400 represents the
number of seconds within 24 hours and S stands for calcite total surface in m?/g that
has been cormrected for the amount of precipitated material using mass balance
estimations. Growth rate estimationrequired only corrections forthe precipitated calcite
mass because the specific surface area of selected samples collected from the reactors
at the end of eachrun was similar to that of the seed material. Note here that r, is
calculated based on the average molar concentrations at steady-state conditions. Calcite
growth rates (r,) in this study range from 10%! to 10**mol m* s!, where 1, of precipitates
consisting of aragonite beside calcite, has been corrected for the amount of precipitated
aragonite. The estimated error for the calcite growthrate calculationlies within +0.05
log units. For this correctionit is assumed that aragonite precipitates simultaneously
with calcite.
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Fig. 3: Temporal evolution of Ca, Mg, SO, and alkalinity concentrations and pH value for
experiment MgS27 performedin the presence of 30 mM sulfate. Analytical uncertaintyis included
in the symbolsize.

2.3.3 Magnesium partitioning between calcite and solution

The partitioning coefficient of Mg between calcite and reactive solution, D,,, has been
determined from the number of moles of Ca and Mg in the solids collected after the
experimental run and the average number of moles of Ca* and Mg* in the reactive
solution at chemical steady-state conditions. The results of speciation calculation
indicate that only in the absence of sulfate the Ca? and Mg* free ions account for more
than 94 % of total aqueous Ca and Mg present in the reactive solution, consistent with
the percentages reported earlierby Mavromatis et al. (2017). In the presence of e.g. 30
mM sulfate in the reactive solution, 25 % of the total aqueous Mg and more than 30 % of
the total agueous Ca was complexed and corrections for Mg and Ca complexati on were

necessary inorder to determine D,, value according to the expression:

Mg
(fey)
DMg = ([Mg2+]) (5)

[CaZ*] solution
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The molar contents of Mg and Ca of the precipitated calcite, n,, and n., have been
corrected for the amount of the seed material and aragonite assuming that the latter
mineral phase is free of Mg. [Mg*]and [Ca*] denote the aqueous molar concentrations
of free Mg* and Ca* ions at chemical steady-state. The calculated log(D,,) values are
givenin Table 1 and are plotted as a functionof log(r,) in Fig. 4. The obtained results
suggest that D,, increases with solution saturation state of the reactive solution with
respect to calcite and consequently with calcite precipitationrate. More specific,in the
absence of sulfate the increase of D,, as a function of calcite growth rate in the range
10781 <7, <107 molm=2s~' canbe described by the expression:

log( Dy,) = 0.4048(£0.0500) x log(7,) + 1.4075(+0.3809); R? = 0.93 ©)

As it can be seen in Fig. 4, all experiments performed in the presence of sulfate plot
below the experiments performed in the absence of sulfate. In the presence of 30 mM
sulfate which is the concentration similar to seawater and at which most of the
experiments of this study were performed (n = 11) the Mg partitioning coefficient

increases with calcite growth rate within the range 1078% <7, <1077° molm=2s7!
according to the expression:

log(Dy4) = 0.3463(£0.0581) x log(r,) + 0.7921(+0.4316); R? = 0.78 (7)

This linearrelationship is indicated by the dashed line inFig. 4.
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Fig. 4: Mg partitioning coe fficient between low-Mg calcite and aque ous solution according to eq.
5 as a function of calcite growth rate. The linear fit of experiments in the absence of sulfate
(orange circles) is given by: log(Dy,) = 0.4048(£0.0500) x log(r,) + 1.4075(£0.3809); R?=10.93. Al
experiments conducted in the presence of sulfate (10-30 mM; blue circles) plot below. The dashed
line indicates the linear fit of experiments performed at 30 mM sulfate concentration and can be
expressed by: log(Dy,) = 0.3463(+0.0581) x log(r,) + 0.7921(40.4316); R* = 0.78,

2.4 Discussion

2.4.1 Control on mineralogy and surface structure

The mineralogy of the final precipitates suggests that nucleationof aragonite takes place
only in the presence of dissolved sulfate. The presence of calcite seed material in
overgrowth experiments generally assures that the precipitating mineral phase is the
same to that of the seed (Linand Singer, 2005). According to classical terrace-ledge-kink
(TLK) model of crystal growth (Burton et al., 1951; Chernov, 1984) that assumes an ion-
by-ion attachment of solutes to the step edges of mineral surfaces, the molecularlevel
of recognition of the seed surface (Stumm and Morgan, 1996)is one of the critical
requirements of crystal overgrowth. Active blocking of growth sites on the growing
calcite crystal results in excess of free ions in the reactive solution that augments its
saturation with respect to all CaCO, polymorphs that have the potential to nucleate in
the fluid phase.For example,increasing Mg/Ca ratios induce a mineralogical change in

precipitates formed from seawater at 25 “C, causing aragonite to precipitate instead of
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calcite ataqueous Mg/Caratios higher than ~ 1 mol/mol (Morse etal., 1997).Note here
that the formationof aragonite in the present study cannot be solely attributed to calcite
inhibitiondue to the prevailing aqueous Mg*/Ca* ratio (Lippmann, 1973;Berner, 1975;
Reddy and Wang, 1980). Evidence for this comes from the fact that similar aqueous
Mg?* /Ca* ratios at chemical steady-state are met in all the experimental runs (0.3 <
Mg* /Ca* < 0.6). Accordingly, the nucleation of aragonite can be attributed to the
presence of dissolved sulfate in the reactive solution (Fig. 5). It is worth noting that
aragonite was only observed atgrowth rates > 10-"*mol m* s and sulfate concentrations
>20mM as well asonly above a certaindegree of supersaturationof the reactive solution
with respect to this mineral phase. This suggests that aragonite nucleation can occur
only when SI,....... OVercomes a certain threshold value, here SI,.,on. > 0.4, which reflects
the energy barrier for nucleation at the prevailing conditions (De Yoreo and Vekilov,
2003). The increasing saturation state withrespect to aragonite as a function of aqueous
SO, concentration (Fig. 5) may be explained by adsorption phenomena on the calcite
crystal surfaces. There is strong evidence that calcite growth is inhibited by ad sorption
of Mg* and SO,* ions at calcite growth sites (Lin and Singer, 2009; Nielsenetal., 2016).
Similarly, the porous calcite surface that canbe seenin Fig. 2B, is indic ative of the active
blocking of calcite growth sites in the presence of sulfate, e.g. by either aqueous SO,* or
CaS0,’ and MgSO,° aquo-complexes. This blocking of active surface sites for calcite
growth was also observed in the presence of aqueous phosphate ions, where
crystallizationof calcite wasretarded due to ad sorptionphenomena and /orCaPO,’aquo-
complex formation (Katsifaras and Spanos, 1999). As soon as growth positions at the
crystal surface are occupied or disturbed, e.g. by adsorption of foreign ions, new
molecules cannot adapt at the surface (Reddy and Wang, 1980; Meyer, 1984). More
specifically the inhibition effect of magnesium and sulfate ions follows the order SO ,* <
Mg* <MgS0O,’as it has beenrecently suggested by Nielsenetal.(2016).
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Fig. 5: Saturation index (SI) of aragonite plotted as a function of sulfate concentration in the
reactive solution. Aragonite precipitation occurs only in the presence of sulfate (SO, conc. in
solution > 20 mM) and at elevated saturation degrees (SL,.,.... > 0.4; corresponding to SI.. > 0.6).

Adsorptionand incorporationof impurities during mineral growth can cause a change
of the calcite crystal morphology (Zhang and Dawe, 2000). Indeed, the SEM images of
calcite recorded at the end of the experimental runs show a modificationin the crystal
surface of the overgrowths compared to the calcite seed material (Fig. 2). The highly
porous surface, which was observed on calcite precipitates conducted at low growth
rates and in the presence of 30 mM sulfate in the reactive solution, suggests that
adsorption of foreign molecules occurs on distinct crystal growth sites. The adsorbed
molecules may disturb the growth mechanism creating a porous crystal surface (see Fig.
2B). Also the incorporation of Mg in the calcite overgrowth could be responsible for a
change in the morphology due to the difference inthe ionic radii of Mg and Ca that are
0.72 A and 1.0 A, respectively, though calcite collected from experiments conducted in
the absence of sulfate exhibit smooth surfaces.

Another observationwas a differing calcite crystal shape in experiments conducted at
high growth rates. At high growth rates, dog-tooth (scalenohedral) shapes of the calcite
crystalswere observed (see Fig.2(C),whereas atlow growth rates the rhombohedral shape
of the seed material was maintained (see Fig. 2B). Note here that, within the context of
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this study, differences in the incorporation of Mg in calcite that can be attributed to
preferential attachment of Mg*(aq) ions to different calcite surfaces (Paquette and
Reeder, 1995) were not observed. Indeed, as can be seen in Fig. 4, D,, exhibits a
continuous, linear correlation to growth rate, while an abrupt transition from
rhombohedral to scalenohedral shape was observed (Fig. 2). If enhanced Mg uptake
occurred by scalenohedral calcite versus rhombohedral calcite, the correlation of D,,
with growth rate would not be continuous. Calcite is known to show variable habitus,
where a scalenohedral habitusis obtained e.g.by adding an impurity component in the
precipitating solution (Sunagawa, 2005).In our study the habitus is obviously changing
with growth rates and consequently higher supersaturation in respectto calcite. There
was no change observed in habitus between seed and precipitate in experiments
conducted atlow growth rates, but with the same concentrations of impurities (Mg and
SO,) in the reactive solution.

2.4.2 Coupled effect of sulfate and precipitationrate on Mg partitioning in calcite

Asitisillustrated inFig. 4, D,, values of calcite are affected by both mineral growth rate
and the presence of dissolved sulfate in the reactive solution. Indetail a ~2-fold increase
of calcite log(r,) induces a ~1-fold increase in log(D,,) value. Overall the D,, values
obtained in the present study (i.e. 0.01 < Dy, <0.04) lay within the range of available
experimental data for calcite at 25 °C (Oomori et al., 1987;Mucci, 1987; Howson et al.,
1987; Burton and Walter, 1991; Hartley and Mucci, 1996; Huang and Fairchild, 2001).
This behavioris in excellent agreement with the general behavior of divalent cation
incorporation in calcium carbonate as a function of precipitationrate as it has been
earlier shown in the literature (e.g. L.orens, 1981;Mucci and Morse, 1983; Tesoriero and
Pankow, 1996; Huang and Fairchild, 2001; Tang et al., 2008; Mavromatis et al., 2013;
2018; Gabitov et al., 2014). This is because at higher growth rates there is less
discriminationinrespect to elemental uptake and the composition of the forming solid
tends to become similarto that of the solution,resulting ina general increase or decrease
in D values (Rimstid et al., 1998). Note here that the slope of eq. 6 that describes the
dependence of D,, on growth rate is somewhat higher than that previously defined by
Mavromatis et al. (2013). We attribute this small difference in variations between the
experimental set-up used. Those include varying Mg concentration and background
electrolyte concentrations (i.e. NaCl) in the experiments conducted by Mavromatis et al.
(2013). However, both studies exhibit a positive increase of D,,as a functionof growth
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rate. Overall, the observed enrichment of the trace element concentrationin calcite as a
functionof mineral growth rate canbe explained by the growth entrapment model (GEM)
developed by Watsonand Liang (1995). According to this model the incorporation of Mg
into calcite depends on the crystal growth kinetics and the ion diffusion behaviorwithin
areactive surface layerin the vicinity of the growing crystal. As it has been suggested by
Watson (1996; 2004) the incorporation of traces into calcite is dependent on the
enrichment or depletion of impurities in the distorted and hydrated thin layer present
at the crystal surface. The entrapment of Mg will be favored as soonas Mg is enriched
in the surface layer and precipitation takes place at rapid growth rates, which is
increasing the diffusiondistance.

Asitisdepicted inFig. 6, however, in the absence of growthrate effects, Mg partitioning
in the forming calcite is affected by the presence of dissolved sulfate. Although the
growth rate dependence is similar in the presence and absence of sulfate, as it is
suggested by the almost parallel slopesin Fig. 6A, the Mg/Caratio of calcite formed in
the presence of sulfate exhibits an overall offset (32-50 % less) which lays highly above
the analytical uncertainty of the measurements. The observed offsetat 30 mM sulfate
concentrationcorrespondsto 45-50 %lessMgincorporation(Fig. 6B)in calcite and which
reflects D,, values that are 31-35 % lower than in the absence of sulfate. This finding is
in good agreement with that of Mucciet al. (1989), who examined the influence of
dissolved SO,* ions on the amount of Mg* incorporated in high-Mg calcite overgrowths
in artificial seawater solutions at 25 °C. These authors reported that the Mg distribution
coefficient of calcite precipitated from seawater (~ 28 mM SO,) was 34 % lower than
precipitated from sulfate-free seawater. They did not however present detailed
information for the changes in the calcite crystal lattice due to incorporation of Mg* and
SO.*ions. In order to shed light on the limiting effects of sulfate onMg incorporationin
calcite we discuss in the following section the effects of (i) sulfate complex formationin
aqueous solutionand adsorptiononactive growth sites, and (ii) sulfate incorporati on on

calcite lattice parameters.
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Fig. 6: Comparison of selected experiments in the presence (closed circles) and absence (open
circles) of sulfate at similar growth rates. Note here that this figure includes only experiments in
which calcite was the only phase formed. (A) Mg/Caratio of calcite as a function of growth rate.
The numbers next to the closed circles re present the sulfate concentrationin the reactive solution.
(B) Mg/Ca ratio of calcite as a function of calcite c-axis, where the expansion of c-axis shows a
positive correlation with the sulfate contentin calcite. The colors denote the distinct pre cipitation
rates log(r,) from-8 to -7 (r, in mol m* s*), where the unit cell dimension of the calcite c-axes shifts

to lower values at elevated incorporation of Mg (corresponding to higher calcite precipitation
rates; see dashed black arrow). Percent values are referring to the decrease of Mg vs. Ca

incorporation into calcite caused by the presence of sulfate in calcite (corresponding to the
expansion of c-axis; dotted gray arrows and closed circles).
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The partitioning coefficient, D,,, is related to the molar concentrations of free ions, i.e.
Ca* and Mg*,which are considered to be incorporated in the newly growing crystal. The
presence of anaqueous ligand, however, canreduce the availability of free aqueous ions
via the formation of metal-ligand aquo-complexes, a process that has to be taken into
accountduring the calculationof the D value.Speciationcalculationsrevealed that at the
highest sulfate concentration of 30 mM in the reactive solution the SO, aquo-complexes
for Ca and Mg account forup to 20 and 17 % of their total concentrations, respectively.
Due to higher abundance of CaSO.%aq) compared to MgS0.,%aq) complexes, the free
Mg* /Ca* ratio in the aqueous solutionis slightly higher compared to the ratio of the
total concentrations (i.e. Mg/Ca). A comparison of the aqueous Mg*/Ca* ratios in the
presence and absence of sulfate yields slightly lowerMg? /Ca* ratio in the presence of
sulfate. This can be explained by two processes. First, the observed behavior can be
attributed to the fact that Mg concentration is constant in all experiments but Ca
concentration is variable among the experimental runs and controlled by the
concentration of the inlet solution. Moreover, the presence of sulfate leads to formation
of CaS0O.,’ complexes which provokes an overall increase of the total Ca concentration at
steady-state conditions.Secondly, the adsorptionof sulfate or sulfate -bearing complexes
on the crystal surface reduces the amount of active growth sites and induces anincrease
of aqueous Ca* concentrations similarto that what was observed by Mavromatis et al.
(2017)inthe presence of organicligands. These investigators suggest that the adsorption
of organic ligands on the calcite surfacesis resulting in less sites for ongoing mineral
growth and an excess of Ca in the solution. Nevertheless, the marginal variations in
Mg?* /Ca* ratio of the reactive solutioncannot be considered as a parameter to explain
the decreasing Mg partitioning in calcite with increased sulfate concentrations, but a
differentmechanismhas to be the controlling factor. Thus, the lower D,, values of calcite
induced in the presence of sulfate are likely caused by processes occurring on or near
the surface of the growing crystal. We considerhere that the adsorption of the rather big
sulfate ions or sulfate-bearing complexes on calcite growth steps may disturb the Mg
uptake by temporary blocking the growth sites. Indeed, the formation of a competitive
surface-complex at the calcite surface, occurring as either charged or uncharged SO,
species, might contribute to the decreased Mg incorporation during calcite growthin the

presence of sulfate,found in this study.
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Fig. 7: Unit cell dimension of the calcite c-axes plotted as a function of sulfate content. The
increase of the c-axis with increasing sulfate content in calcite can be described by the linear
function c[A] = 0.0163 X X;o, + 17.062; R? = 0.98.

The growth of calcite inthe presence of dissolved sulfate, however, is accompanied by
the incorporation of this ion in the newly forming solid. Indeed, the chemical
composition of the solid material reveals that also sulfate is present in the precipitated
solids (see Table 1).Precipitates, which contain sulfate, show an anisotropic change in
the calcite unit cell parameters, where the largest increase along the c-axis was +0.25 %
compared to the calcite seed material (¢ = 17.062 A) which can be parameterized

according to the equation
c[A] = 0.0163 x Xg0, + 17.062; RZ = 0.98 8)

where Xso, is the concentration of SO, in the precipitate expressed inmol% (see Fig. 7).

A similarincrease of the c-axis has been observed by Botsetal. (2011), who nucleated
calcite inthe presence of sulfate. The increasing length of the c-axisis the result of the
replacement of the planar trigonal CO, ion by the tetrahedral SO, ion (Kontrec et al,,
2004)inthe crystal lattice. In contrast the low-Mg calcites precipitated in the absence of

sulfate in this study show a minor decrease of the c-axis (-0.02 %) compared to the pure
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calcite seed material (see Fig. 6B). This decrease can be well explained by the ideal
substitution of the small Mgion (i.e. 0.72 A) in the site of the hexa-coordinated Caion
(i.e. 1.0 A) incalcite thatis accompanied by a reduction in the mean Mg-O bond lengthin
the crystal lattice. This observationisin good agreement with the unit cell contraction
expected in calcite with increased Mg content (Paquette and Reeder, 1990). From the
obtained results it canbe deduced that an increase of the c-axis in the calcite lattice that
is controlled by the presence of sulfate ions (Fig. 7) effectively restricts the D,, of calcite
(Fig. 8). The coupled effectof (i) sulfate uptake during calcite growthand (ii) precipitation
rate on D,, canbe quantified by the equation

Dy, =0.03726 — 0.02345 x [—log(r,) — 7] — X504 x {0.004607 + 0.002109 x [—log(r,)— 7]} 9)

where growth rate takes valuesin the range -8 < log(r,) < -7 and sulfate content takes
value in the range 0 < Xso0,< 2.6. In this approach the aberrations of the D,, trend on SO,
incorporationinto calciteatr,=10"mol m?s (as a basic value for(-log(r,) - 7)) is caused
by differences of precipitationrate. Least squares method (solver code; Excel) was used
to fit the above equation on data shown in Fig. 8. In this equation the D,, values are
ranging from 0.009 £0.001 at low precipitationrate (log(r,) =-8) and Xso, = 0.4 mol%up
to 0.037 £0.003 at elevated precipitationrate (log(r,) = -7) and no sulfate. The restriction
of D,, in the presence of sulfate is because sulfate - when incorporated in the crystal
lattice - results in a significant expansion of calcite unit cell whichrequires an increase
in the mean Mg-O bond length in the solid inorder to allow Mg to be present. Thus, the
increase in the unit cell along the c-axis and consequently in the mean Mg-O bond length
likely makes the presence of Mg in calcite lessfavorable. Actually,a comparisonof calcite
formed at similar growth rates in the presence and absence of dissolved sulfate (Fig. 6),
reveals that the Mg content of calcite is significantly lower in the presence of sulfate.
More precisely, the Mg content of the solids decreases by as much as 50 % as it can be
seen in Fig. 6B by the provoked unit cell expansionalong the c-axis which is strongly

correlated with sulfate contentin calcite.
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Fig. 8: The distribution coefficient of Mg* be tween low-Mg calcite and the pre cipitating solution
as a function of sulfate concentration at distinct precipitation rates (log(r,)) can be described by
the function D, = 0.03726—0.02345 x [—log(r,) — 7| — X504 X {0.004607 + 0.002109 x [—log(r,) —

7]}, where log(r,) is given in mol m* s* and Xy, is given in mo1%. In the presence of 30 mM sulfate
which is the concentration similar to seawater the D,, value decreased by 31-35 %.

2.4.3 Implications fornatural systems

Sulfate is the second most concentrated anion in modern seawater and commonly
present in marine mineralization environments. During the Phanerozoic the sulfate
concentrationof seawaterwas fluctuating between~5 and ~30 mM (Horita et al., 2002;
Lowenstein et al., 2003). Bots et al. (2011) suggested that this change in sulfate
concentration controlled the primary marine calcium carbonate polymorph. These
authors claimed that anincrease indissolved sulfate decreases the Mg/Ca ratio at which
calciteisdestabilized and aragonite becomes the dominant CaCO;polymorph. Moreover,
previous studies noted thatdissolved sulfate favors aragonite precipitationby selectively
inhibiting calcite precipitation (Kitano et al., 1975; Walter, 1986), and Busenberg and
Plummer (1985) observed that calcite solubility increases and is the same as that of
aragonite if calcite contains more than ~3 mol% SO,. Note here that the incorporation of

SO, into aragoniteislessfavored thaninto calcite (Femandez-Diazetal., 2010;Kartnaller
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et al, 2018). From the results of the present study it can be concluded that the
destabilization of calcite induced by the incorporation of SO, is strongly controlled by
growth rate. This is supported by the pronounced correlation of calcite unit cell
expansionwith sulfate content (Fig. 7). The obtained results, however, clearly show that
the formation of aragonite cannotbe solely attributed to the presence of sulfate. Indeed,
precipitation of aragonite does not occur at low growth rates, although the sulfate
concentration of the reactive solution was the same as in experiments conducted at high
growth rates. As suchthe obtained results suggestthat both the concentrationof Mg and
SO, and their inhibiting effect on calcite growth likely control the calcium carbonate
polymorphformed inmarine environments over the geological past.

Another finding of this study is that the D,, values of growing low-Mg calcite can be
restricted significantly by the presence of sulfate,inagreement with the earlier findings
by Muccietal.(1989),who studied the effect of sulfate during the formation of high-Mg
calcite.The novelty of ourfindingsis the anticorrelationbetween D,,and sulfate content
(Xs04)in low- Mg calcite. This effect canbe explained by the anisotropic elongation of the
calcite unit cell that is increasing with increasing sulfate content. This observation may
shed light on our understanding of the parameters controlling biomineralisation
processes as well as abiotically formed calcium carbonates. Furthermore it implies that
the validity of Dy, for the reconstructionof the physicochemical conditions during calcite
growth in natural settings (e.g. growth rate, temperature, etc.) likely requires re-
evaluation. This holds specially true for low-Mg calcites which are generally assumed to
be good carbonate archives and have the potential to preserve their primary
geochemistry throughout geological time (Veizer et al,, 1999). For example the sulfate
content of low-Mg calcites (< 2 mol% MgCO,) of biogenic origin, range from 0.1 to 2.5
mol% SO, as it can be seen in Fig. 9 for 5 selected organisms (see Table A2) and lays
within the range of sulfate content of synthetic calcites examined in this study. Actually
the application of the results of the present work to natural abioticlow-Mg calcitesis
straightforward because the range of mineral growth rates studied herein overlap with
most calcite precipitationrates measured invarious natural environments. For example
the net growth rates of carbonate mud banks inFlorida Bayrange from 10-°° to 10-%° mol
m? s! (Yates and Halley,2006). In contrast biogenic carbonates exhibit growth rates in
the orderof 10"molm? s (Gussone et al.,2005)or higher (e.g. 10%°-10“°molm?s; Peck

etal., 1997;Hippleretal., 2009; Lorrain et al.,, 2015). As such further experimental work

39



Barnacles @ &
Brachiopods »
Bivalves | «4petp
Foraminifera | ¢

Coccoliths | @

0 1 2 3

X504 [mDIﬂ/{}]

Fig. 9: Average sulfate content of biogenic low-Mg calcites (< 2 mol% MgCO : Millimann, 1974;
Busenberg and Plummer, 1985; Foster and Chacko, 1995; Brand et al., 2015) of marine organisns.
Data fromspecies of Brachio pods (Magellania fragilis, Liothyrella uva) and Bivalve s (Mytilus edulis,
Pinna fragilis, Patella vulgata) derived from Kampschulte et al. (2001); Data from species of
Barnacles (Balanus sp., Balanus balanoidesi), Bivalve s (Lyropecten nodasus, Crassostrea virginica),
Foraminifera (Globigerina sp.) and Coocoliths derived from Busenberg and Plummer (1985). The
plotted values are listed in Table A2 (supplementary material).

at higher calcite growth rates is required. However, we note that in the case of
biomineralizationvital effects have to be taken under consideration as well. Moreover
the used concentration of SO, (30 mM) in the reactive solutionrepresents the prevailing
concentration of sulfate in present seawaterwhich is about 2700 mg L' (~ 28 mM). With
increasing depthin marine sediments the concentrationof SO, is commonly decreasing
due to microbial respiration processes (Canfield et al., 2005). As soon as sediment is
settled onthe seafloorand early burial proceeds, anaerobic oxidation of methane (AOM)
and bacterial sulfate reduction takes place. With ongoing sulfate reduction, alkalinity is
increasing in the pore solutions and precipitation of carbonate minerals takes place
(Berner et al., 1970;Raiswell and Fisher, 2004). Therefore the experiments conducted at
lower sulfate concentrations (25 mM, 20 mM, 15 mM and 10 mM) compared to seawater
(~28 mM) provide insights on the effectof sulfate on Mg partitioning in calcite fommed

in burial marine environments (or for different sea water compositionin the past). The
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effectof sulfate onthe polymorphselectionand D,, of calcite is reduced atlower sulfate
concentrations as the formation of sulfate-bearing complexes and consequently the
poisoning of crystal growth sitesis becoming less important. Overall the incorporation
of sulfate in calcite is reduced atlower sulfate concentrations in the reactive solution.

2.5 Conclusions

The experimental results of this study show that mineral growth rate is strongly
controlling the incorporationof Mg* and SO,* in calcite. The presence of aqueous sulfate
in the growth media can act as an inhibitor of calcite growth and thus promoting
aragonite formation. The formation of thermodynamicallyless stable aragonite instead
of the more stable calcite may be explained by adsorption phenomena on the growing
crystal surface as calcite growth is inhibited by the adsorptionof Mg# and SO,> ions or
their aquo-complexes at active growth sites. The formation of aragonite in the present
study is strongly dependent on the sulfate concentration of the reactive solution and its
degree of supersaturationinrespect to aragonite.

