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ABSTRACT

The structural evolution and compressibility of ordered and disordered ankerite were investigated at
pressures up to ~25 GPa using synchrotron single-crystal X-ray diffraction in a diamond-anvil cell.
Ordered ankerite (space group R3) undergoes a discontinuous phase transition between 12.15 and
13.45 GPa to a high-pressure structure called ankerite-II (space group P1) that has Ca in an eightfold
coordination. Disordered ankerite (R3¢ space group) does not undergo a phase transition in the investi-

gated pressure range.

A Birch-Murnaghan equation of state was used to fit the volume compressibility. Ordered ankerite
[Koyr=95(1) GPa, K’ =3.8(3)] appears slightly more compressible than disordered ankerite [Koy= 99(1)
GPa, K’ =2.7(1)]. The phase transition in ordered ankerite has a change in volume of ~0.6% and
Ki3457=110(11) GPa, K’ =7(3) for ankerite-II. The possible significance of this different behavior of

ordered and disordered ankerite is discussed.
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INTRODUCTION

Carbonates are key phases in the Earth’s carbon cycle
(Litasov et al. 2020). They have stability fields that extend from
ambient conditions (shallow C cycle) to low-pressure hydrother-
mal systems to high-pressure-high-temperature (HP—HT) condi-
tions typical of the upper mantle, lower mantle, and transition
zone (e.g., Biellmann and Gillet 1992; Luth 2001; Zhu and
Ogasawara 2002; Buob et al. 2006; Hammouda et al. 2011;
Zucchini etal. 2014,2017; Cerantola et al. 2017; Binck et al. 2020).

The most abundant carbonates in nature are calcite (CaCOs3,
space group R3c), magnesite (MgCOs3, space group R3c), and
dolomite [CaMg(CO3),, space group R3]. The addition of small
transition metals to dolomite does not change its space group.
Moreover, the Mg?*-Fe?* substitution is a complete solid
solution in the FeCO3-MgCO;3; systems, whereas in the
FeCO3-MgCO3-CaCOs3 system, the substitution is limited to
ankerite having the chemical formula Ca(Mgj_Fe,)(CO3)a,
where 0 <x < 0.7, and being isostructural with dolomite.

In naturally R3 occurring carbonates, there is an ordered
alternation of cations between structural layers. At HT, cations
start to randomly distribute among the different cationic sites,
giving rise to disordered structures (Reeder and Wenk 1983;
Zucchini et al. 2012a, 2012b). The critical temperature (7¢)
for the order-disorder transition, at which the disordering
process is complete and the space group changes from R3
(dolomite-like structure) to R3¢ (calcite-like structure), is strongly
influenced by the cationic species. In fact, a 7¢ of ~1200 °C was
attributed to dolomite (Zucchini et al. 2012a, 2012b; Hammouda
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etal. 2011), and it decreases with increasing Fe content (Franzolin
et al. 2012).

High-pressure behavior of carbonates

Structural parameters such as chemical composition and cation
order/disorder strongly influence a carbonate’s stability under non-
ambient conditions, and considerable efforts have been made to
constrain the phase stability of carbonates. Given the similarity
of ankerite and dolomite, the known phase transitions in the sys-
tem CaCO3-MgCOj3 are given in Table 1. The mineral physics of
dolomite at HP is strongly influenced by its crystal-chemical fea-
tures. Experimental and theoretical studies on the HP phase transi-
tions of dolomite as a function of disorder (Zucchini et al. 2014,
2017) showed that disordered dolomite does not transform to the
HP polymorph dolomite-1I, at least up to ~30 GPa. Moreover, the
Mg substitution by Fe has important effects on the HP behavior of
the mineral, in terms of compressibility, structural stability, and
thermoelastic properties (Zhang et al. 1998; Merlini et al. 2016),
ie., the transition pressures were shown to slightly decrease
(~2—4 GPa lower) with increasing Fe content in dolomite (Merlini
etal. 2012, 2017; Zhao et al. 2020). However, although the effect
of Fe on the behavior of ordered dolomites has been investigated
(e.g., Ross and Reeder 1992; Merlini et al. 2016; Chulia-Jordan
et al. 2021), the effect of cation disorder on the compressibility
and possible phase transitions occurring in ankerite is unknown,
in spite of its importance, since at mantle conditions carbonates
are expected to be disordered (Zucchini et al. 2012a, 2012b;
Franzolin et al. 2012). For these reasons, in this study, synchrotron
single-crystal X-ray diffraction (SC-XRD) experiments have been
performed to constrain the HP behavior of ordered and disordered
ankerite and to give insight into the influence of cation disorder on
its structural evolution.
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TasLe 1. Known HP polymorphs in selected carbonates

Mineral/formula P (GPa) T (K) Polymorph  Space group
CaCO3 15 RT CaCOs-Il P2,/cP<
20 RT CaCos-lll pid
3.0 RT CaCO5-lllb pid
~2 ~150 aragonite Pmcn®
15 RT CaCO3-VI pif
~30 RT CaCO3-VII P2:/c9
~42 1400 postaragonite Pmmmh
MgCO; 80 2100-2200 MgCOx-ll c2/m
138 3000 MgCOs-lll P27272;"
MgCa(CO3), 14-18 RT dolomite-II pimnop
~35 RT dolomite-IIl pif
~36 RT dolomite-lllb R3"
~41 RT dolomite-llic R3"
~115  Stabilized at 2500  dolomite-IV Pnma"

Notes: P and T refer to minimum transition pressure and temperature
conditions, respectively. RT means room temperature.
@ Merrill and Basset (1975).

b Hatch and Merrill (1981).

€ Harris et al. (1998).

9 Pippinger et al. (2015).

€ Zhao et al. (2022).

f Merlini et al. (2012).

9 Gavryushkin et al. (2017).

P Li et al. (2018).

"Oganov et al. (2008).

'Li et al. (2020).

™ Zucchini et al. (2014).

" Merlini et al. (2017).

° Efthimiopoulos et al. (2017).

P Vennari and Williams (2018).

