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ABSTRACT: Norsethite, BaMg(CO3)2, is an interesting mineral
that can be used to investigate processes leading to the formation
of dolomite and other dolomite-type structures. To this end, it is
first necessary to study in detail the Ba−Mg cation arrangement in
the crystal structure of norsethite. In this work, first-principles
calculations based on density functional theory (DFT) have been
used to simulate cation ordering for the crystal structures of two
BaMg(CO3)2 polymorphs: the low-temperature polymorph (up to
∼360 K), α-norsethite (R3̅c), and the high-temperature polymorph
(above ∼360 K), β-norsethite (R3̅m). We found that for both
structural variants of norsethite, the most stable cation arrange-
ments are those with the alternation of barium and magnesium
layers along the c-axis. Furthermore, we have adequately simulated nonstoichiometric β-norsethite structures since some synthetic
norsethites were found to have an excess of magnesium, which seems to favor the crystallization of β-norsethite at room temperature.
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1. INTRODUCTION

Dolomite, CaMg(CO3)2, the second most abundant carbo-
nate in the Earth’s crust, crystallizes in the R3̅ space group
(SG) with Z = 3. Its idealized structure can be described as
layers of CO3

2− anionic groups, which separate alternate
layers of Mg2+ and Ca2+ along the c-axis of a hexagonal cell.
These layers can consist of just one type of cation (Mg2+ or
Ca2+) or, alternatively, each layer can contain a more or less
disordered distribution of Ca2+ and Mg2+ cations.
In spite of its abundance and geological relevance, the

mechanisms of the formation of dolomite at low temperatures
remain elusive. This lack of knowledge is one of the most
longstanding and intriguing mineralogical problems, the so-
called “dolomite problem”, which can be summarized as
follows: while dolomite is a very rare mineral in Holocene
and modern sediments, it is very abundant in ancient
carbonate rocks from Tertiary to Precambrian ages.1

Moreover, dolomite cannot be directly synthesized in
laboratories at temperatures below 100 °C.
Obviously, to solve the dolomite problem, it is necessary to

first understand the mechanisms that lead to an increase in
the Mg−Ca order within the dolomite structure. Recent
studies indicate that the formation of dolomite with a high
degree of cation order could require millions of years. For
instance, an extrapolation from the results of high-temper-
ature experiments has shown that fully ordered dolomite
would require about 6.8 million years to be formed at
ambient conditions.2 This estimate is in good agreement with

those obtained from some isotopic and crystallochemical
analyses of natural dolomite samples,3,4 which indicate that
cation ordering is a slow process that might occur in a
geological scale of time.
In the last few decades, cation ordering arrangements in

minerals have been studied using atomic computational
methods.5−7 In particular, recent quantum mechanical and
empirical calculations on dolomite nucleation and growth
provided new insights into the formation of ordered
dolomite.8,9 These calculations have shown that while a
dolomite bulk structure with a completely ordered cation
arrangement is the configuration that is energetically most
favorable, the dolomite (10.4) surface is energetically more
favorable when Ca2+ and Mg2+ cations are randomly
distributed, i.e., when such a surface shows cation disorder.8,9

According to Bruno et al.,9 the cationic order in the dolomite
bulk structure would increase progressively by the intra-
crystalline diffusion process. The sluggishness of such a
process at ambient conditions is consistent with dolomite
formation times of millions of years.
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Due to the excessive experimental times required to obtain
highly ordered dolomite at ambient conditions, its formation
process has been indirectly investigated using two phases with
structures close to that of dolomite: Norsethite (BaMg-
(CO3)2) and PbMg(CO3)2.

10−12 These phases are called
dolomite analogues because their structures can be described
as a distorted dolomite structure where calcium cations have
been substituted by barium (norsethite) or lead (PbMg-
(CO3)2). Due to the larger radii of barium and lead cations,
the orientation of carbonate groups differs with respect to
that in the dolomite structure. This causes norsethite and
(PbMg(CO3)2) to crystallize into space groups different from
the dolomite space group (R3̅).
In a first description of the structure of norsethite, the R32

space group was assigned.13 However, a further structural
refinement concluded that norsethite crystallizes in the R3̅m
space group.14 Furthermore, recent investigations differ-
entiated between two norsethite structures: α-norsethite and
β-norsethite.15,16 The α-norsethite is a low-temperature
polymorph (stable up to ∼360 K), which crystallizes in the
R3̅c SG with Z = 6, while the β-structure is a high-
temperature polymorph (thermodynamically stable from
∼360 K), which crystallizes in the R3̅m SG with Z = 3.16

In the last decade, due to the structural similarities of
norsethite and dolomite, various researchers considered the
norsethite crystallization and properties at ambient conditions
as an analogue of dolomite formation.17−27 In the experi-
ments reported by Pimentel and Pina,21 the formation of
norsethite occurred through dissolution−crystallization reac-
tions from precursor phases. Consequently, norsethite
showed a progressive increase in the Ba−Mg order since its
first detection in the crystallization medium. Clearly, to better
understand the ordering mechanism that leads to the
formation of norsethite through dissolution−crystallization
reactions, a detailed description of its structural features for a
number of Ba−Mg arrangements is fundamental. In addition,
the possible formation of metastable structural variants (e.g.,
β-norsethite) during the norsethite ordering process must be
considered.
In this work, we present quantum mechanical simulations

of the structures of α-norsethite and β-norsethite. For the
case of β-norsethite, these simulations were performed for
different Ba−Mg configurations with different degrees of
cation order. We found that the fully ordered alternation of
sheets of Ba2+ and Mg2+ cations is the energetically most
stable crystal structure of norsethite. Finally, calculated
diffractograms from simulated norsethite structures with a
number of Ba−Mg configurations are compared with the
previously reported experimental results.

