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ABSTRACT

Akermanite (Ca,MgSi,O;) and gehlenite (Ca,Al,SiO;) have been studied at high pressure by
synchrotron radiation powder and single-crystal diffraction up to 30 GPa. At about 2 GPa, the incom-
mensurately modulated structure (IC) transforms to a normal structure (N). The bulk modulus for the
N structure, fitted with a Birch Murnhagan EoS on powder data, is 93.5(5) GPa. The compressibility
is anisotropic, and it is greater along the c axis, in the direction perpendicular to the tetrahedral lay-
ers of the structure. Above 15 GPa, a phase transition is observed, marked by a discontinuity in the
elastic behavior and a small change in intensity and in the full-width at half maximum (FWHM) of the
powder diffraction peaks. The diffraction patterns are indexed with respect to tetragonal cell of the N-
melilite structure up to 30 GPa. A hysteresis in the elastic behavior is observed during decompression.
In contrast, single-crystal data show a new monoclinic phase appearing above 15 GPa. The unit-cell
parameters are a = 8.82(1) A, b="7.34(1) A, ¢ =9.13(1) A, B = 115.1(2)°. This unit cell is similar to
that of Ca,ZnGe, »5Si, ;50 reported in the literature. A refinement using the corresponding model in
space group P2,/n fits the single-crystal data with a reasonable Rp,,,, = 15%, considering that the crystal
is twinned and the mosaicity is large. Gehlenite has a higher bulk modulus, 106.1(4) GPa, than does
akermanite. The compressibility is anisotropic, and the behavior is similar to that of 4kermanite, but
the presence of Al in tetrahedral sites decreases the compressibility parallel to the (001) plane. The

structure of gehlenite is stable up to 25 GPa, when a phase transition occurs.
Keywords: Melilite, high pressure, single crystal, compressibility, phase transition

INTRODUCTION

The melilites constitute an interesting mineral group. They
are among the most primitive materials in the Ca-Al-rich inclu-
sions in chondritic meteorites. They are also present in contact
metamorphic and in magmatic rocks. Melilites are also present
in industrial slags and cements. Akermanite, Ca,MgSi,05, has
been studied extensively (e.g., Hagiya et al. 1993; McConnell
et al. 2000; Kusaka et al. 2001 and references therein), because
it exhibits unique features, in particular the presence of a 2D
incommensurately modulated structure (IC) at ambient condi-
tions. At ambient pressure and 80 °C, a phase transition from
the IC structure to the normal (N) one is observed (Hemingway
et al. 1986; Rothlisberger et al. 1990). At ambient temperature,
the increase of pressure promotes the transition to the N phase
at about 1.7 GPa (Yang et al. 1997; McConnell et al. 2000). The
stability of the IC structure is hence restricted to low-7"and low-
P conditions. The gehlenite substitution in dkermanite lowers
the temperature of the IC/N transition (Merlini et al. 2005), and
for gehlenite content higher than 20%, the N structure is stable
at ambient conditions. In this paper, we report the results of
high-pressure X-ray diffraction studies to investigate the elastic
behavior of melilites and to define the high-pressure stability
of the N-akermanite structure. We have studied synthetic ak-
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ermanite and gehlenite samples. Melilite is tetragonal, and the
structure is composed of layers of (Si,Al) and (Mg,Al) tetrahedra
connected by Ca in eightfold coordination between the layers.
The IC structure can be described as the result of a rotation of
the (Si,Al) tetrahedra with respect to the average position (with
a non-commensurate periodicity), and consequently as a slight
distortion of the (Mg,Al) tetrahedra. In the IC structure, the Ca
sites are non-equivalent and Ca sites with 6-, 7-, and 8-coordina-
tion are present. The relative number of 6-, 7-, and 8-coordinated
sites and their distribution in the structure is a function of P, T,
and composition.

