Volume 10| Number 9 | 7 May 2023

ANNIVERSARY

INORGANIC
CHEMISTRY

FRONTIERS

CHINESE
QAR D CHEMICAL @ o ovAL SOCIETY

=P SOCIETY D> \ OF CHEMISTRY rsc.li/frontiers-inorganic




Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 Ginora 2023. Downloaded on 05.05.2026 5:02:20.

(cc)

[olelyy CHINESE ™ L OYAL SOCIETY
INORGANIC CHE[\/HSTRY — ggg"é'_%“— ~OF CHEMISTRY

FRONTIERS

View Article Online

REVIEW

View Journal | View Issue

Mechanisms of Mg carbonates precipitation and
implications for CO, capture and utilization/
storage

’ M) Check for updates ‘

Cite this: /norg. Chem. Front., 2023,
10, 2507

Hellen S. Santos, 2 *2 Hoang Nguyen, (2 @ Fabricio Venancio,®
Durgaprasad Ramteke,® Ron Zevenhoven® and Paivo Kinnunen (2@

The mechanisms involved in the natural formations of dolomite (CaMg(COs),) and magnesite (MgCOs)
have endured as challenging research questions over centuries, being yet a matter under investigation in
multiple fields. From a geochemical perspective, it is still unknown why there are recent natural for-
mations of dolomite and magnesite at ambient conditions, and yet most available synthetic routes for
precipitating these minerals require high temperatures and/or pressures. The core scientific gap is that
even though dolomite and magnesite are the most thermodynamically stable phases among the respect-
ive polymorphs/intermediates, their formation is controlled by slow kinetics and their syntheses at
ambient conditions remain a challenge. Research findings lead to possible explanations based on the
chemical and thermodynamical properties of the system: (i) the high energy barrier for dehydrating the
Mgz+-6HZO cations hinders the carbonation of Mg precursors, inducing a preferential formation of the
hydrated magnesium carbonates polymorphs, (i) the intrinsic structural/spatial barrier of the COz>~
groups in the rhombohedral arrangement of dolomite and magnesite shifts the system towards the for-
mation of the respective polymorphs. However, further studies are still needed to enable a clearer under-
standing of the phenomenon. Recently, the research question at hand gained broader significance due to
the relevance of Mg carbonates for routes of carbon capture and utilization/storage, which has been seen
as one of the most promising solutions for such processes. The main socio-economic motivations
behind such interest on these carbon mineralization methods are the high availability of Mg precursors
(from natural sources to industrial waste-streams), the long-term geological storage of CO, as magnesite,
the possibility of utilizing the carbonate products in construction materials applications, and the relevance
of the routes for climate mitigation actions. Therefore, understanding the mechanisms and kinetics of Mg
carbonates precipitation is of fundamental importance for many fields, ranging from geology to necessary
environmental actions. This review focuses on gathering the main information concerning the geochem-
ical and chemical advances on the dynamics and mechanisms of Mg carbonates precipitation. It aims at
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utilization/storage due to the large and globally widespread
availability of suitable feedstocks." Among the large variety of

1. Introduction

Carbon dioxide mineralization is a promising pathway for
enabling feasible and efficient routes of carbon capture and

“Fibre and Particle Engineering Research Unit, University of Oulu, Pentti Kaiteran
katu 1, 90570 Oulu, Finland. E-mail: hellen.silvasantos@oulu.fi

bDevelopment Center of Real Time Chemical Processes and Analyses (NQTR),
Institute of Chemistry, Federal University of Rio de Janeiro, Rua Hélio de Almeida,
40, Cidade Universitdria da Universidade federal do Rio de Janeiro, 21941-614 Rio
de Janeiro-R], Brazil

“Process and Systems Engineering Laboratory, Abo Akademi University, Henrikinkatu
2, 20500 Turku, Finland

This journal is © the Partner Organisations 2023

precursors to carbon mineralization, alkaline earth-based
materials, specially Ca and Mg-based materials, are considered
as the most promising materials due to their large availability,
high potential for carbonation, possible utilization in con-
struction materials, and long term CO, storage in geological
time scale.”> Moreover, besides tailings and other waste
streams from mining sites, several types of alkaline industrial
waste-streams can be employed as precursors for carbon min-
eralization, for instance, only the resources of Ca and Mg
bearing industrial waste streams (e.g. fly ash, cement kiln dust,
steel slag and red mud) have the potential for capturing
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200-300 Mt of CO, annually.3 Routes of carbon mineralization
from Mg silicate precursors have been greatly improved,
leading to acceptable levels of conversion kinetics and energy
requirements. However, the economic feasibility of these
routes is still far from ideal, needing the creation of new
business models and markets to direct the produced Mg car-
bonate products.* Moreover, the profitability for carbon miner-
alization is directly dependent on the market size for the car-
bonated products, for which the construction market is con-
sidered the only sector large enough to enable profits. Yet, up
to date reported LCA assessments have shown that the current
routes of carbon capture and utilization/storage via carbon
mineralization in Ca/Mg silicate minerals can reduce the CO,
emissions of the cement industry by 8-33%, with the profit
forecast of up to 32 € per ton of cement.’ Recently developed
thermal energy storage materials are considered also as an
option for high-value applications, but it would require the cre-
ation of a disruptive business model aligned with legislative
acceptance.®

The economic feasibility of the current processes of carbon
mineralization can be greatly improved if the mechanisms and
kinetics of Mg carbonates are understood. Scientists such as
Liebermann (1967), Berzelius (1820), and Bragg (1914) have
investigated the geochemical aspects of carbonate minerals
over centuries, providing to the scientific community relevant
clues about the mechanisms and kinetics of most carbonate
minerals precipitation.” The Earth’s surface is composed by
over 277 types of carbonate-bearing minerals, which have been
the scope of geochemical investigations since the 20
century.® While considerable knowledge has been built on the
chemistry orchestrating the formation of Ca carbonates, open
questions remain on the chemistry of Mg carbonates for-
mation. For example, a remaining geochemical problem is the
comprehension of the dolomite precipitation mechanisms.
Dolomite sediments represents 50% of the world’s carbonate
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reservoirs, and ca. 80% of the oil and gas reservoirs in North
America.” Pre-halocene (Pre-Cenozoic Era) sediments display
large amounts of dolomite formation in the carbonate plat-
forms; contradictorily, the modern formation of dolomites is
extremely rare even though contemporary sea water is thermo-
dynamically oversaturated with relation to dolomite." Yet, the
mechanisms of dolomitization in natural conditions of the
Earth’s surface are not well understood since synthetic dolo-
mites have not been obtained under similar conditions. Thus
far, the knowledge on dolomite nucleation and growth are
based on high temperature (150-300 °C) experimental settings.
These challenges on the synthesis of dolomite at ambient con-
ditions, as well as the low amounts of modern dolomite in
marine environments are the core of the so called “dolomite
problem”."*

