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ABSTRACT

The structure and isothermal equation of state of aragonite were determined to 40 GPa using
synchrotron single-crystal X-ray techniques. In addition, powder diffraction techniques were used to
determine thermal expansion between 298—673 K. At room temperature, aragonite has orthorhombic
Pnma structure to 40 GPa, with an isothermal bulk modulus of 66.5(7) GPa and K’ = 5.0(1). Between
25-30 GPa the aragonite unit cell begins to distort due to a stiffening of the c-axis compressibility,
which is controlled by the orientation and distortion of the carbonate groups. The ambient pressure
thermal expansion measurements yielded thermal expansion coefficients a, = 4.9(2) x 10 and a, =
3.7(5) x 107, The combined results allow the derivation of a thermal equation of state. The new data
provide constraints on the behavior of carbonates and carbon cycling in the Earth’s crust and mantle.

Keywords: Aragonite, high pressure, thermal expansion, compressibility, equation of state, single
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INTRODUCTION

Carbon in the deep Earth consists of a primordial component
plus carbonate that has recycled into the Earth’s mantle via sub-
duction zones (Dasgupta and Hirschmann 2010; Kelemen and
Manning 2015). In the solid state, carbon has limited solubility
in mantle silicates and therefore resides chiefly in carbon-rich ac-
cessory phases, either as oxidized carbonate or reduced graphite,
diamond, or carbide (Shcheka et al. 2006). Aragonite is one of
the two most common forms of calcium carbonate found at the
Earth’s surface and is formed by both biological and physical
processes. Although aragonite is metastable at ambient condi-
tions at the surface of the Earth, its biological formation and
contribution to ocean floor deposits and high-pressure stability
make it the predominant form of calcium carbonate contributing
to deep-Earth recycling at subduction zones. Therefore, under-
standing the phase stability and compressibility of aragonite at
high pressures and temperatures will help constrain the behavior
of a key potential carbon reservoir in the deep carbon cycle.

At ambient conditions, aragonite has an orthorhombic 2/m
2/m 2/m structure and an average unit-cell volume of 226.93(6)
A’and a Z of 4 (Fig. 1) (Martinez et al. 1996; Santillan and Wil-
liams 2004; Ono et al. 2005; Antao and Hassan 2010; Ye et al.
2012). Aragonite becomes stable relative to calcite at ~0.3 GPa
(e.g., Johannes and Puhan 1971); however, the pressure of its
transformation to a higher pressure (post-aragonite) phase is the
subject of debate (Vizgirda and Ahrens 1982; Kraft et al. 1991;
Santillan and Williams 2004; Ono et al. 2005; Martinez et al.
1996; Liu et al. 2005). Early shock compression experiments sug-
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gested that aragonite undergoes a phase transition around 6 GPa
with the possibility of another transition at ~16 GPa (Vizgirda
and Ahrens 1982). However, subsequent vibrational spectroscopy
experiments found no sign of these phase transitions to 40 GPa
(Kraft et al. 1991). X-ray diffraction studies by Santillan and
Williams (2004) and Ono et al. (2005) indicated a phase transition
near 35-40 GPa but found differing behavior near the transition
pressure. Santillan and Williams (2004) noted that strong lattice
strain developed between 26 and 40 GPa and suggested that it
marked the onset a sluggish transition to a trigonal structure
that became complete at 40 GPa. In contrast, Ono et al. (2005)
proposed that the transition was a new orthorhombic structure
with Z=2. Studies of high-pressure CaCO; by ab initio methods
focused chiefly on the transition to post-aragonite and pyroxene-
type polymorphs (Oganov et al. 2006, 2008; Arapan et al. 2007;
Arapan and Ahuja 2010; Pickard and Needs 2015), but in some
cases results identify additional potentially stable structures in
the vicinity of the aragonite to post-aragonite transition (e.g.,
Pickard and Needs 2015).

Insights into the nature and location of the transition to a
higher pressure phase can be gained by study of the compres-
sional behavior of aragonite. However, existing X-ray diffraction
studies (Martinez et al. 1996; Santillan and Williams 2004; Ono
et al. 2005) disagree and lack sufficient detail in the pressure
range of the transition.