MATERIALS AND METHODS

Starting materials

Two different samples were used in this work. One (hereafter referred to as
ank-ord, Fig. 1a) is a natural ankerite with chemical formula Caj.o@2)[Mgo.28(s)
Feo.7(1)Mng04)](CO3)2 kindly provided by the Natural History Museum of
Copenhagen (Denmark). The other (hereafter referred to as ank-dis, Fig. 1c) is a
fully disordered ankerite, obtained by annealing the ank-ord sample at 750 °C and
3 GPa for 4 h. Thermal treatments were carried out using a 1/2” diameter internally
heated piston-cylinder apparatus located at the Bayerisches Geoinstitut (Bayreuth,
Germany) following the procedure described for dolomite disordering in Zucchini
et al. (2012a).
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Single-crystal synchrotron X-ray diffraction

Experiments were carried out at the ID-15B beamline at European Synchro-
tron Radiation Facility, Grenoble, France. Intensities were collected on a large-area
EIGER2 X 9M CdTe (340 x 370 mm) hybrid pixel detector. The X-ray wavelength
was monochromated to 0.410374 A. A membrane-type diamond-anvil cell (DAC)
with an opening angle of 64° and 600 pm culet diamonds was used. Helium was the
pressure-transmitting medium (Klotz et al. 2009) and ruby the pressure calibrant
(Mao et al. 1986), loaded into the DAC together with two single crystals,
ank-ord (~35 %22 %30 pm) and ank-dis (~35 x 35 x 30 pm). The pre-indented
stainless-steel gasket had a 300 pm diameter hole. The sample-to-detector distance
was 181.0480 mm, which was calibrated, along with the wavelength, using Si stan-
dard and Fit2D software (Hammersley et al. 1996). Operating conditions for HP
data collections were 64° w-rotation, 0.5° step size, and 0.3 s step time. Data at
ambient pressure were collected with the crystal in DAC, and then HP data were
obtained up to ~25 GPa. The attempt to collect data during decompression was
made. However, the quality of the data for the highest pressure at 24.98 GPa
for ank-ord and the data during decompression for both ank-ord and ank-dis
was not high enough for single-crystal structural analysis. The only data good
enough for unit-cell determination and structure refinement, under decompression,
were those of the recovered crystals at room pressure.

Pressure was measured before and after each data collection, and gasket
relaxation was ensured by waiting ~15 min after changing the load. The typical
time taken for a complete data collection at each pressure was within 3 min.

Collected data were integrated by means of the CrysAlisPro software (Rigaku
Oxford Diffraction, 2020, 1.171.42.49, Agilent Technologies, U.K.), and the
empirical absorption correction was applied as implemented in SCALE3 ABSPACK
scaling algorithm. Structure refinements were carried out using ShelXle program
(Hiibschle et al. 2011). Neutral atomic scattering factors were used.

Because of the limited number of reflections in DAC data collection, we could
not base our crystal structure refinements on systematic absences to test whether
the ank-dis space group was R3 (partial disorder) or R3¢ (full disorder). Thus, both
ank-ord (Fig. 1a) and ank-dis were initially refined in R3 space group. Cation site
occupancy was refined at (0, 0, 0) and (0, 0, 1/2) atomic positions, checking for
Ca/Mg/Fe disordering occurrence. The total occupancy factor per site was fixed to
1 and, at first, no chemical constraints were used. The refined Ca/Mg/Fe total con-
tent agreed with the chemical analysis of the analyzed samples; thus, structure
refinements were finalized applying constraints for chemical composition. In
ank-dis, site-scattering values for the two sites are consistent with Ca/Mg/Fe being
distributed statistically at both (0, 0, 0) and (0, 0, 1/2) sites, i.e., fully disordered. In
fact, the refined numbers of electrons at (0, 0, 0) and (0, 0, 1/2) are 20.8(6) and
21.0(6), respectively. Moreover, zc, yo, and zg atomic coordinates, which lie in
general positions in the ordered dolomite, approached a special position in the
disordered ankerite. Thus, ank-dis was refined in the R3¢ space group (Fig. lc).
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FiGure 1. Crystal structure of (a) ank-ord at 0.47 GPa, (b) ank-ord-II at 21.97 GPa, and (c) ank-dis at 0.47 GPa, down the a axis. The graphical
explanation of d(0-O)jaeral and d(0-O)pasar, as well as the projection of the (011) lattice plane in ank-ord-1I, is also shown. For ank-dis, d(O-O)jaeral
and d(O-O)p,sar are the same as in ank-ord. Colors: blue is Ca, light brown is Fe, green is Mg, gray is C, and red is O. (Color online.)
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The distortion of the coordination polyhedra was analyzed with the program
Ivton (Bali¢ Zuni¢ and Makovicky 1996). The compressibility of the analyzed
samples was calculated from the measured unit-cell parameters using a Birch-
Murnaghan Equation of State (EoS) as implemented in the EosFit GUI (Gonzalez-
Platas et al. 2016).

RESULTS

The good crystallinity of the samples was maintained in the
analyzed pressure (P) range. Details of data collections and refine-
ments are deposited (Online Materials' Table S1) together with the
crystallographic information files (Online Materials' CIFs). Data
for ank-ord were analyzed in space group R3 up to 12.15 GPa. As
noted above, refinement of cation site occupancies showed that
ank-ord has full cation ordering, i.e., Ca and (Mg,Fe) are on
separate sites (Fig. 1a). Above 13 GPa, rhombohedral symmetry
is broken and data could be indexed only with a triclinic unit cell
indicating a phase transition from ankerite to a high-pressure poly-
morph, here referred to as ankerite-1I (“ank-ord-1I"’), because of its
similarity with the structure of dolomite-II (Merlini et al. 2012).
Structure refinements of ank-ord-II were performed in space group
P1 (Fig. 1b). In contrast to the phase transition observed for
ank-ord, no transition was observed for ank-dis in the same P
range, with structure refinements indicating space group R3¢. The

data collected at room P after decompression showed that, while
the disordered sample maintains the R3¢ structure, the ordered sam-
ple recovers the R3 structure typical of ank-ord. Thus, the revers-
ibility of the ank-ord to ank-ord-II phase transition is confirmed.