An important result of this study is that the presence of dissolved sulfate significantly
decreases Mg partitioning between the reactive solution and low-Mg calcite which canbe
described by two processes. First, the lower D,, values of calcite formed in the presence
of dissolved sulfate are likely caused by the adsorption of sulfate ions or sulfate -bearing
complexes on the calcite surface which may be responsible for temporary blocking of
active growth sites and are therefore disturbing Mg uptake. Secondly, the uptake of
sulfate in the newly growing calciteis causing an anisotropic change of the calcite unit
cell parameters. From the obtained results we deduce that an elongation of the c-axis
whichis linearly correlated with the sulfate content of the solid restricts effectively the
presence of Mg in calcite. The incorporation of the tetrahedral sulfate ion results in a
significant expansion of the calcite unit cell whichmakes the presence of Mgin calcite
less favorable. As the incorporation of traces like Mg and SO,* in calcite results in an
opposite effecton the crystal lattice dimensions by either shrinking or expanding the
unit cell, an anticorrelation of their concentrations in the solid phase can be expected.
These observations improve ourunderstanding of the parameters controlling elemental
uptake during biomineralisation processes as well as abiotically formed calcium

carbonates inthe presence of dissolved sulfate.
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2.6 Supplementary material

Table Al: Total concentrations of Ca, Mg and alkalinity in the reactive solution at chemical steady-state conditions and distribution of

aqueous Ca and Mg species (calculated using PHREEQC with its minte g.v4 database).

Conc. at chem. steady-state

Ca(aq) and Mg(aq) species

Experiment Ca TOTAL Mg TOTAL Alkalinity Ca*? CaCOs® CaHCOs* CaOH*  CaSOs Mg** MgCOs® MgHCOs* MgOH* MgSO4°
(mM) (mM) (mM) (mM) (mM) (mM) (mM) mM) (mM) mM) (mM) (mM) (mM)
MgS?2 23.87 9.55 36.91 16.62 1.8E-02 2.63 3.2E-06 4.60 7.26 4.1E-03 0.69 2.7E-05 1.60
MgS3 23.76 7.93 38.62 16.42 1.8E-02 2.73 3.1E-06 4.59 6.00 3.5E-03 0.59 2.2E-05 1.33
MgS4 23.39 8.62 42.96 15.95 2.3E-02 2.95 3.5E-06 4.47 6.46 4.9E-03 0.71 2.8E-05 1.44
MgS5 24.78 8.97 41.98 16.99 2.2E-02 3.06 3.5E-06 4.71 6.75 4.6E-03 0.73 2.7E-05 1.49
MgS6 29.07 9.66 42.69 20.04 2.6E-02 3.62 4.2E-06 5.38 7.31 5.0E-03 0.79 3.0E-05 1.56
MgS8 26.24 9.19 39.70 18.17 2.3E-02 3.08 3.9E-06 497 6.97 4.7E-03 0.70 3.0E-05 1.51
MgS9 18.73 9.96 23.14 17.05 7.2E-03 1.68 2.1E-06 9.40 2.1E-03 0.55 2.2E-05
MgS10 22.82 8.77 25.25 20.62 9.8E-03 2.19 2.6E-06 - 8.25 2.1E-03 0.52 2.1E-05 -
MgS11 22.02 9.73 34.03 17.82 1.4E-02 2.58 2.8E-06 1.61 8.40 3.5E-03 0.72 2.6E-05 0.60
MgS12 25.74 9.35 42.14 20.31 2.5E-02 3.61 4.0E-06 1.80 7.94 5.1E-03 0.84 3.1E-05 0.56
MgS13 26.84 10.13 36.33 20.88 1.7E-02 3.19 3.2E-06 2.75 8.47 3.7E-03 0.77 2.6E-05 0.89
MgS14 24.80 8.95 46.94 18.55 2.9E-02 3.70 4.2E-06 2.52 7.29 6.1E-03 0.87 3.3E-05 0.79
MgS15 24.54 9.56 40.90 18.09 1.9E-02 3.15 3.2E-06 3.28 7.66 4.3E-03 0.80 2.6E-05 1.10
MgS16 34.58 9.66 46.93 25.30 3.7E-02 4.92 5.5E-06 4.32 7.71 6.0E-03 0.90 3.3E-05 1.05
MgS17 25.56 9.86 37.32 18.45 1.7E-02 2.93 3.1E-06 4.17 7.74 3.8E-03 0.73 2.6E-05 1.39
MgS18 25.55 9.45 54.79 17.43 3.6E-02 4.08 4.3E-06 4.00 7.14 7.7E-03 1.00 3.5E-05 1.30
MgS19 26.66 10.16 40.90 18.43 1.9E-02 3.21 3.0E-06 5.01 7.70 4.1E-03 0.80 2.5E-05 1.66
MgS20 32.05 9.91 51.39 21.61 4.0E-02 4.67 5.3E-06 5.73 7.39 7.1E-03 0.95 3.5E-05 1.56
MgS22 20.97 9.04 25.04 14.74 1.0E-02 2.07 2.0E-06 4.15 6.91 2.5E-03 0.58 1.8E-05 1.55
MgS23 16.47 9.02 40.51 14.87 6.4E-03 1.60 1.7E-06 8.48 1.9E-03 0.54 1.9E-05
MgS24 21.81 8.88 28.25 14.95 1.5E-02 2.62 2.5E-06 4.22 6.68 3.5E-03 0.70 2.2E-05 1.50
MgS25 18.04 9.36 43.79 16.09 7.9E-03 1.94 1.9E-06 8.73 2.3E-03 0.63 2.0E-05
MgS26 24.06 9.37 27.56 16.40 2.0E-02 3.09 3.1E-06 4.56 7.02 4.6E-03 0.79 2.6E-05 1.55
MgS27 19.47 9.54 44.13 17.42 8.5E-03 2.04 2.1E-06 - 8.91 2.3E-03 0.62 2.1E-05 -
MgS28 26.37 9.88 27.84 18.03 2.4E-02 3.39 3.6E-06 4.93 7.42 5.1E-03 0.83 2.9E-05 1.61
MgS29 19.05 9.24 44.00 17.02 8.8E-03 2.02 2.1E-06 8.63 2.4E-03 0.61 2.1E-05
MgS30 26.07 9.48 37.12 18.42 2.3E-02 3.45 3.5E-06 4.18 7.33 4.8E-03 0.82 2.7E-05 1.32
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Table A2: Sulfate and magne sium concentrations in mol% of sele cted bio genic calcites. X,,, and X, refer to the calcitic part of the shell.

organism species Xso4 [MO1%]* Xwmg [mol%] Mineralogy Ref.
Barnacles Balanus sp. 2.5 1.7 calcite Busenberg and Plummer, 1985
Balanus sp. 1.6 <2 calcite Busenbergand Plummer, 1985
Balanus balanoidesi 2.3 <2 calcite Busenberg and Plummer, 1985
Brachiopods Magellania fragilis 0.7 0.8-14* calcite Kampschulte et al., 2001; Brand etal., 2015
Liothyrella uva 0.7 0.6-1.1* calcite Kampschulte et al.,, 2001;Brand etal., 2015
Bivalve s Mytilus edulis 0.2 0.2 calcite, aragonite Kampschulte et al.,, 2001; Millimann, 1974
Mytilus edulis 0.2 0.2 calcite, aragonite Kampschulte et al.,, 2001; Millimann, 1974
Pinna fragilis 0.2 0.2 calcite, aragonite Kampschulte et al.,, 2001; Millimann, 1974
Patella vulgata 0.3 1.2-1.8* calcite, aragonite Kampschulte et al.,, 2001; Foster and Chacko, 1995
Patella vulgata 0.4 1.2 -1.8* calcite, aragonite Kampschulte et al.,, 2001; Foster and Chacko, 1995
Patella vulgata 0.4 1.2-1.8% calcite, aragonite Kampschulte et al.,, 2001; Foster and Chacko, 1995
Lyropecten nodasus 0.2 0.2 calcite Busenbergand Plummer, 1985
Crassostrea virginica 0.2 0.9 calcite Busenberg and Plummer, 1985
Foraminifera Globigerina sp. (planktonic) 0.1 <1 calcite Busenberg and Plummer, 1985
Coccoliths 0.1 0.5 calcite Busenberg and Plummer, 1985

* converted from ppm assuming ideal calcite composition
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Chapter 3
Control of MgS0.°(aq) on the transformation of amorphous

calcium carbonate to high-Mg calcite and long-term
reactivity of the crystalline solid

Katja E. Goetschl!,Martin Dietzel', Bettina Purgstaller!, Cyrill Grengg!, Vasileios
Mavromatis?
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Toulouse, France

ABSTRACT: The Mg and SO, content of naturally occurring calcite are routinely used as
paleoenvironmental proxies. Yet little is known about the mechanisms govering the
presence of these ions in carbonate minerals when their formation proceeds via an
amorphous precursor. To address this, the transformation of Mg-free amorphous
calcium carbonate (ACC) into nanocrystalline high-Mg calcite (HMC) was experimentally
studied insolutions containing 27 mM of Mg and a range of 10 to 90 mM of SO,. The
obtained results suggest that ACC is stable for several minutes in the experimental
solutions and this amorphous phase actively uptakes Mg and SO, that are incorporated
in its structure. Additionally, the obtained results suggest that the stabilization of ACC
is not affected by its Mg content and that the transformation to HMC is effectively
controlled by the abundance of the free Mg*(aq) ion. The transformation of ACC to HMC
occurs earlier at elevated SO, concentrations because SO, limits the availability of
Mg*(aq) due to the formation of the MgS0O.%aq) complex. The HMC that is formed from
ACC appears as aggregates composed of nanocrystallites and exhibits Mg and SO,
contents up to 8 and 2 mol% depending on the initial SO, concentration in the reactive
solution. The precipitated HMC was keptin contact with the reactive solutioninorder to
assessits reactivity forup to 1 year of reaction time. Over time, a continuous exchange
of Mgand SO, betweencalcite and reactive solutionwas observed resulting inenrichment
of Mgand depletionof SO, affecting the total mass of the aggregateswith the distribution
of these elements to appear homogeneous in the solid. The high reactivity and the
continuous exchange of solutes between the nanocrystalline calcite and the reactive
solutions limits the use of Mg and SO, content of these HMCs as environmental proxies.
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3.1 Introduction

Calcium carbonate (CaCO,) formation in aqueous environments results in minerals
containing traces or foreignelements (Morse and Mackenzie, 1990;Reeder, 1990;Dietzel
2011). The chemical and isotopic compositionof CaCO, are routinely used in order to
reveal the environmental conditions that occurred at the time of mineral formation.
Nowadaysitis well accepted that the chemical/isotopic signals recorded in carbonates
are affected by a number of parameters including temperature (e.g. Burton and Walter,
1991), pH (e.g. Mavromatis et al., 2015; Uchikawa et al., 2017), growth kinetics (e.g.
Lorens, 1981)aqueous complexation (e.g. Mavromatis etal.,2017a) and mineralogy (e.g.
Mavromatis et al. 2018). However, less is known about the mechanisms goveming the
chemical/isotopic composition of carbonate minerals when the formation proceeds via
an amorphous precursor (Evans et al., 2020). Amorphous calcium carbonate (ACC) has
been identified as precursor phase for crystalline CaCO; in many calcifying
biomineralization strategies (Du and Amstad, 2020; and references therein). Owing to
the importance of ACCinbiomineralizationithas beenthe subjectofresearchforalarge
number of studiesinthe last two decades(e.g.Raz etal., 2000;Addadietal. 2003;Gower
2008;Longeta. 2011;Gong etal., 2012;Albéricetal. 2018;Jinetal., 2018).Novel non-
classical nucleation concepts of amorphous intermediates have been proposed and
numerous studies exist that show a wide variety in the hydration level of ACC and the
characteristics of its short-range order (Gebaueretal., 2010; Gebauerand Colfen, 2011;
Schmidtetal.,, 2014;De Yoreo et al.,, 2015;Sunetal.,, 2016;Tobleret al., 2016;Du et al.,
2018;Mergelsberg etal., 2020).

A large number of experimental studies has explored the mechanisms controlling the
transformation of ACC into crystalline CaCO, polymorphs (e.g. Rodriguez-Blancoet al.,
2012;Rodriguez-Navarro etal., 2015; Giuffre atal., 2015;Blue etal., 201 7; Purgstaller et
al., 2017a;Purgstaller et al., 2017b; Zou et al. 2018). It is for example well known that
high-Mg calcite (HMC) with Mg contents exceeding 4 mol% is often formed via the
formationand transformation of Mg-bearing ACC by mixing a carbonate-bearing solution
with a Ca-Mg-rich solution(e.g. Mavromatisetal., 2012;Long et al., 2014;Purgstalleret
al., 2016;Xto etal., 2019).Moreover, the presence of Mg has been shown to temporary
stabilize ACC and to retard its transformation in solution (e.g. Loste etal., 2003; Politi et
al.,2010;Linetal.,, 2015;Konrad etal, 2018). Although the role of Mg in stabilizing ACC
has been well studied, significant gaps of knowledge exist with respect to the effect of

other ions on the ACC transformation pathway. For example, although SO, is the second
52



most concentrated anionin seawater,only a few studies have examined the effect of SO,
on the stability and reactivity of the amorphous precursor (Bots et al., 2012;Ihli et al.,
2013;Hanetal., 2017).

In the presence of aqueous Mg, the transformation of ACC results mostly in the
formation of nanocrystalline calcite agglomerations (e.g. Jiang et al., 2011; Long et al.,
2011;Blueetal., 2017;Huang et al., 2018;Xto etal.,, 2019).In this context, an aspect of
great importance is the reactivity of the nanocrystalline calcite when in contact with an
aqueous solution. The amorphous solid is only present at the initial stages of mineral
formation, whereas the nanocrystalline calcite remains in contact with the solutionfor
extended periods of time.In the latter case, the large surface area of the nanocrystalline
calcite aggregates canbe subjectto continuous exchange of solutes (Mavromatis et al.,
2017b;0elkersetal., 2019).Detailed understanding of the distributionof trace elements
and isotopes after the transformation of ACC is still largely lacking, but essentially
required in order to support geochemical proxies and to unravel information of their
(past) formation conditions thatis archived inabiotic and biogenic calcite.

The present study explores two features related to calcite formationvia ACC: the first is
assessing the role of SO, in the transformation process and the second is the long-term
reactivity of the crystalline product formed from ACC. Thus, ACC transformation
experiments were conducted in the presence of aqueous Mg* and SO,* ions and the
crystalline solids were kept in contact with the reactive solutionfor 1 year of reaction
time. The experimental set-up allowed to distinguish between (i) the elemental
distribution between ACC and reactive solution and (ii) the re-distribution during its
transformation to calcite. The molar Mg/SO,(aq) ratios were varied in order to
systematically study the coupled effect of Mg and SO, on (i) the elemental exchange
between solid ACC and the aqueous phase as well as the stability of ACC, (ii) the
transformation kinetics of ACC and (iii) the Mg content of calcite formed via an
amorphous precursor. Reactivities of ACC and HMC, elemental distribution and
nanostructured features of solid phases are discussed inthe scope of (i) their importance
for the interpretation of individual proxy data derived from amorphous-to-crystalline
carbonate archives and (ii) the limits of Mg and SO, distributioninnanocrystalline HMC

to reconstruct bulk precipitating water.
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3.2 Methods

3.2.1 Synthesis of ACC

Synthetic ACC was prepared following the protocol described earlier in Konrad et al.
(2016). Briefly, 80 mL of a 250 mM CacCl, solution were poured into a glass beaker
containing the same volume of a 250 mM Na,CO; solution and mixed vigorously for 2-3
seconds. The solid product of the reaction was separated immediately from the solution
by a 0.2 um cellulose membrane filter using suctionfiltration. Subsequently, the solid
phase was rinsed with ultrapure deionized water to remove Na* and Cl ions and
immediately freeze-dried using a Virtis Benchtop 3L freeze-dryer in order to remove
adsorbed water. The synthesis protocol was repeated several times inorder to prepare a
batch of about 18 g of synthetic ACC as starting material for the transformation
experiments. The freeze-dried ACC was stored ina closed vial ina desiccatorwith silica

gel (relative humidity =3 %) to prevent its transformation to crystalline CaCO..

3.2.2 Experimental set-up

The transformation of synthetic ACC to calcite was performed in a glass reactor,
equipped with a Teflon' coated magnetic stirrer operating at 350 rpm. The reactor
initially contained 50 mL of a Mg (and SO,) -bearing solution (Fig. 1). The experiments
were performed at23 +1 °C and at pH 8.3 +0.2 that was adjusted automatically through
the titration of a 0.5 M NaOH solution (titrator TitroLine® 7800 from SI Analytics). The
initial reactive solution contained ~100 mM NaHCO, and ~27 mM MgC(Cl, at pH ~8. The
SO,* concentrations in the initial solutions ranged between 10 and 90 mM (see Table 1).
The experiments were labeled as sX, where X refers to the respective concentration of
SO, (mM) in the initial reactive solution. The experimentwith SO, concentrationof 30 mM
was performed induplicate and was labeled s30_2. A control experiment was conducted
in the absence of SO, and was labeled sO. The background electrolyte concentration of
the initial reactive solutions was adjusted to 330 mM by the addition of NaCl when
necessary. All solutions were prepared using ultrapure deionized waterand analytical
grade chemicals from Roth (CaCl,-2H,0,MgCl,-6H,0,NaHCO,, Na,CO,,Na,SO,, NaCl).
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In situ Raman Spectroscopy

Prior synthesis
of ACC

pHstat
05M
NaOH
s s
NaHCO,
MgCl,
Nacl *pH buffer by alkalinity
(Na,S0,)
=5
T = const.
23 +1°C (control exp)

Sulfate (10-90 mM)

Fig. 1: Experimental set-up of ACC transformation experiments. Synthetic ACC was added to the
reactor containing a HCO,-Mg-(SO,-)bearing solution. The mineral transformation reaction
occurred under controlled physicochemical conditions and was monitored in situ by Raman
spectroscopy.

At the beginning of the experiment1.5 g of ACCwas introduced into the reactive solution
following a similar approach to Konrad et al. (2018) and Purgstaller et al. (2019). The
immersion probe of an in situ Raman spectrometer was placed into the suspension to
monitor the temporal evolution of the solid phase transformation and the vibrational
spectra of dissolved species for about 1 hour of reaction time. In order to characterize
both, the chemical composition of the solution and the solid phase, homogeneous
subsamples (1.5 mL) were collected understirring with a pipette at certainreactiontimes
(Table 1). The solid material was immediately separated from the reactive solutionwith
the aid of a 0.2 um cellulose acetate membrane filter using suction filtration,
subsequently rinsed extensively with ethanol and dried in the ovenat40 °C. After1 hour
of reaction time the suspensionwas transferred into a polyethylene vial and placed ona
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shaker at 23 °C in a constant temperature room. Sub-sampleswere taken after 1 day, 1
week, 1 month, 9 months and 1 year.

3.2.3 Mineralogical and chemical analyses

3.2.3.1 Solid phases

Time-resolved in situ Raman spectra of the reactive suspensionwere collected every 62
seconds with a Raman RXN2™ analyzer from Kaiser Optical Systems equipped with a
quarter-inch immersion optic Kaiser MR probe. The Raman spectra were recorded in the
100-3425 cm* region with a resolution of 1 cm! using a 785 nm laser beam with an
exposure time of 60 sec. Powder X-ray diffraction (XRD) patterns of the solid phases
collected at certain reaction times (see Table 1) were recorded by a PANalytical X'Pert
PROdiffractometerusing Co-Ka-radiation(40 mA, 40 kV) ata 26 range from 5° to 85" and
a scan speed of 0.03" s’ For qualitative characterization of the crystalline products the
PANalytical HighScore Plus software with the ICSD database was used. Note here, the
detectionlimit of crystalline phasesis ~1 wt%. Infrared spectra of the solids in the range
of 650 to 4000 cm! were collected using a Perkin Elmer Spektrum 100 Attenuated Total
Reflectance-Fourier Transform Infrared (ATR-FTIR) spectrometerwith a resolutionof 4
cm’'. Selected precipitates were gold-coated and imaged using a ZEISS DSM 982 Gemini
scanning electronmicroscope (SEM) equipped with a field emission gun operating at 2
kV accelerating voltage.

Additionally, subsamples of selected crystalline solids were embedded in a two-
component epoxy resin, polished, carbon coated and analyzed withan electron probe
microanalysis (EPMA) using a JEOL JXA8530F Plus Hyper Probe equipped with a field
emission gun. Secondary electron (SEI) and back-scattered electron (BSE) images were
recorded atan accelerating voltage of 10 kV and 2 nA. Furthermore, (semi)-quantitative
high-resolution element distributionimages of Ca, Mg and S were recorded using the
wave-dispersive analytical mode (WDS), an accelerationvoltage of 10 kVand 5 nA and a
dwell time of 30 mS. Element quantifications were performed against mineral standards
from SPI (Calcite for Ca, Dolomite forMg and Barite for S). From these images, average
Mg and S (givenas SO,) contents in solid samples were calculated using data of 100x100
pixel (Table S2).
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3.2.3.2 Reactive solutions

The pH of the reactive solution was measured in situ with a SI Analytics Silamid" gel
electrode coupled to a SI Analytics TitroLine” 7800. The electrode was calibrated on the
activity scale with NIST standard buffersolutions at pH 4.01, 7.00 and 10.00 (analytical
uncertainty £0.03 units). Total alkalinity was determined by a Schott TitroLine alpha plus
titrator using a 10 mM HCI solution with an analytical precision of +2 %. Aqueous Ca, Mg
and SO, concentrations were measured by Ion Chromatography (IC) using a Dionex IC S
3000 with IonPac® AS19 and CS16 column with an analytical precision of +3 %. The
distribution of aqueous species in the reactive solutionand saturation indices (SI) with
respect to amorphous and crystalline phases were calculated using the PHREEQC
software in combination with its minteq.v4 database modified by the addition of the
solubility products for ACC (Brecevic¢ and Nielsen, 1989), hydromagnesite (Gautieretal.,
2014),nesquehonite, dypingite (Harrison et al., 2019) and bassanite (Shen et al., 2019).
In orderto calculate SI (SI=IAP/K,,) of the amorphous solids that are enriched inMg, the

ionactivity product (IAP) was calculated using the equation
IAP = (aCa2+)1_x (aMgz+)x (ac0§+) (1)

where a, denotes the activities of free ions in solutionand the solubility product (K,,) of
ACC containing 0.6 mol% Mg was calculated using the equation givenby Purgstalleretal.
(2019). The SO, content of ACC accounted for < 0.1 mol% and was therefore not

considered inthe calculation of the ionactivity product.

3.2.3.3 Chemical composition of solid phases
The Mg and SO, contents of the solids (in mol%) were calculated by mass balancing the

reactive solution sampled at certain time steps (Table 1) and according to the equations

nMg

[Mglso1ia (mol%) = rainos X 100 )
n
[SO4]s01:a (Mol%) = ﬁ X 100 3)

where ny, ne, and ns, denote the moles of Mg, Ca and SO, in the solid phase. The moles

of each element/molecule in the solid phase (n,) was calculated at each time step by the
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subtraction of the actual measured Ca, Mg and SO, concentrations from the total
available Ca,Mg and SO, concentrations inmol/L. The total available concentration of Ca
was derived from 1.5 g ACC (CaCO;-0.4H,0; Konrad etal.,2016)with a molecularweight
of 107.3 g/mol converted into mol/L whereas total available concentrations of Mg and
SO, were derived by their initial concentrations (mol/L) in the reactor prior to the
introductionof ACC. The sum of the cations n,,+n., represents the sum of the anions
Nso:+Nco» NO correction for the amount of sampled material (solid + solution) in the
course of the experimental runs was applied because the suspension was sampled
homogeneously. Additionally, the elemental content of digested bulk solids (i.e Ca, Mg
and SO,) was measured by IC following the protocol described in Goetschl et al. (2019).
Note here that the elemental contents of the crystalline phase derived from both
approaches are in excellent agreement, whereas the elemental composition of the
amorphous phase exhibits higher values in the case of the measurement by IC (Table 1).

3.3 Results

3.3.1 Temporal evolution of ACC transformation to HMC

The in situ Ramanspectra indicate that the transformation of ACCinto HMC wasinitiated
within a few minutes after its introductioninto the HCO,-Mg-(SO,-)bearing solution (e.g.
experiments30inFig.S1).Note here that justbefore introducing ACC,the Ramanspectra
of the initial reactive solutiondepicts vibrationbands of aqueousHCO, and SO,>*at 1017
cm'and 981 cm, respectively (Davis and Oliver 1972; Fujita and Kimura, 1981; Wang et
al., 2005). The band intensities of aqueous HCO; and SO.> are decreasing rapidlyin 2
steps during the course of the experiments, correlating with the addition of ACC in the
reactorand its transformation to HMC. Immediately after ACC was added to the reactive
solution, the recorded Raman spectra exhibit the characteristic broad v,(CO,;) ACC band
at 1080 cm! (Wang et al., 2012), suggesting that this phase is the only solid present in
the reactor within the first 10 min of the experiments. The intensity of the ACC v,(CO,)
band progressively decreases after~5 min of reaction time, indicating the dissolution of
the amorphous phase. Subsequently, the v,(CO;) band at 1087-1088 cm™, characteristic
for HMC (Bischoffetal. 1985),exhibits a strong intensity increase that is accompanied
by band sharpening (Fig. S1). The intensity maximum (I,.,) of the v,(CO,) band is observed
at 1088 cm!inexperiments conducted in the absence of SO, (i.e. sO) and in the presence
of 10 mM SO, (i.e.s10).In experiments performed at higher SO, concentrations of 30, 45,

58



75 and 90 mM SO, (i.e.s30, s45, s75 and s90), the I,., of the v,(CO,) band is observed at
1087 cm'. After about 20-25 min of reaction time the intensity of the v,(CO;) band of
HMC (1087-1088 cm!)reaches a plateau (Fig. S2). Thus in all the experimental runs the
temporal evolution of the transformation from ACC into HMC follows the same pattern
and can be roughly divided into three stages (Fig. 2): (I) < about 10 min, ACC occuirs as
the only phase; (II) betweenabout 10 to 30 min, ACC co-exists with HMC; (III) > about 30
min, HMC is the only solid phase.More details about the exact onset of stage Il in each

individual experimental run are described in the following paragraph.

10 min 30 min

27 m| Solution

o)
=

concentration

Solid

- time

(HACC (1) ACC + HMC ~ (IHMC

~1mol% Mg = .=
(bulk) ~ 8 mol% Mg
(bulk)

Fig. 2: Simplified illustration of the mineralo gical and chemical evolution as afunction of reaction
time. The light blue line refers to the Mg concentration of the reactive solution and the dark blue
line refers to the Mg content of the solid phase. The evolutioncanbe dividedin 3 different stages:
(D ACC stable - exchange of solutes between ACC and reactive solution, (I) ACC transformation
to HMC via dissolution and re -pre cipitation, (Il HMC stable - continuous exchange of solutes
between HMC and reactive solution.

