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Abstract. Order—disorder transitions in minerals are of significance for technological applications and for the
development of models that aid the understanding of the dynamics and composition of the Earth’s interior. The
present study investigates the effect of Fe content in ankerite, Ca(Fe,Mg;_,)(CO3), (0 <x > 0.7, R3 space
group), on the distribution of cations in its crystal structure as a function of temperature. This investigation
was conducted using ex situ experiments in a piston cylinder apparatus performed at 2-3 GPa and variable-
temperature conditions (450—-1000 °C). Crystal structure refinements, using single-crystal X-ray diffraction data,
indicate that the temperature of the order—disorder phase transition in ankerite, when the space group changes
from R3 to R3c, is significantly influenced by the amount of Fe in the mineral’s crystal structure, being full
disordering conditions attained at 1000 and 800 °C in ankerites with x = 0.3 and x = 0.7, respectively. Prior
to undergoing the order—disorder phase transition, it is shown that Fe exhibits a greater aptitude than Mg to
exchange in the place of Ca (and vice versa). Mg, conversely, has a tendency to be bound at the M2 site or
to exchange in smaller quantities than Fe. Furthermore, the significance of Fe as a parameter influencing the
chemo-physical behavior of ankerite, as well as the temperature and character of the disordering process, is
highlighted. This has the potential to significantly impact the mineral physics of ankerite under non-ambient
conditions, particularly with regard to compressibility, phase stability, thermal and electric conductivity, and its

role in the Earth’s mantle geophysical modeling.

1 Introduction

The study of the order—disorder phenomena in minerals
has been a matter of considerable effort during the last
few decades in many research fields (e.g., Zucchini et al.,
2024, 2017, 2014, 2012a, b; Ke et al., 2024; Jing et al.,
2023; Kreller and Uberuaga, 2021), and it has been demon-
strated to strongly influence mass transport and conductiv-
ity in complex oxides (e.g., spinel, pyrochlore, perovskite)
(e.g., Kreller and Uberuaga, 2021; Vu et al., 2021; Goto
et al., 2021; Kennedy and Ismunandar, 1999), with impor-
tant implications for the design of new functional materials
for technological applications, such as photovoltaic panels,
solid-state batteries (Vu et al., 2021; Sau et al., 2023), and
materials used for environmental protection (e.g., Ce-based
materials, Goto et al., 2021). The order—disorder transitions
in minerals are important not only for technological applica-

tions, but also for modeling and understanding the dynamics
and composition of the Earth’s interior and other celestial
bodies, as they are factors influencing phase stability under
non-ambient conditions (e.g., Panero, 2008; Zucchini et al.,
2024; Bassett and Skalwold, 2021; Fastelli et al., 2025).
Different types of disordering can be encountered in min-
erals (Hazen and Navrotsky, 1996), that is, (1) positional
disorder, namely the atomic positions are affected by some
positional disorder as a result of thermal agitation; (2) rota-
tional disorder, which is the rotation of some molecules in
the crystal structure as a consequence of variations in exter-
nal parameters (e.g., P, T, composition); (3) distortional dis-
order, meaning distortion in more than one equivalent way
from high-symmetry structures; and (4) substitutional dis-
order, that is, the random distribution of atoms over two or
more sites, which takes place in a mineral’s crystal structure
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as a consequence of change in temperature (7°) or chemical
composition (Redfern, 2000).

The effect of pressure (P) on the order—disorder, partic-
ularly the positional disorder, is evident in the evolution of
hydrous layered structures, their stability, and their phase
transition. When a layered system is subjected to exter-
nal pressure, the interlayer distance decreases considerably
more than the intralayer distance. In such conditions, the OH
groups interact more strongly, which is believed to lead to a
reversible disorder in the H sublattice. Raugei et al. (1999)
introduced the concept of pressure-induced H frustration in
Mg(OH); and Ca(OH),. Hermann and Mookherjee (2016)
demonstrated how the pressure phase transition, induced by
hydrogen disordering, can affect the stability of brucite and,
in turn, the storage of water in the deep mantle.

Pressure also has an important effect on substitutional dis-
order (hereafter cation disorder), and high-pressure condi-
tions usually favor cation ordering in different minerals, such
as Mg-Fe in orthopyroxenes, spinels, garnets, perovskite-
like compounds, and some rhombohedral carbonates (Hazen
and Navrotsky, 1996, and references therein). In contrast, in-
spiring work on CaFe(CO3); has shown that its disordered
form is stabilized under high-pressure conditions (Davidson
et al.,, 1993; Chai and Navrotsky, 1996), which is interest-
ing considering that the diffusion of ions, distributed from
the ordered to the disordered configurations, would affect
the behavior of carbonates recycled by subduction into the
Earth’s mantle in terms of stability, elasticity (Zucchini et al.,
2014, 2017, 2024), and conductivity (Horai and Simmons,
1969; Jing et al., 2023). Cation disorder is relevant to the
mineral physics of carbonates (Zucchini et al., 2014, 2017,
2024; Merlini et al., 2016), strongly influencing their stabil-
ity, polymorphic transformations, and compressibility to the
point of possibly even affecting their elastic behavior under
non-ambient conditions (Zucchini et al., 2024). In particu-
lar, Fe-bearing carbonates are of considerable interest as Fe-
bearing phases in the Earth’s interior (Cerantola et al., 2017).
Among them, FeCO3 has an R3¢ space group, and Fe is the
only cation in octahedral coordination that can be replaced
by Mgt with a completely solid solution in the MgCO3—
FeCOs3 system. This is not the case for the CaCO3-MgCO3—
FeCOj; series, where Fe>* only partially substitutes Mg+,
giving rise to ankerite — Ca(Fe,Mgi_,)(CO3); — where 0 <
x > 0.7 (R3 space group). A few studies have dealt with ex-
plaining the reason for such behavior, and the most accred-
ited theories invoke, on the one hand, the excessive distor-
tion of the cation octahedra resulting from Fe>* substitution
(Rosenberg and Foit, 1979) and, on the other hand, the lower
enthalpy of disordering in pure ankerite — CaFe(CO3), — with
respect to dolomite — CaMg(CO3), — which may explain the
non-existence in the nature of ordered CaFe(CO3), in the
CaMg(CO3)2—FeCa(CO3), join (Chai and Navrotsky, 1996;
Navrotsky et al., 1999).

The structure of ankerite is made of alternating Ca>* and
(Mg,Fe)>* layers in octahedral coordination (M1 and M2
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sites, respectively, Fig. 1) that are intercalated by planar and
parallel CO%f groups (Fig. 1). As the temperature increases,
the onset of cation disorder occurs, as in dolomite (Reeder
and Wenk, 1983); i.e., cations start to randomly distribute
among cationic sites up to a critical temperature (7¢), which
is a function of Fe content (Franzolin et al., 2012). At T,
the disordering process is completed, and the ankerite space
group changes from R3 (dolomite-like structure, Fig. 1a) to
R3c (calcite-like structure, Fig. 1b).