2. METHODOLOGY
The crystal structure, interatomic geometries, and energies
were calculated using density functional theory (DFT). All
electronic calculations were performed using the CASTEP
code implemented in the Material Studio 2019 package
(Biovia, Dassault Systems). Generalized gradient approxima-
tion (GGA) functional with the Perdew−Burke−Ernzerhof
(PBE) parameterization was employed. All calculations were
conducted using the Tkatchenko and Scheffler method for
dispersion correction,28 On-The-Fly-Generated (OTFG)
ultrasoft pseudopotentials, relativistic treatment of Koelling−
Harmon, and an energy cut-off of 630 eV were used. Initially,
rPBE and PBEsol functionals and OTFG norm-conserving

pseudopotentials were also tested. The best results were
obtained with PBE and ultrasoft pseudopotentials. Therefore,
we used the latter conditions for conducting the calculations
presented in this work. The convergence gradient for the self-
consistent field (SCF) for energy calculations was 1 × 10−7

eV/atom in the density matrix. The convergence tolerance
parameters were set to 5 × 10−6 eV/atom for energy, 0.0001
Å for maximum displacement, 0.02 GPa for maximum stress,
and 0.01 eV/Å for the maximum force. The structural models
were visualized and analyzed using VESTA software.29

Single-point energy calculations were used to determine the
best energy cut-off to perform the structure optimization. The
cut-off values for single-point energy calculations were: 381,
421, 461, 489.8, 520, 550, 571.4, and 630 eV. The cut-off
values were plotted versus the energy calculated (see Figure
S1). An energy cut-off of 630 eV was chosen since it is the
cut-off value with the least energy variation with respect to
the previous cut-off.
The powder X-ray diffraction (XRD) patterns were

simulated from the crystal structures using the REFLEX
code included in Material Studio 2019 (Biovia, Dassault
Systems).

3. NORSETHITE MODELS
3.1. General Description of Norsethite Structures.

Two different norsethite structures were taken from the
literature: the low-temperature polymorph, α-norsethite,
which crystallizes in the R3̅c space group15 and the high-
temperature polymorph, β-norsethite, which crystallizes in the
R3̅m space group.14 In general terms, both norsethite
structures can be described as an alternation of layers of
barium cations, carbonate groups, and magnesium cations
(Figure 1). However, barium and magnesium positions are
not identical. While barium is 12-fold coordinated,
magnesium is 6-fold coordinated. For this reason, cations
that occupy a 12-fold position are labeled as 1 and those that
occupy a 6-fold position are labeled as 2. The main difference
between α-norsethite and β-norsethite structures is related to
the arrangement of the oxygen atoms within the carbonate
groups. This slight structural difference is enough to modify
the symmetry of norsethite by substituting a c glide plane (α-
norsethite) with a mirror plane (β-norsethite). Moreover, this
change results in a unit cell of α-norsethite, which is twice
the length along the c-axis than the unit cell of β-norsethite.
Therefore, in the case of α-norsethite, the unit cell contains
12 cationic layers and 12 carbonate layers (i.e., Z = 6), while
the β-norsethite unit cell just contains 6 cationic layers and 6
carbonate layers (i.e., Z = 3). Prior to the geometric
optimization, the symmetry of both structures was set to the
P1 SG and no further symmetry constraints were imposed.
From the two norsethite structures described above, we

have chosen β-norsethite to simulate different cation ordering
arrangements. The reason for this choice is that for
simulations of the β-norsethite structure computational
times can be significantly reduced due to the lower number
of atoms within its unit cell compared to α-norsethite.
Nevertheless, considering the slight differences between the
structures of α-norsethite and β-norsethite, the main results
of the simulations of the β-norsethite structure can also be
considered valid for α-norsethite.

3.2. Interlayer Cation Disorder in the β-Norsethite
Structure. Once the β-norsethite structure was optimized,
different cationic configurations were studied by modifying
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the stacking sequence of barium and magnesium layers, i.e.,
the interlayer cation disorder. The following β-norsethite
structural configurations with different cation layer stacking
sequences were generated:
Nor1: Ba1−Mg2−Ba1−Mg2−Ba1−Mg2 (i.e., fully ordered

β-norsethite structure, Figure 1)
Nor2: Ba1−Ba2−Ba1−Mg2−Mg1−Mg2
Nor3: Ba1−Ba2−Mg1−Ba2−Mg1−Mg2
Nor4: Ba1−Ba2−Mg1−Mg2−Ba1−Mg2

Nor5: Ba1−Mg2−Mg1−Ba2−Ba1−Mg2
Nor6: Mg1−Ba2−Mg1−Ba2−Mg1−Ba2
Nor7: Ba2−Mg1−Ba2−Mg1−Ba2−Mg1
It is important to remark that while in the Nor6

configuration Mg cations were replaced by Ba cations and
vice versa, in the Nor7 configuration, no cation substitution
was conducted from Nor1, and the carbonate groups were
rotated 60° around the c-axis to change barium to a 6-fold
coordination and magnesium to a 12-fold coordination.