Equation of state and compressibility of ankerite

Unit-cell parameters and volumes for ank-ord, ank-ord-II,
and ank-dis are shown in Figure 2 and Table 2. The evolution
of the unit-cell volume with P (Fig. 2a) shows a significant
change at the ank-ord — ank-ord-II transition between 12.15
and 13.45 GPa. The unit-cell parameters decrease as P increases
in all three crystal structures, and the ¢ parameter always shows
the highest compressibility. The a axis is the least compressible
axis and it even expands with increasing P in the ank-ord II
structure (Fig. 2).

Data were fitted using the third order Birch Murnaghan (BM)
Equation of State (EoS) (Birch 1952) as suggested by the “nor-
malized pressure” (F) — “Eulerian finite strain” (f) plots (Online
Materials' Fig. S1). Results of fitting are given in Table 3 where
data for ank-ord-II are given using as reference pressure, instead
ofthe room conditions, the first measured pressure point after the
phase transition, that is 13.45 GPa. As the BM fitting could not

(a) 108.0 | @ ank-ord (b)
O ank-dis 100k
106.0 |- Nkt PPN
. b ‘“"*L ™ a
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FiGure 2. Pressure dependence of (a) volume per formula unit (V/Z), (b) cell parameters of ank-ord (blue) and ank-dis (purple) normalized with
respect to their room-pressure values and that of ank-ord-II (green) normalized with respect to the values at 13.45 GPa, (¢) angles in ank-ord-II. Curves
are the third-order Birch Murnaghan EoS with the only exception of the a parameter of ank-ord-II where the line represents a linear compressibility

(see text for details). (Color online.)
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TasLE 2. Unit-cell parameters (A) listed together with the used pressures (GPa) for ank-ord (R3, Z=3), ank-ord-Il (P1, Z=2), ank-dis (R3¢, Z=3)

P a b C o B Y % P a c %
ank-ord ank-dis

0.00 4.8327(2) 16.171(1) 327.07(1) 0.00 4.8279(2) 16.1916(9) 326.83(3)
0.00° 4.8314(2) 16.1750(13) 326.98(1) 0.00% 4.82714(14) 16.1925(9) 326.76(3)
047 4.8293(2) 16.1328(9) 325.84(3) 0.47 4.8216(2) 16.1487(8) 325.13(2)
1.71 4.8166(2) 16.0010(9) 321.48(3) 1.71 4.80899(2) 16.0236(9) 320.92(2)
3.09 4.8049(2) 15.8738(9) 317.38(3) 3.09 4.79521(2) 15.893(8) 316.48(2)
4.09 4.7942(2) 15.7725(10) 313.95(3) 4.09 4.7872(2) 15.8009(11)  313.59(3)
5.27 4.7867(2) 15.6809(11) 311.15(4) 5.27 4.7808(3) 15.7132(13) 311.03(5)
6.34 4.7789(2) 15.5882(10) 308.31(4) 6.34 4.7698(1) 15.6252(9) 307.86(3)
7.45 4.7710(2) 15.4944(11) 305.44(4) 7.45 4.7609(2) 15.5314(11)  304.88(3)
8.53 4.7634(2) 15.3982(10) 302.58(4) 8.53 4.7498(5) 15.453(3) 301.92(7)
9.89 4.7552(2) 15.3003(13) 299.62(5) 9.89 4.7406(2) 15.3517(11) 298.78(3)
11.04 4.7472(2) 15.2128(13) 296.90(5) 11.04 4.7321(3) 15.2688(13)  296.1(3)
1215 4.7410(2) 15.1366(17) 294.64(6) 1215 4.7221(2) 15.1986(9) 293.5(3)
ank-ord-ll 13.45 4.7117(2) 15.1084(11) 290.47(3)
1345 4.743(2) 5.686(2) 7.393(3) 103.97(3)  89.73(3)  91.22(3)  193.4(1) 14.54 4.7042(4) 15.052(2) 288.46(4)
14.54 4.7578(9)  5.6609(9) 7.342(2) 104.00(2)  89.82(2)  92.00(1)  191.74(7) 16.22 4.6902(3) 14.9383(16)  284.59(4)
16.22 4.765(1) 5.6251(9) 7.272(2) 103.78(2) 89.73(2) 92.83(2) 189.08(8) 16.61 4.6875(3) 14.9231(16) 283.96(4)
16.61 4.763(1) 5.619(1) 7.265(2) 103.75(2)  89.68(2)  92.94(2)  188.63(8) 17.57 4.6782(4) 14.866(2) 281.77(5)
17.57 4.765(2) 5.604(1) 7.231(3) 103.63(3) 89.65(3) 93.25(2) 187.3(1) 1855 4.6714(5) 14.807(3) 279.82(7)
18.55 4.765(2) 5.587(2) 7.181(3) 103.41(3) 89.53(3) 93.55(2) 185.61(9) 19.54 4.6647(8) 14.762(5) 278.19(11)
19.54 4.768(2) 5.571(1) 7.142(3) 103.22(3)  89.46(3) 93.80(3)  184.3(1) 20.40 4.661(8) 14.701(5) 276.59(12)
20.40 4.76(1) 5.571(1) 7.136(2) 103.19(2) 89.48(3) 93.95(2) 184.1(1) 21.39 4.6587(7) 14.627(5) 274.93(11)
21.39 4.767(1) 5.549(1) 7.110(2) 103.08(2) 89.52(2) 94.05(2) 182.74(8) 21.97 4.6506(4) 14.5619(19) 272.75(5)
21.97 4.769(1) 5.535(1) 7.070(2) 102.86(2) 89.50(2) 94.33(2) 181.41(9) 23.20 4.6419(2) 14.5359(15)  271.25(3)
23.20 4.771(1) 5.523(1) 7.048(2) 102.74(2)  89.53(2) 94.43(2) 180.58(7) 24.10 4.6329(7) 14.526(6) 270.02(12)
24.10 4.774(1) 5.513(2) 7.026(3) 102.61(3) 89.52(3) 94.54(2) 179.9(1) 2498 4.6317(5) 14.462(3) 268.68(8)

Note: P uncertainty is 0.05 GPa.
2 Data under decompression.

be used to calculate the expansion of the a parameter with
increasing P, we calculated a linear compressibility, to show that
this parameter has a very small negative compressibility. Results
of linear fitting gave B, =—0.0007(1) GPa™' (Fig. 2b).