A closely related knowledge gap resides on the controversial
dilemmas of magnesite (MgCO;) precipitation: magnesite is
the most thermodynamically stable phase among its anhy-
drous and hydrated polymorphs, but its formation is hindered
by kinetic barriers favoring the precipitation of its metastable
hydrate phases.” The stable phases in the equilibrium of solu-
tions containing Mg ions and carbon dioxide are either brucite
(Pco, atmosphere <5 bar and low CO, concentrations) or mag-
nesite (most stable Mg carbonate at all conditions of pressure
and temperature), based on the results obtained from the
thermodynamic data fitted to the Pitzer model for the activity
coefficients.'> Yet, the precipitation of magnesite requires
moderate to high temperatures (60 to 200 °C) and/or high
pressures (50 to 100 bar).">™** Despite the simplicity of the stoi-
chiometric reactions of Mg carbonates precipitation, they also
involve complex chemical-morphological interactions that
lead to challenging kinetics of carbonation nucleation and
growth.? Thus, although the thermodynamic variables of Mg
carbonation are favourable at ambient conditions, the respect-
ive anhydrous carbonate minerals (magnesite - MgCO; and
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dolomite - CaMg(COs),) have not yet been synthesized at
ambient temperature and pressures using industrially feasible
routes.' >0

As the dolomite and magnesite formation problems remain
yet unsolved, several research efforts have been dedicated to
increase the understanding on the mechanisms of Mg carbon-
ates precipitation. While attempting to explain the mecha-
nisms of dolomite/magnesite formation, the remaining
dilemma is if the reaction is mainly hindered by (i) the high
dehydration energy barrier of the Mg>* cations'® or (ii) the
intrinsic structural/spatial barrier of the CO;>~ groups in the
magnesite/dolomite structure, avoiding the formation of long-
range ordered structures."” As the reasoning behind the
dilemma is quite extensive, the current review aims to sum-
marize all main findings on the subject, highlighting the
remaining knowledge gaps and the main implications for
carbon capture and utilization/storage routes with applications
in construction materials.

2. Geochemistry of carbonate
minerals

In nature, several factors may have contributed to the precipi-
tation of carbonate minerals ranging from the geochemical
impacts of large and small organisms to the influence on kine-
tics from diverse variables (fluctuating pH, gas-phase inter-
actions, different subtracts and organic compounds)."® Most
of the well-known carbonates are formed with divalent cations
and carbonate ions (when there are no other joined anionic
ligands)." The alkaline-earth carbonates are usually the first
to precipitate due to evaporation processes, being formed in
dilute waters where the molar concentration of HCO; (aq) is
much higher than the summed concentrations of Mg>*(aq)
and Ca®'(aq).'® Although there is a significant understanding
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on the geochemistry behind the natural formation of calcite
(CaCO;) and other carbonates, it remains a challenge to
explain the natural formation of Mg bearing carbonates, such
as dolomite (MgCa(CO;),) and magnesite (MgCO3).>°

A geochemical analysis of systematic mineralogy described
by Railsback (2005) has associated the natural formation of
simple carbonate minerals to the presence of hard cations
(cations without outer shell electrons, such as Na* and Mg?")
displaying low to medium polarizability. Following the
Pearson’s postulates on the interactions between hard and soft
ions, Railsback observed that the hard anions of oxysalt rad-
icals (such as carbonates) form minerals almost exclusively
with hard cations. His study proposed that the incorporation
of cations with higher ionic potential is enabled by neutral
groups (H,O) promoting the initial shielding of the cations
from each other, and the charge balance is maintained by the
anionic groups (Fig. 1, top).>*

The crystalline arrangement of simple carbonates of diva-
lent cations is related to the ionic radii and coordination
number of the cations, which can be classified in two struc-
tural groups:

(i) Rhombohedral carbonates, formed with smaller cations
of sixfold coordination, and

(ii) Orthorhombic carbonates, formed with larger cations of
ninefold coordination.”*

Fig. 2 shows the unit cell structure of representatives from
both structural classes, where the effect of the ionic radii on
the distortions of the crystalline structures is noticeable: dis-
tortions on the ninefold coordination leads to shifts in the x,
3y, z axes, which determines whether the crystal structure of the
carbonate has a triclinic, monoclinic, or orthorhombic space
group. Likewise, distortions in the sixfold structure lead to car-
bonates belonging to either hexagonal/triclinic or rhombohe-
dral/trigonal space groups.*?

Fig. 1 (bottom) shows the solubility of minerals from
both groups in function of ionic potential and ionic radii.”*
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Note the higher solubility for minerals in the extremes of
the cation radii axis in each structural group, which can be
connected to the variable distortion degrees of the octahedra

units (Fig. 2). By instance, the rhombohedral carbonates
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formed with cations of intermediate radii (e.g. siderite, rho-
dochrosite) have much lower solubility than the ones formed
with smaller cations (e.g. magnesite) or larger cations (e.g.
calcite).”®
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calcium magnesium iron carbonate (04-019-1722), monoclinic nesquehonite (04-015-0663), orthorhombic aragonite (04-008-5421), hexagonal

vaterite (00-060-0483), rhombohedral magnesite (04-010-3138).