3.3. Intralayer Cation Disorder in the β-Norsethite
Structure. In nature, the cation disorder can also occur
within a single cation layer, i.e., the intralayer cation disorder.
To calculate the disorder degree in stoichiometric norsethite
and other double carbonates, the following expression can be
used:30,31

s X2 1Mg= − (1)

where XMg denotes the occupancy of the Mg2+ cation in Mg
sites. According to eq 1, s = 1 for a completely ordered
structure and s = 0 for a completely disordered structure.
Norsethite structures with different degrees of intralayer

disorders were simulated by building a 2 × 2 × 1 supercell
(SC) after the first optimization of starting the fully ordered
norsethite R3̅m structure. In such structures, half of the
barium cations in the Ba layer were substituted by
magnesium cations and half of the magnesium cations in
the Mg layers were substituted by barium cations. By doing
this, four β-norsethite structures with different cationic
arrangements were generated (Figure 2). Furthermore, the
effect of the ordering defect of a single Ba−Mg pair on the
structure of β-norsethite (i.e., Nor1) was simulated in a 2 × 2
× 1 SC, which corresponds with an order degree of s = 0.83
(configuration D1 not shown in Figure 2).

3.4. Nonstoichiometric β-Norsethite Structure. In
addition to the structural configurations shown in Figure 2,
the effect of an excess of Ba and Mg cations in the β-
norsethite structure was also simulated by building a 2 × 2 ×
1 SC after the first optimization of the β-norsethite structure.
In such SC, one Ba cation in the second barium layer was

Figure 1. Scheme of the unit cell structure of α-norsethite, all of the
scheme (left line), and β-norsethite, half of the scheme (right line).
The numbers 1 and 2 placed in the upper right part indicate 12-fold
and 6-fold coordinated positions, respectively. Ba denotes barium
cations, Mg denotes magnesium cations, and O−C−O denotes the
carbonate layers.

Figure 2. Scheme of ordered (Nor1) and four partially disordered intralayer cation arrangements of β-norsethite supercell (SC) structures
before optimization (V1−V4). The numbers 1 and 2 placed in the left part indicate 12-fold and 6-fold coordinated positions, respectively. Ba
denotes barium cations, Mg denotes magnesium cations, and O−C−O denotes the carbonate layers.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.1c00058
ACS Earth Space Chem. 2021, 5, 1486−1497

1488

https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00058?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00058?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00058?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00058?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00058?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00058?rel=cite-as&ref=PDF&jav=VoR


first substituted by one Mg cation to generate a β-norsethite
structure with a 12.5% excess of magnesium. This slightly
nonstoichiometric norsethite structure, named NorMg
(Figure 3), has a composition similar to that of some

norsethites previously synthesized under ambient conditions,
for which a 14% excess of magnesium was measured.32

Subsequently, a β-norsethite structure with an excess of
barium (named NorBa) was simulated by substituting one
Mg cation by one Ba cation in the central magnesium layer
(Figure 3).

4. RESULTS
4.1. Structures of α-Norsethite and β-Norsethite. The

α-norsethite and β-norsethite structures were fully optimized
with CASTEP by relaxing atomic and crystal lattice structures
(Figure 4). Then, the unit cell dimensions, bond lengths, and
coordination numbers of both structures were determined
(see Tables 1 and 2). We found that the parameters of the
optimized structures are in good agreement with those
experimentally determined14,16 and previously calculated.27,33

Only the c parameter of α-norsethite resulted to be about
2.3% larger in our optimized structure than in that
experimentally determined by Ende et al.16 To reduce such
a slight discrepancy in the value of the c parameter of
norsethite, further calculations were conducted using other
functional (RPBE and PBESOL) and pseudopotentials
(OTFG norm conserving). However, the obtained results
were not significantly different from the results shown in
Table 1 (see Table S1). In the case of the β-norsethite
structure, our calculated a (=b) parameter was found to be
only 0.014 Å larger than that previously reported.14,16 Such a
small difference in the a parameter can be neglected and both
theoretical and experimentally determined β-norsethite
structures can be considered to be identical. In addition,
taking into account that no symmetry constraints were

imposed on the calculations performed, the obtained angles
of the hexagonal crystal system (i.e., α = β = 90° and γ =
120°), further support the validation of the calculation
method used.
In Table 1, we can see that the Mg−O bond lengths in our

theoretical structure and experimentally determined α-norse-
thite structure are similar. Comparatively, bonds between Ba
and O atoms in the theoretical and experimental α-norsethite
structures have different lengths. Ende et al. described two
barium polyhedra in the α-norsethite structure, i.e., 12-fold
and 6-fold coordinated with the oxygen atoms.16 While the 6-
fold polyhedra are defined by six strong Ba−O bonds (2.790
Å in length), the 12-fold polyhedra are irregular polyhedra
defined by these six strong bonds and another six weak bonds
(3.097 Å in length). Although in our optimized α-norsethite
structure, the difference between the strong bonds (2.757 Å
in length) and weak bonds (3.209 Å in length) is higher than
in the experimental structures, we can still consider that the
barium polyhedra are 12-fold coordinated, i.e., defined by six
strong and six weak bonds.
Differently, in the β-norsethite structure, the Ba−O and

Mg−O bonds are almost identical in both the experimental
and theoretical structures (Table 2). As a consequence, the
12 Ba−O bonds are all identical (2.95 Å in length) and,
therefore, barium atoms are undoubtedly 12-fold coordinated
with oxygen atoms in the β-norsethite structure.