TasLe 3. EoS parameters obtained from the compressibility analysis of
the three analyzed crystal structures

ank-ord ank-dis ank-ord-II
EoS
BM3
Vo 327.1 (2) 326.6 (2) Vi3as 193.5 (2)
Kov 95 (1) 99 (1) Ki3.45v 110 (11)
Ky 38(3) 27 (1) Ky 7(3)
ap 4.83265 (3) 4.8263 (9) b1345 5.683 (5)
Mo 471 (13) 507 (11) Mizasb 258 (33)
M, 33 (4) 8.4 (9) M, 20 (8)
Co 16.171 (1) 16.19 (1) C1345 7.392 (9)
Moc 155 (2) 155 (3) Mi3.45¢ 161 (17)
M 6.1 (3) 74 (2) M, 10 (3)
Polyhedra
M1 M1
Vo 17.73 (2) 15.09 (1) Viasa 226 (2)
Komn 81 (1) 79.7 (7) Kiasam1 81 (10)
d(o'o)lateral(o) 3431 (2) 3.250 (2) d(o'o)lateral(14.54) 3.13 (2)
Mod(0-O)lateral 144 (3) 157 (3) M14.54d(0-O)lateral 91 (12)
d(O-O)basal(0) 3277 (2) 3.109 (3) d(0-O)pasal(14.54) 3.172 (4)
Mod(0-0)basal 500 (25) 395 (13) M14.54d(0-O)pasal 411 (42)
M2 M2
Vo 12.86 (2) Viasa 11.32 (9)
Komz 91 (2) Kya5am2 186 (52)
d(o'o)lateral(o) 3.059 (1) d(o'o)lateral(14.54) 293 (2)
Mod(0-O)lateral 203 (5) Mh4.54d(0-O)lateral 307 (127)
d(0-O)pasal(o) 2.965 (1) d(O-O)pasal(14.54) 2.884 (5)
Mod(0-0)basal 380 (10) Mi4.54d(0-O)basal 591 (126)

Notes: Volume (), lattice parameters (Ko), and moduli (Mo) are given in A3, A, and
GPa, respectively. M1 is the Ca site in ank-ord and ank-ord-ll, whereas it is the
only cation site in ank-dis. M2 is the (Mg,Fe) site in ank-ord and ank-ord-l,
whereas it is not present in ank-dis given the R3¢ symmetry. Results of the
reference pressure for the BM fittings are 0.0001 GPa for ank-ord and ank-dis.
As for ank-ord-lI, reference pressure is 13.45 GPa for unit-cell parameters, and
14.54 GPa for polyhedra.

Ank-dis at ambient conditions is slightly less compressible
[Ko=99 (1) GPa] than ank-ord [Ko=95 (1) GPa], and it
becomes less stiff with increasing P, given the K’ < 4 (Table 3;
Fig. 2a). Beyond the phase transition, ank-ord-II is considerably
less compressible than ank-ord.

Crystal structure evolution with P

The onset pressure for the phase transition from ank-ord to
ank-ord-II was considered as the first point at which data could
not be indexed anymore in R3 symmetry, namely 13.45 GPa.
However, the crystal structure refinement of ank-ord-II at this
point was not satisfactory, and so only the unit-cell parameters
were used for compressibility analysis.

Layers of Ca and (Mg,Fe) cations are stacked along the ¢ axis
in ank-ord alternated by CO3~ groups and lie in the ab plane
(Fig. 1a), whereas they lie in the (011) plane (Fig. 1b) in ank-
ord-II. The unique O position in the asymmetric unit of ank-
ord, with multiplicity 6, is replaced by six non-equivalent positions
in ank-ord-1I (from O1 to 06, as listed in the Online Materials'
CIF), due to the decrease in symmetry from R3 (ank-ord) to P1
(ank-ord-II). Furthermore, Ca, Mg, and Fe in ank-ord-II are not
at special positions in the triclinic structure. Carbon, which is at
a special position (0, 0, zc) in ank-ord (Fig. 3c), occurs at two
non-equivalent general sites in ank-ord-II (C1 and C2 in Fig. 3d).

Cation polyhedra were constructed for a coordination sphere
with radius up to 2.9 A, for which Ca and Mg/Fe in both ank-ord
and ank-dis are 6-coordinated, as is usually observed in rhom-
bohedral carbonates (Dem’yanov and Polestshuk 2023), with
six equivalent cation-oxygen bond distances. In ank-ord-II, Ca
and (Mg,Fe) polyhedra are no longer regular and cation-oxygen
bond distances differ from each other. The complete list of each
non-equivalent cation-oxygen distance in ank-ord-II is given
in Online Materials' Table S2 together with the polyhedral

American Mineralogist, vol. 110, 2025
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FiGcure 3. Crystal structure of (a, ¢) ank-ord at 0.47 GPa and (b, d) ank-ord-II at 21.97 GPa. Different portions of the crystal structures and selected
atoms are shown to facilitate the visual comparison between ank-ord and ank-ord-II. In ank-ord-1II, the increase in coordination number of the Ca site is
shown in the (011) crystallographic plane in (b), and the C1 (light gray) and C2 (dark gray) location is given in (d). Arrows in (a) and (c) indicate the
two O atoms, namely O6B as dashed circle and O4B as filled line circle that do not fall within the Ca polyhedra in CaOg. For colors of the other

elements, refer to Figure 1. (Color online.)

geometries for the three analyzed samples and shown in Online
Materials' Figure S2. For ank-ord-I1, the coordination number of
Ca increases from 6 to 8 (Figs. 3a and 3b), including two long
Ca-0O bonds (Ca-04B and Ca-O6B in Fig. 3b). The two addi-
tional O atoms bonded to Ca are related by symmetry to O4
and O6 and are here denoted O4B and O6B, as shown in Figure 3.
Ca-04B and Ca-O6B are oriented on the same side (Figs. 3b and
3d), bonded to O atoms of the group C103? and accommodated
by a slight rotation of the C103? group in the ac plane of ~2°,
anticlockwise in Figure 3d, with respect to C2032. Data shown
in Online Materials' Table S2 for crystal structures after decom-
pression show that Ca polyhedron in ank-ord recovers the 6-coor-
dination and that polyhedral dimensions for both ank-ord and ank-
dis are essentially the same, within errors, as the starting structures
at room P. Thus, the polyhedral geometry also allows to confirm
the complete reversibility of the phase transition from ank-ord to
ank-ord-II.