EXPERIMENTAL METHODS

Synthesis of akermanite and gehlenite is described elsewhere (Merlini et al.
2005). The high-pressure diffraction experiments were performed at the beamline
ID09A, at ESRF (Grenoble, France). We used a membrane-type diamond-anvil cell
(DAC), with He as pressure-transmitting medium. The pressure was measured by
the ruby fluorescence method (Forman et al. 1972). X-ray wavelength was 0.413 A.
The detector used was a Mar345 imaging plate. Powder data were collected during
DAC w-oscillations of about 20°. Single-crystal data collections were performed
with 60° @ scans with 2° step size. The experiments were performed up to 30 GPa,
and some points were been collected during decompression. The powder IP data
were integrated with the Fit2D software (Hammersley et al. 1996), masking all the
diffraction peaks of diamond and solid He. The data have been analyzed with the Ri-
etveld method using the GSAS software (Larson and Von Dreele 1988). Background
was previously subtracted using the software DatLab (K. Syassen, pers. comm.).
Single-crystal data have been reduced with the CrysAlis software package (Oxford
diffraction 2006) and analyzed with the Jana2006 software package (Petricek et al.
2006). The pressure-volume data have been fit to a third-order Birch-Murnagham
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equation of state (Birch 1952; Angel 2000). Following Angel (2000), estimates of
the linear moduli along the crystallographic axes have been obtained by a fit of the
Birch-Murnagham EoS on the cubes of the unit-cell parameters.

RESULTS

In Figures 1 and 2, the lattice parameters and volume of
akermanite and gehlenite are plotted as functions of pressure.
In the low-pressure data of dkermanite (Fig. 1), the behavior of
the c lattice parameter indicates that the IC-N phase transition
occurs at about 1.7 GPa, in agreement with Yang et al. (1997)
and McConnell et al. (2000). The bulk modulus of the IC phase
is 99(8) GPa. Analysis of the IC modulation peaks with single-
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FIGURE 1. Unit-cell parameters a, ¢, and volume data for dkermanite
during compression (filled circles) and decompression (empty circles).
The errors are comparable with the symbol size. In the small boxes, the
low-pressure data are zoomed.
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crystal data indicates no change of the ¢ modulation vector
length as a function of pressure. In the pressure range 2—15 GPa
no discontinuity in the volume and axial compressibility of the
N structure is detected. The data, fit with a Birch-Murnagham
EoS (1), give a volumetric bulk modulus of 93.5(5) GPa (K’ =
4) or K, = 101(2) GPa, K’ = 2.8(3), V, = 306.4(1), and a linear
modulus of 99.0(7) GPa along @ and 84.0(3) GPa along c. The
N structure is therefore more compressible perpendicular to
the tetrahedral layers than within the layers. Above 15 GPa,
a phase transition is evident, marked by a discontinuity in the
lattice parameters and volume behavior. The HP phase powder
diffraction patterns do not show any major changes, and they
can be indexed with the same tetragonal cell (Fig. 3). However,
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FIGURE 2. Unit-cell parameters a, ¢, and volume data for gehlenite
during compression (filled squares) and decompression (empty squares).
The errors are comparable with the symbol size.
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FIGURE 3. Powder patterns of N-&dkermanite (P = 2 GPa) and HP
phase (P =22 GPa).

the compressibility of the HP phase increases, as suggested by
the increased slope of the lattice parameter data in Figure 1. A
fit of the HP data in the pressure range 18-35 GPa gives a bulk
modulus of 30(7) GPa.