4.2. Interlayer Cation Disorder in the β-Norsethite
Structure. In β-norsethite structures with different interlayer
cation disorders, the most stable structural configurations are
the most ordered ones, i.e., Nor1 and Nor7 (see Figure 5 and
Table 3). In these configurations, Ba2+ cations occupy the 12-
fold coordination Ba sites and Mg2+ cations occupy the 6-fold
coordination Mg sites, in alternate stacking layers separated
by carbonate groups. In another highly ordered configuration,
Nor6, Ba2+ cations occupied the 6-fold coordinated Mg sites,
and Mg2+ cations occupied the 12-fold coordinated Ba sites
(Figure 5E). Although Nor1 and Nor6 structures might look
identical, the Nor6 structure is the least energetically
favorable due to the interchange of Ba and Mg sites, i.e.,
Ba2+ is 6-fold coordinated and Mg2+ is 12-fold coordinated.
Therefore, the Nor6 configuration is unlikely to be found in
nature. Finally, the Nor7 configuration was built starting from
Nor1 and rotating the carbonate groups by 60° around the c-
axis to coordinate Mg cations with 12 oxygen atoms and Ba
cations with 6 oxygen atoms. With this rotation, the
orientation of the O atoms with respect to cations is
changed and, hence, the Mg coordination number changes to
12-fold and the Ba coordination number changes to 6-fold.
However, after the optimization, the positions of oxygen
atoms changed, and Mg and Ba cations become both 6-fold
coordinated. The energy difference between Nor1 and Nor7
is very small and we can consider both of them as analogous
and equally likely to be found, even though the value of c is
higher in Nor7 than in Nor1.
In all of these structural configurations, the interlayer

cation disorder modified the cell parameters of β-norsethite,
with a and b becoming shorter and c larger than in the fully
ordered structure and experimental structures (Table 3).
Nevertheless, in all interlayer cation disordered structural
configurations, the calculated α, β, and γ angles are in
agreement with those characteristic of the hexagonal crystal
system, i.e., α = β = 90° and γ = 120°. The energy
differences of all configurations at 0 K with respect to Nor1

Figure 3. Scheme of NorMg and NorBa. Ba indicates barium
cations and Mg indicates magnesium cations. In red and underlined
are shown the cations added as an excess to the norsethite structure,
and O−C−O indicates the carbonate layers. The numbers 1 and 2
located in the left part indicate 12-fold and 6-fold coordinated
positions, respectively.
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are not large, except for Nor6. This fact suggests that some of
these disorder cation configurations might exist at room
temperature due to entropic contributions. Moreover, these
structural configurations with the interlayer cation disordered
do not produce significant distortions in the carbonate
groups. Only in the Nor2 configuration, the two carbonate
groups lose the parallelism with the cation layers, and

inclinations of 35° with respect to the horizontal 00.1 plane
were obtained.
Furthermore, another parameter that can be determined in

carbonate minerals is the aplanarity of the carbonate groups,
i.e., the distance between the carbon atom and the plane
defined by the three oxygen atoms of the carbonate group.33

Remarkably, the different configurations of cation layers in
the β-norsethite reduce the aplanarity of the carbonate groups

Figure 4. Optimized crystal structures of norsethite. (A) a unit cell of the α-norsethite structure, (B) a unit cell of the β-norsethite structure.
The supercells 2 × 2 × 1 of α-norsethite (C) and β-norsethite (D). Ba, Mg, C, and O atoms are given in green, orange, black, and red colors,
respectively. This color representation is extended to the rest of this work. Shared atoms in equivalent positions are not shown.
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(aplan in Table 3), Nor6 being the configuration with the
lowest aplanarity.
4.3. Intralayer Cation Disorder in the β-Norsethite

Structure. The intralayer cation disorder in the β-norsethite
structure was simulated through the V1, V2, V3, and V4
configurations (see Figures 2 and 6). The fully ordered β-
norsethite structure (i.e., Nor1) is the most stable one. For
the β-norsethite structural configuration with the intralayer
disorder, the energy is much higher than for structures with
the interlayer disorder analyzed in Section 4.2. Hence, the
structures from V1 to V4 are unlikely to be found in nature
(Table 4). Although it may seem that the intralayer and
interlayer cation disorders affect the β-norsethite structure in
a similar way, the intralayer cation disorder has a major effect
on this structure. For all of the configurations with the
complete intralayer cation disorder (s = 0), a and b
parameters are shorter and c is longer than those of the
ordered structure (Table 4). In addition, in β-norsethite
structures with intralayer cation disorder configurations, the
parameters a and b are slightly different, varying between 0.1
and 0.5 Å and the angles between the axes also differ from
those corresponding to the hexagonal system (Table 4).