To address these issues, we conducted a single-crystal syn-
chrotron X-ray diffraction study of aragonite under hydrostatic
compression to 40 GPa at ambient temperature in a diamond-
anvil cell (DAC). We supplemented compressional results with
thermal expansion data from powder X-ray diffraction at ambient
pressure. The combination of these studies enables the creation
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FIGURE 1. Structure of aragonite at ambient pressure and temperature. (a) View along the b-axis; (b) view along the c-axis; (c) slice through
the a, b, and ¢ planes. Aragonite is comprised of two planes of triangular carbonate groups in opposite orientation with ninefold-coordinated Ca
ions between the carbonate groups. Oxygen atoms are red, Ca atoms and polyhedra are blue, and C atoms and triangles are gray. The O atoms in
the O2 position are marked accordingly in each orientation. (Color online.)

of a complete thermoelastic equation of state for aragonite
and provides detailed insights into the polyhedral and atomic
distortions that accompany compression in the vicinity of the
high-pressure breakdown of aragonite.

METHOD

The starting sample of aragonite was a natural specimen from Spain (Molina
de Aragon) with a pure composition of CaCO;, within experimental accuracy as
determined by electron microprobe analysis (University of Milano, Italy). We
performed high-pressure single-crystal experiments at the undulator source IDO9A
beamline at the ESRF, Grenoble, France, following established procedures (Merlini
and Hanfland 2013). The optical features of the beamline provide a near-parallel
collimated X-ray beam of approximately 15 x 10 um? on the sample. The sample
was loaded in a Ne pressure-transmitting medium in a membrane-type diamond-
anvil cell of Boehler-Almax design equipped with 300 pum culet size diamonds and
opening windows of 60°. Pressure was determined using ruby fluorescence (Mao
et al. 1986). The DAC was mounted on a Omega-rotation goniometer, and single-
crystal data were collected by integrated step-scans of 1°, in the 60° rotation range
allowed by the geometry of the DAC. The diffraction patterns were recorded with
the Mar555 flat panel detector, at a distance of 300 mm from the sample. Aragonite
was compressed continuously from ambient pressure to 40 GPa in steps of 1-2
GPa to provide good statistics for equation of state fitting (Table 1). The data were
processed with the CrysAlis software (Oxford Diffraction 2008). The instrumental
geometrical parameters (sample to detector distance, beam center and detector
tilt) were refined with a garnet standard single crystal. The refinement of crystal
orientation matrix provided aragonite lattice parameters at variable pressures. The
integrated intensity was used for structure refinement, using the software pack-
ages Superflip (Palatinus and Chapuis 2007) and Jana2006 (Petricek et al. 2006).

Ambient-pressure thermal expansion measurements were collected on the same
natural aragonite sample. Powder diffraction data were collected using a wavelength
0f 0.689264 A at the MCX beamline at the Elettra synchrotron using previously
described techniques (Rebuffi et al. 2014). Powdered aragonite was enclosed in
a quartz capillary and mixed with quartz as internal standard. A hot glass blower
maintained high temperature and measurements were performed in the temperature
interval 298-700 K (Table 2). The temperature precision is estimated using the
a-B quartz high-temperature transition to be within +2 °C. The diffraction patterns
were analyzed using the Rietveld method and the GSAS software. The extracted
unit-cell volumes were used to fit a simple linear thermal expansion model (Fei
1995; Angel et al. 2014).

RESULTS

Phase stability and lattice compressibility

Single-crystal measurements at ambient pressure and tem-
perature confirm the orthorhombic Pnma space group of ara-
gonite and yield a unit-cell volume of 226.932(5) A’. Figure 2
shows the aragonite lattice compression to 36 GPa at ambient

temperature. The data indicate a decrease in cell volume of ~25%
over this pressure range. Below ~10 GPa, our results are in good
agreement with powder X-ray diffraction studies that used cubic
anvil (Martinez et al. 1996) and diamond-anvil cells (Ono et al.
2005; Santillan and Williams 2004). At higher pressures, the
new data agree well with those of Martinez et al. (1996) and
Ono et al. (2005), but differ from the Santillan and Williams
(2004) data. The deviation of the volumes determined by Santil-