While the formation of most simple carbonates can be
explained via evaporative concentration mechanisms, the Ca/
Mg carbonates have been proven to be formed via different
geochemical routes. The precipitation of Ca and Mg carbonate
minerals is accepted to be enabled by supersaturation con-
ditions, being mainly explained by the ionic activities in solu-
tion when the precipitation occurs, and the kinetic effects
inhibiting/favoring the precipitation. The ionic species influ-
encing the precipitation of carbonate minerals are mainly
Ca®"(aq), Mg**(aq) and CO;>"(aq) although the net charge-
balance and nature of other ions also affect the precipitation
mechanisms. The precipitation likelihood of a given mineral
carbonate depends on the ionic activity of the solution which
determines the respective solubility constant of the precipitate

(eqn (1))."*

Kmineral carbonate = Aco,2- + 2+, M = C32+7 MgH (1)

Calcite is the easier mineral carbonate to precipitate due to
its lower solubility at 25 °C (Keaicite = 107%*%, Kuragonite =
10~%**), and dolomite the most difficult one, being nearly in-
soluble (Kgolomite = 1077?)."® However, the mechanism does
not explain what inhibits magnesite formation despite the
uncertainty about its solubility product constant (reported
values range from 10~7°% to 107'%%).*® Therefore, the evapora-
tive concentration mechanism cannot explain the precipitation

This journal is © the Partner Organisations 2023

of anhydrous Mg carbonates, and kinetic considerations are
needed to justify the formation of these minerals.>*>*

Dolomite is a special and intriguing case among carbonate
minerals. It has been found in almost all sediments and rocks
from the Archaean to the Holocene ages (Precambrian to
Cenozoic Eras) and in different sedimentary conditions at
Earth’s surface, being inferred to precipitate during burial
process in sedimentary basins. Dolomitizing fluids are specu-
lated to occur in sea water (in the usual concentrations of sea-
water and in supersaturated conditions in regions where eva-
porative process occur), basinal brines and lacustrine waters."*
The natural formation of dolomite is unclear, as it is not well
understood if it is formed as a primary product, hydrothermal,
metamorphic phase or diagenetic replacement. However, it
has been demonstrated that the dolomite formation occurs
under sufficient supply of Mg and permeability of the fluid
flow.® The absence of dolomite is associated with the occur-
rence of sediments rich in calcite and Mg bearing clay min-
erals, which indicates that in such settings calcite does not
undergo isomorphous replacement. Cases of diagenetic re-
placement have been observed in the replacement of aragon-
itic tufa by dolomite, explained by the dissolution of aragonite
and consequent release of Ca, resulting in fast precipitation
mechanisms assisted by microbial mediation, which allows
dolomite supersaturation and precipitation at quasi-rhombo-
hedral geometry, yielding protodolomite.*®

Inorg. Chem. Front., 2023, 10, 2507-2546 | 2511
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The nucleation and growth of anhydrous carbonates are yet
active research topics involving controversial dilemmas.
Empirical investigations in aqueous systems have found carbo-
nation routes via classical crystallization (spontaneous nuclea-
tion in supersaturated solutions), heterogeneous nucleation
on pre-nucleation sites and subsequent crystal growth via con-
tinuous attachment of species on the nuclei, and non-classical
crystallization pathways. The latter has been well identified in
the formation of calcite, starting with the formation of pre-
nucleation clusters from an ionic solution, which then aggre-
gate to form an amorphous bulk phase, and subsequently, are
converted to the crystalline bulk phase. However, it is still an
open question if the amorphous carbonate nanoparticles do
necessarily engage as precursors for the nucleation of anhy-
drous carbonates.>®

It is broadly discussed in the literature that the high de-
hydration energy of Mg cations may be the main barrier to the
dolomitization reactions. In aqueous systems, Mg*" and Ca*"
are hydrated with different coordination number (6.0 for Mg>*
and ca. 7.3 for Ca®"), consequently Mg>* has a stronger sol-
vation shell and the removal of its coordinated water groups
requires much more energy than Ca®>" (1926 versus 1579 kJ
mol " for Mg** and Ca*", respectively). Thus, calcium cations
are more susceptible to carbonation and there is no formation
of Ca/Mg carbonates without assisted dehydration of Mg>". For
instance, at the molar ratio Mg>*/Ca®" = 4 the formation of Mg
free aragonite is favored, and in modern seawater environ-
ments (Mg>*/Ca®>" ~ 5.2) occurs a major precipitation of arago-
nite over calcite and Ca/Mg carbonates. Naturally, changes in
the ionic strength and the presence of catalysts in the precipi-
tating solution can destabilize the hydration shell of Mg®* and
facilitate the formation of Ca-Mg minerals. For example, it has
been noticed that increasing salinity decreases the hydration
energy of Mg>*, and the presence of negatively charged groups

Table 1 Composition and structure of some important carbonate minerals
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(such as the carboxyl moieties R-COO~ of microorganisms)
facilitate the growth of Ca-Mg carbonates.'®

2.1. Crystallographic structure of the main Ca/Mg carbonate
minerals

Calcite has a rhombohedral crystal structure, composed of
sandwiched sheets of Ca®* and CO,>~ oriented perpendicular
to the c-axis, having the carbonate groups oriented opposed to
the plane of each successive sheet. The cations are coordinated
by six oxygen atoms, belonging to different carbonate groups.
Each oxygen is shared between two cations of neighboring
layers, originating a symmetric structure of space group R3c.
Other carbonate minerals (such as magnesite, siderite, rhodo-
chrosite, etc.) also occur within the same space group
(Table 1).'*2” Solid calcite precipitates at sufficient concen-
trations and activities of Ca**(aq) and CO;>(aq) for supersa-
turating calcite. Due to its relatively low solubility, calcite
shows easier precipitation than other carbonates, determined
by the initial molar ratio [Ca**]/[HCO;7] in dilute waters.'®
When the solutions reach high Mg®*/Ca®" ratios (>10), arago-
nite (rather than calcite or dolomite) begins to precipitate.
This is attributed to the inhibitory effect of Mg** on the calcite
precipitation: even if present at high concentrations, Mg®" has
a smaller ionic radii (consequently, wider hydration sphere)
than Ca®*; thus, the dehydration of Mg”" cations for allowing
the fixation on the nucleation sites is not kinetically favorable
and dolomite does not precipitate.'®

Dolomite also has a rhombohedral structure, deriving from
calcite. Ideally, the dolomite crystal structure is formed by
intercalated layers of Ca®* and Mg>", separated by CO;>~
sheets, having equal molar proportions of Mg and Ca, with the
chemical formula CaMg(CO;),. In ordered dolomites, Mg>*
and Ca®" are segregated into different planes of the crystal
structure. The crystal structure is similar to the calcite;