Comparatively, in β-norsethite structures with the interlayer
cation disorder, the a and b parameters are closer to those of
the experimental structures, and α and β are 90° and γ is
120°.
The distortion in the unit cells in the different

configurations is due to the various inclinations of the
carbonate groups for accommodating the exchanged cations
in the layers with 6-fold and 12-fold coordinations. The
inclination of the carbonate group can be defined as the angle
between the carbonate plane and the 00.1 plane. In these
configurations, this angle varies from almost horizontal (∼6°)
to almost vertical (∼81°), although the main values are in the
20−70° range (Figure 6). In the case of the D1 structure,
carbonate groups are almost horizontal, except around the
cation substitution sites, where the carbonate groups have
inclinations between 20 and 30°. This inclination of the
carbonate groups can be clearly observed through the profiles
of oxygen concentration along the [001] direction, as shown
in Figures 7 and S2. In these profiles, the relative
concentration of selected atoms, i.e., oxygen atoms, is plotted
along the [001] direction. The narrow peaks with a high
relative concentration indicate that all of the oxygen atoms of
the carbonate layer are located at the same z position. In
turn, the peaks with low relative concentration values indicate
that oxygen atoms of carbonate groups in the same carbonate
layer are not located at the same z position, i.e., the
carbonate groups are not horizontal but tilted from the 00.1
plane. It is interesting to remark that, in these cation
disordered structures, the loss of the horizontality of the
carbonate groups reduces its aplanarity (Table 4).
Interestingly, some β-norsethite structural configurations

can have a partial intralayer disordered arrangement, as in the
configuration D1, without losing their symmetry (Table 4).
In this slightly disordered β-norsethite structure, Ba2+ and
Mg2+ cations are 12-fold and 6-fold coordinated respectively,
except for Ba2+ cations in the Mg site, which is 6-fold
coordinated, and Mg2+ cations in the Ba site, which is 10-fold
coordinated. This structure is 0.723 eV less stable than the
alternative ordered arrangement. This energy difference was
calculated in static calculations at 0 K. Hence, we can
consider that the slight deviations from complete cation order
as those shown by the configuration D1 are likely to form at
room temperature.

4.4. Nonstoichiometric β-Norsethite Structure. Con-
sidering that norsethite can exhibit deviations from
stoichiometric composition,32 two different nonstoichiometric
structures were studied: with an excess of magnesium,
NorMg (Figure 8A), and with an excess of barium, NorBa
(Figure 8B). As expected, given the larger size of the barium
cations compared to magnesium cations, the crystal structure
of NorBa is larger than the stoichiometric structure (Table
5). Accordingly, the crystal structure of NorMg is smaller
than the stoichiometric structure (Table 5). Remarkably, in
both cases, the cation substitution does not produce any
significant distortion in the norsethite structure.

5. DISCUSSION
Our theoretical approach has shown that both α-norsethite
and β-norsethite structures can be adequately reproduced
using DFT calculations. In particular, calculations of the β-
norsethite structure resulted in the structural geometry and
crystal dimensions closer to the previous experimental
data15,16 and theoretical calculations27,33 (Table 2). However,

Table 1. Parameters of the Fully Ordered α-Norsethite
Crystal Structure Calculated in This Work Compared With
the Experimental Parameters Determined at 100 K by (a)
Effenberger et al.15 and (b) Ende et al.16 a

(a)
experimental

(b)
experimental theoretical (this work)

a (Å) 5.015 5.010 5.014
b (Å) 5.015 5.010 5.014
c (Å) 33.474 33.400 34.244
α (deg) 90 90 90
β (deg) 90 90 90
γ (deg) 120 120 120
Ba−O (Å) 2.796−3.102 2.790−3.097 2.757−3.209
Ba (C.N.) 12 12 12
Mg−O (Å) 2.058 2.056 2.076
Mg (C.N.) 6 6 6
aC.N. is the coordination number of the Ba−O and Mg−O
polyhedra. Distances in Å between the atoms within these polyhedra
are also given.

Table 2. Parameters of the Fully Ordered β-Norsethite
Crystal Structure Calculated in This Work Compared With
the Experimental Parameters Determined by (a)
Effenberger et al.15 and (b) Ende et al.,16 and Calculated
by Winkler et al.33 (In Brackets)a

(a) experimental (b) experimental theoretical

a (Å) 5.022 5.021 5.035 (5.061)
b (Å) 5.022 5.021 5.035 (5.061)
c (Å) 16.77 16.75 16.754 (17.676)
α (deg) 90 90 90
β (deg) 90 90 90
γ (deg) 120 120 120
Ba−O (Å) 2.95 2.95 2.95
Ba (C.N.) 12 12 12
Mg−O (Å) 2.06 2.05 2.07
Mg (C.N.) 6 6 6

aC.N. is the coordination number of the Ba−O and Mg−O
polyhedra. Distances in Å between atoms within these polyhedra
are also given.
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when the cation disorder is introduced in the simulations of
β-norsethite, a number of calculated structures exhibit
significant distortions of the structure, which cannot be
identified as norsethite. These structural variants with a high
degree of disorder might correspond to the protocrystalline
precipitates detected in the previously reported synthesis
experiments of norsethite at ambient conditions.12,21,22,32 The
formation of such “disordered norsethite configurations”
could occur in a scenario of nonclassical crystallization
favored by the high supersaturation starting conditions in the
experiments.21,22,32,34 Presumably, a high ionic mobility
within these disordered configurations eventually results in
the formation of norsethite crystals with the most stable
cation arrangement. Nevertheless, the small energy differences
between most of the norsethite disordered configurations