TABLE 1. Aragonite unit-cell parameters and volume to 34.8 GPa

P (GPa) a(A) b(A) cA) v (A3)

0 5.741(4) 7.97(1) 4.959(5) 226.9(2)
0.570(1) 5.712(4) 7.942(2) 4.9491(8) 224.5(2)
1.2(1) 5.690(4) 7.922(2) 4.9433(6) 222.8(2)
2.28(9) 5.651(4) 7.886(2) 4.9276(7) 219.6(2)
2.96(7) 5.627(4) 7.865(2) 4.9192(7) 217.7(2)
3.8(2) 5.602(4) 7.846(3) 4.913(6) 215.9(2)
6.0(1) 5.533(4) 7.789(3) 4.8866(6) 210.6(2)
8.0(2) 5.474(4) 7.743(3) 4.8655(4) 206.2(2)
9.9(2) 5.429(4) 7.711(3) 4.8511(6) 203.1(2)
11.6(2) 5.383(4) 7.675(3) 4.8327(7) 199.6(2)
13.8(3) 5.339(4) 7.651(3) 4.8190(8) 196.9(2)
15.7(6) 5.287(4) 7.616(3) 4.7997(7) 193.2(2)
17.5(5) 5.257(4) 7.598(3) 4.7874(8) 191.2(2)
19.5(3) 5.216(4) 7.580(3) 4.7749(8) 188.8(2)
21.1(4) 5.184(4) 7.558(3) 4.7583(8) 186.4(2)
22.8(2) 5.153(4) 7.542(3) 4.7487(8) 184.5(2)
24.03(2) 5.130(4) 7.538(3) 4.7408(8) 183.3(2)
25.38(7) 5.117(4) 7.527(3) 4.7367(8) 182.4(2)
26.7(1) 5.09(4) 7.514(3) 4.7270(8) 180.9(2)
27.9(1) 5.076(4) 7.504(3) 4.7168(8) 179.6(2)
29.1(2) 5.058(4) 7.490(3) 4.7130(8) 178.5(2)
31.4(2) 5.026(4) 7.475(4) 4.6980(8) 176.5(2)
32.9(2) 4.986(2) 7.502(4) 4.687(4) 175.3(2)
34.8(3) 4.948(2) 7.507(4) 4.663(4) 173.2(2)

TABLE 2. Aragonite unit-cell parameters and volume from 298 to 673 K

TK) a(A) bA) <A V(A%

298 5.7457(2) 4.9638(2) 7.9728(3) 227.39(2)
303 5.7462(2) 4.9634(2) 7.9722(3) 227.37(2)
323 5.7501(2) 4.9644(2) 7.9748(3) 227.65(2)
348 5.7553(2) 4.9655(2) 7.9789(3) 228.02(2)
373 5.7603(2) 4.9671(2) 7.982(3) 228.38(2)
398 5.7661(2) 4.9676(2) 7.9858(3) 228.75(2)
423 5.7716(2) 4.9687(2) 7.9899(3) 229.13(2)
473 5.7822(2) 4.9711(2) 7.9961(3) 229.84(2)
523 5.7931(2) 4.9734(2) 8.0054(3) 230.65(2)
573 5.8035(2) 4.9754(2) 8.0151(3) 231.44(2)
623 5.8149(2) 4.978(2) 8.024(3) 23227(2)
673 5.8279(2) 4.9794(2) 8.033(3) 233.11(2)
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FIGURE 2. Aragonite unit-cell volume vs. pressure. Volume vs.
pressure data from this study and three previous investigations of
aragonite. The dashed black line represents the fit of the data to the
third-order Birch-Murnaghan equation of state. The starred point in Ono
et al.’s (2005) data are a post-aragonite structure found after heating by
the authors at 35 GPa. (Color online.)

lan and Williams above 10 GPa likely resulted from freezing of
the methanol-ethanol mixture they used as a pressure medium,
resulting in non-hydrostaticity in their diamond-cell experiments.
Ono et al. (2005) addressed this problem by laser heating their
aragonite sample in a DAC to reduce differential pressure effects
in the sample chamber and to overcome kinetic inhibition of any
phase transitions. Data were collected at ambient temperature
after cooling. Their data agree with our results to 27 GPa. The
next pressure at which Ono et al. (2005) obtained data was 35
GPa, where they identified a large decrease in volume, which they
interpret to be due to transformation to post-aragonite structure.