Compressibility analysis of the cation polyhedra performed
by applying the second-order BM EoSs is given in Table 3. In
the ordered crystal structures, the Ca polyhedron is much softer
than (Mg,Fe)Og and this behavior is more evident in ank-ord-II,
where the different compressibility between the two cation
polyhedra is very large, being K4.54(CaOg)=81(10) GPa and
K1454[(Mg,Fe)Og] = 186(52) GPa. The only cation site in ank-
dis has a compressibility [Ko=79.7(7) GPa, Table 3] much more
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similar to that of the CaOg octahedron [Ky = 81(1) GPa, Table 3]
than that of the (Mg,Fe)Og [Ko=91(2) GPa, Table 3] in ank-ord.

The distortion of the Ca and (Mg,Fe) polyhedra is analyzed
using selected polyhedral volume distortion parameters
(Makovicky and Bali¢-Zuni¢ 1998; Zucchini et al. 2022) as
shown in Figure 4 and listed in Online Materials' Table S2. The
low-pressure polymorph of ordered ankerite regularizes as P
increases with a steeper decrease of CaOg polyhedral volume
distortion than that of (Mg,Fe)Og (Fig. 4). After the phase tran-
sition, the distortion strongly increases in both cation polyhedra
(Fig. 4) with the highest distortions in CaOg, which tends to
decrease as P increases. On the contrary, MgOg distortion
continuously increases with P after the phase transition. The
polyhedra distortion for ank-dis follows a different behavior
as it decreases as P increases, reaching full regularization at
~19 GPa (Fig. 4). However, no phase transition was observed
up to 25 GPa.

The increase in coordination number of the Ca site in ank-ord-
I1is clearly seen in the evolution of the Ca-O distance above 3.2 A
in ank-ord (Ca-Ogy). At the transition, this bond becomes two
non-equivalent bonds, Ca-O4B and Ca-O6B, both shorter than
2.9 A (Fig. 5a). As a consequence, the average <Ca-O> distance
as well as the compressibility of the Ca polyhedron in ank-ord-II
are higher than that of the other crystal structures (Table 3;
Fig. 5b). In Figure 5b the average <Mg,Fe-O> in ank-ord-II is
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FiGURE 4. Polyhedral distortion for ank-ord, ank-dis, and ank-ord-II.
Lines are polynomial trendlines used as guides for reader’s eye. (Color
online.)

shown to be almost incompressible as P increases, in agreement
with the high stiffening of MgOg in the HP polymorph of ankerite.

In their study of dolomite, Zucchini et al. (2014) recognized
“basal” and “lateral” O---O distances, hereafter referred as O---Opgsal
and O--Oyeeral- These distances are affected differently by the
increase in P. A graphical explanation of the meaning of O---Opggsal
and O-Opytera 18 given in Figure 1; O--Op,gq distances are
those that lie on the ab plane in ank-ord and ank-dis, whereas for
ank-ord-1I (triclinic) they lie on {011}; O--Ojaeral distances are
vertically located with respect to O--Opasa1 and link adjacent
CO3 layers. In Online Materials! Table S2, the O--O distances
of the cation polyhedra are listed for the three crystal structures.
In all three crystal structures, the average O-+-Olytera) distance has
a higher compressibility than O---Op,sa; (Table 3), this difference
being consistent with the higher compressibility of the ¢ lattice
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parameter (and b in ank-ord-II) with respect to a. Moreover, among
the full set of O--Opygar distances in (Mg,Fe)Og polyhedra, two
particular edges, 05-O3 and 01-03 (Online Materials' Table S2)
lengthen with increasing P, a behavior that underlies the observed
very low compressibility of (Mg,Fe)Og polyhedra in ank-ord-II.

Discussion
Behavior of ankerite at HP and comparison with dolomite

The phase transition from ank-ord to ank-ord-II occurs between
12.15 and 13.45 GPa. Upon phase transition, a discontinuity in the
unit-cell volume is observed. Extrapolating the unit-cell volume of
the high-pressure phase at lower pressure (Fig. 2a) using the EoS
parameters reported in Table 3, we obtain a transition pressure of
about 11.04 GPa, i.e., slightly lower than the pressure at which we
still observe ank-ord to be stable. This suggests that the displacive
phase transition from ank-ord to ank-ord-II is slightly first-order.
Ank-dis is stable up to the maximum pressure reached in this
study (~25 GPa), demonstrating that cation disorder inhibits the
transition.

The bulk modulus and first pressure derivative obtained in
this study for ank-ord are in agreement, within experimental
errors, with recent data reported by Chulia-Jordan et al. (2021)
for an ankerite sample of similar composition and state of order
(Fig. 2a), for which Ky =89(4) GPa and K’ =5.3(8). The larger
K’ obtained in the previous study might be due to the different
method used for data collection, that is, X-ray powder diffraction
in Chuliad-Jordan et al. (2021) compared with SC-XRD in the
present work.