(see Table 3) indicate that certain ordering defects can
persist in this mineral. Probably, this phenomenon could also
occur in the case of the mineral dolomite (CaMg(CO3)2).
The calculated energy differences between β-norsethite
configurations with interlayer disorder are much higher than
the 0.074 eV value reported for cation ordering in the
dolomite structure.7 Furthermore, while Ba2+ and Mg2+

cations are, respectively, 12-fold and 6-fold coordinated
with the oxygen atoms in β-norsethite, Mg and Ca cations
are both 6-fold coordinated in the dolomite structure. This
seems to indicate that partially disordered interlayer defects
will be less probable in β-norsethite than in dolomite.
Remarkably, among the β-norsethite configurations with

the interlayer cation disorder, Nor7 has a lower energy than
that of the fully ordered configuration Nor1. This would

Figure 5. Models of cation layer configurations in the β-norsethite structure after optimization. (A) Nor2: Ba1−Ba2−Ba1−Mg2−Mg1−Mg2,
(B) Nor3: Ba1−Ba2−Mg1−Ba2−Mg1−Mg2, (C) Nor4: Ba1−Ba2−Mg1−Mg2−Ba1−Mg2, (D) Nor5: Ba1−Mg2−Mg1−Ba2−Ba1−Mg2, (E)
Nor6: Mg1−Ba2−Mg1−Ba2−Mg1−Ba2, and (F) Nor7: Ba2−Mg1−Ba2−Mg1−Ba2−Mg1. Shared atoms in equivalent positions of barium and
magnesium are not shown.
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suggest that Nor7 is the most stable structural configuration
of β-norsethite. To further analyze the similarities and
differences between the theoretical and experimental
structures, we calculated XRD patterns for β-norsethite and
α-norsethite. A first comparison shows that the XRD pattern
of Nor7 is more similar to that of α-norsethite than that of β-
norsethite (see Figure 9). Therefore, the Nor7 structure is
not a β-norsethite structure, in contrast, it can be considered
as the α-norsethite structure when building a 1 × 1 × 2
supercell. This means that a slight rotation of carbonate

groups with respect to the surrounding cations seems to be
enough to induce a polymorphic phase transition from α- to
β-norsethite. Since the energy difference between the
norsethite polymorphs is small, the metastable crystallization
of β-norsethite with a certain degree of disorder might occur
at ambient conditions. Moreover, this small energy difference
between α-norsethite and β-norsethite is in good agreement
with the differential scanning calorimetry (DSC) results
obtained by the Effenberger et al.15 Nevertheless, these
authors reported that the phase transition between the low-

Table 3. Calculated Parameters of β-Norsethite With Different Cation Layer Configurationsa

Nor1 Nor2 Nor3 Nor4 Nor5 Nor6 Nor7

a (Å) 5.035 4.845 4.987 4.987 4.989 5.010 5.022
b (Å) 5.035 4.840 4.988 4.988 4.989 5.010 5.022
c (Å) 16.754 18.415 17.383 17.383 17.353 20.209 17.057
vol (Å3) 367.822 374.630 374.823 374.535 374.101 439.329 372.585
α (deg) 90.0 90.0 90.0 90.0 90.0 90.0 90.0
β (deg) 90.0 90.1 90.0 90.0 90.0 90.0 90.0
γ (deg) 120.0 119.8 120.0 120.0 120.0 120.0 120.0
Ba−O (Å) 2.95 2.78 ± 0.11 2.88 ± 0.18 2.86 ± 0.70 2.83 ± 0.77 2.60 2.78 ± 0.01
Ba (C.N.) 12 8 9 9 9 6 6
Mg−O (Å) 2.07 2.11 ± 0.05 2.13 ± 0.07 2.11 ± 0.07 2.11 ± 0.07 2.84 2.08
Mg (C.N.) 6 6 6 6 6 12 6
C−O (Å) 1.29 1.29 ± 0.01 1.30 ± 0.01 1.30 ± 0.01 1.30 ± 0.01 1.29 1.30
aplan (Å) 0.038 ± 0.000 0.013 ± 0.017 0.025 ± 0.018 0.025 ± 0.018 0.025 ± 0.018 0.001 ± 0.000 0.035 ± 0.000
E (eV) 0.0 0.601 0.434 0.433 0.431 14.892 −0.080

aVol is the unit cell volume, C.N. is the coordination number of the Ba−O and Mg−O polyhedra, aplan is the aplanarity of the carbonate group
(see explanation in the main text), and E is the relative energy of the unit cell referred to the Nor1 configuration.