Actually, the timepoint at which the intensity increase of the v,(CO,) band occurs -

indicative of the onset of HMC formation - appears to be a function of the MgSO,°

concentration of the reactive solution. Note here that the intensity increase of the v,(CO,)

band is marking the transition from stage I to stage Il in the experimental runs. The time

of the intensity increase of the intensity maximum (I,.) of the v,(CO,) band for all

experiments canbe seeninFig. S2.In the absence of SO, the intensity of the v,(CO,) band
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increases after 12.4 minof reaction time, whereas in experiment s90 the intensity of the
v,(CO;) band increases already after 8.3 min of reaction time. Actually, as it canbe seen
inFig. 3A, a linear correlationbetweenMgSO.° (determined by initial SO,) concentration

and the time of onset of HMC formation exists and can be described by the linear
equation

time (min) = -0.3840(+0.0455) X MgS0,°(mM) + 12.0430(+0.2480); R? = 0.92 “4)
where reaction time is givenin minutes and MgSO,’ denotes total concentration in mM

of the reactive solution. The inverse trend is observed when the time of the v,(CO,) band

intensity increase is plotted as a function of free Mg? concentration (Fig. 3B).
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Fig. 3: Time of intensity increase of the intensity maximum (I,,,) of the (CO,),,, v, band for all
experiments obtained using in situ Raman spectroscopy. The formation of HMC is indicated by
the rapid increase of,,. between 8.3 and 12.4 min of reaction time (Fig. S2). A) Elevated MgSO,°
concentrations of the reactive solution (referring to initial SO, concentrations) cause an earlier
start of HMC formationB) Elevated Mg*(aq) concentrations atlower sulfate concentrations induce

a longer induction time and therefore prolonged me tastabhility of ACC.
60



The XRD analyses of the solid phases collected during the experimental runs (see Table
1) are in excellent agreement with the observations of the in situ Raman measurements.
The XRD patterns of samples collected within 7 min of reaction time are consistent with
the initial synthetic ACC. The first characteristic HMC peaks are observed in the
diffractograms of samples collected atabout 10 min of reaction time (e.g. experiment
s30 in Fig. S3). Note here that the in situ Raman measurements reflecta more precise
time of the onset of HMC formation due to the higher temporal resolution of data
collection compared to XRD measurements. Comparing the XRD patterns of the HMCs
formed via ACC to a pattern of pure calcite reference material (CaCO, >99%, p.a. from
Roth), the main calcite peak (104) is significantly lower in intensity, it occurs with an
extended full width at half maximum (FWHM) and is shifted to a higher 26 positionby +
0.25°(+0.03°) indicative of its Mg content. Note here that the peak positions of the newly
precipitated HMCs analyzed at time steps from 10 to 62 min (Fig. S3) do not differ
significantly from each other, indicating similar Mg contents of calcite (Goldsmithetal.,
1961;Millimanetal., 1971).No significant peak shifts towards higher 26 positions of the
analyzed HMCs have been observed as a function of experimental reaction time up to 1
year.

The formation of HMC is further confirmed by ATR-FTIR analyses of collected solids. As
itcanbe seeninFig. 4, the FTIR spectra of ACC are characterized by carbonate vibration
bands v, and v, at 1075 and 860 cm! (Andersen and Brecevi¢, 1991; Loste et al., 2003;
Konrad etal., 2018),while the HMC exhibitsv,, v,, and v,bandsat 1086,870/848 and 714
cm ' (White, 1974;Bottcheretal., 1997).Previous studies have shown that the shift of the
infrared (CO)-bands towards higher or lower wavenumbers is associated withincreasing
Mg substitution (Bottcheretal, 1997; Huang etal., 2018). Moreover, FTIR spectra of the
solids that have been collected from experiments performed in the presence of SO, - e.g.
experiment s75 in Fig. 4 - exhibitadditional bands next to the characteristic carbonate
bands. In the case of ACC (s75_4 min) an additional broad band at 1134 cm' appears
including a shoulderat ~1160 cm*,and in the case of HMC (s75_62 min) two additional
bandsat 1141 and 1161 cm™ are visible (Fig.4). These additional bands canbe ascribed
to internal v, vibrations of SO, (Takano et al., 1980; Aizenbergetal., 2002;Floquetetal.,
2015;Balanetal., 2017).
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Fig. 4: FTIR spectra fromexperiments in the absence of sulfate (sO - blue) and in the pre sence of
75 mM sulfate (s75 - green) after ~5 min and ~1 hour of reaction time, re spectively.

Scanning Electron Microscopy (SEM) observations reveal that synthetic ACC particles that
occuras spheres with an average diameter of 90 nm, transformed into HMCs that occur
as nanocrystalline aggregates (Fig. 5A). The surface of the HMC aggregates displays
numerous idiomorphic, rhombohedral calcite crystals that are interlocked into each
other. No significant differences inthe crystal morphology of the HMCs, formed in the
absence or presence of SO, have been observed. Similarly, no changes of the crystal
morphology as a function of time, even after 1 year of reaction time, were observed (Fig.
S4).

Microphotographs of cross sections of the nanocrystalline HMC aggregates reveal their
inner microstructure which appears as radially oriented columns (Fig. 5B). The columns
become thicker from the inside out. The rough surface and disrupted centers after thick
sectionpolishing indicate a high internal porosity of ACC-derived HMC. Comparing the
inner structure of precipitates collected after 1 hour to the ones collected after 1 year
the latter exhibit a more dense and solid microstructure (Fig.S5).
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Fig. 5: A) SEM photograph of HMC (experiment s75) shows the outer appearance of the nano-
crystalline product after ACC transformation. B) EPMA BSE-image shows the inner micro structure
of the nano-crystalline HMC aggre gate (experiment s90).

3.3.2 Chemical evolution of the reactive solution

The chemical composition of the reactive solution prior to ACC additionin the reactors,
and during the first 30 min of the experimental runs, isillustrated inFig. 6 (see data in
Table 1). The same three stages that are specified by solid characterization, which are
described above, can be identified by the temporal evolution of the reactive solution
Note here that the chemical evolution of the reactive solution points towards an ~5 min
earlieronset of stage Il compared to the solid characterization. The ACC transformation,
whichis indicated by the pH decrease, occurs in the latter case between 3 and 7 min of
reactiontime (Table 1;Fig.S6)instead of 8 and 12 min that is observed by in situ Raman
spectra. It is thus evident that the onset of solid transformation is followed more
accurately using the solution composition in contrast to the use of in situ Raman
spectroscopy which is limited by the detection limit of the method for solid
identification. Nevertheless, the kinetics of ACC transformation based on solution
chemistry are in accordance with the observations by solid characterization and exhibit
the same trend as a functionof initial SO, concentration.
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Table 1: Chemical composition of reactive solutions and solids and mineral composition of the precipitates
at certain reaction times. The term “calculated” refers to Mg and SO, content of the solid estimated using
Egs. 2 and 3 whereas the term “measured” refers to the bulk solid composition measured after solid

dige stion.
Sample ;l;nnﬁle) pH A]l((l{alllt[n)lty Solution (mM) Solid
Mg mol%  Mgmol% SO,mol% SO,mol%
Ca Mg 50, calculated measured calculated measured XRD/Raman
s0_initial 7.98 99 - 26.2 -
s0_1 0.2 8.34 107 6.2 25.1 - 0.4 1.6 - ACC
s0_2 2.3 8.32 108 6.5 24.5 - 0.6 1.7 - ACC
s0_3 5.2 8.31 106 6.3 24.3 - 0.7 1.9 - ACC
s0_4 7.8 8.30 104 6.2 24.1 - 0.8 2.0 - ACC
s0_5 10.7 8.30 102 5.7 22.1 - 1.5 2.6 - ACC
s0_6 13.1 8.29 92 4.8 16.1 - 3.6 4.2 - ACC, HMC
s0_7 16.0 8.30 78 2.8 8.3 - 6.1 6.5 - ACC, HMC
s0_8 22.1 8.32 68 0.8 3.3 - 7.6 8.0 - ACC, HMC
s0_9 30.8 8.33 65 04 24 - 7.8 8.2 - ACC, HMC
s0_10 39.9 8.38 65 0.2 24 - 7.9 8.2 - HMC
s0_11 62.4 8.51 64 0.2 23 - 7.9 8.3 - HMC
s0_12 1434.0 8.52 60 0.1 0.9 - 8.3 8.6 - HMC
s0_13 18960.0 8.67 60 0.1 0.2 - 8.5 8.8 - HMC
s0_14 51900.0 8.72 60 0.1 0.2 - 8.5 9.0 - HMC
s0_15 162720.0 8.88 59 0.1 0.3 - 8.5 9.0 - HMC
s0_16 400320.0  9.05 59 0.3 0.2 - 8.5 9.1 - HMC
s0_17 531360.0 9.16 61 0.1 0.1 - 8.6 9.0 - HMC
s10_initial 7.99 99 - 27.2 94
s10_1 0.2 8.35 109 6.5 25.8 9.3 0.5 1.4 0.0 0.2 ACC
s10_2 2.2 8.33 107 6.8 25.2 9.3 0.7 1.6 0.0 0.2 ACC
s10_3 4.3 8.33 106 6.8 25.0 9.3 0.8 1.7 0.0 0.2 ACC
s10_4 7.3 8.31 106 6.5 249 94 0.8 2.1 0.0 0.3 ACC
s10_5 9.9 8.30 101 6.3 23.7 9.3 1.3 2.2 0.0 0.3 ACC
s10_6 12.5 8.27 92 54 17.5 9.0 3.4 3.8 0.1 0.3 ACC, HMC
s10_7 15.1 8.24 81 3.3 10.8 8.5 5.6 5.5 0.3 0.3 ACC, HMC
s10_8 21.2 8.31 71 1.1 4.9 8.2 7.4 7.5 0.4 0.3 ACC, HMC
s10_9 30.4 8.32 67 0.5 3.7 8.2 7.8 7.8 0.4 0.3 ACC, HMC
s10_10 39.5 8.35 66 0.3 3.6 8.2 7.8 7.8 0.4 0.3 HMC
s10_11 62.3 8.46 66 0.2 3.4 8.2 7.8 7.8 0.4 0.3 HMC
s10_12 1414.0 8.51 66 0.1 1.7 8.4 8.4 8.3 0.3 0.2 HMC
s10_13 17520.0 8.57 60 0.1 0.5 8.4 8.7 8.7 0.3 0.2 HMC
s10_14 50460.0 8.66 60 0.0 0.3 8.5 8.8 8.8 0.3 0.2 HMC
s10_15 - - - - - - - - - - -
s10_16 398880.0 9.01 59 0.1 0.1 9.0 8.8 9.0 0.1 0.2 HMC
s10_17 529920.0 9.12 61 0.1 0.0 8.6 8.8 8.9 0.2 0.2 HMC
s30_initial 7.99 99 - 26.8 26.8
s30_1 0.3 8.385 110 6.6 25.9 26.6 0.4 1.7 0.1 1.0 ACC
s30_2 2.2 8.374 109 7.3 254 26.6 0.5 1.5 0.0 0.6 ACC
$30_3 4.0 8.371 108 7.1 25.2 26.7 0.6 1.5 0.0 0.7 ACC
$30_4 6.9 8.343 106 7.0 24.8 26.6 0.8 1.7 0.1 0.7 ACC
$30_5 9.9 8.295 100 6.3 21.0 26.4 2.1 2.7 0.1 0.7 ACC,HMC
$30_6 12.0 8.298 90 4.6 14.2 25.5 4.4 4.5 0.4 0.7 ACC,HMC
$30_7 14.9 8.299 77 2.8 83 246 6.3 6.5 0.7 1.0 ACC,HMC
s30_8 21.1 8.305 71 1.0 4.4 24.0 7.4 7.6 0.9 1.0 ACC, HMC
$30_9 30.2 8.326 69 0.5 3.7 24.0 7.6 7.8 0.9 0.7 ACC, HMC
$30_10 38.7 8.365 70 0.3 3.7 24.0 7.6 7.8 0.9 0.9 HMC
$30_11 62.3 8.483 68 0.2 3.6 24.1 7.7 7.8 0.9 0.9 HMC
$30_12 1420.0 8.5 64 0.1 1.8 24.2 8.2 8.4 0.8 0.5 HMC
$30_13 13200.0 8.56 60 0.2 0.3 24.9 8.7 8.7 0.6 0.5 HMC
$30_14 46140.0 8.58 62 0.1 0.1 25.0 8.7 8.9 0.6 0.5 HMC
$30_15 - - - - - - - - - - -
$30_16 394560.0 8.98 59 0.0 0.1 254 8.7 9.2 0.4 0.5 HMC
$30_17 525600.0 9.11 60 0.0 0.2 253 8.7 9.0 0.5 0.5 HMC
s30_2_initial 7.98 99 0.0 27.1 27.3
$30_2_1 0.2 8.39 108 6.6 25.8 27.1 0.5 1.3 0.1 0.6 ACC
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ACC...amorphous calcium carbonate

HMC.. high-Mg calcite
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The evolution of aqueous Ca concentration (Fig. 6A) and alkalinity (Table 1) of the
reactive solutionis characterized by a sudden concentration increase caused by ACC
additioninto the reactor (stage I). The Ca concentrations increase from zero to ~6-8 mM,
and remain almost constant during stage I until ACC transformation to HMC was
initiated. The alkalinity concentrations increase from ~100 to 107-112 mM and remain
almost constant up to 4-7 min of reaction time. This first stage is followed by a
substantial and rapid decrease of Ca concentration in the reactive solutions
corresponding to HMC formation (stage II). During stage II the Ca concentrations drop to
lower values within 30 min of reaction time, in all experiments. The alkalinity
concentrations level off achieving steady state concentrations with values between ~65
and 75 mM depending on the SO, concentration of eachrun (see Table 1). The initial
increase in Ca and alkalinity concentrations immediately after the additionof ACC into
the reactors canbe assigned to the rapid dissolution of the amorphous solid. Indeed, the
Sl.cc-values document that the reactive solutionachieves rapidly chemical equilibrium
with respect to ACC (SI,.c-about O; see Fig. 6C and Table S1). The positive correlation
between total Ca and SO, concentrations of the reactive solutionduring stage I points
towards enhanced ACC dissolution with increasing SO, concentration, which is also
indicated by the positive correlationbetween pH and SO, concentrationduring stage I
(Fig.S6). Therelease of Cainto the solution,however,results inincreasing oversaturation
with respect to other CaCO, polymorphs, suchas calcite and aragonite,asitcanbe seen
in Table 1. Note that although during stage I and up to 10 min of reaction time the
reactive solutions are supersaturated with respect to hydromagnesite
(Mg5(CO,),(OH),-4H,0), this mineral phase is not detected by mineralogical analyses.
Other hydrated Mg-carbonate phases such as nesquehonite (MgCO,- 3H,0) and dypingite
(Mgs(CO,),(OH), - 8H,0) are undersaturated inall the reactive solutions as well as gypsum
(CaS0O,-2H,0) and bassanite (CaSO,-0.5H,0) (see Table S1).
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Fig. 6: A, B) Temporal evolution of the Ca and Mg concentration of the reactive solution and C)
saturation indices (SI) in respect to ACC containing 0.6 mo1% Mg within 30 min of reaction time -
stage (I) and (II).
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In Fig. 6B, it can be seen that in all experimental runs, the initial aqueous Mg
concentration(~27 mM) decreases slightly to ~25 mM immediately afterthe introduction
of ACCin the reactors and remains quasi constant during stage I until the onset of the
ACC transformation. During the transformation of ACC to HMC (stage II) the temporal
evolutionof Mg concentrationin the reactive solutionexhibits abehavioursimilar to that
of Ca. Up to ~22 min of reaction time the aqueous Mg concentrationis reduced rapidly
to ~3-6 mM and drops afterwards at a slower rate towards zero values until the end of
the experimental runs after 1 year. In experiments containing SO, the temporal evolution
of SO, concentrations follows the same pattern as Mg concentrations in stage I and 1I
(Table 1). After ACC was introduced into the reactors the SO, concentrations decrease
slightly (stage I) and drop significantly during the transformation (stage II). In contrast
to the behaviour of Mg, the SO, concentrations increase continuously during stage III
until the end of the experiments after1 year.

Speciation calculations indicate that concentrations of free aqueous Ca* and Mg* ions
account for 60-35%and 75-45% of their total concentrations respectively, de pending on
the SO,concentrationin eachexperiment(Table S1). The abundanceofbothCa* and Mg*
decreases withincreasing SO, concentration. In particular, the prevailing Mg* /Ca* ratio
of the reactive solution(Table S1)follows a cleartrend as a functionof SO,concentration
and is decreasing slightly with increasing SO, concentrations during stages I and II.
However,the Mg?* /Ca* ratio of the reactive solutions remains almost constant during the
ACC transformation and abruptly levels up to higher values towards the end of stage 1I
after 15-20 min of reaction time.

Apparent precipitationrates (r) were calculated from the first derivative of the sum of
Ca* and Mg* concentration of the reactive solutionwithrespectto time, from the onset
of ACC transformation to the attainment of quasi constant aqueous concentrations,
using the equation

dac,q.2+ 2+
(Ca*T+Mg~™)
= dt (5)

where ¢, stands for the sum of Ca* and Mg* concentrations in the reactive solution
and t designates time. In this study, the apparent precipitationrate (r) describes the
transfer of ions from the reactive solutionto the crystalline solid phase during stage II

(sub-samples collected within the time interval of 4 to 22 min). Note here that r; refers to
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bulk composition of precipitated solid during stage II without considering proportion of
amorphous and crystalline material. The calculated precipitationrates are plotted as a
function of SO, concentration in Fig. 7. The precipitation rate during the ACC
transformation (stage II) was lower when the SO, concentration was higher. The obtained
results suggest that there is a linear correlation between the apparent precipitationrate
during stage II and the initial SO, concentration of the reactive solution that can be
described by the linearequation

ri (mM/min) = -0.0055(x0.0003) x SO, (mM) + 1.2184(+0.0157); R* = 0.98 (6)

1.5

ms0
s10
s30
s30 2
<545
AST7S5
+s90

I, (mMM/min)
>

0.5 - | - . . . : : :
0 20 40 60 80 100

SO, (mM)

Fig. 7: Apparent precipitation rate (r) during stage II plotted as a function of initial sulfate
concentration in the reactive solution.

The temporal evolutionof Mg and SO, in the reactive solutions displayed as cumulative
loss (in %) can be seen in Fig. 8. The results show a continuous decrease of Mg
concentration and a continuous increase of SO, concentration in the reactive solution
during stage IIl where HMC is the only mineral present. Notably,after1 month of reaction
time the Mg concentration of the reactive solution decreases already about 99 %
compared to itsinitial concentrationin the reactors.
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Fig. 8: Long-term chemical evolution up to 1 year of reaction time A) Mg concentration, B) SO,
concentration.

3.3.3 Chemical evolution of solid phases

After ACC is introduced into the solution, it instantly uptakes Mg and SO, (Table 1).
Actually,in all the experiments within the first 4 min of reaction time (stage I), the Mg
content of ACCis 0.6 +0.2 mol%. The SO, content of ACC lies within 0 and 0.1 mol% for
all amorphous solid samples and doesnot exhibita significant trend as a functionof SO,
concentration or reaction time. The Mg content of ACC is independent from the initial
SO, concentration in the reactive solution, as well as from the SO, content of the ACC,

which is shown in Fig. 9A.
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Fig. 9: Chemical composition of the solids during stage [ and II. A) Mg and SO, contents of ACC
within 4 min of reaction time show no correlation. B) Mg and SO, contents of HMC collected after
1 hour of reaction time show an anticorrelation.

Afterthe onset of ACC transformation (stage II), a rapid increase of Mg and SO, contents
of the solidsis observed. After1 hour of reaction time (stage III), HMC is the only solid
phase that was identified. The Mg content of this calcite is ranging from 7 to 8 mol% and
SO, content from 0 to 2 mol%. The Mg content of calcite formed via ACC exhibits a linear

anticorrelationwithits SO, content, whereas the SO, content is positively correlated with



the initial SO, concentration of the reactive solution (Fig. 9B). During stage III, the Mg
content of calcite is continuously increasing whereas its SO, content is continuously
decreasing (Table 1).

High-resolution element distribution images of cross-sectioned HMC aggregates
collected after 1 day and 1 year of reaction time show a homogeneous distribution of Mg
and SO, (represented by S) within and between the HMC aggregates (Fig. 10 and Fig. S7).
The average contents of Ca, Mg and SO, are calculated in mol% and listed in Table S2.
The extent of Mg and SO, contents estimated by WDS analysis of selected HMC samples
is in reasonable agreement with the elemental contents estimated by mass balance
calculation and bulk measurement after solid digestion.

Ca Conc.%
400
375
35.0

ipm  UniGraz
10.0xV SEI

S Conc.%
5.00
469
438
4.06
375
344
3.13
281
250
219
1.88
156
125
0.94
0.63
0.31
0.00

Ave 0.22

S 2um Mg

Mg Conc.%
5.00
4.69
438
4.06
375
344
313
281
250
219

8 1.88
156
125
0.94
063
0.31
0.00

Ave 0.60

2um

Fig. 10: Element distribution images of HMC collected after 1 day of reaction time (s90_12).
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3.4 Discussion

3.4.1 Reactivity of ACC

An interesting feature observed inthis study is the change in the chemical composition
of the amorphous phase as soon as it comes in contact with the reactive solution,
although no transformation to crystalline phase occurs. Indeed,immediately after the
addition of synthetic ACC into the reactive solutions, up to 3 wt.% of this solid dissolved
until the solutionreached saturation with respect to this phase (Fig. 6C). At the same
time, the remaining amorphous solid became enriched in Mg and SO, (Table 1 and Fig.
9A) owing to a highly dynamic exchange of solutes between the solutionand the solid
phase (< 0.2 min), similar to that observed earlierby Purgstalleretal.(2019). Goodwin et
al. (2010) have shown that ACC consists of a nanoporous framework that supports
interconnected channels containing water and carbonate molecules. This nanoporous
structure of ACC provideslarge surface areas (Sunetal., 2018;2019)for fast exchange
of solutesbetweenthe ACC and the reactive solution.Likely the presence of this network
explains the enrichment of the bulk amorphous solid inMg and SO, (Table 1).

The observed enrichment of ACC in Mg and SO, however, is not simply due to the
presence of these ions in the pore fluid, but actual substitutionin the structure of the
solid.Evidence to this is provided from the infrared spectra of ACC which was sampled
from the experiments performed in the presence of SO,*(aq). The incorporation of SO, in
the solid phase reveals a broad band at 1134/1160 cm™ besides the characteristic
vibrationbands of CO, (Fig. 4). This band canbe assigned to interal v; vibrations of SO,,
similarto that observed inSO,-bearing synthetic calcite (T'akano etal., 1980).The distinct
difference of the positionof thisband to that of the v,vibrational band of SO,*(aq) species
at 1100 cm! (Hug, 1997; Wei et al., 2005), suggests that SO, in ACC cannot be assigned
to SO,*(aq) within the nanoporous network of ACC, but is rather incorporated in the
bonding environment of the solid phase. The same canbe suggested for the presence of
Mgin ACC structure. Indeed in agreement with the earlier observations by Huang et al.
(2018) a shiftof v, from 1074 cm'! towards higher frequencies at 1075 cm™* was recorded
in the collected FTIR spectra. This distinctive but small shift denotes a distortion of the
short-range order of ACC. Note here, vibrationbands of other Mg-bearing phases (e.g.
brucite, hydromagnesite) were not detected by in situ Raman or FTIR atany time during
the experimental runs hence the Mgloss inthe reactive solution canonly be assigned to

the transfer of Mg from the solution to the amorphous phase.
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3.4.2 Controls of aqueous complexation on ACC transformation to HMC

An interesting finding of this studyis that the synthetic ACC, added into the HCO,-Mg-
(SO,)bearing solutions, exhibits a prolonged stability of up to 12 minutes (experiment
s0) before it transforms into HMC (Fig. 3). This behavior comes in contrast to earlier
observations suggesting instant ACC transformation (< 30 sec)into crystalline calcium
carbonate polymorphs (e.g. vaterite and calcite) in an additive-free aqueous solution
(Bots et al., 2012; Rodriguez-Blanco etal., 2012). Similarly, the stability of ACC in this
study cannot be assigned to the presence of Mg in the amorphous solid as it was
suggested earlierby Lin et al. (2015). In their study, the structural water bound to Mg
ions was suggested to increase considerably the activation energy associated with the
dehydrationof ACC; a process that has been described to occurbefore crystallization
(Thlietal., 2014)and is based onthe factthat Mg dehydrationrate (10° s!)is 4 orders of
magnitude slower compared to Ca (10° s') (Lincoln and Merbach, 1995;Bleuzen et al.,
1997).

Within the experimental runs of this study, the initially Mg-free ACC, is becoming
enriched in Mg within the first 4 min of reaction time, however, it exhibits the same
content of 0.6 +0.2 mol% Mg (Fig. 9A)in all the experimental runs. Yet as it canbe seen
in Fig. 3A, the onset of transformation of ACC to crystalline material is varying among
the experimental runs and is associated with the concentration of MgSO,’in the reactive
solution. Note here, that during the transformation when ACC dissolves and HMC is
forming, all solutions are undersaturated withrespect to calcium sulfate phases such as
gypsum and bassanite (Table S1) and the presence of calcium sulfate phases was not
confirmed by Raman, FTIR, XRD or SEM. The obtained results suggest that ACC
transformation to HMC is controlled by the abundance of Mg*(aq), whichis a function of
SO.* concentration in experimental runs of this study. Indeed, in the present study, the
initial total Mg concentrationwas the same in all the experiments (~27 mM; Table 1), but
the presence of SO, strongly reduced the concentration of free Mg ions, Mg*(aq), due to
the formation of the MgSO.,° aquo complex(Table S1).In the experiment with the highest
SO, concentration (i.e. s90; 90 mM) Mg*(aq) represents only 44% of the total Mg
concentration, whereas in the SO,free experiment (sO) Mg (aq) accounts for 73% of the
total Mg concentration.Indeed, the obtained linearcorrelationbetweenthe concentration
of Mg*(aq) and the onset of HMC formation (Fig. 3B) indicates that the delay of ACC
transformation is strongly controlled by the retarding effect of aqueous Mg on calcite
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nucleation (Femandez-Diaz et al., 1996;Du and Amstad, 2020). In contrast, SO.*(aq) is
not retarding the nucleation of calcite,asitis indicated by the reverse trend between SO,
concentrationand the onset of HMC formation (Fig. 3A). Thus, the formationof MgSO/
aquo complexes,is the factor controlling the abundance of Mg*(aq) and subsequently
the nucleationof HMC (Fig. 3B).

The obtained results allow the quantification of the effect of dissolved SO, on the
transformation of ACC to HMC, using the apparent HMC precipitation rate (r,). As it is
illustrated in Fig 6, r; decreases with increasing SO, concentrations in the reactive
solutions (Table 2). Considering that crystalline HMC growth proceeds via ion-by-ion
addition of dissolved chemical species to advancing steps at the crystal surface (Burton
etal,1951),complexationof SO,withaqueous Ca* and Mg* is effectively reducing their
abundance in the reactive solution (see Table S1)whichresults in a decreased apparent
precipitationrate (Fig. 7). Similar,Hanetal.(2017)observed decreased precipitationrates
of Mg calcite and aragonite in the presence of MgSO, and comparable behaviorhas been
seen from results by Nielsen et al. (2016) using a constant composition experimental
approach to monitor the individual and combined effects of Mg* and SO.*. Moreover,
higher SO, concentrations caused lower Mg* /Ca* ratios at the time of transformation
and resulted in reduced Mg uptake of HMC during transformation (Fig. 9B), an
observationthat comesinagreement with that of Purgstalleretal.(2021)who found that
the prevailing Mg?* /Ca* ratio of the reactive solution at the time of transformationis the
main controlling parameter for enhanced Mg incorporationin HMC.