Single-crystal data have been collected to provide insight
into the structural features of the high-pressure phase. Crystal-
structure refinements of data collected up to 15 GPa (Table 1)
reveal that in 8kermanite, the Mg tetrahedron is softer than the
Si tetrahedron, a trend that is also in agreement with the thermal
behavior of melilites (Yang et al. 1997; Merlini et al. 2008). The
Mg polyhedra become more regular with increasing pressure,
while the Si tetrahedra become more distorted, Figure 4. The
pressure was increased very slowly above 15 GPa. At 15.6 GPa,
new diffraction peaks appeared. Surprisingly, it was no longer
possible to index the diffraction peaks with the tetragonal cell,
as in the powder experiment. The new HP-phase is monoclinic,
witha=8.82(1) A, b=7.34(1) A, c=9.13(1) A, B=115.1(2)°.
This monoclinic cell is geometrically related to the original
tetragonal one in the following way: a,,0, = 8yt — €t} Prmon = bress
Cumon = 2€4. After the phase transition, it was found that the crystal
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is twinned by a rotation of 90° around [101]. The cell is similar
to the low-Ca,ZnGe, ,5Si, 750, unit cell identified by Armbruster
et al. (1990). Systematic extinctions are compatible with space
group P2,/n (Fig. 5) used by Armbruster et al. (1990) and Red-
hammer et al. (2006), respectively, in the Ca,ZnGe, »5Si;750;
and Ca,Zn,;C0,;Ge,0; structure refinements. About 80% of
the diffraction spots are indexed by the two main twin domains
identified. Other peaks belong to other monoclinic crystals
slightly misaligned with respect to the main twins, because the

TaBLE 1. Refined atomic coordinates by single-crystal diffraction
of N-dkermanite structure and of the monoclinic high-
pressure phase

X y z
P=5GPa

Mg 0 0 0

Cal 0.3343(3) 0.1657(3) 0.5065(16)

Si1 0.1416(4) 0.3584(4) 0.937(2)

01 0 0.5 -0.195(6)

02 0.1438(9) 0.3562(9) 0.260(5)

03 0.0803(9) 0.1843(8) 0.782(3)

P=15GPa

Mg 0 0 0

Cal 0.3371(2) 0.1629(2) 0.5042(12)

Si1 0.1430(4) 0.3570(4) 0.9392(15)

o1 0 0.5 -0.198(5)

02 0.1421(8) 0.3579(8) 0.268(3)

03 0.0807(8) 0.1841(6) 0.774(3)

P=15.7 GPa

Mg 0.8107(11) 0.0997(7) 0.0926(11)

Sil 0.8648(7) 0.4512(5) 0.2150(8)

Si2 0.9575(6) 0.7554(3) 0.0731(5)

Cal 0.4593(5) 0.2794(3) 0.0294(5)

Ca2 0.3028(4) 0.5638(3) 0.2121(4)

01 0.9975(12) 0.5618(7) 0.1593(12)

02 0.8801(16) 0.5221(11) 0.3791(16)

03 0.698(3) 0.4728(19) 0.041(3)

04 1.0049(19) 0.8800(12) 0.2257(19)

05 1.1263(9) 0.8208(6) 0.0662(9)

06 0.9530(12) 0.2625(6) 0.2856(11)

o7 0.783(2) 0.7583(10) -0.097(2)

Notes: The refinement of the N-akermanite structure has been performed in
space group P42,n. The lattice parameters at 5 and 15 GPa are, respectively, a
=7.740(6) and 7.570(6); ¢ = 4.932(6) and 4.781(6). The number of independent
diffractions used are 150 and 147 (1200 total). R,,. = 3.8 and 4.2%. R1 = 6.7 and
6.9%. The monoclinic cell at 15.7 GPa is a = 8.82(1) A, b =7.34(1) A, c=9.13(1)
A, B=115.1(2)°, space group P2,/n. 1000 total diffractions have been used (650
independent). R;,, = 8.2%. R1 = 15%.
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FIGURE 4. Quadratic elongation, QE, (a) and angle variance, AV, (b) of SiO, and MgO, tetrahedra, plotted against normalized volume. In the
figure, HP data [1] = this work, high-pressure crystal structure refinements at 5 and 15 GPa, HT data, [2] = Merlini et al. (2008) and HP data, [3]
= Yang et al. (1997) are reported. QE and AV, two parameters to quantify the distortion of coordination polyhedra, are calculated according to

Hazen and Finger (1982).
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b*

crystal probably broke after the phase transition.