An accurate understanding of the disordering process that
occurs in ankerite as a function of P-T and Fe content might
be an important component in the modeling of inner-Earth
composition and dynamics, likely contributing to the poten-
tial carbonate capacity in the subducting slabs. The present
work is devoted to studying the disordering process in two
natural ankerite samples characterized by different Fe con-
tent. Experimental treatments at different temperatures and
pressures of 2 to 3 GPa performed in a piston cylinder ap-
paratus allowed for the retrieval of differently ordered sam-
ples, whose crystal structure was characterized by means
of single-crystal X-ray diffraction. Results coming from the
present work allowed for the characterization of the crystal
chemistry of the order—disorder phase transition and the de-
scription of the ankerite structure in terms of the unit cell
dimensions, distortion parameters, and crystal structure ge-
ometry of the differently ordered samples.

2 Materials and methods

2.1 The ankerite samples

Several ankerite samples were analyzed, kindly provided by
the Natural History Museum of Copenhagen. Among them,
two samples were chosen based on their different Fe content
and excellent crystallinity: sample Ank7, with chemical for-
mula Ca(Mgg 3Fe(.7)(CO3)2, and sample Ank3, with chemi-
cal formula Ca(Mgg ¢Fep3Mng.1)(CO3);. Chemical compo-
sition was determined by means of Jeol JXA8200 electron-
probe microanalysis (EPMA) at the high-pressure labora-
tory of the National Institute of Geophysics and Volcanology
(INGV, Rome). Analyses were performed on carbon-coated
samples under high-vacuum conditions, using an accelerat-
ing voltage of 15kV, an electron beam current of 7.5nA,
and a beam diameter of 2-3 pym. Elemental counting times
were 10s on the peak and 5s on the background. Correc-
tions for inter-elemental effects were made using a ZAF
(Z: atomic number, A: absorption, F: fluorescence) proce-
dure. Calibration was performed using a range of standards
from Micro-Analysis Consultants (MAC): albite (Si—PET,
Al-TAP, Na-TAP), forsterite (Mg—TAP), augite (Fe-LIF),
apatite (Ca—PET, P-PET), orthoclase (K-PET), rutile (Ti—
LIF), rhodonite (Mn-LIF), and JEOL Cr metal (Cr-LIF).
MAC (serial number 11763) dolomite and chromite were
used as quality monitor standards. Accuracy and precision
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Figure 1. Crystal structures of ordered (a) and disordered (b) ankerites with chemical formula Ca(Mgg 3Fe( 7)(CO3),, used in the present
work. The name of each cationic site is shown in the figure. Colors: purple is Ca, yellow is Fe, orange is Mg, black is C, and white is O.

were better than 5 %, except for low elemental abundances,
for which they were typically better than 10 %.

A total of five to six points were analyzed in the studied
samples, and results are given in Table S1 in the Supplement.

2.2 Thermal treatment

Experimental treatments at 3 GPa were carried out in a piston
cylinder at the Bayerisches Geoinstitut (Bayreuth, Germany)
in the framework of the DFG Core Facility for High-Pressure
Research funding program, whereas two experiments per-
formed at 2 GPa (Ank3-3 and Ank7-4) were carried out at
the high-pressure-high-temperature laboratory at the Dipar-
timento di Scienze della Terra at the University of Pisa (Pisa,
Italy). Different annealing temperatures were chosen, based
on the simulations given in Franzolin et al. (2012) for the
temperature composition of the long-range-order parameter.
The experimental pressure of 2—3 GPa was used in all eight
experiments in order to avoid decarbonation. Thermal treat-
ment conditions are listed in Table 1.

A standard 13 mm talc—pyrex—graphite—MgO assembly
and Pt capsules (3 mm OD) were used for the experiments
performed at Bayerisches Geoinstitut; for the experiments
performed at the University of Pisa, NaCl was used instead
of talc for the assembly and Au instead of Pt for the capsule.
Capsules were filled with approximately 120 mg of optically
clear crystals of Ank3 and Ank7, gently crushed into small
rhombohedra with an agate mortar in order to fill the cap-
sule without excessive pore space and recover good-quality
single crystals after the heat treatment. Capsules were sealed
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Table 1. Thermal treatment conditions.

Experiment P (GPa) T (°C) 1t (h) Capsule
Sample Ank3

Ank3-1 3 700 15 Pt
Ank3-2 3 850 4 Pt
Ank3-3 2 925 4 Au
Ank3-4 3 1000 4 Pt
Sample Ank7

Ank7-1 3 450 19 Pt
Ank7-2 3 600 13 Pt
Ank7-3 3 750 4 Pt
Ank7-4 2 800 3 Au

at both ends using an arc welder to avoid contamination of
the crystal with the assembly materials. The assembly was
cold pressurized to 90 % of the final pressure, and the remain-
ing 10 % pressure was applied after heating (“hot-piston-in”
technique). Temperature was measured using a Pt—Pt90Rh10
thermocouple, having a precision of 5 °C.

2.3 Single-crystal X-ray diffraction

Single-crystal X-ray diffraction analyses were performed on
both Ank3 and Ank7 prior to annealing to verify the good
crystallinity of the samples, as well as on optically clear
single crystals separated from the piston-cylinder-run prod-
ucts. The instrument used was an Oxford diffraction Xcal-
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ibur diffractometer with a CCD detector and MoK« radi-
ation (A = 0.7107 A), located at the Department of Physics
and Geology of the University of Perugia (Italy). The detec-
tor distance to the sample was 66 mm with a pixel size of
60.6 um. Measurements were carried out in an w scan mode,
and the scan width and exposure time were set depending
on the crystal size. Data reduction was performed using the
CrysAlisPro package (version 1.171.43.137a, Rigaku Ox-
ford Diffraction, 2024), and an empirical absorption correc-
tion was applied using the SCALE3 ABSPACK algorithm.
Structure refinements were carried out by means of ShelXle
software (Hiibschle et al., 2011). Neutral atomic scattering
factors were used, and anisotropic displacement parameters
were refined together with atomic positions and cation oc-
cupancies. In order to refine cation disorder in the analyzed
samples, we refined cation occupancy at the (0, 0, 0) and
(0, 0, 1/2) special positions that are occupied exclusively
by Ca at the former and by (Mg, Fe, Mn) at the latter, in
the fully ordered state. In disordered structures, the two sites
are occupied by a mixture of Ca, Mg, Fe, and Mn, provided
that the full occupancy of each cationic site is respected.
As the close scattering factors of Fe and Mn and based on
the observation that Mn accounts for only 0.1 a.p.f.u. in the
Ank3 crystal structure, Mn was combined with Fe for struc-
ture refinements. This approach is in agreement with Reeder
and Dollase (1989). In order to set up the necessary con-
straints during cation occupancy refinement, the SUMP com-
mand in SHELX-97 (Sheldrick, 1997) was used. Constraints
on atomic position and thermal parameters, which were im-
posed to be the same for each cationic species occupying the
same atomic site, were also used. Moreover, realizing that
the refinement of more than two atomic species in one site
would probably be rather unstable, we added a further con-
straint on chemical composition, following the suggestions
in Sheldrick (1997), in accordance with the EPMA data pre-
sented here.