Previous ACC transformation experiments have shown that the mineralogy of the
crystalline productis controlled by the prevailing physicochemical parameters of the
experimental solutionincluding pH, temperature and Mg /Ca* ratio (Blue et al., 2017;
Purgstaller et al. 2017a; Purgstaller et al., 2017b; Konrad et al,, 2018). In the present
study, a prevailing Mg*/Ca* ratio between 4 and 5 yielded into the formation of HMC,
whichisin good agreement withresults obtained by Blue etal.(2017)and Purgstalleret
al.(2017a). Variations in SO, concentrations (10-90 mM) had no effect on the pathway of
ACC transformation and HMC has been the only resulting crystalline phase. This
behaviourcomes in contrast to mineral growth experiments where inhibitory effects on
low-Mg calcite growth have been observed in the presence of SO, ions, promoting
aragonite formation instead of calcite (Goetschl et al.,, 2019), an observation that has
important consequences for the interpretation of temporal variations of the primary
CaCO; polymorphinmarine environment (Bots et al., 201 1). However, the SO,/CO, ratios
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of the experimental solutions in which an inhibiting effect on calcite formation was
observed have been considerably higher compared to the current experimental
conditions.

3.4.3 HMC formed via ACC and implications fornatural carbonates

The most interesting feature of this studyis that the Mg content of the nanocrystalline
HMC is increasing during the whole duration of stage III that lasted until the end of the
experimental runs after 1 year of reaction time. The fast precipitationof HMC (10-° mol
sec!)resulted in the formation of aggregates with nanometer sized crystal subunits and
a radial-columnar internal structure. The HMC that was initially formed after the
transformation of ACC was likely highly porous (Fig. 5B) and its Mg content was affected
by both precipitation kinetics (e.g. Mavromatis et al., 2013; Goetschl et al., 2019) and
prevailing Mg*/Ca* ratio (e.g. Mucciand Morse, 1983;Blue etal.2017;Purgstalleret al.,
2021).In the experimental runs of this studyboth growth kinetics and Mg? /Ca* ratio are
affected by the aqueous SO, concentration (Fig. 7 and Table S1).

After the complete transformation of ACC into HMC, however, the crystalline solids
exhibitchangesin their Mgand SO, content as a functionof time ina process that occurs
during the whole duration of the experimental runs up to 1 year of reaction time as it
can be seen in Fig. 8. These changes in chemical composition suggest a continuous
exchange reactionbetweensolid and solutionfollowing a process that islikely controlled
by the high reactive surface of the solid as it is evidenced by the high porosity of the
nanocrystalline material (Fig. 5B and Fig.S5).Indeed, the measured specific surface area
of ACC and nanocrystalline calcite are typically highbetween 14 and 42 m?/g (Schuliz et
al., 2013;Radha and Navrotsky,2015; Konrad etal., 2016). Interestingly, the continuous
enrichment of the solid in Mg during stage IIl is accompanied by a decrease of its SO,
content (Table 1;Fig. 8). The Mg-SO,-anticorrelation of calcite samples observed in this
study becomes more pronounced when the reactive solutions achieve chemical
compositions that reflect near thermodynamic equilibrium conditions (Table S1). This
processis likely related to the contrasting effect caused by the presence of Mg and SO,
in the crystall lattice of calcite.Indeed, the incorporation of Mg into calcite is causing
unit cell contraction (Paquette and Reeder, 1990), whereas the uptake of SO, into calcite
results in unit cell expansion (Kontrec et al., 2004). As such the enrichment of bothions
in nanocrystalline calcite derived from ACC is rather unlikely to occur, a feature which

has also beenobserved during seeded growth of low-Mg calcite (Goetschl etal., 2019).
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The continuous exchange of Mg and SO, between the solid and the reactive solutionis
affecting the total mass of the nanocrystalline aggregates with a homogeneous
distributionofMgand SO, and is not limited only to the outerrim of the aggregates. This
is evident from the comparison of the elemental distributionmaps of calcite collected
after 1 day (Fig. 10; Table S2) and after 1 year (Fig. S7; Table S2)in the experiment s90.
This observation has major implications for the interpretation of chemical signals in
natural carbonates that form via an amorphous precursor, especially if they remain in
contact with an aqueous fluid after their initial formation and subsequent
transformation. Forexample, Littlewood etal.(2017) have shownelevated concentrations
of Srin calcite formed from an amorphous precursor. Similarto the behaviorof SO, in
our study itislikely that the high Sr content in ACC derived calcite is not retained after
longer period of contact with an aqueous phase. Earlier studies have shown that up to
10 unit cells below crystal surface can participate in elemental and isotope exchange
between a carbonate mineral phase and the reactive solution (Stipp et al., 1998;
Mavromatisetal.,2016;2017c).Incontrast the homogeneousdistributionof Mgincalcite
that was observed inthis study (Fig. 10 and Fig. S7; Table S2) suggest that the chemical
composition of the solid would not be preserved,if the composition of the fluid phase
is significantly altered. Similar observations have been made for HMC formed from an
amorphous precursor using Mg and O isotopes (Mavromatis etal., 201 7b;Dietzel etal.,
2020).These earlierstudies suggest that rapidly aftertransformation from ACC to calcite
isotopic equilibrium is achieved and no information of the isotopic signals of the
amorphous precursor is recorded. Considering that ACC precursors commonly occur
during the formation of biominerals (Addadietal., 2003;Du and Amstad, 2020) but also
in inorganic environments such as speleothems (Demeény et al.,, 2016), the obtained
results suggest that cautionis needed for the interpretation of their chemical and likely
isotopic signals as environmental proxies.

Additionally the results of this study suggest that nanostructured HMCs with high
internal porosity that frequently form in natural environments have a considerable
potential for secondary changes of their geochemical signature due to occurring mineral-
fluid interactions. Carbonates are subject to variable degrees of post-depositional /post-
mortem alterationwhichmay be easily intensified and accelerated if the mineral owns a
large reaction surface for ion exchange (Pedersonet al., 2020). Hence, determining and
quantifying secondary exchange reactions during mineral-fluid interactions of
nanocrystalline HMC is urgently required to define the robustness of geochemical
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proxies obtained from these solids. On a different view, these nanocrystalline HMCs may
indicate distinctreaction pathways and /or environmental conditions of the storage and

transformation media.

3.5 Conclusions

In this study we examined the transformation of synthetic ACC in reactive solution
containing ~27 mM Mg and variable SO, concentrations up to 90 mM. In these
experiments, the solid remained in contact with the reactive solution - after the
transformation of ACC into HMC - for 1 year and it was characterized forits chemical
and mineralogical composition. The obtained results suggestthat aqueous complexation
of Mg* with SO,* and the formation of MgS0,(aq)is the factor controlling the stability
of ACC in the reactive solution.Indeed calcite nucleationis a function of free Mg* ion
concentration in the reactive solution and the formation of MgS0O.° aquo complexes
reduces its availability and subsequently allows for earlier transformation of the
amorphous phase to calcite. The nanocrystalline HMC formed from ACC exhibits a
homogeneous distribution of Mg and SO, as it was revealed by electron microprobe.
Interestingly, HMC remained nanocrystalline after 1 year in contact with the reactive
solution, but became progressingly enriched in Mg and depleted in SO,. These changes
in chemical composition affecting the total mass of the HMC aggregates suggest a
continuous exchange process between solid and solutionas long as they are in contact
The findings of this study suggest that calcite formed via an amorphous precursor may
still be highly reactive in exchanging compounds and as such the chemical and isotopic
signalsrecorded atthe time of mineral formation canbe resetby interacting with natural

fluids of different chemical and /orisotopic composition during and after depo sition.
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3.6 Supplementary material

Table S1: Concentrations of free and complexed aque ous species and saturation indices (SI) of
sampled reactive solutions calculated using PHREEQC.

Ca® Mg® CO; SO/ MgSo/

Sample (mM) (mM) (mM) (mM) (raM) SLicc* SLaicite SLagonite Sy peum Slssamie.  Mg*/Ca® Ca* (%) Mg* (%)
sO_initial - 20.1 0.9 - - - 76.8
s0_1 3.8 18.4 1.9 - 0.0 2.2 2.1 - - 4.80 61.6 73.4
s0_2 4.0 18.0 1.8 - 0.1 2.3 2.1 - - 4.47 61.6 73.3
s0_3 3.9 17.9 1.8 - 0.0 2.2 2.0 - - 4.60 62.1 73.7
s0_4 3.9 17.9 1.7 - 0.0 2.2 2.0 - - 4.61 62.8 74.3
s0_5 3.6 16.5 1.7 - 0.0 2.2 2.0 - - 4.59 63.1 74.5
s0_6 3.1 12.2 1.5 - -0.1 2.1 1.9 - - 3.88 64.9 76.0
s0_7 1.9 6.5 1.4 - -0.4 1.8 1.6 - - 3.48 67.6 78.1
s0_8 0.6 2.6 1.3 - -0.9 1.3 1.1 - - 4.52 69.1 79.7
s0_9 0.3 2.0 1.3 - -1.3 0.9 0.7 - - 7.53 70.9 80.2
s0_10 0.2 1.9 1.4 - -1.4 0.8 0.6 - - 11.37 69.5 79.9
sO_11 0.1 1.8 1.8 - -1.5 0.7 0.5 - - 14.80 69.7 78.7
s0_12 0.1 0.7 1.7 - -1.7 0.5 0.3 - - 10.72 71.6 79.5
s0_13 0.1 0.1 2.3 - -1.7 0.5 0.3 - - 2.34 66.9 78.5
s0_14 0.0 0.1 2.5 - -1.8 0.4 0.2 - - 3.14 65.6 75.4
s0_15 0.0 0.2 3.2 - -2.2 0.0 -0.2 - - 18.02 12.4 73.9
s0_16 0.2 0.2 4.1 - -1.0 1.2 1.0 - - 1.04 59.4 71.0
s0_17 0.1 0.0 5.0 - -1.2 1.0 0.8 - - 0.58 53.7 75.6
s10_initial - 19.7 0.9 5.4 1.6 - - 72.4
s10_1 3.7 17.8 2.0 5.2 1.4 0.1 2.3 2.1 -1.2 -1.8 4.78 57.6 68.9
s10_2 3.9 17.5 1.9 5.2 1.3 0.1 2.3 2.1 -1.2 -1.7 4.45 58.2 69.5
s10_3 3.9 17.4 1.9 5.2 1.3 0.0 2.2 2.1 -1.2 -1.7 4.42 58.4 69.6
s10_4 3.8 17.4 1.8 5.3 1.3 0.0 2.2 2.0 -1.2 -1.7 4.55 58.6 69.8
s10_5 3.8 16.7 1.7 5.2 1.3 0.0 2.2 2.0 -1.2 -1.8 4.43 59.6 70.6
s10_6 3.3 12.6 1.5 5.3 1.0 -0.1 2.1 1.9 -1.2 -1.8 3.82 61.4 72.0
s10_7 2.1 7.9 1.3 5.3 0.6 -0.4 1.8 1.6 -1.4 -2.0 3.85 63.4 73.6
$10_8 0.7 3.6 1.3 5.3 0.3 -0.8 1.4 1.2 -1.9 -2.5 4.96 64.6 74.6
$10_9 0.3 2.8 1.3 5.3 0.2 -1.2 1.0 0.8 -2.3 -2.8 9.03 65.6 75.2
s10_10 0.2 2.7 1.3 5.4 0.2 -1.4 0.8 0.6 -2.5 -3.0 14.09 64.7 75.1
s10_11 0.1 2.6 1.7 5.4 0.2 -1.5 0.6 0.5 2.7 -3.3 23.58 62.2 74.1
s10_12 0.1 1.2 1.8 5.6 0.1 -1.7 0.5 0.3 -2.8 -3.4 16.55 63.6 73.5
$10_13 0.0 0.4 1.9 5.7 0.0 -1.9 0.3 0.1 -3.1 -3.7 10.49 58.8 74.0
s10_14 0.0 0.2 2.2 5.8 0.0 2.1 0.1 0.0 -3.3 -3.9 9.41 64.8 71.8
s10_15 - - - - - - - - - - - -
s10_16 0.1 0.1 3.9 6.1 0.0 -1.5 0.7 0.6 -2.9 -3.5 1.10 53.8 65.5
s10_17 0.0 0.0 4.7 5.9 0.0 -1.6 0.6 0.4 -3.2 -3.8 1.04 50.6 69.7
s 30_initial - 17.5 0.9 15.8 4.1 - - 65.0
s30_1 3.4 16.0 2.2 15.3 3.6 0.1 2.3 2.1 -0.8 -1.3 4.70 51.3 61.9
s30_2 3.7 15.8 2.1 15.3 3.6 0.1 2.3 2.1 -0.7 -1.3 4.23 51.6 62.2
$30_3 3.7 15.7 2.1 15.3 3.5 0.1 2.3 2.1 -0.7 -1.3 4.26 51.7 62.3
$30_4 3.7 15.6 1.9 15.3 3.5 0.0 2.2 2.0 -0.7 -1.3 4.24 52.3 62.8
$30_5 3.4 13.4 1.7 15.4 3.0 -0.1 2.1 2.0 -0.8 -1.3 3.95 53.4 63.7
$30_6 2.5 9.1 1.6 15.6 2.1 -0.2 2.0 1.8 -0.9 -1.5 3.62 54.6 64.6
s30_7 1.6 5.5 1.4 15.7 1.3 -0.5 1.7 1.5 -1.1 -1.6 3.43 56.5 66.0
$30_8 0.6 3.0 1.3 15.8 0.7 -0.9 1.3 1.1 -1.5 2.1 5.03 56.9 66.7
$30_9 0.3 2.5 1.3 15.9 0.6 -1.3 0.9 0.8 -1.9 2.4 9.45 56.7 66.7
$30_10 0.2 2.5 1.5 16.0 0.6 -1.4 0.8 0.6 -2.0 -2.6 13.99 55.9 66.3
s30_11 0.1 2.4 1.8 16.1 0.6 -1.5 0.6 0.5 -2.3 -2.8 23.79 55.7 65.8
s30_12 0.1 1.2 1.8 16.3 0.3 -1.9 0.3 0.2 -2.6 -3.1 23.88 55.1 65.8
s30_13 0.1 0.2 1.9 17.1 0.1 -1.6 0.6 0.5 2.3 -2.8 2.35 55.2 66.4
s30_14 0.1 0.1 2.0 17.2 0.0 -1.7 0.5 0.3 -2.5 -3.0 1.18 54.8 65.1
s30_15 - - - - - - - - - - - -
s30_16 0.0 0.0 3.8 17.5 0.0 -2.0 0.2 0.0 -3.1 -3.6 2.85 54.4 62.1
s30_17 0.0 0.1 4.6 17.5 0.0 -1.8 0.4 0.3 -2.8 -3.4 5.71 52.1 59.0
$30_2_initial - 17.6 0.9 16.1 4.2 - - 64.8
$30_2_1 3.4 16.0 2.1 15.6 3.7 0.0 2.2 2.1 -0.8 -1.3 4.72 51.5 62.1
s30_2_2 3.5 15.7 2.1 15.7 3.6 0.1 2.3 2.1 -0.7 1.3 4.45 51.4 62.0



s$30_2_11
$30_2_12
$30_2_13
$30_2_14
$30_2_15
$30_2_16
$30.2_17

s45_initial
s45_1
$45_2
s45_3
s45_4
s45_5
s$45_6
s45_7
s45_8
s45_9
s45_10
s45_11
$45_12

s 75_initial
s75_1
s75_2
s75_3
s75_4
S75_5
$75_6
s75_7
s75_8
$75_9
s75_10
s75_11
s75_12
$75_13
s75_14
s75_15
s75_16
s75_17

s90_initial
$90_1
$90_2
s90_3
$90_4
s90_5
$90_6
s90_7
$90_8
$90_9
s90_10
s90_11
$90_12
$90_13
$90_14
$90_15
s90_16
$90_17
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3.6 15.3
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0.1 1.0
0.0 0.3
0.0 0.2
0.0 0.0
0.0 0.0
- 15.6
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3.3 14.0
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3.4 13.8
3.1 11.7
1.7 5.9
1.1 4.0
0.4 2.8
0.2 2.7
0.4 2.8
0.1 2.5
0.1 1.2
- 13.5
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3.0 12.2
3.0 11.8
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0.2 3.0
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12.5
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0.1 2.6
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40.9

*ACC .containing 0.6 mol1% Mg
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Table S2: Average Ca,Mg and S (given as SO,) contents in HMC samples from experiment s90
collected after 1 day and 1 year of reaction time based on WDS analysis using data of 100x100
pixel.

Sample Ca (mol%) DEV Mg (mol%) DEV SO, (mol%) DEV
s90_12 91.11 1.50 8.06 0.38 091 0.05
s90_12 91.96 1.09 847 0.34 0.90 0.05
s90_17 88.50 1.23 10.65 0.71 0.87 0.05
s90_17 87.63 0.98 1147 0.62 0.87 0.05

DEV...deviation
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Fig. S1: In situ Raman spectra 3-D plot of experiment s30.
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Fig. S2: Temporal evolution of intensity maximum (I,.,) of the v, vibration band of (CO,),,,, for all
experiments obtained using in situ Raman spectroscopy. The formation of HMC is indicated by
the rapid increase of I, between 8.3 and 12.4 min of reaction time.
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Fig. S3: Stacked XRD diffractograms of experiment s30 within 1 hour of reaction time in

comparison to calcite reference material (dotted line). The main calcite peak (d,..) is displayed in

an enlarged view.
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HMC after 1 hour HMC after 1 year
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Fig. S4: SEM photographs of HMC from experiments in the absence of sulfate and in the presence
of 75 mM sulfate after 1 hourand 1 year of reaction time, respectively.

83



1 hour: radial columns and highly porous
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Fig. S5: EPMA BSE-images of cross sectioned HMC aggregates. A and B show the micro structure
of HMC collected after 1 hourofreactiontime.C and D show the microstructure of HMC collected
after 1 year of reaction time.
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Fig. S6: Evolution of pHas a function of reaction time.
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Fig. S7: Element distribution images of HMC collected after 1 year of reaction time (s90_17).
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ABSTRACT: Amorphous precursors are known to occurinthe early stages of carbonate
mineral formationin both biotic and abiotic environments. Although the Mg content of
amorphous calcium magnesium carbonate (ACMC) is a crucial factor for its temporal
stabilization, to date less is known about its control on ACMC solubility. Therefore,
amorphous CaMg,,CO;nH,0 solidswith 0 < x < 1 and 0.4 < n < 0.8 were synthesized
and dispersed in MgCl,-NaHCO, buffered solutions at 24.5 +0.5 °C. The chemical
evolution of the solution and the precipitate clearly shows aninstantaneous exchange of
ions between ACMC and aqueous solution. The obtained ionactivity product for ACMC
(IAP,c\c =“solubility product”) increases as a functionof its Mg content ((Mg] scye =(1-%) *
100 in mol %) according to the expression: l10g(IAP scyc) = 0.0174 (£0.0013) * [Mg]acne -
6.278 (x0.046) (R? = 0.98), where the 10g(IAP c\c) shift from Ca (-6.28 +0.05) to Mg (-4.54
+0.16) ACMC endmember, canbe explained by the increasing water content and changes
in short-range order, as Ca is substituted by Mg in the ACMC structure. The results of
this study shed light on the factors controlling ACMC solubility and its temporal stability

in aqueous solutions.
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4.1 Introduction

Amorphous calcium carbonate (ACC) is a highly soluble solid phase that commonly
occurs as a precursor of crystalline CaCO, (e.g. calcite,aragonite)in modem biotic and
abiotic precipitation environments. Its (trans)formation has been observed in calcifying
organisms (Aizenberg etal., 2002;Khairounetal., 2002; Weiner and Dove, 2003; Politi et
al., 2004;2010; Sethmann et al., 2006; Jacob etal., 2008; Tao etal., 2009), microbialites
from alkaline lakes (Benzerara et al., 2006; Couradeau et al., 2012), biofilms from hot
springs (Jones and Peng, 2012)and speleothems (Demeny etal., 2016). ACC caninclude
significant amounts of MgCO,, which is known to play a significantrole in its temporal
stabilization (Politi et al., 2010; Couradeau et al., 2012). In this context, the
transformation of amorphous calcium magnesium carbonates (ACMC) into crystalline
Ca-Mg carbonate minerals is of particular interest as it represents an energetically
favorable pathway for high magnesian calcite (Mg calcite) and disordered dolomite
formation (Schmidtetal. 2005; Mavromatis etal., 2012; Rodriuguez-Blanco etal., 2015;
Purgstaller et al., 2016; Yu et al., 2017). However, the impact of Mg on the temporal
stability and transformation behavior of ACMC is not fully elucidated and a systematic
study on the solubility of the ACMC system is still missing.

The earlier experimental work of Brecevié¢ and Nielsen (1989) showed that Mg-free ACC
is significantly more soluble than calcite. These authors also documented anion activity
product of ACC (log(IAP,.); “solubility” of ACC) of -6.39 +0.02 at 25 "C. More recently,
Gebaueret al. (2008) found the solubility of ACC to be lower and reported log(IAP,.)
values of -7.51 and -7.42 for ACC phases with a “calcite-like” and a “vaterite-like” short
range order, respectively. To our knowledge the only published values so far for ACMC
are those obtained inourprevious study (Purgstalleretal., 2016), where we documented
log(IAP,c\c) values ranging from -6.14 to -7.01 for ACMC with< 10 mol%Mg.

In the scope of an energetic study onsynthetic ACMCs, Radha etal.(2012) observed that
ACMCwithlowMg content transforms fasterinto crystalline carbonates than ACMC with
high Mg content under atmospheric conditions. The longer stability of ACMC with
elevated Mg contenthas beenattributed to the strong bond betweenstructural water and
Mgions whichretards the process of dehydration and subsequent phase transformation
(Radhaetal.,, 2012;Linetal.,2015).However,inconsistentdata are available forthe water
contents of ACMC atdistinctMg concentrations (Radhaetal., 2012;Blue and Dove,2015;
Lin et al., 2015). For example, the moles of water per unit formula CaMg, CO, are
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reported to vary from 0.81 to 1.75 for ACMC with45 +2 mol% Mg (Radha etal,2012; Lin
etal., 2015).New findings indicate that the stability of Mg-free ACC under atmospherc
conditions is significantly controlled by the availability of H,O in the transformation
environment. In this regard, Konrad et al. (2016) proposed that H,O molecules are
adsorbed by ACC promotingits transformation into calcite/vaterite via a dissolution and
reprecipitation mechanism. More recently, experimental studies on ACMC
(trans)formation in an aqueous solution suggested that the chemical composition of the
reactive solution (e.g. Mg/Caratio) significantly affects the temporal stability of ACMC
and its subsequent transformation into the final product (Mg calcite, monohydrocalcite
etc.; Blue et al., 2017; Mavromatis et al., 2017a; Purgstaller et al., 2017; Konrad et al.,
2018). However, the exact mechanisms controlling ACMC stability and transformation
behavioris still under debate and further experimental work is needed to describe the
interactionbetween solutions and ACMC phases.

The aim of the present work is to provide an advanced understanding about the
“solubility product” of ACMC as a function of its Mg content in terms of an ion activity
product at chemical steady-state conditions. Therefore, distinct ACMCs (Ca,Mg,..CO,
nH,0; 0 <x<1 and 0.4 <n < 0.8) were synthesized and subsequently dispersed in MgCl.-
NaHCO, buffered solutions in order to assess (i) the elemental exchange of ACMC with
the aqueous phase and (ii) the factors controlling ACMC solubility and its temporal

stability inaqueous solutions.

4.2 Experimental section

4.2.1 Synthesis of Amorphous Calcium Magnesium Carbonates

Amorphous calcium magnesium carbonates with Mg contents ranging from 0 to 100
mol% Mg (hereafter referred to as ACMCs)were synthesized by a previously described
method (Konrad etal., 2016).Briefly, 80 mL of a 250 mM (Ca,Mg)Cl, solution was poured
into a beaker containing 80 mL of a 250 mM Na,CO;solution. The reactionproducts were
immediately separated from solutionbya 0.2 um cellulose filterusing a suctionfiltration
unit. Subsequently, the separated precipitate was washed with ultrapure water (Millipore
Integral 3: 18.2 MQcm™?) and transferred into a freeze dryer (Virtis Benchtop 3L). The
freeze-dried ACMCs were stored in closed vialsin a desiccatorwith silica gel (relative
humidity =3%). In total, 9 synthesis experiments were carried out, where the Mg content
of the (Ca,Mg)Cl, stock solution, [Mg],.... = {{Mgl/(Ca]+[Mg])} * 100, was systematically
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varied between O and 100 mol%(see Table 1). All solutions were prepared by analytical
grade chemicals (CaCl,-2H,0,MgCl,-6H,0 and Na,CO, from Roth) mixed with ultrapure

water.

4.2.2 Experimental Setup for Solubility Study

The chemical composition of the synthesized ACMC solids used for solubility
investigations is shown in Table 1. Experiments were performed at 24.5 +0.5 ‘Cina 100
ml glass reactor containing 50 mL of a 100 mM NaHCO, and 30 mM MgCl, solution,
stirred at 350 rpm. The pH of the solutionwas adjusted to 8.33 +0.03 by the addition of
a 500 mM NaOH solution. At the onset of the experiment, 1.5 g of the synthetic ACMC
sample was introduced into the reactor. The temporal evolution of the mineralogy was
monitored using an in situ Raman probe immersed in the suspension.In orderto follow
the chemical compositionof the solutionand the solid phase,homogeneous sub-samples
of the experimental solution/suspension (1.5 mL) were collected witha pipette at certain
reaction times (Table S1). The solids were separated from the solution by a 0.2 um
cellulose acetate filterusing a suction filtrationunit, washed with ethanol and dried in
anovenat 40 "C.

4.2.3 Solid Phase Characterization

Xray diffraction (XRD) patterns of the synthesized ACMCs (Fig. S1) and of the ACMCs
separated from the experimental solutions during the solubility study (not shown) were
acquired using a PANalytical X Pert Pro diffractometer(Co-Ka radiation) at a 260 range
from 4 to 85" and a scanspeed of 0.03° s'. Thermogravimetric analyses (TGA) of freeze-
dried ACMCs (Fig. S2) were realized using a PerkinElmer STA8000. The samples were
heated from 25 "C to 800 °C at 10 °C/min in the presence of 99.999% N,atmosphere.
Selected synthesized ACMCs were gold coated and imaged (Fig. S3) using a scanning
electron microscope (SEM, ZEISS DSM 982 Gemini). Time-resolved in situ Raman
spectroscopy of the experimental solution/suspension was realized using a Raman
RXN2™analyzer from Kaiser Optical Systems with a Kaiser MR Probe head (quarter-inch
immersion optic) and a 785 nm laser beam. In situ Raman spectra were collected every

60 secinthe 100-1890 cm'regionwitha resolutionof 1 cm™.
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4.2 4 Chemical Composition of the Experimental Solutions and Solids

During the experimental run, the pH of the experimental solutionwas measured with a
SI Analytics Silamid® gel electrode, which was calibrated against NIST buffer stand ard
solutions at pH 4.01 and 7.00. The total alkalinity of the experimental solutions was
measured by a Schott TitroLine alpha plus titrator using a 10 mM HCI solutionwith a
precision of +2%. The aqueous Ca, Mg and Na concentrations of the (Ca,Mg)Cl, stock
solutions, of the experimental solutions and of the solids (digested in 6% HNO ) were
determined using inductively coupled plasma optical emission spectrometry (Perkin
Elmer Optima 8300 DV). The analytical error was <+3% for Ca and Mg analyses and <+5%
for Na analyses.