The ordered and disordered ankerite samples show different
compressibility behaviors. Ank-dis is less compressible than
ank-ord and has a K’ significantly <4, suggesting that the change
in stiffness with pressure is less pronounced than that observed
for ank-ord. CaOg is more compressible than (Mg,Fe)O¢ in
ank-ord, with the latter playing the major role in the ank-ord bulk
compressibility (Table 3). The compressibility of the cation site
in ank-dis (which is randomly occupied by Ca, Mg, and Fe)
[Ko=79.7(7) GPa, Table 3] is similar to that of CaOg in the
ank-ord structure [Ko = 81(1) GPa, Table 3], which may explain
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B ank-ord <Mg,Fe-O>
2.6 A ank-dis <Me-O> 26
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5 2.4 2.4
T ® oo
o0
§ 2.3 ®e 000 J23
T oot A A, 22
g Aaa 4., Aaa oo q2.
AAA
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L L L 1
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FIGURE 5. (a) Variation of Ca-O4B and Ca-O6B with P for ank-ord-II, shown together with data for the bond distance between Ca and the nearest
oxygen outside the coordination polyhedron (Ca-Ogyy) in ank-ord; (b) Evolution with pressure of the cation to anion distances. For ank-dis, the cation
to anion distance is given as <Me-O>, where Me is the cationic site with mixed occupancy (Ca,Mg,Fe). (Color online.)
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why the bulk compressibility of ank-dis decreases with respect
to ank-ord as P increases (K’ <4). Ank-ord-II is considerably
less compressible than ank-ord and it stiffens at a higher rate
(K’ >4). This behavior can be attributed to the very low com-
pressibility of the (Mg,Fe)Og. The total volume contraction of
CaOg between 14.54 and 24.10 GPa is ~8%, whereas for
(Mg,Fe)Og it is ~3%.

Ank-ord regularizes as P increases with a steeper decrease of
polyhedral volume distortion of CaQOg than that of (Mg,Fe)Og¢
(Fig. 4). Beyond the phase transition, a different behavior was
observed for Ca and Mg polyhedra. On the one hand, the distor-
tions in CaOg in ank-ord-II is quite higher than that of the other
polyhedra, and it tends to decrease with further P increase. The
high distortion in Ca polyhedron in ank-ord-II is related to the
increase in the Ca coordination number and the entrance in
the coordination sphere of the two distant O atoms, i.e., O4B
and O6B. The deformation of Ca polyhedra in ank-ord-II is also
related to a strong increase in its eccentricity, that is zero in both
ank-ord and ank-dis (Online Materials' Table S2), and reflects in
the formation of CaOg chains that run along the a axis with Ca
polyhedra sharing two lateral edges, namely O6B-O6 and O4B-
04 (Fig. 6). The (Mg,Fe)Os polyhedron in ank-ord-II also
increases its eccentricity, as well as its distortion, with respect
to ank-ord and, contrary to CaOQyg, its distortion keeps increasing
with P (Fig. 5; Online Materials' Table S2).

The HP behavior of ankerite is similar to that of dolomite. In
particular, the transition pressure for ank-ord is lower than ~17
GPa observed for ordered dolomite (Merlini et al. 2012;
Zucchini et al. 2017; Zhao et al. 2020), indicating that Fe has
a significant effect on the transition pressure of carbonates in
the system FeCO3-MgCO3-CaCOs. The behavior of disordered
ankerite resembles that of disordered dolomite, which was
experimentally found to be stable at least up to 17 GPa (Zucchini
etal. 2014) and predicted to be stable by ab initio calculations up
to 26 GPa (Zucchini et al. 2017). The similarity between ankerite
and dolomite is also shown in the evolution of octahedral distor-
tion, which is similar in ordered ankerite and dolomite, and that
approaches zero at the transition pressure, followed by a marked
increase after the phase transition in both structures.

Fully disordered ankerite and dolomite show an increase in
their bulk compressibility as P increases with respect to the
ordered forms, having K’'=2.7(1) for the former (Table 3)
and K’ =3.0(2) for the latter (Merlini et al. 2016); whereas, in
partially disordered R3 dolomite [s=0.26(6), Zucchini et al.

FIGURE 6. Slab of the supercell built from the unit cell of ank-ord-II at
14.54 GPa that shows the edge sharing on the most eccentric part of the
Ca polyhedra. The shared edges are indicated with dotted (O4B-04) and
dashed (O6B-06) lines. For colors, refer to Figure 1. (Color online.)
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2014], no differences were observed with respect to the fully
ordered sample with the same chemical composition. Therefore,
only at fully disordered conditions, where the space group
changes from R3 to R3¢, both dolomite and ankerite appear to
accommodate more easily changes in pressure.

Strain analysis and expansion of the a axis

To locate the most compressible directions in the triclinic
ank-ord-II structure and to investigate the geometrical reasons
for the negative compressibility of the a axis, the magnitude
and the orientation of the principal unit-strain coefficients were
calculated by means of the STRAIN software as implemented in
EosFit7c (Angel et al. 2014). For comparison, the strain magni-
tude in ank-ord and ank-dis was also calculated. Finite Lagrang-
ian strain components were calculated with respect to the
unit-cell axes measured at room pressure for ank-ord and
ank-dis and with respect to the unit-cell axes at 13.45 GPa for
ank-ord-II. Note that, for symmetry reasons, the principal strain
components of ank-ord and ank-dis are only two, namely €; and
€3, and they have the same directions as the a and ¢ axes, respec-
tively. The strain calculation for the triclinic structure of ank-
ord-II was performed using Cartesian axes oriented with X//a*
and Y//b (Brown et al. 2006). The obtained principal strain com-
ponents and their orientation with respect to the triclinic unit-cell
axes at each pressure are given in Online Materials' Tables S3
and S4 and shown in Figure 7. The three strain vectors (g1, €2, €3)
in ank-ord-I1 are also depicted in Figure 8 to better visualize their
direction with respect to the atomic structure.