Refinement of the crystal structure, using the structural model
of Ambruster et al. (1990) on twinned data gives an Rp,,,, value
of 15%. The structure is shown in Figure 6. The refinement has
been first carried out with constraints on Si-O and Mg-O dis-
tances, and finalized without any constraints. The refined atomic
coordinates are reported in Table 1 and interatomic distances
are in the supplementary tables’. It is difficult to assess the ac-
curacy of the results, since it is difficult to detect and separate
possible systematic errors that affect the refinement, mainly
due to increased crystal mosaicity related to the presence of
slightly misaligned crystal domains. However, it is notable that
the Si-O distances are within the expected range of values for
high-pressure SiO, tetrahedra. If the refined model is accurate, a
comparison with the Armbruster et al. (1990) monoclinic struc-
ture reveals that the Mg-O tetrahedra are more distorted and two

! Deposit item AM-09-026, Supplementary Tables. Deposit items
are available two ways: For a paper copy contact the Business
Office of the Mineralogical Society of America (see inside front
cover of recent issue) for price information. For an electronic
copy visit the MSA web site at http://www.minsocam.org, go to
the American Mineralogist Contents, find the table of contents
for the specific volume/issue wanted, and then click on the
deposit link there.
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FIGURE 5. Reciprocal space reconstruction of the a*b* plane (a) and
a*c* plane (b). In a, the indexation is trivial, and the indices reported refer
to the diffraction almost coinciding with the second twin. The twinning
explains why 0k0 k& = 2n are not extinct in the figure. In b, the reflection
conditions / + k= 2n are clearly visible.

additional Mg-O bonds of 2.8 A are present. A similar feature is
present in [6]-coordinated Ca site. In the low-Ca,ZnGe, ,5Siy 750
structure, there are only six Ca-O distances shorter than 3 A
(average Ca-O distance is 2.4 A). In the high-pressure phase, an
additional Ca-O distance of about 2.6 A increases the coordina-
tion number of the site.

High-pressure measurements have been performed also on
gehlenite with a powder sample, to investigate the influence of
Al substitution on the high-pressure behavior of melilites. The
bulk modulus for gehlenite is 106.1(4) GPa with K’ fixed at 4,
and K, =104(1), K'=4.3(2), V,=299.6(1) with a third-order fit.
The linear moduli along a and ¢ are 120.8(5) and 84.1(3) GPa,
respectively. The high-pressure data of gehlenite also indicate
a discontinuity in the elastic behavior at high pressure, as seen
for dkermanite, but at higher pressure, above 25 GPa a change
in elastic behavior is detected. The effect of Al substitution in
akermanite then seems to increase the pressure of the transition.
The powder pattern of gehlenite above 25 GPa is still indexable
with a tetragonal cell.

DISCUSSION

A comparison between the elastic behavior of dkermanite
and gehlenite (N-structure) reveals several interesting features.
The bulk modulus increases from dkermanite to gehlenite (es-
pecially evident comparing the data obtained with a fit with the
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FIGURE 6. Crystal structure of the monoclinic HP phase. It consists
of layers of MgO, and SiO, tetrahedra connected by Ca cations. The
topology of the tetrahedral layers (Armbruster et al. 1990) presents 4-,
5-, and 6-membered rings, while the melilite structure presents only
S5-member rings. In the figure, the dark gray tetrahedra are the MgO,
tetrahedra; the light gray tetrahedra are the SiO, tetrahedra.

constraint of K’ = 4). The density at ambient conditions is also
greater in gehlenite (3.04 g/cm?) than in &kermanite (2.95 g/cm?).
The results are in agreement with their HT behavior (Merlini et
al. 2005). In the 8kermanite-gehlenite series, the elasticity along
the ¢ direction (perpendicular to the tetrahedral layers) is similar
and independent of composition within our resolution, with a
linear modulus value close to 84 GPa. The main difference is the
elasticity along the a direction, that is, within the tetrahedral lay-
ers. The compressibility is, in fact, greater in &kermanite, where
the tetrahedral T1 site is fully occupied by Mg. An analysis of
the axial ratio (c¢/a) behavior as a function of P (Fig. 7) can give
some insight in the high-pressure behavior and phase transition
of melilite. Figure 7 shows that the evolution of the axial ratio
with pressure is almost linear up to a critical pressure, where a
discontinuity is observed. To better evaluate the change of the