4.2.5 Aqueous Speciation and Ion Activity Product Calculation

The aqueous speciation of the experimental solutions was calculated at25 °C using the
PHREEQC software together with its minteq.v4 database. For the ionic strength of our
experiments (i.e. 0.17 +0.02 M; Table S2), the calculation of individual ion activity
coefficients for the solute speciesis based on the Davis equation (Allisonet al., 1991;
Appelo and Postma, 2005). The activities (a) of Ca*,Mg* and CO,* ions in solution and
the stoichiometry of the digested CaMg,,CO; - nH,O solids (Where (1-x) = [Mg]cx/100)
were used to calculate ion activity products for the amorphous calcium magnesium
carbonates (IAP,\yc) as a function of experimental time according to equation

IAPacyc = (aCa?*)* (aMg?*)' ™ (ac0$~)(aH, 0)" (1)
In the present solubility experiments, the gH,O values of the experimental solutions

remained constantat0.955 +0.004. Thus, for the calculation of the IAP ¢, the aH,O was

assumed to be unity.
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4.3 Results and discussion

4.3.1 Characterization of synthesized ACMC material

The measured Mg contents of the stock solutions, [Mg] ..., and of the synthesized ACMC
samples, [Mg]cvc, are reported in Table 1 and displayed inFig. 1. The results reveal a
preferential enrichment of the amorphous solid in Ca and are in good agreement with
those of Radha et al. (2012), who synthesized a set of amorphous Ca,Mg,.CO, - nH,O
solidsby batch method using (Ca,Mg)Cl, and Na,CO, solutions (Fig. 1). The preferential
enrichment of the amorphous phase in Ca likely stems from the strong free energy of
hydration of the Mg* ioncompared to Ca*> (Radha etal.,, 2012; Mavromatisetal., 2013).
The strongly hydrated aqueous Mg* is a well-known limitation in the formation of
anhydrous crystalline Ca-Mg-carbonates, suchas Mg calcite, dolomite and magnesite, at
ambient temperatures (I'ommaso and Leeuw, 2010). Instead, hydrous crystalline Mg-
carbonates (e.g. hydromagnesite; Konrad et al., 201 8) and hydrous ACMC phases (Raz et
al., 2000; Loste etal., 2003) tend to precipitate.

Table 1: Chemical Composition of Synthesized ACMCs.

Sample [Mg]stocka [Mg]ACMcb nHZOp.f.C Sample
(mol%) (mol%)  (mol%) Composition
ACC 0 0 044 CaCoO, - 044H,0
ACMC_9 20.1 9.0 049 Ca;yuMg,,CO; - 0.49H,0

ACMC_15 30.3 14.9 0.51 Cayg:Mg,.sCO; - 0.51H,0
ACMC_22 40.1 219 0.53 CaysMg,..CO; - 0.53H.0
ACMC_31 50.1 30.8 0.56 CayeeMg,:CO; - 0.56H,0
ACMC_.39 60.7 394 0.59 CayeMg,:,CO; - 0.59H,0
ACMC_53 72.1 534 0.66 Ca,Mg,5:CO; - 0.66H,0
ACMC_80 89.1 80.0 0.71 Cay,eMg5CO; - 0.71H,0
AMC 100 100 0.79 MgCO,; - 0.79H.0
‘Mg content of the stock solution in mol%. "Mg content of the ACMC

solid in mol%. “moles of water per formula unit CaMg, CO,, where
(1'X) = [Mg]ACMC/ 100.
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Fig. 1: Mg content of the stock solutions, [Mgl,,., versus Mg content of the ACMC pre cipitates,
[Mgl.cve, and respective values reported by Radha et al. (2012). The increase of [Mg],.,c as a
function of [Mg],... of this study canbe described by the equation [Mg],... =-21.03243 +£2.1968*{1-
exp(0.0175 +0.0009 *[Mg],.,.)} (R*=0.99; solid line). Analytical uncertainties are included in the

symbolsize.

Representative Thermogravimetric Analysis (T GA)and Differential Scanning Calorimetry
(DSC) curves of the synthesized ACMCs are presented in Fig. S2 (supplementary
material). The DSC curve of ACC (Ca endmemberof ACMC) shows an endothermic peak
at 120 °C, a sharp exothermic peakat 340 'C and a second endothermic peakat 731 °C
(Fig. S2A). These DSC features have been earlier shown to be associated with the
enthalpies of dehydration, crystallization and decompositionof ACC (Radha etal.,2012;
Schmidtet al., 2014). In contrast to ACC, AMC (Mg endmemberof ACMC) decomposes
without crystallization, as it isindicated by the absence of the sharp exothermic peakin
the DSC curve (Fig. S2F). The weight loss curves of ACC and AMC show two weight loss
steps (Fig. S2A, F), where the first step is due to the loss of structural water and the
second step due to the decomposition of CaCO,and MgCO, to CaO,MgO and CO, (Radha
et al,, 2012; Schmidt et al.,, 2014). After ACC dehydration, the TGA curve achieves a

plateauinheating before CaCO; decomposes to CaO and CO,atnear 600 °C (Fig.S2A).In
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contrast, AMC shows a continuous drop of the TGA curve (without a plateau) for the
same temperature range, whichindicates that AMC dehydration and decomposition may
overlap (Fig. S2F). Based onour TGA data we suggest that AMC decomposition occurs at
around 275 "C,asitisindicated by the inflection point of the weightloss curve (Fig. S2F).
In contrast to the pure endmembers, the ACMCs show multistep weightloss curves (Fig.
S2B-E). These trends are in accordance with the findings of Radha et al. (2012), who
associated these features with multistep carbonate decompositioncaused by (i) aninitial
heterogeneous amorphous material or (ii) thermally induced phase segregation during
the heating process.

The water contents of the synthetic ACMCs were calculated from the weight losses
between 25 and 275 °C. Above this temperature, mass loss might occur due to the
decompositionof MgCO,to MgO, as it is suggested by the TGA curve of AMC (Fig. S2F).
The moles of water perunit formula CaMg, .CO;(nH,0,;)determined by thermal analyses
vary between 0.4 for ACC and 0.8 forAMC (Table 1,Fig. 2). Asit canbe seeninFig. 2, the
water content determined for ACC is in excellent agreement with those reported by
Schmidtetal.(2014)and Konrad etal.(2016). Overall, thermal analyses revealed a linear
correlationbetween the nH,O,; and the [Mg] .. according to the equation

nH,0,; = 0.0034 +0.0002 [Mg] scuc +0.4574 £0.0124 (2)

where R? = 0.99. Previous experimental work documented significantly higher nH,O,;
values for ACMCs (Fig. 2; Radha etal., 2012). These differences probably originate from
different drying methods (freeze-dryer versus vacuum oven). In the study of Radha et al.
(2012), the loosely bound physisorbed H,O on the ACMC particles were probably not
completely removed by the vacuum oven prior to thermogravimetric analyses. However,
our findings are in good agreement with the results of Lin et al. (2015), who reported
nH,0,;. values of 0.6,0.8 and 0.9 for ACMC with 17,44 and 100 mol% Mg (Fig. 2). In the
latter case, the synthesized ACMC samples were washed with ethanol and lyophilized
prior to TGA-analysis.

Earlier models on the structure of Mg-free ACC suggested the presence of partially
mobile waterin the amorphous phase (Nebeletal., 2008;Ihli etal.,2014).Inthis context,
ACC has been described to consist of a porous Ca-framework with interconnected
channels formed by water molecules and carbonate ions, allowing water mobility to a
certain extent (Goodwinetal., 2010). More recently, Jensen et al. (2018) has shown that
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water molecules are mainly coordinated to Ca and carbonate ions and less frequently to
other water molecules, ruling out the scenario of hydrogen-bonded networks. This is
consistent with the NMR-results of Linetal.(2015)who concluded that the coordination
shell of Mg in ACMC contains atleast one water molecule.Indeed, in the present study,
the nH,O,;. increases as a function of the Mg content (Fig. 2), indicating that partially
hydrated Mg is incorporated into the amorphous solid. Our obtained results however
suggestthat the nH,O,; valuesfor ACMC are significantly lowerthan previously reported
(Radhaetal., 2012;Blue and Dove, 2015).
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Fig. 2: Mg content of ACMC, [Mg],c.c, versus the moles of water per unit formula Ca Mg, . CO,,
nHO,,, from synthesis experiments conducted in the present study and from literature.
Analytical uncertainties are included in the symbolsize.
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4.3.2 Exchange of ions between ACMC and aqueous solution

After the synthesized ACMCs were dispersed inthe MgCl,-NaHCO; buffered solutions,
the collected in situ Raman spectra of the suspensions revealed the presence of a broad
CO,* symmetric stretch (v,;band) of ACMCat1080- 1098 cm™ (e.g. experiments ACMC_9
and ACMC_53 inFig. 3). The v, band shows systematic shifts in peak position(Table 2)
and peak broadening due to different Mg contents of the ACMCs. These features arise
from changes in the metal-oxygen bond length due to the presence of shorter Mg-O
bonds compared to those of Ca-O in the amorphous solid (Wang et al., 2012; Purgstaller
etal., 2016). The intensities of the v, bands of the ACMC phases remained constant for
experimental times ranging from 5 to 85 min (referred to as Time,.,inTable 2). After
this time interval the v, bands of the ACMCs decreased in intensity, while the v, bands
of crystalline hydrous and/or anhydrous Ca-Mg carbonates (Mg calcite,
monohydrocalcite and/or nesquehonite) evolved (not shown here). Thus, Time,..
denotes the time interval in which the ACMC was stable in the experimental solution
(Table 2). Note that, the in situ Raman observations were confirmed by ex situ XRD
analyses of the collected solid samples.

Although, Time,.increased as a function of the Mg content in experiments conducted
with ACMCs containing < 22 mol% Mg, a reverse trend was obtained in experiments with
ACMCs containing > 22 mol% (Table 2). These observations imply that the temporal
stability of ACMC in a solutionis not strictly controlled by its primary Mg content. In
contrast, the obtained data revealed changes in the chemical composition of the reacting
ACMC and the experimental solution which might play a crucial role in the temporal
stabilization of the precursor phase and its subsequent transformation into distinct

crystalline calcium magnesium carbonates.
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Fig. 3: 3D plots of in situ Raman spe ctra showing the temporal evolutionof the v, band of ACMC
for the experiments conducted with ACMC_9 (A) and ACMC_53 (B). The Raman bands at 1067 cm
'and 1017 cm® correspond to aqueous CO3* and HC O3, respectively.

The chemical composition of the experimental solutions and solids collected during
Time,.\w canbe found in Table S1.Exemplarily, the temporal evolution of the chemical
composition of the solutions and solids in experiments conducted with ACMC_53 (53
mol%Mg) and with ACMC_9 (9 mol%Mg)isillustrated in Fig.4A-C. The obtained results
documented a significant change in the chemical composition of the solids and
experimental solutions within about 10 sec after the ACMCs were dispersed into the
MgCl,-NaHCO, solutions. In each experiment, chemical steady state conditions were
attained ata reactiontime of about2 min (Fig.4A-C; Table S1).The fastreactionbetween
the amorphous solid and the solutioncan be explained by the nano-porous structured
ACMC material consisting of large and highly reactive surface areas (Fig.S3). The shifts
in pH and alkalinity of the MgCl,-NaHCO, buffered solutionincrease withincreasing Mg
content of the synthesized ACMCs (Fig. 4D). For example, dispersion of ACMC with 9
mol% Mg (ACMC_9)yieldsa slight shift in pH and alkalinity from 8.3 to 8.5 and 104 to
107 mM, respectively, whereas for ACMCwith 53 mol %$Mg (ACMC_53) a significant shift
in pH to 9.1 and alkalinity to 143 mM was observed (Fig. 4A-B). This indicates that for
attainment of chemical equilibrium between solid and solution, larger amounts of ACMC
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are required to dissolve in the experiment with ACMC_53 (53 mol% Mg) compared to the
experiment conducted with ACMC_9 (9 mol% Mg).

The results revealed two distinctive trends of Mg and Ca exchange between ACMCs and
the solution, depending on the Mg concentrations of synthesized ACMCs: (i) in
experiments conducted with ACMCs containing < 15 mol% Mg a net release of Ca into
the solution together with an uptake of Mg from the solutioninto the solid is observed,
which results in ACMCs with slightly higher Mg contents compared to the synthesized
ACMC (e.g. ACMC_9inFig.4B-C; Table S1).(ii) In contrast, in experiments conducted with
ACMCs containing > 20 mol% Mg a net release of Mg into the experimental solution and
lower [Mg] ,cvc Values compared to the synthesized ACMCs were observed (e.g. ACMC_53
in Fig. 4B-C; Table S1). These observations suggest a dynamic exchange of Me* (Ca* and
Mg )ions between the amorphous solid and the experimental solution. It is likely that
the total availability of Me* (Ca* and Mg*)and CO.*ionsin the prevailing solutionaffects
the formation of distinct crystalline calcium magnesium carbonates and the temporal
stability of the ACMC precursorin solution. Evidence for that also comes from a recent
study on ACC transformation, showing prolonged stability of Mg-free ACC of up to ~11
hours in high concentrated MgCl, solutions (up to 1000 mM; Konrad et al., 2018).1t was
concluded that strong aquocomplex formation of the dissolved carbonate molecule with
Mg* ions retarded mineral formation and increased the stability of ACC in solution
(Konrad etal., 2018).
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Fig. 4: Temporal evolution of (A) pH and alkalinity concentration, (B) aqueous Ca and Mg
concentration of the experimental solution, [Ca],, and [Mg],,, and (C) Mg content of ACMC solid,
[Mgl.cne, after synthesized ACMC solids were dispersed into the MgCl,-NaHCO, solutions.
Exemplarily the data for ACMC_53 and ACMC_9 are shown, where the experimental solution
achieves constant chemical composition after 2 min of reaction time. Note that chemical data
obtained at > 2 min were used for estimating the ion activity products of the distinct ACMCs
according to eq. 1 (Table 2). (D) Average alkalinity concentration versus pH values of the
experimental solution at chemical steady state conditions (> 2 min, see Table S2). The shifts in
pH and alkalinity increase with increasing [Mg],cuc-
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4.3.3 Solubility Approach

The experimental solution in all experimental runs achieved chemical steady state
conditions after 2 min of reaction time. These conditions remained steady during the
time interval in which solid analyses (Raman spectra and XRD pattern) documented the
stability of ACMC in the aqueous phase (Time,.. in Table 2). Thus, speciation
calculations were performed atreaction times >2 min and < Time .. The input data for
speciation calculations using PHREEQC modeling and selected output data are
summarized in Table S2. The results showed that the experimental solutions exhibit
internal partial pressures of CO, ranging from 10'¢ to 10> atmospheres (See Pcoay in
Table S2). As such, the p.,, pressure of the experimental solutions is higher compared to
the atmosphere and thus CO, is likely degassing from the experimental solutions.
However, in context of the present study, samples of the suspensions were collected
during a short time interval (< 45 min) in which pco., PH and alkalinity values were
monitored to be constant within the analytical precision(Table S2). Thus, the obtained
activities of Ca*,Mg* and CO,* ions of the solutionand the ACMC stoichiometry at the
givenreaction time were used to calculate individual IAP, (solubility) values according
to eq. 1 (Table S2). The average 10g(IAP ) values are listed in Table 2 and plotted in Fig.
5 as a function of the Mg content of the ACMC. Note here that the average Mg content
of the ACMC solid at chemical steady state conditions (after Ca and Mg ion exchange)
was used for IAP,.,c calculations (Table 2) and was plotted in Fig. 5. The results cleady
show that the solubility of ACMC increases as a function of the Mg content (Fig. 5). The
linearfit of the 1og(IAP,.\) values obtained in the context of the present study is in good
agreement with the log(IAP)value for ACC documented by Brecevic and Nielsen (1989),
while the solubility products for ACCs reported by Gebaueretal. (2008) are significantly
smaller. The obtained log(IAP ) values of -6.19 +0.02 and -6.13 +0.02 for ACMCs with
2 and 10 mol% Mg, respectively,lay within the range of -6.14 +0.04 for the low-Mg ACMC
reported by Purgstaller et al. (2016). In this respect, it has to be noted that the solids
collected in the present experiments were filtered through 0.2 pym membranes. Although
the separationyields aggregated spherical nano-particles (see Fig. S4) and the solutions
were visibly clear after filtration, the presence of ACMC individuals in the filtered
solutions cannotbe completely ruled out at this stage. Partially remaining ACMC in the
solutionwould slightly increase the measured ion concentrations. However, the linear fit
of the herein obtained log(IAP ) valuesisin good agreement with the 1og(IAP ) value
from Brecevi¢ and Nielsen(1989), who determined the solubility of ACC by titration of
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water into the suspensionwithout physical separation of the solid phase,indicating the
effectof ACMC individuals in the filtered solutions to be negligibly small. The po sitive
correlationbetween the 10g(IAP,yc) and [Mg].cuc Values obtained from this study, from
Brecevi¢ and Nielsen (1989) and Purgstaller et al. (2016) can be described by the

expression:

10g(IAP i) =0.0174 £0.001 3 *[Mg] somc - 6.278 £0.046 3)

where R2? = 0.98. Note here that the calculation of the IAP,.\ values is based on the
assumption that the ACMCs are amorphous Ca-Mg carbonate solid-solutions. However;
a previous study on synthetic ACMCs by Radha et al. (2012) points towards a phase
separation of ACMC solids with>47 mol%Mg.Ithas been suggested that ACMC with >47
mol% are composed by a mixture of a material nearly pure AMC with a material nearly
50 mol% Mg. However, such heterogeneity may also be induced during the heating of the
ACMC solids during thermogravimetric analyses (thermally driven MgCO; segregation;
Radhaetal, 2012).More recently, the *C-NMR measurements on ACMCs by Yang et al.
(2016) showed two types of carbonate ions in synthetic ACMC solids, whose short-range
orders are identical to those of ACC and AMC.Based onthese observations, Yang et al.
(2016) suggested that the ACMC solids comprise a homogeneous mixture of the nano-
clusters of ACC and AMC. In order to test the validity of the Ca-Mg carbonate solid-
solution system, we calculated the IAP values of the experimental solutions at chemical
steady state conditions with respect to the endmembers ACC and AMC according to the
equations IAP,. = (aCa*)-(@C0O,*) and IAP, = (@Mg*)-(aCO?), respectively. As the Mg
content of the solid increasesfrom?2 to 78 mol% Mg, the 10g(IAP ) and 10g(IAP..) values
change from -5.4 to -4.5 and -6.2 to -6.5, respectively.If the ACMCs consist of an ideal
two phase mixture of ACC and AMC, we would expect constant log(IAP .. and 10g(IAP )
in all experiments, irrespective of the Mg content of the solid initially introduced into
the reactor. As such, the presence of discrete AMC and ACC phases in the ACMC solid
can be excluded. In contrast, the obtained linear correlation between the average
log(IAP ) and [Mg].cvc Values (see Fig.5) points toward the presence of an homogeneous
single phase in each experimental run.
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Table 2: Summary of in situRaman results and calculated ion activity pro duct values of solubility

experiments
Ramanv, Time,® [Mgliovcat
Sample _ log(aCO,*),,* log(aCa*),* log(@aMg*).,* 10gUIAPcuch
Band? (min) (mol%)
(cm)

ACC 1080 +1 15 22 +0.2 -3.14+0.01 -3.08+0.03 -2.25+0.02 -6.20=+0.02
ACMC_9 1082 +1 24 10.5+0.2 -3.01 £0.02 -3.22+0.03 -2.23+0.01 -6.13+0.02
ACMC_15 10831 54 158+0.3 -2.91+0.01 -3.31+0.04 -2.21+0.01 -6.04+0.03
ACMC_22 1084 +1 85 21.2+0.7 -2.87+0.03 -3.38+0.05 -2.20+0.03 -6.00+0.03
ACMC_31 1085=1 64 293 1.6 -2.67+0.02 -3.54+0.08 -2.18+0.05 -5.81+0.07
ACMC_39 1086 =1 51 37405 -258+0.02 -3.68+0.06 -2.21+0.06 -5.71=+0.03
ACMC_53 1088 =1 20 51.3+0.6 -2.51+0.02 -3.78+0.05 -2.12+0.01 -5.43+0.02
ACMC_80 1095=+1 9 785+04 -239+0.03 -4.10+0.10 -2.14+0.01 -4.96+0.01

AMC 1098 +1 5 100 -2.30+0.01 - -2.12+0.01 -4.42+0.01

“‘Raman v, peak positions of ACMC solids dispersed in the MgCl,-NaHC O, buffered solutions. "Time
interval in which ACMC was stable in the experimental solution. ‘Average Mg content of the ACMC
solid at chemical steady state conditions (used for IAP, .. calculation). “Average activities of CO,*
, Ca** and Mg* ions in the experimental solution at chemical steady state conditions (used for
IAP, ., calculation). c‘Average ion activity product for ACMC calculated according to eq. 1. Note
that the input data for speciation calculations and selected output data are listed in Table S2.

It is also worth pointing out that the *C-NMR measurements on ACMCs by Yang et al.
(2016)indicated the existence of bicarbonate species embedded in the matrix formed by
ACC and AMC.Moreover,based onthe Mg isotope composition of Mg-ACCs, Mavromatis
etal. (2017b) suggested that during the very fast precipitation of the amorphous phase
from a highly supersaturated solution, MgHCO,* and MgCO,°’ species might be directly
incorporated into the precipitating solid together with Mg(H,O),>. If this holds true, the
activities of Ca and Mg carbonate species have to be considered in the calculation of the
IAP,.\ values. For this purpose, however, a more detailed characterization of the
structure of ACMC is required, which should be in the focus of future studies.

Although the solubility of ACC is about two orders of magnitude higher than that of
calcite, the dependence of IAP,., on the Mg content of the solid (Fig. 5) is somehow
similar to that observed for the Mg calcite system (Busenberg and Plummer, 1989).
Indeed, experimental work conducted during the last 3 decades documents an overall
increase in solubility of Mg-bearing calcites with increasing Mg content (Bischoff et al.,

1987;1993; Busenberg and Plummer, 1989). Note, that significant discrepancies exist
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betweenreported solubility values of Mg calcites, which were attributed to differences
in mineral source and structure (biogenic or synthetic solids) as well as different
experimental setups (Bischoff etal., 1987; 1993; Busenberg and Plummer, 1989). The
change in calcite solubility as Mg is incorporated inits structure can likely be attributed
to the distortion of the octahedral site in calcite. The substitution of Ca by Mg in the
calcite structure results in a decrease of interatomic metal-O distances and shortening
of the c-axis (Althoff, 1977; Bischoff et al., 1985). Consequently, Ca, C and O atoms
exhibit large thermal motions which cause periodic stretching and weakening of the
bondsinthe structure (Althoff, 1977).

In contrast to the crystalline Ca-Mg carbonate system, amorphous carbonates exhibit no
orderbeyond 1.5 nm (Michel etal., 2008; Wang et al., 2012). In situ Raman results from
the present work and from previous studies (Wang et al.,, 2012; Demeény et al., 2016)
however showed that the substitution of Ca* by Mg* changes the average metal-oxygen
bond lengths in the amorphous phase, which might change its short-range order and
solubility. Moreover, the linear relationship between the IAP ..y and [Mg].cvc values (Fig.
1) as well as of the [Mg],.w and nH,O,; values (Fig. 2) suggests that the increase in
solubility of ACMC as a functionof the Mg content is attributed to the increasing water
contentin the structure of ACMC. A similarbehaviorhas beenobserved for the hydrated
crystalline Mg-carbonate system, where the more hydrated lansfordite MgCO,-5H,0)
exhibits a higher solubility than the less hydrated nesquehonite MgCO,- 3H,0)at 25 °C
(Marion, 2001).
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Fig. 5: Average Mg content of ACMC, [Mg],c.c ., Versus the average ion activity product of ACMC,
log(IAP, ¢\ ). (re sembling the solubility product of the ACMC phase), calculated according to eq. 1
at chemical steady state conditions (see values in Table 2). The log(IAP,.,.) values for Mg-free ACC
are taken from Bre ¢evi¢ and Nielsen (1989) and Gebauer et al. (2008), while those for ACMC with
<10 mol% Mg are taken from Purgstaller et al (2016). The analytical uncertainties are included in
the symbolsize.

4.4 Conclusions

The experimental results indicated a fast exchange of ions between the synthesized
amorphous ACMC solids and the aqueous solutions, which is likely stimulated by the
large surface area of the nano-porous ACMC solid. Chemical steady state conditions
between ACMC and corresponding solution were reached within 2 min of reaction time.
The calculated ionactivity products documented that the solubility of ACMC increases
as a function of the Mg content. This feature is probably linked to the increasing water
content and changes in short-range order, as Ca is substituted by Mg in the ACMC
structure. Overall, the results reveal a high sensitivity of the ACMC phase in respectto

the chemical composition (e.g. magnesium concentration) of the aqueous environment.
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The exchange of ions between the amorphous solid and the solution causes changes in
the chemical composition of the solution (e.g. pH and alkalinity) and that of the solid
(e.g. Mg content). This ion exchange probably affects the temporal stability of the
amorphous precursor in solution and its subsequent transformation into distinct
crystalline calcium magnesium carbonates. Essentially, our findings suggest that the Mg
content of ACMC is not the governing parameter for its temporal stability in solution. In
contrast, the chemical compositionof both the solutionand the amorphous solid, have
to be taken into account as a potential parameter controlling ACMC stability and
transformation behavior. For example,ina closed system the chemistry of the fluid (e.g.
calcifying fluid in the biomineralization space) would influence the temporal stability of
the amorphous precursor and its transformation pathway to the final crystalline

carbonate mineral.
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4.5 Supplementary material

Table S1: Chemical composition of experimental solutions and solids of solubility experiments.
Sample: synthetic ACMC sample used for solubility experiments (see Table 1); Time: reaction time
during the experimental run; pH pH of the experimental solution; Alkalinity: alkalinity
concentration of the experimental solution; [Cal,, [Mgl., [Nal,; measured Ca, Mg and Na
concentration of the experimental solution; [Mg],...: Mg content of the ACMC solid; IAP,,.: ion
activity product of the experimental solution calculated according to eq. 1.