A strong anisotropic behavior of the magnitude of the
principal strains is observed in both the rhombohedral and the
triclinic ankerite structures. In particular, in ank-ord, at the tran-
sition pressure, €1:€3 = 1.00(1):3.29(2), whereas the difference is
less pronounced in ank-dis, where €1:e3 = 1.00(1):2.54(1), at the
same pressure (12.15 GPa), becoming €1:e3 =1.00(1):2.74(1), at
the highest pressure point (24.10 GPa). This anisotropic behav-
ior is in agreement with data for dolomite reported in Zucchini
et al. (2014) where the ¢ axis was shown to be ~3 times more
compressible than the a axis. In ank-ord-II, €;:ex:e3=1.0(1)—
1.26(1):—0.878(7) at the first point after the transition (14.54 GPa)
and it becomes e1:e5:e3 = 1.00(1):—2.34(2):—1.560(5) at the highest
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Ficure 7. Magnitude of the calculated strains for the three crystal
structures. (Color online.)
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pressure point measured. It is clear that the anisotropic behavior of
the three strain components in ank-ord-1II is particularly due to the
negative value of €], meaning that the crystal structure expands
along this direction, whereas it compresses along e, and €3 with
a higher magnitude in the former with respect to the latter.

As listed in Online Materials' Table S4, the negative € direc-
tion is 30° away from the a axis, and as such it explains the expan-
sion of the a lattice parameter as P increases. Given the proximity
of the direction ofe; to the [210] lattice vector (Online Materials'
Table S4) it is also very likely that the increase of the y angle as P
increases influences the sign of €;. Moreover, in Figure 8a it can
be noticed that €1 is parallel to several structural features that
expand, instead of decreasing, as P increases (Online Materials’
Table S2; Fig. 8b): 02-04 and 06-05 in CaOg, which are the only

(@) b &

&3¢

Ficure 8. Directions of €1, €2, and €3 with respect to a, b, and ¢ ori-
entation (a), crystal structure of ank-dis-II at 21.97 GPa, oriented as
shown in (a), showing the polyhedral edges and the angle in C103 that
expand as P increases related to €1 (b). (Color online.)
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oxygen-oxygen edges that expands in this polyhedron and O1-O3
in (Mg,Fe)Og. As for €, and €3, results showed that: (1) e, is the
softest direction and runs on the same direction of some O-Oateral
in both CaOg and (Mg,Fe)Oq (Fig. 8b) that, as previously
observed, are the softest directions in these polyhedra (Table 3)
and (2) &3 is stiffer than e, and it is close to the [111] direction
that lies on the (011) plane. This means that &3 lies on approxi-
mately the same plane as O-Opygq in both CaOg and (Mg, Fe)Og
(Fig. 3b), in agreement with the calculated low compressibility of
the basal edges of polyhedra.

IMPLICATIONS

Carbonates can be important components of the lithologies
involved in subducting materials from both oceanic and conti-
nental crust (e.g., Arzilli etal. 2023; Merlini et al. 2012; Poli et al.
2009). The low geothermal gradient in the subduction zones, due
to the relatively cold sediments and fluids being subducted along
with old and cold lithosphere, allows carbonates to come across
the optimal conditions for cation disordering, that is, 7 in the
range from 750 to 1200 °C (7 for ankerite and dolomite, respec-
tively) and pressure lower than 4 GPa. As shown in the sketch
view in Figure 9, this scenario is easily achieved in warm sub-
duction paths, such as, for example, the Mexico subduction zone
as well as North Cascadia and South Chile slabs (Syracuse et al.
2010), characterized by thermal gradients in the range from
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FiGure 9. Paths of different subduction slabs depending on their
P-T-depth regime: blue and red solid arrows are Tonga (coldest) and
Mexico (hottest) subduction paths from Syracuse et al. (2010), respec-
tively; dashed lines show hypothetical models from Komabayashi et al.
(2004) for “very cold” (blue), “cold” (light blue), and “warm” (orange)
slabs. The mantle geotherm is shown in gray. Yellow stars are the transi-
tion points from ank-ord to ank-dis shown in warm paths. The green star is
the transition point from ank-ord to ank-ord-II in the very cold path. The
three different ankerite structures (ank-ord, ank-ord-II, and ank-dis) are
associated with the subduction regimes based on the results of the present
study. Modified from Maeda et al. (2017). (Color online.)
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~8 to 12 °C/km (Bang et al. 2021). In a cold regime, Figure 9
shows how very low geothermal gradients, even lower than
5 °C/km (e.g., Syracuse et al. 2010; Zheng 2019; Bang et al.
2021; van Keken and Wilson 2023), are needed for ankerite to
maintain its ordered state and, thus, encounter the ankerite-1 to
ankerite-II phase transition. Such conditions might be found in
“very cold” slabs such as Tonga (shown in Fig. 9) and Kermandec.
Moreover, it is important to notice that the influence of P on 7
has not been tested so far; that is, the proposed scenarios could
vary depending on how the critical temperature for disordering
is influenced by pressure.

In principle, the clear differences in compressibility of
ordered thombohedral and triclinic ankerite arising from the
rhombohedral — triclinic phase transition might contribute to
detectable differences in the seismic signature of deeply carbon-
ate-rich subducted material. This possibility can be explored
from the data reported in this paper by calculating the bulk sound
velocity v = (K/p)"? for each crystal structure at upper mantle
pressure and room temperature. In Figure 10, we reported the v
as a function of P for the here analyzed ankerite samples,
together with data for other carbonate and non-carbonate miner-
als (Chantel et al. 2012; Zucchini et al. 2014; Zhang et al. 2019;
Chariton et al. 2020; Li et al. 2023). At P <4 GPa, ank-ord has
the lowest values of vp, whereas at P >4 GPa vg of ank-
dis becomes the slowest one, due to the lower K’ of this struc-
ture. After the phase transition, ank-ord-II initially exhibits the

9.0 .
A ank-ord (this study)

A ank-dis (this study)
ank-ord-1I (this study)

----- lawsonite (Chantel et al. 2012)
8.5 —-—-- Fe-magnesite (Chariton et al. 2020)
— — - dolomite (Zucchini et al. 2014)
siderite (Chariton et al. 2020)
------------ aragonite (Li et al. 2023)
8.0 —— PREM (Zhang 2019)

Vo (km/s)

P (GPa)

Ficure 10. Bulk sound velocities as a function of pressure for the
samples analyzed in the present work, as well as for different samples
from literature (see the legend on the figure). The black curves are
referred to vg data extrapolated from literature data, given as polynomial
trendlines, to make the figure easy to read. (Color online.)
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slowest vg values that, however, rapidly increase as P increases
due to its large K’, becoming the fastest among the ankerite
structures at P > 18 GPa, and approaching the behavior of both
siderite and Fe-magnesite.