Refinements were performed in the R3 space group in all
the samples, except those at the highest annealing tempera-
tures (Ank3-4 and Ank7-4). Cation site occupancy at (0, 0,
0) and (0, 0, 1/2) was refined together with atomic positions
and anisotropic thermal parameters. The careful analysis of
the distribution of X-ray diffraction intensities in Ank3-4 and
Ank7-4 showed additional systematic absences that are char-
acteristic of the R3c space group. Moreover, structure re-
finements initially performed in the R3 space group in these
samples showed, on the one hand, site-scattering values and
cation-to-oxygen distances that became very close for the
two cation sites and, on the other hand, the z position of both
C and O and y position of O that approach special positions,
as in calcite-like structures (R3¢ space group). These obser-
vations led us to the conclusion that in Ank3-4 and Ank7-4,
cations were distributed statistically at both (0, 0, 0) and (O,
0, 1/2) sites, and, therefore, structure refinements of Ank3-4
and Ank7-4 were carried out in the R3¢ space group.
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The quantification of the degree of order in the an-
nealed samples was performed following two different ap-
proaches. On the one hand, the long-range-order parame-
ter Qocc (Eq. 1) was used, which is based on Ca, Mg, and
Fe(Mn) occupancies in the M1 and M2 cationic sites (see
Fig. 1 for the location of the M1 and M2 sites), following the
theory that describes disorder in omphacites (e.g., Carpenter
et al., 1990; Boffa Ballaran et al., 1998) and in other carbon-
ate minerals (e.g., Bromiley et al., 2007). On the other hand,
the order parameter Qponds Was derived from the mean bond
lengths (Eq. 2; Carpenter et al., 1990).

M1 M2
1 (XCa _XCa

Qoce = = X
Xca,TOT

(XM§+X%12)—<XM;+X£1‘)> 0
2

XMg.oT + XFe, TOT
(M1 —0) — (M2 —0)
1 ((M1 - 0) + (M2 +0))

Obonds = C X ()

In Eq. (2) the C parameter has a constant value (Carpenter
et al., 1990) and is calculated from the structure refinements
of the ordered Ank3 and Ank7. Both Qqc and Qpongs have
values from 1 to O for a fully ordered and a fully disordered
configuration, respectively.

Details of crystal size dimension, data collection, data ex-
traction, structure refinements, and order degrees are given in
Table 2. The geometrical parameters of coordination polyhe-
dra and their distortion features were analyzed by means of
VESTA (Momma and Izumi, 2011) and CrystalPalace soft-
ware (Angel et al., 2025), and results for selected parameters
are listed in Table 3. The complete list of geometrical param-
eters in terms of bond distances and angles is given in the
CIF files in the Supplement.

3 Results

3.1 Cation disordering

Data extraction and refinement (Table 2) gave satisfactory
results with the assumption of a mono-crystal model for al-
most all of the studied samples. Only the Ank3-2 sample was
found to be affected by twinning, introduced in the structure
refinement according to { 1 120} twin law, as already observed
for dolomite (Zucchini et al., 2012a). The refined site scat-
tering for the (0, 0, 0) and (0, 0, 1/2) atomic positions was
typical of a fully ordered cation distribution in natural Ank3
(20.0 and 17.6 electrons for the M1 and M2 sites, respec-
tively) and Ank7 (20.0 and 21.8 electrons for the M1 and M2
sites, respectively). Given the higher atomic number of Fe
with respect to both Ca and Mg, M2 in Ank7 has a higher
site scattering than M1 in the fully ordered configuration; the
opposite occurs in Ank3. The onset of cation disorder was
already registered at the lowest annealing temperature, and
both Qocc and Qpongs decrease as annealing 7' increases, as
listed in Table 2. Full disorder was attained at 7, = 1000 °C
in Ank3 and at 7. = 800 °C in Ank7; that is, the higher the Fe
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Table 3. Bond lengths (in A) and polyhedral volume (V} in A3) are listed together with selected distortion parameters: polyhedral angle

variance (029), quadratic elongation (A) (Robinson et al., 1971), and rotation angle of CO3 (rot. angle; see the text for details). When errors

are not given, precision is in accordance with data figures.

Ank3 | Ank7
Annealing T (°C) T* 700 850 925 1000 | T 450 600 750 800
M1 site
(M1 —0) 2.3805(12)  2.3635(15)  2.3499(15) 2.346(2)  2.2334(8) | 2.3729(14) 2.365(2) 2.3547(11) 2.268(2)  2.2449(6)
Vo 17.94(4) 17.56(4) 17.25(5)  17.16(5) 14.818(16) 17.77(4) 17.58(5) 17.36(3)  15.50(4)  15.046(11)
A 1.0016 1.0017 1.0019 10021 1.0016 1.002 1.002 1.0018  1.0018 1.0016
o260 5.871 6.164 6.807 7.634 5.779 7.274 7.516 6.785 6.549 5.877
M2 site
(M2 —0) 2.1119(11)  2.1240(14)  2.1233(15) 2.124(2)  2.2334(8) | 2.1344(14) 2.1326(15) 2.1468(12) 2.216(3)  2.2449(6)
Vo 12.54(2) 12.76(3) 12.74(3)  1275(6)  14.818(16) 12.94(3) 12.91(3) 13.17(2)  14.48(6) 15.046(11)
) 1.001 1.001 1.001 10011 1.0016 1.0011 1.0011 1.0012  1.0016 1.0016
o260 3.527 3.801 3.816 3.903 5.779 4.023 4.136 4317 5.826 5.877
Csite
(C—0) 1.2857(16)  1.2800(16) 1.280(2)  1.285(4) 1.2781(15) | 1.2847(17) 1.283(2)  1.2835(15) 1.280(3)  1.2760(10)
rot. angle 6.19 5.62 5.44 5.64 0.58 5.37 5.46 4.95 1.34 0.49
1.2 to a very low content; therefore, refinements in Ank3 were
carried out by fixing Mg at the M2 site and refining only the
1.0 Ca and Fe occupancies.
With further T increases, in Ank3 disorder remains quite
0.8 low, being Qponds = 0.83 in Ank3 at 925 °C. Full disorder
’ was attained at 1000 °C, and the only cationic site in the
8 R3c space group has occupancy related to stoichiometry. In
S 0.6 Ank7, an intermediate step before reaching the fully disor-
dered state is observed at 750 °C, where the refined occu-
0.4 pancy of Ca in M1 strongly decreases, while Fe and Mg
increases, reaching Qpongs = 0.22, as also confirmed by the
02 site scattering of M1 that increases from 20.02 at 600 °C to
20.74 at 750 °C and the site scattering of M2 that decreases
from 21.78 at 600 °C to 21.06 (Fig. 3b and c), very closely
0.0 hing the si ing value of a fully disordered
00 02 04 06 08 1.0 12 approaching the site-scattering value of a fully disordere
Obond Ank7 (20.90 by stoichiometry). Full disorder was attained
ondas