The data were fitted to a third-order Birch-Murnaghan equa-
tion of state using a linear least-squares fitting method with ¥,
fixed at 226.932(5) A%, the ambient-pressure measurement. Data
at >31.5 GPa begin to depart from the Birch-Murhaghan func-
tional form, perhaps due to lattice distortion signaling the onset
of the phase transition. To ensure exclusion of data compromised
by lattice distortion, only results from <31.5 GPa were used to
derive the isothermal equation of state. This yields an isothermal
bulk modulus of aragonite of 66.5(7) GPa with K" = 5.0(1). The
values agree well with previous values from X-ray diffraction
(Martinez et al. 1996; Ono et al. 2005) and Brillouin scattering
(Liu etal. 2005) experiments, in which derived bulk moduli were,
respectively, 64.8, 73(2), and 68.9(14) GPa (K’ = at 4). Ono et
al. also fitted ', obtaining a bulk modulus of 67(6) GPa and K’
=4.7(8), again in excellent agreement with our result.

The compressibility of the lattice parameters of aragonite
provides insight into the lattice-dependent elasticity, the mecha-
nism of compressibility, and the onset of phase transformations.
The pressure evolution of the normalized values of the a, b, and
c lattice parameters of aragonite is shown in Figure 3. The lat-
tice compressibilities were determined by fitting a third-order
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Birch-Murnaghan equation to the cubed lattice parameters as a
function of pressure. The g-axis is most compressible, with a
bulk modulus of 46.0(5) GPa and K" =2.93(5). The c-axis is the
least compressible with K = 122(2) GPa and K’ = 5.6(3). The b-
axis displays a change in compressibility at ~15 GPa. Below this
pressure, the fit to the data yields a bulk modulus of 59(2) GPa
with K" = 11.4(7). In contrast, at >15 GPa the pressure depen-
dence flattens, indicating a stiffening of the b-axis. Although the
relative compressibilities of each lattice parameter follow trends
similar to those determined by Santillan and Williams (2004) and
Martinez et al. (1996), our values disagree in detail. Martinez et
al. (1996) found both the b and ¢ axes to be more compressible
to their highest pressure of 7 GPa. The small pressure range
of their experiment limits the accuracy of their results when
applied to higher pressure data such as our own. We interpret
the difference between our measured compressibilities and the
apparent lower compressibility inferred from the Santillian and
Williams (2004) data as arising from non-hydrostatic pressure
in their sample chamber above 10 GPa.

Axial ratios and polyhedral evolution

Figure 4 shows the c/a, b/a, and b/c axial ratios as a function
of pressure. These plots demonstrate significant mechanical
distortion of the aragonite unit-cell volume with compression.
The c¢/a and b/a ratios increase continuously as pressure rises.
The c¢/a and b/c ratios of Martinez et al. (1996) agree reasonably
well with our data to 7 GPa, the highest pressure in their study.
Our results also agree with those of Santillan and Williams
(2004) below 10 GPa; however, their data become scattered at
higher pressures where their cell lost hydrostaticity. The new,
more densely spaced measurements reveal that the change in
c/a ratio on compression is slightly nonlinear (Fig. 4a). The
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FIGURE 3. Compressiblity of a, b, and ¢ crystallographic axes
of aragonite. The a-axis is the most compressible and the c-axis is
the least compressible. The b-axis changes its compression behavior
and begins to stiffen ~20 GPa. The data from Santillan and Williams
(2004) is consistent to 10 GPa, which is the pressure at which their
methanol:ethanol pressure medium freezes and becomes non-hydrostatic.
(Color online.)
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FIGURE 4. Ratios of aragonite: (a) c¢/b, (b) b/a, and (¢) b/c. Data from two previous studies are included in all three figures. The ¢/b ratio in a
maintains a constant trend (red line) until 30 GPa and then changes to steeper slope (dashed line). The b/a ratio is linear throughout. The ratio with
constant slope to ~30 GPa (red line) before dramatically shifting to a steeper grade (dashed line). The b/c ratios declines steadily to 15 GPa and
begins to bottom out, remaining nearly constant to 30 GPa (red line) where it shoots up in a linear trend (dashed line). Each of these changes are
consistent with the stiffening of the b-axis relative to the @ and ¢ axes. (Color online.)