Sample  Time pH Alkalinity [Cal., [Mg]., [Nal,, Mgl cne
min mM mM mM mM mol1%
ACC 0 830 104.2 0 28.6 99.3 0
0.2 8.37 106.1 4.6 24.9 96.8 1.8
2.3 8.41 105.0 4.9 26.4 105.1 2.1
4.4 8.40 105.7 4.8 25.9 103.8 2.1
6.4 8.40 104.6 4.9 25.8 103.4 2.2
8.7 8.40 105.4 4.6 25.0 99.4 2.3
12.5 8.41 104.4 45 25.1 102.7 2.3
ACMC_9 0 8.32 103.6 0 29.3 101.4 9.1
0.2 8.47 105.6 3.9 27.8 100.7 10.4
2.2 8.54 107.5 3.7 28.7 104.3 10.4
4.6 8.54 106.8 3.7 28.0 103.3 10.4
11.9 8.55 107.6 3.6 28.1 103.9 10.4
16.1 8.56 106.1 3.7 28.3 103.8 10.6
22.3 8.57 107.1 3.5 27.7 104.1 10.6
ACMC_15 0 8.40 103.5 0 30.2 103.6 149
0.2 8.64 112.3 4.0 30.6 102.0 15.7
1.7 8.66 111.2 3.5 30.7 101.6 15.7
4.1 8.66 111.7 3.3 30.3 102.3 15.8
6.3 8.66 110.8 3.3 30.9 104.2 15.5
9.8 8.67 108.9 3.2 30.7 104.2 15.7
14.0 8.67 108.8 3.1 30.3 101.4 15.8
21.2 8.67 108.8 3.0 29.8 101.9 16.0
28.4 8.68 108.8 3.0 30.1 102.7 16.0
35.7 8.69 109.8 3.1 30.4 103.6 15.9
ACMC_22 0 833 1033 0.0 25.6 99.0 21.9
0.2 8.60 140.9 2.5 31.0 - 21.5
4.6 8.66 115.9 29 32.0 98.4 21.2
7.8 8.67 115.9 29 30.8 97.8 20.8
12.1 8.68 116.5 2.7 31.1 98.5 21.0
17.9 8.69 115.0 29 32.7 98.1 21.9
27.5 8.70 116.3 2.6 30.4 97.4 21.3
447 8.71 115.3 2.7 32.3 103.7 21.2
ACMC_31 0.0 8.32 104.8 0 27.0 106.7 30.8
0.2 8.43 124.5 2.5 35.9 106.5 29.4
2.0 8.89 126.9 2.5 36.0 103.0 30.4
4.0 8.91 128.1 2.0 34.2 101.3 29.0
6.1 8.92 124.9 2.1 36.2 104.9 28.2
8.8 8.92 128.4 2.2 37.3 105.6 29.2
11.9 8.93 128.4 2.3 40.1 102.1 30.6
14.2 8.94 129.8 2.5 39.4 103.8 29.3
18.6 8.94 125.3 2.5 40.4 106.6 28.9
35.7 8.95 124.5 2.1 38.7 102.5 28.9
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ACMC_39 0 8.32 104.7 0 28.8 101.5 39.4
0.2 8.87 125.1 2.3 39.1 101.9 38.2

5.2 9.01 133.6 2.0 40.8 102.2 37.2

8.2 9.02 133.7 1.8 39.9 102.2 37.4

11.3 9.02 132.8 1.8 35.5 102.7 37.7

14.9 9.02 132.9 1.7 35.2 102.7 37.2

19.1 9.02 131.8 1.7 36.4 101.7 37.7

39.1 9.02 133.2 1.8 37.6 102.0 37.1

ACMC_53 0 8.32 103.1 0 30.7 102.9 53.4
0.2 8.95 140.5 2.1 47.3 104.7 51.8

1.7 9.11 141.7 1.6 47.9 101.5 51.2

3.9 9.14 143.3 1.6 49.4 103.7 51.2

5.7 9.14 143.8 1.6 49.9 104.6 51.4

10.4 9.15 143.9 1.5 49.1 103.7 50.9

13.5 9.16 144.1 1.5 48.5 101.8 50.4

18.6 9.16 143.3 1.5 48.5 103.5 51.6

ACMC_80 0.0 8.33 104.0 0.0 28.3 100.9 79.5
0.2 9.01 154.7 1.4 48.6 98.4 78.6

1.8 9.23 1594 1.0 51.5 99.8 78.3

3.9 9.25 162.0 0.9 52.2 100.5 78.5

5.7 9.26 160.6 0.8 52.1 100.2 78.4

7.8 9.27 161.4 0.8 51.8 100.1 78.8

AMC 0 8.33 103.1 0 28.5 102.7 100
0.2 9.31 189.4 0 67.78 102.3 100

1.9 9.39 181.4 0 61.6 100.1 100

3.8 9.39 175.7 0 59.8 102.4 100
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Table S2: Input data for PhreeqC calculations and selected output data of experimental solutions at chemical steady state conditions (>
2 min). Sample: synthe tic ACMC sample used for solubility experiments (see Table 1); Time: reaction time during the experimental run;
Alkalinity: alkalinity concentration; [Cal],,, [Mg].., [Na],.;; measured Ca, Mg and Na concentration; [C]],,: Cl concentration given by the MgCL
added in the initial experimental solution ([Cl],, = 2* initial [Mg].,; see Table 1); L ionic strength; charge: electrical charge balance; %Err:
percentage errorbased on the charge imbalance (100*(Cat-An)/(Cat+An)); Pco.: logarithm of internal CO, partial pressure;log(aCO.*),
log(aCa*),log(aCa*): activities of Ca*, Mg* and CO,* ions; [Mg],...: Mg content of the sampled ACMC solid; IAP,,.: ion activity product of

the experimental solution calculated according to eq. 1.

Sample Time pH Alk. [Cal, [Mgl. [Nal, [Cl], I charge  %Er  peopw  10g@@CO,*)  log@Ca*)  log@Mg®)  [Mglieme  108UAP,cuc)

min mM mM mM mM mM mol%

ACC 2.3 8.41 105.0 4.9 26.4 105.1 57.1 0.17 5.6E-03 1.9 -1.81 -3.14 -3.07 -2.24 2.1 -6.19

4.4 8.40 105.7 4.8 25.9 103.8 57.1 0.17 2.4E-03 0.8 -1.79 -3.14 -3.08 -2.24 2.1 -6.20

6.4 8.40 104.6 4.9 25.8 103.4 57.1 0.17 3.1E-03 1.1 -1.80 -3.15 -3.07 -2.24 2.2 -6.20

8.7 8.40 105.4 4.6 25.0 99.4 57.1 0.16 -3.9E-03 -1.4 -1.79 -3.14 -3.09 -2.26 2.3 -6.21

12.5 8.41 104.4 4.5 25.1 102.7 57.1 0.17 4.0E-04 0.1 -1.81 -3.14 -3.10 -2.26 2.3 -6.22

Average - 8.40 105.0 4.7 25.6 102.9 57.1 0.17 - - -1.80 -3.14 -3.08 -2.25 2.2 -6.20

+20 - +0.01 +1.1 +0.04 +1.2 +4.3 - +0.01 - - +0.02 +0.01 +0.03 +0.02 +0.2 +0.02

ACMC_9 2.2 8.54 107.5 3.7 28.7 104.3 58.6 0.17 3.0E-03 1.0 -1.95 -3.02 -3.21 -2.22 10.4 -6.13

4.6 8.54 106.8 3.7 28.0 103.3 58.6 0.17 1.3E-03 04 -1.95 -3.02 -3.21 -2.23 10.4 -6.13

11.9 8.55 107.6 3.6 28.1 103.9 58.6 0.17 1.1E-03 0.4 -1.96 -3.01 -3.23 -2.23 10.4 -6.14

16.1 8.56 106.1 3.7 28.3 103.8 58.6 0.17 3.1E-03 1.1 -1.98 -3.01 -3.21 -2.22 10.6 -6.11

22.3 8.57 107.1 3.5 27.7 104.1 58.6 0.17 8.0E-04 0.3 -1.99 -2.99 -3.24 -2.23 10.6 -6.12

Average - 8.55 107.0 3.6 28.2 103.9 58.6 0.17 - - -1.97 -3.01 -3.22 -2.23 10.5 -6.13

+28 - +0.03 +1.2 +0.2 +0.7  +0.8 - - - - +0.04 +0.02 +0.03 +0.01 +0.2 +0.02

ACMC_15 1.7 8.66 111.2 3.5 30.7 101.6 60.3 0.17 -1.5E-03 -0.5 -2.08 -2.91 -3.27 -2.21 15.7 -6.01

4.1 8.66 111.7 3.3 30.3 102.3 60.3 0.17 -2.5E-03 -0.9 -2.08 -2.91 -3.29 -2.21 15.8 -6.03

6.3 8.66 110.8 3.3 30.9 104.2 60.3 0.17 1.5E-03 0.5 -2.08 -2.91 -3.29 -2.20 15.5 -6.03

9.8 8.67 108.9 3.2 30.7 104.2 60.3 0.17 2.8E-03 1.0 -2.10 -2.91 -3.30 -2.20 15.7 -6.04

14.0 8.67 108.8 3.1 30.3 101.4 60.3 0.17 -9.0E-04 -0.3 -2.10 -2.91 -3.32 -2.21 15.8 -6.06

21.2 8.67 108.8 3.0 29.8 101.9 60.3 0.17 -1.6E-03 -0.6 -2.10 -2.91 -3.33 -2.22 16.0 -6.06

28.4 8.68 108.8 3.0 30.1 102.7 60.3 0.17 -2.0E-04 -0.1 -2.11 -2.90 -3.33 -2.21 16.0 -6.05

35.7 8.69 109.8 3.1 30.4 102.4 60.3 0.17 -7.0E-04 -0.2 -2.12 -2.89 -3.32 -2.21 15.9 -6.03

Average - 8.67 109.9 3.2 304 102.6 60.3 0.17 - - -2.10 -2.91 -3.31 -2.21 15.8 -6.04

+20 - +0.02 +2.4 +0.3 +0.7 2.2 — - — - +0.03 +0.01 +0.04 +0.01 +0.3 +0.03

ACMC_22 4.6 8.66 115.9 2.9 32.0 98.4 51.2 0.17 1.1E-03 0.4 -2.06 -2.89 -3.36 -2.19 21.2 -6.00

7.8 8.67 115.9 2.9 30.8 97.8 51.2 0.16 -1.9E-03 -0.7 -2.07 -2.88 -3.36 -2.21 20.8 -6.00

12.1 8.68 116.5 2.7 31.1 98.5 51.2 0.17 -1.6E-03 -0.6 -2.08 -2.87 -3.39 -2.21 21.0 -6.01

17.9 8.69 115.0 2.9 32.7 98.1 51.2 0.17 3.1E-03 1.1 -2.10 -2.87 -3.36 -2.19 21.9 -5.97

27.5 8.70 116.3 2.6 30.4 97.4 51.2 0.16 -4.1E-03 -1.5 -2.10 -2.85 -3.42 -2.22 21.3 -6.01

44.7 8.71 115.3 2.7 32.3 103.7 51.2 0.17 7.2E-03 2.5 -2.13 -2.85 -3.40 -2.20 21.2 -6.00

Average - 8.69 115.8 2.8 31.6 99.0 51.2 0.17 - - -2.09 -2.87 -3.38 -2.20 21.2 -6.00

+28 - +0.04 +1.1 +0.3 +1.8 +4.7 - +0.01 - - +0.05 +0.03 +0.05 +0.02 +0.7 +0.03
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ACMC_31 2.0 8.89 126.9 2.5 36.0 103.0 54.0 0.17 1.0E-03 0.3 -2.32 -2.69 -3.49 -2.19 30.4 -5.79
4.0 8.91 128.1 2.0 34.2 101.3 54.0 0.17 -4.1E-03 -1.4 -2.33 -2.66 -3.60 -2.22 29.0 -5.86

6.1 8.92 124.9 2.1 36.2 104.9 54.0 0.17 -2.2E-04 -0.1 -2.36 -2.67 -3.57 -2.19 28.2 -5.85

8.8 8.92 128.4 2.2 37.3 105.6 54.0 0.17 3.8E-04 0.1 -2.35 -2.66 -3.56 -2.18 29.2 -5.82

11.9 8.93 128.4 2.3 40.1 102.1 54.0 0.18 9.1E-03 3.1 -2.38 -2.67 -3.53 -2.15 30.6 -5.78

14.2 8.94 129.8 2.5 394 103.8 54.0 0.17 2.5E-03 0.9 -2.38 -2.65 -3.50 -2.16 29.3 -5.76

18.6 8.94 125.3 2.5 40.4 106.6 54.0 0.17 9.6E-03 3.3 -2.40 -2.67 -3.49 -2.14 28.9 -5.77

35.7 8.96 124.5 2.1 38.7 102.5 54.0 0.17 2.2E-03 0.8 -2.42 -2.65 -3.57 -2.17 28.9 -5.82

Average - 8.93 127.0 2.3 37.8 103.7 54 0.17 - - -2.37 -2.67 -3.54 -2.18 29.3 -5.81
+28 - +0.04 +3.9 +0.4 +4.4  +3.7 - +0.01 - - +0.07 +0.03 +0.08 +0.05 +1.6 +0.07
ACMC_39 5.2 9.01 133.6 2.0 40.8 102.2 57.6 0.18 -3.4E-03 -1.2 -2.47 -2.59 -3.63 -2.17 37.2 -5.68
8.2 9.02 133.7 1.8 39.9 102.2 57.6 0.18 -5.7E-03 -2.0 -2.47 -2.58 -3.68 -2.18 37.4 -5.70

11.3 9.02 132.8 1.8 35.5 102.7 57.6 0.17 -1.3E-02 -4.5 -2.46 -2.57 -3.68 -2.24 37.7 -5.71

14.9 9.02 132.9 1.7 35.2 102.7 57.6 0.17 -1.4E-02 -4.8 -2.46 -2.57 -3.71 -2.24 37.2 -5.73

19.1 9.02 131.8 1.7 36.4 101.7 57.6 0.17 -1.2E-02 -4.0 -2.47 -2.58 -3.70 -2.22 37.7 -5.72

39.1 9.02 133.2 1.8 37.6 102.0 57.6 0.17 -1.0E-02 -3.4 -2.47 -2.58 -3.68 -2.21 37.1 -5.72

Average - 9.02 133.0 1.8 37.6 102.3 57.6 0.17 - - -2.47 -2.58 -3.68 -2.21 37.4 -5.71
+26 - +0.01 +1.4 +0.2 +4.7 +0.8 - +0.01 - - 0.01 0.02 0.06 0.06 +0.5 +0.04
ACMC_53 1.7 9.11 141.7 1.6 479 101.5 61.3 0.18 -2.5E-03 -0.8 -2.60 -2.53 -3.75 -2.12 51.2 -5.44
3.9 9.14 143.3 1.6 494 103.7 61.3 0.19 1.1E-03 0.4 -2.64 -2.51 -3.76 -2.11 51.2 -5.43

5.7 9.14 143.8 1.6 499 104.6 61.3 0.19 2.5E-03 0.8 -2.64 -2.51 -3.76 -2.11 51.4 -5.42

10.4 9.15 144.3 1.5 49,5 103.7 61.3 0.19 1.0E-04 0.0 -2.65 -2.50 -3.80 -2.12 51.7 -5.43

13.5 9.15 143.9 1.5 49.1 101.8 61.3 0.18 -2.2E-03 -0.7 -2.65 -2.50 -3.80 -2.12 50.9 -5.45

18.6 9.16 143.3 1.5 48.5 103.5 61.3 0.18 -1.1E-03 -0.4 -2.66 -2.49 -3.80 -2.13 51.6 -5.43

Average - 9.14 143.4 1.6 49.1 103.1 61.3 0.19 - - -2.64 -2.51 -3.78 -2.12 51.3 -5.43
+26 - +0.03 +1.8 +0.1 +1.5 +2.4 - +0.01 - - +0.04 +0.03 +0.05 +0.01 +0.6 +0.02
ACMC_80 1.8 9.23 1594 1.0 51.5 99.8 56.5 0.18 -1.1E-02 -3.7 -2.72 -2.41 -4.03 -2.14 78.3 -4.96
3.9 9.25 162.0 0.9 52.2 100.5 56.5 0.18 -1.2E-02 -4.1 -2.74 -2.39 -4.08 -2.14 78.5 -4.95

5.7 9.26 160.6 0.8 52.1 100.2 56.5 0.18 -1.1E-02 -3.8 -2.76 -2.39 -4.13 -2.14 78.4 -4.96

7.8 9.27 161.4 0.8 51.8 100.1 56.5 0.18 -1.3E-02 -4.3 -2.77 -2.38 -4.14 -2.15 78.8 -4.95

Average 9.25 160.9 0.9 51.9 100.2 56.5 0.18 - - -2.75 -2.39 -4.10 =-2.14 78.5 -4.96
+26 - +0.03 +2.3 +0.2 +0.6  +0.6 - - - - +0.04 +0.03 +0.10 +0.01 +0.4 +0.01
AMC 1.9 9.39 181.4 0 61.6 100.1 57.0 0.19 -1.5E-02 -5.0 -2.92 -2.29 - -2.12 100 -4.41
3.8 9.39 175.7 0 59.8 1024 57.0 0.19 -1.1E-02 -3.6 -2.93 -2.30 - -2.12 100 -4.42

Average - 9.39 178.6 - 60.7 101.3 57.0 0.19 - - -2.93 -2.30 - -2.12 100 -4.42
+20 - - +8.1 +2.6 +3.3 - - - - +0.01 +0.01 - - - +0.01
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Fig. S1: X-ray diffraction patterns of re presentative synthetic ACMC samples (see Table 1).
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Fig. S2: Thermogravimetric analysis (TGA - organge solid lines) and differential scanning

calorimetry (DSC - violet dashed lines) curves of ACC (A),

ACMC_9 (B), ACMC_22 (C),

ACMC_53(D), ACMC_80 (E) and AMC (H) synthesized in the context of the present study (see

Table 1).
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~ b -

ACMC_15 (9.8 min)

Fig. S4: Scanning Ele ctron Micro scopy (SEM) image of ACMC colle cted after 9.8 min of reaction
time in the experiment conducted with 15 mol% Mg (ACMC_15).
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ABSTRACT: High-Mg calcite (HMC) is thermodynamically unstable under ambient
conditions, yet it has been found in many biogenic and abiotic depositional settings
with Mg contents up to 50 mol%. The elevated Mg content of HMC was frequently
attributed to an amorphous calcium magnesium carbonate (ACMC) precursor, but the
effects of transformation conditions on the Mg content of HMC are still debated and
far from being quantified. Therefore, the transformation of ACMC withnear-dolomite
stoichiometry (~48 mol% Mg) into HMC has been studied ina MgCl,-NaHCO, buffered
solution at moderate pH (7.6) and temperatures from 10 to 80 ‘C. The obtained
chemical data show that the apparent solubility of ACMC (K,c\c) is lower at higher
temperature and the relative increase of K,y casafunctionof the Mg contentis similar
between 10 and 80 °C which can be assessed by the equation: l0g(K,cyc) = 0.01629 *
[Mg] cne —0.0001096 T2+ 0.0545 T -12.919, where T is reported inKelvinand [Mg]
refers to the amount of Mg in ACMC in mol%. The Mg content of the final HMC
increases from 5 to 40 mol% with increasing temperature, thus is significantly lower
compared to the Mg content of the ACMC precursor. Our findings argue for a
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dissolution and re-precipitation process during ACMC transformation, where at
higher temperatures the Mgincorporationinto HMCis enhanced dueto (i) the reduced
solvation energy barrier of aqueous Mg and (ii) the high prevailing molar Mg* /Ca*
ratio of the solutionafterits reactionwith the ACMC. Notably, the Mg* /Ca* ratio of
the latter solutionis controlled by the temperature-dependent solubility of ACMC.
Finally, the findings indicate that the mnanocrystalline HMCs formed via
transformation of ACMC are physically d efective from rapid crystal growth and have
higher solubilities compared to well-crystallized Mg-bearing calcites.

5.1 Introduction

Calcite is the most abundant calcium carbonate (CaCO;) mineral in marine and
terrestrial environments (Morse and Mackenzie, 1990; Reeder, 1990). In the crystal
structure of calcite, Ca* can be substituted by other divalent cations present in
natural waters. Predominantin these replacementreactionsis the substitutionof Ca*
by Mg* (Mackenzie et al.,, 1983; Bischoff et al., 1985; Gregg et al.,, 2015). In the
literature, calcite containing > 4 mol% Mg is usually referred to as high-Mg calcite
(HMC; Ca, Mg, CO,;,x > 0.04), whereas calcite with lower Mg content is referred to as
low-Mg calcite (LMC; Ca,, Mg, CO,;, x < 0.04; Tucker and Wright, 1990; Gregg et al.,
2015). Abiogenic HMCs with < 20 mol% Mg form marine cements consolidating
sedimentary materials, e.g. in shallow tropical carbonate factories (Mackenzie et al.,
1983),in zones affected by anaerobic oxidation of methane (Mavromatis etal., 2014)
and in coastal sabkha settings (Paul and Lokier, 2017).Biogenic HMCs with up to 25
mol% Mg are a common building material of e.g. skeletons of coralline algae,
foraminifers and echinoderms (Mackenzie etal.,, 1983;Raz et al., 2000;Bentov and
Erez, 2006;Gayathri etal., 2007;Nashetal., 2011).The Mg content canbe even higher
(40-45 mol%) in structural elements of sea urchin teeth (Schroederetal., 1969; Ma et
al., 2009). A few examples of HMC withup to nearly 50 mol% Mg have beenreported
in natural depositional settings which are usually richinmicrobial activity suchas in
algal sediments from a hypersaline lake (Salt Pond) of San SalvadorIsland, Bahamas
(Furman et al.,, 1993), in microbial mats of the Lagoa Vermelha, Brazil (Vasconcelos
and McKenzie, 1997), in microbial films of the Seroe Domi Formation of Curacao,
Netherland Antilles (Sumrall et al., 2017) and in sediments of the shallow, alkaline
Lake Neusiedl, Austria (Fussmannet al., 2020). Note here that HMC phases with near-
dolomite stoichiometry, butlacking cation ordering, are also referred to as very high-
Mg calcite (VHMC) or protodolomite (Gregg et al., 2015).
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Despite several decades of research, the formation of HMC and VHMC in natural
systems is a poorly understood process because (i) the (VHMC structure is
destabilized by the uptake of Mg? (Busenberg and Plummer, 1989) and (ii) the
inorganic precipitationof HMC with > 20 mol% Mg in the laboratory under ambient
conditions remains an enigma as high aqueous Mg*/Ca* ratios inhibit the nucleation
and growth of HMC from solution and favor the precipitation of aragonite (CaCO;
Lippmann, 1973;Bemer, 1975; Fernandez-Diaz etal.,1996; Goetschl etal.,2019). The
inhibiting effectof aqueous Mg* onthe formationof calcite originates from the strong
affinity of the Mg* ion for the aqueous solution which is reflected by its high
hydration Gibbs free energy (Markham etal., 1996) and low rate of exchange of water
molecules in its hydration sphere (Bleuzen et al., 1997; Schott et al., 2009). The
dehydration of the hydrophilic Mg* ion at the lattice growth site is therefore one of
the mostrate-limiting steps during the formation of (VVHMC.

Experimental studies onmineral formation, however, have shown that besides direct
precipitation from solution (classical formation pathway), carbonate minerals canbe
formed via the transformation of amorphous precursor phases (Brecevic¢ and Nielsen,
1989;0gino etal., 1990).Evidence for this alternative formation pathway also comes
from calcifying organisms, where calcite formation often proceeds through an
amorphous calcium carbonate (ACC) precursor phase (Addadietal., 2003;Politietal.,
2010).In this context, it has been suggested that Mg-containing ACC is a necessary
prerequisite forthe formationof HMC (Razetal.,2000)and VHMC (Rodriguez-Blanco
et al, 2015). In most studies, the formation of amorphous calcium magnesium
carbonate (ACMC)was induced by mixing a Na,CO, solution (pH > 11)with (Ca,Mg)Cl,
solutions (pH = 6 - 7) at room temperature (Raz et al., 2000; Radha et al., 2012;
Rodriguez-Blanco etal., 2012; 2015; Lin et al., 2015; Purgstaller et al., 2019). The
chemical composition of the initial solution for ACMC synthesis (e.g Mg/Ca ratio, pH)
has been suggested to control the amount of Mg incorporated into the ACMC and the
final HMC (Long et al., 2011; Yang et al., 2015; Xto et al., 2019). Specifically, the
formation of VHMC via ACMC has been achieved from synthesis inaqueous solutions
with high Mg/Caratios at high pH (~ 10), high carbonate-to-calciumratios (> 2:1) or
by thermal treatment (> 40 °C; Kelleher and Redfern, 2002; Schmidtet al., 2005;
Rodriguez-Blanco etal, 2015; Yang et al., 2015;Xito et al., 2019). However, in most
studies, the chemical compositions of the reactive solutions and solids during the
formationof ACMC and its transformation into Mg calcite were not concerned oreven
not documented. In particular, the effectof temperature on the Mg content of HMC

formed via the amorphous pathway in aqueous solution has not beeninvestigated in
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earlierstudies.Inorderto betterunderstand the fate of Mg during the transformation
of ACMC into HMC, we investigated the transformation behavior of synthetic ACMC
with near-dolomite stoichiometry (48 mol % Mg) in solutionat moderate pH (7.6) and
reaction temperatures ranging from 10 to 80 +1 ‘C. The aim of the present study is to
provide a more detailed understanding of the interplay between the chemical
composition of (i) ACMC, (ii) the corresponding reactive solution and (iii) (V)HMC
formed via ACMC in the apparent aqueous environment. Moreover, the obtained
chemical data were used to assess the solubility of ACMC and HMC.

5.2 Methods

5.2.1 Synthesis of Amorphous Calcium Magnesium Carbonate

The synthesis of ACMC material with 47.9 +1.5 mol% Mg was carried out by a
previously developed protocol (Konrad etal., 2016; Purgstalleretal., 2019).Briefly, a
0.25 M (Ca,Mg)Cl, solution (Mg/Ca ratio = 2.1) and a 0.25 M Na,CO; solution were
prepared using CaCl,-2H,0, MgCl,-6H,O, and Na,CO,; chemicals (p.a. Roth) and
ultrapure water (Millipore Integral 3; 18.2 MQcm™). The two stock solutions were
cooledina fridge for4 hours (T =10 2 “C). The precipitation of ACMC was induced
by pouring 100 mL of the (Ca,Mg)Cl, solutioninto a beaker containing 100 mL of the
Na,CO, solution. The ACMC was separated from solutionby a 0.2 um cellulose filter
using a suctionfiltrationunit and was subsequently freeze-dried for 12 hours (Virtis
Benchtop 3L). The synthesis protocol was repeated several times until about 20 g of
ACMC were produced. The obtained ACMC material was analysed by X-ray diffraction

(Fig. S1A) and was stored in a desiccatorwith silica gel.