Figure 2. Comparison between the order parameter calculated
through refined site occupancy (Qocc) and that calculated by using
bond lengths (Qponds)-

content, the lower the disordering temperature, in agreement
with Franzolin et al. (2012).

The comparison between the two parameters Qocc and
Obonds 1S given in Fig. 2, and good agreement between their
values is observed, thus confirming the reliability of results
of cation occupancy refinements (Table 2).

The refined cationic occupancies at both the M1 site and
the M2 site showed that, as the annealing 7T is increased,
Ca is mainly replaced by Fe compared to Mg. In particular,
while at Ank7 both Fe and Mg replace Ca, with the former
contributing more than the latter, at Ank3 the scattering val-
ues imply that Mg most likely remains at M2 or exchanges
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at 800 °C in Ank7, with M1 site scattering averaged by stoi-
chiometry.

Unit cell parameters derived from SC-XRD data (Table 2)
showed an increase in unit cell dimensions with increasing Fe
content due to the larger size of Fe with respect to Mg, with
a stronger effect on the ¢ axis than on the a axis, in agree-
ment with literature data (e.g., Reeder and Dollase, 1989). At
the same time, a decrease in unit cell volume as disorder in-
creases was also observed (Fig. 4), with a volume difference
between the fully disordered and the fully ordered state of ap-
proximately —1.0(1) %, in agreement with Chai and Navrot-
sky (1996). However, in contrast to the findings of Chai and
Navrotsky (1996), an increase in both the a and the ¢ axes as
disorder proceeds is observed in this study (Table 2).
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nate) of Ank3 (pink asterisks) and Ank7 (violet crosses). Both are
as a function of T.
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3.2 Polyhedral geometry

In Table 3 the list of selected geometrical parameters for the
M1, M2, and C sites are given.

In the ordered Ank3 and Ank7, the M1 site (filled by Ca)
has higher dimensions than M2 (occupied by Mg and Fe),
with a difference in polyhedral volume (V},) of approximately
5A3. As shown in Fig. 5, volumes of the M1 site in both
Ank3 and Ank7 are consistent with data for calcite, whereas
M2 has volumes close to Fe magnesite in Ank3 and siderite
in Ank7, in agreement with the higher Fe content in the lat-
ter. As a general tendency, with the progress of cation disor-
der, M1 contracts and M2 expands, consistent with the higher
dimension of Ca with respect to Mg and Fe and in agree-
ment with the behavior of dolomite (Fig. 5). While the M1
dimensions of Ank3 and Ank7 are comparable, and this is
confirmed as disorder increases, the M2 polyhedron in Ank7
is larger than that of Ank3 of ~ 0.5 A3 in the ordered sam-
ples, given the higher amount of Fe in the former with re-
spect to the latter. As the degree of disorder increases, the
difference in Vj, increases slightly, reaching approximately
1 A3 at Qponds ~ 0.8. The decrease (increase) in M1 (M2)
polyhedral volume becomes pronounced in Ank7 annealed
at 750 °C (Qvondgs = 0.22), whereas no intermediate points
are observed for Ank3 before reaching complete disorder, as
expected based on previous considerations.
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bond distances for the M1 site (a) and M2 site (b). Dark and light blue refers to Ank3 and Ak7, respectively. The 1 : 1 line between refined

and calculated bond distances is given.

The refined polyhedral geometry was also the basis for
a supplementary check on site occupancy refinement. The
cation-to-oxygen bond distances were calculated from the
refined cation occupancy, based on Ca—-O, Mg-O, and Fe—
O distances in pure calcite (Ishizawa et al., 2013), magne-
site (Ross, 1997), and siderite (Graf, 1961). The cation-to-
oxygen bond distances were then calculated based on refined
cation occupancies. As shown in Fig. 6, good agreement is
observed between refined cation-to-oxygen bond distances
and those calculated by cation occupancy.

In Table 3, the distortion parameters 020 (polyhedral an-
gle variance) and A (quadratic elongation) are listed for M1
and M2 in the different disordering configurations. The evo-
lution of 020 and A is analogous in the differently ordered
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samples, and, in Fig. 7, we report the trend shown by o260
vs. Qbonds- Distortion is slightly higher in Ank7 with respect
to Ank3, and M2 always shows higher distortion than M1 in
the R3 structures. Under ordered conditions, distortion pa-
rameters for M1 and M2 are consistent with values for cal-
cite and Fe magnesite, respectively, in agreement with the
ordered cationic distribution. At the onset of disorder, in the
M2 site a clear trend is observed, with an increase in polyhe-
dral distortion in both Ank3 and Ank7 due to the larger size
of Ca replacing Mg and Fe, which has the effect of a marked
increase in polyhedral distortion. The M1 site shows a less
evident trend of polyhedral distortion with respect to M2,
probably given the smaller dimensions of Mg and Fe com-
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Figure 7. Polyhedral angle variance (020) as a function of the order
parameter (Qponds) for Ank3 and Ank7. Legend is in accordance
with Fig. 5.

pared to Ca, which can be accommodated by making slight
modifications to the M1 distortion.

When the full disorder is reached and the space group
varies from R3 to R3c, the polyhedral volume of the only
MI site and its distortion become similar in the two sam-
ples, with V, = 14.82(2) A3 and 020 =5.78 in Ank3 and
V, = 15.05(1) A3 and 020 = 5.88 in Ank7.