curvature indicates that the g-axis increases in compressibility
relative to the c-axis, which is the least compressible axis (Fig.
3). The change in the ratio above 31.5 GPa (dashed black line in
Fig. 4a) indicates a large increase in the compressibility of the
a-axis relative to the c-axis. The b/a ratio is linear throughout
its pressure range. A dramatic shift occurs at ~30 GPa where the
b-axis becomes significantly less compressible than the a-axis
(Fig. 4b). The large change in slope arises from commensurate
increase in a-axis compressibility and decrease in b-axis com-
pressibility above 30 GPa.

The b/c ratio (Fig. 4c) decreases to a minimum at ~15 GPa
and then increases slightly to ~30 GPa. The b/c ratio rises dra-
matically above this pressure. This behavior is confirmed (as
well as the patterns in Figs. 4a and 4b) by an additional data set
taken at high pressure and included in this study as Supplemental
Material'. Data from Martinez et al. (1996) and Santillan and
Williams (2004) show a similar trend to ~10 GPa, as with c/a
and b/a, the data of Santillan and Williams (2004) deviate at
higher pressure. As with the b/a ratio, the change in slope in
b/c at ~30 GPa is an indication of severe stiffening of the h-axis
(Fig. 3). Santillan and Williams (2004) noted that when the b/c
ratio reaches 1.73, the orthorhombic symmetry degenerates to
trigonal symmetry. Santillan and Williams (2004) found this
to occur at 40 GPa and our data support evolution toward this
value due to the stiffening of the b-axis. Subsequent work by
Ono et al. (2005, 2007) indicate that the post-aragonite phase is
orthorhombic and that the transition pressure is lower than that
expected for the breakdown to trigonal symmetry. We are likely
seeing evidence for structural distortions at or near conditions of
aragonite breakdown as the axial ratios diverge abruptly from
their previous trends.

The compressibility of the axes is directly related to the orien-
tation and compressibility of the constituent polyhedra. The plane
created by the b and ¢ axes is parallel to the carbonate groups in

'Deposit item AM-16-75528, Supplemental Material and CIF. Deposit items are
free to all readers and found on the MSA web site, via the specific issue’s Table of
Contents (go to http://www.minsocam.org/MSA/AmMin/TOC/).

the aragonite structure, whereas the a-axis is perpendicular to
them (Fig. 5). The high compressibility of the a-axis results from
the orientation the relatively rigid carbonate groups, which give
no support to compression along the a-axis (Ross and Reader
1992). Accordingly, compression is accommodated by geometric
changes in the Ca-O polyhedra. The average compression of the
Ca-O polyhedra below 31.5 GPa, as fit to the third-order Birch-
Murnaghan equation of state, gives a bulk modulus of 62(2) GPa
with K’ = 7.1(5). This is within error of the compressibility of
the b-axis below 15 GPa and is likely the initial driving force
of its compression.

Unlike the Ca-O polyhedra, the carbonate groups are relative-
ly incompressible at these pressures (though they do exhibit small
but significant distortions; see below). At ambient pressure and
temperature, the distance between triangular carbonate groups
is 2.881(13) A along the a-axis, 4.949(5) A along the c-axis and
7.942(15) A along the b-axis. The change in these separations
with pressure is a good indicator of the compressiblities of the
axes with which they are aligned. Figure 5 compares the aragonite
unit cell at ambient pressure and at 32.9 GPa. The carbon and O2
atoms lie along the b-axis and the base of the carbonate triangle
lies along the c-axis. A decrease in the end-to-end separation of
the relatively rigid carbonate triangles and the alignment of the
triangle base with the c-axis account for its lower compressibility.
The increasing compressibility of the a-axis is due in part to the
small tilting of the carbonate groups, identifiable by the O2 atoms
dipping out of the b-c¢ plane toward the a-axis.