Mineral Chemical formula Geometry/space group
Calcite CaCO; Rhombohedral/R3¢ (167)""
Aragonite CaCO; Orthorhombic/Pmcn (62)*”
Vaterite CaCO; Hexagonal/P6;/mmc (194)
Magnesite MgCO; Rhombohedral/R3c (167)"
Siderite FeCO; Rhombohedral/R3¢ (167)""
Rhodochrosite MnCO; Rhombohedral/R3¢ (167)""
Smithsonite ZnCO; Rhombohedral/R3¢ (167)""
Dolomite CaMg(COs), Rhombohedral/R3 (148)"!
Huntite CaMg;(CO3), Rhombohedral/R3 (148)*’
Ankerite Ca(Fe*",Mg)(CO3), Rhombohedral/R3 (148)*”
Calcium magnesium iron carbonate CaMg cFeg.4(CO3), Triclinic/P1 (2)*®
Kutnohorite CaMn*>*(CO3), Rhombohedral/R3 (148)*’
Minrecordite Cazn(CO3), Rhombohedral R3 (148)*’
Norsethite BaMg(CO;), Trigonal/R3m (166)*”
Barringtonite MgCO;-2H,0 Triclinic/P1 (2)*”
Nesquehonite MgCO3-3H,0 Monoclinic/P24/c (14)*7%°
Lansfordite MgCO;-5H,0 Monoclinic/P2,/c (14)*7%°
Artinite MgCO;-Mg(OH),:3H,0 Monoclinic/C2/m (12)*°
Hydromagnesite 4MgCO;-Mg(OH),-4H,0 Monoclinic/P2,/c (14)*°
Dypingite 4MgCO;-Mg(OH),-5H,0 Monoclinic®*”

“There is no crystal structure defined for dypingite up to date.
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however, the oxygen ligands shift towards the Mg>" plane since
the ionic radii of Ca®>" and Mg>" differ greatly. Moreover, the
bond lengths of Ca-O (2.38 A) and Mg-O (2.08 A) also differ
significantly in the dolomite structure. This alternation of Ca
and Mg cations results in the loss of the c-glide plane and diad
axes of the calcite structure, and the crystals of ordered dolo-
mite are formed with space group symmetry R3 (Fig. 3,
middle). Consequently, the carbonate groups in the layers of
ordered dolomite present a uniform rotation of 6.5° around
the three-fold axis, when compared with their spatial arrange-
ment in calcite.”'"*" The majority of natural dolomites
present iron impurities (<2 mol%) and trace amounts of Mn
(up to several hundreds of ppm) as isomorphous replacement
in the Mg sites. They are called natural ferroan dolomites and
ankerites, presenting a composition range up to
CaMg sFe( 5(CO3),; however the replacement of more than
50 mol% of Fe in the Mg sites has been obtained only
experimentally.'*

The crystallization of the ordered stoichiometric dolomite
(Ca/Mg molar ratio 1:1) requires strict control of the kinetics
of nucleation and crystallization, for this reason, synthetic
ordered dolomites have been produced only at high tempera-
ture conditions via sequential mechanisms of dissolution—
reprecipitation. In such experimental conditions, it has been
observed that after the induction period, the dolomitization is
conducted with relatively fast kinetics, forming first the meta-
stable phases of high Mg calcite (Fig. 3, left) and calcian dolo-
mite as intermediates of the reaction to obtain the stoichio-
metric ordered dolomite. It has been proposed that the energy
barrier to the dolomite precipitation is surpassed by the high
temperatures and the presence of seeds acting as nucleation

High-Mg calcite
Ca,oMg, €0,

Ordered dolomite
CaMg(CO0,),

View Article Online
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sites, which is contradictory to the natural formation of dolo-
mite that usually occurs at low temperatures (25-60 °C) under
surface and shallow subsurface conditions. Sedimentary dolo-
mites are found to be formed in types of sea/fresh waters with
high Mg*>*/Ca®" ratios and elevated concentration of
HCO; (aq) and CO,*(aq), usually presenting weakly ordered
and calcian structure.®!

The poorly ordered phases of dolomites have much higher
solubility than ordered dolomite, leading to a consequently
higher reactivity. Such reactivity yields continuous structural
and compositional changes over time; thus, the natural poorly
ordered dolomites are replaced during diagenesis by more
ordered and coarser-grained dolomites. For this reason,
ancient sedimentary dolomites present composition closer to
the ideal 50:50 ratio of stoichiometric dolomites, but still
having an excess of Ca** up to 2-4 mol% of CaCOj;. Since even
ancient dolomites failed in building an ideal stoichiometric
and ordered structure, dolomites have been classified as meta-
stable mineral.*" Under high temperatures (>200 °C), dolomite
becomes thermally disordered due to the expansion of the
octahedra units (considerably greater for MgO than the CaO
octahedra units), which is responsible for the thermal expan-
sion of the unit-cell. The thermally disordered dolomite
(Fig. 3, right) present the rigid-body libration of the carbonate
groups with magnitude between that of calcite and magnesite;
thus, neither rotation around the three-fold axis nor out-of-
plane tilting is dominant.*?

Temperature variations in experimental setups for dolomite
precipitation led to the formation of different Mg carbonate
minerals (Fig. 4). High Mg calcite (calcites containing more
than 4 mol% of MgCOs;) is formed as stable phase at high

Thermally disordered dolomite
CaMg(C0,),

0-2

Fig. 3 Crystal structure of Mg calcite®® (left), ordered dolomite®* (middle) and thermally disordered dolomite®? (right). Crystal structures were
drawn with Diamond crystal impact software, version 4.6.4. The crystallographic information was obtained from the indicated references. The

frames around the structures represent the unit cell.
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Fig. 4 Phase diagram of CaCO3;—-MgCOs3 system at high temperatures
(above 500 °C) and pressures up to 10 kbar. The green dashed line indi-
cates the approximate transition from calcite (R3c) to dolomite (R3)
symmetry. The diagram does not consider the transitions between
calcite and aragonite, neither calcite | to calcite Il that occur at high
pressure. Variations in pressure is also not considered (reformulated
from Gregg et al., 2015).

pressures (up to 10° bar) and temperatures above 1200 °C, but
this is unstable at near-ambient conditions (when compared
with dolomite and calcite). High Mg calcite is also formed at
temperatures between 700 and 1200 °C, but this is then
obtained mixed with dolomite and magnesite phases. The
occurrence of ordered dolomite is observed with compositions
higher than 43 mol% of MgCO;, at lower temperatures
(<700 °C) and pressures (<50 bar). At about 1200 °C a solid
solution of calcite and high Mg calcite with dolomite stoichio-
metry is formed. No solid solutions are observed at tempera-
tures below than 1075 °C, when high Mg calcite exsolve into
dolomite and calcite.'"