Figure 6. Models of the disordered intralayer cation arrangements of β-norsethite supercell 2 × 2 × 1 (SC) structures after optimization: V1
(A), V2 (B), V3 (C), and V4 (D). Ba−O and Mg−O bonds and shared atoms in equivalent positions were removed from the figure to facilitate
the visualization of the cation disorder in the structure.
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Table 4. Calculated Unit Cell Parameters of Ordered β-Norsethite, Those With Different Fully Disordered Cation
Arrangements and Slightly Disordered β-Norsethite D1 (s = 0.83)a

Nor1 V1 V2 V3 V4 D1 (s = 0.83)

a (Å) 5.035 4.501 4.194 4.935 4.951 4.986
b (Å) 5.035 4.637 4.350 4.627 4.501 4.991
c (Å) 16.754 20.185 22.801 20.241 20.186 17.440
vol (Å3) 367.822 381.839 391.578 396.719 381.651 376.355
α (deg) 90.0 84.5 90.6 94.0 92.1 90.0
β (deg) 90.0 92.0 94.6 88.8 93.3 87.9
γ (deg) 120.0 114.4 109.1 120.6 121.5 120.0
Ba−O (Å) 2.95 2.85 ± 0.15 2.88 ± 0.17 2.87 ± 0.17 2.85 ± 0.14 2.87 ± 0.15
Ba (C.N.) 12 9 9 9 9 12
Mg−O (Å) 2.07 2.13 ± 0.12 2.06 ± 0.06 2.13 ± 0.12 2.16 ± 0.13 2.12 ± 0.07
Mg (C.N.) 6 5 5 6 6 6
C−O (Å) 1.29 1.30 ± 0.02 1.30 ± 0.03 1.30 ± 0.02 1.30 ± 0.02 1.30 ± 0.02
aplan (Å) 0.038 ± 0.000 0.027 ± 0.017 0.024 ± 0.011 0.013 ± 0.017 0.028 ± 0.018 0.029 ± 0.013
E (eV) 0.0 1.892 1.804 2.757 1.929 0.723

aVol indicates the unit cell volume, C.N. indicates the coordination number of the Ba−O and Mg−O polyhedra, aplan is the aplanarity of the
carbonate group, and E is the relative energy of the unit cell in reference to the Nor1 structure.

Figure 7. Concentration profile of oxygen atoms projected along the
[001] direction of Nor1, V1, and D1 structures. A maximum relative
concentration of 33 indicates that all of the oxygen atoms in the
carbonate layer are coplanar, i.e., carbonate groups are parallel to the
00.1 plane. Peaks with a lower relative concentration indicate that
carbonate groups have different angles to the 00.1 plane.

Figure 8. Models of β-norsethite SC structures with an excess of Mg (A) and Ba (B) after optimization. Substituted cations in both structures
have been indicated by blue arrows. Ba−O and Mg−O bonds and shared atoms in equivalent positions were removed from the figure to
facilitate the visualization of the cation disorder in the structure.

Table 5. Calculated Unit Cell Parameters of Ordered β-
Norsethite and β-Norsethite With An Excess of Mg
Cations (NorMg) and An Excess of Ba Cations (NorBa)a

Nor1 NorMg NorBa

a (Å) 5.035 5.023 5.052
b (Å) 5.035 5.023 5.052
c (Å) 16.754 16.671 17.151
vol (Å3) 367.822 364.322 379.187
α (deg) 90 90 90
β (deg) 90 90 90
γ (deg) 120 120 120
Ba−O (Å) 2.95 2.94 ± 0.02 2.93 ± 0.13
Ba (C.N.) 12 12 12
Mg−O (Å) 2.07 2.06 ± 0.01 2.07 ± 0.03
Mg (C.N.) 6 6 6

aVol is the unit cell volume and C.N. is the coordination number of
the Ba−O and Mg−O polyhedra.
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temperature and the high-temperature polymorphs is
endothermic and reversible, and it involves a very low energy
change.
The simulated XRD patterns of α-norsethite and β-

norsethite compared to the experimental diffractogram of
an almost stoichiometric norsethite obtained at room
temperature21 are shown in Figure 10A. Although these
diffractograms are very similar, an in-depth analysis shows
that the diffraction peaks in the 2θ ranges of 40−45 and 45−
50° (see the inset of Figure 10A) are almost identical to
those of the theoretical β-norsethite structure. This would
indicate that norsethite crystals obtained by Pimentel and
Pina are, in fact, crystals of β-norsethite.21 However, peaks in
the experimental diffractogram are shifted to higher angles,
i.e., the experimental norsethite structure has lower d-
spacings, compared to those in the fully ordered stoichio-
metric β-norsethite. Interestingly, this peak shifting can be
strongly reduced by introducing Mg in the structure of β-
norsethite. Thus, the experimental diffractogram shown in
Figure 10B is almost identical to that calculated for the
simulated structure NorMg, i.e., a β-norsethite structure with
12.5% excess of magnesium, in contrast with the semi-
quantitative results reported by Pimentel and Pina from
energy dispersive X-ray (EDX) chemical analysis.21 These
results indicate that a slight deviation from stoichiometry
(i.e., Mg/Ba > 1) favors the formation of metastable β-
norsethite. However, further experimental and theoretical
investigations are required to completely determine the
stability/metastability relationship of nonstoichiometric β-
and α-norsethites at room temperature (i.e., Mg/Ba ratios,
supersaturation, solution pH, etc.).
The results obtained in this work also provide some new

insights into the formation of norsethite under ambient
conditions. Pimentel and Pina21 have shown that an almost
fully ordered norsethite is only formed after the dissolution−
recrystallization process from precursor phases (i.e., mainly
amorphous barium and magnesium carbonates, witherite, and
partially disordered norsethite). During this process, the Ba−

Mg order increases in the norsethite crystals progressively
until it reaches a maximum value after 24 h of reaction.
Interestingly, Pimentel and Pina did not detect the formation
of a completely cation disordered norsethite as a starting
phase.21 This is supported by the calculations presented in
this paper, which show that a completely disordered β-
norsethite is not compatible with a hexagonal unit cell.
Differently, norsethite structural configurations with a certain
degree of Ba−Mg ordering are theoretically possible and
energetically more favorable than completely disordered
norsethite structures. Furthermore, our calculations indicate
that norsethite structural configurations with very low
cationic order are probably very unstable. Nevertheless, at
room temperature, some disordered configurations could exist
due to entropic contributions. However, the existence of
these disordered forms would be detected as additional XRD
peaks, which are not observed experimentally. Hence, the
number of these disordered configurations should be very
low, and they could not be detected in the diffractograms as
they quickly transform into norsethite with a higher degree of
Ba−Mg order.