5.2.2 Experimental Setup for ACMC transformationinto HMC

Transformation of ACMC insolutionwas performed at 10, 20, 40, 60 and 80 °C (see
Table 1).Initially, 50 mM NaHCO, solutions were prepared in 150 mL gas-tight glass
bottles which were placed either in a cooling chamber (10 +2 °C), a temperature -
controlled room (20 2 °C) or in ovens (40 +2 °C, 60 +2 "C and 80 =2 "C) over a perod
of 24 to 60 h. 52 mL of the pre-cooled/heated NaHCO, solutionwas added into a 150
mlL borosilicate glass reactor containing 6.099 g MgCl,-6H,O to obtain a Mg
concentration of 30 mM. 2 mL of the NaHCO;-Mg(l, solution was collected with a
pipette to measure its initial Mg and alkalinity concentration (Table 2). The MgCl-
NaHCO,solutions exhibit an initial pH value of 8.02 +0.15 (Table 2). The reactor was
placed in an Easy Max System (Max™ 102; Mettler Toledo) in order to control the
stirring of the solutionat 200 rpm and its temperature at 10.0,20.0,40.0,60.0 or 80.0
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+0.1 "C (Fig. 1). Subsequently, 1.5 g of the synthesized ACMC was introduced into the
buffered NaHCO,-MgCl, solution (Fig. 1). After a short homogenization period
between the ACMC material and the solution, a homogeneous sub-sample of the
suspension (2 mL) was collected with a pipette (t = 0.3 min). Subsequently, the pH of
the experimental solutionwas adjusted to 7.58 +0.04 (within < 3 min) by computer-
controlled titrationof a 2 M HCl solution (Schott; TitroLine alpha plus) (Fig. S2). Note
here that the pH of the solutionwas adjusted to 7.6 to prevent the precipitation of
hydrous Ca- or Mg- carbonate phases, such as monohydrocalcite and nesquehonite
(Purgstalleretal,, 2017a;Konrad et al.,, 2018; Xto et al., 2019). Further homogeneous
sub-samples of the experimental suspension (2 mL) were collected with a pipette at 5
min, 11 min, 21 min, 32 min and 61 min. After 61 min of reaction time, the
experimental solutions were transferred into 100 mL gastight bottles which were
againplacedinthe fridge (10 +2 °C), temperature-controlled room (20 +2 °C)and ovens
(40 +2 °C, 60 +2 °C and 80 +2 °C) overa period of 2 months. Additional homogeneous
sub-samples were collected after 1 day, 1 week and 2 months of reactiontime. The
solidswere separated from the solutionsby a 0.2 uym cellulose acetate filterusing a
suctionfiltrationunit and washed with ethanol. Subsequently, the solids were dried

overnight in an ovenat 40 °C and stored in a desiccatorwith silica gel.

( Sampling -> Filtration - Solid/Solution Analyses J

*

f
Synthesized ;
ACMC T
MgCl,- Q
NaHCO,
Solution
\.
T = constant pH stat

Fig. 1: Experimental setup used for transformation of amorphous calcium magnesium
carbonate (ACMC). Synthesized ACMC standard material (Ca,;,Mg,,,CO, - 0.67H,0) was
introduced in a MgCl,-NaHC O, buffered solution at 10, 20,40, 60 or 80 °C. Subsequently, the
pH of the experimental solution was adjusted to 7.58 +0.04 by automatic titration ofa 2 M
HCI solution.
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5.2.3 Analytical Procedures

Thermogravimetric analyses (TGA) of the freeze-dried ACMC was realized using a
PerkinElmer STA8000. The ACMC was heated from 25 °C to 800 °C at 10 °C min™! in
the presence of 99.999% N, atmosphere. The mineralogy of the precipitates collected
during the ACMC transformationexperiments was determined by aPANalytical X’Pert
PRO diffractometerusing Co-Ka Radiation (40 mA, 40 kV) at a 26 range from 4 to 85
with a step size of 0.008°26 and 40 sec counttime per step. The mineral phases of the
reaction products were quantified using Rietveld refinement (software HighScore
Plus, PANalytical) using the crystal structure data givenin Table S1. The estimated
analytical uncertainty of the quantificationlies within 1 wt%. The refinement values
consisted of the specimendisplacement, a 7-term polynomial background function
and scale factors and lattice parameters for all phases. For major phases, the peak
shape was refined using a pseudo-Voigt profile function and peak asymmetry. The
preferred orientationof calcite wasrefined forthe (104)plane with the March-Dollase
function. If two separate calcite phases were present, all their refined values, except
of the scale factorand lattice parameters, were constrained with each other to ensure
a stable refinement. The d-value and the left full-width at half-maximum (left FWHM,
for asymmetric peaks) of the (104) reflection (hereafter referred to as d,, and
FWHM,,, respectively)was obtained from the refinement results. The d ., value of the
calcite phases was used to calculate theirMg content ((Mg]«p) according to Goldsmith
etal. (1961)and this content was then used to adapt the occupancy of Ca and Mgin
the structure data used for the refinement. Note that the accuracy of the
determination of the d,,, value and the FWHM,,, is limited by the step size of the XRD

measurement (0.008°28).
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Selected precipitates were gold-coated and imaged using a scanning election
microscope (SEM, ZEISS DSM 982 Gemini). The total alkalinity of the experimental
solutions was measured by a Schott TitroLine alpha plus titrator using a 10 mM HCl
solution with a precision of *2%. The aqueous Ca and Mg concentrations of
experimental solutions and solids (digested in 6% HNO;) were determined using
inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer
Optima 8300 DV)with an analytical precision of +3% for Ca and Mg analyses. The Mg
content of the bulk solid ([Mg],,. in mol%, Table 2)was calculated according to the

equation:

_ [Mg]s .
(Mlsoua = Grgy,vica, 100 )

where [Mg],and [Ca], are the measured concentrations of Ca and Mg of the solid
(mol/kg) determined by chemical digestion and ICP-OES analysis.

5.2.4 Geochemical Modeling

The aqueous speciation and ion activities of the reactive solutions were calculated
using the PHREEQC computer code with the minteq.v4 database. The apparent
solubility product (K) for amorphous calcium magnesium carbonate (ACMC, Ca,
Mg, CO, - nH,0) and high-Mg calcite (HMC, Ca,Mg,CO,) was calculated using the

equation
K = (aCa?")1™*(aMg?**)*(aC0%™) (2)

where aCa*,aMg* and aCO.* are the activities of Ca*,Mg* and CO,* ions in solution,
respectively and xis the mole fractionof Mg in the precipitated solid (forHMC:[Mg] o
in Table 1;for ACMC:[Mg].in Table 2). In the latter case the Mg and Ca content of
the solid was measured by acid digestion and subsequent ICP-OES analysis, thus
representing bulk compositionion-balanced by cationions. Although water molecules
are present in ACMC, the activity of water (aH,O) was not includedineq. 2 (see also
Purgstalleretal., 2019).The activity of water (aH,O) was assumed to be equal to unity,
in agreement with the estimated aH,O values of 0.995 +0.002 of all experimental
solutions. It is also worth pointing out that the term solubility product (K) is used
herein to be comparable to K values of crystalline phases, although this term is not

necessarily valid foramorphous solids (Brecevic and Nielsen, 1989).
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Table 1: Mineralogical composition of the solids obtained at certain reaction times during experiments performed from 10 to 80 °C. The
quantification of high-Mg calcite (HMC), aragonite (ARG) and hydromagne site (HMG) at >1 day of reaction time was realized by Rie tveld refinement.
[Mglww of HMC: Mg content of HMC calculated from the d,,, reflection according to Goldsmith et al. (1961); d,,,: position of the d,,,.,, reflection of

HMC; FWHM, ,: left full-width at half-maximum of the d,,, reflection of HMC.

Experiment Time Composition HMC ARG HMG Mgl of d,o. FWHM,
HMC
min/day wt.% wt% wt% mo1% 20
T_10°C 0.3 min ACMC - - - - - -
5 min ACMC - - - - - -
11 min ACMC - - - - - -
21 min ACMC, HMC _I - - - 4.8 I 3.0204 -
32 min HMC_I, ACMC - - 5.1 I 3.0194 -
61 min HMC_I, HMC _II - - - 62,1 145 I 3.0163,Ir 2.9921 -
1 day HMC_I, HMC_IL, ARG I 56,1 42 2 0 66,1 154 I 3.0153,It 2.9896 0.375*
1 week HMC_I, HMC_ILL ARG L 57,1t 41 2 0 L71,It 16.3 I 3.0136,It 2.9869 0.373*
2months HMC_I,HMC_IL, ARG I 56,1 41 3 0 64,1 158 I 3.0157,It 2.9882 0.380*
T_20°C 0.3 min ACMC - - - - - -
5 min ACMC - - - - - -
11 min ACMC, EHMC - - - 11.9 2.9996 -
21 min ACMC, HMC - - - 12.8 2.9970 -
32 min HMC, ACMC - - - 15.2 2.9902 -
61 min HMC, ARG - - - 17.0 2.9848 -
1 day HMC, ARG 99 1 0 18.0 2.9820 0.459
1 week HMC, ARG 99 1 0 18.3 2.9810 0475
2 months HMC, ARG 98 2 0 18.8 2.9795 0.489
T_40°C 0.3 min ACMC - - - - - -
5 min ACMC - - - - - -
11 min ACMC, HMC - - - 23.0 2.9675 -
21 min HMC, ACMC - - - 28.4 2.9516 -
32 min HMC - - - 29.9 2.9471 -
61 min HMC - - - 29.7 2.9477 -
1 day HMC 100 0 0 30.3 2.9460 0.644
1 week HMC, HMG 94 0 6 29.7 2.9479 0.596
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2 months HMC, EIMG 91 0 9 30.9 2.9443 0.544
T_60°C 0.3 min ACMC - - - - - -
5 min ACMC - - - - - -
11 min ACMC, HMC - - - 34.2 2.9346 -
21 min HMC, ACMC - - - 39.4 2.9197 -
32 min HMC - - - 39.9 2.9181 -
61 min HMC - - - 39.8 2.9183 -
1 day HMC 100 0 0 40.7 2.9159 0.659
1 week HMC 100 0 0 40.5 2.9163 0.550
2 months HMC 100 0 0 40.6 2.9159 0.530
T_80°C 0.3 min ACMC - - - - - -
5 min ACMC - - - - - -
11 min HMC, HMG, ACMC - - - 39.6 2.9189 -
21 min HMC, HMG, ARG - - - 39.2 2.9201 -
32 min HMC, HMG, ARG - - - 39.5 2.9193 -
61 min HMC, HMG, ARG - - - 39.7 2.9187 -
1 day HMC, HMG, ARG 78 7 15 39.7 2.9187 0.351
1 week HMC, HMG, ARG 80 7 13 40.4 29167 0.354
2 months HMC, ARG, ** - - - 41.6 2.9132 0.362

*average FWHM of HMC _I and HMC _II
**additional phase that could corre spond to magne site
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Table 2: Chemical composition of experimental solutions and solids obtained during
experiments performed from 10 to 80 °C. [Ca],, and [Mg].,; Ca and Mg concentration of the
experimental solution; [Mg].,..: Mg content of the bulk solid de termine d by chemical dige s tion
(seeeq.1).

Experiment Time pH  Alkalinity [Cal, [Mg]., (Mg, o1
min/day mM mM mM mo1%
T_10°C 0 min 8.15 49.7 0.0 29.0 479+1.5
0.3 min 9.15 80.6 2.5 41.7 46.0 1.5
5 min 7.52 126.1 35.1 84.3 38.0x1.4
11 min 7.55 138.8 41.3 94.3 354 +1.4
21 min 7.31 134.3 24.5 110.1 25.5=+1.1
32 min 7.59 137.8 20.1 118.1 22.3+1.0
61 min 7.53 133.8 12.9 125.2 11.4 +0.6
1 day 7.31 109.1 2.3 122.0 13.0 +0.7
1 week 7.52 97.3 0.6 120.3 14.4 +0.7
2months 7.77 89.9 0.3 120.7 15.5 +0.8
T_20°C 0 min 8.17 48.4 0.0 29.1 479+1.5
0.3 min 9.21 77.5 2.1 414 45.6 1.5
5 min 7.62 119.4 25.1 81.8 38.0x1.4
11 min 7.53 126.1 20.8 92.8 34.7 x1.4
21 min 7.59 129.5 16.7 105.6 29.5 1.2
32 min 7.59 134.2 15.7 115.1 21.9+1.0
61 min 7.53 118.3 6.9 117.7 16.6 +0.8
1 day 7.49 96.2 0.9 114.2 19.0 0.9
1 week 7.80 88.2 0.3 111.6 20.8 1.0
2months 7.92 79.7 0.2 110.4 22.2+1.0
T_40°C 0 min 8.01 49.7 0.0 29.0 479 +1.5
0.3 min 8.85 70.2 1.7 38.3 47.0+1.5
5 min 7.59 102.1 14.2 75.3 39.3+1.4
11 min 7.60 108.3 10.5 85.5 35.5+1.4
21 min 7.59 110.4 7.8 97.1 304 +1.3
32 min 7.55 99.5 3.1 99.0 28.8 £1.2
61 min 7.58 86.4 1.1 97.0 29.6 £1.2
1 day 7.57 60.9 0.4 85.1 33.0+1.3
1 week 8.52 12.0 0.3 65.2 40.1+14
2 months 8.39 8.1 0.3 64.8 41.2 +1.5
T_60°C 0 min 8.00 49.6 0.0 29.2 479+1.5
0.3 min 8.35 60.4 1.7 32.9 47.5+1.5
5 min 7.60 80.2 6.6 58.9 43.0 1.5
11 min 7.59 83.3 5.5 65.6 41.1 1.5
21 min 7.59 73.9 3.9 67.1 405+1.4
32 min 7.55 57.7 1.1 64.2 404 +1.4
61 min 7.57 45.5 0.6 61.3 41.2 +1.5
1 day 7.46 20.1 0.6 48.9 43.8 1.5
1 week 7.46 7.5 0.5 43.3 452 +1.5
2months 7.64 3.1 0.8 422 453 +1.5
T_80°C 0 min 7.79 48.5 0.0 29.4 479+1.5
0.3 min 7.82 51.3 1.6 28.1 48.3 +1.5
5 min 7.59 53.7 3.2 33.1 47.6 +1.5
11 min 7.49 39.7 1.4 25.0 48.8 1.5
21 min 741 20.7 0.3 21.8 49.0 1.5
32 min 742 16.7 0.3 20.4 493 1.5
61 min 7.57 10.7 0.3 17.3 49,5 +1.5
1 day 7.87 5.6 0.3 15.7 49.8 1.5
1 week 7.87 6.3 0.3 16.0 49.6 1.5
2months 7.54 6.7 0.9 15.3 49.8 +1.5
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5.3 Results

5.3.1 Solid Phase Characterization

Scanning electron microscope observations of the synthesised ACMC (47.9 +1.5 mol%
Mg)solid reveal spherical particleswith< 100 nm insize (Fig. S1B) similarto synthetic
amorphous calcium (magnesium) carbonate reported by other authors (Long et al.,
2011; Blue and Dove, 2015; Konrad et al.,, 2016). The water content of the ACMC
determined by thermal analysisis 0.67 +0.01 moles perunit formula (Fig. S1C), thus,
its stoichiometric formula can be written as Ca,:Mg,,sCO; - 0.67H,0. This water
content is in good agreement with that of the ACMC (Ca,,Mg,s;CO; - 0.66H,0)
precipitated by Purgstalleretal. (2019).

Xray diffraction (XRD) patterns of the solids collected during the ACMC
transformation experiments are shown in Fig. 2 ata 26 range from 33" to 37°, while
overview XRD patterns (26 range =4° - 65°) are displayed inFig. S3. The XRD patterns
indicate the sole occurrence of ACMC for11 minin experiment T_10°C (Fig. 2A, Fig.
S3A) and for 5 min in experiments performed at > 20 "C (Fig. 2B-E, Fig. S3B-E).
Subsequently, XRD peaks appear due to the transformation of ACMC into high-Mg
calcite (HMC) and partly into aragonite (ARG) and hydromagnesite (HMG). XRD
analyses reveal that for all experiments at < 60 °‘C, the reaction products consist
mainly of HMC (> 98 wt.%) and traces of ARG (< 2wt%) (Table 1).InexperimentT_10°C
two peaks were detected in the XRD pattermn corresponding to high-Mg calcites with
distinct Mg contents, hereaftermentioned as HMC_Iand HMC_II (Table 1 and Fig. 2A).
The reflection peaks of HMC_I appear in the XRD pattern at > 21 min (during ACMC
transformation), while those of HMC_II canbe detected at> 61 min of reaction time
(Fig.2A and Fig. S3A).Note that in experiment T_40°C,minoramounts of HMG (9 wt.%)
were detected beside HMC and ARG after 2 weeks of reaction time (Table 1, Fig. S3C).
At 80 °C, XRD patterns show the transformation of ACMC into HMC, HMG and ARG
which account for 78,15 and 7 wt%, respectively, after 1 day of reaction time (Fig.
S3E; Table 1). After 2 months of reaction time, the presence of HMG was no longer
detected (Fig.S3E).Instead, areflectionpeak at2.77 A indicates the presence of new
phase (labeled as * inFig. S3E), which could correspond to magnesite (MgCO4; Reeder,
1990). Indeed, earlier studies reported the formation of magnesite by the
transformation of pre-existing hydrated Mg-carbonate phases such as
hydrogmagnesite and dypingite at elevated temperatures (e.g. Montes-Hermandez et
al., 2012).
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Fig. 2: X-ray diffraction pattern showing the evolution of the d,,, peak reflection of high-Mg
calcite (HMC) formed via transformation of amorphous calciummagne sium carbonate (ACMC)
at(A) 10°C,(B) 20 °C,(C)40 °C, (D) 60 °C and (E) 80 "C. XRD pattern from 4" to 65° 26 are shown
in Fig. S3. Note that the d,,-value of the final HMC (F) is generally decreasing at higher
temperature (increasing 20 values) due to elevated Mg content (Goldsmith et al., 1961). The X-
ray diffraction peaks of the HMCs are broader in comparison to the reference calcite (Merck),
but are similar to the reference Coorong dolomite (South Australia).

Figure 2F shows that the XRD reflection peaks of the final HMCs are broaderin
comparison to the reference calcite (Merck). This observation is confirmed by

comparing the FWHM,, , values,which shows that the FWHM,,, is higher for the HMCs

(0.351 - 0.644; Table 1) than for the reference calcite (0.094). The obtained FWHM ,,,,

values of the HMCs however are similar to that determined for the reference Coorong

dolomite (FWHM,, ,= 0.649;Fig. S4A). Broad XRD reflection peaks are referred to non-

ideal crystal structure phenomena which can be caused by small (nanocrystalline)
particle sizes (Bischoff etal., 1983;Kelleherand Redfern, 2002; Schmidtetal., 2005)
and inhomogeneities in the Ca and Mg composition (Zhang et al., 2010) of the
crystalline solid. Indeed, the broad XRD peaks obtained for the HMCs and the

reference Coorong dolomite (Fig. 2F) canresult from their small crystal sizes: SEM
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images reveal aggregates composed of nanocrystals with< 100 and < 300 nm in size
for the HMCs (Fig. 3D) and the Coorong dolomite (Fig. S4B), respectively.

To get insights into the evolutionof the Mg content of the forming HMC via ACMC,
the characteristic d ,,,-peak value of HMC was used to calculate its Mg content ((Mg]p)
according to Goldsmithetal. (1961)(Table 1). The Mg content of the HMCs obtained
after 1 day of reaction time is higher at elevated temperature as indicated by lower
d,.-values (corresponds to higher 26 values in Fig. 2F). Note that a maximum
concentration of 40 +1 mol% Mg in HMC was obtained in experiments T_60°C and
T_80°C (Table 1). In experiment T_10°C, the HMC_I that was detected inthe samples
collected at > 21 min exhibits 6 +1 mol% Mg, which is ~9 mol% lower than the Mg
content of HMC_II (15 +1 mol%) that was detected inthe samplesobtained at>61 min
of reaction time (Fig.2A, Table 1). Rietveld refinement of the reaction products after
1 day shows that the amount of HMC_I (7 mol% Mg) and HMC_II (15 mol%Mg) is 56
and 42 wt%, respectively (Table 1). In experiments performed between 20 "C and 60
°C, the initial HMC phase thatwas detected beside ACMC (at 11 mininFig. 2B-E; Table
1) shows a significantlowerMg content than the HMC that was obtained during ACMC
transformation (Table 1). This indicates that the Mg uptake in HMC is not uniform
throughout the transformation process but ends up in HMC with distinct Mg content
In contrast, in experiment T_80°C, the HMCs show no significant change in the [Mg]
values during the experimental run (Table 1).

Scanning electronmicroscope images show that in experiments performed at< 20 °C,
the precipitates obtained at 5 min of reaction time consist of amorphous spherical
particles (Fig. 3A), similar to the synthesized ACMC standard material (Fig. S1B). In
experiments performed > 40 °C, traces of HMC or HMG nanocrystals were observed
beside the ACMC particlesat 5 min of reaction time (Fig. 3A), although XRD results
show that the solids obtained at 5 min are solely amorphous (Fig. 2C-E). The HMC
(T_40°Cand T_60°C)consists of spindle-shaped aggregates composed of nanocrystals,
whereas the HM G crystals (T_80°C) show a plate-like morphology. These morphologies
are similar to those observed for HMC and HMG obtained at a later stage in the
experimental runs (Fig. 3B-D). At areaction time of 21 min (Fig. 3B), large amounts of
spherical ACMC particles were observed in the precipitates obtained in experiments
performed at < 20 °C, whereas at > 40 "C ACMC was rarely observed in the collected
solids. Note here that no ACMC particles were observed in the collected solids at>21
min in experiment T_80°C (Fig. 3B), at > 32 min in experiments T_40°C and T_60°C
(not shown) and at > 61 min in experiments T_10°C and T_20°C (Fig. 3C).
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SEM images of the final HMC show aggregates composed of spindle-shaped
assemblages of nanocrystals at lower temperatures (< 20 °C), whereas at higher
temperatures (= 40 ‘C) the HMC-nanocrystals coalesced into spheroidal aggregates
(Fig. 3C-D). These spindle-shaped and spherical morphologies are consistent with
those of high-Mg calcites formed via amorphous precursors from previous studies
(Schmidtet al., 2005; Zhang et al., 2010; Purgstaller et al., 2016; 2017b;Blue et al.,
2017).In experiment T_10°C,large amounts of star-shaped aggregates composed of
linearly arranged nanoparticles were detected beside the spindle-shaped HMC
aggregates (Fig. 3D). These star-shaped aggregates most likely correspond to HMC_II
that was detected beside HMC_Iin the XRD-pattern at >61 min in experiment T_10°C
(Fig. 2A). Trace amounts of those aggregates could also be observed inthe final solids
of experiments T_20°C and T_40°C (Fig. 3D). Note here that the aragonite detected in
experiments T_10°C, T_20°C and T_40°C (2 - 7 wt. %, Table 1) could not be found in
SEM images.
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Fig. 3: SEM images of solids collected at 5 min (A), 21 min (B), 61 min (C) and 1 day (D) of
reaction time in experiments performed from 10 to 80 °C, showing the transformation of
amorphous calcium magne sium carbonate (ACMC) into high-Mg calcite (HMC) at < 60 "C and
into HMC and hydromagnesite (HMG) at 80 °C (see Table 1).
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5.3.2 Chemical Evolution of the Reactive Solutions and Solids

The addition of ACMC into the MgCl,-NaHCO, solutions induced anincrease of pH as
well as of Ca,Mg and alkalinity concentrations (at 0.3 min inFig. 4A-C, Table 2) which
is attributed to the dissolutionof ACMC. At lower temperatures, higher amounts of
ACMClikelydissolved asitis indicated by higher Ca, Mg and alkalinity concentrations
at 0.3 min of reactiontime compared to higher temperature experiments (Fig. 4A-C,
Table 2). Moreover, the obtained data from experiments performed at lower
temperatures show a preferential release of Mg ions into the solution, resulting in
ACMCs with slightly lower Mg contents (e.g. 46 mol% Mgin T_10°C) compared to
original composition of the synthetic ACMC material introduced inthe reactors (48
mol%Mg; Fig.4D).

After a short initial homogenization period between the ACMC material and the
solution, the pH of the experimental solutions was adjusted to 7.58 +0.04 by
automatic titration of HCI solution (Fig. S2). The adjustment of the pH resulted in the
further dissolution of ACMC, which causes an increase in alkalinity, Ca and Mg
concentrations of the experimental solutions between 0.3 and 5 min (Fig.4A-C). After
about 5 min, the Ca and alkalinity concentrations of the experimental solutions
decrease (Fig. 4A and C) due to the transformation of ACMC into crystalline Ca-Mg
carbonate phases (Fig. 2). With the exceptionof experiment T_80°C, the aqueous Mg
concentrations of the solutions increase in the same time frame (Fig. 4B). The net
release of Mg into the solutionwith an uptake of Cainto the solid during the ACMC
transformation step results in HMCs withlower Mg contents compared to that of the
initial ACMC precursor in experiments performed at <60 °C (Fig. 4D). In contrast, in
experiment T_80°C, the Mg content of the bulk solid increases slightly during the
ACMC transformation step (Fig. 4D), due to the formation of HMG
(Mg5(CO,),(OH),-4H,0) beside HMC and ARG (Table 1,Fig.S3).Note that in experiment
T_40°C, the Mg content of the bulk solid increased between 1 week and 2 months of
reaction time, owing to the additional formation of HMG at this stage of the
experiment (Fig. 4D).
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Fig. 4: Concentration of calcium (A), magnesium (B), alkalinity (C) of the solution and Mg
content of the bulk solid (D) (see eq. 1) during amorphous calcium magnesium carbonate
(ACMC) transformation into high-Mg calcite (HMC) and in case partly into hydromagne site
(HMG) and aragonite (ARG) (see Table 1) at 10, 20,40, 60 and 80 °C. Stage : ACMC is the sole
solid phase (open diamonds); Stage I.. ACMC transforms to the crystalline phases (shaded
diamonds); Stage I solid phase is crystalline (solid diamonds). Note that the pH of the
solution was adjusted to 7.58 +0.04 within < 3 min by computer-controlled titration of a2 M
HC]1 solution (Fig. S2).

At higher temperatures, the transformation of ACMC into HMC occurs faster as
revealed by XRD and SEM observations (Fig 2-3). This is further supported by the
temporal evolution of pH and HCI solutionadditionderived from titration data (Fig.
S2). In experiments performed at < 60 °C, our data reveal that additional amounts of
HCI solution were automatically added into the experimental solution to keep the pH
constant at 7.58 +0.04 during the transformation of ACMC into HMC (Fig. S2A-D). The
rise in pH and consequent titration of HCl may be explained by a fast dissolution of
ACMC and slow precipitationof HMC during the ACMC transformation step. At higher
temperatures, the HCl solutionwas added into the experimental solutionin shorter
periods of time (e.g. 17 min in T_60°C) than at lower temperatures (e.g. 34 min in
T_20°C), indicating that the transformation of ACMC into HMC occurs faster at
elevated temperatures. Note that in experiment T_80°C, where ACMC transformed
into HMC, HMG and ARG (Fig. 2E, Table 1), no additional HCI was added into the
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solution (Fig. S2E). In the latter case, the pH decreased slightly from 7.59 to 7.41
during the ACMC transformation step.

5.4 Discussion

5.4.1 Effect of Temperature on the Mg content of HMC formed via ACMC with near-
dolomite stoichiometry

Earlier studies showed a strong correlation between the physicochemical parameters
of the initial solutionused for ACMC synthesis and the amount of Mg incorporated
into ACMC and the final HMC (Long et al., 2011; Rodriguez-Blanco et al., 2015;
Purgstalleret al,, 2016;Blue et al., 2017).In this context, it has been suggested that
tuning the amount of Mg in ACMC controls the amount of Mg incorporated into HMC.
In contrast, the results of this study show that the Mg content of the HMC is by far
not pre-determined by the Mg content of the initial ACMC (48 mol% Mg) that was
introduced into the solution (Fig. 5A). In experiments performed at temperatures <
40 °C, the Mg content of the final HMC is significantly lower (e.g. 18 mol% Mg in
experiment T_20°C) than of the initial ACMC, whereas at higher temperatures (> 60
°C), the final HMCs reach Mg contents comparable to those of VHMC (40 mol%; Fig.
5A). These findings clearly document that the Mg content of the forming calcite is
strongly regulated by the reaction temperature prevailing during ACMC
transformation. It is generally acknowledged that the transformation mechanism of
ACMC into (VVHMC involves (i) dissolution of ACMC and (ii) nucleation and crystal
growth of (VVHMC (Kelleherand Redfern, 2002;Rodriguez-Blancoetal., 2015;Blue et
al., 2017;Xto etal., 2019). The relationship inFig. 5A suggests that the Mg content of
calcite forming at the ACMC-solution interface is significantly controlled by the
temperature-dependentdehydrationkinetic of aqueousMg?*.The incorporationof Mg
into anhydrous carbonatesis generally postulated to be kinetically limited underlow-
temperature conditions, due to the strong hydration of Mg* compared to Ca*
(Lippmann, 1973;Mavromatis et al., 2013). In contrast, higher temperatures reduce
the Mg-solvation energy barrier and favor anhydrous Ca-Mg-carbonate formation
(Lorenzo et el., 2014). Thus, the amount of Mg incorporated into calcite formed via
ACMC is enhanced at higher reaction temperatures (Fig. 5A).