When rhombohedral carbonates of Ca and Mg are formed
at near-dolomite stoichiometry (ca. 40 to 50 mol%) with
weakly or incompletely ordered structure, it is assumed that
ordered dolomite would be precipitated by re-establishing the
equilibrium (temperature, pressure, overhead gas phase).
Therefore, even carbonate minerals with chemical compo-
sition very close to dolomite are not considered dolomite if
there is no evidence of cation ordering. Those metastable min-
erals are referred as protodolomite, pseudo-dolomite or high/
very high Mg calcite."" Ordered dolomites that contain excess
of Ca®" are defined as calcian-dolomites, having a lower stabi-
lity in marine environments than stoichiometric dolomites."*

High Mg calcite and very high Mg calcite have been success-
fully synthesized at ambient pressures and low temperatures
(25 to 80 °C), being observed that the contents of Mg>*
(ranging from 22 to 58 mol% of MgCOj3) can be controlled by
varying the Mg”>*/Ca®" ratio and the salinity of the solutions. It
has been speculated that organic compounds may facilitate
the precipitation of very high magnesium calcite via the
induced reduction of the dielectric constant of the solution,
which decreases the hydration of Mg cations; thus, facilitating

2514 | /norg. Chem. Front., 2023, 10, 2507-2546
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the Mg incorporation into the carbonate mineral. For instance,
it has been demonstrated that the presence of dioxane and
polysaccharides enhances the incorporation of Mg>" into the
precipitated carbonate mineral. The presence of sulphide
species in the growth solution also showed a similar effect."!

Dolomites synthesized at low temperatures (below 100 °C)
via isomorphous replacement in calcite or aragonite have
extremely slow kinetics, and it is assumed to occur through
the conversion of several intermediate disordered phases,
resulting on the formation of calcite, high Mg calcite, very
high Mg calcite and hydrated and hydroxylated Ca/Mg phases.
Several experiments utilizing calcite and aragonite as reagents
and temperatures above 150 °C have demonstrated the for-
mation of intermediate metastable phases (disordered high or
very high Mg calcite) before the formation of ordered dolo-
mite. The reaction progresses until nearly total replacement of
the calcium carbonate reagents, with continuous shift towards
dolomite stoichiometry (50 mol% MgCO;) and increasing
ordering of the crystal structure. It was also noticed that
increasing the Mg?*/Ca** ratio favors the formation of phases
with 1:1 stoichiometry close to dolomite but does not induce
the needed cation ordering for precipitating ordered dolomite.
It has been reported that very high Mg carbonates have prefer-
ential nucleation on aragonite rather than on calcite, if both
phases are present.

These structural differences indicate the current need of
broadening the understanding on the chemical and physical
properties of the Ca/Mg carbonates polymorphs. All meta-
stable polymorphs have a possible role as intermediate estate
in the formation of the more thermodynamically stable phase,
and therefore, understanding well the properties of the meta-
stable carbonate phases may be the key for proposing viable
mechanisms of dolomite and magnesite precipitation.

3. Dolomite problem

Dolomite is a metastable mineral, and as such it undergoes
different types of isomorphous replacement during the burial
and metamorphism stages due to continuous dissolution and
re-precipitation processes. Such processes of re-equilibrium
without total pore cementation results in high inter-crystalline
porosity in the dolomite crystals, which explains the efficient
drainage and fluid storage capacity of dolomite reservoirs.
However, there are yet many knowledge gaps about the mecha-
nisms of dolomite formation, being not well understood the
impacts of  kinetics parity in  dolomite
precipitation.®?**?® While explaining the evolution of dolomite
sediments, the main challenging geochemical questions are:
(i) Parity: is the amount of formed dolomite related to the com-
position of the seawater or does the precipitation/dissolution
of dolomite affect the seawater composition? (ii) Why do the
sediments of modern dolomite occur in much smaller
volumes than ancient dolomites? (iii) How do the volume of
dolomite sediments and sequential isomorphous replace-

versus
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ments evolved over time? and (iv) What has been the role of
bacterial mediation?°®

Dolomite often precipitates in lacustrine waters despite the
small concentrations of Mg”*, and modern dolomite formation
are found in lakes with high Mg*>*/Ca** ratio (>10) and elevated
carbonate alkalinity concentration (>5 x 107> g L™"). However,
experimental observations supported by the geological time-
scales indicate that the dolomite is ideally precipitated in solu-
tions with Mg>*/Ca®" ratios ranging from 2 to 7.'® Several
studies have been conducted attempting to explain the con-
ditions of dolomite saturation at earth-surface conditions, but
no synthetic dolomite has been obtained at such low tempera-
tures and pressures. Some investigations have demonstrated
that temperature control is essential for dolomite precipi-
tation, which is achieved easier at high temperatures.
Nevertheless, the degree of supersaturation also plays impor-
tant role in the precipitation mechanism.'**®

Nowadays, it is broadly accepted that most of ancient dolo-
mites have been formed in a process of diagenetic replacement
of calcite following two possibilities of reactions as indicated
in the eqn (2) and (3). This hypothesis is based on geological
observations and on many synthetic experiments that demon-
strate the difficulties of obtaining dolomite at Earth surface’s
temperatures, whereas synthesis at elevated temperatures con-
ditions (>200 °C) leads to fast and easy formation of ordered
dolomite. Moreover, is has been demonstrated that thermal
dolomitization proceeds with the formation of intermediate
metastable phases of calcite or aragonite (very high-Mg
calcite), which converts to ordered dolomite at temperatures
higher than 150 °C."°

2CaCO; + Mg>" — CaMg(CO03), + Ca** (2)

CaCO; + Mg*" + €032 — CaMg(CO3), (3)