Interesting results were obtained for the carbonate group,
and the focus was directed towards two parameters related
to disordering. Firstly, the z coordinate of the C atom grad-
ually approaches the special position of 0.25, which is char-
acteristic of R3¢ carbonates. Secondly, attention was given
to the rotation of Cog_ (Tables 2 and 3, respectively) about
the three-fold axes in R3 carbonates with respect to the R3¢
structures, which arises as a consequence of the difference
in bond lengths between M1 and M2 in the former. Rotation
angle was calculated as the difference between the angle O—
C—Ca (Fig. 8) in calcite (120.84° from Graf, 1961) and in the
analyzed samples.

The behavior of the fully ordered Ank3 and Ank7 is com-
parable; that is, the rotation angle is 6.19 and 5.37° (Fig. 9),
respectively, while zc =0.2562(2) and 0.2565(1), respec-
tively, close to data for ordered dolomite. As disorder ap-
proaches, the rotation angle of the CO%‘ group decreases
and approaches values for disordered dolomite (Fig. 9). The
same behavior is shown for zc, which lies in general posi-
tions in the R3 crystal structures and approaches the special
position 0.25 (R3¢ structures) as disorder increases, in agree-
ment with dolomite.
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4 Discussion

Results of structure refinement in the differently ordered
ankerite samples confirm the decrease in 7, with the increase
in the Fe content in ankerite, as proposed by Franzolin et
al. (2012). Results show that the site scattering of M1 and
M2 is strongly influenced by the Fe content. In both Ank3
and Ank7, during the disordering process, Cain M1 is mainly
replaced by Fe (Fig. 3a), already at the lowest annealing tem-
peratures. This behavior is enhanced in Ank3, where the re-
finement of cation occupancy in the M1 and M2 sites con-
verged with Mg constrained in the M2 site. Thus, no Mg re-
placement occurred in Ank3 up to the highest annealing T
before full disordering. Alternatively, it may have occurred
but at such a low level that it was undetectable using the
cation occupancy refinement approach. The persistence of
Mg in the M2 site in Ank3 and the low-Mg exchange in
Ank7 at the lowest annealing temperatures are not surpris-
ing, as Mg is the smallest cation among Ca, Mg, and Fe (and
Mn), and it tends to occupy the small M2 site more favorably.
Furthermore, it is important to consider that the mean Fe-O
bond distance in pure siderite is approximately 2.14 A (Graf,
1961) and that of MgO in pure magnesite is around 2.10 A
(Effenberger et al., 1981). In contrast, the cation-to-oxygen
bond distance in the ordered Ank3 and Ank7 structures is
2.112(1) and 2.129(1) A, respectively. This suggests that, un-
der thermal agitation caused by the increase in temperature,
Fe exhibits a preference for the M1 site, which is larger than
M2 and provides more favorable accommodation for it.

In both Ank3 and Ank7, the disordering process was ef-
fective, and we were able to retrieve fully disordered samples
at 800 °C for Ank7 and 1000 °C for Ank3. The variation in
Q with the annealing 7' (Eq. 2) can be expressed following
Carpenter et al. (1990):

T\?
Q:(l——),forT<TC, 3)
Tc

where B describes the order of the phase transition and has
values of 0.5 for a second-order phase transition and 0.25 for
a tricritical phase transition (Carpenter et al., 1990).

In order to decipher the order of the transitions in the two
studied samples, we examine the trend between ngnds B=
0.5) and Qéonds (B =0.25) as a function of the annealing
T, following Bromiley et al. (2007), and results are given in
Fig. 10.

For Ank3, both 8 = 0.5 and 8 = 0.25 seem to show a good
fit, with the coefficient of determination (R?) of the linear fit
equal to 0.994 and 0.992, respectively. However, we have to
point out that the Q range used to calculate the linear rela-
tionship is quite small, being Qpongs in the range of 0.96—
0.82 for Ank3 (excluding the fully ordered samples as we
do not have data at the highest temperature before disorder-
ing). In contrast, data for Ank7 do not demonstrate a linear
tendency, whether in the Qﬁonds vs. T or ngnds vs. T rela-
tionships. The least squares method was employed to obtain
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(b)

Figure 8. Zoomed-in portion of the M1 site in the ordered Ank7 (rT') (a) and in the fully disordered Ank7 (7. = 800 °C) (b) crystal structures,
where the O—C—Ca angle, used for comparison with data in calcite (Graf, 1961), is shown. For colors, refer to Fig. 1.

rotation angle
I
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Figure 9. Rotation angle (in °), calculated as the difference be-
tween the angle O—C—Ca (shown in Fig. 8) in calcite (120.84° from
Graf (1961) and in the analyzed samples. Data for ordered and par-
tially disordered dolomite (green squares, Zucchini et al., 2012a,
2014) and disordered dolomite (green cross, Merlini et al., 2016)
are shown. Light and dark blue refers to Ank3 and Ank7, respec-
tively.

an accurate estimate of 8, and the result was 8 = 0.16(1).
Given that § is lower than 0.25, we can speculate that the
order—disorder phase transition in Ank7 is characterized by a
first-order character. This would imply that abrupt changes in
the Ank7 physical properties occur during the order—disorder
phase transition, such as its elastic behavior (Carpenter and
Salje, 1998).

Comparing the present data with the model proposed by
Franzolin et al. (2012), the disordering temperatures of Ank3
and Ank7 (present work), as well as those of dolomite in Zuc-
chini et al. (2012a), are somewhat higher than expected and
also higher compared to the fully disordered conditions at-
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tained at 750 °C in the ankerite sample recently analyzed by
Zucchini et al. (2024). This can be explained by some re-
ordering processes that can occur during quenching in differ-
ent portions of the annealed samples. Moreover, the compar-
ison of SC-XRD data (present work) with XRPD data from
Franzolin et al. (2012) could lead to biases, such as (1) a gen-
eral tendency for powder refinement procedures to underes-
timate the order parameter and for the single-crystal refine-
ment of twinned crystals to overestimate it and (2) a tendency
for the smaller grain size of powdered samples used in XRPD
to favor the onset of disordering (Zucchini et al., 2012a).

Recent findings on the elastic behavior of ankerite under
non-ambient conditions (Zucchini et al., 2024) have indi-
cated that the order—disorder phase transition in ankerite is
most likely to occur in the mantle wedge at 150-250 km
depth, exerting a significant influence on the mineral’s elastic
behavior. In fact, the calculated bulk sound velocities for dis-
ordered ankerite shows the lowest values among other phases
(Zucchini et al. 2024), suggesting that it may play a role in
determining low-velocity anomalies and large delay times
observed in the mantle wedge (e.g., Chantel et al., 2012).
The present data allowed us to speculate that Fe content ex-
erts a significant influence on the nature of the order—disorder
phase transition in ankerite, with important implications for
the physical properties of ankerite under non-ambient con-
ditions. This finding carries significant consequences for the
mineral physics of ankerite, particularly concerning the re-
lationship between elastic constants and heat capacity, both
of which exhibit explicit sensitivity to these phase transitions
(Sondergeld et al., 2005).