These observations may help to better constrain the low-
velocity layer (LVL) observed between the subducted oceanic
crust and the surrounding mantle at 100-250 km depth
(e.g., Chantel et al. 2012 and references therein). Several reasons
for the observed low-velocity anomalies have been proposed,
involving the effect of lattice preferred orientation (LPO) in
minerals such as olivines (e.g., Buttles and Olson 1998;
Faccenda and Capitanio 2013), chloritoid (Lee et al. 2021), talc
(Mainprice et al. 2008), and lawsonite (Chantel et al. 2012;
Boffa Ballaran and Angel 2003; Connolly and Kerrick 2002),
that gives rise to an anisotropic behavior of seismic wave
propagation along different directions in their crystal structure.
Moreover, recent data from Li et al. (2023) invoked aragonite as
an additional agent for the LVL occurrence, having much lower
sound velocities between 4 and 10 GPa (room 7) than other
carbonate minerals, as well as a common pyrolytic mantle.
As disordered ankerite is expected in the mantle wedge at
150-250 km depth, it might strongly impact the decrease of
the sound velocities of the assemblages in subducting slabs to
adepth of 250 km. Moreover, even if still unexplored, the strong
anisotropic elastic behavior of ankerite and other carbonates, and
that of their HP polymorphs (e.g., present paper and Zucchini
etal. 2014), at HP conditions, might enhance the LPO of'the sub-
ducting carbonate crystals, with respect to the subduction edge,
also contributing to an anisotropic propagation of the elastic
waves in those structures.

Below 300 km depth, the subducted oceanic crust does not
exhibit low-velocity anomalies, likely due to the complete
dehydration of lawsonite and the gradual decarbonization of
the subducted oceanic crust (Li et al. 2023). Based on the bulk
sound velocities here measured, at ~18 GPa the v of ank-ord-II
becomes the fastest. In “very cold” regimes where ankerite
might escape disordering and undergo phase transition, it might
be claimed as partially contributing to the high-velocity structure
of the subducted crust at these depths.

Further effort is needed to study the effect of P on 7, and the
elasticity of ankerite and other Fe-bearing carbonates, which
may be dependent on cation ordering, at HP and HT conditions.
Several implications are expected. On the one hand, the possible
subduction regimes where ankerite is either stabilized in its
ordered form down to ~400 km, i.e., ~13 GPa (transition pres-
sure), or it becomes disordered and thus stabilized, before phase
transition, will be assessed. On the other hand, the analysis of
the complete elastic tensor of Fe-carbonates will allow to:
(1) retrieve their V'p—V’s paths; (2) analyze the sound wave prop-
agation in the different directions of their crystal structures; and
(3) give insights on the contribution of ankerite and other car-
bonate minerals to the sound wave anomalies registered from
the Earth mantle.

CoNCLUDING REMARKS

* Our HP synchrotron SC-XRD study has quantitatively con-
strained the effect of cation disorder on the compressibility and HP
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crystal structure of ankerite. This study has shown that: (1) a
rhombohedral — triclinic phase transition in ankerite at ~13 GPa
only occurs in the ordered structure, and (2) the compressibilities
of the two ordered structures are quite different, with the triclinic
structure being much less compressible. The structure of ordered
ankerite was shown to regularize as P increases up to the phase
transition, which was located in the range 12.15-13.54 GPa.
Above the transition P, distortion strongly increases and ank-
ord-II becomes distorted with respect to ank-ord. At the phase
transition, the coordination number of Ca increases from 6 to 8
and the space group changes from R3 to P1. Disordered ankerite
also regularizes as P increases, and the cation sites are fully regular
above 19 GPa. No phase transition was observed in ank-dis up to
the highest P investigated (~25 GPa).

» Compressibility analysis of ank-ord and ank-dis showed that
disordering has a significant influence on the EoS of ankerite, being
ank-dis less compressible than ank-ord at ambient pressure but
becoming more compressible as P increases (K’ <4). After the
phase transition, ank-ord-II has a considerably low compressibility,
with the (Mg,Fe)Og polyhedra almost incompressible but strongly
distorted as P increases. In all three crystal structures, <Ca-O> and
<O-O>1yterq) distances and, in turn, the ¢ lattice parameter, have the
highest compressibilities with respect to <Mg-O> and <O-
O>pysal- The a lattice parameter always has the lowest compress-
ibility, even expanding in ank-ord-II, together with the y angle that
increases as P increases [from 91.22(3)° at 13.45 GPato 94.54 (2)°
at 24.10 GPa]. This behavior can be attributed to the deformation of
the cation layers in ank-ord-II with increasing P.

» We speculate that in “very cold” subduction regimes, where
ankerite escapes the breakdown to siderite+aragonite, the onset
conditions for disordering might not be achieved and ankerite
takes the path of phase transition to ankerite-II.

* The calculated bulk sound velocities exhibit different var-
iations in the three analyzed ankerite samples and disordered
ankerite, likely occurring in the mantle wedge at 150-250 km
depth, shows the lowest values among them, suggesting that this
phase may play a role in determining the low-velocity anomalies
observed in the mantle wedge. Moreover, the strong anisotropic
behavior of ankerite and other carbonates, as well as that of their
HP polymorphs, might enhance the LPO of the subducting car-
bonate crystals concerning the subduction edge, acting as a con-
ditioning factor for the observed seismic wave anomalies. These
observations are the basis for speculating that the mineral phys-
ics of ankerite might significantly contribute to the observed
seismic anisotropies and large delay times in the mantle wedge.
However, further effort is still needed to accurately assess the
elasticity of ankerite and other carbonate minerals at contempo-
rarily HP and HT conditions with different degrees of cation
disordering.
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