Contradicting that hypothesis, modern dolomites are often
found in evaporitic environments which has been demon-
strated (via geological tracking) to have a history of low temp-
eratures and saturated solution conditions; thus, leading to
the assumption that dolomite had precipitated directly from
those solutions as low-temperature primary dolomite (eqn (4)).
Those dolomites are typically found in the upper sediments as
very high Mg calcite or calcian dolomite, while more stoichio-
metric dolomites are the major phases in the deeper layers.
That suggests that dolomite undergoes several steps of repreci-
pitation and recrystallization upon burial diagenesis. In such
environments several factors (supersaturated conditions, high
Mg/Ca ratio, high salinity, the effect of the biotic and abiotic
environments) may have acted as catalysts, helping to over-
come the kinetics barriers for dolomitization."®

Ca*" + Mg?t +2C0;3>" — CaMg(CO03), (4)

Other proposed models consider the effects of kinetic
inhibitors of dolomitization. Experimental investigations have
shown that sulphate ions retard the dolomite precipitation in
modern sedimentary environments, implying that dolomite

This journal is © the Partner Organisations 2023

View Article Online

Review

would precipitate only from solutions with sulphate concen-
trations much lower than in seawater. Further speculations
suggest that sulphate-reducing bacteria have assisted the pre-
cipitation of dolomite by lowering the sulphate concentration
in the saline brines and sea water. However, several modern
dolomites have been found to form from brines at high sul-
phate concentrations, and microbial mediation cannot explain
the geologic occurrences of many ancient sedimentary dolo-
mite.>! Thus, these findings associate important broad ques-
tions on the dolomite problem: which catalyst existed in
ancient ocean waters, which is no longer abundant in modern
oceans? How did it promote such non-uniform stratigraphic
distribution of dolomite? Why does modern dolomite not pre-
cipitate despite the supersaturation with relation to dolomite
in seawater.”®

3.1. Insights on the mechanisms of dolomite precipitation

The main discussions in the literature related to the “dolomite
problem” is to determine whether natural dolomite crystallizes
directly from aqueous solutions under certain conditions, or if
the formation of crystalline and/or amorphous pre-nucleation
clusters are involved in the mechanism.?” The precipitation of
ordered dolomite is often described by Ostwald’s step rule,
which postulates that mineralogical reaction sequences have
the intermediate products with Gibbs free energy closer to one
of the precursors rather than the final stable phase. Therefore,
the precipitation of the final product is facilitated by the for-
mation of sequential intermediate phases, each phase having
lower solubility than the precursor intermediate.'* This agrees
with the experimental observations in dolomitization reactions
where the solubility of the intermediate products decreases
until the formation of ordered dolomite, as shown in Fig. 5.5
The role of cationic and anionic additives on the dolomite pre-
cipitation are still to be elucidated, but most proposed mecha-
nisms consider a catalytic role for the ionic species. By
instance, Vandeginste et al. (2019) have demonstrated that the
presence of Zn>* cations in solution have a catalytic effect on
the dolomite precipitation. It was proposed that the higher de-
hydration energy of the Zn** cations facilitates the dehydration
of the Mg>" cations and the subsequent incorporation into the
protodolomite structure.?®

Other proposed mechanisms are related to fluctuations of
CO5*"(aq) concentrations, which vary as function of pH
(dependent on the dissociation of carbonic acid) and pco,.
Thus, the influence of biotic processes on the formation of Mg
carbonates can be related to changes in CO, levels due to the
respiration and/or photosynthesis of aquatic organisms.'® The
catalytic effects of biotic activity on the precipitation of carbon-
ates are clearly seen in tufas, which are constituted of carbon-
ates formed at low temperatures, and living organisms such as
microbes, macrophytes and animals. The tufa precipitation is
associated with the degassing of CO,, which elevates the pH
and leads to supersaturation conditions. It has been demon-
strated that the living organisms in tufas work as the alkaline
engine for the precipitation conditions, acting also as nuclea-
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tion sites due to the presence of extracellular polymeric sub-
stances (EPS).'®

The microbial mediation for dolomitization has been
speculated as successful route for synthesizing ordered dolo-
mites at room temperature. The first work claiming this
achievement was published in 1995 by Vasconcelos et al. when
the authors reported the synthesis of ordered dolomite
assisted by sulphate-reducing bacteria from the Desulfovibrio
group,®® and following researches had utilized similar routes
with variable means of microbial mediation (methanogenic
archaea, fermenting bacteria and several aerobic halophiles).
In those studies, it has been proposed that those microorgan-
isms act as catalysts to dolomitization by increasing the dolo-
mite saturation levels and acting as nucleation templates.
However, it has been proven that none of those works had
indeed succeed at obtaining synthetic ordered dolomite. A
detailed criticism in that direction has been presented by
Gregyg et al. (2015): instead of dolomite, all the reports of such
microbial mediation methods have shown XRD patterns com-
patible to very high Mg calcite.'* That is easily identified by
comparing the intensity of the of the 100 and 015 X-ray reflec-
tions of dolomite: ordered, stoichiometric dolomite presents
those reflections with nearly equal intensity in the XRD pat-
terns. Since all the reports on microbial mediation methods
failed in fulfilling this parameter in the presented XRD charac-
terization, the synthesis of ordered dolomite at low tempera-
tures remains as a research challenge up to date. Nevertheless,
understanding the mechanisms of very high Mg calcite pre-
cipitation has brought valuable contributions to the knowl-
edge on the mechanisms of dolomitization, since high Mg
calcite is well accepted as intermediate for the formation of
ordered dolomite.'>™*

2516 | /norg. Chem. Front.,, 2023, 10, 2507-2546

A comprehensive review on the investigations of microbially
catalyzed dolomite formation has been provided by Petrash
et al. (2017).>® The studies of such systems have shown that
the initial building blocks of dolomite are clusters, being
hypothesized that carboxyl groups present in the microorgan-
isms act as template for the clusters formation. The proposed
mechanism (Fig. 6) considers the direct effect of the carboxyl
moieties (-COO™) found in the polysaccharide constituents of
those microorganisms which lowers the energy requirements
for dehydrating the Mg>" cations while also serving as tem-
plates for the nucleation and growth of the Mg carbonates.”*>*°
The carboxyl groups play important role on overcoming the
elevated enthalpy of the double hydration shell of [Mg
(H,0)6]*" cations (AH® = 1931 kJ mol™")*! by dehydrating and
binding of [Mg(H,0)s]*" which has favourable enthalpy of for-
mation ([Mg(H,0)s]”" + R-CO,~ — [Mg(H,0)5(R-CO,)]" + H,0,
AH" = —835.96 kJ mol™"). That is followed by the carbonation
reaction through replacement of water molecules with
CO5%"(aq), creating MgCO;(H,0),4(R-CO,) as second intermedi-
ate complex which may act as template for clusters growth via
ion attachment.>>*>*3