Figure 6 compares the ratio of the distances between the
carbonate groups along the ¢ and b axes to the b/c ratio (Fig. 4¢).
The nearly identical dependence on pressure suggests that the
intercarbonate distances control the changes in b/c axial ratio.
Study of the carbonate-carbonate distances identifies two dips in
b/c at >30 GPa. These dips may be caused by the effects of the
distortion of the carbonate groups on the lattice parameters and
intracellular dynamics (discussed further in the next section).
Measurements of the carbonate separation distance indicate
that the b-axis becomes less compressible starting at ~15 GPa
and that it becomes stiffer than the c-axis between 25-30 GPa.
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32.9 GPa

FIGURE 5. Unit-cell comparison at ambient and 32.9 GPa. Shows
slice through the a-axis, with the c-axis in the vertical and b-axis in the
horizontal. Oxygen atoms are red, carbon are black and Ca are light
blue. The carbonate groups are white. The ambient pressure unit cell is
overlaid (dashed rectangle) over the unit cell at 32.9 GPa to emphasize
the changes in both the b and ¢ axes. (Color online.)
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This is consistent with an upcoming phase transition between
30 and 40 GPa, as found experimentally by Santillan and Wil-
liams (2004) and Ono et al. (2005), and predicted by ab initio
studies (Oganov et al. 2006; Arapan and Ahuja 2010; Pickard
and Needs 2015). The post-aragonite structure found by Ono et
al. (2005) has a lower Z (2, not 4) and its b-axis is ~40% shorter
with respect to the a- and c-axes than that found in the ambient
orthorhombic aragonite structure. This reduction in the relative
b-axis length is smaller than the 50% decrease in formula unit (Z)
and indicates that the b-axis remains stiff in the new structure.
Experimental work on the lattice geometry of post-aragonite is
needed to confirm this conclusion.

Atomic evolution and polyhedral distortion

The evolution with pressure of the atomic positions in the
unit cell is shown in Figure 7. The carbon atoms at the center
of the carbonate groups move with the O1 atomic position in
both a@ and c axial directions. With compression, the carbon and
O1 positions show little movement and no correlation along the
b-axis, which is consistent with their nearly perpendicular align-
ment in this direction (Fig. 5). The Ca atomic position moves
linearly in each axial direction and undergoes only a minor
shift in position, consistent with the oxygen atoms compressing
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FIGURE 6. Ratio of b/c from unit-cell parameters and CO;-CO;
distances. The solid black squares are the same as those found in Figure
4c. The open blue squares give the ratio of the distance between carbonate
groups along the b-axis and carbonate groups along the c-axis (best
visualized in Fig. 5). The ratio of the inter-carbonate distances is nearly
identical to that of the unit-cell parameters and follows the decreasing
trend followed by a change in slope at 30 GPa, which is consistent
with the distance between carbonate groups along the b-axis ceasing to
decrease after ~20 GPa due to the elongation of the carbonate triangles
along the b-axis. (Color online.)
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around a relatively stationary Ca atom. The O2 atomic posi-
tion remains fairly constant in its position along the c-axis, but
undergoes notable changes in the other two atomic planes. This
observation is consistent with large compressional displacement
along the a-axis as the stacked carbonate groups move closer
together and tilt and with the changing compressibility of the
c-axis. Along the a-axis, the O2 position increases with respect
to its original position to ~25 GPa, and then dips back toward
its original coordinate at 25-30 GPa, the same pressure range
as the dip in CO;-CO; distance along the b-axis (Fig. 6). Similar
behavior is seen in the bh-axis where the O2 position initially
has a negative linear trend compared to its initial position that
becomes a reversal near 25 GPa, much like the behavior seen in
the b/c axial ratio in Figure 4c and the evolution of the carbonate
spacing ratio in Figure 6. These shifts bring the O2 position out
of initial alignment with both carbon and calcium atoms as can be
seen in the b-¢ plane slices at 0 and 32.0 GPa in Figure 5. Figure
5 shows that the central carbon atom in both carbonate groups
displaces to left during pressure increase, creating a distortion
of the CO; triangles in the b-c plane. In addition, the O2 atoms
dip into @-axis as the carbonate planar groups tilt slightly into
the b-c plane with the O2 arrow side tilting down.