5 Conclusions

The study reported here shows that cation disorder oc-
curs over the mineral’s octahedral sites and that the de-
gree of disorder increases with both temperature and
Fe content. Full-disordering conditions are attained at
1000°C in Ca(Mgg.cFep3Mng 1)(CO3), and 800°C in
Ca(Mgo 3Fen.7)(CO3),, as confirmed by diffracted intensi-
ties, refined site scattering of cationic sites, and geometri-
cal features of the refined crystal structure (atomic positions,
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distortion parameters, polyhedral dimensions). Concurrently,
the refined cationic occupancy of the M1 and M2 sites in the
differently ordered ankerite samples demonstrated that Fe ex-
changes at lower 7 than Mg, with the latter preferentially
located at the M2 site.

Fe content in ankerite exerts a significant influence
on the character of the order—disorder phase transi-
tion. Data reported here indicated that the order—disorder
phase transition, studied through ex situ experiments, has
a first-order character in the ankerite with the high-
est Fe content [Ca(Mgo3Feo7)(CO3)2], whereas either
second-order or tricritical behavior was observed for
Ca(Mgp.eFep3Mng.1)(CO3),. These differences may have
implications for the physical properties of ankerite with dif-
ferent Fe content at the order—disorder transition and, in turn,
may influence its behavior within the inner Earth.

In light of the present findings, it is evident that further ex-
perimentation on ankerite is required in order to conduct a
comprehensive analysis of the impact of Fe content on both
the variation in phase transition character and the mineral
physics of ankerite, in terms of elasticity, compressibility,
phase stability, and thermal conductivity.

Code and data availability. The crystallographic information
files for the samples analyzed are available in the Supplement, to-
gether with EPMA data collections.

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/ejm-37-577-2025-supplement.

Author contributions. Conceptualization: AZ and PC; data cura-
tion: AZ; investigation: AZ, MM, MN, MF, PC; writing — original
draft preparation: AZ; writing — review and editing: AZ, MM, MN,
MEF, PC.

https://doi.org/10.5194/ejm-37-577-2025

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of European Journal of Mineralogy. The
peer-review process was guided by an independent editor, and the
authors also have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Special issue statement. This article is part of the special issue
“Celebrating the outstanding contribution of Paola Bonazzi to min-
eralogy”. It is not associated with a conference.

Acknowledgements. Tonci Balic Zunic and the Natural History
Museum of Copenhagen (Denmark) are warmly acknowledged for
providing the ankerite samples used in this work.

Catherine McCammon is kindly acknowledged for the help on
piston cylinder experiments at Bayerisches Geoinstitut of Bayreuth
(Germany) in the framework of the DFG Core Facility for High-
Pressure Research funding program. The project was partially
funded by the DFG Core Facility for High-Pressure Research
(2018) and the SIMP Research Grant in Crystal-chemistry, in mem-
ory of Fiorenzo Mazzi (2022).

We would like to express our sincere gratitude to Paola Bonazzi,
to whom this special issue is dedicated, for her kindness, scientific
expertise, and fundamental contribution to the study of the crystal
chemistry of minerals.

Financial support. This research has been supported by the
Deutsche Forschungsgemeinschaft (DFG Core Facility for High-
Pressure Research) and the SIMP Research Grant in Crystal-
chemistry, in memory of Fiorenzo Mazzi (2022).

Eur. J. Mineral., 37, 577-589, 2025


https://doi.org/10.5194/ejm-37-577-2025-supplement

588 A. Zucchini et al.: Cation disordering in ankerite as a function of Fe content

Review statement. This paper was edited by Luca Bindi and re-
viewed by Mark Welch and two anonymous referees.

References

Angel, R. J., Mazzucchelli, M. L., Baratelli, L., Schweinle, C. F,,
Balic-Zunic, T., Gonzalez-Platas, J., and Alvaro, M.: Uncertain-
ties of recalculated bond lengths, angles and polyhedral volumes
as implemented in the Crystal Palace program for parametric
crystal structure analysis, Acta Crystallogr. Sect. A, 81, 202-210,
https://doi.org/10.1107/5S2053273325002682, 2025.

Bassett, W. A. and Skalwold, E. A.: Cation Disorder Caused by
Olivine-Ringwoodite Phase Transition Mechanism, Possible Ex-
planation for Blue Olivine Inclusion in a Diamond, Minerals, 11,
202, https://doi.org/10.3390/min11020202, 2021.

Boffa Ballaran, T., Carpenter, M. A., Domeneghetti, M. C., and Taz-
zoli, V.: Structural mechanisms of solid solution and cation or-
dering in augite-jadeite pyroxenes: I. A macroscopic perspective,
Am. Mineral., 83, 419—433, https://doi.org/10.2138/am-1998-5-
602, 1998.

Bromiley, F. A., Boffa Ballaran, T., Langenhorst, F.,
and Seifert, F: Order and miscibility in the otavite—
magnesite solid solution, Am. Mineral.,, 92, 829-836,
https://doi.org/10.2138/am.2007.2315, 2007.

Carpenter, M. A. and Salje, E. K. H.: Elastic anomalies in minerals
due to structural phase transitions. Eur. J. Mineral., 10, 693-812,
https://doi.org/10.1127/ejm/10/4/0693, 1998.

Carpenter, M. A., Domeneghetti, M. C., and Tazzoli, V.
Application of Landau theory to cation ordering in om-
phacite I: Equilibrium behaviour, Eur. J. Mineral., 2, 7-18,
https://doi.org/10.1127/ejm/2/1/0007, 1990.

Cerantola, V., Bykova, E., Kupenko, 1., Merlini, M., Ismailova, L.,
McCammon, C., Bykov, M., Chumakov, A. I., Petitgirard, S.,
Kantor, 1., Svitlyk, V., Jacobs, J., Hanfland, M., Mezouar, M.,
Prescher, C., Riiffer, R., Prakapenka, V. B., and Dubrovinsky, L.:
Stability of iron-bearing carbonates in the deep Earth’s interior,
Nat. Commun., 8, 15960, https://doi.org/10.1038/ncomms 15960,
2017.

Chai, L. and Navrotsky, A.: Synthesis, characterization, and ener-
getics of solid solution along the dolomite-ankerite join, and im-
plications for the stability of ordered CaFe(COj3);, Am. Mineral.,
81, 1141-1147, https://doi.org/10.2138/am-1996-9-1012, 1996.