Petrographic and mineralogical studies have inferred that
Mg bearing clay minerals have acted as abiotic catalysts for
dolomite precipitation, proposing a direct relation between the
clay minerals and the formation of abiotic dolomite (usually
found in dolostones, cave speleothems and soils). It has been
suggested that clay minerals play an important role as Mg
source for dolomite precipitation and/or nucleation sites for
the dolomite crystals. Nevertheless, such a relationship have
not been observed in many sediments were both minerals are
present.’® As a matter of fact, it has been observed that the
dolomite authigenesis in many sedimentary settings indicates
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the growth of dolomite crystals in pore spaces around detrital
clay particles.'®**

Publications dating from the 1960s have proposed that clay
minerals may have influenced the natural formation of dolo-
mites by attracting the population of cations to the surround-
ings of the clays via electrostatic interactions. This increases
the concentration of Mg”" in that region and facilitates the pre-
cipitation of high or very high Mg calcite. It was also specu-
lated that the ion exchange properties of the clay minerals may
have altered the concentration in the precipitating solution via
absorption of Mg”" and release of Ca®", as predicted in the
order of preferential cation exchange in clays: Na* < K" < Mg*"
< Ca”'. However, the influence of cation exchange would be
expected to increase the rates of dolomitization towards the
margins of the basin since the pore fluids in early stages of
diagenesis have a usual movement in an upward direction.
Therefore, the contribution of ion exchange processes in clay
minerals for dolomite precipitation was disregarded as the pre-
dicted effects would oppose to the practical observations in
dolomite sedimentary settings.**

Nevertheless, recent experimental findings propose that the
negatively charged layers of the clay minerals act as nucleation
templates for very high Mg calcite, similarly to the microbial
mediation. Liu et al. (2019) have performed the synthesis of
very high Mg calcite via carbonation reactions assisted by clay
minerals, utilizing a molar ratio of Mg>*/Ca®* = 8 in aqueous
solution. Three different types of clay minerals, with large

Table 2 Properties of the clays utilized as catalysts in the synthesis of
proto-dolomite reported by Liu et al.°

BET surface  Zeta
area potential Products of the
Clay mineral (m?g™) (mv) carbonation reactions
Illite 20.5 —41.99 Very high Mg calcite
Montmorillonite 22.7 —34.51 Very high Mg calcite and
traces of aragonite
Kaolinite 13.1 -3.93 Monohydrocalcite

This journal is © the Partner Organisations 2023

differences in surface charge and area (Table 2), have been
evaluated in their study: illite, montmorillonite and kaolinite.
Since illite and montmorillonite are T:0:T (tetrahedral:
octahedral : tetrahedral) type of clays subjected to isomor-
phous replacement of cations, they present much higher
surface charge and area than kaolite (T:O type), which is
nearly charge neutral. The results showed that in the absence
of clay minerals only aragonite is produced; however, when
illite is introduced in the reacting system only dolomite-like
material (very high Mg calcite) is formed containing
46.2 mol% of Mg. In presence of montmorillonite a very high
Mg calcite with traces of aragonite was obtained whereas the
kaolinite-assisted reactions produced monohydrocalcite. These
results indicate that the surface charge of the clays is pro-
portional to their catalytic effect on the precipitation of very
high Mg calcite, which has been better facilitated at the
highest charge density. The authors also noticed in the SEM
images that the crystals of very high Mg calcite were precipi-
tated only on the edges of the clay structure, which indicates
that the hydroxyl groups present in the clay edges have been
the catalytic sites for dolomitization rather than the basal sur-
faces. Also, a direct relation was noticed between the mor-
phology of the precipitated phases and the negative surface
charges of the clay employed as catalyst, which is similar to
the morphological observation in microbially assisted
experiments."’

The dolomitization reactions in presence of microorgan-
isms or negatively charges species have been explained based
in two possible types of mechanisms (Fig. 7): metal-chelation
or adsorption-displacement. The metal-chelation mechanism
postulates that the negatively charged groups bind with the
magnesium cations, decreasing its hydration sphere and gen-
erating Mg”>* complexes that requires much lower energy for
effective carbonation. On the other hand, the adsorption-dis-
placement mechanism proposes that the catalytic species are
absorbed on the growing Ca-Mg carbonate, inducing the re-
placement of the water molecules coordinated to Mg”*, and
promoting the diffusion of Mg>" in the crystal structure.
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Fig. 7 Schematic diagram of the proposed mechanism of the catalytic
role of negatively charged clay minerals on dolomite precipitation. (A)
Structure of a T: O: T type of clay mineral (e.g., illite and montmorillo-
nite); (B) the adsorption and dehydration of Mg and Ca ions by hydroxyl
groups; (C) the formation of Mg/Ca hydroxyl complexes favoring the
carbonation reaction. Reproduced from Liu et al. (2019), with the pub-
lisher's permission.'® © 2018 Elsevier Ltd. All rights reserved.

Although the adsorption-displacement mechanism may be
feasible for microbially-assisted reactions, it cannot explain
the catalytic effects of clay minerals, which are more compati-
ble with the metal-chelation mechanism. Therefore, the pres-
ence of the clay minerals is speculated to promote the for-
mation of Ca and Mg hydroxyl complexes on the clay’s edges,
which not only helps decreasing the energy barriers for shed-
ding the hydration spheres of the cations, but also acts as
nucleation centers for the carbonation and growth of the dolo-
mite like structure.