The carbonate groups undergo small but important changes in
geometry. Figure 8 gives the evolution of the bonds (Fig. 8a) and
angles (Fig. 8b) within the carbonate structure. Both the C-O1 and
C-02 bond lengths remain within close range of their ambient
values <20 GPa. Above this pressure the bond lengths between the
C-01 and C-O2 diverge. The C-O2 bond continuously shortens
between 20 and 29.1 GPa where C-O bong length measurements
became unreliable due to lattice distortion. The C-O1 bond length
increases over the same pressure range, although at a less dramatic
rate. The bond angles reflect the changing geometry demonstrated
in the bond lengths. At ambient pressure, the carbonate groups
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define equilateral triangles, with both bond angles equal to 120°.
Distortion begins almost immediately and the bond angles do not
return to 120° as compression continues. The O1-C-O1 bond angle
decreases while the two O1-C-O2 bond angles increase before
relaxing slightly near ~20 GPa. This divergence occurs before
any noticeable changes in bond length arise in the same pressure
range (Fig. 8a). Above ~20 GPa, the two O1-C-O2 bond angles
continually diverge from the O1-C-O1 angle and the two types
end with a 10° difference in angle at 29.1 GPa.

These changes in the carbonate groups are visualized in the
overlaid carbonate triangles in Figure 9. The groups clearly evolve
from an equilateral to an isosceles triangle at high pressure. The
tilt of the O2 atoms in the a-axis is apparent in Figures 9b and
9c¢, which also shows a small deflection of the O1-C-O1 stacking
from linear. The stages of change in the carbonate groups are in
alignment with the changes observed in the b/c ratio. The decrease
in bond length and divergence in angle are concurrent with the
reversal in the b/c ratios in Figures 4c and 6. The increase in slope
and significant reduction in the compressibility of the »-axis cor-
relate directly with the divergence in both bond length and angle
and the shift from equilateral to isosceles. Compression along
the b-axis begins to stiffen as soon as the carbonate groups begin
to distort affecting the overall lattice and leading the rebound in
the b/c ratio. Effects on other lattice parameters are not apparent
until near ~30 GPa when all the ratios under and abrupt change
in slope (Fig. 4).

The distance from the O2 atoms to the base of the triangular
carbonate group decreases by 1.9% to 31.5 GPa while the b-axis
itself compresses 6.2%. This difference is another illustration
of how the distortion of the carbonate group contributes to
increasing stiffness along the b-axis with pressure. The c-axis
compresses evenly despite the bond angle between O1-C-O1
decreasing by 9° over the entire pressure range. The carbonate
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O1 sites are parallel to the c-axis, comprise the base of the carbonate triangle and change very little with pressure. The O2 site bisects the base of
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FIGURE 9. Evolution of the carbonate groups in the aragonite structure overlaid at two pressures from three angles: (a) b-c planar view with
significant changes in bond lengths and angles, (b) a-c planar view where the displacement of the O2 oxygen is noticeable, and (¢) a-b planar
illustrating the change in angle between O1-C-O2. The carbonate groups with all atoms gray are extracted from data at 0 GPa. Carbonate groups
with oxygen atoms in red are extracted from data at 29.1 GPa. Carbonate is shown in gray in the center and oxygen is either gray or red depending

on pressure. O1 and O2 oxygen sites are labeled. (Color online.)

group O1-O1 distance decreases by 5.6% to 32.9 GPa, essentially
the same as the c-axis at 5.2% compression over the same range.
Thus, the compressional behavior of aragonite can be seen to
be a consequence of small, but significant, changes in the most
rigid polyhedral elements, the carbonate groups.