Chantel, J., Mookherjee, M., and Frost, D. J.: The elastic-
ity of lawsonite at high pressure and the origin of low ve-
locity layers in subduction zones, EPSL, 349-350, 116-125,
https://doi.org/10.1016/j.epsl.2012.06.034, 2012.

Davidson, P. M., Symmes, G. H., Cohen, B. A., Reeder, R. J., and
Lindsley, D. H.: Synthesis of the new compound CaFe(CO3);
and experimental constraints on the (Ca,Fe)COj3 join, Geochim.
Cosmochim. Ac., 57, 5105-5109, https://doi.org/10.1016/0016-
7037(93)90612-Z, 1993.

Effenberger, H., Mereiter, K., and Zemann, J.: Crystal structure re-
finements of magnesite, calcite, rhodochrosite, siderite, smith-
sonite, and dolomite, with discussion of some aspects of the
stereochemistry of calcite type carbonates, Z. Kristallogr. Cryst.
Mater, 156, 233-243, https://doi.org/10.1524/zkri.1981.156.3-
4.233, 1981.

Fastelli, M., Schmitt, B., Beck, P., Poch, O., Zucchini, A.,
and Comodi, P.: Low temperature phase transitions in

Eur. J. Mineral., 37, 577-589, 2025

the visible and near-infrared (VNIR) reflectance spectra of
(NHy) 2HPO4 and (NHy) HSO4 salts, Icarus, 425, 116321,
https://doi.org/10.1016/j.icarus.2024.116321, 2025.

Franzolin, E., Merlini, M., Poli, S., and Schmidt, M.W.:
The temperature and compositional dependence of disorder-
ing in Fe-bearing dolomites, Am. Mineral., 97, 1676-1684,
https://doi.org/10.2138/am.2012.4126, 2012.

Goto, Y., Morikawa, A., Yatsuhashi, A., Tanaka, H., Miura, M.,
Tanabe, T., and Iwasaki, M.: Effect of calcination temperature
on cation arrangement and oxygen storage/release capacity in
cation-ordered Ce oxides, J. Solid State Chem., 299, 122192,
https://doi.org/10.1016/j.jssc.2021.122192, 2021.

Graf, D. L.: Crystallographic tables for the rhombohedral carbon-
ates, Am. Min., 46, 1283-1316, 1961.

Hazen, R. M. and Navrotsky, A.: Effects of pressure on
order-disorder reactions, Am. Miner., 81, 1021-1035,
https://doi.org/10.2138/am-1996-9-1001, 1996.

Hermann, A. and Mookherjee, M.: High-pressure phase of brucite
stable at Earth’s mantle transition zone and lower man-
tle conditions, P. Natl. Acad. Sci. USA, 113, 13971-13976,
https://doi.org/10.1073/pnas.1611571113, 2016.

Horai, K. and Simmons, G.: Thermal conductivity of rock-forming
minerals, EPSL, 6, 359-368, https://doi.org/10.1016/0012-
821X(69)90186-1, 1969.

Hiibschle, C. B., Sheldrick, G. M., and Dittrich, B.: ShelXle: A Qt
Graphical User Interface for SHELXL, J. Appl. Crystallogr., 44,
1281-1284, https://doi.org/10.1107/S0021889811043202, 2011.

Ishizawa, N., Setoguchi, H., and Yanagisawa, K.: Structural evolu-
tion of calcite at high temperatures: Phase V unveiled, Sci. Rep.,
3, 2832, https://doi.org/10.1038/srep02832, 2013.

Jing, C., Hu, H., Dail, L., Sun, W., Wang, M., and Hu, Z.: Recycled
carbonates elevate the electrical conductivity of deeply subduct-
ing eclogite in the Earth’s interior, Commun. Earth Environ., 4,
276, https://doi.org/10.1038/s43247-023-00936-w, 2023.

Ke, S., Mangum, J. S., Zakutayev, A., Greenaway, A. L.,
and Neaton, J. B.: First-Principles Studies of the Elec-
tronic and Optical Properties of Zinc Titanium Nitride: The
Role of Cation Disorder, Chem. Mater.,, 36, 3164-3176,
https://doi.org/10.1021/acs.chemmater.3c02696, 2024.

Kennedy, B. J. and Ismunandar: Effect of temperature on cation dis-
order in ABi,NbyOg (A=Sr, Ba), J. Mater. Chem., 9, 541-544,
https://doi.org/10.1039/A806760K, 1999.

Kreller, C. R. and Uberuaga, B. P: The role of cation or-
dering and disordering on mass transport in complex ox-
ides, Curr. Opin. Solid State Mater. Sci.,, 25, 100899,
https://doi.org/10.1016/j.cossms.2021.100899, 2021.

Merlini, M., Sapelli, F.,, Fumagalli, P., Gatta, G. D., Lotti, P., Tu-
miati, S., Aabdellatief, M., Lausi, A., Plaisier, J., Hanfland, M.,
Crichton, W., Chantel, J., Guignard, J., Meneghini, C., Pavese,
A., and Poli, S.: High-temperature and high-pressure behavior
of carbonates in the ternary diagram CaCO3-MgCO3-FeCOs3,
Am. Mineral.,, 101, 1423-1430, https://doi.org/10.2138/am-
2016-5458, 2016.

Momma, K. and Izumi, F.:
dimensional visualization of crystal, volumetric and
morphology data, J. Appl. Cryst., 44, 1272-1276,
https://doi.org/10.1107/S0021889811038970, 2011.

Navrotsky, A., Dooley, D., Reeder, R., and Brady, P: Calori-
metric studies of the energetics of order-disorder in the

VESTA 3 for three-

https://doi.org/10.5194/ejm-37-577-2025


https://doi.org/10.1107/S2053273325002682
https://doi.org/10.3390/min11020202
https://doi.org/10.2138/am-1998-5-602
https://doi.org/10.2138/am-1998-5-602
https://doi.org/10.2138/am.2007.2315
https://doi.org/10.1127/ejm/10/4/0693
https://doi.org/10.1127/ejm/2/1/0007
https://doi.org/10.1038/ncomms15960
https://doi.org/10.2138/am-1996-9-1012
https://doi.org/10.1016/j.epsl.2012.06.034
https://doi.org/10.1016/0016-7037(93)90612-Z
https://doi.org/10.1016/0016-7037(93)90612-Z
https://doi.org/10.1524/zkri.1981.156.3-4.233
https://doi.org/10.1524/zkri.1981.156.3-4.233
https://doi.org/10.1016/j.icarus.2024.116321
https://doi.org/10.2138/am.2012.4126
https://doi.org/10.1016/j.jssc.2021.122192
https://doi.org/10.2138/am-1996-9-1001
https://doi.org/10.1073/pnas.1611571113
https://doi.org/10.1016/0012-821X(69)90186-1
https://doi.org/10.1016/0012-821X(69)90186-1
https://doi.org/10.1107/S0021889811043202
https://doi.org/10.1038/srep02832
https://doi.org/10.1038/s43247-023-00936-w
https://doi.org/10.1021/acs.chemmater.3c02696
https://doi.org/10.1039/A806760K
https://doi.org/10.1016/j.cossms.2021.100899
https://doi.org/10.2138/am-2016-5458
https://doi.org/10.2138/am-2016-5458
https://doi.org/10.1107/S0021889811038970

A. Zucchini et al.: Cation disordering in ankerite as a function of Fe content 589

system Mgj_,FexCa(CO3);, Am. Mineral., 84, 1622-1626,
https://doi.org/10.2138/am-1999-1016, 1999.