Figure 9. Simulated diffractograms of optimized norsethite
structures: α-norsethite (a, blue), β-norsethite (black, c, Nor1),
and β-norsethite with carbonate groups rotated 60° (red, b, Nor7).
The inset shows the peaks between 40 and 50°, which allow us to
determine that Nor7 is more similar to α-norsethite than to β-
norsethite (Nor1).

Figure 10. Experimental and simulated diffractograms of norsethite.
(A) Comparison between the experimental norsethite21 (blue, a)
and the optimized theoretically α and β norsethites (black (b) and
red (c), respectively). The inset shows the peaks between 40 and
50°, which allows the identification of the polymorph obtained by
Pimentel and Pina at room temperature.21 (B) Comparison between
the experimental norsethite (blue, a) and the optimized β-norsethite
model NorMg (orange, d). Blue diffractogram adapted from
Pimentel and Pina.21 Copyright 2014 Elsevier.
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Once the cation order of norsethite and its crystallization
mechanism have been discussed, it is of interest to briefly
compare the norsethite and dolomite structures in relation to
their formation process. Pimentel and Pina pointed out that
the precipitation of norsethite at low temperatures might be
favored over dolomite due to the lower structural constraints
for the former.21,22 Accordingly, both the large radius of the
Ba2+ cation and its high coordination number seem to
provide to norsethite a wide structure that can easily
accommodate the smaller Mg2+ cations during the crystal-
lization process. Lindner and coauthors also invoked this idea
to explain partly the results of their experiments on norsethite
synthesis.17−19

Except for Nor6 and Nor7, in all our simulated structural
configurations of norsethite, Ba2+ cations have a higher
coordination number than the Mg2+ cations. In addition,
disordered structural configurations were found to have both
a larger cell volume and a higher energy than those of the
completely ordered norsethite structure. These results are
consistent with the observed initial formation of almost
stoichiometric norsethite with a certain degree of Ba−Mg
disorder, which rapidly evolves to highly ordered norsethite.21

In addition, these features, shared by most norsethite
structural configurations, could also explain why norsethites
with an excess of magnesium are easily synthesized at room
temperature.
Although norsethite and dolomite minerals are analogues,

their structural differences seem to play a role in their distinct
formation pathways (i.e., in their crystallization kinetics).
While in the dolomite structure, Ca2+ and Mg2+ coordination
polyhedra are both 6-fold, in the norsethite structure, Ba2+

has a higher coordination number (9−12 depending on the
structural configurations) than Mg2+ (5−6). In addition, in
the norsethite structure, Ba2+ sites are larger than those of
Ca2+ and Mg2+ in the dolomite structure. Thus, we can
expect that, under similar conditions, the process of
nucleation and crystal growth of almost stoichiometric and
slightly disordered norsethite from aqueous solutions is easier
than the formation of poorly ordered dolomite crystals with
Mg/Ca ratios close to one. Furthermore, the wide structure
of norsethite favors cationic mobility, and, therefore, a faster
ordering process compared to that reported for the formation
of fully ordered dolomite at ambient conditions.2−4 Never-
theless, further experimental and theoretical work is needed
to better understand the role of structural constraints in the
formation of dolomite and its analogues.

6. CONCLUSIONS
In this paper, both α- and β-norsethite crystal structures were
calculated by quantum mechanical approximations. The DFT
simulations have provided results in good agreement with
previous experimental and theoretical works. Moreover,
several interlayer and intralayer cation disordered config-
urations of the β-norsethite structure were simulated and
analyzed. While the interlayer cation disorder resulted to be
not representative of the cation disordered arrangements
found in norsethite (and evidenced by experimentally
obtained diffractograms and structures), the significant
structural distortions produced by the intralayer cation
might explain why the formation of β-norsethite without
cationic ordering, i.e., with s = 0, has not been reported to
date. Moreover, in all of the disordering cases, Ba2+ cations
were found to be 9-fold coordinated, while the coordination

of Mg2+ cations was 5-fold or 6-fold, depending on the Ba−
Mg configurations. Our simulations indicate that the lower
energy of cation disordered structural configurations, together
with their larger volume compared to that of the fully
ordered structure, could favor the crystallization of β-
norsethite with a certain degree of cation order prior to
the formation of a fully ordered structure.
Finally, our calculations have been able to reproduce

experimental diffractograms and structures of norsethites with
a slight excess of Mg2+, i.e., norsethites with Mg/Ba > 1. This
computational work can be considered as a starting point for
future experimental and theoretical studies, which further
explore the conditions for crystallizing α-norsethite or β-
norsethite polymorphs with different degrees of stoichiome-
tries and Ba−Mg order.
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