MERLINI ET AL.: HIGH-PRESSURE AKERMANITE

0.665 v
b N phase F
0.660 ) §vvv
v " M
0.655 HP phase o7
v
v w
e v’ IC
S al
0.650 - M A A phase
0.640 °
a) *®e%e% N phase
L]
HP phase e N
(X I, phase
0.635 T T T T T T
0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05
VN

0

FIGURE 7. “Inverse relationship” (Hazen and Finger 1982) for
akermanite (a) and gehlenite (b). Plot of the ¢/a ratio vs. normalized
volume (298 K, 1 bar). Circles = dkermanite. Triangles = gehlenite.
Empty symbols = this work. Filled symbols = high-/low-temperature data
(Merlini et al. 2005). The pressure of transition is 15 GPa (dkermanite)
and 25 GPa (gehlenite). The features of dkermanite in the region close
to V/V, =1 refer to the IC-N phase transition.

=c/aratio, in Figure 7 the data are plotted as a function of the nor-
malized volume. Also high- and low-temperature data measured
on the same samples are plotted in the same figure, following the
“inverse relationship” concept (Hazen and Finger 1982). From
the figures, it is evident that the high-temperature data correlate
very well with high-pressure data up to a critical pressure. In
akermanite, in the range 0.98—1.05 V/V,, the data do not corre-
late because of the IC/N phase transition (Merlini et al. 2005).
The deviation from the linear trend at high pressure indicates a
rearrangement of the structure. The increase of the c¢/a ratio with
respect to the extrapolated value of the N-melilite structure, as
well as the hysteresis in the behavior of the lattice parameters
during decompression (which correlates to the ambient pressure
IC phase without any significant discontinuity), suggest a close
relationship between the IC phase observed at ambient pressure
and the HP phase observed with the powder data. The origin of
the IC-structure in dkermanite is ascribed to a structural misfit of
the tetrahedral layer with the Ca-layer (Rotlisberger et al. 1990;
Bindi et al. 2001). The structural strain is then accommodated
at low T by a modulation of the structure. At high pressure, it
appears that the stability of N-melilite structure is also limited.
Powder data exhibit a minor re-arrangement of the structure.
The symmetry remains tetragonal, but unfortunately, we are
not able to identify whether the HP structure is modulated (but
even ambient P powder data do not show any modulation, es-
sentially because the Compton scattering of diamonds hides any
weak diffraction signal for low scattering material). In contrast,
single-crystal samples transform to a monoclinic phase, which
has already been observed to appear at low 7, below the stabil-
ity field of the N-melilite structure. The monoclinic structure
has been observed also in other single-crystal experiments on
akermanite. Unfortunately the crystal completely broke down
above 15 GPa, probably because pressure increase was too fast.
However, the powder-like pattern (Fig. 8) is indexable with the
same monoclinic cell. It is notable that the monoclinic phase is
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- 2theta B

FIGURE 8. Powder-like pattern of a single crystal of akermanite
after the N-HP phase transition at about 15 GPa. The integrated powder
pattern is different from the N-akermanite, especially at low angle.
In the figure, a zoomed region of the low angle diffraction pattern is
reported, together with the marker of the diffraction peaks position of
the monoclinic P2,/n cell.

not related to the N-melilite phase by a displacive transition, as
is the IC-phase, since the topology of the tetrahedral layer is dif-
ferent (Armbruster et al. 1990). Fine grinding of the sample could
have produced some annealing in the crystals, and the system
could evolve toward a displacive transition. On the other hand,
the presence of defects, which are not uncommon in the melilite
samples analyzed (Gemmi et al. 2007), as well as minor shear
strain (even though He has been used as pressure transmitting
medium) could trigger the transformation into a reconstructive
phase transition. Moreover, it could also be considered that
surface energy could play a role during a phase transition in a
single crystal compared to fine powder samples.
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