Panero, W. R.: Cation disorder in ringwoodite and its effects on
wave speeds in the Earth’s transition zone, J. Geophys. Res., 11,
B10204, https://doi.org/10.1029/2008JB005676, 2008.

Raugei, S., Silvestrelli, P. L., and Parrinello, M: Pressure-Induced
Frustration and Disorder in Mg(OH), and Ca(OH),, Phys. Rev.
Lett., 83, 2222, https://doi.org/10.1103/PhysRevLett.83.2222,
1999.

Redfern, S. A. T.: 5. Order-Disorder Phase Transitions. Trans-
formation Processes in Minerals, edited by: Redfern, S. A.
and Carpenter, M. A., De Gruyter, Berlin, Boston, 105-134,
https://doi.org/10.1515/9781501509155-006, 2000.

Reeder, R. J. and Dollase, W. A.: Structural variation in the
dolomite-ankerite solid-solution series: An X-ray, Miissbauer,
and TEM study, Am. Mineral., 74, 1159-1167, 1989.

Reeder, R. J. and Wenk, H. R.: Structure refinements of some ther-
mally disordered dolomites, Am. Mineral., 68, 769-777, 1983.
Rigaku Oxford Diffraction, CrysAlisPro, Version 1.171.43.137a,

Rigaku Corporation, Oxford, UK, 2024.

Robinson, K., Gibbs, G. V., and Ribbe, P. H.: Quadratic
elongation: a  quantitative = measure of  distortion
in coordination polyhedra, Science, 172, 567-570,
https://doi.org/10.1126/science.172.3983.567, 1971.

Rosenberg, P. E. and Foit Jr.,, F. F.: The stability of transition
metal dolomites in carbonate systems: a discussion, Geochim.
Cosmochim. Ac., 43, 951-955, https://doi.org/10.1016/0016-
7037(79)90085-1, 1979.

Ross, N. L.: The equation of state and high-pressure be-
haviour of magnesite, Am. Mineral,, 82, 682688,
https://doi.org/10.2138/am-1997-7-805, 1997.

Sau, S., Takagi, S., Ikeshoji, T., Kisu, K., Sato, R., and
Orimo, S.: The role of cation size in the ordered—
disordered phase transition temperature and cation hopping
mechanism based on LiCBjiHj;, Mater. Adv., 4, 2269,
https://doi.org/10.1039/d2ma00936f, 2023.

Sheldrick, G. M.: SHELXS-97 and SHELXL-97, Program for Crys-
tal Structure Solution and Refinement, University of Gottingen,
Gottingen, 1997.

https://doi.org/10.5194/ejm-37-577-2025

Sondergeld, P., Schranz, W., Troster, A., Armbruster, T., Giester, G.,
Kityk, A., and Carpenter, M.A.: Ordering and elasticity associ-
ated with low-temperature phase transitions in lawsonite, Am.
Mineral., 90, 448-456, https://doi.org/10.2138/am.2005.1243,
2005.

Vu, N. H, Dao, V., and Im, W. B.: Elucidating roles of
cation disorder and spinel phase in high-capacity integrated
spinel-layered cathodes, J. Power Sources, 507, 230315,
https://doi.org/10.1016/j.jpowsour.2021.230315, 2021.

Zucchini, A., Comodi, P., Katerinopoulou, A., Balic-Zunic, T., Mc-
Cammon, C., and Frondini, F.: Order-disorder-reorder process in
thermally treated dolomite samples: a combined powder and sin-
gle crystal X-ray diffraction study, Phys. Chem. Miner., 39, 319—
328, https://doi.org/10.1007/s00269-012-0489-9, 2012a.

Zucchini, A., Prencipe, M., Comodi, P., and Frondini, F.: Ab initio
study of cation disorder in dolomite, CALPHAD, 38, 177-184,
https://doi.org/10.1016/j.calphad.2012.07.001, 2012b.

Zucchini, A., Comodi, P., Nazzareni, S., and Hanfland, M.: The
effect of cation ordering and temperature on the high-pressure
behaviour of dolomite, Phys. Chem. Minerals, 41, 783-793,
https://doi.org/10.1007/s00269-014-0691-z, 2014.

Zucchini, A., Prencipe, M., Belmonte, D., and Comodi, P.:
Ab initio study of the dolomite to dolomite-II high-
pressure phase transition. Eur. J. Mineral.,, 29, 227-238,
https://doi.org/10.1127/ejm/2017/0029-2608, 2017.

Zucchini, A., Boffa Ballaran, T., Fastelli, M., Comboni, D., Han-
fland, M., Frondini, F., and Comodi, P.: Influence of cation disor-
der on the mineral physics of ankerite, Am. Mineral., 110, 908—
918, https://doi.org/10.2138/am-2024-9495, 2024.

Eur. J. Mineral., 37, 577-589, 2025


https://doi.org/10.2138/am-1999-1016
https://doi.org/10.1029/2008JB005676
https://doi.org/10.1103/PhysRevLett.83.2222
https://doi.org/10.1515/9781501509155-006
https://doi.org/10.1126/science.172.3983.567
https://doi.org/10.1016/0016-7037(79)90085-1
https://doi.org/10.1016/0016-7037(79)90085-1
https://doi.org/10.2138/am-1997-7-805
https://doi.org/10.1039/d2ma00936f
https://doi.org/10.2138/am.2005.1243
https://doi.org/10.1016/j.jpowsour.2021.230315
https://doi.org/10.1007/s00269-012-0489-9
https://doi.org/10.1016/j.calphad.2012.07.001
https://doi.org/10.1007/s00269-014-0691-z
https://doi.org/10.1127/ejm/2017/0029-2608
https://doi.org/10.2138/am-2024-9495

	Abstract
	Introduction
	Materials and methods
	The ankerite samples
	Thermal treatment
	Single-crystal X-ray diffraction

	Results
	Cation disordering
	Polyhedral geometry

	Discussion
	Conclusions
	Code and data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