The obtained results further support previous observations (Blue etal., 2017) that the
incorporation of Mg into calcite formed via ACMC is controlled by the Mg* /Ca* ratio
of the reactive solutionat the time of transformation. Blue et al. (2017) synthesized
ACMCs withdifferent Mg contents under constant pH conditions (pH 8.3 - 9.1) using

a mixed flow reactor and investigated their crystallization pathway in aqueous
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solution under stirred and unstirred conditions. Their results document a positive
correlationbetween the Mg content of calcite and the Mg* /Ca* ratio of the solution
from which the mineral formed.In the experimental setup used in the present study,
Mg? and CO,* ions were present in the initial solution, whereas Ca?* ions exclusively
originated from the dissolution of the ACMC. At higher temperatures, lower amounts
of ACMC dissolved in the NaHCO,-MgCl, solution as indicated by less Ca* ions
released into the reactive solution (Fig. 4A). This can be explained by the
anticorrelationbetweenamorphous carbonate mineral solubility and temperature (for
ACC: Brecevi¢ and Nielsen, 1989). Thus, at 5 min of reaction time, the reactive
solutions exhibit higher aqueous Mg*/Ca* ratios as a function of increasing
temperature (Fig. 5B; Table S2). Indeed, by comparing the Mg content of the initial
HMC with the Mg* /Ca* ratio of the solution afterits reactionwith the ACMC, we find
a good agreement of the results obtained at 25 "C and those reported by Blue et al.
(2017) (Fig. 5C).
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During the ongoing transformation of ACMC into HMC, the Mg* /Ca* ratio of the
solutionincreases (Table S2) due to stronger uptake of Ca* compared to Mg? from
the solution into the solid. This increasing Mg /Ca* ratio likely results in the
formation of HMC with higher Mg contents as a function of reaction time ([Mglwp
valuesinTable 1). Hence, the final HMCs exhibit higher Mg contents compared to the
initial HMCs (Fig. 5A). This effectis temporally better resolved atlow temperatures,
due to slower transformation kinetics of ACMC into HMC (Table 1). For example, at
20 °C the Mg content of HMC increases slowly from 12 to 17 mol%between11 and 61
minof reactiontime (Table 1).In contrast, at higher temperatures, the transformation
of ACMC into HMC occurs faster and the transition from lower to higher Mg contents
for HMCs occurs in shorter time intervals (Table 1).

The positive relationship between aqueous Mg?*/Ca* ratios and Mg content of the
forming HMC from ACMC transformation (Fig. 5C) indicates that the Mg content into
calcite might be enhanced to higher levels by increasing the Mg /Ca* ratio of the
reactive transformation solution. However, experimental studies at 25 °‘C and
moderate pH conditions (8.3 - 9.1) documented that at higher prevailing Mg /Ca*
ratios (> 4: Blue et al., 2017;> 8: Purgstaller et al., 2017a), ACMC transforms into
hydrous Ca- or Mg-carbonate phases,i.e. monohydrocalcite and nesquehonite, rather
than into calcite, due to the inhibition of the latter (Blue etal., 201 7; Purgstalleretal.,,
2017b). These observations suggest a maximum limit of about 20 mol% Mg in calcite
formed via the amorphous pathway (Purgstalleretal., 2016;2017b;Blue etal., 2017).
It should be emphasized that when ACMC transforms und erunstirred conditions, Mg
contents of up to 30 mol% Mg for HMC were reported in experimental studies
conducted atmoderate pH conditions and ambient temperatures (Han et al., 2013;
Blue et al.,, 2017). However, the process by which physical mixing influences the
formation of distinct crystalline Ca-Mg-carbonates and the Mg content of calcite is
still poorly understood and needs further investigations.

5.4.2 Solubility considerations of ACMC and HMC

At higher reaction temperatures, less ACMC dissolved in the NaHCO,-MgCl, solutions
asitisindicated by the lowerconcentrations of Ca, Mg and CO; ions in the reactive
solutions at 0.3 min of reaction time (Fig. 4A). In order to assess the effect of
temperature on the solubility (K) of ACMC, the activities of Ca*,Mg* and CO,*ions in
the reactive solution (Table S3) and the ACMC stoichiometry (at 0.3 min) were used to
calculate K\ valuesaccording to eq. 2 (see also Purgstalleretal., 2019).The obtained
Kicne Values for ACMC with47.0 +1.5 mol% Mg (t=0.3 min) indicate that the solubility
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of ACMC is lower at higher temperature (Fig. 6A), analogous to the temperature-
dependent solubility of ACC determined by Brecevi¢ and Nielsen (1989). A similar
behaviour is also well known for anhydrous carbonate minerals such as calcite
(Plummer and Busenberg, 1982) and magnesite (Benezeth et al., 201 1)which exhibit
lower K values at higher temperatures (Fig. 6A). The relationship between the
solubility of ACMC (with 47.0 +1.5 mol% Mg) and temperature (T in Kelvin) can be
described by the polynomial function:

log(Kcne)=-0.0001434 +0.0000137 T2 + 0.0760 £0.0087 T - 15.537 £1.375 3)
R%2=0.99)

It is strongly emphasized that in the present study the experimental data for
calculating K¢ values are limited (Table S3) and further experimental work is needed
to verify the obtained relationship betweenK ..y and temperature (Fig. 6A).

As it canbe seeninFig. 6A the solubility products of ACMC are higher compared to
Mg-free ACC at any temperature suggesting that ACMC is more soluble than ACC.
This feature can be attributed to the increasing water content and changes in short-
range order, as Ca is substituted by Mg in the amorphous structure (Purgstalleretal.,
2019). The relationship between the solubility of ACMC and its Mg content is
displayed inFig.6B. Note that the slopes of the regressionlines betweenthe K .. value
of Brecevicand Nielsen(1989) and the K,y value of this study are similarat 10, 20,
40, 60 and 80 °C (slope = 0.01634 +0.00066; Fig. 6B and Table S4)and are in good
agreement with the slope value of the linear relationship betweenK ., and the Mg
contentof ACMCat25 °C (slope=0.01602;Mgcontentof ACMC =2 to 51 mol%, Table
S4) presented by Purgstalleretal. (2019). Considering the close agreement between K
values obtained in this study and those of Brecevi¢ and Nielsen (1989) and Purgstaller
etal.(2019)a quantitative description of the variations of K ., with temperature and
Mg content of ACMC can be obtained starting from the relationship between ACC
solubility (K,..) and temperature (T in Kelvin) determined by Brecevi¢ and Nielsen
(1989):

log(Kycc)=-0.0001096 T?+0.0545 T -12.919 “4)

Based onthe assumption that the relative increase of K, values as a function of the
Mg content is independent of temperature and can be described by the same linear
function with an average slope of 0.01629 +0.00060 (see Table S4), the variation of
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the solubility of ACMC with temperature and Mg content can be obtained from the

equation:

log(KACMc)Z 0.01629 * [Mg]ACMC - 0.0001096 T2 + 0.0545 T '12.919 (5)

where [Mg], .\ refers to the Mg content of ACMC in mol% (eq. 1) and T is the
temperature reported in Kelvin. Note that the obtained relationship between K ¢y,
[Mg].cvc and temperature is only valid for the studied ranges of [Mg].cuc =0 - 51 mol%
and T =10 - 80 C of the present study, Brecevic¢ and Nielsen (1989) and Purgstalleret
al. (2019).

A -5.5 — ® -
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-6.5 - ACC Breceyn, [ ®- e
— -7 - " Melsen (1955, ®
h¥4
80_7.5 4 s m:% Mg
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-8 - Eﬂe‘zé‘”]‘;r-.__\ * This study
2077~ ~
________ ) ~—_
-8.5 1 Calcite " Q00 i
Plummer and Rr--al T -
9 A Busenberg {1982) X <©
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-9.5 - Bertram et al. {1991)
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mol% MgCO,

Fig. 6: Solublity product (K) of ACC (Brecevic and Nielsen, 1989), ACMC (present study and
Purgstaller et al., 2019), calcite (Plummer and Busenberg, 1982), Mg calcite (present study,
Busenberg and Plummer, 1989 and Bertramet al., 1991) and magnesite (Bénézeth et al, 2011)
as a function of (A) temperature and (B) Mg mole fraction. The K of ACMC and Mg calcite was

calculated according to eq. 2.
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The dependence of ACMC solubility on the Mg contentis similar to that of Mg calcite
(above 4 mol% Mg), where high Mg contents in calcite resultin higher solubilities (for
25 °C: Busenberg and Plummer, 1989;Fig. 6B). However, the impactof temperature on
the solubility of HMC is not fully elucidated and to ourknowledge only Bertram et al.
(1991) studied the solubility of synthetic Mg calcites with 1.9 to 15 mol% Mg between
25 to 64 °C and showed that the decrease in solubility of Mg calcite with increasing
temperature parallels that of calcite (see K data of Mg calcite with 15 mol% Mg inFig.
6A). No experimental data, however, exist for the solubility dependence of HMC with
> 15 mol% Mg at elevated temperatures. Figure 6 A-B shows the calculated K values of
the final HMC (Kyc) fromexperiment T_20°Cand T_60°C.The K-values were calculated
using the chemical data and the HMC stoichiometry (based on [Mg]n, Table 1)at 1
weekand 2 months of reactiontime (Table S3). At this time the system achieved near-
equilibrium conditions (Table 2). Note that K, values were not calculated in
experiments T_10°C, T_40°C and T_80°C because the final solids of T_10°C consist of
two Mg calcites with different Mg contents (Fig. 2A) and those of T_40°C and T_80°C
include HMG (6 - 15 wt%, Table 1). As it canbe seenin Fig. 6B, the HMC formed via
ACMC at20 °C (with 18 mol% Mg) is significantly more soluble (log(K,.=-7.83) than
the biogenic and synthetic Mg calcites of Group Il reported by Busenberg and Plummer
(1989),which exhibit similar Mg contents (e.g. l0g(Kyuc)=-8.16 forbiogenic Mg calcite
with 19 mol% Mg at 25 °C). Note that Busenberg and Plummer (1989) distinguished
two groups of Mg calciteswithdistinctsolubilities,reflecting crystal structure defects
(Fig. 6B). Group I consists of metamorphic and hydrothermal Mg calcites and synthetic
Mg calcites prepared at high temperatures and pressures or low temperatures and
low supersaturations (saturation index < 0.2). Group II Mg calcites are of either
biogenic origin or synthetic Mg calcites prepared at high supersaturations (saturation
index > 0.5). The Mg calcites of Group I are thought to be relatively free of structural
defects, whereas Group II Mg calcites were described as more defective Mg calcites
which exhibit higher solubilities. The discrepancy between the reported solubility
value of Busenberg and Plummer (1989) and of the present study might be explained
by different physical defects originating from rapid crystal growth during HMC
formation. Considering an ACMC transformation step, the solutionin equilibrium
with ACMC is highly supersaturated with respect to calcite (saturation index > 2;
Rodriguez-Blanco et al., 2015; Purgstaller et al, 2016). Such high calcite
supersaturation degrees probably promote rapid precipitationof HMC at the ACMC-
solution interface. Indeed, in the present study, ACMC transformed into
nanocrystalline HMC atrelatively short time intervals (< 60 min, Fig. 2-3). These solids
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are likely more defective and thus exhibit higher solubilities compared to well-
crystallized HMC (Fig. 6B). The elevated solubilities of nanocrystalline HMC appears
to be consistwith recent results of Davis et al. (2000) who demonstrated, based on
microscopic observations, enhanced solubilities of Mg calcites at the nanometric

scale.

5.5 Conclusions

In the present study, the transformation of ACMC with near-dolomite stoichiometry
(47.9 +1.5 mol%Mg) into HMC was investigated ina MgCl,-NaHCO, buffered solution
at pH 7.6 and in the temperature range from 10 to 80 +1 °C. The results provide an
advanced understanding of the complexinterplay between the chemical composition
of ACMC, the corresponding solutionand the finally formed Mg calcite. At first, the
experimental data indicate that the apparent solubility of ACMC is lower at higher
temperature and the relative increase of solubility as a function of the Mg content of
ACMC is similar from 10 to 80 ‘C which can be assessed by eq.5. At ambient
temperatures, the Mg content of HMC formed via the transformation of ACMCis as
low as 18 mol%, whereas at 60 and 80 °C, the final HMCs reachMg levels comparable
with those of VHMC (40 mol%). Hence, the Mg content of the HMC is not pre-
determined by the Mg content of the amorphous precursor, but strongly influenced
by the reaction temperature during ACMC transformation. The transformation of
ACMC to HMC proceeds via a dissolutionand re-precipitation mechanism where at
higher temperatures the amount of Mg incorporated into calcite is enhanced due to
(i) the reduced solvation energy barrier of aqueous Mg* and (ii) the high Mg* /Ca*
ratio of the reactive solutionafterits reactionwith the ACMC.The high Mg* /Ca* ratio
of the latter solution can be explained by low solubility of ACMC at elevated
temperatures. The obtained solubilities of the final HMC are higher compared to those
of well-crystalline Mg-bearing calcites, which is most likely caused by nanomeftric-
sized HMC crystals with structural defects originated from fast crystal growth.
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5.6 Supplementary material

Abbreviations

ACC: amorphous calcium carbonate; ACMC: amorphous calcium magnesium
carbonate; ARG: aragonite; FWHM: full-width at half-maximum; ICP-OES: inductively
coupled plasma optical emission spectrometry; LMC: low-Mg calcite; HMC: high-Mg

calcite; HMG: hydromagnesite; SEM:

scanning electron microscope; TGA:

thermogravimetric analyses; XRD: X-ray diffraction

Table S1: ICSD Database Code and Reference used for mineral phase quantification.

Mineral phase ICSD Database Code

Reference

Mg Calcite -

Paquette and Reeder (1990) Single-crystal X-ray
structure refinements of two biogenic
magnesian  calcite  crystals.  American
Mineralogists 75,1151-1158

Aragonite 170225

Caspi et al. (2005) On the structure of
aragonite. Acta CrystallographicaB61,129-132

Hydromagnesite 920

Akao and Iwai (1977) The hydrogen Bonding of
Hydromagnesite, Acta Crystallographica B 33,
1273-1275
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Table S2: Concentrations of free Ca* and Mg* ions and calculated Mg*/Ca* ratios of the
experimental solutions

Experiment Time [Ca*], [Mg*]., [Mg*],, /[Ca*],
min/day mM mM

T_10°C 0.3 min 14 28.0 20.1
5 min 25.8 65.4 2.5

11 min 29.9 72.1 24

21 min 18.0 84.8 4.7
32 min 14.5 90.3 6.2

61 min 9.5 96.4 10.2

1 day 1.7 97.9 56.6

1 week 0.5 98.5 216.2

2 months 0.3 99.9 3704

T_20°C 0.3 min 1.0 26.0 25.5
5 min 17.2 63.2 3.7

11 min 14.1 71.1 5.0
21 min 11.3 80.6 7.1
32 min 10.6 87.5 8.3

61 min 4.8 91.9 19.1

1 day 0.7 92.8 139.8

1 week 0.2 91.5 409.6

2 months 0.2 91.9 605.2

T_40°C 0.3 min 0.8 24.5 31.6
5 min 8.6 58.6 6.8

11 min 6.2 65.8 10.6

21 min 4.6 74.8 16.1

32 min 1.9 78.0 40.6

61 min 0.7 78.4 109.8

1 day 0.3 72.6 252.9

1 week 0.3 62.0 228.7

2 months 0.3 62.8 191.5

T_60°C 0.3 min 0.8 22.9 28.6
5 min 3.6 46.2 13.0

11 min 3.0 514 174

21 min 2.2 53.9 24.3

32 min 0.7 53.7 78.4

61 min 04 53.0 131.0

1 day 0.5 45.6 929

1 week 0.5 42.1 91.3

2 months 0.8 41.6 53.8

T_80°C 0.3 min 0.8 20.7 27.0
5 min 1.6 259 15.9

11 min 0.8 20.6 26.1

21 min 0.2 19.6 92.2

32 min 0.2 18.1 80.6

61 min 0.2 15.6 63.6

1 day 0.3 14.5 53.8

1 week 0.3 14.4 54.4

2 months 0.8 13.9 17.9
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Table S3: Activities (a) of Ca*, Mg** and CO,* ions in the experimental solutions and apparent
solubility product values (K) for ACMC and HMC calculated according to eq. 2.

Experiment Time S tlr(:;lc(g: th log(aCa*) log(aMg*) log(aCO,?*) K
min/day M
T_10°C 0.3 min 0.14 -3.32 -2.01 -2.81 -5.52
5 min 0.35 -2.12 -1.72 4.11 -
11 min 0.38 -2.06 -1.67 -4.06 -
21 min 0.38 -2.28 -1.60 -4.31 -
32 min 0.39 -2.37 -1.58 -4.03 -
61 min 0.39 -2.56 -1.55 -4.09 -
1 day 0.37 -3.29 -1.54 -4.39 -
1 week 0.36 -3.87 -1.54 -4.23 -
2 months 0.36 -4.10 -1.53 -4.03 -
T_20°C 0.3 min 0.14 -3.45 -2.05 -2.75 -5.56
5 min 0.31 -2.30 -1.73 -3.95 -
11 min 0.33 -2.39 -1.69 -4.02 -
21 min 0.35 -2.49 -1.63 -3.95 -
32 min 0.37 -2.52 -1.60 -3.95 -
61 min 0.36 -2.86 -1.58 -4.05 -
1 day 0.35 -3.72 -1.57 -4.18 -
1 week 0.34 -4.19 -1.58 -3.92 -7.63
2 months 0.34 -4.36 -1.58 -3.85 -7.68
T_40°C 0.3 min 0.13 -3.59 -2.09 -2.92 -5.80
5 min 0.27 -2.61 -1.78 -3.88 -
11 min 0.29 -2.76 -1.73 -3.85 -
21 min 0.31 -2.89 -1.68 -3.86 -
32 min 0.31 -3.27 -1.66 -3.94 -
61 min 0.30 -3.70 -1.66 -3.97 -
1 day 0.28 -4.09 -1.69 -4.12 -
1 week 0.24 -4.10 -1.75 -4.03 -
2 months 0.24 -4.02 -1.74 -4.29 -
T_60°C 0.3 min 0.13 -3.59 -2.13 -3.24 -6.13
5 min 0.21 -3.00 -1.89 -3.82 -
11 min 0.23 -3.09 -1.85 -3.82 -
21 min 0.23 -3.21 -1.83 -3.87 -
32 min 0.22 -3.72 -1.82 -4.01 -
61 min 0.22 -3.95 -1.83 -4.09 -
1 day 0.19 -3.85 -1.88 -4.54 -
1 week 0.18 -3.87 -1.91 -4.96 -8.04
2 months 0.18 -3.64 -1.91 -5.20 -8.14
T_80°C 0.3 min 0.12 -3.62 -2.19 -3.65 -6.58
5 min 0.14 -3.32 -2.12 -3.85 -
11 min 0.12 -3.61 -2.20 -4.05 -
21 min 0.12 -4.17 -2.21 441 -
32 min 0.11 -4.14 -2.24 -4.49 -
61 min 0.10 -4.10 -2.29 -4.54 -
1 day 0.10 -4.05 -2.32 -4.62 -
1 week 0.10 -4.06 -2.32 -4.55 -
2 months 0.06 -3.52 -2.27 -4.78 -
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Table S4: Summary of solubility data of amorphous Ca-(Mg-) carbonate of this study, Brecevic
and Nielsen (1989) and Purgstaller etal (2019). The solubility (K) values of ACC ([Mgly,c = O
mol% Mg) were calculated using the equation K = -0.00010960 T2 + 0.05453848 T -
12.91852871, where Tis given in Kelvin (Brecevi¢ and Nielsen, 1989). At a given temperature,
the linear increase of the solubility (K) of ACMC as a function of the Mg content [Mg],.,. (in
mol%) is expressed as K= m [Mg].... +V, (m = slope;y, = intercept). Note that the average m
value of 0.01629 + 0.000601is given in eq. 5.

Temperature Reference Mgl K slope intercept
mol1% m Vo
10°C Brece“cl%%%Nldsen’ 0 6.26 001603  -6.260
This study 46.0 -5.52
20°C Brecevml%%%N‘elsen’ 0 635 001723  -6.346
This study 45.6 -5.56
40°C Brece‘“cl‘g%%Nldsen’ 0 6.58 001665  -6.584
This study 47.0 -5.80
60°C Bredevic and Nielsen, 0 691 001632  -6.910
This study 47.5 -6.13
80°C Brecevic and Nielsen, 0 732 001548  -7.323
This study 48.3 -6.58
10,20, 40, Bre éeviélzgg% Nielsen, Ig‘(’)?:;;: =
. . +
60 and 80 °C This study 0.00066
Purgstaller et al, 2019 2.2 -6.20
Purgstaller et al., 2019 10.5 -6.13
Purgstaller et al., 2019 15.8 -6.04
25°C Purgstaller et al.,, 2019 21.2 -6.00 0.01602 -6.286
Purgstaller et al., 2019 29.3 -5.81
Purgstaller et al., 2019 374 -5.71
Purgstaller et al., 2019 51.1 -5.43
10,20, 25, Bretevi¢ and Nielsen, Average =
40,60 and Thilsgs%?ldy 0.01629 =
80°C 0.00060

Purgstaller et al., 2019
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Fig. S1: (A) X-ray diffraction pattern, (B) SEM image and (C) thermal analysis (TGA: blue line,
DSC: orange line) of synthesized ACMC with 47.9 +0.2 mol% MgCO ,. The water content of

ACMC was calculated from the weightloss between 25 and 275 °C (A,;..s ) to be 0.67 moles per
unit formula Ca, ;,Mg,.,CO, (see also Purgstalleretal, 2019).
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Fig. S2: Temporal evolution of pHof the experimental solution and of the mL HC1(2 M) added
to the experimental solution by titration to keep the pHconstant for experiments performed
at(A) 10 °C,(B) 20 °C,(C)40°C,(D) 60 "C and (E) 80 °C.

153

2 M HCl addition in mL

2 M HCl addition in mL



5
A g B El
= 5 Y § ®e a7 - T 5 @z
495 | @ 4 5 o_gdod Y =iz € 3 ¢ 3%
— e =23 2 2 g SE3c —_ 2=2lle 2 ¢ oamgs= HMC,
5 g5o/g g8 g2y8 5 g0 ¢ g gigs
m‘ EzZ | 2 zZ = =§== . - 2 gy 2 : = E‘ng ARG
-——‘ I~ b 2 manths =z \“ T A S ‘1_. A l'x... J\% /Mk
3 | - \Q\th_‘_hm a __jl\_ A /'\,‘,L'— 2 months
= ‘ 1 week = ———_ L. ) _1’\__ ap = Lweek
o “ 1day a e A ALAL j\_ i
i) 61 min 9 e ] — B
21 min
11 min
5 min 5 min
0.3 min ACMC e 0.3 min ACMC
I T T T T T T
5 25 45 65 85 5 25 45 65 85
26 (Co) in degree 20 (Co) in degree
g —_
C g ° z
: 40°C D 2
=T ~ . - F 5 =w z
B2 3 g 2 g8 B HMC =
—_ g & = g & &% . —_ _ - .
3 £2 0§ Jz gt it HMG 3 5 JEggd E
s = © ¢ s gfy g
2 months - 2 = = E E=
> > : =z
o 1 week =
v @ 2 months
c 1 day - 1 week
Q 61 min g 1 day
E 32 min E 61 min
21 min 32 min
k_—-——\\ s \\ ﬁ:::
5 min \\ 5 min
0.3 min ACMC ———— 0.3 min ACMC
T T T T T T
5 65 85 5 65 85

a5
208 (Co) in degree

45
20 (Co) in degree

45 65

20 (Co) in degree

5 25

=
= o
E g 80°C
E
=
— = = R = HMC,
- 87 s 49°%% |8 58 g 85 --%
> =3 g§e-g S g0 § SREC HMG, ARG
) - ™ = 7] — u—
- I =qa b E= | g
T M= = £
g I II 2 months
) "
c h Ml, 1 week
B g |I 1 day
c il 61 min
! I 32 min
M 21 min
11 min
5 min
s T e+ emmmse s, 0.3 min ACMC
T T T

85
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Chapter 6 - PERSPECTIVES

The results of the experimental studies performed in this thesis reveal that the
presence of SO,(aq)is affecting the Mg incorporationin calcite during its formation.
The mechanisms that control limited Mg incorporationin calcite are (i) the aqueous
complexation between Mg* and SO, to form MgS0O.%(aq) and the consequently
decreased activity of Mg* in the reactive solutions, and (ii) the simultaneous
incorporation of SO, into the calcite crystal lattice which is causing a unit cell
expansion. However,up to now the exact structural position of the SO, ion in calcite
whichis substituting for carbonate ions is still a matter of debate. To gaininsights on
the structural orientation of CAS in calcite, high resolution structural analysis has
beenperformed onprecipitates that resulted from the experimental studies described
in chapter 2 and 3 by using X-ray emissionspectroscopy (XES) at the Paul Scherrer
Institute (PSI) synchrotron facility. Yet, the collected data require in-depth treatment
which will be part of future tasks. A detailed molecular picture of the exactposition
and orientation of the sulfate ionwithin the calcite crystal lattice including distances
and angles between the differentions is suggested to reveal reasons for kinetically
preferences of SO, incorporationin calcite. The sulfur isotopy of CAS is commonly
used as a proxy for reconstructing the marine sulfur cycle.It is still unclearif or to
what extent the final S isotope fractionation of calcite or aragonite is affected by
metastable precursor phases. As such, knowledge of the S isotope fractionation of
ACC and how the amorphous-to-crystalline mineral formation pathway might affect
the isotopic signal of the finally formed crystalline polymorph is of great relevance
for the interpretation of §*S. . Inthe current literature, a study quantifying this issue
does not exist. Further experimental investigations including a multi-proxy approach
(8*S, 80, Mg, ...) are highly requested in order to better understand the complex
reaction mechanisms and controlling environmental parameters during CaCO;
mineral formation considering that the (trans)formation of amorphous carbonate
phasesis of tremendous relevance in many natural surroundings. Evaluating the fate
of the primary chemical and isotopic composition of the amorphous precursor is of
key relevance for the accurate interpretation of environmental proxies in carbonate

archives that were formed via an amorphous precursor.
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