Thermal expansion

Figure 10 shows the ambient-pressure thermal expansion data
gathered during the powder X-ray diffraction experiment. The
measurements are in good agreement with previous data from
both Antao and Hassan (2010) and Ye et al. (2012). The thermal
expansion of aragonite was fitted using the formalism:

V(T)="V,exp faV(T) dT 05

Tret

alT) = a, +a(T) @

where a,(7T) is thermal expansion, a, and a, are fitted constants,
Vi, is the ambient-temperature volume, 7 is the temperature
and T, is a reference temperature, usually 300 K. The fit of
the new thermal expansion data provide the following coef-
ficients: a,=4.9(2) x 10 and a, = 3.7(5) x 10°%. These results
are in agreement with recent measurements by Ye et al. 2012
yielding a, = 4.6(2) x 105 and a, = 5.4(4) x 10% (143-586
K), but conflict with other literature data (Antao and Hassan
2010; Martinez et al. 1996). Antao and Hassan (2010) found
a,=5.47(4) x 10 and a, = 6.1(2) x 10°* (300-750 K), which
is 11% greater in a, and 64% larger in a,. Figure 10 indicates
that the data from Antao and Hassan (2010) are in exceptional
agreement with the new measurements, which implies that the
discrepancy must be in the fitting process. All the experiments
indicate that the a-axis exhibits the greatest thermal expansion
and the c-axis the least. The thermal results correlate well with
the compressibility study. The a-axis is the most compressible
and the most expandable. The c-axis is the least compressible
and the least expandable.

IMPLICATIONS

This study has generated a new isothermal equation of state
for aragonite up to 40 GPa, where aragonite likely undergoes
a phase transformation. Our new equation of state agrees with
previous hydrostatic data (Ono et al. 2005; Liu et al. 2005) and
our observation of structural changes at high pressures agrees
with previous observations (Martinez et al. 1996; Santillan
and Williams 2004; Ono et al. 2005), but the equation benefits
from higher sampling density and improved precision in the
present study. Our measurements also permit quantification of
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exhibit the most expansion and the a-axis to be the least expansive. This
is in direct contrast to the compressional behavior where a is the most
compressible and ¢ is the least. (Color online.)
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the evolution with pressure of the aragonite axial parameters
and the internal behavior of the polyhedral constituents of the
unit cell. Significantly, we have identified a reduction in the
compressibility of the b-axis, which is directly linked to distor-
tions of the carbonate groups and their change from equilateral
to isosceles. The distortion of the carbonate groups through the
divergence of the C-O1 and C-O2 bond lengths is especially
intriguing. Future study of such internal displacements in the
carbonate group may give insight into its transformation into a
fourfold-coordinated tetrahedral as predicted by Oganov et al.
(2006), Arapan et al. (2007), and Arapan and Ahuja (2010) and
experimentally observed in aragonite by Ono et al. (2007), in
Fe-rich carbonates by Boulard et al. (2012), in ferromagnesite
by Boulard et al. (2015) and in Mg,Fe,C,0,; by Merlini et al.
(2015).

These results also provide insight into the distortion of the
aragonite structure before the phase transition, which is both
predicted (Oganov et al. 2006; Arapan and Ahuja 2010; Pickard
and Needs 2015) and observed between 30—40 GPa (Santillan
and Williams 2004; Ono et al. 2005). Using ab initio calcula-
tions, Pickard and Needs (2015) predict a monoclinic P2,/c
structure to be most stable between 3248 GPa, which correlates
directly with our abrupt change in axial ratios and the appearance
of large lattice distortion above 29.1 GPa. Our data validate a
transition in the range, but give no further insight in the exact
structure adopted by aragonite at these pressures. Indeed, this
new structure does not exactly fit previous experimental data
of post aragonite found by Ono et al. (2005), but there may be
kinetic effects hindering the transition or discrepancies caused
by the laser heating techniques used in the experimental study.
Nevertheless, the aragonite data in this study provides significant
insight into the behavior of aragonite and its constituent polyhe-
dra as these transition pressures approach. Kinetic effects may
explain why our data maintain the distorted aragonite structure
to the highest pressure from which we could extract good data
(34.8 GPa) instead of undergoing a transition. The diverging
axial ratios and distortion of the lattice indicate that a transition
may be taking place sooner than the 40 GPa pressure reported
in previous studies.

Our thermal expansion data bolsters the database of ara-
gonite’s thermal expansion measurements and confirms the
findings of previous studies (Ye et al. 2012). The combination
of the new thermal expansion data with the equation of state
generated in this work will provide an accurate thermoelastic
equation of state. This thermal equation of state can be used to
model planetary interiors and provide further insight into carbon
storage within the deep Earth.
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