Some studies have also perceived a catalytic effect on the
dolomite precipitation in low dielectric constant solvents. The
room temperature precipitation of disordered dolomite and
high Mg calcite has been achieved by partially replacing water
with ethanol. Reacting systems with 75 vol% of ethanol,
50 mM of MgCl,-6H,0, 10 mM of CaCl,-H,0, and 50 mM of
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NaHCO; yielded protodolomite with close stoichiometry
(44 mol% of Mg) to the ordered dolomite at 25 °C. It was
suggested that the lower dielectric constant of the medium
(compared to pure water) assisted the dehydration of the Mg**
cations, inducing a homogeneous classical nucleation in bulk
solution (not on substrate surfaces), which do not exclude the
formation of amorphous and intermediate crystalline phases.
The results agreed with molecular dynamic calculations,
which predicted a needed reduction of 2.9-4.6 kJ mol ™" in the
energy barrier for dehydrating Mg®" cation. Thus, it was
argued that the 75 vol% ethanol solution decreased the sol-
vation energy in 4.2-8.4 k] mol™", thus assisting the dolomiti-
zation reactions.**

The smaller growth rate of dolomite and magnesite when
compared to calcite is often related to the slower water
exchange rate and higher dehydration enthalpies for Mg
cations compared with Ca cations (Kexchange = 5 X 10° and 6-9 x
10® s7! and AH = 1922.1 and 1592.4 k] mol™* for Mg>" and
Ca”" ions at room temperature, respectively).*> In evaporatively
concentrated lakes, the precipitation of calcite leads to
depletion of Ca*>*, and consequent raise of the Mg**/Ca*" ratio
followed by the precipitation of Mg minerals. In the presence
of sulphate ions, the type of the Mg mineral to be formed will
vary according to the kinetics of the calcite precipitation: the
fast precipitation of calcite is followed by the precipitation of
Mg carbonates; however, the slow precipitation of calcite
extends the residence time of the Mg cations in solution favor-
ing the nucleation of Mg sulphates minerals (Fig. 8).
Therefore, the kinetics of calcite formation have direct effect
on the type of Mg mineral to be formed in sediments, and the
final molar ratios of [Mg”*(aq)]/[SO,* (aq)] and [SO,> (aq))/
[CO5*(aq)] in the residual fluid."®

Keller et al. have investigated the carbonation reaction of Ca
(NO3), and MgSO, with Na,CO; at 81 °C for 1-23 days. The
authors obtained a dolomite-like material with isomorphous re-
placement of carbonate groups, containing sulphate anions in
the crystal structure (Ca;.56Mgo.944(SO4)0.035(CO3)1.065:0.26H,0)
and, through microscope characterization techniques and XRD,
they proposed a hydrated protodolomite phase as a precursor
for dolomite formation via an Ostwald ripening model. It was
suggested that the presence of sulphate increases the rate of
nucleation but decreases the rate of crystal growth. The authors
also observed that the precipitated materials displayed water
losses (absorbed and coordinated) until 200 °C.*°

Previous studies have also demonstrated that the growth of
calcite crystals in presence of sulphate ions results in the for-
mation of calcite polymorphs due to sulphate incorporation
into the crystal structure, which disturbs the growth pattern of
the crystal resulting in phases of lower solubility. As a matter
of fact, molecular dynamic simulations have calculated stron-
ger binding energy for calcite than for its polymorphs (arago-
nite and vaterite), indicating higher probability of selective pre-
ferential accumulation of sulphate in calcite rather than in the
other polymorphs. Further experimental studies have shown
that continuous increments in sulphate concentrations (from
500 to 4000 mg L") results in changes in the crystal habit of
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Fig. 8 Ternary diagram in function of the molar ratios of solutes for precipitation of carbonate minerals. The calcite precipitation leads to Ca**
depletion, which may favor the formation of dolomite or magnesium sulphate, depending on the kinetics of calcite precipitation (reformulated from

Deocampo, 2010).*8

calcite, and in the stabilization of vaterite prior to aragonite
phase. It also has been observed that mixed polymorph crys-
tals of vaterite/calcite are formed at elevated sulphate concen-
trations (4000 mg L"), but the sulphate incorporation is
higher in the calcite crystals and can be magnified with
increasing the salinity of the reacting system.*’

3.2. Kinetics of dolomite precipitation

The unfavorable kinetics of dolomite precipitation at ambient
temperatures and pressures has been associated to four main
factors: (i) the high dehydration energy of Mg** cations, (ii) the
energy barrier for long range ordering of the magnesium and
carbonate ions in the crystalline structure, (iii) lattice stress
build up correlated to the impurity incorporation model, and
(iv) the self-limiting growth model.*® The challenges of synthe-
sizing dolomite under temperatures and pressures close to (or
at) ambient conditions are related to the kinetic barriers to the
nucleation and growth, which may be associated to the
ordered crystal structure of the mineral. Consequently, the
thermodynamic data obtained for dolomite are mainly
extracted from high-temperature (>100 °C) experimental set-
tings, which are then extrapolated to lower temperatures. It
also has been reported that the kinetics of dolomitization can
be accelerated by increasing the surface area and solubility of
the calcium carbonate precursors."*

High-temperature synthesis of dolomite requires a long
induction period (20 to >80% of the time needed for dolomi-
tizing calcite or aragonite), followed by fast isomorphous re-
placement in the calcium carbonates and producing dis-
ordered phases of very high or high Mg calcite. The duration
of the induction period has direct effect on the overall rate of
dolomitization." In a work published by Malone et al. (1996)*
the maximum of protodolomite formation was obtained in
286 hours at 200 °C, while 336 days at 50 °C yielded the same
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results. These experiments were recrystallizations of Ca and
Mg carbonates solutions conducted in conditions similar to
seawater with 41.7 mol% of MgCO;. The authors also noticed
the influence of surface area on the dolomitization. Thus, the
crystallization was proposed to be influenced primarily by: (i)
temperature, (ii) reacting mineralogy, (iii) solutions/environ-
ment chemistry and (iv) reacting surface area.*®*°

The increasing of dolomitization rates have been correlated
also with the pH of the medium (either high alkalinity or high
acidity), high concentrations of Ca** and Mg>*, and high fluid
to rock proportions. Some studies have shown that the kinetics
of the dolomitization reaction can be accelerated by applying
high Mg*>*/Ca®" molar ratios in the fluid, with a non-linear
relation between the decrease of the induction time and the
increment of the Mg”*/Ca®" ratio. For example, solutions at
Mg>*/Ca®" ratios above 0.7 shows initial precipitation of very
high Mg calcite within tens of hours, while below the 0.6 ratio
the first precipitates are noted after hundreds of hours."* The
kinetics rates increase continuously until Mg>*/Ca®" ratio of ca.
5, when the dolomitization rates starts to decrease. Some
studies suggest that at this point the crystalline structure of
dolomite is inhibited by the high magnesium content.>®

The experimental observations reported by Higgins and Hu
(2005) have underlined the kinetics of dolomite formation in
function of a layered growth, investigated with in situ atomic
for